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Coronary heart disease (CHD) is common in patients with diabetes mellitus (DM), however, the relevant mechanism remains elusive. The whole blood gene expression profiles of healthy control, patients with DM, patients with DM and CHD (DMCHD) were used to performed weight gene correlation network analysis (WGCNA) to identify the gene modules associated with DM-related atherogenesis. The candidate module was significantly involved in immune- and T cell activity-related biological process. GSEA results suggested that lysosome and apoptosis were enriched in DM and DMCHD samples. The protein-protein-KEGG pathway network may reveal the potential transcriptional regulatory network involving in DM-related atherosclerosis. Nineteen genes (RTKN, DCP1B, PDZD4, CACNA2D2, TSEN54, PVRIG, PLEKHF1, NKG7, ZAP70, NUDCD3, SLAMF6, CCDC107, NAG6, ZDHHC14, EOMES, VIL2, WDR54, DMAP1, and PMPCA) were considered as DM-related atherogenesis genes (DRAGs). The Gene Set Variation Analysis (GSVA) score of the DRAG set gradually increased in the control, DM and DMCHD. ROC curve analysis showed that ZAP70, TSEN54, and PLEKHF1 may be potential blood circulation biomarkers for DMCHD in patients with DM. In conclusion, we identified nineteen hallmark genes involving in DM-related atherogenesis and constructed a potential transcriptional regulatory network involving in DM-related atherosclerosis.
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INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder of the endocrine system, clinically characterized by hyperglycemia as well as alterations in lipids, carbohydrates, and protein metabolism (1, 2). DM can be divided into type 1 and type 2, of which more than 90% of cases are type 2 (3, 4). Thus, only type 2 DM was focused in our present study. The increasing prevalence of type 2 DM means that 430 million people are expected to suffer the condition by 2030 (5, 6). DM renders patients more susceptible to arterial atherosclerosis, which causes cardiovascular disease, especially coronary heart disease (CHD). CHD is the most serious complication of DM and a frequent cause of death among DM patients (7). Thus, elucidating why DM increases risk of CHD is of great importance.

Several studies have suggested that the presence of hypertension, dyslipidemia, and/or obesity in most patients with DM may help explain the increased incidence of CHD, since these factors also increase CHD risk in individuals without DM (8–14). Given that DM is multifactorial and quite heterogeneous (15), a comprehensive examination is required to understand key mechanisms driving development of CHD in patients.

To address this issue, we attempted to identify hub genes or gene sets involved in DM-associated CHD (DMCHD). Using weighted correlation network analysis (WGCNA), we identified 19 DM-related atherogenesis genes (DRAGs). Based on protein-protein interaction and functional enrichment analysis, we constructed a protein-protein pathway network to uncover the potential transcriptional regulatory network involved in DM-related atherosclerosis.



MATERIALS AND METHODS


Data Processing

We downloaded gene expression profiles from the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/) (16) to analyze genetic differences between DM and DMCHD. We extracted the data set from the human whole blood gene expression profile of GSE34198 based on GPL6947 (17), which included 33 healthy control samples, 34 CHD samples, 15 DM samples and 15 DMCHD samples. In GSE34198, CHD patients refers to patients who eventually develop acute myocardial infarction and DM refers to type 2 diabetes. The clinical information including sex, age, body mass index and smoking status was provided in the Supplementary Table 1. GSE90074 (18) based on GPL6480 was as a validation set and contained human whole blood mononuclear cells gene expression profiles from 33 healthy control samples, 55 CHD samples, 17 DM samples, and 38 DMCHD samples. The normalize Between Arrays function in the limma package (19) was used to normalize the gene expression profiles. Probes that corresponded to multiple genes were removed. If a gene was detected using multiple probes, the expression level of the gene was calculated by averaging the expression from all the probes.



Screening Differently Expressed Genes (DEGs) in DM and DMCHD Compared to Healthy Control

To identify the genes involving in DM-related atherogenesis, the DEGs in DM and DMCHD compared to healthy control were screened using limma package. A gene with P adjusted by false discovery rate <0.05 was considered significantly differently expressed.



WGCNA

It is well-known that DM increases risk of CHD, thus, healthy control, DM, and DMCHD were considered as different stages of DM-related atherosclerosis. According to WGCNA official website (https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/), this method is suitable for identifying gene modules with the certain phenotype (DM-related atherosclerosis). DM increases the risk of CHD is considered the result of multiple molecules working together. WGCNA was used to identify the related gene modules (each module contain multiple molecules). Thus, WGCNA (20) was selected in the present study. The DEGs were subjected to perform a weighted gene expression network in GSE34198 using the WGCNA package (20) in R version 3.5 (https://www.r-project.org/). Candidate power (1 to 20) was used to test the average connectivity degrees of different modules and degrees of independence. If the degree of independence was >0.85, the power value was selected. The hclust function was used to cluster samples and check for outliers. Subsequently, a heat map was constructed to correlate gene modules with phenotype and statistical significance. High correlation meant that the genes of the corresponding module tended to be highly correlated with development of CHD in DM patients. In the present study, the module with the most significant positive correlation to DM-related atherogenesis was considered the candidate module.



Functional Enrichment Analysis of Gene Modules

In order to explore the signaling pathways and biological characteristics of related genes in phenotype-related modules, we conducted Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. The clusterProfiler package (21) in R were applied to these functional enrichment analysis. In addition, a biological processes network was constructed using the ClueGO plug-in (22) in Cytoscape (23). GSEA software (https://www.gsea-msigdb.org/gsea/downloads.jsp) was used to analyze gene set enrichment (24) based on the reference gene sets “c5.bp.v7.0. symbols.gmt” and “c2.cp.kegg.v7.0.symbols.gmt” (25). P < 0.05 was considered significant.



Construction of Protein-Protein KEGG Pathway Networks

The STRING database (https://string-db.org/) (26) was used to extract protein-protein interactions between candidate module genes. Cytoscape was used to construct a protein-protein network based on KEGG pathways involved in DM-related atherogenesis.



Identification of DM-Related Atherogenesis Genes (DRAGs) and Assessment of Predictive Potential

In the candidate module based on WGCNA, genes with significance (GS) > 0.2 and module membership (MM) > 0.7 were considered as DM-related atherogenesis genes (DRAGs). The GSVA package (27) was used to perform gene set variation analysis (GSVA) to score individual samples against the DRAG set, and the DM-related atherogenesis GSVA score was obtained for each sample. The ability of the DM-related atherogenesis GSVA score to predict DMCHD was evaluated using receiver operating characteristic (ROC) curve analysis with the pROC package (28). The aberrant expression of DRAGs were validated using the GSE90074 dataset. DRAGs with high predictive value were considered as biomarkers of DMCHD.



Cell Subpopulation Analysis

The host's response to DM and DMCHD may also be reflected in blood cell subsets. The webtool xCell (29) (https://xcell.ucsf.edu/) was used to perform cell type enrichment analysis from gene expression data. Use analysis of variance to compare the cell subpopulations abundance in control, DM, and DMCHD.




RESULTS


Determining DRAG Modules

In the current study, a total of 2,442 DEGs were screened with 1,029 up-regulated and 1,413 down-regulated in in DM and DMCHD compared to healthy control. The expression profiles of the 2,442 DEGs were subjected to WGCNA. In the WGCNA, according to the results of the scale-free fit index and average connectivity, the soft-thresholding was determined as six (Figure 1A). Based on hierarchical clustering, the genes were divided into 18 modules (Figure 1B). The light green module was involved in immune- and T cell activity-related biological processes, and displayed the most significant positive correlation between modules and DM-related atherogenesis (r = 0.41, p = 0.005) (Figure 1C). It was therefore considered as the candidate module in subsequent analyses.


[image: Figure 1]
FIGURE 1. Weighted correlation network analysis to obtained the module associated with the development of diabetes mellitus-related atherogenesis in 33 healthy control samples, 15 DM samples and 15 DMCHD samples. (A) Graphical representation showing the selection of soft-thresholding powers. (B) Hierarchical clustering dendogram. (C) Histogram showing module-trait correlations. Light green module was the modules which had the strongest correlation with diabetes mellitus-related atherogenesis. DM, diabetes mellitus. DMCHD, diabetes mellitus-induced coronary heart disease.




Biological Functions Involving the Candidate Module

The light green module contained genes significantly involved in biological processes related to cytoskeletal anchoring at plasma membrane, protein localization to cell cortex and protein deneddylation (Figure 2A). Genes within the module were associated with autophagy, phosphatidylinositol biosynthetic processes and G protein-coupled receptor signaling pathways (Supplementary Figure 1). Moreover, the light green module was significantly involved in pathways involving lysosomes, apoptosis, Ras signaling pathways and inositol phosphate metabolism (Figure 2B). DM and DMCHD samples showed enrichment in gastrulation and protein trimerization (Figure 2C), as well as lysosome and apoptosis pathways (Figure 2D).


[image: Figure 2]
FIGURE 2. The exploration of DM and DMCHD-related biological process and pathways using functional enrichment analysis. (A) Significantly enriched biological processes corresponding to genes in the light green module. P < 0.05 was considered significant. (B) Significant enrichment of KEGG pathways for genes in the light green module. P < 0.05 was considered significant. (C) Biological processes identified by gene set enrichment analysis and found to be significantly enriched in samples from patients with diabetes mellitus or both diabetes mellitus (DM) and coronary heart disease (DMCHD). KEGG, Kyoto Encyclopedia of Genes and Genomes. (D) Biological processes determined from gene clusters. DM, diabetes mellitus; DMCHD, diabetes mellitus and coronary heart disease.




Interaction Between Proteins Encoded by DM and CHD

A protein-protein KEGG pathway network was constructed to provide a potential mechanism explaining how DM increases risk of CHD. The network included 51 module-related genes and 18 KEGG pathways (Figure 3A). Previous studies proposed that arginine biosynthesis, GABAergic synapse and gastric acid secretion pathways overlap between DM and CHD (30–32). In this study, we elucidated the following pathways potentially involved in DMCHD: adrenergic signaling in cardiomyocytes, apelin signaling, circadian entrainment, oxytocin signaling pathway, apoptosis and Ras signaling (Figure 3B). The arenergic signaling in cardiomyocytes was activated by Ca2+ signaling, cell phosphorylation was mediated by CAMKII and CACNA2D2. In addition, we found that CNGT2 could affect cell proliferation. The apelin signaling pathway might cause vasodilatation and cardiovascular development. The G protein-coupled receptor APJ and its cognate ligand what apelin were widely expressed throughout the human body. They implicated in different key physiological processes such as angiogenesis, cardiovascular functions and energy metabolism regulation. Moreover, they also involved in the development and progression of different pathologies including diabetes, obesity and cardiovascular disease (33). In the circadian entrainment, presynaptic RGC neuron secreted L-glutamate and PACAP. Furthermore, PAC1 could activate c-Fos by CNGT2. In the oxytocin signaling pathway, CACNA2D2 and CALM3 could indirectly affect cardiovascular system and renal epithelial cell. Besides, the oxytocin signaling pathway was also activated by Ca2+ signaling. In the apoptosis, sphingosine and lysosomotropic detergents and H2O2 could indirectly affect lysosome. CTSW and CTSF could be indirectly affected by lysosome, thereby affecting cell apoptosis. In the Ras signaling pathway, CNGT2 and CALM3 could activate GDP-Ras inactive to GTP-Ras active process by RasGRFs. Moreover, ZAP70 could also indirectly affect the process by RasGRFs.


[image: Figure 3]
FIGURE 3. Protein interactions associated with signaling pathways enriched in diabetes mellitus-associated coronary heart disease. (A) Network diagram of protein-protein-KEGG pathway related to DMCAD. The ellipse for the module gene. The round rectangle for the KEGG pathway. The color of gene nodes represents MM, and the color at the edge of gene nodes represents modules. (B) CALM3, ZAP70, GNGT2, CACNA2D2, CTSF, and CTSW-related KEGG pathways. DMCHD, diabetes mellitus-induced coronary heart disease. DRAG, DM-related atherogenesis gene. MM, module membership.




The Expression of DRAGs and ROC Analysis of DM-Related Atherogenesis GSVA Score

We identified the following genes from the light green module as significant DRAG candidates: RTKN, DCP1B, PDZD4, CACNA2D2, TSEN54, PVRIG, PLEKHF1, NKG7, ZAP70, NUDCD3, SLAMF6, CCDC107, NAG6, ZDHHC14, EOMES, VIL2, WDR54, DMAP1, and PMPCA. Their expression progressively increased in healthy control, DM and DMCHD (Figure 4A), the differential expression of these genes in three different groups healthy control, DM, DMCHD might be the reason which lead to DM patients with coronary heart disease, but whether this is the cause of this result needs further exploration. ROC curves showed that the DM-related atherogenesis GSVA score can predict DMCHD, with an area under the ROC curve of 0.743 (Figure 4B).


[image: Figure 4]
FIGURE 4. Expression of diabetes mellitus-related atherogenesis genes (DRAGs) and their ability to predict diabetes mellitus-associated coronary heart disease (DMCHD). (A) The expression level of 19 DRAGs (genes with significance (GS) > 0.2 and module membership (MM) > 0.7 were considered as DRAGs) in tissue from healthy individuals and from patients with diabetes mellitus (DM) or DMCHD. (B) Receiver operating characteristic curve analysis of DM-related atherogenesis GSVA score for predicting DMCHD.




Validating Aberrant Expression of DRAGs

To validate the DRAGs we identified, we examined their expression levels in the GSE90074 dataset. We confirmed that ZAP70, PLEKHF1, and TSEN54 expression significantly progressively increased in healthy control, DM and DMCHD (Figures 5A–D), these genes were considered to be the progression genes of DM complicated with CHD. ROC curve analysis suggested that all three genes may be potential biomarkers of CHD development in DM (Figure 5E).


[image: Figure 5]
FIGURE 5. Validation of diabetes mellitus-related atherogenesis genes (DRAGs). (A) The expression of DRAGs in tissue samples from healthy controls or patients with diabetes mellitus (DM) or both diabetes mellitus and coronary heart disease (DMCHD) in a validation data set (GSE90074). Expression levels in GSE34198 of (B) ZAP70, (C) PLEKHF1, and (D) TSEN54 in human circulation (https://github.com/jespermaag/gganatogram). (E) Receiver operating characteristic curves of ZAP70, PLEKHF1 and TSEN54 as potential biomarkers for predicting coronary heart disease in patients with diabetes mellitus.




Various Cell Types Vary in Control, DM and DMCHD

After estimating and comparing the cell subpopulation abundance, we found the various cell types vary in control, DM and DMCHD. B cells and Macrophages (M2) showed an increasing trend, while eosinophils, common lymphoid progenitor cell (CLP), and granulocyte macrophage progenitor (GMP) showed a downward trend. Osteoblast, Gamma delta T cells (Tgd cells), and endothelial cells are also different in control, DM and DMCHD (Figure 6).


[image: Figure 6]
FIGURE 6. Various cell types vary in control, DM and DMCHD. DM, diabetes mellitus, DMCHD, diabetes mellitus and coronary heart disease, CLP, common lymphoid progenitor cell; GMP, granulocyte macrophage progenitor; Tgd cells, gamma delta T cells; mv endothelial cells, mitral valve endothelial cells. Anova, analysis of variance.





DISCUSSION

DM is a syndrome characterized by chronic hyperglycemia accompanied by disorder of lipid and protein metabolism. The pathogenesis of diabetes includes insulin resistance and insulin secretion disorders of islet beta cells. CHD is a kind of heart disease caused by atherosclerotic lesion of coronary artery, which leads to stenosis or obstruction of vascular lumen and myocardial ischemia, hypoxia or necrosis. DM and CHD are common chronic diseases (34). People with DM have a much higher incidence of CHD because of dyslipidemia and metabolic disorders, particularly in the formation of glycated proteins, causing inflammation and artery stiffening as well as dysregulating hormones, immune responses and dendritic cell activity (35). However, the genetic changes that underlie development of CHD in patients with DM is not fully understood. In the present study, we performed WGCNA in a whole-blood gene expression profile to screen for gene modules involved in the pathogenesis of DM-related atherogenesis. We found that a light green module, a cluster of immune system genes, had the strongest correlation with emergence of CHD in DM. Gene sets associated with apoptosis and lysosomes were particularly enriched in DM and DMCHD samples. These findings are consistent with a known link between apoptosis and CHD (36) and between lysosome activity and DMCHD (37).

A protein-protein KEGG pathway network was constructed to help reveal the molecular mechanism of DMCHD. Among the six pathways identified, previous work has already implicated apelin signaling (38), apoptosis (39), and Ras signaling (40) in DMCHD. In addition, our study suggests that adrenergic signaling in cardiomyocytes, circadian entrainment and oxytocin signaling pathway are also related to DMCHD. CACNA2D2 and GNGT2 play important roles in regulating these pathways. Expression of CACNA2D2 in the adrenergic signaling pathway elevates intracellular Ca2+ in cardiomyocytes, enhancing myocardial contractility (41), and more generally changes in gene expression have been associated with Ca2+ mobilization in CHD (42). Regulation of GNGT2 affects circadian entrainment, in which c-Fos may be activated to regulate apoptosis, although this is controversial (43, 44). The activation of c-Fos in gestational diabetes suggests a link to glucose metabolism, which may therefore be linked to DMCHD, which requires further study. Notably, oxytocin promotes glucose metabolism in cultured cardiomyocytes from newborn and adult rats (45). Furthermore, it can directly improve pancreatic functions (46), presumably by increasing insulin early (47). Oxytocin signaling pathway is also activated by Ca2+ signaling in a CACNA2D2-dependent manner. These data support targeting oxytocin in DM patients in order to prevent CHD.

DM is a complicated, polygenic disease that exerts pleotropic effects that may increase risk of other diseases, such as CHD. Therefore, it is necessary to identify hallmark genes that explain potential mechanism of DM-related atherogenesis. We identified 19 genes in the light green module as DRAGs (RTKN, DCP1B, PDZD4, CACNA2D2, TSEN54, PVRIG, PLEKHF1, NKG7, ZAP70, NUDCD3, SLAMF6, CCDC107, NAG6, ZDHHC14, EOMES, VIL2, WDR54, DMAP1, and PMPCA), the differential expression of these genes in three different groups healthy control, DM, DMCHD might be the reason which lead to DM patients with coronary heart disease, but whether this is the cause of this result needs further exploration. We found that the DM-related atherogenesis GSVA score progressively increased in healthy control, DM and DMCHD samples. ROC analysis showed that DM-related atherogenesis GSVA score may have predictive potential for identifying genes responsible for DMCHD development. Our work suggests that the DRAGs ZAP70, PLEKHF1, and TSEN54 may be biomarkers for CHD in DM patients. In addition, we also found some types of cells in whole blood showed upward or downward trend in control, DM and DMCHD. However, the abundance of the cell subsets will be affected by many factors, and whether it can be used as a specific marker of DM or DMCHD still needs further exploration.

There are several notable limitations in our study. First, we took a bioinformatics approach to mine potential molecular mechanisms causing DMCHD. Our findings will need to be followed up with mechanistic studies. Second, using GSVA to assess presence of genetic risk factors in individual patients is cost-prohibitive and therefore not applicable in clinics yet. Third, only one dataset was used for validation. Whether ZAP70, PLEKHF1, and TSEN54 are true biomarkers for DMCHD requires further examination in additional, larger data sets. In addition, it is worth noting that the whole blood gene expression profiles were used in the present study. We also found various cell types vary in control, DM and DMCHD, however, we can not elaborate on the interactions between cells in the DM-related atherogenesis in the present study.

In conclusion, we identified 19 hallmark genes of DM-related atherogenesis, which might be the biomarkers for identifying DM and CHD. The DM-related atherogenesis GSVA score may predict susceptibility of DM patients to developing CHD. Our protein-protein KEGG pathway network may reveal molecular mechanisms underlying DMCHD development. These results provide numerous leads for future studies of CHD risk factors in DM, and may provide a theoretical basis for the treatment of DM and CHD patients.
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Objectives: Noncompaction Cardiomyopathy (NCCM) has been classified as primary genetic cardiomyopathy and has gained increasing clinical awareness; however, little is known about NCCM in the fetal population. We aimed to investigate the clinical characteristics and genetic spectrum of a fetal population with NCCM.

Methods: We retrospectively reviewed all fetuses with a prenatal diagnosis of NCCM at a single center between October 2010 and December 2019. These cases were investigated for gestational age at diagnosis, gender, left or biventricular involvement, associated cardiac phenotypes, outcomes, and genetic testing data.

Results: We identified 37 fetuses with NCCM out of 49,898 fetuses, indicating that the incidence of NCCM in the fetal population was 0.07%. Of the 37 fetuses, 26 were male, ten were female and one was of unknown gender. NCCM involvement biventricle is the most common (n = 16, 43%), followed by confined to the left ventricle (n = 14, 38%). Nineteen (51%) had additional congenital heart defects, with right-sided lesions being the most common (n = 14, 74%), followed by ventricular septal defects (n = 10, 53%). Hydrops fetalis was present in 12 cases (32%), of which four were atypical (pericardial effusion only). Sequencing analysis was performed at autopsy (n = 19) or postnatally (n = 1) on 20 fetuses. Of the 20 fetuses undergoing copy number variation sequencing and whole-exome sequencing, nine (47%) had positive genetic results, including one with a pathogenic copy number variant and eight with pathogenic/likely pathogenic variants. Non-sarcomere gene mutations accounted for the vast majority (n = 7). In contrast, sarcomere gene mutations occurred in only one case (TPM1), and no mutations were identified in the three most common sarcomere genes (MYH7, TTN, and MYBPC3) of pediatric and adult patients. Pathogenic/likely pathogenic variants were significantly more frequent in fetuses with congenital heart defects than those without congenital heart defects.

Conclusions: Our data demonstrate that fetal NCCM is a unique entity. Compared with pediatric and adult NCCM, fetal NCCM is more prone to biventricle involvement, more likely to be complicated with congenital heart defects, and has a distinct genetic spectrum.

Keywords: fetal cardiovascular abnormality, genetics, left ventricular noncompaction, noncompaction cardiomyopathy, prenatal diagnosis, whole-exome sequencing


INTRODUCTION

Noncompaction cardiomyopathy (NCCM), which is also known as left ventricular noncompaction, is an increasingly recognized type of cardiomyopathy characterized by prominent left ventricular trabeculations, deep intertrabecular recesses communicating with the ventricular cavity, and a thin and compacted epicardial layer. While NCCM is considered genetic cardiomyopathy by the American Heart Association (1), the European Society of Cardiology categorizes it as unclassified cardiomyopathy (2).

Genetics plays an essential role in NCCM because a genetic cause can be identified in 17–40% of cases in differently sized studies of pediatric or adult patients, with sarcomere genes being the most common mutant genes (3–12). However, these studies applied various criteria for the interpretation of sequence variants, as well as various sequencing strategies, mostly Sanger or gene panel sequencing containing a limited and varied number of genes. Therefore, the exact genetic spectrum of NCCM remains uncertain. Furthermore, these studies were in cohorts that were primarily adults and children, rarely involving fetuses. Consequently, Little is known about the genetic spectrum of NCCM in fetuses, and whether the insights obtained from pediatric and adult patients can be extended to fetal NCCM is uncertain. In addition, since NCCM has seldom been described prenatally, the incidence and clinical characteristics of NCCM in the fetus are also mostly unknown.

The present retrospective study aimed to identify the genetic spectrum of fetal NCCM using whole-exome sequencing (WES) and copy number variation sequencing (CNV-seq), to assess the incidence of NCCM in the fetal population, and to characterize the largest cohort of fetal NCCM clinically. The objective was also to identify new potential candidate genes for NCCM. These findings provide novel insights into the clinical and genetic characteristics of NCCM in the fetal population, a segment of the human population not well studied. These insights may also help to improve the prenatal and postnatal management of NCCM.



METHODS


Ethics Statement

This retrospective study was approved by the institutional review board of the Medical Ethics Committee of Beijing AnZhen Hospital. All parents agreed to participate in this study and provided signed informed consent.



Data Collection

We retrospectively reviewed our experience with fetuses diagnosed with NCCM at Beijing Anzhen Hospital, Capital Medical University, from October 2010 to December 2019. Clinical data were collected regarding gestational age at diagnosis, gender, family history, indications for fetal echocardiography, left or biventricular involvement, associated cardiac and extracardiac abnormalities, and pregnancy outcome. Available postnatal echocardiograms and autopsy studies were reviewed to confirm the diagnosis of noncompaction.



Echocardiographic Data

Due to the lack of fetal criteria, we used postnatal echo findings of NCCM in this prenatal population. According to the Jenni criteria, the diagnosis of NCCM was based on a consensus of re-evaluated echocardiography by two dedicated participating cardiologists (13). The Jenni criteria were also applied in right ventricular noncompaction. Considering the retrospective nature of this study, we first screened fetuses with a diagnosis of NCCM in the report and then reviewed the echocardiographic images to ensure that the patients met the inclusion criteria. Fetuses without complete, high-quality images were excluded from further analysis.



Copy Number Variation Sequencing and Data Analyzing

Both CNV-seq and WES were done in the setting of a purely research-based protocol. Next generation sequencing–based CNV analysis is increasingly used in clinical testing (14), and CNV-seq, a viable alternative to arrays for detection of CNV (15), was performed using methods as described previously (16, 17). Briefly, RNA-free genomic DNA was isolated from the umbilical cord using the DNeasy Blood and Tissue Kit (Qiagen GmbH, Hilden, Germany) following the manufacturer's protocol. The quality and concentration of DNA from the samples were assessed using the Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). A total amount of 1 μg DNA per sample was used as input material for the DNA library preparations. The sequencing library was generated using Truseq Nano DNA HT Sample Prep Kit (Illumina USA) following the manufacturer's recommendations and index codes were added to each sample. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using Hiseq PE Cluster Kit (Illumina) according to the manufacturer's instructions. After cluster generation, the DNA libraries were sequenced on Illumina Hiseq 4000 or Illumina Novaseq (Illumina, Inc., San Diego, CA, USA) and 150 bp paired-end reads were generated. Then, raw image files were processed by the Bcl To Fastq (Illumina) for base calling and generating the raw data. Reads with adaptors and low quality reads (quality score of <20) were removed. Finally, about 5 million sequencing reads per sample were mapped to the NCBI human reference genome (hg19/GRCh37) using the Burrows-Wheeler Aligner and the allocated to 20-kb sequencing bins with 5-kb sliding to achieve a higher resolution for CNV detection. CNV-seq profiles of each chromosome were represented as log2 of the mean CNV of each sequencing bin along the length of the chromosome.

Detected CNVs were evaluated based on literature reviews and the following public databases: DECIPHER (https://decipher.sanger.ac.uk/), DGV (http://dgv.tcag.ca/), the 1000 Genomes Project (http://www.internationalgenome.org/), OMIM (http://omim.org/), ClinVar (http://www.ncbi.nlm.nih.gov/clinvar), ClinGen (https://www.clinicalgenome.org/) and ISCA CNV (https://www.iscaconsortium.org). According to the American College of Medical Genetics (ACMG) standards and guidelines for interpretation of CNVs, CNVs were classified into five categories: pathogenic, likely pathogenic, uncertain significance, likely benign or benign (14).



Whole-Exome Sequencing, Variant Annotation, Filtering, and Classification

Genomic DNA was extracted from the umbilical cord and parental blood using a Qiagen DNA Blood Midi/Mini kit (Qiagen GmbH, Hilden, Germany). DNA libraries were prepared using an Agilent liquid capture system (Agilent SureSelect Human All Exon V6; Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's protocol. The size distribution and concentration of the libraries were determined by Agilent 2100 Bioanalyzer (Agilent Technologies) and quantified using real-time PCR. The DNA library was sequenced on Illumina Hiseq 4000 or Illumina Novaseq (Illumina, Inc., San Diego, CA, USA) for paired-end 150 bp reads according to the manufacturer's protocol. Raw image files were processed using Bcl To Fastq (Illumina Inc.) for base calling and generating raw data. Low-quality sequencing reads were filtered out using a quality score of ≥20. The reads were aligned to the NCBI human reference genome (hg19/GRCh37) using the Burrows-Wheeler Aligner. BAM files were subjected to single nucleotide polymorphism (SNP) analysis, duplication marking, indel realignment and recalibration using GATK and Picard.

After variant detection, ANNOVAR was used for annotation (http://wannovar.wglab.org/). Variant frequencies were determined in dbSNP150 (https://www.ncbi.nlm.nih.gov/SNP/), the 1000 Genomes Project, Exome Variant Server (http://evs.gs.washington.edu/EVS) and gnomAD (http://gnomad-old.broadinstitute.org/) to remove common SNP (minor allele frequency > 0.05%). Then, nonsynonymous, splicing, frameshift and non-frameshift variants, as well as variants located in splice sites within 10 base pairs of an exon were prioritized for study. SIFT (http://sift.jcvi.org), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2), MutationTaster (http://www.mutationtaster.org) and CADD (http://cadd.gs.washington.edu) were used for predicting the pathogenicity of missense variants, while Human Splicing Finder (http://www.umd.be/HSF.html) and MaxEntScan (http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html) were used to evaluate the effects on splicing. Moreover, databases such as OMIM, ClinVar and Human Gene Mutation Database(http://www.hgmd.org) were used to determine variant harmfulness and pathogenicity where appropriate. Pathogenicity of variants was determined according to current ACMG guidelines that recommend classifying variants into five categories: pathogenic, likely pathogenic, uncertain significance, likely benign or benign (18).

About the TTN gene, according to a recent publication on TTN mutations in cardiomyopathies, we only evaluated the pathogenicity of loss-of-function (LoF) variants (nonsense, frameshift, canonical ±1 or 2 splice sites, initiation codon, single or multiexon deletion) and excluded other variants (19). Variants classified as pathogenic or likely pathogenic were considered positive genetic results. Sanger sequencing was used to validate the presence of positive genetic results.

The novel candidate genes are referred to as genes that have not previously been implicated in NCCM or for which the published data to support the NCCM association may not yet be definitive. For variants in novel candidate genes, we relied on model organism data, tolerance of the gene to sequence variation, co-segregation analysis and in-silico prediction where possible.



Statistical Analysis

Categorical variables are presented as frequencies (percentage) and were compared using the Pearson χ2 test or Fisher's exact test. Statistical analysis was performed using SPSS version 23 (SPSS, Chicago, IL). Two-sided P-values < 0.01 were considered significant.




RESULTS

From October 2010 to December 2019, 40 patients with a diagnosis of NCCM in the report were reviewed, and 37 patients fit our inclusion criteria, including five previously published patients with NONO mutations (20). Three cases were excluded for incomplete imaging or lack of evidence for NCCM. The total number of fetuses undergoing ultrasound examinations in our center was 49,898, indicating an overall incidence of 0.07%.

This cohort was composed of 26 males, ten females and one of unknown gender. The median maternal age was 29 (range 20–40) years, and the fetuses were assessed at a median gestational age of 25 (range 20–33) weeks. The indications for referral for fetal echocardiography were suspected ventricular noncompaction detected by ultrasound screening (n = 15), congenital heart defects (CHD; n = 12), multisystem malformations (n = 1), fetal arrhythmia (n = 1), cardiac enlargement (n = 1), thickened ventricular wall (n = 1) and family history of NCCM (n = 5) or CHD (n = 1) (Supplementary Table 1).


Pregnancy Outcome

Thirty-three fetuses (89%) were electively terminated after detailed counseling, with confirmation of NCCM at autopsy in 14 cases. The remaining four (11%) cases were born. Of these four born patients, one was lost to follow-up after birth; one with moderate heart failure was lost to follow-up after 7 months old; one survived without clinical symptoms at 2 years old; one survived but had decreased left ventricular function and a dilated left ventricle, and was admitted to hospital for medical treatment when she was 7 months old.



Clinical Features

Of the 37 fetal NCCM, 16 (43%) were biventricular involvement, and 14 (38%) were confined to the left ventricle. In the remaining seven cases (19%), NCCM was confined to the right ventricle.

Hydrops fetalis was present in 12 cases (32%), of which four were atypical (pericardial effusion only). NCCM was associated with atrioventricular block II and sinus bradycardia in one case, sinus bradycardia in one case, and atrial bigeminy in one case.

Of the 37 fetuses with NCCM, 19 had additional CHD, the most common being the right-sided lesions (n = 14; 74%), followed by ventricular septal defects. This included pulmonary stenosis (n = 11), ventricular septal defects (n = 10), Ebstein's anomaly (n = 3), pulmonary atresia (n = 3) and right ventricular hypoplasia (n = 3) (Table 1 and Supplementary Table 1).


Table 1. General information of the entire cohort.
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Genetic Results

Sequencing analysis was performed at autopsy (n = 19) or postnatally (n = 1) on 20 fetuses. Of the 20 cases undergoing CNV-seq and WES, nine cases (47%) had a positive genetic result, including one with a chromosomal abnormality and eight with pathogenic/likely pathogenic variants. The genotype and phenotype information of the 9 cases are shown in Table 2.


Table 2. Genotype and phenotype of patients with positive genetic results.

[image: Table 2]

Likely-pathogenic and pathogenic variants were identified in genes reported previously in association with NCCM, including NONO (n = 5), KCNH2 (n = 1), TPM1 (n = 1), and PRKAG2 (n = 1). Interestingly, no mutations were identified in TTN, MYH7, and MYBPC3; mutations in these three genes together account for more than 50% of the genetic causes in pediatric and adult patients (3, 4, 21).

In the present cohort, fetal NCCM with CHD were more likely to have a positive result than those without CHD (67 vs. 25%; Fisher exact probability test, p = 0.17). However, because of the small sample size, this difference must be confirmed in larger cohorts. When considering the known inheritance patterns of eight cases with pathogenic/likely pathogenic variants, five (62.5%) cases with NONO mutations are X-linked recessive and three (27.5%) cases with mutations in KCNH2, TPM1, and PRKAG2 are autosomal dominant inheritance.

Besides the findings presented above, we also detected variants in novel candidate genes (LHX9, CACNA1A, UBQLN4, CACNA1G, and MYH11) for NCCM in five cases (Supplementary Table 2). All these variants predicted to be deleterious in potential candidate genes met the following conditions: (1) the allele frequency in the gnomAD database < 0.00001, (2) were LoF variants, and (3) occurred in genes that have a probability of LoF intolerance score > 0.9, supporting deleterious effect for predicted LoF pathogenic variants (22). Two of the five mutations were de novo, and the other three were inherited from one parent. Further research is required to evaluate any of the suggested candidate genes. Finally, we also identified four variants of uncertain significance in cardiomyopathy-associated genes (TNNT2, PRDM16, LDB3, and SDHA) in three fetuses (Supplementary Table 3). All these variants were paternal inherited, rare and putatively damaging variants.




DISCUSSION

We present the largest fetal series to date, describing the incidence, clinical characteristics, and genetic spectrum of NCCM. The incidence of NCCM in the fetal population was estimated to be 0.07% from our single-center study. We showed that about 43% of fetuses diagnosed with NCCM were biventricular involvement, which was in contrast to the predominant left ventricular involvement seen in adults and children. In this cohort, 51% of cases had significant congenital heart disease, with right-sided lesions being the most common (78%). Of the 20 fetuses undergoing genetic testing, 50% had a positive genetic result. Fetal diagnosis may be associated with more obvious and potentially more severe diseases, which may have lead resulted in different gene mutations being found. For example, in our study, mutations in sarcomere genes are rare. These findings provide novel insights into the clinical and genetic characteristics of NCCM in the fetal population, a segment of the human population not well studied.

Our study's significant strength is that we performed CNV-seq and WES rather than targeted panel sequencing, which only screened genes associated with cardiomyopathies, such as sarcomere genes. This sequencing strategy led to a sweeping landscape of genetic variation of NCCM because of the ability to assess chromosomal abnormalities and identify novel candidate genes, rather than just sequencing the known NCCM genes. This advantage is well illustrated in cases with LoF variants in the NONO gene (Table 2) (20). At the time of initial analysis, NONO was not considered as a cardiomyopathy related gene in any published literature. Recently, LoF variants in NONO have been reported in several males with NCCM and CHD (23–25), and the results from the mouse model suggested that NONO deficiency was associated with developing heart defects (26). Furthermore, the cardiac phenotype of the five fetuses with NONO mutations is highly consistent (NCCM, pulmonic stenosis/atresia and septal defects). Taken together, we considered NONO a new gene associated with NCCM and reclassified the variants presented in these fetuses as pathogenic during reassessment at a multidisciplinary team meeting.

NCCM is considered rare, and there is no data on its incidence in the fetal population in previous literature. The estimated incidence of fetal NCCM from our single-center study was 0.07%, similar to that in the adult population. Interestingly, there was an increasing trend in the annual incidence of fetal NCCM in our center during the study (data not shown), probably because of increased awareness, improved imaging technology, and increased popularity of prenatal ultrasound screening in mainland China. This phenomenon indicates that the actual prevalence of NCCM may be higher than previously recognized.

There appears to be a distinct spectrum of gene variants in fetuses with NCCM. Variants in non-sarcomere genes constituted the majority genetic etiology of NCCM, whereas the prevalence of sarcomere gene variants was unexpectedly low (Table 2 and Figure 1). Furthermore, an X-linked recessive inheritance (NONO mutation) occurs more commonly in this fetal cohort. This genetic spectrum is quite different from previous studies in pediatric and adult patients with NCCM. In adult patients with NCCM, mutations in sarcomere genes, especially TTN, MYH7, and MYBPC3, are most commonly detected and account for the majority of genetic etiology of NCCM (3, 4, 11, 12, 21), among which TTN is the most common (8, 21, 27, 28). In contrast, sarcomere gene mutations are less common in children than in adults, especially in TTN, defects of which are rarely observed in children (4–9), whereas an X-linked or mitochondrial inherited defect or chromosomal anomalies are more common in children than in adults (3). Taken together, these data suggest significant differences in the genetic spectrum of NCCM among fetal, pediatric, and adult patients. These differences should be considered in the clinic and when performing molecular diagnostics. Most importantly, these differences evoke the question of whether the insights obtained from children and adults with NCCM can be extended to fetal patients, especially when determining the gene range for a panel sequencing, simultaneously highlighting that the genetic spectrum of fetal NCCM must be evaluated in larger studies.


[image: Figure 1]
FIGURE 1. Phenotype and genotype of fetal NVM. PLSVC, Persistent left superior vena cava; RAAMIB, Right aortic arch with mirror image branching. *Represents congenital heart defect that occurs only once.


Concomitant CHD was more prevalent in our fetal cohort than reported in children and adults. Of the 37 fetuses with NCCM, 51% had significant CHD. Other studies in the literature on fetal NCCM support the high incidence of concomitant CHD (29–32). In contrast, CHD's prevalence in adult NCCM is much lower, with a reported frequency of 5–12% (4, 21, 33). There is some suggestion that children with NCCM have an increased risk for CHD compared with adults, with a frequency of 30–27% (3, 4, 9). Altogether, these data indicate that the prevalence of concomitant CHD is highest among fetuses with NCCM, followed by children, and lowest among adults. Part of the reason for this phenomenon may be that associated additional CHD may confer additional risk of poor prognosis for NCCM, and NCCM fetuses with significant CHD may suffer fetal demise or have died before adulthood (32, 34, 35).

The distribution of CHD subtypes varied among studies. In a recent study of fetal NCCM involving 22 cases with significant CHD, double outlet right ventricle was the most common (64%) (32). Of the 19 cases with CHD in our cohort, right-sided lesions were the most common (74%), particularly pulmonic stenosis (58%) (Table 1). Of the 24 adult NCCM with CHD reported by Stähli et al., left ventricular outflow tract abnormalities were the most frequent (46%) (33). These wide variations in the distribution of CHD subtypes may be partly due to the small number of affected patients and the variable characteristics of the cohorts (e.g., isolated LVNC or not, diagnostic criteria, age at diagnosis).

In contrast to the predominant left ventricular involvement of NCCM seen in adults, one observation emerging from this study is the high incidence of biventricular involvement (43%) in fetal patients. The high incidence of biventricular involvement in fetal NCVM has been described in previous fetal NCCM cases and small series and may be related to the right ventricular dominance of fetal circulation (30, 36–39). The difference between the fetus and the adult in the affected ventricles supports the view that the predominance of circulation may play an important role in noncompaction, and NCCM may reflect an impaired adaptation to special hemodynamics rather than an arrest during myocardial embryogenesis (40).



STUDY LIMITATIONS

This study has some limitations. The sample size was relatively small. Eighty-nine percentage of fetuses had the pregnancy terminated, so the evolution of the phenotypic findings observed in these fetuses is unknown. Besides, subtle dysmorphic features cannot be determined using fetal ultrasound, and some phenotypes, neurodevelopmental disorders in particular, are impossible to determine in the prenatal setting. Since normally the right ventricle is much more trabeculated than the left, the application of left ventricular noncompaction diagnostic criteria to the right ventricle is not rigorous. However, no recognized diagnostic criteria are available for right ventricular noncompaction. To solve the issue, we chose a compromise method. While applying the left ventricular criteria to the right ventricular, we also listed the right ventricular noncompaction/compaction ratio of fetuses diagnosed with right ventricular or biventricular noncompaction in Supplementary Table 1.



CONCLUSION

By clinical phenotyping and next generation sequencing of the largest cohort of fetuses with NCCM, we find that fetal NCCM is a unique entity compared to pediatric and adult NCCM: 1. Concomitant congenital heart defects are more prevalent; 2. Noncompaction involves biventricle is much more common; 3. Mutations in sarcomere genes are rarer. These differences evoke the question of whether the insights obtained from children and adults with NCCM can be extended to fetal patients, especially when determining the gene range for a panel sequencing.
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Multiple genome-wide association studies (GWAS) have identified numerous loci associated with atrial fibrillation (AF). However, the genes driving these associations and how they contribute to the AF pathogenesis remains poorly understood. To identify genes likely to be driving the observed association, we searched the FinnGen study consisting of 12,859 AF cases and 73,341 controls for rare genetic variants predicted to cause loss-of-function. A specific splice site variant was found in the SYNPO2L gene, located in an AF associated locus on chromosome 10. This variant was associated with an increased risk of AF with a relatively high odds ratio of 3.5 (p = 9.9 × 10−8). SYNPO2L is an important gene involved in the structural development and function of the cardiac myocyte and our findings thus support the recent suggestions that AF can present as atrial cardiomyopathy.
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INTRODUCTION

Atrial Fibrillation (AF) is the most common cardiac arrhythmia with more than 33 million people affected worldwide (1). The disease has been associated with an increased risk of stroke, heart failure as well as increased all-cause mortality (2). While AF is a complex disease associated with multiple risk factors including age, sex, lifestyle and existing heart disease, a significant genetic component of the disease has also been established (3). In 2018, a meta-analysis of genome wide association studies (GWAS) of AF identified a total of 134 loci associated with AF (4). Many of these loci have been linked to genes related to ion channels, structural proteins of the myocardium and transcription factors (5). However, a large number of the identified loci are located in non-coding regions and in the vicinity of multiple genes. More work is needed to identify the causal genes mediating the observed associations. The purpose of this paper is to investigate potentially causal genes at known GWAS loci in order to further elucidate the mechanisms behind AF pathogenesis. This was done by searching genes in a publicly available dataset containing phenotypes linked with imputed genotypes for AF-associated variants in loci previously associated with AF in GWAS.



MATERIALS AND METHODS

To identify genes likely to be driving the association between the observed GWAS loci and AF, we searched the FinnGen database (6) for variants significantly enriched in AF cases. Only variants located in one of the 134 GWAS loci previously identified in our GWAS meta-analysis (4) were selected for further investigation. To increase the likelihood of the identified variants contributing to the pathogenesis of AF development, we confined our analysis of the FinnGen data to only include predicted loss-of-functions variants. These were defined as variants leading to a pre-mature stop codon, deletions or insertions leading to a frameshift or variants involving splice sites. To further evaluate the identified candidate genes, we analyzed mRNA expression in right atrial appendage tissue integrated with genotype data obtained through the Genotype-Tissue Expression (GTEx) project. This was done by searching the publicly available GTEx release v8 database (https://gtexportal.org/home/gene/SYNPO2L). A brief description of the used data from the FinnGen database and the GTEx project is given below.


FinnGen Database

The publicly available FinnGen database contains genotype data from Finnish biobanks linked with corresponding national health registry data from 12,859 AF cases and 73,341 controls. Data from the FinnGen database was retrieved from freeze number 3. FinnGen participants were genotyped by the FinnGen investigators using various Illumina and Affymetrix GWAS arrays. This was followed by a genotype imputation by the Beagle v.4.1 software using 3,775 high coverage whole genome sequences of Finnish origin as a population specific reference panel (6). We used the FinnGen disease endpoint “Atrial Fibrillation and Flutter.” The SAIGE software was used for the genetic association tests of the FinnGen data. SAIGE is a mixed model logistic regression R/C++ package that is able to adjust for relatedness of the analyzed samples while also controlling for unbalanced case-control ratios that can otherwise lead to inflated type 1 error rates (7). SAIGE first generates relatedness estimates and a null model. Next, the null model is fitted with the respective SNP, and the genetic kinship matrix and the model itself is then adjusted for the following covariates: sex, age, 10 principal components and genotyping batch. For more information on the included biobanks, disease endpoint definitions and genotype data in the FinnGen database, please visit https://finngen.gitbook.io/documentation/v/r3/.



GTEx Project

The GTEx Project database contains analyses of mRNA levels in 47 different tissues, including atrial appendage tissue obtained from 429 deceased donors with available genotype data. The data was obtained by massive parallel sequencing of RNA strands using Illumina TrueSeq RNA sequencing followed by qPCR (8).




COLOCALIZATION ANALYSIS

In order to further explore the genes responsible for the identified genome-wide associated risk locus, we performed a colocalization analysis. Using the LocusFocus tool (9), we tested whether the GWAS signals are colocalized with eQTL signals, and therefore are likely to share a causal variant. The LocusFocus tool utilizes the Simple Sum colocalization method based on a frequentist framework. To perform the colocalization analysis, we used the publicly available FinnGen AF GWAS summary statistics and integrated them with cis-eQTL data from atrial appendage tissue from the GTEx project v8. For an identified locus, we used GWAS summary statistics from all SNPs within a 100 kb window centered around the identified lead SNP. The performance of the Simple Sum colocalization method compared with other colocalization methods has been described by Gong et al. (10).



PATHWAY ANALYSIS

We performed an in-sillico pathway analysis of interactions between the protein product of SYNPO2L and other proteins in AF, using the tool String (v11) (11). String is a large database of protein-protein interactions, derived from multiple sources, including both physical and functional associations. We conducted a search of proteins thought to be important in structural function of cardiomyocytes, as defined in a recent review of AF genetics by Andersen et al. (12). Afterwards a search of all proteins was done, limited to the 10 interactions predicted with highest confidence. Evaluation of confidence in interactions have been described in detail by Szklarczyk et al. (11).



EVALUATION OF VARIANT DELETERIOUSNESS

Variants in candidate genes were evaluated using the in silico tool Combined Annotation Dependent Depletion Score (CADD), in order to predict the effects and deleteriousness of the concerned variants (13). This method uses a machine learning model to incorporate multiple different forms of variant annotations into one integrated score, in order to better identify causal variants. Variants with a CADD-score >20 are predicted to be among the 1% most deleterious variants in the human genome. Those with a CADD-score >30 are predicted to be among the 0.1% most deleterious.



RESULTS


FinnGen Database

A total of 119 variants were associated with AF in the FinnGen study. Of these, 13 variants were located in genes in loci previously identified in our GWAS meta-analysis. The 13 variants are presented in Table 1. Of the 13 variants, only one variant, rs766868752, was predicted to be a loss-of-function variant. This variant was located in the SYNPO2L gene. The variant was imputed with an INFO-score of 0.972, indicating a very high confidence imputation.


Table 1. Variants associated with AF in the GWAS meta-analysis by Roselli et al. that were located near genes also associated with AF in the FinnGen study.
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The rs766868752 variant in SYNPO2L is characterized as a splice site donor variant and is located on position 73,655,817 on the first base of intron 1. In carriers of the variant, the C base of the non-template strand is replaced with an A base. Thus, the normal splice donor site of 5′ GT 3′ in the template strand is changed to a 5′ TT 3 ′. In the 12,859 AF cases in the FinnGen study, the variant was found with a minor allele frequency (MAF) of 0.002585. In the 73,341 control participants, the variant was found with a MAF of 0.001022. We found an increased Odds Ratio (OR) of developing AF of 3.5 in persons carrying the c.105+1G>T variant in SYNPO2L (p = 9.9 × 10−8). According to the gnomAD browser, a database containing more than 76,000 exome sequences, the specific variant was almost exclusively found in people of Finnish descent (14). Of the 41 carriers of the mutation in the gnomAD database, 40 was of Finnish descent and only one carrier was of non-Finnish European descent. Only one other splice site donor variant has been identified in the gnomAD v3 database, suggesting that splice site mutations in SYNPO2L are rare and likely deleterious.

Two isoforms of the SYNPO2L genes are expressed in-vivo. A long isoform with the ID ENST00000394810.2 as well as a short isoform with the ID ENST00000372873.8 (14). The splice site mutation found in the FinnGen study is located in the long transcript as seen in Figure 1. As the only gene positioned in a locus identified in our GWAS meta-analysis that also was found to have predicted loss-of-function variants enriched in the FinnGen study population, the SYNPO2L gene was selected for further investigation.


[image: Figure 1]
FIGURE 1. Transcripts of the SYNPO2L gene. Exons are shown with thick bars and introns are shown with thin lines. The SYNPO2L gene is expressed in a short and a long isoform. The splice site variant found in the FinnGen database is shown with a red line and is located in the first intron of the long isoform. The position of the common SNP, rs60212594, identified in the GWAS meta-analysis is shown with a blue line.




Colocalization Analysis

To determine whether the GWAS signals at the SYNPO2L locus are likely to be driven by changes in SYNPO2L expression in atrial appendage tissue, we performed a colocalization analysis using the LocusFocus tool. Our analysis supports a strong colocalization of GWAS signals with eQTLs of SYNPO2L in atrial appendage tissue with a Simple Sum p-value of 2.1 × 10−6. The colocalization analysis has been visualized in Figure 2.


[image: Figure 2]
FIGURE 2. Colocalization analysis of AF GWAS signals with eQTL signals of SYNPO2L in atrial appendage tissue. Filled circles represent AF GWAS -log10(p-values) (left y-axis). The gray line represents the eQTL signals and traces the lowest p-value [right y-axis, showing -log10(p-values)] per window of 22.5 bp. The rs60212594 SNP was defined as the lead SNP and is presented in purple. The European 1000 Genomes Project was used for the LD calculations in reference to the lead SNP. The figure was generated using the LocusFocus tool.




GTEx Project Results

To further assess the involvement of the SYNPO2L gene in AF, we examined whether the expression of the SYNPO2L gene was affected in carriers of the SNP rs60212594. This common SNP is located at the SYNPO2L locus and was associated with an increased risk of AF in our GWAS meta-analysis (4). This was done by a quantitative trait locus (cis-eQTL) analysis using data from the GTEx project. The rs60212594 SNP identified in the GWAS was shown to be associated with a minor but significant change in SYNPO2L expression (15). Carriers of the C risk allele had a 0.08-fold decrease in SYNPO2L expression with a p-value of 2.9 × 10−8, which is illustrated in Figure 3.


[image: Figure 3]
FIGURE 3. SYNPO2L expression in carriers of the rs60212594 SNP. Expression of the SYNPO2L gene is decreased (p = 2.9 × 10−8) in heterozygous carriers of the C allele of the rs60212594 SNP associated with AF. The data and figure were obtained from the GTEx project eQTL analysis (https://gtexportal.org/home/snp/rs60212594).




Pathway Analysis

Using the tool String, we examined interactions between the protein product of SYNPO2L and those of other structural genes previously associated with AF. The protein product of SYNPOL2 as well as TTN was found to be co-expressed in numerous species as illustrated in Figures 4A–E, indicating a functional association between the protein products of these genes. When searching for interactions between SYNPO2L and all genes, we found the SYNPO2L to interact with and be co-expressed with the protein products of several other genes. These genes are associated with the structure of sarcomeres, calcium signaling and cardiomyopathies. The proteins interacting with the SYNPO2L product are summarized in Supplementary Table 1.


[image: Figure 4]
FIGURE 4. Protein-protein interaction analysis. The figure is modified from data provided by the tool String v11. (A) Protein interactions between the product of SYNPO2L and seven other structural genes previously associated with AF. (B) Co-expression data across Homo Sapiens and other species for the product of SYNPO2L and seven other structural genes previously associated with AF. Species in which co-expression has been observed has been highlighted for SYNPO2L and TTN. (C) Protein interactions between the product of SYNPO2L and the products of the 10 genes with the highest confidence in interaction prediction. (D) Co-expression data across Homo Sapiens and other species for the product of SYNPO2L and the products of the 10 genes with the highest confidence in interaction prediction. (E) Legend of color codes used in this figures (A–D).




Variant Deleteriousness Prediction

Using in silico analyses we investigated the potential deleteriousness of the rs766868752 variant in the SYNPO2L gene. The variant was found to have a CADD score of 35, indicating that it is among the 0.1% most deleterious variants in the human genome.




DISCUSSION

In a previously performed meta-analysis of GWAS, 134 loci associated with AF were identified in the human genome (4). However, these are all common variants with small effect sizes. In this study we report on the first loss-of-function variant in the FinnGen study significantly associated with atrial fibrillation. This rare variant has a substantial effect size and is found in the SYNPO2L gene located on chromosome 10q22. This region has previously been associated with AF as the intronic SNP rs60212594 in SYNPO2L has been identified in our GWAS meta-analysis. This common variant was found with an associated OR of 1.12 (p = 6,48 × 10−27). Interestingly, a study by Brugada et al. (16) from 1997 identified a family of 26 with AF being inherited in an autosomal dominant pattern. The responsible genetic locus was localized to chromosome 10q22-10q24. Combined with GWAS, this strongly implicate genes in chromosome 10q22 as candidate genes with a potential large significant effect on the risk of AF.

Different studies have suggested both MYOZ1 (17, 18) and SYNPO2L (19, 20) both located on chromosome 10q22, as the likely causal genes driving the association. Studies suggesting MYOZ1 as the causal gene, have done so primarily based on eQTL studies showing an altered expression of the MYOZ1 gene in carriers of AF risk alleles identified through GWAS studies. However, expression of the MYOZ1 gene has been shown to be primarily restricted to skeletal muscle, with very low MYOZ1 mRNA levels in cardiac muscle tissue (21, 22). Additionally, no variants in the MYOZ1 gene were found to be significantly enriched in the FinnGen study. These findings suggest MYOZ1 as an unlikely candidate gene in the locus. Conversely, the findings of this study showing a predicted loss-of-function variant in the SYNPO2L gene with an associated OR of 3.5, strongly suggests SYNPO2L as the likely causal gene in the locus. This is supported by the colocalization of the AF GWAS signals with the eQTLs of SYNPO2L as seen in Figure 2.


Functions of the SYNPO2L Gene Product

The functions of the SYNPO2L gene product were first studied by Beqqali et al. (23), naming the protein product Cytoskeletal Heart-enriched Actin-associated Protein (CHAP). Beqqali et al. identified two different isoforms both expressed in cardiac tissue. The long isoform was named CHAPa (=978 aa) coded by the ENST00000394810.2 transcript, and the short isoform was named CHAPb (=749 aa) coded by the ENST00000372873.4 transcript. The authors furthermore found that the long isoform CHAPa was predominately expressed in adult cardiac tissue, whereas the short isoform, CHAPb, was primarily expressed in embryonic cardiac tissue. Expression of SYNPO2L in various tissues can be seen in Supplementary Figure 1 (24). The splice-site variant identified in the FinnGen database is only present in the long isoform coding the CHAPa. Using in situ hybrdization in mice, Beqqali et al. determined the subcellular localization of the proteins to the Z-disc of both skeletal and cardiac muscle tissue by co-localization with a-actinin (23). Both the CHAPa and CHAPb isoforms contain a nuclear localization signal (NLS) which was found to be highly conserved in both the mouse and zebrafish orthologs. Accordingly, CHAPb, the embryonic form, was also localized to the nucleus in embryonic mice cardiac tissue.

To further investigate the function of the SYNPO2L product, Beqqali et al. knocked down the CHAPa and CHAPb isoforms of the SYNPO2L gene product in a zebrafish model using antisense morpholino oligonucleotides (23). The zebrafish kncokdown-models showed a phenotype with highly disorganized sarcomeres and Z-disks, as well as decreased cardiac contractility. α-actinin-2, which was shown to interact with the CHAP proteins, was also displaced resulting in disorganized myofibrils. This suggests that the SYNPO2L gene product is highly involved in the structural development and function of the sarcomeres. Due to its nuclear and Z-disc localization, this role could be carried out by the protein acting as both a structural component and also being involved in cellular signaling processes. This is in line with previous findings suggesting other Z-disc proteins to be associated with a-actinin. One example is MLP, which can translocate from the cytoplasm to the nucleus and interact with varius transcription factors (25).

The consequences of splice site mutations on the protein product depend on multiple different factors. These are complex to predict, but can include exon skipping, intron inclusion or activation of different cryptic splice sites (26). If the splice site mutation in intron 1 of SYNPO2L leads to a change in the remaining reading frame, the mutation is likely to lead to a pre-mature stop codon followed by non-sense mediated decay (NMD) (27). Therefore, the splice site mutation could dispose to AF either by a lack of protein product or by an altered dysfunctional protein product. The pathogenicity of the splice variant identified in this study is underlined by in sillico analysis, predicting the variant to be among the 0.1% variants in the genome most likely to be deleterious. Future analysis of mRNA extracted from cell lines or patients with the splice site variant could help determine how the mutation affects splicing and protein product. Carriers of the common AF risk variant rs60212594 show a decreased expression of SYNPO2L, as shown in the eQTL analysis (Figure 3). Expression of SYNPO2L in carriers of this common variant was examined as the variant is associated with an increased risk of AF in our GWAS meta-analysis (4). The decreased expression is consistent with the present finding that the rs766868752 splice site variant, possibly leading to mRNA NMD, was strongly associated with AF. Both findings suggest that a decreased amount of SYNPO2L gene product pre-disposes to AF.

Genetic variants in other structural cardiac proteins e.g., titin, have previously been shown to be strongly associated with AF (28). TTN encodes a giant sarcome protein (titin) expressed in all chambers of the human heart. Ahlberg et al. (28) found sarcomere defects in mutant zebrafish carrying a truncated variant in ttn, the homologs TTN gene in zebrafish. This was also the case in the SYNPO2L knockdown zebrafish model studied by Beqqali et al. (23). Furthermore, a prolonged PR interval as well as an increased amount of fibrosis was shown in zebra fish models carrying the truncated titin variant (28). Another interesting gene, MYL4, is responsible for contractile, electrical and structural integrity of the atrium. Peng et al. found a loss-of function variant to cause early atrial fibrosis leading to atrial arrhytmia and atrial cardiomyopathy (29). In line with this, a mouse model with an overexpression of the SYNPO2L gene studied by Van Eldik et al. (30), also displayed both increased interstitial fibrosis and electrical abnormalities. Cardiac fibrosis has been shown to be increased in AF patients (31). The findings of increased cardiac fibrosis and atrial cardiomyopathy, resulting from abnormal sarcomere organization, propose a possible mechanism of how variants in the SYNPO2L gene and other structural proteins of the cardiomyocyte pre-dispose to AF.

However, this study also has several limitations. While the association seems biologically plausible as the genetic locus is associated with AF and the variant has been predicted to be deleterious, the splice variant, rs766868752, is found with a very low allele frequency and is almost exclusively found in persons of Finnish heritage. Furthermore, the allele frequency of the variant has been imputed. Although the variant was imputed with a very high confidence in imputation, one must consider the possible risk of inaccuracies in imputation. Finally, the common variant analyzed in this study, rs60212594, while significantly associated with AF, has a quite modest effect on disease risk, and may not be of major clinical significance for individuals carrying this variant. We therefore urge our readers to interpret our results with caution.




CONCLUSION AND SIGNIFICANCE

For many years, AF has been considered an electrical disease, but our understanding of the pathophysiology of AF has improved and the field continues to grow as we explore new associations in AF genetics. Our findings suggest that mutations in the SYNPO2L gene encoding the structural protein CHAP pre-dispose to AF. This is primarily based on the loss-of-function splice site variant in the SYNPO2L gene that was associated with a significantly increased risk of AF in a Finnish population (p = 9.9 × 10−8). The loss-of-function variant in the SYNPO2L gene is too rare to be of any major clinical significance alone. However, the findings that mutations in another gene involved in the structural arrangement of the sarcomeres pre-dispose to AF, supports the theory that AF is not only an electrophysiological disease. Future studies are needed to investigate if SYNPO2L loss-of-function variants in general pre-dispose for AF with a similar effect size. The discovery that atrial fibrosis plays a significant role in AF might explain why existing treatment options of AF are sometimes inadequate and may help identify new directions of AF treatments and risk stratifications in the future. It also underlines the complexity of the disease and suggests that different genes in different geographic regions and populations may pre-dispose for the disease through diverse pathophysiological mechanisms.
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Congenital heart disease (CHD) is the most common life-threatening congenital anomaly. CHD occurs due to defects in cardiovascular development, and the majority of CHDs are caused by a multifactorial inheritance mechanism, which refers to the interaction between genetic and environmental factors. During embryogenesis, the cardiovascular system is derived from at least four distinct cell lineages: the first heart field, second heart field, cardiac neural crest, and proepicardial organ. Understanding the genes involved in each lineage is essential to uncover the genomic architecture of CHD. Therefore, we provide an overview of recent research progress using animal models and mutation analyses to better understand the molecular mechanisms and pathways linking cardiovascular development and CHD. For example, we highlight our recent work on genes encoding three isoforms of inositol 1,4,5-trisphosphate receptors (IP3R1, 2, and 3) that regulate various vital and developmental processes, which have genetic redundancy during cardiovascular development. Specifically, IP3R1 and 2 have redundant roles in the atrioventricular cushion derived from the first heart field lineage, whereas IP3R1 and 3 exhibit redundancy in the right ventricle and the outflow tract derived from the second heart field lineage, respectively. Moreover, 22q11.2 deletion syndrome (22q11DS) is highly associated with CHD involving the outflow tract, characterized by defects of the cardiac neural crest lineage. However, our studies have shown that TBX1, a major genetic determinant of 22q11DS, was not expressed in the cardiac neural crest but rather in the second heart field, suggesting the importance of the cellular interaction between the cardiac neural crest and the second heart field. Comprehensive genetic analysis using the Japanese genome bank of CHD and mouse models revealed that a molecular regulatory network involving GATA6, FOXC1/2, TBX1, SEMA3C, and FGF8 was essential for reciprocal signaling between the cardiac neural crest and the second heart field during cardiovascular development. Elucidation of the genomic architecture of CHD using induced pluripotent stem cells and next-generation sequencing technology, in addition to genetically modified animal models and human mutation analyses, would facilitate the development of regenerative medicine and/or preventive medicine for CHD in the near future.

Keywords: heart field, neural crest, outflow tract, inositol trisphosphate receptor, TBX1, 22q11.2 deletion


INTRODUCTION

Congenital heart disease (CHD) is the most common life-threatening congenital anomaly that occurs in ~1% of live births. With advances in pediatric cardiology and cardiac surgery, most patients with CHD survive to adulthood; therefore, understanding the inheritance of CHD has become an increasingly critical clinical issue. Although insight gleaned from molecular genetics combined with developmental biology approaches has helped to uncover the detailed mechanisms of cardiovascular development, the genomic architecture of CHD remains largely unknown. We provide an overview of the progress that research has made till date in understanding the molecular mechanisms contributing to cardiovascular development, which in turn can provide new directions for research to uncover the inheritance of CHD and key susceptibility genes. We first provide general background into the etiology of CHD and the nature of cardiac development, highlighting our work on the role of inositol 1,4,5-trisphosphate receptors (IP3Rs) in this process. In addition, we focus on recent research demonstrating a mechanistic link of the T-box-containing transcription factor (TBX1) with CHD in the context of 22q11.2 deletion syndrome (22q11DS). Finally, we highlight progress to date in understanding the general genetic architecture associated with CHD and the underlying regulatory mechanisms.



ETIOLOGY OF CHD

CHD is considered to occur due to defects in cardiovascular development during the first 6 weeks of gestation. At this stage, the heart and vessels develop from a simple primitive tube structure into a four-chambered heart with two great vessels. Genetic factors, including chromosomal abnormalities, are estimated to account for approximately 8% of CHD cases, with single-gene mutations accounting for about 5% of cases, and environmental factors, including maternal infections, systemic diseases, and administration of drugs, accounting for about 2% of CHD cases. However, the etiology of the remaining ~85% of CHDs is generally unknown, and is therefore attributed to so-called “multifactorial inheritance,” which refers to the interaction between certain genetic and environmental factors (1, 2). Recently, more genetic factors associated with CHD have been reported, including chromosomal abnormalities for 12% of cases, de novo copy number variants such as chromosomal microdeletion accounting for 15% of cases and de novo gene mutation affecting protein function in 10% of cases, and inherited gene mutations in 1.3% of cases (Tables 1, 2) (3–5). As shown in Tables 1, 2, candidate monogenic factors include many transcription factors and signal molecules that are essential for development of the heart and are responsible for multiple types of CHD. Genetic alterations of these factors are considered to disrupt the spatiotemporal regulation of complex three-dimensional heart structure. However, the interaction of multiple genetic and environmental factors is still considered as the primary etiology of the remaining majority of CHDs.


Table 1. Genetic causes of non-syndromic congenital heart diseases.
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Table 2. CNVs associated with CHD.
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DEVELOPMENTAL ORIGINS OF THE CARDIOVASCULAR SYSTEM

Current knowledge in molecular embryology suggests that the cardiovascular system is derived from at least four distinct cell lineages, namely, the first heart field (FHF), second heart field (SHF), cardiac neural crest (CNC), and proepicardial organ (PEO) (Figure 1) (6–9). The FHF stands for the crescent shaped heart primordium that is derived from the anterior lateral plate mesoderm. The FHF cells (shown in red in Figure 1) form a primitive straight heart tube, consisting of an interior endocardial layer and an exterior myocardial layer along with cardiac jelly (extracellular matrix) layer in between. In addition to the FHF, the SHF (shown in blue in Figure 1) develops medially to the cardiac crescent from the splanchnic mesoderm and lies along the pharyngeal region dorsal to the primitive heart tube derived from the FHF (10–12). Eventually, the heart tube provides a scaffold and cardiac progenitor cells derived from the SHF migrate into both anterior and posterior ends of it. The heart tube proceeds looping rightward, the cells originally from the FHF finally form exclusively the left ventricle and part of the atria, whereas cells from the SHF migrated into the anterior portions of the heart tube form a large portion of the outflow tract of and the right ventricle. In addition, cells from the SHF cross the pharyngeal mesoderm into the posterior end of the heart tube contribute to a part of the atria. Meanwhile, CNC cells (shown in yellow in Figure 1), specifically developed in the dorsal region of the neural tube between the mid-otic placode and the third somite, migrate to the outflow tract where they give rise to the outflow tract septum to separate the truncus arteriosus into the aorta and pulmonary artery (13–15). CNC cells also migrate to pharyngeal arch arteries 3, 4, and 6, where they differentiate into smooth muscle cells of the great vessels. The neural crest cells from the preotic region of the neural tube contribute to the development of coronary arteries (16). The PEO (shown in green in Figure 1) is derived from the coelomic mesothelium that overlays the liver bud and gives rise to the epicardial layer over the heart (12). Some epicardial cells invade the subepicardial space through a process of epithelial–mesenchymal transformation, and contribute to the development of the coronary vessels and connective tissues (17, 18). To further uncover the genetic architecture of CHD, it is essential to adopt an approach for identifying the specific genes involved in each of these progenitor cell lineages, and to determine how their interaction regulates cardiovascular development.


[image: Figure 1]
FIGURE 1. Developmental origins of the cardiovascular system. The progenitor cells of the first heart field (red) form a cardiac crescent under the anterior part of the embryo, then move ventrally to the midline and form a linear heart tube. The second heart field (blue) is situated in the medial splanchnic pharyngeal mesoderm, and migrates to the anterior and posterior parts of the linear heart tube, providing the source of the right ventricle, outflow tract, and atrial cardiomyocytes. After looping of the heart tube, cardiac neural crest cells (yellow) migrate from the dorsal neural tube to pharyngeal arch arteries III, IV, and VI, and contribute to vascular smooth muscle cells of the aortic arch and the cardiac outflow tract. At the same time, the progenitor cells from proepicardial organ (green) contact the surface of the developing heart, giving rise to the epicardium.




IP3Rs IN CARDIOVASCULAR DEVELOPMENT

We have investigated the roles of three isoforms of IP3R (IP3R1, 2, and 3) in cardiovascular development, demonstrating their genetic redundancy (Figure 2). In particular, IP3R1 and 2 have redundant roles in the FHF-derived lineage, whereas IP3R1 and 3 exhibit redundancy in SHF-derived lineages. IP3Rs are intracellular Ca2+-release channels, which are opened by IP3 binding to regulate various vital processes for diverse cell functions (19). As the modifications distinguishing the isoforms vary, such as phosphorylation sites, splicing sites, and associated molecules, each IP3R may play a distinct role as a signaling hub offering different trajectories of cell signaling (20). In cardiovascular development, expression of IP3R1 was detectably higher in the atrial than in the ventricular myocardium, IP3R2 was mainly expressed in the trabecular layer of the ventricular myocardium, and IP3R3 was uniformly expressed in the atrial and ventricular myocardia from embryonic day 9.5. These dynamic and complementary expression patterns of each subtype of IP3R suggest their specific and/or redundant functions during the development of the heart. Although single subtype-knockout mice showed no developmental disorders and could survive after birth, IP3R1-IP3R2 double-knockout mice died in utero with developmental defects of the ventricular myocardium and atrioventricular canal of the heart, along with impaired Ca2+-dependent calcineurin/NFATc signaling by embryonic day 11.5 (21). Moreover, IP3R1-IP3R3 double-knockout embryos showed hypoplasia of the outflow tract and the right ventricle, reduced expression of specific molecular markers, and enhanced apoptosis of mesodermal cells in the SHF with reduced activity of the Mef2C-Smyd1 pathway, a transcriptional cascade essential for the SHF (22). In addition, IP3R1 and IP3R3 were found to be required for extra-embryonic vascularization in the placenta, allantois, and yolk sac at the embryonic-maternal interface (23).
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FIGURE 2. Type-specific roles of inositol trisphosphate receptors (IP3R) for cardiovascular development. Redundant roles of IP3R1 and IP3R2 in the development of atrioventricular cushion via calcineurin/NFATc signaling, and redundant roles of IP3R1 and IP3R3 in the development of the right ventricle and outflow tract via the Mef2c-Smyd1 pathway, and in the development of the extra-embryonic vessels of the placenta, allantois, and yolk sac are shown.




GENOMIC ARCHITECTURE OF CHD IMPLICATED WITH 22Q11.2 DELETION SYNDROME

22q11DS is the most common chromosomal microdeletion syndrome and is also known as DiGeorge syndrome or Takao syndrome (24, 25). 22q11DS is highly associated with CHD, involving the outflow tract, including persistent truncus arteriosus (PTA) and tetralogy of Fallot (TOF). Based on observations from experimental ablation of the CNC in chicken embryos, the outflow tract defects implicated in 22q11DS were thought to be the primary defect of the CNC development that leads to the outflow tract septum of the heart. At the beginning of the twenty-first century, the transcription factor TBX1 was identified to be the major etiology of outflow tract defects in this syndrome using new genetic engineering methods to model 22q11DS in mice (26–28). Mice with null or hypomorphic mutations for Tbx1 demonstrate PTA (28, 29). Delineation of the expression pattern of TBX1 shed further light on the molecular and cellular basis of normal and abnormal development of the outflow tract. We and other groups surprisingly revealed that TBX1 was not expressed in the CNC, but was robustly expressed in the core region of pharyngeal mesoderm in the pharyngeal arch as well as in the SHF, pharyngeal endoderm, and head mesenchyme (30–32). Moreover, we showed that TBX1-expressing descendants that represent a subset of cells originated from the SHF, predominantly contribute to the right ventricular outflow tract and pulmonary trunk (33). These findings are very intriguing because they suggest that deletion of TBX1 in 22q11DS may result in defects of CNC-derived tissues in a non-cell-autonomous fashion through the cellular interaction between CNC and the SHF. It is believed that TOF results from malalignment of the outflow tract septum, leading to an overriding aorta with malaligned ventricular septal defect (34, 35). The developmental defects of CNC is considered to cause malalignment of outflow tract septum, thus leading to TOF. Alternatively, developmental defects of the SHF may cause hypoplasia of the right ventricular outflow tract that may also result in pulmonary stenosis and malalignment of the outflow tract septum with overriding aorta (34, 35). Our data about TBX1 in the SHF provides a new insight into the developmental mechanisms underlying TOF where cellular and molecular interaction of CNC and SHF are essential (33). As for PTA in 22q11DS or TBX1 deletion, it is considered that the TBX1-expressing descendants are severely decreased in number, affecting the development and/or migration of CNC cells, thus result in complete absence of the outflow tract septum. Indeed, we recently showed that PTA in mice hypomorphic for Tbx1 might result from agenesis of the pulmonary trunk using IP3R2-LacZ mice, in which a LacZ gene was genetically inserted in-frame at the translation initiation site of IP3R2 locus on the mouse genome as a molecular marker (36). This developmental model is consistent of the observation that the outflow tract defects ranging from TOF to PTA are highly associated with 22q11DS (Figure 3).
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FIGURE 3. Developmental architecture underlying 22q11.2 (TBX1) deletion. Second heart field (SHF) cells give rise to the cardiac outflow tract (OFT) myocardium, while cardiac neural crest (CNC) cells give rise to the OFT septum during normal development. The anatomical defects in tetralogy of Fallot (TOF) and persistent truncus arteriosus (PTA) are believed to result from malrotation of the OFT and aplasia of the OFT septum, respectively. The contribution of CNC cells is thought to be essential for proper rotation and septation of the OFT. Alternatively, developmental defects of the SHF may cause hypoplasia of the pulmonary infundibulum, resulting in TOF, and a more severe decrease in the number or absence of this subset of cells may affect the development and/or migration of CNC cells, resulting in PTA. This is consistent with the notion that OFT defects ranging from TOF to PTA are highly associated with 22q11.2 deletion syndrome (22q11DS).




EXPLORING THE GENOMIC ARCHITECTURE OF CHD AND THE REGULATORY MECHANISM UNDERLYING THE INTERACTION OF CARDIAC PROGENITOR LINEAGES

To further elucidate the genomic architecture of CHD, we performed mutation analysis using the genome bank of Japanese patients with non-syndromic CHD, and identified GATA6 as the genetic cause of PTA (37). Mutations in GATA6 disturb the transcriptional regulation of downstream target genes that play an essential role in cardiac development, including semaphorin 3C (SEMA3C) and plexin A2 (PLXNA2). SEMA3C is a neurovascular guiding molecule that functions as a ligand for PLXNA2 and an attractant for CNC cells (38). Mutation of GATA6 eliminates activation of SEMA3C and PLXNA2. Mutation of the GATA sites on the enhancer elements of SEMA3C and PLXNA2 abolished these transactivation activities in the outflow tract myocardium and the CNC derivatives in the outflow tract. Further analysis of the regulatory mechanism of SEMA3C revealed that a molecular network involving GATA6, FOXC1/2, TBX1, SEMA3C, and FGF8 plays an important role in the interaction between SHF and CNC cells (39). Moreover, we found that TBX1 restricts the expression of SEMA3C to the SHF in the pharyngeal arch region by inhibiting ectopic SEMA3C expression in CNC cells during migration via FGF8 signaling, whereas GATA6, FOXC1, and FOXC2 activate the expression of SEMA3C in the SHF in the outflow tract myocardium at the same time. A recent report also showed the positive regulation of SEMA3C expression in the proximal outflow tract by TBX1 (40). This spatial and temporal regulation of SEMA3C expression is essential for proper homing of CNC cells from the pharyngeal region to the outflow tract. With loss of TBX1, downregulation of TBX1-FGF8 signaling in the pharyngeal region may lead to misexpression of SEMA3C in the migrating CNC cells, resulting in the failure of their migration with ectopic aggregation, ultimately causing outflow tract defects (Figure 4) (39). Although many other genes are also associated with the regulation of CNC cell migration, our results regarding the SEMA3C regulatory mechanism provide important evidence of interactions between CNC and the SHF for the developmental basis of CHD.


[image: Figure 4]
FIGURE 4. The regulatory mechanism of SEMA3C expression during cardiogenesis by FOXC1, FOXC2, GATA6, and TBX1-FGF8 signaling. (A) Genomic organization of the 5′ mouse Sema3c locus and flanking region. Green boxes indicate exons (Ex), black bars indicate highly conserved regions between human and mouse, and the translation start site (arrow) is designated as nucleotide number zero. Each construct number is indicated on the left. The consensus Fox-binding site is indicated by a green arrowhead. The construct pm-492m has a mutated Fox site in the context of pm-492. Conserved alignments of genomic sequences including the Fox site (box) between human (upper) and mouse (lower) are shown. (B) Right lateral views of the hearts of representative embryos obtained with each construct. Lower lane pictures show higher-magnification views of the heart. (C) LacZ expression in Sema3c int1/3′-lacZ:Tbx1neo/+ (control: upper, left) and Tbx1neo/neo (Tbx1 hypomorphic: lower, left) double-transgenic (tg) embryos at embryonic day (E)10.5, reminiscent of endogenous Sema3c mRNA expression. High-magnification views of the pharyngeal arch region (white box) are shown in the right lane. Enhanced lacZ expression in the pharyngeal arch region of Sema3c int1/3′-lacZ tg:Tbx1neo/neo embryos (lower, right) compared to Sema3c int1/3′-lacZ tg:Tbx1neo/+ embryos (upper, right). (D) Pharyngeal arch regions of chick-quail chimeras with bilateral transplantation of cardiac neural crest cells (cNCCs). Injection of anti-Fgf8 antibody (Fgf8ab) causes less migration of cNCCs from the 6th pharyngeal arch region (white arrowhead) to the outflow tract (black arrowhead) compared to that of the control. (E) A working model for the regulation of SEMA3C in developing cNCCs and second heart field (SHF) progenitor cells. During normal development, TBX1 may restrict the expression of SEMA3C in the SHF along the pharyngeal arch region by blocking ectopic SEMA3C expression in cNCCs via FGF8 signaling. FOXC1, FOXC2, and GATA6 may then synergistically activate the expression of SEMA3C in the SHF during migration into the outflow tract myocardium, leading to differentiation. Panels (A–D) are under a Creative Commons Attribution 4.0 license.




CONCLUDING REMARKS

In recent decades, detailed molecular biological analyses using genetically modified animals and accumulation of solid evidence from human mutation studies have dramatically advanced the understanding of cardiovascular development. In addition, with the recent development of stem cell science, including induced pluripotent stem cells and comprehensive expression analysis procedures using next-generation sequencing, elucidating the more detailed temporal and spatial gene regulatory mechanisms underlying cardiovascular development has become possible with evaluations at the single-cell level (9, 41–43). As a future direction for clinical application, detailed elucidation of the genomic architecture of CHD implicated in the mechanism regulating interactions between cells of multiple different origins would facilitate the development of regenerative medicine and/or preventive medicine for complex heart diseases such as CHD.
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Background: Congenital heart defects (CHDs) are the most common birth defects, and left heart hypoplasia (LHH) is a severe form of CHD and responsible for more than 20% cardiac deaths during the first week of life, however, its genetic causes remain largely elusive.

Methods: Three families with fetal LHH were recruited. Genomic DNA from amniotic fluid or peripheral blood, and trio whole exome sequencing (trio-WES) and copy number variation sequencing (CNV-seq) were performed.

Results: All the three couples had no family history, and mid-gestation ultrasound revealed LHH and other variable cardiovascular defects in the fetuses. Trio-WES revealed de novo pathogenic variations in KMT2D (p.Gly3465Aspfs*37) (NM_003482) and WDFY3 (p.Ser117Xfs*) (NM_014991), and CNV-seq identified a deletion of 150 kb encompassing NOTCH1. KMT2D and NOTCH1 previously have been reported to be associated with CHDs, however, WDFY3 is reported for the first time to be possibly related to CHD in human.

Conclusion: Our study suggested that genetic component is an important risk factor for the development of LHH, and next generation sequencing is a powerful tool for genetic diagnosis in fetuses with CHDs and genetic counseling, however, more studies and data are need to establish the correlation of fetal phenotypes and genotypes.

Keywords: prenatal diagnosis, congenital heart defects, KMT2D, NOTCH1, WDFY3


INTRODUCTION

Congenital heart defects (CHDs) are a spectrum of diseases involving structural abnormalities of the heart and great vessels that affect about 1% of liveborn infants and occur in 10% of aborted fetuses (1). Left heart hypoplasia (LHH), a severe and complex phenotype of CHDs, refers to the underdeveloped left heart structures including left ventricle, aorta and mitral valve (2). Hypoplastic left heart syndrome (HLHS) is used to describe the most severe condition of LHH, and cause 23% of cardiac deaths in the first week of life without early surgery (3). Although a three-stage surgical palliation has significantly increased the 5-year survival rate (50–70%) (4), the extent of morbidity is considerable and life-expectance remains reduced, and some of them will still develop heart failure and need cardiac transplantation. To achieve substantive progress in the development of therapeutic intervention, the understanding of the formation of the 4-chambered vertebrate heart and the pathogenic mechanism causing LHH is needed.

Several lines of evidence support a genetic contribution to HLHS. A number of reports suggest HLHS is highly associated with chromosomal abnormalities (Turner, trisomy 13, 18, and 21) (5–7), as well as copy number variations (CNV) (DiGeorge, and Jacobsen syndrome) (8, 9). Genetic studies have also identified variants in several candidate genes such as NKX2.5, GJA1, NOTCH1, HAND1, FOXC2, FOXL1, IRX4, MYH6, and RBFOX2, in patients with HLHS (10–15), and these genes are very important for cardiogenesis.

The aim of this study is to identify the pathogenic variants in 3 fetuses with LHH by using next generation sequencing, and we found a de novo loss-of-function variant in KMT2D, and WDFY3 (WD40 repeat and FYVE domain containing 3) gene, respectively, and a de novo heterozygous microdeletion variant in chromosome 9q34.3, encompassing NOTCH1, which aid prenatal genetic counseling and understanding of the pathogenesis of LHH.



METHODS


Patient Enrollment

This study was approved by the Wuhan Children's Hospital (Wuhan Maternal and Child Healthcare Hospital) ethics committee and informed consent was obtained from the parents of the fetuses. We recruited 3 fetuses with LHH detected by ultrasound during middle gestation. The parents were healthy and non-consanguineous, and denied any adverse history. The maternal age range at diagnosis of LHH was 29–30 years, and the gestation age range at diagnosis was 23–25 weeks. Fetal samples were from amniotic fluid during the invasive prenatal diagnosis. A total of 2 ml of peripheral blood was collected in EDTA-containing tubes from the couples. Multidisciplinary consultation including genetic counseling regarding the risk of LHH and the chance of surgery as well as the benefits and limitations of whole exome sequencing (WES) and CNV sequencing (CNV-seq) were introduced to the couples.



Sample Preparation

Genomic DNA was extracted from 20 ml of amniotic fluid or 2 ml whole blood according to the protocol of the Omega DNA Mini Kit. A NanoDropTM spectrophotometer was used for quality control (QC) of DNA purity and concentration.



Whole Exome Sequencing and Data Analysis

Genomic DNA was sheared by sonication and exome sequences were enriched by IDT xGen® Exome Researcher Panel v1.0, according to the manufacturer's protocol. DNA libraries were sequenced on Illumina Hiseq XTen with a method of pair-end 150 bp reads. Raw image files were processed by the Bcl To Fastq (Illumina) for base calling and raw data production. Low quality variants were filtered out using the quality score ≥ 20 (Q20) standard. The sequencing reads were then mapped to the human reference genome (hg19/GRCh37) with BWA. Single nucleotide variations (SNVs) and Indels were scored by GATK 3.8. All short variants were annotated with databases including 1,000 genomes, dbSNP, Exac, GnomAD, ClinVar, HGMD, and OMIM. Impacts of variants on protein functions were predicted using software packages Provean, SIFT, Polyphen2_HDIV, Polyphen2_HVAR, Mutationtaster, M-CAP, and REVEL. The pathogenicity of candidate variants was evaluated on the base of mutated frequency, conservation of amino acid change and structural or function domain of the protein as well as inheritance pattern. The pathogenicity of identified variants was assessed in accordance with the American College of Medical Genetics (ACMG) guidelines and Sherloc (16, 17).

Generally, the variants detected by Trio-WES were analyzed according to ACMG standards and guidelines, and classified into pathogenic variants, likely pathogenic variants, uncertain significance variants, likely benign variants and benign variants. The former three types were further annotated in OMIM diseases database and filtered through family co-segregation according to genetic rules. Potential pathogenic genes were identified combining disease correlation and clinical observations. In addition, the incidental findings were disposed according to the document of ACMG about prenatal diagnosis (18). Pathogenic and likely pathogenic variants causing neurodevelopmental disorders, intellectual disability or metabolic diseases were reported.



CNV Analysis

A total amount of more than 1.2 μg purified genomic DNA was broken into 200–300 bp fragments by sonication, followed by fragment DNA being sequentially repaired, tailed, ligated with an adaptor and amplified for library construction. The samples were then subjected to Illumina NovaSeq 6000 (Illumina, San Diego, USA). Raw data were processed by the basecall analysis software fastq v0.18.1. The clean data were then mapped to human reference genome (hg19) using BWA. The candidate CNVs were first filtered through normal frequency databases DGV, and, subsequently, were annotated based on scientific literature review and public databases including Decipher, ClinVar, ClinGen, ISCA, and dbVar. According to the ACMG, the candidate CNVs were classified into five categories: pathogenic, likely pathogenic, uncertain clinical significance, likely benign and benign (19).



Sanger Sequencing

The identified variants in the KMT2D and WDFY3 genes were confirmed by Sanger sequencing. Primers were designed to amplify the exon 36 of KMT2D and the exon 6 of WDFY3. PCR products were subjected to ABI 3730XL and analyzed by DNAStar software.



Quantitative PCR Assay

Semi-quantitative qPCR was performed to confirm the presence of the microdeletion identified in case 3 by detecting the copies of DNA fragments within the region on both the fetus and the parents. Primers were designed to quantify the relative copies of PMPCA exon 2 and 13, INPP5E exon 10 as well as NOTCH1 exon 1 and exon 34. The primers for these DNA fragments are listed as following: PMPCA exon 2(Forward: 5′-GTG CCT ATC CCA ACA TCC-3′ and Reverse: 5′-GCG AAG CCC ATT ATC CAA-3′), PMPCA exon 13(Forward: 5′-CCG TTC CCG TGC GTG TTA-3′ and Reverse: 5′-TTC CTG GCT TGC GGT GGT-3′), INPP5E exon 10(Forward: 5′-GCA CCA TCT GCT CCG TTT C-3′ and Reverse: 5′-TTC CTT CCT GGG ACG CTG-3′), NOTCH1 exon 1(Forward: 5′-GAG CGC AGC GAA GGA ACG AG-3′ and Reverse: 5′-CCT CTC TTC CCC GGC TGG CT-3′) and NOTCH1 exon 34 (Forward: 5′-GCA CAG GAG CGC ATG CAT CA-3′ and Reverse: 5′-GCT GGG CTT GCG GAC CTT CT-3′). The 36B4 gene was used as reference gene. q-PCR was performed on a ABI 7500 apparatus using SYBR Green Real-Time PCR Master Mix (Takara) according to the following conditions: 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 53°C for 15 s and 72°C for 34 s.




RESULTS

After performing genetic analysis, variants of two genes, KMT2D (NM_003482) and WDFY3(NM_014991), and a microdeletion involving NOTCH1 were detected in three fetuses, respectively. All the three variants were classified into pathogenic variants because they were LOF and de novo mutations, and absent in control population. The detailed clinical features and genetic information were shown in Table 1. No other pathogenic variants in known pathogenic genes, which were in line with family separation, were identified in the three cases.


Table 1. Prenatal phenotype and genotype information for the cohort.
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Case 1 was identified to be a de novo heterozygous variant (c.10394delG, p.Gly3465Aspfs*37) in the exon 36 of KMT2D gene (Figure 1A), which was reported previously and included in the HGMD (Accession number: CD114940) (20). At 23-week of gestation (wg), the ultrasound, shown in Figures 2A,B, revealed complex congenital heart defects (hypoplastic left heart, ventricular septal defect, double-outlet right ventricle, and perpetuate left superior vena cava), horseshoe kidney, and single umbilical artery, and the fetus presented arrhythmia. Mid-pregnancy ultrasound showed the fetus had increased nuchal translucency of 3.5 mm (normal value <2.5 mm) at 12 wg, and, at 18 wg, the tests of karyotyping and CMA analyses by amniocentesis were negative.


[image: Figure 1]
FIGURE 1. Results of Sanger sequencing and CNV-seq. (A) The mutation, c.10394delG, identified in KMT2D in the fetus (case 1) but not in the parents. (B) The mutation, c.394-c.350delAG, found in WDFY3 in the fetus (case 3) but not in the parents. (C) A 150 kb microdeletion at 9q34.3 resulting in deletion of full-length of NOTCH1 detected in case 2 and part of microdeletion variants encompassing the region in Decipher. Variants pointed by black arrow displayed heart abnormalities.
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FIGURE 2. Echocardiographic images of fetal heart structures. (A,B) show fetal ventricular septal defect and hypoplasia of left heart in case 1. (C) displays a smaller left heart in case 2. (D,E) show coarctation of the aorta and mitral atresia in the fetal heart of case 3.


Case 2 was found to carry a de novo 150 kb microdeletion at 9q34.3 (chr9:139, 315, 643-139, 465, 759), resulting in deletion of full-length of NOTCH1, INPP5E, and SEC16A as well as part of PMPCA (Figure 1C). The ultrasound at 24 wg detected severe congenital heart defects, including small left heart (Figure 2C), coarctation of ascending aorta and aortic ache, and a small ventricular septal defect. Polydactyly and cystic adenomatoid of lung were also observed (Table 1). The nuchal translucency measurement and noninvasive prenatal testing were unremarkable.

Case 3 was identified to have a de novo heterozygous frameshift variant (c.349-c.350delAG, p.Ser117Xfs*1) in the exon 6 of WDFY3 gene (Figure 1B), which was a novel pathogenic variant. Ultrasound of this fetus at 25 wg showed left heart dysplasia with mitral atresia and aortic valve stenosis (Figures 2D,E), and ventricular septum defect. No other abnormality was found during mid-pregnancy examination. Although, WDFY3 pathogenic variants were reported to cause microcephaly or macrocephaly (21, 22), the described fetus in this case had normal head circumference.



DISCUSSION

Although increasing evidence supports a genetic etiology (23–25), the precise pathogenesis of LHH or HLHS is unknown. In this study, we reported 2 de novo frameshift variations in the KMT2D and WDFY3 genes, respectively, and a 9q34.3 microdeletion of 150 kb encompassing NOTCH1, in three fetuses with LHH and other structural malformations.

WES identified a de novo heterozygous frameshift variant (c.10394delG) in the KMT2D gene, resulting in a truncated protein, in Case 1. The KMT2D encodes a histone H3K4 methytransferases that is associated with transcriptionally active genes. Mutations in KMT2D are most frequently, up to 70%, found in patients with Kabuki syndrome (KS, MIM: #147920), which is a rare, autosomal dominant multiple congenital anomaly syndrome characterized by recognizable facial features, global developmental delay, intellectual disability, short stature, and musculoskeletal abnormalities (26). Approximately 55% of patients with KMT2D mutations have been reported to present CHDs, including both septal defects and aortic coarctation (27). Studies in animal models have indicated KMT2D is essential for regulating cardiac gene expression during heart development and is required for the establishment of the primary and secondary heart fields (28, 29). Recently, a study including 80 fetuses with congenital cardiac left-sided lesions showed that KMT2D was the most frequently mutated gene (10.6%) followed by NOTCH1 (6.1%) (30). NOTCH1, encoding one of core receptors in Notch signaling pathway, is a well-known CHD-related gene, and loss-of-function variants in this gene confer a higher risk for and segregates with left-sided-CHD (31, 32). Deletion of the whole NOTCH1 gene was previously reported to cause non-syndromic Tetralogy of Fallot and HLHS (32, 33). Our Case 2 carried a 9q34.3 microdeletion surrounding full-length NOTCH1, and presented underdeveloped left heart and ventricular septal defect. In addition to NOTCH1, the microdeletion contained three other protein-coding genes, PMPCA, INPP5E, and SEC16A according to human hg19/GRCh37. However, our q-PCR assay confirmed that the microdeletion might not destroy the PMPCA gene which contained 13 exons, since the relative copies of PMPCA exon2 and exon 13 in the fetus was comparable to that in its parents (Figure 3). INPP5E were associated with autosomal recessive diseases, while SEC16A had not been reported to be related to a known disease. Deletion of the whole NOTCH1 gene was the most likely cause for LHH of the fetus in case 2.


[image: Figure 3]
FIGURE 3. Confirmation of the presence of the deletion by semi-quantitative q-PCR. The copy number of PCPMA, INPP5E, NOTCH1, and 36B4 was evaluated by semi-quantitative PCR. The relative copies of PCPMA (exon 2 and 13), INPP5E (exon 10) and NOTCH1 (exon 1 and 34) were normalized using, a valid single copy gene.


Although a clear prenatal genetic diagnosis can be made only when definitely pathogenic genes and variants are identified, prenatal WES is invaluable for the diagnosis of causal genes but also for the discovery of candidate genes. In case 3, we did not detect any pathogenic variants in well-established CHD pathogenic genes, but identified a frameshift (c.349-c.350delAG, p.Ser117Xfs*1) variant in WDFY3, thus, we propose novel candidate gene for early cardiac development supported by functional and phenotyping evidence in animal model (34). WDFY3 is located on chromosome 4q21.23, encompassing 74 exons and encoding a protein with 3,526 amino acids. The encoded protein is an adaptor protein involved in selective degradation of protein aggregates by autophagy, and is critical for brain development (35, 36). It was included in OMIM and associated with microcephaly 18, an autosomal dominant disorder. It is extremely intolerant to loss-of-function (LOF) mutation with a pLI score of 1. Pathogenic WDFY3 variants caused mild to moderate neurodevelopmental delay and intellectual disability, most of which (8/13) were loss-of-function variant and putatively lead to haploinsufficiency (21).

Homozygous knockout of this gene in mice model would lead to variable cardiac anomalies, such as ventricular septum defect, double outlet right ventricle, aortic overriding, thinning of ventricular wall, ventricular dilation and disorganized trabeculation, and abnormal NOTCH1 signaling in the heart of mice (34), suggesting that WDFY3 is critical for cardiac development. However, this report did not mention whether heterozygous WDFY3 knockout mice presented visible heart abnormalities (34). Unfortunately, we did not obtain the heart tissue of the aborted fetus to examine the impacts of WDFY3 variant on signaling pathways, such as NOTCH1 and Wnt pathways related to early cardiac development. This is the first report of a human phenotype caused by a frameshift variant in WDFY3, more cases and further functional studies are needed before we make a conclusion that WDFY3 is pathogenic candidate gene for LHH. In this study, the pregnancy was terminated due to the poor prognosis of LHH and the risk of neurodevelopmental delay. The pregnant woman and her family were informed that the recurrence risk is very low except that the variant is moasic in germline cells.

In conclusion, next generation sequencing is a powerful tool for prenatal genetic diagnosis, in particular, for fetuses with LHH. Apart from two known genes, KMT2D and NOTCH1, we reported a potential pathogenic gene WDFY3, and this is the first case of a fetal CHD with a frameshift variant in WDFY3. Before this genetic variant is used to genetic counseling, more sequencing data and functional studies are needed to determine the contribution of this genetic variant to CHDs.
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Genomic studies of cardiovascular diseases have achieved great success, not only in Mendelian genetic diseases such as hereditary arrhythmias and cardiomyopathies, but also in common diseases such as ischemic heart disease and atrial fibrillation. However, only limited success has been achieved in heart failure due to the complexity of its disease background. In this paper, we will review the genetic research for heart failure to date and discuss how we can discover new aspects of heart failure from the viewpoint of genomic perspective.
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INTRODUCTION

In recent years, human genomic research has made great strides, riding the wave of big data. In the field of cardiology, the analyses of hereditary arrhythmias and cardiomyopathies have been very active, and many disease-related genes and causative gene mutations have been identified to date. In particular, cardiomyopathy research could be useful in identifying common mechanisms that cause abnormalities in cardiac function, since the main locus of the abnormality is the myocardium itself (1). But whether it can help us to understand the “common” heart failure (HF) encountered in our daily clinical practice is controversial. On the other hand, with the advent of genome-wide association studies (GWAS), >200 disease-susceptibility loci have been identified thus far in common cardiovascular diseases such as atrial fibrillation (AF) (2) and ischemic heart disease (IHD) (3), which are caused by the accumulation of weak-effect genetic polymorphisms that differ from monogenic diseases such as hereditary cardiomyopathies (Mendelian diseases). Although these advances in technology and methods are gradually revealing the genetic background of many cardiovascular diseases, not many studies have been able to approach the genetic background of “common” HF. This article will briefly review the genetic studies for HF and then suggest how those genetic studies should be viewed in light of the commonality of genetic background between cardiomyopathy and HF.



RECENT ADVANCES IN GENOMIC RESEARCH AND CARDIOVASCULAR DISEASE

Since the Human Genome Project was completed in 2003 and the outline of the human genome sequence was determined, the researches in this field have developed at an extraordinary pace. In addition to the completion of the reference map of the human genome, the involvement of technologies such as genotyping arrays and next-generation sequencers that can determine genetic variants inexpensively and accurately has made this possible. At the same time, data processing environments, such as computer and data storage, have been improved in the last few years to cope with the growing volume of genomic data. In recent years, large databases of genetic variants including very rare ones have been developed, such as gnomAD (https://gnomad.broadinstitute.org/) (4). Also databases including the information of neighboring omics layers, such as epigenome and transcriptome data that are important to understand genomic information, are now available; ENCODE (https://www.encodeproject.org/), Roadmap Epigenetics (http://www.roadmapepigenomics.org/), GTEx (https://www.gtexportal.org/home/), and other international projects have enriched the data for each organ and cell. Such multi-omics data allow us to infer the function of identified genetic variants without additional wet experiments.

Cardiovascular genomics has also made great strides along these lines. The implementation of targeted resequencing, as well as whole-exome sequencing s and whole-genome sequencing, has dramatically increased the detection rate of mutations that cause hereditary arrhythmias and cardiomyopathies. However, new problems, such as “Variant of Unknown Significance,” have arisen due to the availability of a large amount of genomic data. This problem also seems to be gradually being solved with the advent of organ-specific RNA sequencing (5) and superior in-silico prediction algorithms (6, 7). On the other hand, “common” cardiovascular diseases such as IHD and AF are being addressed by large international consortia and mega-biobanks such as the UK Biobank, which have made samples of hundreds of thousands of people available for analysis. The resulting dramatic increase in the statistical power of studies has enabled the identification of many disease-susceptible gene regions (2, 3) and accelerated our understanding of disease mechanisms. And now, there is a growing momentum for clinical applications of genomic information, such as studies using polygenic risk scores, which are genetic risk scores that combine the information of a large number of genetic variants in order to aim achieving precision medicine (8).



GENOMIC RESEARCH FOR HF UNDER DIFFICULT CONDITIONS

While human genomic research is making remarkable progress, genomic research on so-called “HF” seems to have had only limited success. The reason for this is that HF is not a single disease concept but a syndrome that can be caused by a variety of factors, including IHD, valvular heart disease, infectious diseases, congenital heart diseases, and hereditary cardiomyopathies, all of which share a common endpoint. In other words, although the final pathology may be the same, the processes leading to it are different, which makes them incompatible with genomic research that defines the starting point of the disease. Under these circumstances, several HF studies have been conducted, but the full picture of the genetic makeup of HF remains unclear.

Since HF is the end result of many different diseases, it seems like a good idea to consider each disease separately and conduct each genomic research. The less variability there is in the disease, the more statistically advantageous it is and the easier it is to reach a conclusion. However, there is an attempt to identify a common pathway for HF arriving from such a variety of causes. This type of HF is called “all-cause HF (HF),” meaning that no specific cause is assumed. There is also another definition “non-ischemic HF” that excludes only HF caused by IHD. Although the analysis of these disease concepts is inefficient because of the variability in causes, it is expected to discover common pathways for HF independent of the cause. Such studies may lead to the discovery of mechanisms to distinguish between cases that progress to HF and those that do not, in the presence of various types of cardiac stressors.



WHAT ALL-CAUSE HF OR NON-ISCHEMIC HF GENOMIC STUDIES SUGGEST

Let's take a look at the status of genomic studies on all-cause HF and non-ischemic HF: among the major GWAS studies (9, 10) conducted until the end of 2018, only three disease susceptibility regions have achieved genome-wide significance levels (P < 5 × 10−8; Table 1). This is a very small number compared to other “common” cardiovascular diseases such as IHD and AF. However, a careful reading of these can shed light on the nature of HF. The first one, reported by Smith et al. (9), is the disease susceptibility locus (lead variant: rs10519210) located in the intergenic region between CA12 and USP3. Such disease-susceptibility regions identified by GWAS are often not in the protein-coding regions of genes, but in enhancer regions that regulate a gene expression (which may be remote from the target gene). Since an enhancer and the target gene are in close proximity in three dimensions, Hi-C database (11) can indicate the physical proximity to the enhancer region. According to the Hi-C data, the enhancer may act on both RAB8B and FBXL22 genes. Based on the previously reported GWAS (https://www.ebi.ac.uk/gwas/) and the UK Biobank GWAS catalog (https://www.nealelab.is/uk-biobank), RAB8B affects AF, systolic blood pressure (SBP), heart rate (HR), and body mass index (BMI), while FBXL22 affects AF, HR, and BMI. Next, HF susceptibility locus (lead variant: rs1906609) reported by Li et al. was located upstream of the PITX2 gene, one of the most famous AF-related genes (12), suggesting a genetic relationship between HF and AF. In other words, these two regions reconfirmed clinically known HF risk factors such as AF, SBP, HR, and obesity.


Table 1. Genetic loci identified by GWAS for all-cause or non-ischemic HF.
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Another non-ischemic HF-related locus (lead variant: rs2234962) reported by Aragam et al. (10) was located on the BAG3 gene, which is a well-known causative gene for idiopathic dilated cardiomyopathy (DCM). BAG3 plays a variety of roles in maintaining cardiac function, including linking adrenergic receptors to L-type Ca2+ channels, providing structural support for sarcomeres, and inhibiting apoptosis (13). In addition, the BAG3 gene has also been reported to be associated with other diseases such as Takotsubo cardiomyopathy, HIV-associated cardiomyopathy, and virus-associated myocarditis, in which the myocardium develops cardiomyopathy or myocarditis when exposed to stresses or infection. This suggests that HF and these diseases may share some common genetic background, which means that they may share common disease mechanisms by having the same disease-related genes, and that HF genomics can help us to understand these diseases and vice versa.



FINDINGS FROM THE LARGEST HF GWAS IN THE WORLD

Implications from genomic studies of HF have been useful but, as already mentioned, extremely limited. To overcome this situation, the largest HF GWAS study as of 2020 has been conducted, which is a meta-analysis of global HF studies. In the study presented by Shah et al. (14), 47,309 HF patients and 930,014 control samples were analyzed. As a result, they identified 11 novel disease-susceptibility loci (Table 1). These suggested the associations of HF with IHD and AF from the viewpoint of genetics. They also reported loci involved in myocardial development (MYOZ1, SYNPO2L) and cellular senescence (CDKN1). In particular, Frey et al. (15) have already suggested in a mouse model that MYOZ1 regulates exercise performance in vivo via modulation of calcineurin/NFAT activity and concomitant changes in myofiber type composition. They also utilized the Mendelian randomization method to show that other factors besides IHD, such as AF, hypertension, BMI, hypertension, and triglycerides, are important in the development of severe HF. Even with this unprecedentedly large sample size, the number of new disease susceptibility loci identified was not so many, and new findings were limited, again highlighting the difficulties of genomic research for HF.



MEASUREMENTS OF CARDIAC FUNCTION, CARDIAC MORPHOLOGY, BIOMARKER FOR HF, AND GENETIC FACTORS

The genetic analysis of all-cause HF was very challenging. On the other hand, genetic analysis using individual cardiac parameters as an outcome variable not only gives more statistical power (i.e., dichotomous vs. continuous variables), but also provides various suggestions regarding cardiac function. Newly, Aung et al. (16) in 2019, Pirruccello et al. (17) in 2020 performed GWAS using parameters obtained from cardiac MRI, which are closely related to cardiac function. They identified 57 new susceptibility loci, 45 of which were novel and had not been reported in previous genomic analyses. In addition, familial cardiomyopathy genes such as BAG3, FLNC, TTN, GATA4, MYH6, MYH7, NKX2-5, PLN, RBM20, and RYR2 were found to be significantly enriched in the susceptibility loci, suggesting an association between genetic factors that define cardiac function in healthy individuals and cardiomyopathy-related genes. They also showed that polygenic risk scores (PRS) derived from the cardiac MRI GWAS were significantly correlated with HF and DCM (it should be noted that the PRS derived from the GWAS of left ventricular diameter in systole (LVDs) was the most correlated). They also showed that these genetic loci also influence cardiac function in patients with cardiomyopathy with low penetrance. Collectively, they demonstrated the association of myocardial measurements with cardiomyopathy genes.

Another structure specific to myocardium that can be observed on MRI is the cardiac trabeculae. This is a complex network of muscular strands thought to be a remnant of embryonic development. Meyer et al. (18) quantified the complexity of myocardial trabeculae using a deep learning algorithm from cardiac MRI images and performed a GWAS. They not only identified loci related to hemodynamic phenotypes and regulation of cytoskeletal arborization, but also showed that trabecular morphology was an important determinant of cardiac performance. Furthermore, they performed a Mendelian randomization study and showed a causal relationship between trabecular morphology and cardiovascular diseases. Their findings were very interesting in that they clarified the significance of myocardial trabeculae on cardiac function and cardiovascular diseases, since the significance of which had not been well-understood before.

In addition to measurements from cardiac imaging, the circulating level of cardiac peptides such as BNP and NT-proBNP, is a useful biomarker used in clinical practice to reflect the state of HF. BNP is also known to have a cardioprotective effect, and its levels increase in worsening HF. Musani et al. (19) identified two loci associated with BNP levels. One of them was the region containing the NPPB gene encoding BNP (lead variant: rs198389) as expected, while the other was a missense variant located in KLKB1 locus (rs3733402). The NPPB locus was related to SBP, and the KLKB1 locus to the aldosterone/renin ratio, both of which were associated with left ventricular mass, suggesting the existence of a shared genetic architecture between these traits. This genomic analysis using cardiac measurements and biomarkers, which does not rely on the conventional case-control analysis, is very meaningful because it shows a new path of genomic analysis for HF and suggests an clear association with hereditary cardiomyopathy.



GENETIC ANALYSIS FOR DISEASES LEADING TO HF

Other conditions that can cause HF include IHD, AF, and valvular heart disease. IHD and AF have been reported to have more than 100 disease susceptibility loci as already described (2, 3), where IHD has been suggested to be strongly associated with lipids, hypertension, diabetes, inflammation, and other atherosclerosis-related traits, while AF has been suggested to have mechanisms strongly related to HF, such as cardiac development and myocardial contractility, apart from electrophysiological traits. As for valvular disease, Chen et al. (20) have recently identified nine disease-susceptibility loci in aortic stenosis, suggesting the involvement of lipids and the immune system. In addition, there are a few reports on mitral valve prolapse syndrome (21, 22) in which mitral valve repair and cardiac development are reported to be involved in the pathogenesis. These reports suggest that HF-related diseases have both their own unique genetic factors and the shared genetic background, which must be useful in understanding the genetic basis of HF.



STRUCTURAL VARIATIONS, NON-PROTEIN-CODING REGIONS, EPIGENOME, AND HF

Although the studies described so far are mainly based on DNA polymorphisms, we should also consider the influence of alterations in non-protein-coding regions through DNA structural variations, and the influence of the epigenomic changes on cardiac function. Haas et al. (23) conducted a genome-wide evaluation of the association between DNA structural variations (SVs) and gene expression in the human heart and detected SVs affecting non-coding RNAs, protein-coding transcripts and regulatory genomic regions (e.g., enhancers, transcription factor binding sites), demonstrating the importance of SVs on gene transcription in HF. Regarding the effect of epigenetic alterations on HF, Meder et al. (24) used arrays to generate genome-wide DNA methylation profiles of patients with DCM and compared them to controls, and identified 59 differentially methylated CpG loci. Of these, about half each were hypomethylated or hypermethylated, indicating a variety of directions of DNA methylation associated with HF. In addition, the authors identified 517 epigenetic loci associated with DCM and cardiac gene expression. This study also reported overlapping methylation patterns between myocardium and peripheral blood, including demethylated NPPA and NPPB loci, which encodes an important cardiac stress marker ANP and BNP, respectively. Thus, epigenomic information seems to be more dynamic than expected and may be responsible for various pathological conditions in HF.



TTN GENE AND HF

The TTN gene is one of genes that encode proteins that make up the sarcomere, the contractile unit of the heart muscle. The sarcomere genes such as MYH7 and MYBPC3 are known to be causative for hereditary cardiomyopathies. Among them, the TTN gene is so large that it was not comprehensively studied in the days when only Sanger sequencing was available. When high-throughput sequencers started to become available, targeted resequencing of the TTN gene was performed. Then, it was reported that about 25% of DCM was caused by TTN protein truncating variants (25). Subsequently, it was reported that about 15% of DCM was caused by TTN gene abnormalities (26). Although the percentage decreased in the later report, it remained the most common of all responsible genes for DCM in both adults and children. However, there was no report of DCM caused by TTN mutation in infants, suggesting that TTN truncating variants themselves do not immediately cause DCM, but rather have characteristics that develop as a result of a certain amount of stress or after a certain amount of time has passed. It has also been reported that TTN truncating variants are relatively common even in healthy individuals, where as much as 1% of them have TTN mutations (27). Whether or not TTN truncating variants cause cardiomyopathy has been proven, to some extent, to depend on the region of the TTN protein where the mutation is located. The A- or I-band distal ends of titin proteins, which have high exon utilization, have high odds ratios for the disease development due to protein truncation mutations. These effects of TTNtv are thought to be due to “poison peptide” or haploinsufficiency. In addition, the accumulation of the effects of common variants affects the phenotype of TTNtv (17).

According to a report by Schafer et al. (28) in 2017, a comparison of cardiac MRI images of healthy subjects with and without TTNtv revealed that those with TTNtv had a small but significant change in left ventricular morphology. They then showed in rats that such TTNtv can cause cardiac dysfunction under stress. The results also suggest that TTNtv may cause haploinsufficiency due to nonsense-medicated decay regardless of its position (even on the I-band). Collectively, they demonstrated that TTNtv, which are normally considered to be unproblematic, can define the stress response and lead to HF under stress. Ware et al. (29) analyzed perinatal cardiomyopathy, a condition that causes HF in pregnancy, and reported that two-thirds of the causative gene mutations were TTN truncating variants. Another report showed that TTN truncating mutations were identified in patients with adriamycin cardiomyopathy who developed HF due to the administration of the anticancer drug (30). In perinatal cardiomyopathy and adriamycin cardiomyopathy, patients who originally had no abnormal cardiac function develop HF upon stress loading such as pregnancy or administration of anticancer drugs. In other words, this is consistent with the characteristic of TTN mutations, which does not cause any particular problem under steady state conditions, but develops HF when stressed. Thus, the TTN mutation may determine the stress response of the myocardium.

Additionally, TTN is a well-known splicing target of the protein encoded by RBM20, which contains zinc finger domains, an RNA recognition motif (RRM), a serine- and arginine-rich region (RS region), a leucine-rich region, and a glutamate-rich region. These regions, especially the RS region, are highly conserved among species, and mutations in these regions can lead to loss of RBM20 function and the development of DCM (31). It has also been reported that other splicing targets of RBM20 including important DCM-related genes, CACNA1C and CAMK2D, may be involved in the pathogenesis of cardiomyopathy caused by RBM20 mutations (32). Specifically, during transcription, TTN pre-mRNA and RBM20 form clusters that spatially attract other RBM20 targets on different chromosomes such as CACNA1C and CAMK2D loci. Furthermore, this colocalization leads to increased splicing activity of RBM20. Conversely, the loss of TTN pre-mRNA causes splicing changes in CACNA1C and CAMK2D similar to the loss of RBM20 itself. This mechanism promotes alternative splicing of RBM20-dependent transcripts, suggesting the existence of a cardiac-specific trans-interacting chromatin domain that functions as a “splicing factory.”



DISCUSSION

Genomic studies of HF not only traced known clinical risk factors, but also revealed a common genetic basis with various cardiomyopathies and myocarditis, because of the shared causative genes such as BAG3 and TTN. These similarities lead to the following findings. These commonalities suggest that (i) HF has a common pathway, (ii) some cardiomyopathies, which share some genetic basis with HF, develop under load and may define baseline load and stress response of the heart, and (iii) it may define the baseline morphology and function of the myocardium. From these properties, we should further try to prove the hypothesis that genetic factors, identified in the genomic studies of all-cause HF and non-ischemic HF, play a shared role in the development of various types of HF, as shown in Figure 1. In this model, under steady-state conditions, HF-associated genetic variants act as “bottom-up” factors in HF and define the baseline burden. In the steady state, the threshold for HF is not exceeded, and HF symptoms do not develop. HF-associated genetic variants include common variants [minor allele frequency (MAF) >5%], which have been identified through GWAS and generally have a small effect size but have a high frequency of being associated with disease risk; intermediate effect variants (MAF 1–5%), which have a moderate effect size and frequency between common variants and rare disease variants; rare (MAF <1%) and highly effective variants that cause Mendelian disease. As mentioned earlier (17), factors such as common variants and intermediate effect variants have also been shown to affect the penetrance of individuals with Mendelian disorders by pushing the genetic burden toward the threshold of the disease. When the myocardium is further stressed by aging, pregnancy, pressure overload, volume overload, anticancer drugs, etc., the threshold is exceeded and HF develops. Here, HF-related gene mutations define the stress response. In other words, through genomic studies of HF we can learn about the genetic underpinnings that define the basic characteristics of cardiac function and determine susceptibility to the development of HF.


[image: Figure 1]
FIGURE 1. A model for heart failure development. The horizontal line denotes a threshold for apparent heart failure. First, genetic Variants determine the baseline burden of the heart and serve a bottom-up factor for heart failure. If a patient has a cardiomyopathy-causing variant, the baseline burden itself may exceed the threshold. When the heart is subjected to a burden or a stress such as aging, pressure or volume overload and anti-cancer agent, the amount of the burden grows up and exceeds the threshold. In the process, genetic variants determine the response to the burden or the stress.


Thus, genomic studies can provide interesting insights into our understanding of human HF. However, even with the world's largest HF GWAS study, the number of novel disease susceptibility loci was not so many, and the mechanisms of disease susceptibility identified in this study were limited to tracing previous discoveries. Therefore, it is important to promote HF genomic research in a more multifaceted manner by integrating other omics data and using methods such as machine learning in addition to conventional frequency-based statistical methods.
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Background: It has been suggested that a rare mutant apolipoprotein E7, APOE7 (p.Glu262Lys, p.Glu263Lys), has been identified to be associated with hyperlipoproteinemia in the general population. Moreover, its prevalence has been shown to be 0.005–0.06%. However, there are no prior data regarding its prevalence and impact on serum lipids in patients with familial hypercholesterolemia (FH).

Methods: We recruited 1,138 patients with clinically diagnosed FH [mean age = 48, men = 512, median low-density lipoprotein (LDL) cholesterol = 231 mg/dl]. The coding regions of three FH genes (LDLR, APOB, and PCSK9) and apolipoprotein E (APOE) gene were sequenced. We investigated the prevalence and impact of APOE7 mutant on serum lipid levels in patients with FH.

Results: We identified 29 patients (2.5 %) with a mutant APOE7 (heterozygote), which is apparently much higher than that of the general population. Moreover, when we focus on those without FH mutation (n = 540), we identified 21 patients (3.9 %) with a mutant APOE7. Patients with a mutant APOE7 exhibited significantly higher median LDL cholesterol and triglyceride levels compared with those without this rare mutant (249 vs. 218 mg/dl, p < 0.05, 216 vs. 164 mg/dl, p < 0.05, respectively). Moreover, LDL cholesterol levels in the APOE7-oligogenic FH individuals, with a pathogenic mutation in FH genes and APOE7 mutant, were significantly higher than that in monogenic FH patients (265 vs. 245 mg/dl, p < 0.05).

Conclusion: We identified more patients with a mutant APOE7 than expected among those diagnosed with FH clinically, especially among those without FH-causing mutation. This implies a mutant APOE7 may be one of the causes FH, especially among those without FH mutations.

Keywords: APOE, familial hypercholesterolemia, PCSK9, LDLR, LDL-C


INTRODUCTION

Patients with familial hypercholesterolemia (FH), caused by genetic mutations in low-density lipoprotein (LDL)-associated genes (FH genes), are typically exhibiting extreme hyper-LDL cholesterolemia, tendinous xanthomas, and premature atherosclerotic cardiovascular disease (ASCVD) (1, 2). Even though it is a genetic disorder, at least a part of clinically diagnosed FH patients do not have any causative mutations in FH genes even with the comprehensive genetic analyses (3). It is possible that novel genes are contributing to this disease, or accumulation of LDL-associated common genetic variations may have an impact on this disease. In contrast, apolipoprotein E (APOE) has been shown to interact with LDL receptor (LDLR) (4). Moreover, the APOE is highly polymorphic: APOE-ε2 (cys112/cys158), APOE-ε3 (cys112/arg158), and APOE-ε4 (arg112/arg158) (5, 6). These common polymorphisms have been associated with LDL cholesterol levels (7). In addition to these common polymorphisms, a rare mutant of APOE7 (p.Glu262Lys, p.Glu263Lys) has been identified to be associated with dyslipidemia in the general population. It has been shown that additional lysine residues of apoE7 were associated with reduced binding affinity to LDLR and increased affinity to heparin; both of those features appear to lead to their atherogenic lipoprotein profile (8). Moreover, its prevalence has been shown to be 0.005–0.06% (9–12). According to gnomAD browser, the allele frequency of the e7 variant is 0.002698 in East Asians, and it is not found among other ethnicities (13). Another study showed that the LDLR binding activity of APOE7 has been reduced to 23% in vitro (14). Moreover, interesting cases with a mutant APOE7 exhibit phenocopy of FH, including extremely high LDL cholesterol level and Achilles tendon thickness (15).

Recently, we showed that loss-of function mutations in ATP-binding cassette subfamily G member 5 (ABCG5) or ATP-binding cassette subfamily G member 8 (ABCG8) considered as causes of recessive disorder contribute to mimicking or exacerbating the phenotype of FH (16, 17). Considering these backgrounds, we tried to investigate whether a rare mutant of APOE7 is also contributing to mimic and/or exacerbate of the phenotype of FH.



METHODS


Study Population

In this study, we included 1,262 clinically diagnosed FH patients (18) at our institution from 2014 to 2020. We used the clinical diagnostic criteria of FH determined by Japan Atherosclerosis Society. A total of 121 subjects were removed due to missing data. Moreover, three individuals with double mutations were excluded. Accordingly, 1,138 subjects [male, 45%; female, 55%; mean age = 48 years; ASCVD = 211 (19%)] were finally included in this study.



Genetic Analysis

The coding region of 21 genes (ABCA1, ABCG5, ABCG8, ANGPTL3, APOA1, APOB, APOC2, APOC3, APOA5, APOE, CETP, GPIHBP1, LCAT, LDLR, LDLRAP1, LIPG, LMF1, LPL, MTTP, PCSK9, and SAR1B) associated with Mendelian lipid diseases, including three FH genes (LDLR, APOB, and PCSK9) and APOE gene were sequenced. In this study, we defined pathogenic mutations as those raising LDL cholesterol. The pathogenicity of the variants was assessed through the allele frequency in the Asian population of The Exome Aggregation Consortium (19), computational pathogenicity prediction tools, and ClinVar. The variants with allele frequency <5% are considered as rare. In addition, we determined variants as pathogenic using the standard American5College of Medical Genetics (ACMG) criteria. The subjects were divided based on the presence of FH mutation and APOE7 mutant (heterozygote; Figure 1).
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FIGURE 1. Analytic scheme in this study. Patients with FH were classified into four groups based on the status of FH mutation and APOE7 mutant (Groups 1–4). White indicates patients without mutations. Pink indicates patients with APOE7 mutant. Light blue indicates patients with a mutation in FH genes. Purple indicates patients with a mutation in FH genes and APOE7 mutant.




Ethical Considerations

The Institutional Review Board of Kanazawa University approved this study. All procedures were in accordance with the ethical standards of the committee on human experimentation and Declaration of Helsinki of 1975, revised in 2008. Informed consent was given to us from all of the study participants in this study.



Biochemical Test

All blood tests were performed at fasting state. The serum lipids, including total cholesterol, triglycerides, and high-density lipoprotein cholesterol, were assessed enzymatically (20). LDL cholesterol levels were calculated using the Friedewald formula if the triglyceride levels were <400 mg/dl; otherwise, they were determined directly. All of the data presented in this study were assessed at the point without any lipid-lowering therapies.



Clinical Assessments

We defined hypertension as systolic blood pressure 140 mmHg or greater, diastolic blood pressure of 90 mmHg or greater, or under the antihypertensive treatment. We used the definition of diabetes determined by the Japan Diabetes Society (21). Coronary artery disease (CAD) was defined as any incident associated with coronary artery stenosis assessed through angiogram and/or computed tomography (22).



Statistical Analysis

Fisher's exact test or chi-square test was used for categorical variables. Continuous variables with a normal distribution were presented as mean ± standard deviation. Median values and interquartile ranges (IQRs) were presented for those exhibiting non-normal distribution. Student's t-test was used for continuous variables. Median values were compared using nonparametric Wilcoxon Mann–Whitney rank sum test or chi-square test with Fisher's post-hoc test. Multivariable linear analyses, including age and sex, were used to assess the association between genetic variations and LDL cholesterol. Kruskal–Wallis one-way analysis of variance followed by Tukey post-hoc test were used to test the differences among the groups. All of the statistical analyses were conducted with R statistical software, and p < 0.05 were considered significant statistically.




RESULTS


Characteristics

The characteristics are presented in Table 1. The mean age was 48 years, and 211 (19%) of the patients had CAD. There were 590 patients with monogenic FH with a pathogenic mutation in one of the FH genes without APOE7 mutant (52%, monogenic FH, group 3), whereas 519 patients did not have FH mutations or APOE7 mutant (46%, mutation negative, group 1). Twenty-one patients had APOE7 mutant but not FH genes (2%, APOE7 mutant carriers, group 2). We identified eight patients with pathogenic mutations in FH genes as well as in APOE7 mutant (0.7%, APOE7-oligogenic FH, group 4).


Table 1. Characteristics of the patients.
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Impact of APOE7 (Heterozygote) Mutant on LDL Cholesterol

LDL cholesterol levels in patients with APOE7-oligogenic FH, who had pathogenic mutation in FH genes as well as APOE7 mutant, were significantly higher than those in patients with monogenic FH with a single pathogenic mutation in FH gene (265 vs. 245 mg/dl; Table 1 and Figure 2). Moreover, LDL cholesterol level in patients with monogenic FH was significantly higher than those without any mutations (group 1) (245 vs. 218 mg/dl; Table 1 and Figure 2). Under these conditions, LDL cholesterol level of APOE7 mutant carriers (group 2) was significantly higher than that of the patients without any mutations (group 1) (249 vs. 218 mg/dl) (Table 1 and Figure 2).


[image: Figure 2]
FIGURE 2. Impact of FH gene and APOE7 on LDL cholesterol. Boxplots are showing LDL cholesterol. *p < 0.05 and **p < 0.001. Analyses of variance followed by Tukey post-hoc test were used to test the differences among the groups.




Impact of APOE7 Mutant on Triglycerides and Remnant-Like Particle Cholesterol

In addition to LDL cholesterol, triglyceride levels in the APOE7 mutant group (group 2) were significantly higher than those without any mutations (group 1) (216 vs. 164 mg/dl; Table 1 and Figure 3A). Additionally, remnant-like particle cholesterol levels in the APOE7 mutant group (group 2) were significantly higher than those without any mutations (group 1) (12.3 vs. 7.3 mg/dl; Table 1 and Figure 3B).


[image: Figure 3]
FIGURE 3. Impact of FH gene and APOE7 on (A) triglyceride and (B) RLP cholesterol levels. Boxplots are showing triglyceride and RLP cholesterol. *p < 0.05. Analyses of variance followed by Tukey post-hoc test were used to test the differences among the groups.




Associations Between LDL-Associated Genetic Mutations and LDL Cholesterol

Multivariate linear analyses revealed that one mutation in the FH genes increased LDL cholesterol level by 46 mg/dl (95% CI, 21–51; p = 2.3 × 10−12; Table 2), while an APOE7 mutant elevated LDL cholesterol by 31 mg/dl (95% CI, 6–45; p = 7.4 × 10−4; Table 2). Moreover, we found that one protein-truncating mutation had much larger effect on LDL cholesterol than one missense mutation in LDLR or PCSK9 (Table 2).


Table 2. Mutation type and its association with LDL cholesterol.
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DISCUSSION

We aimed to assess the impact of a rare mutant APOE7 on serum lipids in clinically diagnosed FH patients. Among patients without any FH mutations, 21 (4%) had APOE7 mutant (heterozygote). We also identified eight individuals with a FH mutation and APOE7 mutant (heterozygote) exhibiting significantly elevated LDL cholesterol levels.

According to gnomAD browser, the allele frequency of APOE7 mutant is 0.002698 in East Asians, and it is not found among other ethnicities. The unexpectedly high prevalence of this variant among the phenotype of FH strongly suggests the association between this variant and LDL cholesterol.

Despite the rigorous effort of uncovering the genetic backgrounds of FH, approximately 30–40% of patients with clinical FH do not exhibit pathogenic genetic mutation(s) in established FH genes. There are several potential explanations for this situation, including so-called polygenic FH caused by the accumulation of common genetic variations elevating their LDL cholesterol. Recently, we have shown that loss-of function mutations in ABCG5 or ABCG8 typically regarded as the cause of recessive disorder are contributing to mimic and/or exacerbate the FH phenotype (16, 17). In this study, we extended this notion to APOE, at least, a rare mutant of APOE7. The clinical impact of an APOE7 mutant appears to be smaller than that of other FH mutations in LDLR, or PCSK9. However, a proportion of individuals with a mutant of APOE7 can be considered to have typical FH who are showing dominant inheritance pattern.

APOE plays an important role as the ligand, whereas the transportation of lipids mediates interaction between lipoproteins and lipoprotein receptors, including LDLR and remnant receptor. Moreover, dysfunction caused by homozygous APOE2 has been shown to cause dyslipidemia, called type III hyperlipoproteinemia (23, 24). This situation has been shown to be associated with premature ASCVD. In addition to a rather “common” situation, rare genetic variations, including a mutant APOE7, have been identified as the cause of inherited dyslipidemia. However, its prevalence and clinical impact have long been unclear. Recent advances in comprehensive genetic analytic scheme enabled us to assess this issue. We believe that the increase in triglyceride and remnant cholesterol levels is an additional risk factor for ASCVD beyond increase in LDL cholesterol level.


Study Limitations

This study declares some limitations. First, it was an observational study assessed cross-sectionally conducted in a retrospective manner. Moreover, relatively small sample size without replication may lead to a false conclusion. Second, some patients were excluded from this analysis due to missing data, which may cause a bias. Third, validations through Sanger sequencing were not performed. Fourth, we essentially used Friedewald formula, which is closer to LDL cholesterol plus intermediate-density lipoprotein (IDL) cholesterol rather than LDL cholesterol alone. In addition, we used LDL cholesterol determined directly when triglycerides ≥400 mg/dl. The mixture of the determination may lead to biased observation. Fourth, the number of individuals with oligogenic FH was small; thus, the statistical analyses relating this group may be underpowered. Lastly, we could not account for common genetic variations associated with LDL cholesterol level in this study. Other single-nucleotide polymorphisms (SNPs) are more present and have been causally related to FH; hence, the impact of this low prevalent mutation may be small.




CONCLUSIONS

We identified more patients with a APOE7 mutant than expected in clinically diagnosed FH patients, especially among those without FH-causing mutation. This implies that a proportion of FH cases may be caused by this particular genetic mutation.
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Background and Aims: Oncostatin M (OSM) signaling is implicated in atherosclerosis, however the mechanism remains unclear. We investigated the impact of common genetic variants in OSM and its receptors, OSMR and LIFR, on overall plaque vulnerability, plaque phenotype, intraplaque OSMR and LIFR expression, coronary artery calcification burden and cardiovascular disease susceptibility.

Methods and Results: We queried Genotype-Tissue Expression data and found that rs13168867 (C allele) was associated with decreased OSMR expression and that rs10491509 (A allele) was associated with increased LIFR expression in arterial tissues. No variant was significantly associated with OSM expression.

We associated these two variants with plaque characteristics from 1,443 genotyped carotid endarterectomy patients in the Athero-Express Biobank Study. After correction for multiple testing, rs13168867 was significantly associated with an increased overall plaque vulnerability (β = 0.118 ± s.e. = 0.040, p = 3.00 × 10−3, C allele). Looking at individual plaque characteristics, rs13168867 showed strongest associations with intraplaque fat (β = 0.248 ± s.e. = 0.088, p = 4.66 × 10−3, C allele) and collagen content (β = −0.259 ± s.e. = 0.095, p = 6.22 × 10−3, C allele), but these associations were not significant after correction for multiple testing. rs13168867 was not associated with intraplaque OSMR expression. Neither was intraplaque OSMR expression associated with plaque vulnerability and no known OSMR eQTLs were associated with coronary artery calcification burden, or cardiovascular disease susceptibility. No associations were found for rs10491509 in the LIFR locus.

Conclusions: Our study suggests that rs1316887 in the OSMR locus is associated with increased plaque vulnerability, but not with coronary calcification or cardiovascular disease risk. It remains unclear through which precise biological mechanisms OSM signaling exerts its effects on plaque morphology. However, the OSM-OSMR/LIFR pathway is unlikely to be causally involved in lifetime cardiovascular disease susceptibility.

Keywords: cardiovascular disease, atherosclerosis, plaque, genetics, OSM, OSMR, LIFR


INTRODUCTION

The prevalence of cardiovascular disease (CVD) is high, poses a significant global burden and is expected to rise (1). Arterial inflammation, leading to asymmetric focal arterial thickening and atherosclerotic plaque formation and progression, is the primary mechanism underlying CVD (2). Inflammatory cytokines contribute to arterial inflammation and subsequent atherosclerotic plaque formation (3). One cytokine, for which there is mounting evidence suggesting a role in atherosclerosis development is OSM (4, 5). It has been shown that OSM is present in both murine and human atherosclerotic plaques (6). Moreover, murine studies showed that OSM receptor (OSMR)−/−ApoE−/− mice have reduced plaque size and improved plaque stability compared to their OSMR-expressing littermates (7), indicating that OSM drives atherosclerosis development. These observations are in line with our previous work, in which we showed that simultaneous signaling of OSM through OSMR and leukemia inhibitory factor receptor (LIFR), induces activation in human endothelial cells, suggestive of a role in atherosclerosis development (8). In contrast, chronic OSM administration to APOE*3Leiden.CETP mice reduces the atherosclerotic lesion size and severity, and high circulating OSM levels correlate with increased post-incident coronary heart disease survival probability in humans (9).

Although all these studies implicate that OSM is involved in atherosclerosis, little is known about the effects of OSM on plaque composition in humans. Grouped in the interleukin 6 subfamily of cytokines, OSM is released by activated immune cells (10–12), and exerts pleiotropic effects on cell proliferation, inflammation, hematopoiesis, tissue remodeling, and development (13). Its signals are transduced through binding to either OSMR or LIFR, which form a heterodimer with glycoprotein 130 (8, 14), that in turn activates multiple pathways (14). It is suggested that the ratio of the two receptor types expressed on the cell membrane is a potential regulatory mechanism for the multiple, and sometimes opposing, effects that are exerted by OSM (15).

Thus, given its pleiotropic function, it is difficult to predict how OSM contributes to atherosclerotic plaque formation. Cell and murine studies have shown that OSM promotes angiogenesis (4), endothelial activation (8), vessel permeability (16), and osteoblastic differentiation (17). Therefore, increased OSM levels hypothetically results in a higher intraplaque microvessel density, intraplaque hemorrhages and plaque calcification, thereby contributing to plaque destabilization (18, 19). In other cell and murine studies, OSM promotes fibroblast proliferation (20), collagen formation (20), smooth muscle cell proliferation (6), and M2 macrophage polarization (21). These processes hypothetically lead to enhanced fibrosis, and attenuated inflammation, thereby contributing to plaque stabilization (22).

Large-scale studies have shown that cis-acting genetic variants associated to gene expression [expression quantitative trait loci (eQTLs) (23)] are key to disease susceptibility (24). This means that gene expression in a given tissue differs between individuals carrying different genotypes which ultimately results in differential disease susceptibility. Thus, on the premise that alleles are randomly distributed at conception and are invariant throughout a lifetime, meaning that genetics is not influenced by disease or risk factors, eQTLs can be used as proxies of gene expression to examine the effect on plaque morphology (25). We hypothesized that if circulating OSM, or arterial OSMR or LIFR expression has an effect on plaque morphology, these phenotypic differences will be observed among genotype groups of the eQTL. We aimed to investigate the double-edged sword of OSM signaling on the composition of human atherosclerotic plaques using known eQTLs of circulating OSM, and arterial OSMR and LIFR.



MATERIALS AND METHODS


Sample Collection

The Athero-Express Biobank Study (https://www.atheroexpress.nl) is an ongoing prospective study, containing biomaterial of patients elected for endarterectomy at two Dutch tertiary referral centers. Details of the study design were described before (26). Briefly, blood subfractions are obtained before and arterial plaque material during endarterectomy. Each plaque is dissected into segments of 0.5 cm. The culprit lesion is reserved for histological assessment (see below), while surrounding segments are immediately snap frozen in liquid nitrogen and stored at −80°C for later use, e.g., in order to perform RNA-seq (see below). Only carotid endarterectomy (CEA) patients were included in the present study. All research was conducted according to the principles of the Declaration of Helsinki and its later amendments, all patients provided informed consent and the study was approved by the medical ethics committees.



Athero-Express Genotyping, Quality Control, and Imputation

Details of genotyping were previously described (26). Briefly, DNA was extracted from EDTA blood or (when no blood was available) plaque samples of 1,858 consecutive patients from the Athero-Express Biobank Study and genotyped in 2 batches. For the Athero-Express Genomics Study 1 (AEGS1), 836 patients, included between 2002 and 2007, were genotyped using the Affymetrix Genome-Wide Human SNP Array 5.0 (SNP5) chip (Affymetrix Inc., Santa Clara, CA, USA). For the Athero-Express Genomics Study 2 (AEGS2), 1,022 patients, included between 2002 and 2013 and not overlapping AEGS1, were genotyped using the Affymetrix Axiom® GW CEU 1 Array (AxM).

Both studies were carried out according to OECD standards. After genotype calling, we adhered to community standard quality control and assurance (QA/QA) procedures of the genotype data from AEGS1 and AEGS2. Samples with low average genotype calling and sex discrepancies (compared to the clinical data available) were excluded. The data was further filtered on (1) individual (sample) call rate >97%, (2) SNP call rate >97%, (3) minor allele frequencies (MAF) >3%, (4) average heterozygosity rate ± 3.0 s.d., (5) relatedness (pi-hat >0.20), (6) Hardy–Weinberg Equilibrium (HWE p < 1.0 × 10−6), and (7) population stratification (based on HapMap 2, release 22, b36) by excluding samples deviating more than 6 standard deviations from the average in five iterations during principal component analysis (PCA) and by visual inspection as previously described (26). After QA/QA, 657 samples and 403,789 SNPs in AEGS1, and 869 samples and 535,983 SNPs in AEGS2 remained. To correct for genetic ancestry and population stratification we performed PCA in each cleaned dataset to obtain principal components for downstream analyses as described before (26).

We used SHAPEIT2 (27) for phasing and finally the data was imputed with 1000G phase 3 (28) and GoNL 5 (29) as a reference on genome build 37. Note that we only selected the CEA patients in these datasets, leaving 1,443 samples for our further analyses.



Variant Selection

We queried data from the Genotype-Tissue Expression (GTEx) Portal (https://gtexportal.org) (23) for cis-acting variants [defined as variants within 1Mb of a given gene (30)] that alter OSM expression in whole blood, and OSMR or LIFR expression in non-diseased arterial tissue. We selected common variants with a MAF > 3%, which yielded two variants in total: rs13168867 for OSMR in tibial arterial tissue and rs10491509 for LIFR in aortic arterial tissue. We found no eQTL for circulating OSM expression, i.e., in whole blood. We harmonized the effect alleles and effect sizes from these eQTLs to match the allele orientation in the Athero-Express Biobank Study data.



Plaque Phenotyping

The (immuno)histochemical analysis of plaques have been described previously (26, 31, 32). Briefly, per plaque, the culprit lesion was identified directly after dissection, fixed in 4% formaldehyde, embedded in paraffin and cut in 5 μm sections on a microtome for (immuno)histochemical analysis by pathology experts. Calcification (hematoxylin & eosin, H&E) and collagen content (picrosirius red) were semi-quantitatively scored and defined as no/minor or moderate/heavy. Atheroma size (H&E and picrosirius red) was defined as <10% or ≥10% fat content. Macrophages (CD68) and smooth muscle cells (ACTA2) were quantitatively scored and classified as percentage of plaque area. Intraplaque hemorrhage (H&E) was defined as absent or present, and vessel density was classified as the number of intraplaque vessels (CD34) per 3–4 hotspots.



Plaque Vulnerability

Assessment of overall plaque vulnerability was performed as previously described by Verhoeven et al. (25). Briefly, macrophages and smooth muscle cells were semi-quantitatively defined as no/minor or moderate/heavy. Each plaque characteristic that defines a stable plaque (i.e., no/minor macrophages, moderate/heavy collagen, moderate/heavy smooth muscle cells and <10% fat) was given a score of 0, while each plaque characteristic that defines a vulnerable plaque (i.e., moderate/heavy macrophages, no/minor collagen, no/minor smooth muscle cells and ≥10% fat) was given a score of 1. The score of each plaque characteristic was summed resulting in a final plaque score ranging from 0 (most stable plaque) to 4 (most vulnerable plaque). Intraobserver and interobserver variability were examined previously and showed good concordance (κ = 0.6–0.9) (33).



Plaque Expression

Detailed information on the RNA sequencing (RNAseq) experiment is described in the Supplemental Material. In short, to assess the global expression profile, plaque segments were thawed, cut up, and homogenized using ceramic beads and tissue homogenizer (Precellys, Bertin instruments, Montigny-le-Bretonneux, France), in the presence of TriPure (Sigma Aldrich), and RNA was isolated according to TriPure manufacturer's protocol.


Library Preparation

was performed, adapting the CEL-Seq2 protocol for library preparation (34, 35), as described before (36). The primer used for initial reverse-transcription reaction was designed as follows: an anchored polyT, a unique 6bp barcode, a unique molecular identifier (UMI) of 6bp, the 5' Illumina adapter and a T7 promoter, as described (36). Complementary DNA (cDNA) was then used in the in vitro transcription (IVT) reaction (AM1334; Thermo-Fisher). Amplified RNA (aRNA) was fragmented, and cleaned, and RNA yield and quality in the suspension were checked by Bioanalyzer (Agilent).

cDNA library construction was initiated according to the manufacturer's protocol, adding randomhexRT primer as random primer. PCR amplification was done with Phusion High-Fidelity PCR Master Mix with HF buffer (NEB, MA, USA) and a unique indexed RNA PCR primer (Illumina) per reaction. Library cDNA yield and quality were checked by Qubit fluorometric quantification (Thermo-Fisher) and Bioanalyzer (Agilent), respectively. Libraries were sequenced on the Illumina Nextseq500 platform; paired end, 2 × 75 bp.

Upon sequencing, retrieved fastq files were de-barcoded, split into forward and reverse reads. Subsequently, these were mapped making use of Burrows-Wheel aligner [BWA (37)] version 0.7.17-r1188 and a cDNA reference (assembly hg19, Ensembl release 84). Read counts and UMI counts were derived from SAM files using custom perl code, and then gathered into count matrices. Genes were annotated with Ensembl ID's, and basic quality control was performed, encompassing filtering out samples with low gene numbers (<10,000 genes), and read numbers (<18,000 reads). These steps resulted in 641 samples with up to 60,674 genes (Ensembl ID's), and median of 178,626 reads per sample.



Data Analysis

Plaque vulnerability scores, and genotypes for rs10491509 and rs13168867, were added to metadata, upon which this was combined with counts and annotation in a SummarizedExperiment object (38). Counts were normalized and transformed making use of the variance stabilization transformation function (vst()) in DESeq2 (39). This results in transformed data on a log2-scale, normalized for library size, for visualization and ordination purposes. Differential expression analysis between plaque vulnerability scores or genotypes, used as “condition variables” was performed using the DESeq2-function DESeq() on the raw counts. In short, three steps are performed: 1. estimation of size factors, controlling for sequencing depth; 2. estimation of dispersion values, that capture variation around expected values. These expected values take into account sequencing depth and differences caused by variables in the design formula argument, i.e., “design = ~ condition” where condition is a variable that specifies which group samples belong to; and 3. fitting a generalized linear model using the above-mentioned size factors and dispersion values, estimating log fold changes. This results in a results table, showing estimated log2 fold changes and p-values comparing between two levels of the condition variable. Complete details for statistical procedures used by the DESeq function are described elsewhere (39).




Genetic Analyses

Quantitatively scored characteristics (macrophages, smooth muscle cells, and the vessel density) were Box-Cox transformed (40) to obtain a normal distribution. For genetic analyses we used GWASToolKit (https://swvanderlaan.github.io/GWASToolKit/) which is a wrap-around collection of scripts for SNPTEST (41). Continuous and categorical variables were tested using linear and logistic regression models, respectively. Models for genetic analyses were corrected for age, sex, genotyping chip, and genetic ancestry using principal components 1 through 4. Thus, the models were of the form

[image: image]
 

Multiple Testing and Power

Correction for multiple testing resulted in a corrected p-value of p = 0.05/[(7 plaque phenotypes + plaque vulnerability) × 2 common variants] = 3.13 × 10−3. The power of the study was estimated at ±75% based on a sample size of 1,443, a minor allele frequency (MAF) of 0.409 and a relative risk of 1.28 (http://csg.sph.umich.edu/abecasis/cats/gas_power_calculator/).



Data and Scripts

Data is available upon request. Scripts are posted at GitHub https://github.com/swvanderlaan/2019_vankeulen_d_osmr.




RESULTS


Common Variants Altering OSM, OSMR, and LIFR Expression

We included and genotyped 1,443 carotid endarterectomy patients in this study. We combined these groups (Table 1) for overall plaque vulnerability and phenotype analyses, as we previously showed that the baseline characteristics between the two genotyping groups (AEGS1 and AEGS2) are comparable (26).


Table 1. Baseline characteristics of genotyped CEA patients from the Athero-Express Biobank Study.
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OSM is secreted by, among others, neutrophils (12), monocytes (11), macrophages (11) and T-cells (10), and acts through binding to OSMR and LIFR (14, 42, 43) in the arterial wall (7, 44). Thus, we queried data from the Genotype-Tissue Expression project (GTEx) (23) for SNPs that alter OSM expression in whole blood and LIFR and OSMR expression in arterial tissue. There were no significant eQTLs for OSM, but there were two eQTLs associated with altered OSMR (rs13168867) or LIFR (rs10491509) expression in arterial tissue. The C allele of rs13168867 is associated with decreased OSMR expression in the tibial artery (Figure 1A), and the A allele of rs10491509 is associated with increased LIFR expression in the aortic artery (Figure 1B). Cross-tissue meta-analysis showed that these variants have m-values >0.9 in both tibial and aortic artery tissue, indicating a high posterior probability that they are single cis-eQTLs in both tissues (Supplementary Figures 1, 2).


[image: Figure 1]
FIGURE 1. Association of OSMR and LIFR variants in non-diseased arterial tissues. Per variant, the normalized expression of OSMR (A) and LIFR (B) is given in non-diseased arterial tissue. Data from GTEx Portal (www.gtexportal.org). NES: Normalized effect size. In aortic arterial tissue, rs13168867 had a NES of −0.123 and in tibial arterial tissue, rs10491509 had a NES of 0.0881 (Supplementary Figures 1, 2).




Genetic Association With Plaque Vulnerability

To determine the effect of OSM signaling on the overall plaque vulnerability, we correlated the rs13168867 and rs10491509 genotypes to the overall plaque vulnerability, which was given a score ranging from 0 (least vulnerable plaque) to 4 (most vulnerable plaque). The effect allele of variant rs13168867 in the OSMR locus was significantly correlated with an increased overall plaque vulnerability (β = 0.118 ± s.e. = 0.040 (C allele), p = 3.00 × 10−3, Figure 2). No association was observed with rs10491509 and overall plaque vulnerability.
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FIGURE 2. Association of OSMR and LIFR variants with overall plaque vulnerability. The plaques were given a vulnerability score ranging from 0 (least vulnerable) to 4 (most vulnerable). The bars represent the proportion of each plaque score per genotype for rs13168867 in the OSMR locus (A) and rs10491509 in the LIFR locus (B). The table shows the results from GTEx Portal (23) where Gene is the gene of interest; Variant is the eQTL as found in GTEx Portal, and NES refers to the normalized effect size on expression from GTEx Portal. The Alleles refer to the effect allele and the other allele in both GTEx Portal and the Athero-Express Biobank. The remaining columns in the table are referring to the analysis of these eQTLs with respect to plaque vulnerability in the Athero-Express Biobank Study. Here EAF represents effect allele frequency; Info refers to the estimated imputation score. The effect size (β) and standard error (s.e.) are relative to the effect allele; p indicates the p-value of association with plaque vulnerability of the given eQTL; Bold p: p-value of association surpasses significance threshold (p < 3.13 × 10−3).




Genetic Association With Plaque Phenotypes

To determine the effect of OSM signaling on the individual plaque characteristics comprising the overall plaque vulnerability, we assessed the association between rs13168867 and rs10491509 and seven plaque phenotypes in the Athero-Express Biobank Study. Although not significant after correction for multiple testing, the strongest associations were observed between the effect allele of variant rs13168867 in the OSMR locus and intraplaque fat (β = 0.248 ± s.e. = 0.088 (C allele), p = 4.66 × 10−3), and collagen content (β = −0.259 ± s.e. = 0.095 (C allele), p = 6.22 × 10−3, Table 2). No associations were observed between rs10491509 and any of the plaque phenotypes.


Table 2. OSMR and LIFR variants and their association with plaque phenotypes.
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Known eQTLs of OSMR and LIFR Expression in Non-diseased Arterial Tissue Are Not Associated With Expression in Atherosclerotic Plaques

Atherosclerotic disease progression changes the artery-specific transcriptional dynamics, and may therefore abolish the effects of known OSMR and LIFR eQTLs in non-atherosclerotic arterial tissues. Thus, we tested whether these eQTLs were associated with OSMR and LIFR expression in carotid atherosclerotic plaques. Neither variant showed associations with expression of OSM, OSMR, and LIFR (Supplementary Table 1).



Intraplaque OSMR Expression Is Not Associated With Plaque Vulnerability

As rs13168867 was associated with an increased overall plaque vulnerability, we next investigated if intraplaque OSMR expression levels associated with overall plaque vulnerability. Differential expression analyses, comparing the reference score (0) with each increasing vulnerability score (1, 2, 3, or 4) showed no associations between OSMR plaque expression levels and plaque vulnerability (Supplementary Table 2). Neither did intraplaque OSM or LIFR expression associate with plaque severity.



Known eQTLs of OSMR and LIFR Do Not Associate With Cardiovascular Diseases

The Athero-Express comprises patients with advanced stage atherosclerotic plaques. Therefore, we assessed the effect of known OSMR and LIFR eQTLs on coronary calcification (CAC) as intermediate phenotype of atherosclerotic burden, and primary cardiovascular outcomes as clinical manifestation. We queried summary statistics from GWAS on CAC (n = 2,674) (45), coronary artery disease (CAD, n = 336,755) (45, 46), and ischemic stroke subtypes (sample sizes 242,573–522,258) (45–47). Neither eQTL associated with increased CAC burden, or cardiovascular disease susceptibility (Supplementary Table 3).




DISCUSSION

We investigated whether common variants associated to gene expression, i.e., eQTLs, near OSM, OSMR and LIFR affect overall plaque vulnerability and phenotype. We showed that one cis-acting eQTL (rs13168867, C/T), of which the C allele associates with reduced OSMR expression in non-diseased arterial tissue, significantly associates with increased plaque vulnerability after correction for multiple testing. This suggests that a decrease in OSMR expression and therefore possibly a decrease in OSM signaling, increases the chance of developing a vulnerable plaque.

To gain further insight into the role of genetically decreased OSMR expression on developing a vulnerable plaque, we examined the effect of rs13168867 on individual plaque characteristics in more detail. The strongest associations were found for rs13168867 with increased intraplaque fat and decreased collagen content, suggesting that reduced OSM signaling results in a larger lipid core and less fibrosis - in line with a more vulnerable plaque phenotype. We previously showed that OSM enhances intercellular adhesion molecule (ICAM)-1 expression on human endothelial cells (8). Reduced OSMR expression, which hypothetically results in reduced OSM signaling, may therefore result in reduced ICAM-1 expression. ICAM-1 depletion leads to M1 macrophage polarization (48), which is the pro-inflammatory macrophage subtype that promotes an unstable plaque phenotype (49). Reduced OSM signaling could also explain the decreased collagen content as OSM enhances in vitro fibroblast proliferation and collagen formation (20). Moreover, it was previously shown that OSM enhances liver fibrosis in mice (50) and that OSM is upregulated in patients with pulmonary fibrosis (51). A reduction in OSM signaling caused by decreased OSMR expression may therefore result in decreased collagen content. Further studies are needed to investigate these hypotheses.

A possible explanation for the lack of associations for the variant (rs10491509) in the LIFR locus could be that an increase in LIFR expression would not affect OSM signaling as, hypothetically, there might already be a LIFR surplus and therefore, an increase in LIFR expression will not affect OSM signaling.

Although rs13168867 did associate with plaque vulnerability, no associations were found between rs13168867 and intraplaque OSMR expression, intraplaque OSMR expression and plaque vulnerability, nor did rs13168867 associate with cardiovascular disease outcomes. Possibly, OSM signaling mainly affects atherogenesis and atherosclerosis development in the initial phases of the disease. Arterial OSMR expression is reduced in human atherosclerotic plaques when compared to normal arteries9 and may therefore have bigger effects in the initial phase, when OSMR expression is still high. Another possible explanation is that OSM signaling may be overruled by for example, other cytokines in later stages of the disease. Lastly, although coronary thrombosis, and therefore cardiovascular disease, is most often caused by plaque rupture, which is most likely to happen in vulnerable plaques, thrombosis can also be triggered by other processes, including plaque erosion and atrial fibrillation (52, 53). Xie et al. showed that OSM is associated with thrombosis in patients with atrial fibrillation and suggested that OSM exerts thrombogenic effects by increasing tissue factor expression and decreasing the expression of tissue factor pathway inhibitors (53). So, OSM could potentially increase the risk of cardiovascular disease through its thrombogenic effects and at the same time decrease the risk of cardiovascular disease by its atheroprotective effects. Potentially, the seemingly atheroprotective effect of OSM that we described in our current study may be neutralized by the thrombogenic or potential other cardiovascular disease driving effects of OSM.

A limitation of association studies like ours, is that it is challenging to uncover the biological meaning of the discovered associations. It is likely that a reduction in OSMR expression on the arterial wall reduces OSM signaling, but this is difficult to verify. Firstly, OSM signaling is not only dependent on OSMR, but also on the blood OSM levels. If there is no or little OSM present in the blood, there might have been a surplus of OSMR and in this case, there will be no change in OSM signaling. Another possibility is that there is not only a decrease of OSMR expression on the arterial wall, but also a decrease in circulating OSMR levels, which can also bind to OSM and acts as a neutralizer (54), also resulting in no net difference in OSM signaling. Moreover, this study cannot make a distinction between the timing and the duration of OSM signaling, which may differentially affect atherosclerosis development as previous studies have shown that OSM, like IL-6, can act differently in the acute phase than in the chronic phase (8, 9, 55, 56). Finally, we focused on only three genes (OSM, OSMR and LIFR), while atherosclerosis is a multifactorial disease. Although studies like ours can be very insightful to better understand the disease, single variants seldomly show big correlations with disease outcome.

Compared to genome-wide association studies that include thousands of individuals, the Athero-Express Biobank Study is relatively small (n=1,443), and, given its design, finite in size. However, it is well suited to examine the effect of common disease-associated genetic variation on plaque morphology and characteristics. Indeed, we estimated the power at ±75% given a MAF=0.40 (approximately the frequency of rs13168867) and relative risk = 1.28 (http://csg.sph.umich.edu/abecasis/gas_power_calculator/).

Recent developments in single-cell expression analyses might extend on the present study by investigating which cell types, that are present in the plaque, most abundantly express OSM, OSMR and LIFR. Furthermore, it would be interesting to investigate if the OSMR/LIFR expression ratio correlates with plaque vulnerability and if this ratio might be a predictor of plaque vulnerability.



CONCLUSION

Based on this work we conclude that the variant rs13168867 in the OSMR locus is associated with increased plaque vulnerability, but not with coronary calcification or cardiovascular disease susceptibility. Given the multiple testing burden for individual plaque characteristics, it remains unclear through which precise biological mechanisms OSM signaling exerts its effects on plaque morphology, although our data point toward lipid metabolism and extracellular matrix remodeling. However, the OSM-OSMR/LIFR pathway is unlikely to be causally involved in lifetime cardiovascular disease susceptibility as none of the investigated eQTLs associated with cardiovascular diseases.



DATA AVAILABILITY STATEMENT

Data can be accessed at https://dataverse.nl/ using accession number 0RB5IZ.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Medisch Ethische Toetsingscommissie (METC) Utrecht. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

DvK: conceptualization, formal analysis, and writing - original draft. IvK: data curation. AB: conceptualization, formal analysis, and writing – review & editing. HP and AvG: writing – review & editing. GdB and DT: conceptualization. DT and GP: conceptualization and writing – review & editing. SvL: conceptualization, formal analysis, writing – original draft and review & editing. All authors contributed to the article and approved the submitted version.



FUNDING

SvL was funded through grants from the Netherlands CardioVascular Research Initiative of the Netherlands Heart Foundation [CVON 2011/B019 and CVON 2017-20: Generating the best evidence-based pharmaceutical targets for atherosclerosis (GENIUS I&II)]. This work was supported by ERA-CVD, grant number: 01KL1802. FA was supported by UCL Hospitals NIHR Biomedical Research Center. DvK, HP, and DT were funded through the FP7 EU project CarTarDis (FP7/2007-2013) under grant agreement 602936. AB was funded through the Taxinomisis grant, part of the European Union's Horizon 2020 research and innovation program (No 755320). HP received funding from the TNO research program Preventive Health Technologies. The funding sources were not involved in study design, collection, analysis and interpretation of data, writing of the report and in the decision to submit the article for publication.



ACKNOWLEDGMENTS

We would like to thank Dr. Jessica van Setten and acknowledge her for imputing our datasets using an in-house developed imputation pipeline. Evelyn Velema and Petra Homoet-Van der Kraak are acknowledged for the immunohistochemical stainings. We also acknowledge the support from the Netherlands CardioVascular Research Initiative from the Dutch Heart Foundation, Dutch Federation of University Medical Centers, the Netherlands Organization for Health Research and Development and the Royal Netherlands Academy of Sciences (GENIUS I & II, CVON2011-19) and the TNO research program Preventive Health Technologies.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2021.658915/full#supplementary-material



REFERENCES

 1. Moodie DS. The global burden of cardiovascular disease. Congenit Heart Dis. (2016) 11:213. doi: 10.1111/chd.12383

 2. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl J Med. (2005) 352:1685–95. doi: 10.1056/NEJMra043430

 3. Sprague AH, Khalil RA. Inflammatory cytokines in vascular dysfunction and vascular disease. Biochem Pharmacol. (2009) 78:539–52. doi: 10.1016/j.bcp.2009.04.029

 4. Vasse M, Pourtau J, Trochon V, Muraine M, Vannier J-P, Lu H, et al. Oncostatin M induces angiogenesis in vitro and in vivo. Arterioscler Thromb Vasc Biol. (1999) 19:1835–42. doi: 10.1161/01.ATV.19.8.1835

 5. Nagata T, Kai H, Shibata R, Koga M, Yoshimura A, Imaizumi T. Oncostatin M, an interleukin-6 family cytokine, upregulates matrix metalloproteinase-9 through the mitogen-activated protein kinase kinase-extracellular signal-regulated kinase pathway in cultured smooth muscle cells. Arterioscler Thromb Vasc Biol. (2003) 23:588–93. doi: 10.1161/01.ATV.0000060891.31516.24

 6. Albasanz-Puig A, Murray J, Preusch M, Coan D, Namekata M, Patel Y, et al. Oncostatin M is expressed in atherosclerotic lesions: a role for Oncostatin M in the pathogenesis of atherosclerosis. Atherosclerosis. (2011) 216:292–8. doi: 10.1016/j.atherosclerosis.2011.02.003

 7. Zhang X, Li J, Qin J-J, Cheng W-L, Zhu X, Gong F-H, et al. Oncostatin M receptor β deficiency attenuates atherogenesis by inhibiting JAK2/STAT3 signaling in macrophages. J Lipid Res. (2017) 58:895–906. doi: 10.1194/jlr.M074112

 8. Van Keulen D, Pouwer MG, Pasterkamp G, Van Gool AJ, Sollewijn Gelpke MD, Princen HMG, et al. Inflammatory cytokine oncostatin M induces endothelial activation in macro-and microvascular endothelial cells and in APOE*3Leiden.CETP mice. PLoS ONE. (2018) 13:e0204911. doi: 10.1016/j.atherosclerosissup.2018.04.056

 9. van Keulen D, Pouwer MG, Emilsson V, Matic LP, Pieterman EJ, Hedin U, et al. Oncostatin M reduces atherosclerosis development in APOE3Leiden.CETP mice and is associated with increased survival probability in humans. PLoS One. (2019) 14:e0221477. doi: 10.1371/journal.pone.0221477

 10. Brown TJ, Lioubin MN, Marquardt H. Purification and characterization of cytostatic lymphokines produced by activated human T lymphocytes. Synergistic antiproliferative activity of transforming growth factor beta 1, interferon-gamma, and oncostatin M for human melanoma cells. J Immunol. (1987) 139:2977–83.

 11. Kastl SP, Speidl WS, Kaun C, Katsaros KM, Rega G, Afonyushkin T, et al. In human macrophages the complement component C5a induces the expression of oncostatin M via AP-1 activation. Arterioscler Thromb Vasc Biol. (2008) 28:498–503. doi: 10.1161/ATVBAHA.107.160580

 12. Grenier A, Dehoux M, Boutten A, Arce-Vicioso M, Durand G, Gougerot-Pocidalo M-A, et al. Oncostatin M production and regulation by human polymorphonuclear neutrophils. Blood. (1999) 93:1413–21. doi: 10.1182/blood.V93.4.1413

 13. Tanaka M, Miyajima A. Oncostatin M, a multifunctional cytokine. Rev Physiol Biochem Pharmacol. (2003) 149:39–52. doi: 10.1007/s10254-003-0013-1

 14. Dey G, Radhakrishnan A, Syed N, Thomas JK, Nadig A, Srikumar K, et al. Signaling network of Oncostatin M pathway. J Cell Commun Signal. (2013) 7:103–8. doi: 10.1007/s12079-012-0186-y

 15. Mosley B, De Imus C, Friend D, Boiani N, Thoma B, Park LS, et al. Dual oncostatin M (OSM) receptors. Cloning and characterization of an alternative signaling subunit conferring OSM-specific receptor activation. J Biol Chem. (1996) 271:32635–43. doi: 10.1074/jbc.271.51.32635

 16. Takata F, Sumi N, Nishioku T, Harada E, Wakigawa T, Shuto H, et al. Oncostatin M induces functional and structural impairment of blood–brain barriers comprised of rat brain capillary endothelial cells. Neurosci Lett. (2008) 441:163–6. doi: 10.1016/j.neulet.2008.06.030

 17. Guihard P, Danger Y, Brounais B, David E, Brion R, Delecrin J, et al. Induction of osteogenesis in mesenchymal stem cells by activated monocytes/macrophages depends on oncostatin M signaling. Stem Cells. (2012) 30:762–72. doi: 10.1002/stem.1040

 18. Virmani R, Kolodgie FD, Burke AP, Finn A V, Gold HK, Tulenko TN, et al. Atherosclerotic plaque progression and vulnerability to rupture angiogenesis as a source of intraplaque hemorrhage plaque rupture is the dominant cause of acute coronary thrombosis. Arterioscler Thromb Vasc Biol. (2005) 25:2054–61. doi: 10.1161/01.ATV.0000178991.71605.18

 19. Hutcheson JD, Maldonado N, Aikawa E. Small entities with large impact: microcalcifications and atherosclerotic plaque vulnerability. Curr Opin Lipidol. (2014) 25:327–32. doi: 10.1097/MOL.0000000000000105

 20. Scaffidi AK, Mutsaers SE, Moodley YP, McAnulty RJ, Laurent GJ, Thompson PJ, et al. Oncostatin M stimulates proliferation, induces collagen production and inhibits apoptosis of human lung fibroblasts. Br J Pharmacol. (2002) 136:793–801. doi: 10.1038/sj.bjp.0704769

 21. Shrivastava R, Asif M, Singh V, Dubey P, Ahmad Malik S, Lone M-U-D, et al. M2 polarization of macrophages by Oncostatin M in hypoxic tumor microenvironment is mediated by mTORC2 and promotes tumor growth and metastasis. Cytokine. (2018) 118:130–43. doi: 10.1016/j.cyto.2018.03.032

 22. Van Der Wal AC, Becker AE. Atherosclerotic plaque rupture - pathologic basis of plaque stability and instability. Cardiovasc Res. (1999) 41:334–44. doi: 10.1016/S0008-6363(98)00276-4 

 23. Lonsdale J, Thomas J, Salvatore M, Phillips R, Lo E, Shad S, et al. The genotype-tissue expression (GTEx) project. Nat Genet. (2013) 45:580–5. doi: 10.1038/ng.2653

 24. Grundberg E, Small KS, Hedman ÅK, Nica AC, Buil A, Keildson S, et al. Mapping cis-and trans-regulatory effects across multiple tissues in twins. Nat Genet. (2012) 44:1084–9. doi: 10.1038/ng.2394

 25. Verhoeven B, Hellings WE, Moll FL, De Vries JP, De Kleijn DPV, De Bruin P, et al. Carotid atherosclerotic plaques in patients with transient ischemic attacks and stroke have unstable characteristics compared with plaques in asymptomatic and amaurosis fugax patients. J Vasc Surg. (2005) 42:1075–81. doi: 10.1016/j.jvs.2005.08.009

 26. Van Der Laan SW, Foroughi Asl H, van den Borne P, van Setten J, van der Perk MEM, van de Weg SM, et al. Variants in ALOX5, ALOX5AP and LTA4H are not associated with atherosclerotic plaque phenotypes: The Athero-Express Genomics Study. Atherosclerosis. (2015) 239:528–38. doi: 10.1016/j.atherosclerosis.2015.01.018

 27. O'Connell J, Gurdasani D, Delaneau O, Pirastu N, Ulivi S, Cocca M, et al. A general approach for haplotype phasing across the full spectrum of relatedness. PLoS Genet. (2014) 10:1004234. doi: 10.1371/journal.pgen.1004234

 28. Auton A, Abecasis GR, Altshuler DM, Durbin RM, Bentley DR, Chakravarti A, et al. A global reference for human genetic variation. Nature. (2015) 526:68–74. doi: 10.1038/nature15393

 29. Francioli LC, Menelaou A, Pulit SL, Van Dijk F, Palamara PF, Elbers CC, et al. Whole-genome sequence variation, population structure and demographic history of the Dutch population. Nat Genet. (2014) 46:818–25. doi: 10.1038/ng.3021

 30. Aguet F, Barbeira AN, Bonazzola R, Brown A, Castel SE, Jo B, et al. The GTEx Consortium atlas of genetic regulatory effects across human tissues. Science (80-). (2020) 369:1318–30. doi: 10.1126/science.aaz1776

 31. Verhoeven BAN, Velema E, Schoneveld AH, De Vries JPPM, De Bruin P, Seldenrijk CA, et al. Athero-express: differential atherosclerotic plaque expression of mRNA and protein in relation to cardiovascular events and patient characteristics. Rationale and design. Eur J Epidemiol. (2004) 19:1127–33. doi: 10.1007/s10564-004-2304-6

 32. Van Lammeren GW, Den Ruijter HM, Vrijenhoek JEP, Van Der Laan SW, Velema E, De Vries JPPM, et al. Time-dependent changes in atherosclerotic plaque composition in patients undergoing carotid surgery. Circulation. (2014) 129:2269–76. doi: 10.1161/CIRCULATIONAHA.113.007603

 33. Hellings WE, Pasterkamp G, Vollebregt A, Seldenrijk CA, De Vries JPPM, Velema E, et al. Intraobserver and interobserver variability and spatial differences in histologic examination of carotid endarterectomy specimens. J Vasc Surg. (2007) 46:1147–54. doi: 10.1016/j.jvs.2007.08.018 

 34. Hashimshony T, Wagner F, Sher N, Yanai I. CEL-Seq: single-cell RNA-Seq by multiplexed linear amplification. Cell Rep. (2012) 2:666–73. doi: 10.1016/j.celrep.2012.08.003 

 35. Hashimshony T, Senderovich N, Avital G, Klochendler A, de Leeuw Y, Anavy L, et al. CEL-Seq2: sensitive highly-multiplexed single-cell RNA-Seq. Genome Biol. (2016) 17:77. doi: 10.1186/s13059-016-0938-8

 36. Ferraz MAMM, Rho HS, Hemerich D, Henning HHW, van Tol HTA, Hölker M, et al. An oviduct-on-a-chip provides an enhanced in vitro environment for zygote genome reprogramming. Nat Commun. (2018) 9:1–14. doi: 10.1038/s41467-018-07119-8

 37. Li H, Durbin R. Fast and accurate short read alignment with burrows–wheeler transform. Bioinformatics. (2009) 25:1754–60. doi: 10.1093/bioinformatics/btp324

 38. Morgan M, Obenchain V, Hester J, Pagès H. Summarized Experiment: Summarized Experiment container. R package version 1.20.0 (2020). Available online at: https://bioconductor.org/packages/SummarizedExperiment

 39. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550. doi: 10.1186/s13059-014-0550-8

 40. Box GEP, Cox DR. An analysis of transformations. J. R. Stat. Soc. (1964) 26:211–43. doi: 10.1111/j.2517-6161.1964.tb00553.x

 41. Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method for genome-wide association studies by imputation of genotypes. Nat Genet. (2007) 39:906–13. doi: 10.1038/ng2088

 42. Thoma B, Bird TA, Friend DJ, Gearing DP, Dower SK. Oncostatin M and leukemia inhibitory factor trigger overlapping and different signals through partially shared receptor complexes. J Biol Chem. (1994) 269:6215–22. doi: 10.1016/S0021-9258(17)37590-7

 43. Hermanns H, Radtke S, Haan c, Schmitz-Van de Leur H, Tavernier J, Heinrich P, et al. Contributions of leukemia inhibitory factor receptor and oncostatin M receptor to signal transduction in heterodimeric complexes with glycoprotein 130 - PubMed. J Immunol. (1999) 163:6651–8.

 44. Rolfe B, Stamatiou S, World C, Brown L, Thomas A, Bingley J. Leukaemia inhibitory factor retards the progression of atherosclerosis. Cardiovasc Res. (2003) 58:222–30. doi: 10.1016/S0008-6363(02)00832-5

 45. van Setten J, Isgum I, Smolonska J, Ripke S, de Jong PA, Oudkerk M, et al. Genome-wide association study of coronary and aortic calcification implicates risk loci for coronary artery disease and myocardial infarction. Atherosclerosis. (2013) 228:400–5. doi: 10.1016/j.atherosclerosis.2013.02.039

 46. Nelson CP, Goel A, Butterworth AS, Kanoni S, Webb TR, Marouli E, et al. Association analyses based on false discovery rate implicate new loci for coronary artery disease. Nat Genet. (2017) 49:1385–91. doi: 10.1038/ng.3913

 47. Malik R, Chauhan G, Traylor M, Sargurupremraj M, Okada Y, Mishra A, et al. Publisher correction: multiancestry genome-wide association study of 520,000 subjects identifies 32 loci associated with stroke and stroke subtypes. Nat Genet. (2019) 51:1192–3. doi: 10.1038/s41588-018-0058-3

 48. Gu W, Yao L, Li L, Zhang J, Place AT, Minshall RD, et al. ICAM-1 regulates macrophage polarization by suppressing MCP- 1 expression via miR-124 upregulation. Oncotarget. (2017) 8:111882–901. doi: 10.18632/oncotarget.22948

 49. Barrett TJ. Macrophages in atherosclerosis regression. Arterioscler Thromb Vasc Biol. (2020) 40:20–33. doi: 10.1161/ATVBAHA.119.312802

 50. Matsuda M, Tsurusaki S, Miyata N, Saijou E, Okochi H, Miyajima A, et al. Oncostatin M causes liver fibrosis by regulating cooperation between hepatic stellate cells and macrophages in mice. Hepatology. (2018) 67:296–312. doi: 10.1002/hep.29421

 51. Mozaffarian A, Brewer AW, Trueblood ES, Luzina IG, Todd NW, Atamas SP, et al. Mechanisms of Oncostatin M-induced pulmonary inflammation and fibrosis. J Immunol. (2008) 181:7243–53. doi: 10.4049/jimmunol.181.10.7243

 52. Bentzon JF, Otsuka F, Virmani R, Falk E. Mechanisms of plaque formation and rupture. Circ Res. (2014) 114:1852–66. doi: 10.1161/CIRCRESAHA.114.302721

 53. Xie J, Zhu S, Dai Q, Lu J, Chen J, Li G, et al. Oncostatin M was associated with thrombosis in patients with atrial fibrillation. Medicine. (2017) 96:e6806. doi: 10.1097/MD.0000000000006806

 54. Diveu C, Venereau E, Froger J, Ravon E, Grimaud L, Rousseau F, et al. Molecular and functional characterization of a soluble form of Oncostatin M/interleukin-31 shared receptor. J Biol Chem. (2006) 281:36673–382. doi: 10.1074/jbc.M607005200

 55. Low ASL, Symmons DPM, Lunt M, Mercer LK, Gale CP, Watson KD, et al. Relationship between exposure to tumour necrosis factor inhibitor therapy and incidence and severity of myocardial infarction in patients with rheumatoid arthritis. Ann Rheum Dis. (2017) 76:654–60. doi: 10.1136/annrheumdis-2016-209784

 56. Watson C, Whittaker S, Smith N, Vora AJ, Dumonde DC, Brown KA. IL-6 acts on endothelial cells to preferentially increase their adherence for lymphocytes. Clin Exp Immunol. (1996) 105:112–9. doi: 10.1046/j.1365-2249.1996.d01-717.x

Conflict of Interest: DvK is employed by Quorics B.V., and DT is employed by SkylineDx B.V and Quorics B.V. Quorics B.V. and SkylineDx B.V. had no part whatsoever in the conception, design, or execution of this study, nor the preparation and contents of this manuscript.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 van Keulen, van Koeverden, Boltjes, Princen, van Gool, de Borst, Asselbergs, Tempel, Pasterkamp and van der Laan. 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.












	
	ORIGINAL RESEARCH
published: 23 June 2021
doi: 10.3389/fcvm.2021.639148






[image: image2]

Cardiomyocyte Proliferative Capacity Is Restricted in Mice With Lmna Mutation

Kenji Onoue1,2*, Hiroko Wakimoto2, Jiangming Jiang2, Michael Parfenov2, Steven DePalma2, David Conner2, Joshua Gorham2, David McKean2, Jonathan G. Seidman2, Christine E. Seidman2,3 and Yoshihiko Saito1


1Department of Cardiovascular Medicine, Nara Medical University, Kashihara, Japan

2Department of Genetics, Harvard Medical School, Boston, MA, United States

3Division of Cardiovascular Medicine, Howard Hughes Medical Institute, Brigham and Women's Hospital, Boston, MA, United States

Edited by:
Kaoru Ito, RIKEN Yokohama, Japan

Reviewed by:
Toru Kubo, Kochi University, Japan
 Blanca Morales Rodriguez, Université Paris-Sorbonne, France

*Correspondence: Kenji Onoue, konoue@naramed-u.ac.jp

Specialty section: This article was submitted to Cardiovascular Genetics and Systems Medicine, a section of the journal Frontiers in Cardiovascular Medicine

Received: 08 December 2020
 Accepted: 21 May 2021
 Published: 23 June 2021

Citation: Onoue K, Wakimoto H, Jiang J, Parfenov M, DePalma S, Conner D, Gorham J, McKean D, Seidman JG, Seidman CE and Saito Y (2021) Cardiomyocyte Proliferative Capacity Is Restricted in Mice With Lmna Mutation. Front. Cardiovasc. Med. 8:639148. doi: 10.3389/fcvm.2021.639148



LMNA is one of the leading causative genes of genetically inherited dilated cardiomyopathy (DCM). Unlike most DCM-causative genes, which encode sarcomeric or sarcomere-related proteins, LMNA encodes nuclear envelope proteins, lamin A and C, and does not directly associate with contractile function. However, a mutation in this gene could lead to the development of DCM. The molecular mechanism of how LMNA mutation contributes to DCM development remains largely unclear and yet to be elucidated. The objective of this study was to clarify the mechanism of developing DCM caused by LMNA mutation.

Methods and Results: We assessed cardiomyocyte phenotypes and characteristics focusing on cell cycle activity in mice with Lmna mutation. Both cell number and cell size were reduced, cardiomyocytes were immature, and cell cycle activity was retarded in Lmna mutant mice at both 5 weeks and 2 years of age. RNA-sequencing and pathway analysis revealed “proliferation of cells” had the most substantial impact on Lmna mutant mice. Cdkn1a, which encodes the cell cycle regulating protein p21, was strongly upregulated in Lmna mutants, and upregulation of p21 was confirmed by Western blot and immunostaining. DNA damage, which is known to upregulate Cdkn1a, was more abundantly detected in Lmna mutant mice. To assess the proliferative capacity of cardiomyocytes, the apex of the neonate mouse heart was resected, and recovery from the insult was observed. A restricted cardiomyocyte proliferating capacity after resecting the apex of the heart was observed in Lmna mutant mice.

Conclusions: Our results strongly suggest that loss of lamin function contributes to impaired cell proliferation through cell cycle defects. The inadequate inborn or responsive cell proliferation capacity plays an essential role in developing DCM with LMNA mutation.

Keywords: dilated cardiomyopathy, lamin A/C, cell cycle, p21, repressed proliferating capacity


INTRODUCTION

Dilated cardiomyopathy (DCM), a significant cause of heart failure, is genetically inherited in 30 to 50% of cases (1, 2). LMNA is one of the leading causative genes of genetically inherited DCM as well as TTN or MYH7 (2–4). Most DCM-causative genes (e.g., TTN, MYH7, and TNNT2) encode sarcomeric proteins or sarcomere-related proteins and are directly involved in the generation or transmission of the contractile force of the cardiomyocyte. Unlike these sarcomere-related genes, LMNA encodes nuclear envelope proteins, lamin A and C, and does not directly associate with contractile function. However, a mutation in this gene could lead to the development of DCM (4, 5), which in many cases is also accompanied by defects in the conduction system (2, 6) and poor prognosis (7). Moreover, mutations in LMNA are also known to cause a range of diseases, including myopathies and neuropathies such as limb-girdle muscular dystrophy (8), Emery-Dreifuss muscular dystrophy (9), Charcot-Marie-Tooth neuropathy (10), and Hutchinson-Gilford progeria (11).

Lamin proteins are structural proteins of the inner nuclear membrane, and an LMNA mutation is reported as the cause of morphological changes in nuclei such as flattening and bleb formation (12–15). Nikolova et al. reported the cardiac phenotypes resulting from this mutation using Lmna homozygous knockout (Lmna−/−) mice, which presented left ventricular (LV) dilation, reduced systolic function, and died around 6 weeks. Lmna−/− myocytes showed altered nuclear shapes, decreased size, impaired contractility, and diminished Ca2+ binding affinity to myofilament (13). Morales Rodriguez et al. reported the altered calcium cycling could be related to LV dysfunction (16). Wolf et al. reported the impaired contractility of myocytes accompanied by atrioventricular conduction defects in Lmna heterozygous knockout (Lmna+/−) mice, mimicking human patients' phenotypes (17). Macquart et al. proved that altered distribution of a major gap junction protein Cx43 contributes to conduction defects using Lmna mutant mice (18). Thus, the molecular mechanism of how LMNA mutation contributes to DCM development is gradually elucidated, however, there remain unclear mechanisms to be elucidated.

Recently, cell cycle activity is reported to be related to the phenotype of the mammalian heart (19, 20). The development of the mammalian heart is characterized by cardiomyocyte proliferation and hypertrophy (21). In most mammalian hearts, cardiomyocytes proliferate before birth, followed by exiting the cell cycle by the postnatal change of nutrients, increased hemodynamic stress, and increased oxygen concentration (22, 23). Before exiting the cell cycle, murine neonatal cardiomyocytes undergo karyokinesis without cytokinesis from around 4 days after birth (21, 24), making the number of nuclei double per cell. By 12 days after birth, approximately 90% of the cardiomyocytes are binuclear, which is the physiological termination of the cell cycle. The heart grows mainly with hypertrophy of the cardiomyocyte after this period. When this physiological cell cycle activity is impaired by some reasons such as preterm birth, cardiac morphological change is observed (25, 26), and sometimes cardiomyopathy develops (27). On the contrary, under the condition in which the cell cycle is activated, the heart proliferates too much and sometimes develops hypertrophic phenotype as previously reported in the mouse with MYBPC3 mutation (28) or hypoxic condition (19). Thus, the cell cycle activity is essential in developing the heart and could influence cardiac morphology. This cell cycle activity is reported to be retarded in lamin A/C-depleted cells (29) and skeletal muscle in Lmna−/− mice (30). However, the cell cycle activity in the heart under the physiological condition, stress, and its relation to the development of DCM in Lmna mutant mice has not been elucidated to date.

We, therefore, studied the cell cycle activity in the mouse model with Lmna mutation and pursued the mechanism of developing DCM caused by LMNA mutation.



MATERIALS AND METHODS

All experimental protocols for the animal models were approved by the Animal Care and Use Committee of Harvard Medical School (#2530) and Nara Medical University (#11251, #11355).


Mice

Lmna mutant mice were generated by the deletion of exon 8 to 11 of Lmna as described before (12). In brief, the targeting vector, removing exon 8 to 11 of Lmna, was electroporated into W9.5 embryonic stem cells. Two clones were injected into C57BL/6 blastocysts, and chimeras were bred to produce germline offspring. This line was backcrossed to 129S6/SvEvTac strain, obtained from Taconic Biosciences Inc. (Rensselaer, NY, USA), for more than 10 generations. Mouse genotypes were determined by PCR amplification of tail genomic DNA.



Echocardiographic Studies

Mice were anesthetized with 1–1.5% inhalational isoflurane. Each limb was placed on the ECG leads on a Vevo Mouse Handling Table (FujiFilm VisualSonics Inc., Toronto, ON, Canada), maintaining the body temperature at 37°C during the study. Transthoracic echocardiography was performed using a Vevo 770 High-Resolution In vivo Micro-Imaging System and RMV 707B scan-head (FujiFilm VisualSonics Inc.) with heart rate at 450–550 beats per minute. The images were acquired as 2-dimensional mode (left parasternal long and short axes) and M-mode (left parasternal short axis). Measurements averaged from 3 consecutive heartbeats of M-mode tracings were used for LV wall thickness, LV end-diastolic, and end-systolic diameters. All echocardiographic measurements were done blinded to mouse genotype.



EdU Cell Proliferation Assay

The thymidine analog 5-ethynyl-2′-deoxyuridine (EdU) cell proliferation assay was performed using Click-iT® EdU Alexa Fluor® 594 Imaging Kit (Life Technologies, Carlsbad, CA, USA). EdU is incorporated into DNA during DNA synthesis, the same as 5-bromo-2′-deoxyuridine (BrdU). EdU (5 μg/g body weight) was injected intraperitoneally for 5 consecutive days starting from the day of birth. Mice were sacrificed at 3 weeks of age and processed for EdU detection following the company's protocol.



Apical Resection

LV apical resection procedure was performed as described before (31). In brief, mice at the age of 2 days after birth were anesthetized on ice to induce sedation. The thoracic cavity was opened at the fourth intercostal space, and the exposed LV apex was then resected. Following surgery, mice were warmed up to 37°C and were monitored for viability. Sham-operated mice underwent identical procedures without LV apical resection. Five μg/g body weight of EdU was administered subcutaneously after the surgery for 10 days every 2 days. Mice were euthanized at 3 weeks of age under 4–5% continuous inhalational isoflurane by exsanguination to assess cardiomyocyte proliferation.



Histological Examination

To quantitate the number of nuclei per myocyte, isolated myocytes were labeled with 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI, Sigma-Aldrich, St. Louis, MO, USA) and counterstained with anti-troponin I antibody (Ab) (1:200 dilution, Abcam, Cambridge, UK). To quantify cell cycle activity, isolated myocytes were labeled with anti-phospho-histone H3 Ab (Ser10, 1:100 dilution, Millipore, Billerica, MA, USA). Four percentage PFA-fixed paraffin-embedded hearts were cross-sectioned in 4 μm thickness and stained with hematoxylin and eosin and Masson's trichrome staining. The tissue sections were stained with Alexa Fluor® 488 or 594 conjugate of wheat germ agglutinin (WGA, Life technologies) for cell number counting and cell size measurement. To quantify the number of myocytes in tissue sections, cell counts were obtained from 10 different layers of the heart. We utilized Image J (NIH software) for counting cell numbers and measurement. Immunostaining for p21 was performed with anti-p21 Ab (ab2961, 1:40 dilution, Abcam). We applied anti-phospho-histone H2A.X Ab (pH2AX; Ser139, 1:480 dilution, Cell Signaling Technology, Danvers, MA, USA) to detect double-strand DNA break. EdU detection was performed in either 4% PFA-fixed frozen tissues embedded in optimal cutting temperature (OCT) compound (Sakura Finetek, Tokyo, Japan) or 10% Formalin-fixed paraffin-embedded tissue. Counterstaining was done with DAPI. Immunostaining positive cells or the number of nuclei were counted independently by two authors blinded to specimens' background.



Protein Analysis

Western blot analyses were performed as in the conventional method. Briefly, total protein was extracted from frozen tissue, separated by SDS-PAGE, and hybridized with primary anti-p53 Ab (sc-100, 1:200 dilution, Santa Cruz Biotechnology, Dallas, TX, USA), anti-p21 Ab (sc6246, 1:200 dilution, Santa Cruz Biotechnology), or anti-β actin Ab (ab8227, 1:1000 dilution, Abcam). Hybridized signals were quantified by Image J and normalized to β actin.



RNA-Sequence and Data Analysis

Total RNA was extracted from flash-frozen heart specimens with Trizol (Life Technologies), followed by mRNA purification by poly-A selection and cDNA synthesis using standard protocols to construct RNA-seq libraries as reported previously (32). The index was added to cDNA to distinguish samples. 20 nmol of each library was analyzed using the next-generation sequencing platform, Illumina HiSeq 2000 (Illumina, San Diego, CA, USA). Paired-end, 50 bp reads were aligned to mouse genome mm9 using TopHat ver1.4 (http://tophat.cbcb.umd.edu/). Gene expression profiles were generated as described before using a Bayesian P-value (33). The number of reads was normalized to total aligned reads on gene loci per 1 million reads. RNA-seq results were analyzed by IPA (http://www.ingenuity.com). Up- or down-regulated gene was defined as having more than or less than 1.5-fold transcriptional level compared to age-matched wild type (wt). Genes with expression values <1 read per 1 million reads (as evaluated in the wt sample) were excluded from the analysis.



Statistics

Continuous data are expressed as mean ± SD. The significance of differences between two groups was determined using the Student's T-test, and that between more than 3 groups was determined with 1-way ANOVA. Post-hoc pairwise comparisons were performed with the Tukey-Kramer test. P < 0.05 were considered statistically significant. The P-value associated with functional analysis in IPA was calculated with the right-tailed Fisher's exact test.




RESULTS


Small Heart Phenotype in Lmna−/− Mouse Is Caused by the Reduction of Both the Number and the Size of Cardiomyocytes

As reported previously (34), 2-year old Lmna+/− mice were observed to have dilated LV in both systolic and diastolic phases and reduced LV contraction, whereas 5-week and 1-year-old Lmna+/− mice did not present a DCM phenotype yet (Table 1). Overall, Lmna−/− mice were smaller in body size than their age-matched wt and Lmna+/− littermates. LV chamber size was enlarged in both systolic and diastolic phases after body surface area correction, and LV contractile function was reduced in Lmna−/− mice compared to their controls. Masson's trichrome staining showed massive fibrosis in Lmna−/− mice at 5 weeks of age (Supplementary Figure 1). Interestingly, those cardiac phenotypes such as enlarged LV chamber, reduced contractile function, and severe fibrosis were comparable to those of Lmna+/− mice observed at 2 years of age (Table 1, Supplementary Figure 1), which suggested that the cardiac phenotypes developed more rapidly in Lmna−/− mice than in Lmna+/− mice, sharing similar pathology at different ages. Thus, the Lmna−/− mice offer a model for studying DCM that rapidly develops within the lifespan of the mice. Identifying the molecular determinants of DCM and morphological characteristics in these mice allows for opportunities to understand and potentially pharmacologically treat the pathology in both Lmna−/− and Lmna+/− mice, with extensions to understanding how DCM develops in humans with LMNA mutations, which typically appear as autosomal dominant heterozygous mutations.


Table 1. Physical and echocardiographic characteristics of the mice used in this study.

[image: Table 1]

The total number of myocytes was counted in 3-week-old wt and Lmna−/− mice. Myocyte counts from tissue sections of 10 levels from apex to the base sequentially with the distance of 100 μm between each level (2.85 ± 0.37 × 105 in Lmna−/− and 3.54 ± 0.39 × 105 in wt, P = 0.021; Figure 1A) showed a significant decrease in the number of Lmna−/− myocytes. Moreover, myocyte cell size in tissue sections was significantly reduced in Lmna−/− hearts (75.1 ± 6.5 μm2 in Lmna−/− and 100.9 ± 5.2 μm2 in wt, P = 0.00012, Figures 1B–D insets). These results indicated a defect in both proliferation and growth of cardiomyocytes in Lmna−/− mice.
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FIGURE 1. Cardiomyocyte cell number and size in wild type (wt) and Lmna−/− mice. Both the cell number and size of cardiomyocytes were significantly reduced in Lmna−/− mice (3 weeks old). (A) Total counts of cardiomyocytes in 10 tissue layers of the heart (n = 5 in each group). (B) Cross-section area of cardiomyocytes measured in a tissue section (n = 5 in each group). (C,D) Tissue sections stained with wheat germ agglutinin in wt (C) and Lmna−/− (D) mice. The open circle represents wt, and the solid circle represents Lmna−/− mice. The significance of differences between two groups was determined using the Student's 2 tailed T-test. Scale bar: 1 mm in lower magnification and 50 μm in higher magnification in inset.




Retardation of Nucleation and Cell Cycle Activity in Lmna−/− Mice

As previously mentioned, murine cardiomyocytes transition to binuclear from mononuclear ~4 days after birth, and by 12 days, more than 90% of myocytes become binuclear. We hypothesized that binuclear or multinuclear cardiomyocytes are mature cells, while mononuclear cells are immature, and assessed the maturity of cardiomyocytes by counting the number of nuclei per cell. At 8 days after birth, Lmna−/− had a significantly higher number of mononuclear myocytes compared to wt (37.9 ± 5.4% in Lmna−/−, 24.7 ± 8.0% in wt, P = 0.0035, n = 7 in each group, approximately 250 myocytes were counted in each mouse, Figure 2A), in consequence, binuclear cell counts were reduced in Lmna−/− compared to wt. At 3 weeks after birth, mononuclear myocytes were observed 16.6 ± 3.9% in Lmna−/− but only 5.6 ± 2.2% in wt (P = 3.1 × 10−8, n = 11, and 12, respectively, Figure 2A), while binuclear cells were 81.7 ± 4.1% in Lmna−/− but 90.4 ± 3.0% in wt (P = 8.5 × 10−6, Figure 2A). Furthermore, 4.0 ± 2.2% of myocytes in wt presented more than 3 nuclei, whereas only 1.7 ± 0.9% of myocytes were multinuclear in Lmna−/− (P = 0.0050, Figure 2A). These results suggest that the lack of LMNA retards the cardiomyocyte maturity.
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FIGURE 2. Nucleation and cell cycle markers of cardiomyocytes in wild type (wt) and Lmna−/− mice. (A) Nucleation of cardiomyocytes in 8 days old (n = 7 in each group) and 3 weeks old (n = 12 in wt and 11 in Lmna−/−) showed more mononuclear and less bi- or poly-nuclear cardiomyocytes in Lmna−/− mice. (B) Percentage of phospho-histone H3 positive cardiomyocytes in 8 days old (n = 7 in each group) and of EdU positive cells in 3 weeks old (n = 5 in wt and 6 in Lmna−/−) showed retarded cell cycle in Lmna−/− mice. Dots represent individual mouse data. The significance of differences between two groups was determined using the Student's 2 tailed T-test.


To exclude the possibility that increased mononuclear cells in Lmna−/− myocytes are the results of the completion of cell division rather than immaturity (28), we evaluated the cell cycle status of each cardiomyocyte with immunocytochemistry of phospho-histone H3 (pH3), which is a mitosis phase marker, and EdU cell proliferation assay, which is a synthesis phase marker. As shown in Figure 2B, reduced pH3 positive cardiomyocytes at 8 days after birth were observed in Lmna−/− compared to wt in both mononuclear and binuclear myocyte populations (28.3 ± 12.1% vs. 51.0 ± 11.3%, Lmna−/− and wt respectively, in mononuclear myocyte, P = 0.0034, 25.7 ± 11.9% vs. 37.2 ± 3.4%, Lmna−/− and wt, in binuclear myocyte, P = 0.030, n = 7 in each group). EdU was injected intraperitoneally for 5 consecutive days from the day of birth and assessed at 21 days after birth. In the mononuclear myocyte population, EdU incorporated myocytes were also reduced in Lmna−/− compared to wt (31.2 ± 16.3% vs. 62.7 ± 10.3%, P = 0.0047). EdU incorporation in both bi and polynuclear Lmna−/− myocytes compared to wt was reduced but not significant. These results implicate that cardiomyocyte maturation is retarded because of the delayed cell cycle in Lmna−/− mice.



Reduced Cell Cycle Activity in Older Lmna+/− Mice

We also counted the number of nuclei per cell in 2-year-old Lmna+/−, which developed DCM phenotype, and wt mice. At 3 weeks of age, the nucleation was not different between wild type and Lmna+/− mice (Figure 3A). In 2 years of age, however, Lmna+/− mice had a significantly higher number of mononuclear myocytes compared to wt as same as observed in the younger generation of Lmna−/− mice (19.8 ± 2.1% in Lmna+/−, 10.6 ± 1.5% in wt, P = 0.00040, n = 4 in each group, ~ 250 myocytes were counted in each mouse, Figure 3B), and binuclear cell counts were reduced in Lmna+/− compared to wt (77.6 ± 2.2% in Lmna+/−, 87.3 ± 1.6% in wt, P = 0.00039, Figure 3B). The percentage of myocytes with more than 3 nuclei was not different between Lmna+/− and wt in 2 years old (P = 0.35). These results suggest that insufficiency of LMNA reduces cell cycle activity and retards cardiomyocyte maturity throughout the lifetime.


[image: Figure 3]
FIGURE 3. Nucleation of cardiomyocytes in young and old wild type (wt) and Lmna+/− mice. (A) Nucleation of cardiomyocytes in 3 weeks old (n = 12 in wt and 5 in Lmna+/−) was similar between wt and Lmna+/− mice. (B) Nucleation of cardiomyocytes in 2 years old (n = 4 in each group) showed more mononuclear and less binuclear cardiomyocytes in Lmna+/− mice. Dots represent individual mouse data. The significance of differences between two groups was determined using the Student's 2 tailed T-test.




RNA-Sequencing of Lmna Mutant Mice

To elucidate the mechanism of reduced cell number, reduced cell size, immaturity, and cell cycle defects in Lmna mutant mice, we performed RNA-seq with RNA extracted from LV in Lmna−/−, Lmna+/−, and wt mice. One μg of RNA per mouse was pooled from 3 male mice and processed to construct a library as described in methods. Briefly, a total of 7 groups of mice were used: 5 weeks old wt, Lmna+/−, and Lmna−/− mice, as well as wt and Lmna+/− mice at 1 and 2 years of age. The numbers of reads processed after sequencing and alignment to the reference genome mm9 are shown in Supplementary Table 1. The number of reads aligned to each gene was normalized by the total number of aligned reads. We then compared the expression profile between Lmna mutant and age-matched wt mice in 4 groups; namely Lmna−/−/wt in 5 weeks, Lmna+/−/wt in 5 weeks, Lmna+/−/wt in 1 year, and Lmna+/−/wt in 2 years. Among 30,387 genes listed in mm9, more than 2,000 genes had altered expression profiles in Lmna−/−/wt in 5 weeks and Lmna+/−/wt in 2 years groups. In contrast, only <250 genes had altered expression profiles in Lmna+/−/wt in 5 weeks and Lmna+/−/wt in 1-year groups, which corresponds to the echocardiographic results before developing overt phenotype (the numbers of up- or down-regulated genes are shown in Supplementary Table 2). There were no up- or down-regulated genes overlapping across all 4 groups. We analyzed these data using Ingenuity Pathway Analysis (IPA), a pathway analysis software, to understand the biological functions of the genes with altered expression. The results are shown in Table 2 and Supplementary Table 3. We focused on the results of Lmna−/− mice in 5 weeks old and of Lmna+/− mice in 2 years old since those two groups develop similar cardiac phenotypes with different onset. We found a significant number of standard biological functions that have been impacted by this Lmna mutation. The “proliferation of cells” was identified as one of the categories that had a strong impact both on Lmna−/−/wt in 5 weeks and Lmna+/−/wt in 2 years groups. Supplementary Table 4 shows the genes in this category with a higher evidence level, associated with more than 50 papers reporting effects of these genes in cell proliferation. Among these genes, Cdkn1a had the most significant fold changes in both Lmna−/−/wt in 5 weeks and Lmna+/−/wt in 2 years groups, which encodes cell cycle regulating protein p21. Next, we analyzed which transcription regulators are mainly involved in Lmna mutation by IPA. As shown in Supplementary Table 5, TP53, which encodes p53 protein, was the most significantly affected transcriptional regulator in both Lmna−/−/wt in 5 weeks and Lmna+/−/wt in 2 years groups. As these genes exert significant effects in cell cycle regulation and proliferation, we inferred that upregulations of p53 and p21 contribute to the reduced cell proliferation and delayed cell cycle in Lmna mutant mice.


Table 2. Top biological functions related to Lmna mutant mice in RNA-seq analysis.
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p53 and p21 Are Highly Expressed; DNA Damage Is More Observed in Lmna−/− Mice

We performed protein analysis to evaluate whether those proteins are also upregulated by Lmna mutation. As shown in Figure 4A, p21 was highly expressed in Lmna−/− mice, especially in the nuclei of cardiomyocytes. Western blotting of protein extracted from LV revealed that not only p21 but p53 protein levels were also upregulated in Lmna−/− mice with 4.7-fold for p21 (P = 0.012) and 3.7-fold for p53 (P = 0.030) compared to wt (Figures 4B,C).
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FIGURE 4. Protein expression of p21 and p53, and DNA damage of cardiomyocyte in 5 weeks. (A) Immunostaining against anti-p21 antibody in heart tissue section of wt, Lmna+/−, and Lmna−/−. The top panel shows p21 staining, and the bottom panel shows merged figures of anti-p21 antibody (green), WGA (red), and DAPI (blue). Scale bar: 10 μm. (B) Western blot analysis of LV tissue hybridized with p53, p21, and β-actin Abs. The data shown are representative of three independent experiments. (C) Protein expression level of p53 and p21 normalized by β-actin. *P < 0.05 vs. respective wt. (D) Percentage of phospho histone H2 AX staining counted in cardiomyocytes (Supplementary Figure 2) (n = 3 in each group). Dots represent individual mouse data. The significance of differences between 3 groups was determined with 1-way ANOVA. Post-hoc pairwise comparisons were performed with the Tukey–Kramer test.


As DNA damage is known to induce both p21 and p53 (35), we performed immunohistochemistry of phospho-histone H2AX (pH2AX) to detect DNA double-strand breaks (Supplementary Figure 2). We found a significantly higher percentage of pH2AX positive myocytes in Lmna−/− compared to Lmna+/− or wt mice (0.0043 ± 0.0011%, 0.069 ± 0.015%, and 0.49 ± 0.18%, wt, Lmna+/− and Lmna−/−, respectively, Figure 4D). This result suggested that mice with Lmna mutation have more DNA damage than wt, possibly responsible for the increased p53 and p21 activities.



Lmna Mutant Mice had a Repressed Cardiomyocyte Proliferative Capacity After Resecting the Apex of the Heart

Next, we performed LV apical resection to assess the ability of cardiomyocyte proliferation. The experiment was performed on wt, Lmna+/−, and Lmna−/− mice at the age of 2 days as described in Materials and Methods. EdU incorporated myocytes distributed around the resected area and remote area diffusely in the heart as previously reported (36). Eight high power fields per each cross-sectioned sample were chosen so that each field was evenly distributed across the section, and the percentage of EdU positive cardiomyocyte nuclei among total cardiomyocyte nuclei was counted. In the sham operation, the percentage of EdU positive cardiomyocyte nuclei was not different among 3 genotypes (17.5 ± 2.9%, 15.7 ± 1.6% and 15.3 ± 2.3%, wt, Lmna+/−, and Lmna−/−, respectively, ANOVA P = 0.0961, Figure 5). However, after apical resection, EdU incorporation into the nucleus was significantly accelerated, especially in wt from 17.5 ± 2.9% to 24.3 ± 2.2% (P = 0.00017). In Lmna+/− mice, a similar effect was observed from 15.7 ± 1.6% to 19.1 ± 2.4% (P = 0.0014), although the change was milder than that in wt. On the other hand, in Lmna−/− mice, the percentage of EdU positive cardiomyocyte nuclei did not increase from sham operation (15.3 ± 2.3%) even after apical resection (15.8 ± 1.6%, P = 0.58). The difference between these 3 groups after apical resection was significant (P < 0.0001). These data suggested that Lmna mutant mice have defective cardiomyocyte proliferative capacity compared to wt after stimulation, which normally leads to cell cycle activation.
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FIGURE 5. EdU incorporation and the percentage of EdU positive myocyte nuclei after apical resection. (A) Representative immunostaining for EdU in cardiac tissue sections of wt, Lmna+/−, and Lmna−/−. The top panel shows EdU staining, and the bottom panel shows merged figures of immunostaining for EdU (red), WGA, and troponin I (green) and DAPI (blue). Yellow arrows indicate EdU positive nucleus only in cardiomyocytes. Scale bar: 10 μm. (B) Percentage of EdU incorporated myocyte nuclei (n = 7 to 11 in each group). A circle indicates data from mice with the sham operation, square with apical resection. Dots represent individual mouse data. The significance of differences between 3 groups was determined with 1-way ANOVA. Post-hoc pairwise comparisons were performed with Tukey–Kramer test.





DISCUSSION

We report here that the Lmna mutation retards cardiomyocyte proliferation and maturation processes and prevents compensatory proliferative response induced by apical resection, which could be one of the mechanisms of DCM development in patients with LMNA mutation.

It was reported that Lmna mutations are associated with DNA damage (12, 14, 37). As a structural protein of the nuclear envelope, the abnormality of lamin leads to deformity of the nuclear membrane and results in defective disassembly and reassembly processes of the nuclear envelope during the mitosis phase of the cell cycle. Since lamin also works as an anchor protein of chromatin, the abnormality of lamin further leads to defective chromatin arrangement (38, 39). These problems can influence DNA replication and thus be the cause for DNA damage (12, 14, 37). Once DNA is damaged, p53 and p21 are activated as previously reported (35, 40), which consequently retards the cell cycle and restricts cardiomyocyte proliferation as well as cardiomyocyte growth. In this study, DNA double-strand break was detected with pH2AX immunostaining, which can then activate the p53-p21 signaling axis. Actually, RNA-seq elucidated that p21 was most strongly activated in Lmna mutant mice, which was also confirmed by the protein expression. These results indicate that DNA damage, which arises from nuclear membrane malformation, structural and functional abnormalities as reported before, disturbs cell maturation and proliferation through the p53-p21 axis. Moiseeva et al. reported that depletion of Lmna leads to cell cycle arrest via p21 up-regulation by using primary human fibroblasts (29). In this study, we observed this cell cycle defects also in vivo heart as decreased cell numbers counted by tissue section.

Not only decreased cell numbers but also diminished cardiomyocyte binucleation was observed in Lmna mutant mice, suggesting inadequate maturation caused by cell cycle defects. As previously reported, mammalian cardiomyocytes exit the cell cycle after karyokinesis without cytokinesis shortly after birth (21, 24), making cardiomyocytes binucleated or multinucleated. The percentage of cardiomyocytes with more than 1 nucleus in adult varies depending on species, e.g., approximately 90% in mouse (21, 24), 70% in rat (41) and sheep (42), and 30% in human (43). In a murine heart, the higher the percentage of mononucleated cardiomyocyte exists, the more immaturity the cardiomyocyte has, because the ratio of a mononucleated cardiomyocyte is reported to be reduced as the heart develops (26). This decreased percentage of mononucleated cardiomyocyte was also observed in this study when we compared 8 days and 3 weeks old mice. The percentage of mononucleated cardiomyocytes was higher in Lmna−/− than in wt mice in both ages. This fact also indicates cell cycle is retarded before the mitosis phase in Lmna mutant mice.

We propose that the vicious cascade of cell cycle defects in patients with LMNA mutations not only diminishes cell growth and proliferation in the physiological setting but alters the ability of the cell to respond against many kinds of stresses, including cardiomyocyte injury or damage, leading to the development of DCM. As shown in Figure 5, cardiomyocyte proliferative capacity after apical resection was diminished in Lmna−/− mice. As Porrello et al. reported previously, once some signal concerning acceleration of cell proliferation is turned on, cardiomyocytes of mice can replicate in response to that if mice are not older than a week of age (31). Even after entering adulthood, cardiomyocytes can proliferate under stress, such as in ischemic heart disease (19). This compensatory myocyte proliferation was actually activated by apical resection in this study. However, the extent of DNA synthesis differed between wt and Lmna mutant mice. Furthermore, cardiomyocyte is reported to continuously but very slowly regenerate in human throughout life, 1% annually in young adult and 0.45% at the age of 75. And ~50% of cardiomyocytes are replaced during an average life span in humans (44). We, therefore, speculate that both the physiological regeneration process of cardiomyocytes during lifetime and the appropriate regenerative response under stress are retarded in patients with LMNA mutation, as suggested from the results of inappropriate cardiomyocyte maturation observed in 2-year-old Lmna mice and defective proliferative capacity after apical resection in Lmna mutant mice at 2 days after birth. And those defects could lead to the development of DCM, as observed in the reduced heart function at the age of 2 years in Lmna+/− mice. Figure 6 shows our model of disease development for patients with LMNA mutations.


[image: Figure 6]
FIGURE 6. Our model depicting a possible mechanism in the development of DCM with a Lmna mutation. Black boxes denote findings from this study.


As we reported recently, cardiomyocytes in Mybpc3 mutant mice also have fewer nuclei numbers (28). We concluded this is because cardiomyocytes undergo an additional round of cell division within 10 days after birth since MYBPC has inhibitory functions during postnatal cardiomyocyte cytokinesis and cell cycle progression. In Mybpc3 mutant mice, DNA synthesis in cardiomyocytes and mitosis markers were observed in higher levels than wt mice, which is entirely opposite in Lmna mutant mice in this study. In Mybpc3 mutant mice, the cell cycle progresses an additional round resulting in a higher percentage of mononuclear cardiomyocytes and a higher number of cardiomyocytes, whereas in Lmna mutant mice, cell cycle delays compared to wt resulting in a higher percentage of mononuclear cardiomyocytes but a fewer number of cardiomyocytes. This difference comes from a difference in the cell cycle, accelerated in Mybpc3 and delayed in Lmna mutant mice, and presumably contributes to the phenotypic divergence of developing hypertrophic cardiomyopathy in patients with MYBPC3 mutation while developing DCM in those with LMNA mutation.

We performed RNA-seq in this study, which resulted in robust transcriptional profiles (33, 45). We have successfully identified some biological functions that correlate with Lmna mutation. Among these, “cell proliferation” had the most prominent relationship to the Lmna mutation by the IPA pathway analysis. Indeed, we observed the cell number difference in physiological conditions as well as the repressed response after apical resection in Lmna mutant mice. Besides that, the biological functions related to “cell death” also significantly influenced Lmna mutant mice. It was difficult to identify the signal of cell death as either apoptosis or necrosis in this study, however, interstitial fibrosis in the heart was more frequently and massively observed in Lmna mutant mice, which suggested that injured cardiomyocytes were more abundant in Lmna mutant mice and were replaced by fibrosis. This progression of fibrosis could also be involved in DCM development with Lmna mutation (Supplementary Figure 1).

In this study, like many other studies, we found the body size and heart size difference between wt and Lmna−/− mice, although their size is comparable when they are born. Lamin B is another structural protein in the inner nuclear membrane coded by LMNB1. Lmnb1−/− mice are known to be embryonic lethal (46), while Lmna−/− mice are not. In the embryonic stage, lamin B may have vital roles, and a class switch system from lamin B to lamins A and C at the perinatal stage may occur. Actually, when we compared the expression profiles in LV between embryonic day 14.5 (E14.5) and postnatal day 0, the expression of Lmna increases to 174.8%, while Lmnb1 decreases to 34.8% of E14.5 mice at birth, respectively. This class switch of lamins might contribute to the cardiac growth defects after birth in Lmna mutant mice. Elucidation of the mechanism of the class switch system may also further reveal strategies to treat patients with LMNA mutation by either the inhibition of this class switch or by promoting the activation of the LMNB1 gene.

Besides having a role in reinforcing the structure of the nucleus, lamin proteins are reported to be significant players in signal transduction or chromatin regulation (47, 48). Muchir et al. reported that mitogen-activated protein kinase (MAPK) signaling is activated in Lmna H222P knock-in mouse (LmnaH222P/H222P) hearts from abnormal activation of extracellular signal-regulated kinase (ERK) and Jun amino-terminal kinase (JNK), and this activation leads to DCM phenotype through actin depolymerization (49, 50). They also succeeded in proving that the inhibition of these pathways can prevent the mice from developing DCM (51). Another group showed only up-regulation of ERK and not of JNK after pressure overload induced by transverse aortic constriction (34). Our study did not observe any significant differences in these genes at any time point, which may be due to the different mouse lines between those previous studies and this study.

As the previous papers reported, conduction disorder and ventricular arrhythmia are also the characteristics of DCM with LMNA mutation (5, 17, 18). In most cases, the conduction disorder preceded LV dysfunction and ventricular arrhythmia (52, 53). In this study, although we didn't perform the precise evaluation on the arrhythmic status by electrocardiogram or telemetric studies as the previous study examined these electrophysiological properties using the same mutant mice line (17), we speculate the massive fibrosis more observed in Lmna mutant mice as shown in Supplementary Figure 1 could be the focus of ventricular arrhythmia. The reason why the conduction disorder precedes LV dysfunction or ventricular arrhythmia should be elucidated in a future study.

After the development, our model mice generated by the deletion of exon 8 to 11 of Lmna had been thought to be a “null” mutation (12). Recently Jahn et al. reported this mouse line has a truncated lamin A protein (54). Many researchers have used this Lmna mutant mouse line, and all studies are reported that this truncated protein does not work as a dominant-negative manner but as a loss-of-function manner (13, 17, 30, 55). Hence, we described this mouse line as Lmna knockout instead of LmnaΔ8−11 in this study. Although careful interpretation is needed to use this mouse line, we believe this truncated protein works as a loss-of-function manner because the heterozygous mice live as long as wt under normal conditions, although they develop heart dysfunction in the last stage of life.

In conclusion, we found that the cell cycle alterations, including activation of the p53-p21 axis and inadequate responses against stresses in Lmna mutant mice. We speculate these phenomena could play essential roles in the development of DCM caused by LMNA mutations. Although further studies are needed to fully understand the mechanism, modulating the cell cycle activity could be an efficient treatment strategy for DCM patients with LMNA mutation.
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Background: The current study aimed to investigate the effects of synaptotagmin-like 3 (SYTL3) and solute carrier family 22 member 3 (SLC22A3) single nucleotide polymorphisms (SNPs) and gene-environment (G × E) interactions on blood lipid levels as well as the risk of coronary artery disease (CAD) and ischaemic stroke (IS) in the Southern Chinese Han population.

Methods: The genetic makeup of 6 SYTL3-SLC22A3 SNPs in 2269 unrelated participants (controls, 755; CAD, 758 and IS, 756) of Chinese Han ethnicity was detected by the next-generation sequencing techniques.

Results: The allele and genotype frequencies of the SYTL3 rs2129209 and SLC22A3 rs539298 SNPs were significantly different between the case and control groups. The SLC22A3 rs539298 SNP was correlated with total cholesterol (TC) levels in controls, the rs539298G allele carriers maintained lower TC levels than the rs539298G allele non-carriers. At the same time, the SLC22A3 rs539298 SNP interacted with alcohol consumption reduced the risk of CAD and IS. The SYTL3-SLC22A3 A-C-A-A-A-A, G-T-C-G-C-A and A-T-A-A-C-A haplotypes increased and the A-C-A-A-C-G haplotype reduced the risk of CAD, whereas the SYTL3-SLC22A3 A-C-A-A-A-A, G-T-C-G-A-G and A-T-A-A-C-A haplotypes increased and the A-C-A-A-A-G and A-C-A-A-C-G haplotypes reduced the risk of IS. In addition, several SNPs interacted with alcohol consumption, body mass index ≥ 24 kg/m2 and cigarette smoking to affect serum lipid parameters such as triglyceride, high-density lipoprotein cholesterol, TC, and apolipoprotein A1 levels.

Conclusions: Several SYTL3-SLC22A3 variants, especially the rs539298 SNP, several haplotypes, and G × E interactions, were related to blood lipid parameters and the risk of CAD and IS in the Southern Chinese Han population.

Keywords: coronary artery disease, ischaemic stroke, SYTL3, SLC22A3, single nucleotide polymorphism, haplotype, lipids


INTRODUCTION

Ischaemic cardiovascular and cerebrovascular diseases, including coronary artery disease (CAD) and ischaemic stroke (IS), are the primary contributors to global disability and death despite the vast therapeutic and diagnostic methods innovated in the last 10 years. Several recent studies have shown that as a multifactorial and complex disorder, CAD or IS occurs due to numerous factors, such as unhealthy lifestyles, alterations of serum lipid levels, genomic background and environmental factors and interactions among these factors (1–3). As the common pathological basis of CAD (4) and IS (5), atherosclerosis is the result of chronic inflammation (6) and abnormal lipid metabolism, such as increased levels of triglyceride (TG) (7), apolipoprotein (Apo) B (8), low-density lipoprotein cholesterol (LDL-C) (9), and total cholesterol (TC) (10), along with reduced levels of ApoA1 (8) and high-density lipoprotein cholesterol (HDL-C) (11) in serum.

Many genes and genetic loci associated with CAD (12) or IS (13) have been identified and reported in previous genome-wide association studies (GWASes). Similarly, a large number of genes or loci associated with lipid metabolism have also been associated with CAD and/or IS (1–3). Currently, several compelling genes closely associated with blood lipid parameters, including synaptotagmin-like 3 (SYTL3) and solute carrier family 22-member 3 (SLC22A3), have been identified in the European population by GWASes (14). The SYTL3 (also named SLP3, gene ID: 94120, OMIM: 608441, HGNC:15587) is located on chromosome 6q25.3 (exon count: 22), and its encoded protein plays a key role in vesicular trafficking. Several compelling studies have suggested that the transport of lipids and proteins between eukaryotic cells via secretion and endocytosis is primarily facilitated by vesicular trafficking (15, 16). Muse et al. (17) reported that the SYTL3 was associated with the incidence of acute myocardial infarction (AMI). However, its mechanism remains unclear.

The SLC22A3 (also known as OCT3; EMTH; EMT, gene ID: 6581, OMIM: 604842, HGNC:10967) is located on chromosome 6q25.3 (exon count: 15), and it encodes an organic cation transporter 3 protein, which is a member of the peripheral membrane protein family and plays a key role in biogenic histamine deactivation and synthesis (18, 19). As an effective proinflammatory mediator, histamine can enhance the deposition of LDL-C in vascular endothelial cells by inducing inflammatory mediators such as adhesion molecules, cytokines, chemokines and others. Inflammatory mediators further increase the permeability of vascular endothelial cells, so histamine can create a favorable environment for the formation of atherosclerotic plaques (20, 21). Previous studies showed that the SLC22A3 silencing could effectively inhibit the synthesis of histamine and proinflammatory mediators (MCP-1, IL-8 and IL-6) and reduce the infiltration of monocytes and the adhesion between leukocytes and the endothelium (22). The SLC22A3 expression is widespread, and it can be found in skeletal muscle, heart, brain, and placenta. The SLC22A3 is highly expressed in the human heart, with the strongest SLC22A3 immunoreactivity found in vascular endothelial cells (23, 24). A series of studies have confirmed that the SLC22A3 rs1810126, rs2048327 and rs3088442 SNPs reduce the risk of CAD by downregulating SLC22A3 transcription and protein levels (22, 25). Chen et al. (26) found that the SLC22A3 could be regarded as a gene vector for the association between lipid metabolism and CAD. Nevertheless, the association between the SYTL3 rs9364496, rs6455600, rs2129209, rs9456350, SLC22A3 rs446809 and rs539298 SNPs and the risk of CAD and IS is still unclear and not reported in the Chinese Han population. Thus, this research aimed to understand the relationship between the six selected SNPs and the risk of CAD and IS in the Southern Chinese Han population.



METHODS


Subjects

A case-control study was conducted among the Chinese Han participants in Guangxi Zhuang Autonomous Region, a province in Southern China. A total of 2,269 samples were collected from the First Affiliated Hospital of Guangxi Medical University, including controls, 755; CAD patients, 758; and IS cases, 756. CAD was defined as significant coronary artery stenosis (≥ 50%) in at least one of the three major coronary arteries or their major branches (branch diameter ≥ 2 mm) (27). All patients suffering from IS received detailed and rigorous neurological examination as well as brain magnetic resonance imaging (MRI) scans. The diagnostic criteria for IS were based on the International Classification of Diseases (9th Revision). Subjects with a history of neoplastic, autoimmune, type 1 diabetes mellitus, haematologic, thyroid, renal or liver diseases were excluded. Patients suffering from IS had no history of CAD, and patients suffering from CAD also had no history of IS.

After adjusting for sex and age, all of the healthy control participants were randomly recruited from the Physical Examination Center of the First Affiliated Hospital of Guangxi Medical University during the same period. All participants were healthy, and none of them had a history of myocardial infarction (MI), type 2 diabetes mellitus (T2DM), CAD or IS as judged by a critical clinical examination and medical history collection. All subjects in the current research signed written informed consent forms. The research proposal was approved by the Ethics Committee of the First Affiliated Hospital, Guangxi Medical University (No: Lunshen-2014-KY-Guoji-001; Mar. 7, 2014).



Biochemical Index Detection

After fasting for at least 12 h, a sample of 5 ml of peripheral venous blood was drawn from each participant. A portion of the blood sample (2 ml) was used to measure serum lipid levels, and another portion of the blood sample (3 ml) was used to extract genomic DNA. The methods for measuring serum ApoB, LDL-C, ApoA1, TC, HDL-C, and TG were described in detail in our previous study (28). All determinations were performed using an autoanalyser (Type 7170A; Hitachi Ltd., Tokyo, Japan) in the Clinical Science Experiment Center of the First Affiliated Hospital, Guangxi Medical University (29).



Diagnostic Criteria

The definition for normal values of serum ApoB (0.80–1.05 g/L), TG (0.56–1.70 mmol/L), ApoA1 (1.20–1.60 g/L), LDL-C (2.70–3.10 mmol/L), TC (3.10–5.17 mmol/L), HDL-C (1.16–1.42 mmol/L), and the ApoA1/ApoB ratio (1.00–2.50) was based on our previous study (30). The diagnostic criteria for hyperlipidaemia (31), hypertension (32, 33), obesity, overweight, and normal weight (34, 35) were described in detail in previous studies (31–35). Participants with a previous diagnosis of diabetes or a fasting plasma glucose ≥ 7.0 mmol/L or 2 h postprandial plasma glucose ≥ 11.1 mmol/L were defined as diabetic patients (36).



SNP Selection and Genotyping

Six SNPs located on SYTL3 and SLC22A3 were chosen based on predetermined criteria: (1) The SYTL3-SLC22A3 cluster was selected from previous GWASes associated with blood lipid levels. (2) Tagging SNPs were identified via Haploview (Broad Institute of MIT and Harvard, USA, version 4.2), and potential lipid metabolism-associated functional SNPs were predicted using the latest version of the 1000 Genome Project Database. (3) More complete details of the selected SNPs were collected from NCBI dbSNP Build 132. (4) Regarding SNP selection, we also referenced a previous study by Ober et al. (14), and the minor allele frequency (MAF) of all SNPs was more than 1% and associated with blood lipid profiles in a previous study. (5) Six SNPs of SYTL3 (rs9364496, rs6455600, rs2129209 and rs9456350) and SLC22A3 (rs446809 and rs539298) were selected using the block-based method, which involves marking the association of linkage disequilibrium (LD) amongst the chosen SNPs (r2 > 0.8). White blood cells were used for genomic DNA extraction with phenol-chloroform (37). All obtained DNA samples were numbered and maintained at −20°C until further studies were carried out. Next-generation sequencing technology (NGS) was used to analyse the genotypes of the 6 selected SNPs at the Center for Human Genetics Research, Shanghai Genesky Bio-Tech Co. Ltd., China (38). Supplementary Table 1 depicts the relevant primer sequences. Detailed steps for multiplex PCR and high throughput sequencing are also shown in Supplementary Material.



Statistical Analyses

SPSS (Version 22.0) software was used to analyse all data collected from the current research. An independent sample t-test was used to evaluate the continuous data (mean ± SD) that were normally distributed between control and patient groups. TG levels that were not normally distributed were expressed using median and quartile ranges and were evaluated using the Wilcoxon-Mann-Whitney test. Data such as the genotype distribution, sex ratio, and the number of smokers and drinkers were analyzed by the chi-square test. The standard goodness-of-fit test was used to test the Hardy-Weinberg equilibrium (HWE). The correlation between genotypes and blood lipid levels was tested by the covariance analysis (ANCOVA). Any variants related to the blood lipid parameter at a value of P ≤ 0.008 were considered statistically significant after Bonferroni correction. Age, alcohol consumption, sex, cigarette smoking and body mass index (BMI) were adjusted for the statistical analysis. Unconditional logistic regression analysis was used to calculate the 95% confidence interval (CI) and the odds ratio (OR). The interactions of the six selected SNPs with cigarette smoking, sex, age, alcohol consumption and BMI ≥ 24 kg/m2 on blood lipid levels and the risk of CAD and IS were performed by using a factorial regression analysis after controlling for potential confounders. A P ≤ 0.00125 was considered statistically significant after Bonferroni correction. Haploview (Broad Institute of MIT and Harvard, USA, version 4.2) software was used to calculate the haplotype frequencies and pair wise LD among the six detected SNPs. The heatmap of the inter-locus models was measured by using R software (version 4.1.0).




RESULTS


Common and Biochemical Characteristics

As presented in Table 1, there were no differences in the proportion of smokers, diastolic blood pressure, age, the sex ratio, or serum ApoB and LDL-C levels between the controls and cases. The glucose, pulse pressure, systolic blood pressure, BMI, serum TG levels were significantly lower, and the serum TC, ApoA1, and HDL-C levels; the proportion of drinkers; and the ApoA1/ApoB ratio were significantly higher in controls than in CAD and IS patients.


Table 1. Comparison of demographic, lifestyle characteristics, and serum lipid levels of the participants.
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Genotypic and Allelic Frequencies

As shown in Table 2, all detected SNPs in the CAD, IS and control groups conformed to HWE (P > 0.05). The frequencies of the rs2129209AC/CC genotypes and the rs2129209C allele were lower in CAD (AC/CC, 43.7%; C, 25.1%) and IS (AC/CC, 44.1%; C, 24.6%) patients than in control participants (AC/CC, 50.3%; C, 28.6%, P < 0.05-0.01 for all). The frequencies of the rs539298AG/GG genotypes and rs539298G allele were also lower in CAD (AG/GG, 42.1%; G, 23.7%) and IS (AG/GG, 40.2%; G, 22.7%) patients than in control subjects (AG/GG, 49.3%; G, 28.3%, P < 0.05-0.001 for all). The specific and detailed genotype distribution of the six selected SNPs in the control, CAD, and IS groups is shown in Supplementary Material.


Table 2. Genotype and allele frequencies of the 6 SYTL3- SLCC2A3 SNPs in cases and controls [n(%)].
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Genotypes and the Risk of Diseases

As described in Table 3, only the rs539298 SNP decreased the risk of CAD and IS (P < 0.008 was considered statistically significant after Bonferroni correction). The dominant model (AG/GG vs. AA) for CAD group showed OR = 0.74, 95% CI = 0.60–0.91, P = 0.0053; and the log-additive model (A vs. G) illustrated OR = 0.76, 95% CI = 0.64–0.91, P = 0.002. The dominant model (AG/GG vs. AA) for IS group displayed OR = 0.67, 95% CI = 0.54–0.83, P = 2E-04; and the log-additive model (A vs. G) revealed OR = 0.74, 95% CI = 0.62–0.88, P = 6E-04.


Table 3. Genotypes of the six SYTL3-SLC22A3 SNPs and the risk of CAD and IS.
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Interaction Between the rs539298 SNP and Environmental Factors on the Risk of Diseases

As shown in Figure 1, the interaction between the rs539298AG/GG genotypes and alcohol consumption reduced the risk of CAD (OR = 0.53, 95% CI = 0.37–0.77, P < 0.01) and IS (OR = 0.44, 95% CI = 0.30–0.65, P < 0.01).


[image: Figure 1]
FIGURE 1. The interactions of the SLC22A3 rs539298 SNP and diabetes, drinking, hypertension, smoking, age, sex, and BMI on the risk of CAD and IS. The rs539298AG/GG genotypes interacted with alcohol consumption to decrease the risk of CAD (A) (OR = 0.53, 95% CI = 0.37–0.77) and IS (B) (OR = 0.44, 95% CI = 0.30–0.65). *P < 0.01.




Haplotypes and the Risk of Diseases

As presented in Figure 2, strong LD was found among the SYTL3 rs9364496, rs6455600, rs2129209 and rs9456350 SNPs as well as the SLC22A3 rs446809 and rs539298 SNPs in the CAD (Figure 2A) and IS (Figure 2B) groups (D' = 0.64–0.95).
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FIGURE 2. The linkage disequilibrium (LD) represents pair wise D' × 100 in the CAD (A) and IS (B) groups.


Haplotype analysis among the six selected SNPs showed that the main haplotype was the SYTL3-SLC22A3 A-C-A-A-C-A (Table 4). The SYTL3-SLC22A3 A-C-A-A-A-A (adjusted OR = 2.19, 95% CI = 1.49–3.21, P = 1E-04), G-T-C-G-C-A (adjusted OR = 1.82, 95% CI = 1.07–3.10, P = 0.026) and A-T-A-A-C-A (adjusted OR = 2.04, 95% CI = 1.14–3.66, P = 0.016) haplotypes increased the risk of CAD, while the SYTL3-SLC22A3 A-C-A-A-C-G (adjusted OR = 0.52, 95% CI = 0.34–0.78, P = 0.0016) haplotype reduced the risk of CAD. Meanwhile, the SYTL3-SLC22A3 A-C-A-A-A-A (adjusted OR = 1.98, 95% CI = 1.39–2.84, P = 2E-04), G-T-C-G-A-G (adjusted OR = 2.79, 95% CI = 1.87–4.15, P < 0.0001) and A-T-A-A-C-A (adjusted OR = 3.24, 95% CI = 1.92–5.48, P < 0.0001) haplotypes increased the risk of IS, whereas the SYTL3-SLC22A3 A-C-A-A-A-G (adjusted OR = 0.63, 95% CI = 0.42–0.95, P = 0.027) and A-C-A-A-C-G (adjusted OR = 0.59, 95% CI = 0.40–0.88, P = 0.0099) haplotypes reduced the risk of IS.


Table 4. Haplotype frequencies of the six SYTL3-SLC22A3 SNPs and the risk of CAD and IS.
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Interactions Between the Haplotypes and Environmental Factors on the Risk of Diseases

The interactions between the SYTL3-SLC22A3 haplotypes and several environmental factors on the risk of CAD and IS are shown in Figure 3. The interactions of the SYTL3-SLC22A3 A-C-A-A-A-A-smoking (adjusted OR = 3.70, 95% CI = 2.29–5.96, P < 0.01), SYTL3-SLC22A3 A-C-A-A-A-A-age > 75 (adjusted OR = 1.91, 95% CI = 1.28–2.84, P < 0.05), SYTL3-SLC22A3 G-T-C-G-C-A-smoking (adjusted OR = 2.25, 95% CI = 1.43–3.54, P < 0.01), SYTL3-SLC22A3 G-T-C-G-C-A-BMI ≥ 24 kg/m2 (adjusted OR = 2.80, 95% CI = 1.78–4.40, P < 0.01), SYTL3-SLC22A3 A-T-A-A-C-A-age > 75 (adjusted OR = 2.72, 95% CI = 1.62–4.56, P < 0.01), and SYTL3-SLC22A3 A-T-A-A-C-A-smoking (adjusted OR = 2.38, 95% CI = 1.27–4.43, P < 0.01) increased the risk of CAD, whereas the interaction of the SYTL3-SLC22A3 A-C-A-A-C-G-drinking (adjusted OR = 0.31, 95% CI = 0.14–0.67, P < 0.01) decreased the risk of CAD.
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FIGURE 3. The interactions between the SYTL3-SLC22A3 haplotypes and the risk of CAD and IS. CAD, coronary artery disease; IS, ischaemic stroke. (A) The SYTL3-SLC22A3 A-C-A-A-A-A haplotype interacted with age > 75 and smoking to increase the risk of CAD. (B) The interaction between the SYTL3-SLC22A3 A-C-A-A-C-G haplotype and alcohol consumption decreased the risk of CAD. (C) The interactions between SYTL3-SLC22A3 G-T-C-G-C-A and cigarette smoking and BMI ≥ 24 kg/m2 increased the risk of CAD. (D) The SYTL3-SLC22A3 A-T-A-A-C-A haplotype interacted with age > 75 and smoking to increase the risk of CAD. (E) The interactions between the SYTL3-SLC22A3 A-C-A-A-A-G haplotype and female and alcohol consumption decreased the risk of IS. (F) The SYTL3-SLC22A3 A-C-A-A-A-A haplotype interacted with hypertension and smoking to increase the risk of IS. (G) The interactions between the SYTL3-SLC22A3 A-C-A-A-C-G haplotype and hypertension increased the risk of IS, and alcohol consumption decreased the risk of IS. (H) The interactions between the SYTL3-SLC22A3 A-T-A-A-C-A haplotype and age > 75 and smoking increased the risk of IS. *P < 0.05 and **P < 0.01.


The interactions of the SYTL3-SLC22A3 A-C-A-A-A-A-hypertension (adjusted OR = 2.27, 95% CI = 1.32–3.90, P < 0.01), SYTL3-SLC22A3 A-C-A-A-A-A-smoking (adjusted OR = 2.19, 95% CI = 1.49–3.21, P < 0.01), SYTL3-SLC22A3 A-C-A-A-C-G-hypertension (adjusted OR = 1.18, 95% CI = 1.23–2.67, P < 0.05), SYTL3-SLC22A3 A-T-A-A-C-A-age > 75 (adjusted OR = 3.22, 95% CI = 1.74–5.98, P < 0.01), SYTL3-SLC22A3 A-T-A-A-C-A-smoking (adjusted OR = 3.67, 95% CI = 1.99–6.67, P < 0.01) increased the risk of IS, whereas the interactions of the SYTL3-SLC22A3 A-C-A-A-A-G-female (adjusted OR = 0.45, 95% CI = 0.24–0.82, P < 0.05), SYTL3-SLC22A3 A-C-A-A-A-G-drinking (adjusted OR = 0.26, 95% CI = 0.14–0.49, P < 0.01), and SYTL3-SLC22A3 A-C-A-A-C-G-drinking (adjusted OR = 0.37, 95% CI = 0.22–0.65, P < 0.01) decreased the risk of IS. However, there was no significant interaction between the SYTL3-SLC22A3 G-T-C-G-A-G haplotype and several environmental factors including gender, age, diabetes, hypertension, BMI, smoking and drinking.



Relationship Between Genotypes and Serum Lipid Parameters

The correlation between the SYTL3-SLC22A3 SNPs and serum lipid parameters in the control group is shown in Figure 4. There were significant differences in TC levels between the rs539298AA and rs539298AG/GG genotypes (P < 0.008 was considered statistically significant after Bonferroni correction), the subjects with rs539298AG/GG genotypes had lower serum TC levels than those with rs539298AA genotype. However, there was no significant correlation between the remaining 5 SNPs and serum lipid levels in the control group (P ≥ 0.008 for all).
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FIGURE 4. The association between the genotypes of six SYTL3-SLC22A3 SNPs and blood lipid levels in the control group. HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; ApoA1, apolipoprotein A1; TG, triglyceride; ApoB, apolipoprotein B; LDL-C, low-density lipoprotein cholesterol; ApoA1/ApoB, the ratio of apolipoprotein A1 to apolipoprotein B. A *P < 0.008 (after adjusting for 6 independent tests by the Bonferroni correction) was considered statistically significant. (A), rs9364496; (B), rs6455600; (C), rs2129209; (D), rs9456350; (E), rs446809; and (F), rs539298 SNPs.




Interactions Between the SYTL3-SLC22A3 SNPs and Several Environmental Factors on Serum Lipid Parameters and the Risk of CAD/IS

As listed in Table 5, several interactions between the SYTL3-SLC22A3 SNPs and some environmental factors on serum lipid parameters were detected in the control group. The interactions of the SYTL3 rs6455600-smoking, SYTL3 rs6455600-BMI, and SYTL3 rs9456350-BMI affected TG levels. The interaction of the SYTL3 rs2129209- and SLC22A3 rs539298-BMI influenced TC levels; and the interaction of the SYTL3 rs9364496-smoking or SYTL3 rs9364496-BMI influenced TG or TC levels. The interaction of the SYTL3 rs2129209-, SYTL3 rs9456350- and SLC22A3 rs446809-alcohol consumption influenced HDL-C levels; and the interaction of the SLC22A3 rs539298-alcohol consumption affected HDL-C and ApoA1 levels.


Table 5. The P-values for the interactions of genotypes and gender, age, drinking, smoking, and BMI on serum lipid levels and the risk of CAD and IS.

[image: Table 5]

As presented in Figure 5, the interactions of the SYTL3 rs6455600CT/TT-BMI ≥ 24 kg/m2 or smoking, and SYTL3 rs9456350AG/GG-BMI ≥ 24 kg/m2 increased TG levels. The interactions of the SLC22A3 rs539298AG/GG-BMI <24 kg/m2, and SYTL3 rs2129209AC/CC-BMI <24 kg/m2 reduced TC levels; and the interaction of SYTL3 rs9364496AG/GG-BMI ≥ 24 kg/m2 or smoking increased TC or TG levels, respectively. The interactions of the SYTL3 rs9456350AG/GG-, SLC22A3 rs446809CA/AA-, and SYTL3 rs2129209AC/CC-alcohol consumption increased HDL-C levels; and the interaction of the SLC22A3 rs539298AG/GG-alcohol consumption increased HDL-C and ApoA1 levels.
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FIGURE 5. The interactions of the SYTL3-SLC22A3 SNPs and drinking, BMI and smoking on serum lipid levels. TC, total cholesterol; TG, triglyceride; BMI, body mass index; ApoA1, apolipoprotein A1; HDL-C, high-density lipoprotein cholesterol. A P ≤ 0.00125 (corresponding to P < 0.05 after adjusting for five environmental exposures multiplied by eight outcomes by the Bonferroni correction) was considered statistically significant. (A), rs9364496-BMI on TC; (B), rs9364496-smoking on TG; (C), rs6455600-BMI on TG; (D), rs6455600-smoking on TG; (E), rs2129209-BMI on TC; (F), rs2129209-drinking on HDL-C; (G), rs9456350-BMI on TG; (H), rs9456350-drinking on HDL-C; (I), rs446809-drinking on HDL-C; (J), rs539298-drinking on ApoA1; (K), rs539298-drinking on HDL-C; (L), rs539298-BMI on TC.




Relative Factors for Serum Lipid Parameters

As shown in Figure 6, Pearson correlation analysis revealed that there were significant correlations between the 6 SNPs and several environmental factors, including alcohol consumption, BMI, cigarette smoking, blood glucose, age, blood pressure, sex and serum lipid profiles, in the CAD (Figure 6A) and IS groups (Figure 6B).
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FIGURE 6. Association between environmental exposures as well as the candidate loci and serum lipid parameters in CAD (A) or IS (B). CAD, coronary artery disease; IS, ischaemic stroke. SBP, systolic blood pressure; TC, total cholesterol; BMI, body mass index; TG, triglyceride; ApoA1/B, the ratio of apolipoprotein A1 to apolipoprotein B; HDL-C, high-density lipoprotein cholesterol; DBP, diastolic blood pressure; LDL-C, low-density lipoprotein cholesterol; ApoA1, apolipoprotein A1; PP, pulse pressure; ApoB, apolipoprotein B; Glu, glucose.





DISCUSSION

The main findings of the current research included the following aspects: (1) The allelic and genotypic frequencies of the SYTL3 rs2129209 and SLC22A3 rs539298 SNPs were different between controls and CAD/IS patients. The rs2129209AC/CC genotype and rs2129209C allele frequencies as well as the rs539298AG/GG genotype and rs539298G allele frequencies were lower in CAD/IS patients than in controls, respectively. (2) The SLC22A3 rs539298 SNP was correlated with TC levels in the control group, the rs539298G allele carriers had lower TC levels than the rs539298G allele non-carriers. At the same time, the SLC22A3 rs539298 SNP interacted with alcohol consumption would reduce the risk of CAD and IS. (3) Several haplotypes were associated with an increased or decreased risk of CAD and IS, and the haplotypes could explain more changes in the risk of CAD/IS than any single SNP alone. In addition, the interactions between several haplotypes and different environmental factors on the onset of CAD and IS were also observed. (4) The interactions between the SYTL3-SLC22A3 SNPs and several environmental factors, including smoking, alcohol consumption and BMI, could affect serum lipid parameters such as TC, TG, HDL-C and ApoA1 levels.

The genotypic and allelic frequencies of the SLC22A3 rs539298 SNP in different racial/ethnic groups are not well-known. Based on the data derived from the International 1000 Genomes database (https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/), the frequencies of the rs539298G allele and the AG, GG genotypes were, respectively, 52.21, 49.56, and 27.43% in Europeans; 30.23, 41.86 and 9.30% in Japanese; 59.82, 53.57, and 33.04% in Sub-Saharan Africans; 52.04, 59.18, and 22.45% in Americans of African Ancestry in the Southwestern USA (ASW); 39.20, 48.86, and 14.77% in Gujarati Indians in Houston (GIH); 51.67, 45.56, and 28.89% in Luhya in Webuye, Kenya (LWK); 49.00, 46.00, and 25.00% in those with Mexican ancestry in Los Angeles, California (MEX); 58.10, 50.00, and 33.10% in Maasai in Kinyawa, Kenya (MKK); and 26.83, 48.84, and 4.65% in Han Chinese in Beijing (CHB). In the current study, we noticed that the allele and genotype frequencies of the SLC22A3 rs539298 SNP were significantly different between the controls and cases. The frequencies of the G allele and AG and GG genotypes in our study populations were 28.28, 41.99, and 7.28% in controls; 23.68, 36.81, and 5.28% in CAD patients; and 22.69, 35.05, and 5.16% in IS cases (P < 0.05–0.001, respectively). These findings suggest that the SLC22A3 rs539298 SNP may have racial/ethnic and population specificity. However, these findings need to be confirmed in other populations or ethnic groups with larger sample size.

Hyperlipidaemia is closely related to the occurrence and development of atherosclerotic cardiovascular and cerebrovascular diseases (39, 40). Previous studies showed that the SLC22A3 rs2048327 SNP was significantly associated with cardiovascular disease events in familial hypercholesterolemia subjects (41). A genome-wide haplotype association (GWHA) research revealed that the SLC22A3-LPAL2-LPA cluster was a strong susceptibility locus for CAD (42). Furthermore, Wang, et al. suggested that the rs3088442G allele might inhibit miR-147a binding to the 3' UTR region of SLC22A3, resulting in increased the expression levels of SLC22A3, and ultimately lead to increased risk of CAD (43). In addition, another case control study noticed that four SNPs (rs2048327, rs3127599, rs7767084 and rs10755578) in the SLC22A3-LPAL2-LPA cluster were not significantly associated with the risk of CAD (44). However, no study has yet well-elucidated the potential association between the six selected SNPs in the SYTL3-SLC22A3 cluster and serum lipid levels and the risk of CAD and IS. To meet this need, the potential correlation between the six selected SNPs in the SYTL3-SLC22A3 cluster and serum lipid levels in humans has been well-elaborated in our previous research (45). We noticed that the rs6455600, rs2129209 and rs539298 SNPs were associated with TC levels; and the rs446809 SNP was associated with TG and LDL-C levels in the Chinese Han population. Furthermore, we also observed that the rs539298G allele carriers had lower serum TC levels than the rs539298G allele non-carriers, and the dominant model of the rs539298 SNP reduced the morbidity of hyperlipidaemia in the Chinese Han population. In the current research, we obtained the similar findings to our previous study. We noticed that serum TC levels in the control group were significantly different between the rs539298AA and rs539298AG/GG genotypes, and participants with the rs539298AG/GG genotypes had lower serum TC levels than those with the rs539298AA genotype. In addition, we also found that the rs539298G allele carriers had lower risk of CAD (adjusted OR = 0.74, 95% CI: 0.60–0.91) and IS (adjusted OR = 0.67, 95% CI: 0.54–0.83) than the rs539298G allele non-carriers. These findings suggested that the SLC22A3 rs539298A allele may be a genetic risk factor for ischaemic cardiovascular and cerebrovascular diseases, and the SLC22A3 rs539298G allele may reduce the risk of CAD and IS by affecting serum TC levels. However, the correlation between the SLC22A3 rs539298 SNP and serum TC levels needs to be confirmed by proteomics studies in future research.

Haplotype analysis showed that the SYTL3-SLC22A3 A-C-A-A-A-A, G-T-C-G-C-A and A-T-A-A-C-A haplotypes increased the risk of CAD, while the SYTL3-SLC22A3 A-C-A-A-C-G haplotype reduced the risk of CAD. Meanwhile, the SYTL3-SLC22A3 A-C-A-A-A-A, G-T-C-G-A-G and A-T-A-A-C-A haplotypes increased the risk of IS, whereas the SYTL3-SLC22A3 A-C-A-A-A-G and A-C-A-A-C-G haplotypes reduced the risk of IS. These results suggest that haplotypes could explain more changes in the risk of CAD/IS than any single SNP alone.

A large number of studies have suggested that as a multifactorial and complex disorder, CAD or IS occurs due to numerous pathogenic factors, including genetic background, environmental exposures and their interactions (46–48). However, the potential mutual effect between the SLC22A3 rs539298 SNP and environmental factors on blood lipid levels and the risk of CAD and IS is still unknown. In the current research, we firstly noticed that the interaction of the SLC22A3 rs539298-alcohol consumption increased serum ApoA1 as well as HDL-C levels; and SLC22A3 rs539298-BMI <24 kg/m2 reduced serum TC levels. These findings could partly account for a decreased risk of CAD and IS in rs539298G allele carriers. Several other potential interactions between haplotypes and environmental factors on the risk of CAD and IS were also observed in this study. The interactions between the SYTL3-SLC22A3 A-C-A-A-A-A and A-T-A-A-C-A haplotypes and age > 75 and smoking increased the risk of CAD. The interactions between the SYTL3-SLC22A3 G-T-C-G-C-A haplotype and smoking and BMI ≥ 24 kg/m2 increased the risk of CAD. The interaction between the SYTL3-SLC22A3 A-C-A-A-C-G haplotype and alcohol consumption reduced the risk of CAD. In addition, the interaction between the SYTL3-SLC22A3 A-C-A-A-A-G haplotype and female sex and alcohol consumption reduced the risk of IS. The interactions between the SYTL3-SLC22A3 A-C-A-A-A-A and smoking and hypertension increased the risk of IS. The interactions between the SYTL3-SLC22A3 A-T-A-A-C-A and smoking and age > 75 increased the risk of IS. The interactions between the SYTL3-SLC22A3 A-C-A-A-C-G haplotype and hypertension increased the risk of IS, while its interaction with alcohol consumption reduced the risk of IS. However, these findings have yet to be confirmed by additional research.

The current study may have several limitations. First, compared to other studies, the number of controls and patients was relatively small. Larger samples are necessary to validate our results in future research. Second, most of the patients with CAD or IS received some secondary prevention drugs. All of these drugs may have a certain effect on blood lipid levels. Third, to improve the accuracy of the statistical analysis, we adjusted for several environmental factors, such as BMI, age, smoking, sex and alcohol consumption, but the potential effects of the above factors on blood lipid levels and the risk of CAD and IS could not be completely eliminated. Finally, in vitro and in vivo studies are necessary to strengthen the significance of our results.



CONCLUSIONS

In conclusion, the current research showed that the allelic and genotypic frequencies of the SLC22A3 rs539298 SNP were significantly different between controls and CAD/IS patients. The SLC22A3 rs539298G carriers in the control group had lower serum TC levels than the G allele non-carriers. The interaction between the SLC22A3 rs539298 SNP and alcohol consumption reduced the risk of CAD and IS. In addition, haplotypes could explain more changes in the risk of CAD/IS than any single SNP alone. Several potential interactions between the haplotypes and some environmental factors affected the risk of CAD and IS. These findings revealed that the SLC22A3 rs539298A allele may be a new genetic marker for CAD and IS in our study populations. The correlation between the SLC22A3 rs539298 SNP and CAD/IS may be partly explained by its association with decreased serum TC levels in this study.
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Background: Mutations in the bone morphogenetic protein receptor type 2 gene (BMPR2) represent a major genetic cause of pulmonary arterial hypertension (PAH). Identification of BMPR2 mutations is crucial for the genetic diagnosis of PAH. MinION nanopore sequencer is a portable third-generation technology that enables long-read sequencing at a low-cost. This nanopore technology-based device has not been used previously for PAH diagnosis. This study aimed to determine the feasibility of using MinION nanopore sequencing for the genetic analysis of PAH patients, focused on BMPR2.

Methods: We developed a protocol for the custom bioinformatics pipeline analysis of long reads generated by long-PCR. To evaluate the potential of using MinION sequencing in PAH, we analyzed five samples, including those of two idiopathic PAH patients and a family of three members with one affected patient. Sanger sequencing analysis was performed to validate the variants.

Results: The median read length was around 3.4 kb and a good mean quality score of approximately 19 was obtained. The total number of reads generated was uniform among the cases and ranged from 2,268,263 to 3,126,719. The coverage was consistent across flow cells in which the average number of reads per base ranged from 80,375 to 135,603. We identified two polymorphic variants and three mutations in four out of five patients. Certain indel variant calling-related errors were observed, mostly outside coding sequences.

Conclusion: We have shown the ability of this portable nanopore sequencer to detect BMPR2 mutations in patients with PAH. The MinION nanopore sequencer is a promising tool for screening BMPR2 mutations, especially in small laboratories and research groups.

Keywords: nanopore sequencing, MinION, BMPR2, PAH, next generation sequencing


INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare, severe, and progressive disorder associated with vascular remodeling and the narrowing of small pulmonary arteries. The increase in pulmonary vascular resistance can result in right heart failure and eventual death (1–3). Pulmonary arterial hypertension may be inherited from an affected relative (heritable PAH) or induced by a drug, toxin, or associated with another disease (congenital heart disease, connective tissue disease, HIV). However, in most cases of PAH, there is no identifiable cause or family history of disorder (idiopathic PAH) (4).

Developments in genetics and technological advances have contributed to our knowledge of this lethal disease. Most heritable PAH cases are caused by a mutation in the bone morphogenetic protein receptor type 2 gene (BMPR2), a receptor for the transforming growth factor-beta (TGF-β) superfamily (5, 6). BMPR2 mutations are detected in approximately 80% of individuals with family history and in 11–40% of patients with sporadic PAH (7). The rate of occurrence of BMPR2 mutations in Japanese patients is the same as that reported in other countries. Mutations have been identified less frequently in other genes, including ACVRL1 (also known as ALK1), ENG, TBX4, KCNK3, CAV1, and SMAD9, among others (8, 9).

The identification of BMPR2 mutations is a crucial step in the genetic diagnosis of PAH. It has implications for personalized therapy and genetic counseling (7–11). The usual approach is to perform Sanger sequencing, but the process is time consuming and labor-intensive. The complexity, efficiency, and rapidity of sequencing methods continues to increase. Next-generation sequencing (NGS) technology transformed the manner in which sequencing was performed (12). Next-generation sequencing exhibited a higher sensitivity in the detection of novel and rare variants (9). The past few years have seen the emergence of a nanopore-based third-generation sequencing technology, known as nanopore DNA sequencing (13). The low-cost and rapid MinION-based nanopore sequencing method has emerged as a competitive and portable technology that has provided accurate long sequence reads (14). Here, we developed a rapid method for genetic analysis that employed MinION technology through a custom analysis pipeline. Because of the high incidence of BMPR2 mutations, we particularly focused on this gene. To the best of our knowledge, this article is the first to report about the use of MinION for PAH genetic analysis.



MATERIALS AND METHODS


Patients and Genomic DNA

Five samples, including those of two patients with idiopathic PAH (Cases #1 and #2) and a family of three (Cases #3, #4, and #5) were investigated in this study. In the family, only the father (#3) was diagnosed with PAH; the siblings, a daughter (#4) and a son (#5), were unaffected. This study was approved by a local institutional ethics committee at the International University of Health and Welfare (approval number 5-16-25); informed consent was obtained from each patient. Whole blood samples were collected in EDTA-containing tubes and sent to a commercial laboratory (SRL, Tokyo, Japan) for DNA extraction, according to standard procedures. After genomic DNA extraction, DNA samples were stored in the laboratory at 4°C. The integrity of the DNA was checked using a NanoDrop One Spectrophotometer and the DNA was diluted to a concentration of 20 ng/μl.



Long-PCR Target Enrichment

Before sequencing, DNA was amplified by targeted long-PCR. Primers were designed using Primer-BLAST to amplify the BMPR2 exonic sequences (including UTR regions) and surrounding intronic sequences (adjacent, upstream, and/or downstream exonic sequences). The primer locations and corresponding amplicon sizes are presented in Figure 1A. Details regarding the primer sequences and conditions are described in Supplementary Table 1.


[image: Figure 1]
FIGURE 1. Design and workflow of the BMPR2 targeted MinION sequencing process. (A) Representation of the BMPR2 genomic structure and location of the primer sets used for long-PCR amplification. (B) Sequencing workflow and the custom bioinformatics pipeline.


We used a long-PCR based strategy with BMPR2-specific primers tailed with universal sequences, as recommended by Oxford Nanopore. PCR was performed using the KAPA HiFi HotStart ReadyMix PCR Kit (KAPA BIOSYSTEMS) on a T100 Thermal Cycler (BIO-RAD).

The amplification quality was checked via agarose gel electrophoresis and PCR products were purified using the QIAquick PCR Purification Kit (QIAGEN), according to the manufacturer's protocol.



Library Preparation and Nanopore Sequencing

Library preparation was performed using the protocol 1D amplicon/cDNA, by ligation (SQK-LSK109) (Oxford Nanopore). Sequencing was performed using the MinION device, along with a FLO-MIN106 (Pore type R9.4) Flowcell. The MinION device was controlled by the MinKNOW software during the run time of 24 h. During sequencing, base calling was performed using the MinKNOW software (v19.06.8).



Data Analysis

A pipeline was specifically developed for analyzing the data produced by MinION sequencing (Figure 1B). Raw electric signals classified as “pass” signals were converted to raw reads in the FASTQ format using MinKNOW. Average read quality was determined using FASTQC (v0.11.6). The filtering of parameters was performed based on quality and read length, and trimming was performed using Nanofilt (v2.6.0). A cutoff value of 10 was set as an acceptance quality score. The 50 nucleotide long reads were trimmed from the 5′ end and filtered for average quality (quality score >10) and size (>100 nt). We mapped the quality-controlled reads to a human BMPR2 region (GRCh38/hg38, chr2: 202371789-202568449) using the Minimap2 program (v2.13-r850). These unique, mapped reads were extracted and converted to another format for mutation analysis using Samtools (v1.9). Single nucleotide variations (SNVs) and small insertions and deletions (Indels) were identified using Varscan (v2.4.3). Variant calls were filtered using the following parameters: a minimum coverage of 2,000 reads, an allele frequency of at least 10%, p-value < 0.05, and a fraction of reads from each strand (plus/minus) with a range of 0.1–10.

Then, the filtered variants were manually compared to a population database of genomic variations detected by the whole genome sequencing of Japanese individuals (https://jmorp.megabank.tohoku.ac.jp) and a database of known BMPR2 variants (https://arup.utah.edu/database/BMPR2/BMPR2_welcome.php).



Statistic Evaluation and Sequencing Data Visualization

Average read lengths were calculated using awk commands. The distribution of quality and length (using a Kernel density estimation) was performed using the ggplot2 (v3.2.1) package of R software.



Sanger Sequencing

All five samples were analyzed for BMPR2 mutation by Sanger sequencing. Primers were designed using Primer BLAST. Genomic DNA was amplified by PCR using a T100 Thermal Cycler (BIO-RAD) and TaKaRa Ex Taq DNA Polymerase (TAKARA BIO INC). Primer sequences and PCR conditions are available upon request. PCR products were subjected to nucleotide sequencing by a commercial sequencing service (FASMAC, Japan). Nucleotide sequences were compared with human reference genome sequences. Electropherograms were analyzed by visual inspection and the ATGC Software (GENETYX).




RESULTS

MinION sequencing runs were performed on PCR products generated by long-PCR. Five runs were carried out on five different flow cells. A summary of the number and length of reads, the quality score and the average per-base coverage for each experiment is detailed in Table 1.


Table 1. Read statistics derived from MinION sequencing data for each case.
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The mean quality score of approximately 19 was considered a good score (Table 1). The plotting of the quality score distribution for the five runs showed that the quality was consistent from one flow cell to another (Figure 2A).


[image: Figure 2]
FIGURE 2. Analysis of BMPR2 targeted MinION sequencing data. (A) Quality score distribution of reads. (B) Read length distribution of reads; the X-axis is log10 transformed; nt = nucleotides. (C) Ratio of aligned reads per exon.


The median read length was approximately 3.4 kb (Table 1). Upon plotting the distribution of read lengths obtained for the five runs, we could observe that the range of read lengths was in agreement with the physical size of the sequencing library, and the amplicon size ranged from 430 bp to 9 kb (Figure 2B).

The total number of base-called reads was significantly uniform between cases and ranged from 2,268,263 to 3,126,718 reads (Table 1). After quality filtering and trimming (quality score >10, sequences shorter than 100 nucleotides removed, first 50 nucleotides of all reads trimmed), this number was reduced, and ranged from 73 to 84% of base-called reads. Finally, we mapped an average of 51% of the base-called reads (42–59%) to the reference genome after alignment (Table 1).

The average coverage was considerably uniform, with a similar number of per-base reads across flow cells, ranging from 80,375 to 135,603 reads per base (Table 1). Among aligned reads, the ratio of reads assigned to each exon (from exon 1 to exon 13) was consistent across cases (Figure 2C).

Following variant calling with VarScan's filtering parameters, we detected mostly SNVs and fewer Indels. All the variants identified for each case are listed in Table 2. These variants were interpreted based on their genomic location (exonic, splicing variant, or intronic), functional effect (synonymous or non-synonymous), and data obtained from a Japanese population database and a BMPR2 variant database. Most variants were identified in intronic regions. No splicing variants and Indels were located within coding sequences. Sanger sequencing could not confirm the presence of Indel variants and resulted in false positive results. We checked the genomic sequences flanking these called Indels and observed nucleotide sequence repeats. These indel errors were probably related to these homopolymeric regions.


Table 2. Number and type of all BMPR2 variants detected using MinION sequencing.
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Finally, MinION sequencing revealed three mutations and two polymorphisms in four of the five cases (Cases #1, #2, #3, and #5). All these variants were validated by Sanger sequencing. Only cases #1, #2, and #3 were diagnosed with PAH. A final summary of the mutations and polymorphisms detected by MinION and Sanger sequencing has been shown in Table 3.


Table 3. Description and annotation of BMPR2 mutations and polymorphisms detected using MinION sequencing for each case.
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Case #1 presents two variants in the coding sequence of exon 12, c.2379A>C (p.Thr793=) and c.2811G>A (p.Arg937=). These two synonymous variants are considered as benign polymorphisms and are registered in the NCBI dbSNP database (rs3731697 and rs1061157, respectively). No pathogenic mutation was identified for this case.

Case #2 was heterozygous for a nonsense mutation c.2695C>T (p.Arg899Ter) in exon 12. This variant was considered to be pathogenic in the disease database.

Case #3 is heterozygous for a nonsense mutation c.2617 C>T (p.Arg273Ter) in exon 12 (Figure 3A; Supplementary Figure 1). The same mutation was identified in his unaffected son (#5), who exhibited no clinical features of the disease (Figure 3B; Supplementary Figure 1). His healthy daughter (#4) did not carry this mutation (Figure 3C; Supplementary Figure 1). This variant is considered pathogenic in the disease database. The father (#3) and his son (#5) also presented with a missense variant c.276 A>C (p.Gln92His) located in exon 3. The significance of this variant is considered to be uncertain.


[image: Figure 3]
FIGURE 3. The BMPR2 mutation c.2617C>T was detected in two members of a family (Cases #3 and #5) and validated by Sanger sequencing. Arrows indicate mutations in the heterozygous state. (A) Integrative genomics viewer (IGV) screenshot and Sanger validation of case #3 with PAH. (B) Sanger sequencing results show the same mutation being detected for case #5, the unaffected son. (C) Sanger sequencing results for case #4, the healthy daughter, show no mutations.




DISCUSSION

Here, we developed a protocol and performed a pipeline analysis via the targeted nanopore sequencing of BMPR2. Nanopore sequencing has been successfully used to sequence genomes of many species (viruses, bacteria, animals, plants, and humans), but limited data are available regarding the use of this technology in clinical settings (15–22). To the best of our knowledge, the MinION platform has not been applied for PAH diagnosis.

Sequencing is essential for determining the genetic basis of pathogenicity and for genetic counseling. Current Sanger technology is time consuming and labor intensive. New sequencing technologies have revolutionized DNA sequencing. However, though NGS generally requires a massive investment in capital equipment, its use could be limited in small laboratories, owing to its high cost and high input material requirements. Another limitation of second-generation platforms is their short-read lengths, which range from 150 to 300 bp (12, 23). The nanopore sequencing platform is a third-generation platform that generates long read lengths; its sequencing process occurs in real-time (13, 14). The MinION nanopore sequencer is a small, easy to manipulate, and affordable device, capable of sequencing many gigabases (Gb) in a single experiment (24). This portable device allows sequencing to be performed in a small laboratory or research unit, where the large-scale installation of sequencing equipment is unfeasible.

We are the first to report about the use of MinION sequencing for the rapid genetic analysis of PAH patients. BMPR2 was focused upon because its frequency was the highest. Heterozygous germline mutations in BMPR2 represent the central susceptibility factor in the precipitation and progression of PAH (9). Our laboratory has developed a pipeline for rapidly sequencing human samples and validating them via their comparison with standard Sanger sequencing results.

To evaluate the potential of MinION sequencing for genetic analysis, we analyzed a small set of five samples. We have discussed the ability of MinION to detect BMPR2 variants below.

We identified two polymorphisms and three mutations, comprising two nonsense mutations considered to be pathogenic, and one missense mutation (see below). Both MinION sequencing and Sanger sequencing have detected these BMPR2 variants, which were located in exonic regions. There was no discrepancy.

Two polymorphic variants in exon 12 (c.2379 A>C and c.2811 G>A), observed in Case #1, caused non-synonymous changes in codons and did not alter amino acid sequences (p.Thr793= and p.Arg937=). These polymorphic variants were reportedly observed in unaffected individuals (25, 26) and were not expected to be clinically significant.

The nonsense mutation c.2695C>T (p.Arg899Ter) in exon 12 (Case #2) has been previously reported in individuals with PAH (6, 25–27). In the family mentioned above, we could identify a nonsense mutation c.2617 C>T (p.Arg273Ter) in the affected father (Case #3) and his son (Case #5), who did not exhibit symptoms yet. This mutation was previously reported to be pathogenic and showed reduced penetration among carriers (5, 26). The disease onset varied widely between individuals who harbored the same gene defect within a family, suggesting that other factors, genetic and/or environmental, were important for disease progression (10, 26). Furthermore, it is essential to identify this mutation for clinical management; the necessity to do so extends beyond the needs of the affected patient, as it enables earlier disease diagnosis and adoption of preventive measures in carriers (28).

In the same family, we also identified a c.276 A>C (p.Gln92His) missense variant in the father and son. This mutation was classified as a benign mutation in our BMPR2 database (http://arup.utah.edu/database/BMPR2/BMPR2_welcome.php, last update January 2013). However, this missense variant is listed in the ClinVar database (http://www.ncbi.nlm.nih.gov/clinvar, last evaluated March 2016) and interpreted as a variant with uncertain significance, as reported previously (29, 30). It should be noted that several years have elapsed since variant interpretation was performed in our BMPR2 database. Changes in variant classification might have occurred over time due to the advent of NGS and the detection and interpretation of numerous variants (31). Hence, special care is warranted while determining their possible pathogenicity. Nevertheless, in this case, the change in variant classification did not lead to a clinically significant change.

Here, we demonstrated the feasibility of using MinION sequencing as a tool for genetic analysis in patients with PAH. However, there are some limitations, including Indel variant calling-related errors. It is well-known that the process of nanopore sequencing of homopolymeric regions is difficult and error prone (19, 20, 32). Improvements are essential to enable accurate indel calling. The sample size of our study is small; however, given the satisfactory results obtained, further studies should be performed to analyze more cases.

One advantage is that there is no instrument cost with a cheap starter kit (including MinION device, two flow cells and library preparation kit) costing approximately US$ 1,000. Then single extra flow cell costs US$ 500–900 (depending on the number purchased) and reagents cost approximately US$ 100 per sample. To increase cost-effectiveness, sample multiplexing would be necessary. Moreover, ongoing developments in the flow cell design have contributed to cost-efficient sequencing with the introduction of Flongle (Flow cell Dongle). Flongle is an adapter for MinION that enables DNA sequencing on smaller, lower cost (US$ 90 per flow cell), single-use flow cells. Thus, the lower cost per sample makes Flongle more suitable for targeted sequencing and smaller tests.

Finally, we have focused on BMPR2 alone, but the analysis of a panel of genes implicated in PAH is a challenge, and should be attempted in future studies.



CONCLUSION

MinION sequencing can be used to detect BMPR2 mutations in patients with PAH. The MinION device is easy to use and provides long sequence reads. Thus, it can be concluded that the MinION nanopore sequencer is a promising tool for screening BMPR2 mutations.
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Cardiovascular diseases are among the leading causes of morbidity and mortality worldwide. Although the spectrum of the heart from development to disease has long been studied, it remains largely enigmatic. The emergence of single-cell omics technologies has provided a powerful toolbox for defining cell heterogeneity, unraveling previously unknown pathways, and revealing intercellular communications, thereby boosting biomedical research and obtaining numerous novel findings over the last 7 years. Not only cell atlases of normal and developing hearts that provided substantial research resources, but also some important findings regarding cell-type-specific disease gene program, could never have been established without single-cell omics technologies. Herein, we briefly describe the latest technological advances in single-cell omics and summarize the major findings achieved by such approaches, with a focus on development and homeostasis of the heart, myocardial infarction, and heart failure.
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INTRODUCTION

Cardiovascular diseases are among the major causes of morbidity and mortality worldwide. Yet, despite relentless research efforts in recent decades, the complex structure of the heart, its incessantly beating nature, and its wide range of abnormalities and disorders made us still struggle to understand the molecular mechanisms underlying the normal development, homeostasis, and diseases of this organ.

Recent technological advances have enabled researchers to understand biology at the single-cell resolution. Single-cell RNA sequencing (scRNA-seq) and single-cell assay for transposase-accessible chromatin sequencing (scATAC-seq) allow an unbiased assessment of transcriptomics and epigenomics in heterogeneous tissues and have identified not only previously unknown cell populations, but also dynamic cellular transitions and intercellular interactions in various tissues (1, 2). These cutting-edge technologies have been applied not only to healthy humans and mice to create reference maps, namely, the Human Cell Atlas and the Tabula Muris (3, 4), but also to normal development and various diseases. Recent advances in spatial transcriptomics, the molecular profiling method that compensates for the lack of spatial information in scRNA-seq, have furthered our understanding (5). The use of single-cell omics technologies in cardiovascular research has been increasing exponentially since 2015 (Figure 1) and, as expected, is providing more insight into the workings of both healthy and pathological hearts.


[image: Figure 1]
FIGURE 1. Exponential increase in cardiovascular research implementing single-cell omics. The bar plot shows the numbers of search results in PubMed in recent years with the following search term and the search conducted on November 2, 2021: (“RNA-Seq”[Mesh] OR “Transcriptome”[Mesh] OR “Chromatin Immunoprecipitation Sequencing”[Mesh] OR multi-omics[Title/Abstract] OR multiomics[Title/Abstract] OR omics[Title/Abstract] OR sequencing[Title/Abstract] OR seq[Title/Abstract]) AND (“Single-Cell Analysis”[Mesh] OR “single cell”[Title/Abstract] OR “single nucleus”[Title/Abstract] OR “single nuclei”[Title/Abstract]) AND (“heart”[Mesh] OR heart[Title/Abstract] OR cardiac[Title/Abstract] OR cardiomyocyte[Title/Abstract] OR myocardial[Title/Abstract]).


In this review, we briefly introduce the latest technological advances in single-cell omics and summarize recent progress in cardiovascular research that has applied these technologies, with special focus on development and homeostasis of the heart, myocardial infarction (MI) and ischemia, and heart failure (HF). We also discuss how single-cell omics can, and should support future cardiovascular research and contribute to precision cardiovascular medicine.



TECHNOLOGICAL ADVANCES

The experimental pipelines of single-cell omics, represented by scRNA-seq, typically begin with single-cell isolation and capture, followed by sequencing and downstream analyses (6). In the early days, integrated fluidic circuit (IFC) systems, such as Fluidigm C1, were used to isolate cells into individual chambers, where they were then lysed and reverse-transcribed (plate-based method). The IFC system has been largely replaced by fluorescence-activated cell sorting (FACS), which can not only isolate cells, but also distinguish live cells through viability stains. A major drawback of plate-based systems, however, is the limited number of cells that can be analyzed. To overcome this, droplet-based methods were developed, in which single cells are encapsulated in droplets and then undergo barcoding and reverse transcription. This technology has greatly improved throughput, increasing the number of cells analyzed to up to 10,000 cells, albeit with a sacrifice in read depth.

Both IFC systems used in plate-based methods and microfluidic devices used in droplet-based methods limit the size of the cells that can be processed to < ~40 μm, which are applicable to non-cardiomyocytes, neonate cardiomyocytes (CMs), and pluripotent stem cell-derived CMs. However, adult CMs (>100 μm in length) cannot be processed by these methods. Moreover, commercially available FACS nozzles (70–130 μm in diameter) might induce terminal damage to live CMs and so are not suitable either (6, 7). Although successful isolation of viable single CMs using large-particle FACS with a nozzle of 500 μm in diameter has recently been reported (8), most published studies applying scRNA-seq in CMs have relied on either manual pick-up of CMs combined with plate-based methods (9) or the iCELL8 system, a large nozzle dispenser with a 5,184-nanowell plate and an imaging system to differentiate live cells from dead ones (10). An alternative solution is to isolate and sequence the single nuclei of CMs (11), which are smaller and can pass through FACS and droplet-based systems. Single-nucleus RNA sequencing (snRNA-seq), although is applicable in archived frozen specimens and can minimize the alteration of gene expression that may be caused by dissociation (12), should be used and its results interpreted with awareness of how it differs from scRNA-seq. A comparison of snRNA-seq and scRNA-seq showed that they both demonstrated similar cell clusters in the process of induced pluripotent stem cell (iPSC) differentiation to CMs. However, scRNA-seq captures more genes than snRNA-seq, represented by mitochondrial and ribosomal genes, while snRNA-seq detects more non-coding RNA and more reads that are mapped to intronic regions (11, 13). Importantly, the multinucleation and polyploidy of CMs also contribute to the divergence of snRNA-seq from scRNA-seq when applied to CMs, thus should be taken into consideration (14).

Besides the advances made in single-cell transcriptomics, its integration with single-cell epigenomics, namely, scATAC-seq, provides more information on both cell clustering and interactions between gene expression and open chromatin states (15, 16). Furthermore, spatial transcriptomics (i.e., technologies that recover transcriptomic information from tissue while preserving its spatial localization) is undergoing exponential development. Spatial transcriptomics uses either multiplexed RNA imaging [e.g., sequential fluorescence in situ hybridization (seqFISH)] or spatial barcoding (e.g., Visium, slide-seq) (5). Because the structure of the heart is complex and its tissues are highly heterogeneous, the addition of spatial information substantially improves our understanding of tissue architectures. It is also better able to uncover intercellular communications, thereby boosting the exploration of the underlying molecular pathways in the developing, normal, and diseased heart (5, 17).

In the following sections of this review, we focus on recent cardiovascular research that has applied single-cell omics technologies.



DEVELOPMENT OF THE HEART

Early scRNA-seq studies of the heart mainly focused on its development because fetal and neonatal cardiac tissues are easier to digest and their cells, including CMs, are smaller and so can pass through various single-cell platforms. Several such studies are highlighted in Table 1.


Table 1. Summary of studies of heart development.
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It had been unclear whether Mesp1+ mesoderm cells were intrinsically heterogeneous or were homogeneous but capable of multiple lineage decisions. Taking advantage of scRNA-seq, Chan et al. unraveled the heterogeneity of Mesp1+ mesoderm cells from mouse embryonic stem cell (ESC)-derived embryoid bodies (18). Lescroart et al., by examining Mesp1+ cardiac progenitor cells (CPCs) as well as Mesp1-expressing cells in the Mesp1 knockout context, found that Mesp1 was essential for exit from the pluripotent state and for induction of the cardiac gene expression program (19).

Efforts to establish a transcriptomic atlas of the developing heart have been undertaken by multiple teams. By investigating >1,200 cells from murine heart chambers of different developmental stages, DeLaughter et al. not only successfully clustered CMs, endothelial cells (ECs), and fibroblast-enriched cells, but also identified markers of temporal- and chamber-specific developmental programs (e.g., genes involved in cell cycle at embryonic day 9.5–11.5 and genes involved in cellular growth and CM differentiation between embryonic day 14.5 and postnatal day 3) (20). Li et al. used a similar approach together with a random forest algorithm to reconstruct the spatial origins of single CMs (21). Both studies demonstrated that Nkx2-5 deficiency led to failure of CM maturation (20, 21). Jia et al. integrated scRNA-seq and scATAC-seq in Nkx2−5+ and Isl1+ CPCs, enabling developmental trajectories to be reconstructed and revealing that Isl1+ CPCs passed through an attractor state before segregating into different developmental branches, whereas continued expression of Nkx2-5 established a unidirectional CM fate for CPCs (15). A similar analysis of Nkx2−5+ and Isl1+ CPCs found interactions between first and second heart field CPCs, with second heart field CPCs attracted to the first heart field-populated heart tube region through MIF (macrophage migration inhibitory factor)-CXCR2/CXCR4 chemotaxis, contributing to the growth of the outflow tract and right ventricle (22). Furthermore, using genetic lineage tracing and live imaging, Ivanovitch et al. discovered the temporal order in which different cardiac lineages arose within the primitive streak: the progenitors of the left ventricle at the mid-streak stage, those of the right ventricle at the late-streak stage, and those of the outflow tract and atria at the no-bud to early-bud stage. More importantly, scRNA-seq demonstrated distinct molecular signatures of these subpopulations of primitive streak cells, indicating their prepatterned fate in the primitive streak before migration (23). Using a Boolean network-based lineage-specifier prediction method in the downstream analysis of scRNA-seq of mouse embryos as an alternative approach, de Soysa et al. identified Hand2 as a specifier of outflow tract cells. Hand2-null mouse embryos failed to specify outflow tract myocardium, whereas the right ventricle myocardium was specified but not properly differentiated and migrated, which was associated with disrupted anterior–posterior patterning of CPCs (24).

With a focus on epicardium-derived cells (EPDCs), Xiao et al. demonstrated that epicardium conditional knockout of Lats1/2, encoding LATS1 and LATS2 that are negative regulators in the Hippo signaling pathway, caused arrested differentiation into fibroblasts and defective coronary vasculature remodeling (25). Quijada et al. also investigated epicardial contributions to the growing coronary plexus by applying scRNA-seq to EPDCs and uncovered a Slit2+ subpopulation that emerged following epithelial-to-mesenchymal transition (EMT). Genetic disruption of EMT altered the expression of vascular guidance cues such as Slit2 and disturbed EC maturation and localization in the coronary vasculature (26). Su et al. analyzed sinus venosus-derived ECs, discovered that the vein cells underwent an early cell fate switch to pre-artery ECs, and identified the transcription factor NR2F2 as a vein specifier, whose overexpression prevented differentiation to the pre-artery population via the induction of cell cycle genes (28). By performing a genome-wide association study (GWAS) in humans, Wunnemann et al. detected mutations in ADAMTS19 that are responsible for valvular diseases. They then applied scRNA-seq to wild-type and Adamts19-null murine heart at embryonic day 14.5 and identified Admats19 as a marker of valve interstitial cells. Gene regulatory network analysis helped to identify the Wnt-Adamts19-Klf2 axis as being essential for valve development (30). Another study of murine postnatal valve leaflets demonstrated that, whereas subpopulations of ECs and immune cells were comparable between day 7 and 30, interstitial cells were more diverse at postnatal day 30, expressing complement factors, extracellular matrix proteins, and osteogenic genes (31). Wang et al. analyzed the dynamic change of subtypes of non-CMs along with postnatal CM maturation in murine hearts. scRNA-seq of CMs and non-CMs of murine hearts at postnatal day 1, 4, 7, 14, and 56 showed that fibroblasts increasingly expressed maturation promoting genes such as Dcn. Co-culture experiments demonstrated that maturation of CMs was promoted when co-cultured with adult fibroblasts, but not with neonatal fibroblasts. Their results indicated fibroblasts subtype switching as a crucial microenvironmental event regulating postnatal CM maturation (32).

Development of the conduction system has also attracted researchers' interest. Goodyer et al. performed scRNA-seq on cells from murine embryonic heart regions including the conduction system. The study revealed clusters of sinoatrial node cells, atrioventricular node/His cells, and Purkinje fiber and transitional Purkinje fiber cells, thus delineated the first transcriptional landscape of the developing cardiac conduction system (33). Suryawanshi et al. investigated single-cell transcriptomes from healthy human fetal hearts and a fetal heart with autoimmune-associated congenital heart block and showed, through a comparison with normal fetal hearts, that the fetal heart with autoimmune-associated congenital heart block exhibited increased interferon responses of varying degrees in all cell types. Additionally, matrisome transcripts were highly enriched in the fibroblasts and smooth muscle cells in the congenital heart block sample compared with healthy hearts, indicating their contribution to fibrosis (34).

Other studies of human heart development, although rare, have also been conducted to unravel the human-specific features. Cui et al. identified cell types from human fetal hearts and compared their gene expression profiles with those of mice (36). A study of human ESC-derived cardiac derivates and human embryonic/fetal hearts revealed a human-specific cono-ventricular progenitor population marked by LGR5. LGR5 (leucine rich repeat containing G protein-coupled receptor 5) is a receptor for R-spondins, which is involved in the WNT signaling pathway. LGR5+ progenitors were shown to promote cardiogenesis via expansion of committed cardiac intermediates (35). Lahm et al. identified four congenital heart disease-associated genes—MACROD2, GOSR2, WNT3, and MSX1—by GWAS and explored their expression in embryonic and adult human heart by scRNA-seq. They found that MACROD2, GOSR2, WNT3, and MSX1 were highly expressed throughout development and that MACROD2 expression persisted in adult heart (37).

More recent research implemented multiple advanced technologies along with scRNA-seq. Asp et al. generated the first spatiotemporal cell atlas for human developing heart by integrating scRNA-seq, spatial barcoding, and multiplexed RNA imaging (38). Tyser et al., by combining scRNA-seq with genetic lineage labeling and abundant imaging modalities including multiplexed RNA in situ hybridization in murine embryonic hearts, identified and located the CPC subpopulations. Via this spatial transcriptomic approach, they unraveled a previously unknown progenitor subpopulation marked by Mab21l2 that located at the rostral border of the cardiac crescent and contributed to both CMs and epicardium. Mab21l2 (Mab-21 like 2) was previously known to be required for neural and eye development, was here implied to represent the earliest progenitors of the epicardium (39). By integrating scRNA-seq and spatial transcriptomics in developing chicken hearts, Mantri et al. identified spatially restricted genes in cardiac tissue during development. They found that TBX5 was enriched in the left ventricle compared with the right but decreased from embryonic day 7 to 14 and that CHGB expression was restricted to the right ventricle from day 7 onward. In addition, they discovered a TMSB4X-expressing subpopulation that overlapped with coronary vascular cells throughout coronary development. TMSB4 (thymosin β4) participates in regulating actin polymerization, thus is involved in cell proliferation, migration, and differentiation. Its role in heart development had long been under significant debate, given the paradoxical results of several previous Tmsbx knockout and knockdown experiments in mouse models, and was provided deeper insights into by this study (40). Undoubtedly, the latest technological advances, represented by spatial transcriptomics, are furthering our understanding of the molecular mechanisms of cardiac development.



HOMEOSTASIS OF THE ADULT HEART

Single-cell omics approaches have also been implemented in studies of adult mice and humans in homeostasis (Table 2), with more studies focusing on non-CMs than on CMs. Yekelchyk et al. performed scRNA-seq on murine CMs using the iCELL8 platform, finding that gene expression was homogeneous between mono- and multi-nucleated CMs in heathy ventricles (41). By performing scRNA-seq on non-CMs of murine heart, Skelly et al. detected major cell types and transcriptional heterogeneity, revealed communications between cell types, and showed cell type-specific sexual dimorphism of cardiac gene expression, such as male upregulation of Irf8 (interferon regulatory factor 8) and female upregulation of Tsc22d3 (TSC22 domain family member 3, a transcription factor implicated in anti-inflammatory functions) in macrophages. Their results provided molecular cues for the sexual difference of cardiac responses to the environmental insults (42). Chakarov et al. identified two distinct interstitial macrophage populations occupying different niches, which were conserved across lung, heart, fat, and dermis tissues: Lyve1lowMHCIIhighCX3CR1high and Lyve1highMHCIIlowCX3CR1low monocyte-derived interstitial macrophages. They also demonstrated that depletion of Lyve1highMHCIIlowCX3CR1low interstitial macrophages exacerbated lung and heart fibrosis (43), which was highly consistent with the results obtained using a mouse MI model (55). Macrophages also facilitate conduction in the atrioventricular node. Genes involved in cardiac conduction are enriched in macrophages from the atrioventricular node when compared with those from other tissues. Atrioventricular node macrophages highly express Cx43, contributing to the gap junctions that link them to neighboring CMs (44). In regard to the conduction system, quantitative proteomics of the murine sinus node demonstrated a remarkable abundance of ion channels responsible for the pacemaking process (e.g., HCN4), which were indicated by snRNA-seq to be predominantly expressed by sinus node myocytes (45). Liang et al. then verified the existence of a cell cluster in the sinus node marked by Hcn1 and Hcn4, where Vsnl1 was also highly expressed. VSNL1 (visinin-like 1) is a member of visinin/recoverin subfamily of neuronal calcium sensor proteins, and is involved in calcium signaling pathways. Adeno-associated virus-mediated knockdown of Vsnl1 in mice resulted in a reduced heart rate and decreased expression of Hcn4, Cacna1d, Cacna1i, and Serca2a, but not that of Ryr2 or of the genes involved in potassium channels (46).


Table 2. Summary of studies of homeostasis of the adult heart.
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Cardiac ECs are another research interest. Paik et al. re-explored the scRNA-seq data from tissue-specific ECs in the Tabula Muris (4) and demonstrated that cardiac ECs could be classified as a separate cluster, even though they had considerable transcriptomic overlap with ECs from other tissues (47). Yucel et al. unexpectedly observed that adult murine cardiac ECs actively expressed cardiac myofibril genes such as Tnnt2 and Myh6, which was consistent with the analytical results of multiple datasets; this result was validated by RNA in situ hybridization. They also showed that cardiac ECs had open chromatins at cardiac myofibril gene promoters, suggesting that the results were not due to technical contamination or paracrine transfer of mRNA. Interestingly, the accessibility of cardiac myofibril genes was no longer maintained in cardiac ECs upon culture. Although the significance of the expression of cardiac myofibril genes in cardiac ECs is still unclear, the authors hypothesized that those genes played a role in maintaining cardiac EC maturity and specificity, which needs further investigation (48). Hu et al. used scRNA-seq to analyze cells from human aorta, pulmonary artery, and coronary arteries collected from patients who underwent heart transplantation. Artery-specific cell subpopulations with distinct transcriptional profiles were identified in vascular smooth muscle cells and fibroblasts, but not in ECs (49).

Recently, efforts have focused on depicting the full picture of the cell atlas of the whole heart. snRNA-seq of murine hearts successfully clustered distinct cell subpopulations, including immune cells, cells of neuronal origin, and cardiac glial cells (50). With snRNA-seq, Vidal et al. investigated the transcriptomes of murine hearts of 12-week-old and 18-month-old, and found upregulated angiogenesis-related extracellular protein-encoding genes in aged hearts, indicating an affected paracrine crosstalk between fibroblasts and ECs during aging. In vitro experiments confirmed that conditioned medium derived from aged fibroblasts showed a reduced angiogenic property, which was mediated by an impairment of EC function (51). In humans, samples of myocardium from cardiac chambers, rather than of the whole heart, have been studied. By applying snRNA-seq to biopsied human cardiac chambers, Tucker et al. showed that CMs were the most spatially heterogeneous of the distinct cell types. Furthermore, by combining the snRNA-seq results with GWAS data for cardiometabolic traits, they revealed that genes at the loci associated with heart rhythm were enriched in CMs, whereas those at the loci associated with coronary artery disease were enriched in pericytes (52). Litvinukova et al. investigated full-thickness biopsy samples from deceased transplant donors and were able to provide more in-depth information, predicting different intercellular communications among immune cells, CMs, and fibroblasts between ventricles and atria (53). Wang et al. integrated scRNA-seq and scATAC-seq for non-CMs in murine hearts and revealed the heterogeneity of non-CM populations and their subpopulations at transcriptomic and epigenomic levels. Cardiac fibroblasts were classified into three distinct functional states related to response to stimuli (marked by Hsd11b1; 11β-hydroxysteroid dehydrogenase type 1), the cytoskeleton (marked by Gfpt2; glutaminefructose-6-phosphate transaminase 2, involved in the hexosamine biosynthesis pathway), and immune regulation (marked by C1qa), respectively. Importantly, they also identified differential accessibilities of the cis-regulatory elements among different subpopulations of each cell type that potentially regulate the expression of marker genes (54). The success of these studies indicates that single-cell omics represents an indispensable toolbox for broadening our insights into the homeostasis of the adult heart, particularly the heterogeneity of cells and their functions, as well as intercellular communications.



MYOCARDIAL INFARCTION/ISCHEMIA-REPERFUSION INJURY

In addition to development and adult homeostasis, single-cell omics approaches have played a crucial role in research into diseased hearts (Table 3). MI, as a consequence of atherosclerotic disease, may have a marked effect on cardiac function and quality of life. The toolbox from single-cell omics technologies has enabled detailed investigation of not only the cells involved in the process of plaque formation and rupture, but also the ischemic myocardium that is susceptible to remodeling (71).


Table 3. Summary of studies of myocardial infarction or ischemia-reperfusion injury.
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MI has long been known to involve both pro- and anti-inflammatory cascades. King et al. were the first to apply scRNA-seq to leukocytes isolated from infarcted and non-infarcted murine hearts, finding that MI induced an IRF3-dependent type I interferon response in a distinct subpopulation of cardiac macrophages and that interruption of IRF3-dependent signaling decreased the cardiac expression of inflammatory cytokines and chemokines and improved cardiac function (56). Cardiac-infiltrating neutrophils were demonstrated to locally acquire a SiglecFhigh ICAMhighCXCR4high state from day 3 after MI, indicating local neutrophil activation and aging. Similar neutrophil subpopulation was also found in atherosclerotic aortas, suggesting their roles both in acute and chronic cardiovascular inflammation (57). Regulatory T cells (Tregs) accumulated in the injured myocardium after MI or ischemia-reperfusion injury. The majority of these heart Tregs were derived from the circulating Treg pool; a considerable fraction of them experienced clonal expansion and displayed a unique T-cell receptor repertoire. Importantly, extracellular matrix-associated genes, including Sparc, were enriched in heart Tregs compared with other Tregs. Further experiments revealed that heart Tregs contributed to increased collagen content and prevented rupture and that Sparc was critical in this process (58). After MI, cardiac B cells also accumulated rapidly via the CXCL13-CXCR5 axis but were largely polyclonal and contributed to local TGFβ production, indicating their involvement in fibroblast activation (59).

Fibroblasts are directly involved in post-infarct scar formation. Gladka et al. performed scRNA-seq on cells sorted by FACS with a 130-μm nozzle from infarcted and control murine hearts and were able to identify distinct clusters of CMs, fibroblasts, ECs, and macrophages. A subset of activated fibroblasts was revealed to be specific to injured hearts and to strongly express Ckap4. CKAP4 (cytoskeleton associated protein 4) is a transmembrane receptor whose function in cardiac fibroblasts had remained unknown. In vitro inhibition of Ckap4 resulted in increased expression of genes related to activated fibroblasts after TGFβ induction, suggesting a modulating function for CKAP4 in fibroblast activation (60). Molenaar et al. focused on the ligands upregulated in CMs 1 day after ischemia, whose cognate receptors were expressed by another cell type, and detected B2m (β2 microglobulin) in CMs and its receptors in fibroblasts. In vitro experiments demonstrated that fibroblasts expressed myofibroblast markers when cultured with B2M (61). Farbehi et al. discovered a novel fibroblast subpopulation with upregulated Wif1 expression, in sham hearts, which persisted after MI, had an anti-WNT/CTGF/TGFβ signature, and interacted with ECs. Immunofluorescence revealed WIF1+ fibroblasts in close proximity with ECs in the border zone at post-MI day 3, but not in sham or post-MI day 1 or 7 hearts, indicating the injury-dependent and post-transcriptional regulation of WIF expression, and its function of inhibiting fibrosis and angiogenesis in post-MI repair (62). By investigating the murine heart 14 days after MI, Kretzschmar et al. identified a subpopulation of proliferative fibroblasts resembling neonatal cardiac fibroblasts, which presented with upregulated Fstl1 (follistatin-like 1, which had been known to be expressed in adult cardiac fibroblasts). Conditional knockout of Fstl1 in fibroblasts induced less proliferative cells at the infarct and border zones and lead to more cardiac ruptures, indicating the importance of autocrine FSTL1 signaling in preventing rupture (63). Longitudinal scRNA-seq analysis of murine heart interstitial cells from post-MI day 1 to 28 uncovered a dynamic shift in the subpopulations. In particular, epicardial-derived injury-response fibroblasts arose immediately after MI and were replaced by myofibroblasts, followed by matrifibrocytes and late-response fibroblasts. Different strains of mice exhibited different post-MI dynamics of fibroblasts, which was related to the risk of cardiac rupture (64). Yokota et al. demonstrated that a deficiency in type V collagen resulted in a paradoxical increase of scar tissue, where mechanical properties of scars were altered, and myofibroblasts were induced (65).

ECs are involved in angiogenesis after MI and have thus been another target of single-cell studies. Li et al. discovered that clonal proliferation of resident ECs occurred in the infarct border zone, in which Plvap was enriched. PLVAP (plasmalemma vesicle associated protein) had been known as an EC-specific membrane protein involved in the formation of transendothelial channels and microvascular permeability. In vitro inhibition of Plvap reduced EC proliferation, indicating its involvement in neoangiogenesis (66). Li et al. also observed transient endothelial mesenchymal activation, but the extent to which was comparable between post-MI day 7 and sham. By contrast, Tombor et al. demonstrated that ECs underwent transient mesenchymal activation on days 1 to 7 after MI, which returned to homeostasis afterwards, indicating its involvement in facilitating regeneration of the vascular network via EC migration and clonal expansion (67). A crosstalk between injured CMs and ECs has also been identified: transcription factor Zeb2 expression was upregulated in injured CMs, which facilitated the release of TMSB4 and PTMA (prothymosin α). Overexpression and knockdown experiments of Zeb2, Tmsb4x, and Ptma in iPSC-derived CMs clearly demonstrated their involvement in enhancing EC proliferation and migration (68).

Kuppe et al. integrated snRNA-seq, single-nucleus assay for transposase-accessible chromatin sequencing (snATAC-seq), and spatial transcriptomics in human heart tissues from patients with and without a history of MI. Trajectory analysis from snRNA-seq and snATAC-seq data revealed an increase in both the expression and the transcription factor motif accessibility of RUNX1 in fibroblasts, as well as in their differentiation to myofibroblasts. In vitro experiments then validated that RUNX1 amplified TGFβ signaling and thus mediated myofibroblast differentiation (69). Zhang et al. developed a triple-transgenic mouse model (αMHC-MerCreMer; RFPfl/GFP; Myh6-H2BBFP6xHis, tamoxifen treated) for fate mapping of CMs after MI. They discovered an increase in the rare GFP+BFPlow CMs in post-MI hearts compared to sham hearts that presented with a high BrdU+ incorporation rate, which were thought to represent dedifferentiated CMs. snRNA-seq also detected an increased BFP− proportion in post-MI CMs, within which Mki67, Runx1, and cell cycle genes were expressed in a higher level. They further showed that pathways for cardiac contraction and rhythm were downregulated, and pathways for survival/proliferation and extracellular matrix receptor interaction were upregulated (70).

MI is not a local event but rather a spatiotemporally heterogeneous state of disease involving the entire heart. The conventional approach for increasing the spatial resolution in earlier studies was dissecting infarct hearts into ischemic zone, border zone, and remote zone. To this end, spatial transcriptomics adds a continuous spatial resolution to the transcriptomic information, which is being used in ongoing research into MI.



HEART FAILURE AND MISCELLANEOUS

HF presents with various underlying causes and culminates in cardiac dysfunction and pump insufficiency, with the most often used experimental animal model of HF being transverse aorta constriction (TAC)-induced pressure overload in mice (Table 4). See et al. investigated single nuclei from CMs in the mouse pressure overload model, in which CMs accurately segregated into clusters specific to sham or TAC groups. Weighted gene co-expression network analysis (WGCNA) revealed a disease module in which the long non-coding RNAs (lncRNAs) Gas5 and Sghrt were identified as key nodal regulators and were correlated with cell cycle genes and the fetal reprogramming marker Nppa, providing early evidence for lncRNA-regulated state alteration in stress-response CMs (72). Nomura et al. investigated CMs at various time points after TAC and revealed that activated p53 signaling in the late stage of hypertrophy facilitated the HF gene program (73). They also analyzed single-cardiomyocyte transcriptomes from patients with HF and confirmed the conservation of pathological gene programs. Ren et al. used the iCELL8 platform for scRNA-seq of both CMs and non-CMs in murine hearts after TAC and revealed that fibroblasts underwent a subtype switching away from protective features at the initial stage of hypertrophy. The study also showed that the macrophages switched toward a pro-inflammatory state and that their considerable interaction with CMs was associated with deterioration of cardiac function (74). With the iCELL8 platform, Wang et al. constructed a comprehensive resource of single-cell transcriptomes of both CMs and non-CMs from normal, failed, and recovered human heart biopsy samples. In addition to revealing the inter- and intra-compartmental CM heterogeneity, a major finding of this study was that ACKR1+ ECs, which had a protective function and possessed the highest counts of interactions with other cell types, decreased in failed hearts. This observation was validated by in vivo experiments where injection of ACKR1+ ECs rescued cardiac function after MI by increasing vessel density in both infarct and border regions in mice (10). Zaman et al. demonstrated that cardiac macrophages in the acute and chronic phase after angiotensin II-induced hypertensive stress were enriched in Igf1-containing reparative pathways related to wound healing and angiogenesis and that conditional knockout of Igf1 in tissue-resident macrophages inhibited adaptive CM hypertrophy and led to cardiac dysfunction after long-term hypertensive stress (75). Besides the interaction with CMs, cardiac macrophages have also been reported to activate fibroblasts through paracrine signaling in HF. Ramanujam et al. applied ligand–receptor pair analysis to scRNA-seq data from non-CMs in pressure-overloaded murine hearts by analyzing the transcripts of secreted protein ligands in one cell type and their receptors in another cell type, and predicted that M1 like macrophages interacted with activated fibroblasts via secreted proteins such as TGFβ and fibronectin. These interactions were demonstrated to be mediated by macrophage miR-21, depletion of which rescued hypertrophic phenotype after TAC (76). Martini et al., by sequencing cardiac CD45+ cells, showed increases in Osm+ pro-inflammatory macrophages, as well as Pdcd1+ Tregs, in pressure-overloaded murine hearts when compared with healthy hearts (77).


Table 4. Summary of studies of heart failure.
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Single-cell omics approaches have also played important roles in recent studies investigating SARS-CoV-2–associated cardiac injury. ACE2 (the cellular receptor for virus spike protein) is expressed in CMs and pericytes and is upregulated at both mRNA and protein levels in failing hearts, indicating a vulnerability of these cell states to infection (78, 79). By combining phosphoproteomics and snRNA-seq, Mills et al. reported that the inflammatory response in human cardiac organoids was mediated by STAT1 and epigenetic activation, including BRD4 (bromodomain containing 4, a member of bromodomain and extraterminal protein family). They then validated the results in the hearts of SARS-CoV-2–infected K18-hACE2 mice. Bromodomain and extraterminal family inhibitors were identified as drug candidates that could prevent COVID-19–mediated cardiac damage (80).



FUTURE PERSPECTIVES

Single-cell omics technologies are advancing rapidly and are being applied to a wide range of research subjects. Meanwhile, enabled by progress in bioinformatic analysis, the integration of multi-omics data, as well as spatial transcriptomics, is becoming more common and is providing us with more comprehensive information. These technologies offer deeper insights into the molecular pathways involved in heart development, homeostasis, and specifically in cardiovascular diseases and are thus helping to identify therapeutic candidates.

Besides elucidating pathophysiology, single-cell omics can also contribute to precision medicine. The response to treatment in cardiovascular diseases is non-uniform, as in other organ systems, and this might be associated with interindividual differences in not only genetic backgrounds but also cell populations and microenvironment. Single-cell omics enables assessment of cell populations, functional states, and intercellular communications and thus can enhance patient-specific understanding of diseases alongside the use of existing diagnostic tools. Kim et al. exemplified how single-cell analysis can facilitate a personalized therapeutic approach in a patient with drug-induced hypersensitivity syndrome/drug reaction with eosinophilia and systemic symptoms (81). Such an application to cardiovascular diseases is expected in the near future.
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Case Report: Whole Exome Sequencing Identifies Compound Heterozygous Variants in TSFM Gene Causing Juvenile Hypertrophic Cardiomyopathy
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We report a case of hypertrophic cardiomyopathy and lactic acidosis in a 3-year-old female. Cardiac and skeletal muscles biopsies exhibited mitochondrial hyperplasia with decreased complex IV activity. Whole exome sequencing identified compound heterozygous variants, p.Arg333Trp and p.Val119Leu, in TSFM, a nuclear gene that encodes a mitochondrial translation elongation factor, resulting in impaired oxidative phosphorylation and juvenile hypertrophic cardiomyopathy.
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INTRODUCTION

Inherited mitochondrial diseases, or diseases leading to a defect in mitochondrial oxidative phosphorylation, are estimated to occur in 1 in 5,000 live births (1). Mitochondrial diseases are uniquely under dual control by the maternally inherited mitochondrial genome and the Mendelian-inherited nuclear genome. There is a total of 37 genes in the mitochondrial genome coding for rRNAs, tRNAs, and subunits of the respiratory chain. In contrast, there are over 900 nuclear gene products that code for mitochondrial component. In adults, the vast majority of identified mitochondrial respiratory chain defects are associated with mitochondrial DNA (2). In children however, pathogenic variants in mitochondrial DNA are estimated to account for <10% of all mitochondrial disorders, with nuclear DNA defects being the main cause of mitochondrial disease (2). With the advent of next generation sequencing platforms, including whole exome sequencing (WES), nuclear DNA-encoded genes are increasingly recognized to also cause mitochondrial respiratory chain defects. A growing number of disease-causing variants in nuclear genes are being identified including elongation factors (EF-Ts), mitoribosomal proteins, aminoacyl tRNA synthetases, and release factors.

Mitochondrial diseases present heterogenously affecting multiple organ systems with variable clinical severity, but they particularly affect organs with high metabolic demand such as the heart due to the crucial role of mitochondria in energy production. One of the most common cardiac manifestations is cardiomyopathy, occurring in 20–40% of children with mitochondrial diseases (3). Primary mitochondrial cardiomyopathy is defined as abnormal myocardial structure or function caused by genetic defects involving the mitochondrial respiratory chain without the presence of coronary artery disease, hypertension, valve disease, or congenital heart disease. The clinical phenotype of mitochondrial cardiomyopathy is highly variable. In the pediatric population, inborn errors of metabolism account for <10% of pediatric cardiomyopathy, with a large proportion of these cases being primarily due to mitochondrial oxidative phosphorylation defects (4). The most commonly affected nuclear and mitochondrial encoded genes with pathogenic variants causing pediatric mitochondrial cardiomyopathies are systematically reviewed by Enns et al. (2).

Herein, we report a unique case of primary mitochondrial cardiomyopathy in a female toddler who presented with cardiomegaly and advanced left ventricular failure at 3 years of age. Blood lactate, lactate-to-pyruvate ratio, brain type-natriuretic peptide (BNP) and cardiac troponin levels were elevated. Biopsies from cardiac and skeletal muscles exhibited mitochondrial hyperplasia of abnormal morphology and diminished complex IV activity. Targeted sequencing of mitochondrial encoded genes was negative. Trio (proband and parents) WES revealed novel compound heterozygous variants in TSFM [NM_001172696.2; OMIM 604723], a nuclear gene encoding a mitochondrial translation elongation factor (EF-T), that resulted in impaired mitochondrial biogenesis and respiratory function, leading to early-onset hypertrophic cardiomyopathy. Highlighted in this report are the unique pathological and molecular features of this extremely rare mitochondrial cardiomyopathy.


History of Presentation

The proband is a previously healthy 3-year-old female of non-consanguineous Caucasian parents, who presented with a 10-day history of cough, rhinorrhea, fever, and diarrhea and a 2-day history of emesis, found to have severe cardiomegaly on X-ray (Figure 1A). She had no prior history of shortness of breath, syncope or chest pain. She was born at term without complications after an uneventful pregnancy. Early growth and development were typical (able to walk by 14 months) and she reported no difficulty with running and keeping up with peers. Her older sister and both parents were healthy. The family history was significant for a paternal grandfather with adult-onset coronary artery disease, but otherwise non-contributory. There was no history of congenital disease or sudden infant deaths in the family. Physical examination was largely unremarkable. Three generation-family pedigree is shown in Figure 1B.


[image: Figure 1]
FIGURE 1. Clinical Presentation of the Proband. (A) Chest X ray on admission demonstrating severe cardiomegaly. (B) Three-generation family pedigree: III-1, Index case; II-1, father carries the c.355G>C (p.Val119Leu) variant; II-2, mother carries the c.997C>T (p.Arg333Trp) variant. III-2, older healthy sister that has not been tested; No other family history of heart disease besides [I-1], grandfather with coronary heart disease. (C) Graphs representing summary of serum brain-natriuretic peptide (BNP), cardiac Troponin T, and Lactate levels during the first 10 h after admission. (D) Representative echocardiogram, apical views on admission during systole (a) and diastole (b) demonstrating global left ventricular hypokinesis with estimated EF of 10–15%, significant concentric hypertrophy of the left ventricle, normal coronary arteries take offs, circumferential effusion without chamber compression measuring 14 mm posterior and 8 mm anterior, mild mitral regurgitation. *Please see accompanied Supplementary Videos included in Supplementary Materials.




Investigations


Clinical Workup

On admission, a chest X-ray demonstrated profound cardiomegaly (Figure 1A). Her BNP, cardiac troponin, and serum lactate were elevated (Figure 1C). She was found to have severe dilated cardiomyopathy with concentric left ventricular thickening and an ejection fraction (EF) of 10-15% per Echocardiography (Figure 1D and Supplementary Video). Her EKG was profoundly abnormal with huge voltages suggesting a storage disease (Supplementary Figure 1). Subsequently, a cardiac catheterization was done, which demonstrated elevated filling pressures in both ventricles and increased systemic vascular resistance, but normal caliber coronary arteries, aorta, and renal arteries, effectively ruling out renal artery stenosis and aortic coarctation as causes of the cardiomyopathy. Infectious workup for myocarditis also came back negative. Metabolic workup revealed metabolic acidosis (PH 7.3), mildly elevated blood lactate level of 2.94 nmol/L (norm: 0.56–1.39) with a lactate/pyruvate ratio of 18.375 (pyruvate: 0.16 nmol/L, norm: 0.03–0.2).



Biopsy Findings

An endomyocardial biopsy taken at the time of the catheterization revealed prominent vacuolar cardiomyocytes with finely granular component in hypertrophied myofibers, likely representing mitochondrial hyperplasia. Periodic Acid Schiff (PAS) staining of the cardiac specimen revealed no glycogen storage abnormalities, and no evidence of inflammation or necrosis was detected (Figures 2A–C). At the ultrastructural level, electron microscopic images revealed inter-myofibrillar mitochondrial hyperplasia with polymorphic features including pelaconia and megaconia forms. Relative paucity of internal cristae was observed, and linear structures representing mitochondrial DNA were noted, together, raising suspicion for a primary mitochondrial disorder (Figures 2D,E).


[image: Figure 2]
FIGURE 2. Myocardium and Skeletal Muscle Biopsies Reveal Hyperplastic and Polymorphic Mitochondria and Lipid Accumulation. (A) Myocardium: H&E X40 shows diffuse generalized granular vacuolization likely representing mitochondria. (B) Myocardium: Mason Trichrome X40 reveals minimal fibrosis. (C) Myocardium: Periodic Acid Schiff (PAS) X40 Negative staining indicates absence of abnormal glycogen content. (D,E) Myocardium: Electron microscopy– myocardium X11000 (D) and X22000 (E): Mitochondrial hyperplasia, pleoconia, and megaconial forms and loss of internal cristae; Stars indicate mitochondria of variable and abnormal size. (F) Skeletal Muscle: H&E X40 Moderate fiber size variation with occasional atrophic fibers (white arrow). No evidence of degeneration/regeneration/inflammation. (G) Skeletal Muscle: PAS X40 Mild glycogen accumulation. (H) Skeletal Muscle: Oil Red O X10 Increased cytoplasmic lipid. (I) Skeletal Muscle: SDH X40 complex II mitochondrial respiratory chain enzyme-normal appearance. (J,K) Electron microscopy-skeletal muscle direct magnification of X11000 (J) and X8900 (K): Mitochondria are normal in size and shape (yellow arrows); there is slight increase in cytoplasmic Glycogen (orange star) lipid (blue arrowhead).


Two skeletal muscle biopsies from the thigh (quadriceps muscle) were subsequently obtained to assess for global myopathy. The skeletal muscle showed evidence of lipid and glycogen accumulation suggestive of a combined lipid and glycogen storage myopathy and there was T1 myofiber predominance with preferential type 2 myofiber atrophy (Figures 2F–H). A primary carnitine deficiency or glycogen storage disorder was suspected. However, plasma free/total acyl-carnitine profile was normal and analysis of exons 2-20 of the glucosidase alpha acid (GAA) gene from her blood revealed no mutation known to be associated with Glycogen Storage Disease II/Pompe disease (Supplementary Table 1). No mitochondrial abnormality was detected by immunohistochemistry (Figure 2I), and electron microscopy analysis of skeletal myotubes was essentially normal (Figures 2J,K). Hence, biochemical analysis of mitochondrial electron transport complexes was performed on skeletal muscle specimen homogenate and revealed significant reduction in COX activity (16% of the controls) consistent with deficient electron transport complex IV deficiency.



Genetic Workup

The phenotype of mitochondrial IV deficiency can be contributed by disease-causing variants in the mitochondrial genome or in the nuclear mitochondrial genes. To identify the potential genetic defect responsible for the observed cardiac phenotype, a targeted sequence analysis of the mitochondrial DNA coding genes for COX (Complex IV) subunits, COI, COII, and COIII was first performed but no known pathogenic variants were identified. Likewise, the nuclear genes associated with complex IV including COX10, COX15, COX6B1, SCO1, SCO2, SURF1, and TACO1, were sequenced, and no significant variations were detected. Sequencing of FASTKD2, a nuclear gene that is involved with mitochondrial RNA maturation, was also negative for deleterious variants.



Whole Exome Sequencing

Trio WES was subsequently performed on the proband and both parents. No regions of homozygosity [>5 MB] were identified in the proband's genome suggesting there is no evidence of consanguinity, large deletions or uniparental disomy. Two novel compound heterozygous variants in the TSFM gene (NM_001172696.1) were detected in trans: c.997C>T [p.(Arg333Trp)] and c.355G>C [p.(Val119Leu)] (Figures 3A–D). Both variants were confirmed in the proband DNA through Sanger sequencing (Figure 3E). Pathogenic Variants in TSFM are known causal for autosomal recessive combined oxidative phosphorylation deficiency type 3 syndrome (COXPD3) [OMIM: 610505] with heterogenous clinical presentation including cardiomyopathy, encephalopathy, leigh disease, ataxia, or combinations of these disorders. TSFM encodes the mitochondrial translation elongation factor Ts. The encoded protein (EF-Ts, 346 aa) is an enzyme that catalyzes the exchange of guanine nucleotides on the translation elongation factor Tu during the elongation step of mitochondrial protein translation, thereby, brings an amino-acylated tRNAs to the ribosomal A site as a ternary complex with guanosine triphosphate (GTP).
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FIGURE 3. Compound Heterozygous Variants of TSFM Revealed by Trio (Proband/Parents) Whole Exome Sequencing (WES). (A) Table summary depicts rare compound heterozygous variants in TSFM genes detected by WES. (B) Schematic representation of TSFM gene (upper) and TSFM protein (lower) and known structural motifs. Black arrows indicate exons affected by deleterious mutations. Red arrows indicate the positions of AA substitutions in TSFM protein sequence caused by TSFM variants. (C,D) Integrated genomic viewer windows depict tow heterozygous variants in TSFM in the proband genome, the maternally inherited c.997C>T (C) and the paternally inherited c.355G>C (D). (E) Sanger sequencing confirms that both TSFM variants are in trans configuration in the proband DNA.


The maternally inherited variant c.997C>T is predicted to be a p.(Arg333Trp) change in the EF-Ts subdomain interacting with EF-Tu and has been previously reported as pathogenic (5–7) (dbSNP; rs121909485) and disease-causing for COXPD3 (ClinVar ID: 5379). The paternally inherited c.355G>C is predicted to be a p.(Val119Leu) change. This variant was not previously reported in literature or Clin Var, and was annotated as a variant of uncertain significance (VUS) in Varsome https://varsome.com/variant/hg38/rs863224936?annotation-mode=germline. This variant is not observed in the normal population database, gnomAD, and is highly evolutionally conserved. Substitution of Valine with Leucine is predicted to be deleterious/probably damaging by three in silico prediction algorithms (SIFT, PolyPhen2, Condel). Being in trans with a known pathogenic variant in a known autosomal recessive disease that fits the phenotype of the patient well, the variant is classified as likely pathogenic according to published American College of Medical Genetics and Genomics (ACMGG) standards and guidelines and this compound heterozygous genotype is considered diagnostic.




Management

On admission, she was treated with continuous intravenous (IV) infusion of milrinone (0.3-1.0 mcg/kg/min) for ionotropic support and afterload reduction, IV furosemide for diuresis, and IV heparin for anticoagulation. The patient was also initially given continuous IV infusion of epinephrine (0.01-0.04 mcg/kg/min) for 3 days, which was subsequently discontinued after lactate downtrend, and later avoided due to concern for its effect in increasing afterload. With remarkable improvement of ejection fraction from 10 to 30% and alleviation of heart failure symptoms, she was discharged with oral therapy of lisinopril, furosemide, chlorothiazide, spironolactone, and aspirin. A summary of clinical time-course and cardiac function, represented by percentage left ventricle ejection fraction (LVEF%), is shown in Figure 4.


[image: Figure 4]
FIGURE 4. Summary of Clinical Time Course of the Proband. (A) Graph depicts left ventricle ejection fraction percentage overtime. Blue dots represent the time of measurements. Orange dots represent the times of admission and related events (texts). (B) Summary of clinical time course depicts important clinical events over time. HFrEF, heart failure with reduced ejection fraction; ED, emergency department; COXPD3, combined oxidative phosphorylation deficiency 3.


At the time of this publication, the patient is 15 years old with mild symptoms of heart failure [New York Heart Association (NYHA) class II-III] and left ventricular ejection fraction >35%, but progressively worsening exercise tolerance with a maximum rate of oxygen (VO2max) of 11 ml/kg. She has a low anaerobic threshold and is not physically active though attends school and participates in usual activities of daily living. She has been hospitalized four times for acute heart failure exacerbations since her initial presentation, which typically resolve within a few days with aggressive diuresis. She was evaluated for cardiac transplantation at the time of presentation. However, she did not qualify because her heart failure symptoms stabilized on oral medications. Her chronic cardiomyopathy therapy includes aspirin, furosemide, losartan, and spironolactone. Her parents and older sister remain asymptomatic.

To date, it appears that the primary clinical manifestations and pathological findings of COXPD3 are restricted to the heart. The skeletal muscles, while exhibiting biochemical features of the disorder, seem to have been spared with no other notable organ involvement. The patient has not manifested signs of muscle weakness, though anaerobic threshold is low. Her neurological, neurosensory and executive functions remain normal.




DISCUSSIONS

In this report, we describe an isolated concentric hypertrophic cardiomyopathy in a 3-year-old proband carrying compound heterozygous variants in TSFM, the c.997C>T [p.(Arg333Trp)] variant and the c.355G>C [p.(Val119Leu)] variant, both in highly conserved regions of the TSFM protein. We present the unique histopathological characteristics and the genetic findings of this rare early-onset mitochondrial cardiomyopathy.

TSFM encodes a mitochondrial translation elongation factor Ts (EF-Ts). The encoded protein (346 aa) is a guanine nucleotide exchange factor that plays an essential function during the elongation step of mitochondrial protein translation (8). Pathogenic variants in TSFM are known causal for COXPD3 with variable presentations ranging from fatal neonatal-onset to moderate disease courses.

Disease causing variants in TSFM are extremely rare. To date, disorders caused by variants in the TSFM gene have been reported in only 17 patients and published in 11 reports. These reports are summarized in Supplementary Table 2. In terms of cardiomyopathy, variable clinical phenotypes have been correlated with TSFM pathogenic variants, including hypertrophic cardiomyopathy, dilated cardiomyopathy, arrhythmogenic cardiomyopathy with fibro-adipose replacement and biventricular failure. These cases were isolated, or associated with varying levels of multisystem involvement (Supplementary Table 2).

The p.(Arg333Trp) variant identified in our proband, has been previously detected in seven patients, transmitted in an autosomal recessive manner, manifesting with heterogeneous phenotypes and are all associated with death during infancy. Smeitink et al. reported two unrelated patients with this variant, one with mitochondrial encephalomyopathy, and another patient with concentric hypertrophic cardiomyopathy and muscular hypotonia, both of whom died at 7 weeks (5). Vedrenne et al. reported the same TSFM variant in two patients with infantile liver failure (6). Two other patients with this homozygous variant had cardioencephalomyopathy and COXPD3 (7).

The p.(Val119Leu) variant is a likely pathogenic heterozygous variant occurring at a highly conserved residue within the protein sequence, in the setting of a compound TSFM variant. Furthermore, this variant is associated with a pathogenic variant in a known autosomal recessive disease, in which the phenotypic, the histopathological findings, and the impaired mitochondrial complex IV activity are consistent with mitochondrial disease caused by pathogenic variants in the TSFM gene. Remarkably, no cases with homozygous TSFM [p.(Val119Leu)] genotype have been reported to date.

There are several important points to be highlighted in this report. Firstly, our patient's phenotype supports that EF-Ts and mitochondrial translation are critical for cardiac function in early childhood. It is estimated that about 20–30% of children with mitochondrial disease will develop hypertrophic cardiomyopathy (3). Patients with mitochondrial translation defects often present with cardiomyopathy at a young age (3); however, as seen in our patient, if patients can survive during their initial presentation, their cardiomyopathy may potentially remain fairly stable without needing a heart transplant into their adolescent years. This highlights the importance of early diagnosis and aggressive treatment to support cardiac function in the early stages, and the value of developing clinical algorithms for mitochondrial disease-related cardiomyopathy. Understanding the natural history and its correlation with genotypic information may inform treatment decisions and prioritization for heart transplantation.

Secondly, the phenotypes previously described in patients with homozygous genotype for the recurrent p.(Arg333Trp) variant caused infantile deaths, whereas our patient with a compound heterozygous variant survived infancy with a stable cardiomyopathy. Previously described compound heterozygous variants in TSFM also demonstrated improved survival with patients living into their adolescent years (8). This suggests that although the number of reported cases is not sufficient to establish a phenotype-genotype correlation, compound heterozygous mutations in TSFM appear less severe, as the severe juvenile cardiac phenotype stabilized later. The mechanism of this stabilization remains to be fully revealed, but potentially due to mitochondrial hyperplasia and residual functional EF-Ts allowing for mitochondrial translation to occur, or secondary to compensatory upregulation in EF-Tu that was demonstrated to rescue EF-Ts deficits.

Thirdly, as seen in the previously published reports of TSFM variants, phenotypes can range from mitochondrial encephalopathy to optic atrophy, Leigh syndrome, and cardiomyopathy. The reasons that underlie the high variability of phenotypes are unclear at this time (9). Tissue specific genetic modifiers likely exist, but their identification is a challenge given the rarity of these variants (5). This also leads to difficulties with providing accurate prognosis to patients and their families. From the current published TSFM cases, hypertrophic cardiomyopathy is the most common manifestation, occurring in 65% of patients. This is followed by hypotonia (41% of patients) and optic atrophy (29% of patients). Recently, TSFM has also been linked to hyperkinetic movement disorders. Continued monitoring of these patients as well as genetic screening and employing WES for early detection of new patients with similar phenotypes will be invaluable in furthering our understanding of mitochondrial oxidation phosphorylation deficiency diseases and informing clinical care.

Lastly, based on the currently reported cases, more than 75% of patients with pathogenic TSFM variants have lactic acidosis on presentation. In one TSFM case, treatment with sodium dichloroacetate (DCA), an activator of pyruvate dehydrogenase, helped decrease left ventricle mass in a patient with hypertrophic cardiomyopathy (10). Although there is currently no targeted therapy for TSFM gene variants, lowering lactate levels with DCA, in combination with L-carnitine and Coenzyme Q supplementation, may potentially lend therapeutic value in the future.



CONCLUSIONS

Pathogenic variants of TSFM gene present heterogeneously, and presentation and prognosis can be more severe in homozygous recessive cases. Our report implicates novel compound heterozygous variants, extends the morphologic phenotypes associated with TSFM mutations, and confirms that the heart is the main target. EF-Ts and mitochondrial translation apparatus are critical for cardiac function in early childhood, and if the patient survives the critical years, the cardiac status may stabilize. Isolated juvenile cardiomyopathy should prompt consideration of primary mitochondrial dysfunction caused by potential mutations in either mitochondrial or nuclear mitochondrial genes involved in the mitochondrial oxidative phosphorylation process. Whole exome sequencing can improve early detection of causal nuclear mitochondrial genes and facilitate early diagnosis, genetic counseling and discovery of novel treatment strategies.
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Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread around the world. The development of cardiac injury is a common condition in patients with COVID-19, but the pathogenesis remains unclear. The RNA-Seq dataset (GSE150392) comparing expression profiling of mock human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) and SARS-CoV-2-infected hiPSC-CMs was obtained from Gene Expression Omnibus (GEO). We identified 1,554 differentially expressed genes (DEGs) based on GSE150392. Gene set enrichment analysis (GSEA), Gene ontology (GO) analysis, and Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis showed that immune-inflammatory responses were activated by SARS-CoV-2, while muscle contraction, cellular respiration, and cell cycle of hiPSC-CMs were inhibited. A total of 15 hub genes were identified according to protein–protein interaction (PPI), among which 11 upregulated genes were mainly involved in cytokine activation related to the excessive inflammatory response. Moreover, we identified potential drugs based on these hub genes. In conclusion, SARS-CoV-2 infection of cardiomyocytes caused a strong defensive response, leading to excessive immune inflammation, cell hypoxia, functional contractility reduction, and apoptosis, ultimately resulting in myocardial injury.

Keywords: COVID-19, cardiac injury, SARS-CoV-2, RNA-Seq, bioinformatics analysis


INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a viral pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). In December 2019, COVID-19 was first reported in Wuhan of China as a severe unknown form of pneumonia. Subsequently, a global pandemic was declared by the WHO in March 2020. At the time of preparing this manuscript, there were more than 5,00,000 fatalities caused by COVID-19.

Acute myocardial damage is the most common described cardiovascular (CV) complication in patients with COVID-19 (2). In multivariable-adjusted models, cardiac injury has been identified as a significant and independent risk factor [hazard ratios (HR) = 4.26] associated with mortality (3). Cytokine storms (caused by acute systemic inflammation) (1, 4), hypoxemia (5), and pathogen-mediated damage (6, 7) were considered as the potential mechanisms responsible for CV complications in COVID-19. However, the exact mechanism of SARS-CoV-2 infection-related myocardial injury remains unclear.

The study of Arun Sharma et al. reported that SARS-CoV-2 directly infected human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) in vitro, inducing contractility depletion, and apoptosis (8). They obtained the expression profiling of three SARS-CoV-2 infected hiPSC-CMs samples and three mock hiPSC-CMs samples by high throughput sequencing and deposit them on the National Center for Biotechnology Information (NCBI, USA) Gene Expression Omnibus (GEO) database (GSE150392). In this study, we performed a detailed bioinformatics analysis of the GSE150392 RNA-seq data to further examine the specific mechanisms of myocardial damage caused by SARS-CoV-2.



MATERIALS AND METHODS


Data Sources

We obtained the RNA-seq data (GSE150392) from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus GEO database. The GSE150392 dataset consists of six samples divided into two groups. The Cov group included three hiPSC-CMs (human-induced pluripotent stem cell-derived cardiomyocytes) samples pretreated with SARS-COV-2 for 72 h (Cov-1-3: GSM4548303-5), and the Mock group included three hiPSC-CMs samples with a mock treatment without virus (Mock1-3: GSM4548306-8).



Identification of Differentially Expressed Genes

We used R (version 4.0.1, https://www.R-project.org/) package “DESeq2” (version 1.28.1) to determine differentially expressed genes (DEGs) (9) (Padj <0.01), | (log2FoldChange | > 2) between SARS-CoV-2 infected hiPSC-CMs (Cov group) and Mock hiPSC-CMs (Mock group). The R package “ggplot2” was used to graph the Gene expression values boxplot and minus-vs.-add (MA) plot. Padj is the p-value using the Benjamini-Hochberg procedure correction, i.e., false discovery rate (FDR).



Gene Set Enrichment Analysis of All Detected Genes

Gene set enrichment analysis (GSEA, a joint project of UC San Diego and Broad Institute, USA) was performed using the GSEA software (version 4.0.3) implementation in our study for identifying potential hallmarks of SARS-CoV-2 infected hiPSC-CMs (10). The annotated gene sets of “h.all.v7.1.symbols.gmt” were adopted from The Molecular Signatures Database (MSigDB, a joint project of UC San Diego and Broad Institute, USA; http://www.broad.mit.edu/gsea/msigdb/index.jsp). The collapse dataset to gene symbols was “False.” The permutation type was “gene set.” Other parameters were set to default values. Gene sets were considered statistically significant when nominal p-value <0.05, FDR was <0.05, and normalized enrichment score (NES) > 1.5.



Enrichment Analyses of DEGs

Gene ontology (GO) analysis (biological processes, molecular function, and cellular component) and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment were analyzed using R package clusterProfiler (version 3.16) (11). Gene ontology analysis (Immune System Process), KEGG pathways functionally grouped networks, and ClinVar human diseases analysis using the CluGO (version 2.5.7) (12) and CluePedia (version 1.5.7) (13) apps of Cytoscape Software (version 3.8) (14). After inputting DEGs in CluGO, select an analysis method in “Ontologies/Pathways” with the following settings: Statistical Test Used was “Enrichment/Depletion (Two-sided hypergeometric test),” Correction Method Used was “Benjamini-Hochberg,” GO Fusion was “false,” and GO Group was “true.” The one with the smallest Padj value was retained among the results of the same GO group. Padj <0.05 was considered as the cut-off criteria.



Protein–Protein Interaction Network

The online tool of a search tool for the retrieval of interacting genes (STRING, Swiss Institute of Bioinformatics, Switzerland; https://string-db.org) (15) was applied to establish a Protein–Protein Interactions (PPIs) of DEGs with the score (median confidence) >0.4. Cytoscape and CytoHubba (version 0.1) (16) were used to visualize the PPI network and identify hub genes (Top 15). GeneMANIA online database (https://genemania.org/) was used to analyze the hub genes (17).



Identifying Drug Candidates

We used the Drug Signatures database DSigDB (University of Colorado at Denver and Health Sciences Center, USA) tool of Enrichr (https://maayanlab.cloud/Enrichr/) to identify drug candidates based on hub genes (18). Drug candidates are ranked by a combined score from highest to lowest.




RESULTS


Severe Acute Respiratory Syndrome Coronavirus 2 Infection Caused a Large Number of Gene Expression Changes in hiPSC-CMs

The boxplot of expression values of all transcripts indicated similar whole transcriptome expression in each sample (Figure 1A) and sample to sample distance heatmap revealed a relatively clear distinction between samples in the two groups (Figure 1B). Based on the criteria of Padj <0.01, and |logFC(fold change)| > 2 (Figure 1C), a total of 1,554 DEGs was identified from GSE150392, including 726 upregulated genes and 828 downregulated genes. Sharma et al. (8) performed a similar DEGs analysis in their previous study, which was not significantly different from the results of this study.


[image: Figure 1]
FIGURE 1. Differential expression of data between two sets of samples. (A) Gene expression values boxplot of each sample after normalization using DESeq method; (B) Sample to sample distance heatmap of all samples in Cov and Mock group; (C) MA plot of genes (The blue points represent genes screened based on |fold change| > 2 and a corrected Padj of < 0.01).




Gene Set Enrichment Analysis Showed the SARS-CoV-2 Infection Was Mainly Associated With Immune-Inflammatory Response Activity

To obtain insight into the effect of SARS-CoV-2 on the heart, GSEA was used to map into hallmarks between two groups (Cov vs Mock), 14 significant gene sets were shown (Table 1; Figures 2a–o). Gene set enrichment analysis demonstrated that many inflammation-related gene sets, such as TNFα signaling via NF-κB, interferon-γ response, interferon-α response, inflammatory response, IL6-JAK-STAT3 signaling, IL2-STAT5 signaling, hypoxia, P53 pathway, and apoptosis gene sets were enriched by SARS-CoV-2 infection in hiPSC-CMs. Oxidative phosphorylation, E2F targets, G2M checkpoint, myogenesis, and MYC targets v1 gene sets associated with cell cycle, aerobic respiration, and myogenesis were inhibited in hiPSC-CMs with SARS-CoV-2 infection.


Table 1. The most significant gene sets of Cov vs. Mock in gene set enrichment analysis (GSEA).
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FIGURE 2. Gene set enrichment analysis (GSEA) of SARS-CoV-2 infection in hiPSC-CMs. (a–i) Nine representative gene sets enriched in hiPSC-CMs with SARS-CoV-2 infection; (j–n) Five representative gene sets inhibited in hiPSC-CMs with SARS-CoV-2 infection; (o) Ranked gene list correlation profile. The red color indicates the “COV” group, the blue color indicates the “MOCK” group, the black line indicates the genes in the GENE SET, and the green line consists of the enrichment fraction of each gene.




Gene Ontology Term Enrichment Analyses and ClinVar Human Diseases Analysis of DEGs

Gene ontology analysis of DEGs was divided into four functional groups, including biological processes (BP), cell composition (CC), molecular function (MF), and Immune System Process (ISP). The top five results of BP, CC, and MF are shown in Figure 3.


[image: Figure 3]
FIGURE 3. Gene ontology (GO) analysis (BP, CC, and MF) of differentially expressed genes (DEGs). (A) GO terms of upregulated DEGs. (B) GO terms of downregulated DEGs.


In the BP group, the upregulated genes were mainly enriched in response to the virus, response to lipopolysaccharide, response to molecule of bacterial origin, leukocyte cell–cell adhesion, and defense response to the virus. The downregulated genes were mainly concentrated in the muscle system process, muscle contraction, oxidative phosphorylation, striated muscle contraction, and respiratory electron transport chain.

In the CC group, the upregulated genes were mainly enriched in receptor complex. The downregulated genes were mainly concentrated in myofibril, contractile fiber, sarcomere, I band, and the inner mitochondrial membrane protein complex.

In the MF group, the upregulated genes were mainly involved in terms of cytokine receptor binding, cytokine activity, DNA-binding transcription activator activity (RNA polymerase II-specific), DNA-binding transcription activator activity, and chemokine activity. The downregulated genes were mainly enriched in actin binding, NADH dehydrogenase activity, NADH dehydrogenase (ubiquinone) activity, NADH dehydrogenase (quinone) activity, and structural constituent of muscle.

The top five ISP results were shown in Table 2. Type I interferon signaling pathway, regulation of adaptive immune response, neutrophil migration, regulation of type 2 immune response, and CD4-positive, α-β T cell cytokine production were enriched by upregulated genes. Positive regulation of megakaryocyte differentiation, regulation of megakaryocyte differentiation, and thymus development were enriched by downregulated genes.


Table 2. Gene ontology (GO) (immune system process) analysis of differentially expressed genes (DEGs).
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ClinVar human diseases analysis indicates that DEGs caused by SARS-CoV-2 infection are significantly involved in terms of myocardial infarction 1, non-syndromic hearing loss and deafness, cardiomyopathy, limb-girdle muscular dystrophy, mitochondrial complex IV deficiency, myofibrillar myopathy, and primary ciliary dyskinesia (Table 3).


Table 3. ClinVar human diseases analysis of DEGs.
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KEGG Enrichment Analysis of DEGs

The signaling pathways of DEGs were shown in Figure 4. The data were imported into Cytoscape to calculate the topological characteristics of the network and determine each node. Cytokine–cytokine receptor interaction, TNF signaling pathway, influenza A, NF-κB signaling pathway, osteoclast differentiation, measles, viral–protein interaction with cytokine and cytokine receptor, IL-17 signaling pathway, Toll-like receptor signaling pathway, and rheumatoid arthritis were significantly enriched by upregulated DEGs (Figure 4A). Thermogenesis, Parkinson's disease, oxidative phosphorylation, Huntington disease, cardiac muscle contraction, non-alcoholic fatty liver disease (NAFLD), retrograde endocannabinoid signaling, adrenergic signaling in cardiomyocytes, dilated cardiomyopathy (DCM), and hypertrophic cardiomyopathy (HCM) were significantly enriched by downregulated DEGs (Figure 4B). The top seven p-value KEGG pathways with their target genes were shown (Figure 4C).


[image: Figure 4]
FIGURE 4. The Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis of DEGs. (A) KEGG pathways of upregulated DEGs. (B) KEGG pathways of downregulated DEGs. (C) Representative pathways to genes network of upregulated DEGs validated genes (in red) targeted by KEGG pathways.




PPI Network Analysis and Hub Genes Recognition

The top 15 genes with the highest interaction degrees were identified, including 11 upregulated genes and four downregulated genes (Table 4). Then those genes were used for constructing the PPI network (Figure 5A). A total of 11 upregulated hub genes showed the complex PPI network with the co-expression of 66.42%, co-localization of 9.39%, genetic interactions of 8.72%, predicted of 8.6%, shared protein domains of 3.99%, pathway of 1.8%, and physical interactions of 1.09% (Figure 5C). Cytokine activity, chemokine activity, inflammatory response, leukocyte chemotaxis, and lipopolysaccharide-mediated signaling pathway were identified as the main function of those genes. Furthermore, four downregulated hub genes showed the complex PPI network with the physical interactions of 67.64%, co-expression of 13.50%, predicted of 6.35%, co-localization of 6.17%, the pathway of 4.35%, genetic interactions of 1.4%, and shared protein domains of 0.59% (Figure 5B). Those genes were related to mitosis, nuclear division, metaphase/anaphase transition of the cell cycle, and regulation of ubiquitin–protein ligase activity.


Table 4. Top 15 hub genes with the highest interaction degrees in protein–protein interaction (PPI) network analysis.
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FIGURE 5. Protein–protein interaction (PPI) network of hub genes. (A) The PPI network of the top 15 hub genes created by STRING; (B) PP1 networks and function analyses of the four downregulated hub genes; (C) PPI networks and function analyses of the 11 upregulated hub genes. Inner circles represent the input genes and outer circles correspond to GeneMANIA proposed hub genes, the size of the circles indicates the correlation with the input genes.




Identification of Candidate Drugs

The study further involved 15 hub genes that were used to screen potential drugs for the treatment of SARS-CoV-2 infection-related myocardial injury. According to the combined score, the top 10 candidate drugs were generated (Table 5). Acetovanillone, antimycin A, proscillaridin, chromium (III) chloride, and hyperforin were identified by 11 upregulated hub genes. Irinotecan hydrochloride, troglitazone, 67526-95-8 (thapsigargin), genistein, and testosterone were identified by four downregulated hub genes.


Table 5. Drug candidates combined with hub genes.
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DISCUSSION

Severe acute respiratory syndrome coronavirus 2, SARS-CoV, and MERS-CoV (Middle East respiratory syndrome coronavirus) are enveloped positive RNA viruses, belong to the Coronaviridae family β genera (19, 20). Severe acute respiratory syndrome coronavirus 2 and SARS-CoV utilize the same receptor angiotensin-converting enzyme 2 (ACE2) for invading human bodies. Those coronaviruses spread widely among people and lead to potentially fatal diseases (21, 22). Coronavirus disease 2019 caused by SARS-CoV-2 has been spreading in 219 countries/areas/territories, with over 50,000,000 confirmed cases (WHO statistics as of November 9, 2020) (23).

The cardiac injury in COVID-19 was generally defined as the elevation of cardiac-specific biomarkers (e.g., troponin concentration above the 99th percentile upper reference limit) (1, 2). It occurs in roughly 8–13% (24, 25) in confirmed cases and as high as 23–44% in severe patients (26–30). Studies have shown that mortality was markedly higher in patients with cardiac injury than in patients without cardiac injury (51.2–59.6 vs. 4.5–8.9%) (3, 31). Besides, patients with underlying cardiovascular disease (CVD) are more likely to develop acute myocardial injury (29, 31). Concurrent occurrence of underlying CVD and myocardial injury causes significantly higher mortality than patients with underlying CVD but without cardiac injury (69.4 vs. 13.3%) (31), suggesting that myocardial injury played a greater role in the fatal outcome of COVID-19 than the presence of underlying CVD itself.

Angiotensin-converting enzyme 2 is an important target for SARS-CoV and SARS-CoV-2 infection, and the heart is one of the organs which express ACE2 (32). During the SARS epidemic, the SARS-CoV viral RNA was detected on autopsied human heart samples (33). Similarly, Guido Tavazzi et al. reported the first case of myocardial localization of SARS-CoV-2 (34). Furthermore, hiPSC-CMs are susceptible to SARS-CoV-2 infection in vitro (8). Those studies all suggested that SARS-CoV-2 may directly infect the heart in the human body through ACE2. However, the pathogenesis of SARS-CoV-2 infection-related acute myocardial injury is still unknown. Previous studies suggested that pathogen-mediated direct myocardial injury, acute systemic inflammatory response (1, 4), and low blood oxygen levels (7) may be the most critical causes of myocardial damage in patients with COVID-19. In this study, we described several specific mechanisms of cardiac injury caused by SARS-CoV-2 direct infection.

We used R software and bioinformatics to deeply analyze the RNA-Seq dataset GSE150293, which compared the gene expression between hiPSC-CMs and SARS-CoV-2-infected hiPSC-CMs samples. The results identified 1554 DEGs, including 726 upregulated genes and 828 downregulated genes. In order to reduce the bias, we first performed a GSEA analysis of all detected genes. Gene set enrichment analysis revealed that SARS-CoV-2 infection activated the inflammatory response, and inhibited oxidative phosphorylation and myogenesis, resulting in hypoxia and apoptosis in cardiomyocytes. Subsequently, GO analysis of DEGs revealed specific mechanisms of SARS-CoV-2 impairing myocardial function. Gene ontology analysis of upregulated DEGs suggested several specific mechanisms of inflammatory response activation, including promotion of receptor complexes expression, enhancement of cytokine and chemokine activity, promotion of cytokine binding to receptors, and boosted leukocyte adhesion. Gene ontology analysis of downregulated DEGs showed muscle system process, muscle contraction, oxidative phosphorylation, striated muscle contraction, and respiratory electron transport chain were significantly inhibited by SARS-CoV-2 infection. The expression of myofibril, contractile fiber, sarcomere, I band, and inner mitochondrial membrane protein complex was also suppressed. In the MF group, SARS-CoV-2 inhibits actin binding, NADH dehydrogenase (such as ubiquinone and quinone) activity, and structural constituent of muscle. Kyoto encyclopedia of genes and genomes pathway analysis showed thermogenesis, oxidative phosphorylation, cardiac muscle contraction, retrograde endocannabinoid signaling, and adrenergic signaling in cardiomyocytes were enriched with downregulated DEGs. Those results reveal specific mechanisms by which SARS-CoV-2 infection causes respiration dysfunction and muscle contraction disorders in hiPSC-CMs.

Previous studies have shown that SARS-CoV-2 infection activates multiple immune responses (35, 36), and to clarify the specific immune response processes involved, we performed ISP enrichment analysis. Similar to previous studies, ISP analysis of upregulated DEGs indicated that adaptive and type-2 immune responses were activated by SARS-CoV-2. In addition, neutrophil migration and CD4-positive α-β T cell cytokine production were promoted. Similarly, GSEA and KEGG pathway analysis showed that immune response correlative signal pathways were activated by SARS-CoV-2, including TNFα, IL6-JAK-STAT3, IL2-STAT5, NF-κB, IL17, and Toll-like receptor signaling pathway. Consistent with the inflammatory cytokines detected in the blood of patients with COVID-19 (1, 37), hiPSC-CMs produce and activate various cytokines, including TNFα, chemokines, interleukins (IL), and interferons after SARS-CoV-2 infection. The massive cytokine release reflects an excessive immune defense, which may cause harmful heart damage. These findings complement our understanding of the human immune response mechanism triggered by SARS-CoV-2 (35) and contribute to the treatment of patients with COVID-19. Similar to our study, Omar Pacha et al. suggested IL17 is immunologically plausible as a target to prevent ARDS in COVID-19 (38).

Furthermore, ISP analysis of downregulated DEGs showed positive regulation of megakaryocyte differentiation, and thymus development were repressed by SARS-CoV-2 infection. These mechanisms may be responsible for the significant reduction of platelet count (39) and peripheral blood T cells (37) in patients with severe COVID-19.

After removing confounding results of genetic disorders, ClinVar human diseases analysis showed SARS-CoV-2 infection may be associated with myocardial infarction (40, 41) and cardiomyopathy (42), which are similar to the clinically reported cardiac complications in patients with COVID-19. Cardiac injury often results in chronic heart failure due to the loss of cardiomyocytes (43). Therefore, we speculate that some patients with COVID-19 combined with myocardial damage may have long-term cardiac insufficiency after recovery.

The top genes with the highest degree of interaction in the PPI network are considered to be hub genes. The identification of hub genes may be critical for the diagnosis and treatment of myocardial injury in patients with COVID-19. In this study, functional analysis of 11 upregulated hub genes showed association with cytokine activity, chemokine activity, inflammatory response, leukocyte chemotaxis, and lipopolysaccharide-mediated signaling pathway. These results were highly similar to the GO analysis of all upregulated DEGs, suggesting that these 11 upregulated hub genes play an irreplaceable role in the SARS-CoV-2-induced myocardial injury process.

It is generally accepted that the regeneration of cardiomyocytes was highest in human infants (44, 45) and declines to relative stagnation in adults (46, 47). Restoring the mitotic activity of cardiomyocytes is considered to be the ultimate solution for the treatment of irreversible heart failure (48). The up-regulation of positive cell cycle regulators is one of the endogenous mechanisms for cardiomyocyte proliferation and regeneration (49). Adenoviral transfection of E2F2 expression in mouse cardiomyocytes leads to the proliferation of adult cardiomyocytes (50). Overexpression of G2/M transition promoter cyclin A2 in ischemic porcine hearts promotes recovery after ischemic injury and induced cytokinesis (51). In this study, GSEA showed that cell cycle-related gene sets such as E2F targets, G2/M checkpoint, myogenesis, and MYC targets v1 were inhibited by SARS-CoV-2 infection. The analysis of the PPI network showed that SARS-CoV-2 inhibits the regenerative potency of hiPSC-CMs by inhibiting the metaphase/anaphase transition of the mitotic cycle, suggesting that the downregulated four hub genes (CDK1/UBE2C/CDC20/AURKB) may be important genes for myogenesis. More research is needed to explain the role of SARS-CoV-2 infection-related mitotic pathways modification in cardiomyocytes, which may contribute to cardiac function recovery in patients with COVID-19.

This study identified 10 drug molecules by hub genes, including acetovanillone, antimycin A, proscillaridin chromium (III) chloride, hyperforin, irinotecan hydrochloride, troglitazone, thapsigargin, genistein, and testosterone. Among these 10 drugs, the cytotoxic drugs chromium (III) chloride and irinotecan hydrochloride should not be considered as candidates. Antimycin A (52), proscillaridin (53, 54), troglitazone (55, 56), thapsigargin (57, 58), genistein (59, 60), and testosterone (61) were considered as potential drugs for COVID-19 in previous studies. Acetovanillone and hyperforin have not been studied for the treatment of COVID-19. The therapeutic effect of these eight candidate drugs on myocardial injury in COVID-19 needs further study.

Overall, our study suggested that SARS-CoV-2 infection can induce a strong immune-inflammatory response, reduce contractility, increase hypoxia, and induce apoptosis in cardiomyocytes. Excessive inflammatory response, respiration dysfunction, and contraction disorders work together to cause cardiac injury. This study supports that direct infection of cardiomyocytes by SARS-CoV-2 is the primary cause of myocardial injury. It should be noted that the occurrence of myocardial injury may be a sign of SARS-CoV-2 entering the circulation, which also explains the acute kidney injury is more common among patients with cardiac injury (3).

The current study has several limitations. The study included only one available data packet of six hiPSC-CMs samples in vitro, which could not fully reflect the effect of SARS-CoV-2 on the heart in vivo. Only bioinformatics analysis was conducted in this study, further clinical reports or in vitro studies are needed to support our conclusions.
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The Glioma-associated oncogene (Gli) family members of zinc finger DNA-binding proteins are core effectors of Sonic hedgehog (SHH) signaling pathway. Studies in model organisms have identified that the Gli genes play critical roles during organ development, including the heart, brain, kidneys, etc. Deleterious mutations in GLI genes have previously been revealed in several human developmental disorders, but few in congenital heart disease (CHD). In this study, the mutations in GLI1-3 genes were captured by next generation sequencing in human cohorts composed of 412 individuals with CHD and 213 ethnically matched normal controls. A total of 20 patient-specific nonsynonymous rare mutations in coding regions of human GLI1-3 genes were identified. Functional analyses showed that GLI1 c.820G> T (p.G274C) is a gain-of-function mutation, while GLI1 c.878G>A (p.R293H) and c.1442T>A (p.L481X) are loss-of-function mutations. Our findings suggested that deleterious rare mutations in GLI1 gene broke the balance of the SHH signaling pathway regulation and may constitute a great contribution to human CHD, which shed new light on understanding genetic mechanism of embryo cardiogenesis regulated by SHH signaling.

Keywords: congenital heart disease (CHD), GLI1, genetic variant, rare mutation, Sonic hedgehog (SHH) signaling pathway


INTRODUCTION

Congenital heart disease (CHD) is the most common developmental anomaly and the leading non-infectious cause of mortality in newborns (1). In China, the incidence of CHD has been increased from 0.201‰ in 1980–1984 to 4.905‰ in 2015–2019 (2). Ventricular septal defect (VSD) and atrial septal defect (ASD) are the most common congenital heart defects subtypes among the offspring. The etiology of CHD is complicated, and genetic factors play important roles in CHD occurrence (3–5). However, identification of these factors has been historically slow due to technical limitations and short understanding of signaling pathways regulating embryonic cardiovascular development (5, 6).

In mammals, the Hedgehog (HH) family genes of Sonic hedgehog (SHH), Indian hedgehog (IHH) and Desert hedgehog (DHH) encode evolutionarily conserved ligand proteins initiating pathways crucial for embryogenesis (7). The SHH signaling pathway is transduced by the seven-transmembrane G-protein-coupled receptor (GPCR)-like protein Smoothened (Smo), leading to the activation of Glioma-associated oncogene (Gli) family of transcription factors and downstream target genes transcription (8–10). In vertebrates SHH signaling pathway, Gli gene family contains three members of Gli1, Gli2, and Gli3 (11). Gli1 protein acts as a transcriptional activator and provides a positive feedback loop of signaling, whereas Gli2 and Gli3 serve as both transcriptional activators and repressors, depending on specific post-translational modifications and proteolysis processes (12, 13).

SHH signaling pathway has recently been implicated in the specification of early embryonic cardiac progenitor fate. SHH signaling specifies atrial septum from non-septum atrial progenitors (14). Dysregulated SHH signaling pathway involves in numerous human diseases, including birth defects and cancers (15). Various cardiac malformations are observed in Shh−/− mouse embryos (16). The critical roles of GLI1-3 in embryonic development have been well established (17, 18). GLI1 participates in differentiation and development of several organs in humans through SHH signaling pathway (19, 20). According to a recent study, GLI1 nonsynonymous variants were identified among 25 heterotaxy syndrome (HS) patients with CHD (21). Moreover, Gli2−/− and Gli3+/− double mutant mice show a full complement of VACTERL syndrome including cardiac defects (22). These results raise the possibilities that functional rare mutations in GLI1-3 may also affect human embryo cardiogenesis.

To understand the association between GL1-3 variants and the risk of CHD in humans, we screened 5′-untranslated region (UTR), 3′-UTR and coding regions of GLI1-3 genes in a Chinese cohort with 412 cases and 213 matched controls by next generation sequencing. As a result, a total of 20 patient-specific nonsynonymous rare mutations in coding regions of human GLI1-3 genes were identified. Our in vitro and in vivo functional analyses showed that GLI1 c.820G>T (p.G274C) is a gain-of-function mutation, GLI1 c.878G>A (p.R293H) and c.1442T>A (p.L481X) are loss-of-function mutations. Thus, our data implicate the association between dysregulated SHH signaling pathway and CHD occurrence, and broaden the current knowledge of human embryonic cardiogenesis.



MATERIALS AND METHODS


Human Samples

Sample collection was performed as described previously (23–25). Blood samples from 412 CHD patients (mean age 2.9 ± 2.7 years, 55.6% males) were collected from the Cardiovascular Disease Institute of Jinan Military Command (Jinan, China). The patients were diagnosed by echocardiography, and some were further confirmed surgically. Patients with clinical features of developmental anomalies, positive family history of CHD in a first-degree relative, maternal diabetes mellitus, maternal exposure to known teratogens or any therapeutic drugs during gestation were excluded. The 213 controls (mean age 7.1 ± 3.7 years, 49.8% males) were ethnically and gender-matched, unrelated healthy volunteers recruited from the same geographical area. Sample collection and protocols used in this study were reviewed and approved by the Ethics Committee of the School of Life Sciences, Fudan University and local ethics committees before the start of the present study. All procedures were in accordance with the Declaration of Helsinki. Informed consents were signed by the parents or guardians of the children. Detailed information of the samples was shown in Table 1.


Table 1. Information of CHD cases and controls.
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DNA Sequencing and Data Analysis

Peripheral blood samples were collected. Genomic DNA was extracted and target-sequenced was conducted as described previously (23–25). The genomic structures of human GLI1-3 genes were determined using NCBI Genebank (mRNA references are NM_001166045, NM_005270, NM_000168, respectively). The 5′ -UTR, 3′ -UTR and coding regions in GLI1-3 were screened. Identified variants were filtered using the dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP), the 1000 genomes projects (http://www.1000genomes.org/), the Genome Aggregation Database (gnomAD, http://gnomad-sg.org/), and the HuaBiao Database (https://www.biosino.org/wepd) (26). All the patient-specific nonsynonymous mutations were confirmed by Sanger sequencing, the PCR primers were listed in Supplementary Table S1.



Plasmids

Human GLI1-3 ORF without stop codon were amplified by PCR (Supplementary Table S2) using cDNA reverse transcripted from human total RNA. GLI1 and GLI3 were subcloned into SgfI/MluI restriction enzyme sites. GLI2 was subcloned into SgfI/NotI restriction enzyme sites of pCMV6-AC-HA (Origene, #PS100004). All plasmid were verified by Sanger sequencing. We then performed the site-directed mutagenesis using QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent, #210518) according to manufacturer's instruction. For GLI1 c.1442T>A (p.L481X) stop-gain mutation, sequence after premature stop codon (including stop codon) was removed for C-terminal tag fusion. The pGMGLI-Lu firefly luciferase SHH signaling pathway reporter plasmid was obtained from Genomeditech (#GM-021024). The constitutive Renilla luciferase reporter pRL-TK was from Promega (#E6921).



Cell Culture and Transfection

HEK 293T cells (ATCC, #CRL-3216) and HeLa cells (ATCC, #CCL-2) were cultured in high-glucose Dulbecco's Modified Eagle Medium (DMEM, Thermo Fisher Scientific, #11995065) supplemented with 10% FBS (Thermo Fisher Scientific, #A3840001) at 37°C with 5% CO2. The cells were seeded and maintained overnight to reach ~80% confluency at the time of transfection by Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific, #11668019) and Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific, #L3000015) separately according to manufacturer's protocols.



Dual-Luciferase Reporter Assay

Dual-luciferase reporter assay was performed as described previously (24, 27). Briefly, in a 24-well plate well, 300 ng of empty vector or GLI1 wild-type/mutant constructs, 200 ng of pGMGLI-Lu firefly luciferase reporter plasmid, 10 ng of Renilla luciferase plasmid serving as an internal control were transfected. Reporter assay was performed with the Dual-Luciferase Reporter Assay System (Promega, #E1910) on GloMax Navigator Microplate Luminometer (Promega, #GM2010) 24 h post transfection. At least three independent biological repeats were performed, and data were presented as the mean ± S.D. P-values were calculated by Student's t-test and considered significant when <0.05.



Western Blotting

C-terminal HA-tagged wild-type or mutant GLI1 expressing plasmids were transfected into HEK293T cells. Forty-eight hours later, cells were lysed with Cell lysis buffer for Western and IP (Beyotime, #P0013) containing a cocktail of protease inhibitors (ThermoFisher Scientific, #1862209) and heated for 10 min at 100°C. Cell lysates were loaded and separated on a 10% SDS-polyacrylamide gel electrophoresis and transferred onto a PVDF membrane (Merck Millipore, #ISEQ00010). After blocking for 1 h with 5% non-fat milk, the membrane was incubated with mouse HA-tag antibody (Proteintech, #66006-2-Ig) and mouse anti-GAPDH antibody (Proteintech, #66004-1-Ig) at 4°C overnight. Horseradish peroxidase-conjugated anti-mouse IgG was served as secondary antibody (Cell signaling Technology, #7076) for 2 h at room temperature and visualized through the ECL Detection System (Tanon, Shanghai, China) (25). Three independent experiments were performed and representative results were shown.



Electrophoretic Gel Mobility Shift Assay (EMSA)

The probes (F: 5′-AGCTACCTGGGTGGTCTCT-3′, R: 5′-TCGAAGAGACCACCCAGGT-3′) were designed according to the consensus GLI-binding site (5′-TGGGTGGTC-3′) from PTCH1 promoter region (Supplementary Table S3) (28). The DNA-binding affinity of the different GLI proteins was determined by EMSA according to previous description (29). Briefly, nuclear extracts were prepared from HEK 293T cells transfected with empty vector or GLI1 wild-type/mutation constructs using the NE-PER Nuclear and Cytoplasmic Extraction kit (ThermoFisher Scientific, #78835) and stored at −80°C before use. Protein concentrations were determined by Pierce BCA Protein Assay Kit (ThermoFisher Scientific, #23227). Nuclear proteins were mixed and incubated with indicated probes and subsequently processed using LightShift Chemiluminescent EMSA Kit (ThermoFisher Scientific, #20148) following manufacturer's instruction.



Immunofluorescence

HeLa cells were plated into 35 mm glass bottom dishes and cultured overnight to reach ~80% confluency. Then cells were transiently transfected with HA-tagged GLI1 wild-type, p.G274C, p.R293H, or p.L481X constructs. 24 h later, cells were fixed in 4% PFA for 15 min at room temperature, then immunofluorescence was performed using HA antibody (MilliporeSigma, #H6908) as described previously (25), and images were captured on a Zeiss LSM700 confocal microscope under 40x objective lens. Experiment was repeated at least in triplicates and representative result was presented.



Zebrafish Embryo Microinjection

Wild-type AB and Cmlc2-mCherry strain zebrafish (Danio rerio) were maintained under standard conditions (25, 30). All plasmids of the empty vector, GLI1 wild-type, p.G274C, p.R293H, and p.L481X were extracted by Endo-free Mini Plasmid Kit II (Tiangen Biotech, #DP118), and diluted in nuclease-free water. In this study, each plasmid was injected into >200 zebrafish embryos at 1–2 cell stage. From each plasmid 2–3 nl was injected at a concentration of 40 ng/μl. 72 h post injection, photographs were taken using Leica MZ95 stereo microscope (30) or Olmpus IX83 fluorescence inverted microscope and the percentages of pericardial abnormal embryos were calculated (25). Phenotype distribution differences compared with wild-type group were calculated using χ2 analysis (25).




RESULTS


Identification of Variants in GLI1-3 Genes of CHD Patients

A Chinese CHD cohort with ethnically and gender-matched healthy controls was used in this study. The 5′-UTR, 3′-UTR and coding regions of GLI1-3 genes were sequenced in all patients and controls. CHD is one of severe disorders that impacts mortality and reproductive fitness. A very large negative selection eliminates highly deleterious common mutations from the human population. Thus the existing common variants like single nucleotide polymorphism (SNP) may make less contributions to this disease. Therefore, it is most likely that novel nonsynonymous rare mutations make significant contributions to population prevalence of this defect, especially for sporadic cases. Based on this hypothesis, we sorted out the variants with minor allele frequencies (MAF) < 1% as rare variants.

A total of 94 variants in the GLI1-3 genes were identified in CHD patients (these data were not shown). 20 nonsynonymous patient-specific rare mutations were identified (Table 2, Figure 1) and further confirmed by Sanger sequencing (Supplementary Figure S1). The effect of rare missense variants on the protein function was predicted in silico using SIFT, PolyPhen-2 and CADD (Table 2) (31–34). We also evaluated the evolutionary conservativeness of these mutations with Genomic Evolutionary Rate Profiling (GERP, the higher of the GERP score means that the site is more conserved) (Table 2) (35), as well as alignment assay across several species (Supplementary Figure S2). For GLI1 gene, we identified one nonsense stop-gain rare mutation and five missense rare mutations. Of which, the stop-gain mutation of c.1442T>A (p.L481X) leads to loss of several crucial domains including the transcriptional activation domain. Mutations of c.820G>T (p.G274C), c.878G>A (p.R293H), c.1776A>T (p.R592S) and c.1924C>T (p.R642S) are predicted as harmful mutations by both SIFT and PolyPhen-2. In addition, mutations of p.G274C and p.R293H locate in the zinc finger domain, which probably interfere with the protein-DNA affinity.


Table 2. Bioinformatics analysis of patient-specific nonsynonymous rare mutations identified in GLI1-3.
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FIGURE 1. GLI1-3 mutations were identified in CHD patients. Schematic diagram of case-specific mutations in GLI1, GLI2 and GLI3 protein.




Three GLI1 Mutations Had Significantly Different Activities Compared to Wild-Type GLI1

As GLI1 protein only serves as transcriptional activator whereas GLI2 and GLI3 can be processed into both transcriptional activator and repressor under specific condition, we first put our attentions on studying GLI1 mutations. To explore the effect of these nonsynonymous rare variants of GLI1 on regulating SHH signaling pathway, we conducted dual-luciferase reporter assay using pGMGLI Lu reporter containing GLI binding sites upstream of firefly luciferase, and Renilla luciferase plasmid as internal control. As expected, wild-type GLI1 dramatically activates the signaling compared with the empty vector group, whereas the p.G274C mutation shows increased activation, in contrast, p.R293H and p.L481X result in significantly decreased activation of the signaling in HEK293T cells. The result indicates that p.G274C is a gain-of-function mutation, whereas p.R293H and p.L481X are loss-of-function mutations. As predicted, the nonsense mutation p.L481X generating a truncated protein (Supplementary Figure S3) almost completely loses its ability in SHH signaling pathway activation (Figure 2).


[image: Figure 2]
FIGURE 2. The statistical analyses of luciferase relative activity for HEK293T cells co-transfected with expressing plasmids as indicated and Sonic hedgehog (SHH) signaling pathway reporter plasmids. Activation of SHH signaling pathway pGMGLI-Lu firefly luciferase reporter by human GLI1 wild-type or mutants 24 h post-transfection in HEK 293T cells. Constitutively expressed Renilla Reniformis Luciferase served as an internal control (n ≥ 3, *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant, compared with wild-type group).




p.G274C Mutation GLI1 Protein Enhance the Protein Binding Affinity With DNA

As there is no doubt that the nonsense mutation of p.L481X disrupts protein function due to the loss of large portion of several critical domains (Figure 1), we focused on the other two harmful missense mutations of p.G274C and p.R293H as indicated above. Immunoblot analysis revealed no significant protein stability change made by two mutations (Supplementary Figure S3). Both mutations are mapped into the zinc finger domain of GLI1 protein (Figure 1), raising the possibility that they probably affect the protein binding ability with DNA. To this end, we performed electrophoretic mobility shift assay (EMSA) using nuclear extract from GLI1 wild-type/mutation constructs transfected cells and synthesized probes containing GLI protein bind motif from PTCH1 promoter. The result demonstrates that, the mutation of p.G274C results in significantly higher binding ability with GLI-Probe than wild-type (Figure 3), which probably accounts for its enhanced SHH signaling activation. Slightly higher binding ablility with GLI-Probe was also found in p.R293H (Figure 3).


[image: Figure 3]
FIGURE 3. GLI1 mutations affect protein binding affinity with DNA in Electrophoretic Mobility Shift Assay (EMSA). HEK293T cells were transfected with wild-type or mutant GLI1 expression constructs. Nuclear extract was prepared and incubated with specific DNA oligos as indicated. Arrow highlights specific GLI1-DNA binding signal. Asterisks represent non-specific signals.




The Mutation p.L481X Affects GLI1 Protein Subcellular Localization

GLI1 protein has two putative nuclear localization signals (NLS), including a monopartite signal NLS1 (aa 79-84) and a bipartite signal NLS2 (aa 383-401) (36). In addition, GLI1 possesses a leucine-rich nuclear export signal (NES) (aa 496-504), which is fully conserved in other vertebrate species (36, 37). In order to evaluate the functional consequences of the mutations, HeLa cells were transfected using Lipofectamine 3000 with various GLI1 plasmid constructs. No significant differences in level of expression were detected between these GLI1 variants. Both proteins were readily detectable in the nucleus of transfected cells (Figure 4). However, compared to wild-type GLI1 protein, p.L481X leads to more accumulation in the nuclei, whereas p.G274C and p.R293H don't affect protein subcellular localization obviously.


[image: Figure 4]
FIGURE 4. GLI1 p.L481X affect protein subcellular localization. HeLa cells were transfected with HA-tagged wild-type or mutant GLI1 expression constructs. Immunofluorescence was performed using anti-HA antibody (Green). Nuclei were counterstained with Hoechst (Blue). Scale bars are 10 μm.




Assessment of Human GLI1 Wild-Type or Mutant Overexpression on Zebrafish Cardiogenesis

The Sonic hedgehog (SHH) signaling pathway is evolutionarily conserved and plays critical roles in organogenesis, particularly of the embryonic heart. Both elevated and repressed core factors in signal transduction will cause failure of heart development as precise spacial and temporal signaling regulation is crucial (38, 39). Hence, we performed plasmid microinjection into one to two cell stage fertilized zebrafish embryos to evaluate the dominant negative teratogenic effect of human GLI1 overexpression on zebrafish cardiogenesis. Indeed, we observed multiple cardiovascular abnormalities as a result of wild-type human GLI1 gene overexpression in zebrasish embryos, including malformations on atrium, ventricle, atrioventricular septal and heart blood flow and beat rate (Figure 5C, Supplementary Videos S1–S5). We then calculated the enlarged pericardium (Figure 5A) which is a common phenotype of zebrafish heart malformations (25, 40–42) to evaluate GLI1 function alteration by mutations. As shown in Figure 5B, compared to the uninjected and empty vector groups, p.G274C resulted in the most heart malformation occurence, indicating its enhanced protein function over the wild-type form. Mutations p.R293H and p.L481X generated less abnormal embryos than wild-type GLI1 protein, showed the protein function loss by those two mutations. This result further confirmed that the function of GLI1 gene was seriously affected by those three mutations.


[image: Figure 5]
FIGURE 5. Effect of overexpressed human GLI1 wild-type or mutant on zebrafish heart development. Empty vector or GLI1 wild-type/mutant expression construct were injected into 1-2 cell stage fertilized zebrafish embryos, and the teratogenic effect in zebrafish cardiogenesis was calculated 72 h post injection. (A) Red arrows indicate the pericardial cavity of zebrafish embryos. (B) The frequencies of pericardial abnormalities. (n ≥ 200, *P < 0.05, **P < 0.01, ***P < 0.001, compared with wild-type group). (C) Phenotype of Cmlc2-mCherry zebrafish after overexpressing wild-type human GLI1. GLI1 wild-type expression construct were injected into 1-2 cell stage fertilized Cmlc2-mCherry zebrafish embryos. Images were captured with Olmpus IX83 72 hours post injection. V, ventricle; A, atrium.





DISCUSSION

SHH signaling exists in a variety of animals and plays a fundamental role in regulating accurate organization of the body plan, and its abnormal activation occurs in a variety of tumor cells (17). The GLI proteins are the main effectors of SHH signal and characterized as DNA-binding transcription factors (11, 43). The critical roles of GLI1-3 genes in embryonic development has been well established and is manifested by the clinical features of patients with mutations in these genes (17, 18). However, the contribution of these genes on human cardiovascular system formation remains less studied. Herein, we conducted genetic screening in CHD patients and identified several case specific nonsynonymous rare mutations.

Previous studies have shown that perturbations of Hedgehog pathway can lead to developmental errors presenting partially overlapping clinical manifestations and atrioventricular canal defects (AVCD) as a common denominator. Moreover, Shh pathway also involved in cardiac outflow tract and neural crest development and, therefore, Shh−/− embryos display conotruncal and pharyngeal arch artery defects (44, 45). Some variants of GLI1-3 genes have been found in several diseases including polydactyly, holoprosencephaly, Pallister-Hall syndrome and others (18, 46–51). However, our CHD patients are sporadic and non-syndromic cases in which ones showing additional symptoms such as polydactyly or holoprosencephaly should be excluded already. All the variants of GLI1-3 genes we identified are heterozygous, and showed much stronger connection with AVSD and PDA than other subtypes of CHD. While this phenotype-genotype correlation deserves further validation by expanding the sample size in rare mutation study.

Dual-luciferase reporter assay revealed p.G274C mutation enhanced transcription activation, p.R293H decreased transcription activation, whereas p.L481X almost completely loses transcription activation of SHH signaling pathway. EMSA showed p.G274C increased DNA-binding affinity and so did the mutant p.R293H. However, the luciferase assay showed that mutant p.G274C gains stronger function and mutant p.R293H decreases activation of the signaling compared to the function of wild GLI1 protein. Then we defined mutant p.G274C as gain-of-function and mutant p.R293H as loss-of-function. The fact that p.R293H shows loss-of-function does not necessarily need to be associated with decreased DNA-binding ability. The mutation specific characteristics may determine that its impact on the reduction of function is much greater than its impact on the ability to bind DNA. Therefore, the comprehensive performance of mutant p.G293H is that the function is reduced and the DNA-binding ability is reversely increased. Alternatively, the loss-of-function gained by mutant p.G293H might be too prominent to be balanced by the reverse effect of increased DNA-binding ability.

Usually, stop-gain mutations with aberrant translation termination leads to the degradation of the mRNA via activation of nonsense-mediated mRNA decay (NMD) and fail to produce a stable truncated protein (52). In response to NMD of mutated allele, wild-type allele always increasingly expressed to avoid haploinsufficiency. However, our data have demonstrated that the L481X truncated protein can exist stably and the truncated protein is largely produced in vivo (Supplementary Figure S3). The truncated protein not only failed to activate SHH signaling, but also placed additional inhibitory effects on SHH target genes (Figures 2, 4). Therefore, mutation p.L481X resulting haploinsufficiency was supported by the evidence that the heterozygous mutation p.L481X caused reverse phenotypes when the wild-type allele expression was strictly limited in half by the existed truncated allele. Because the result that heterozygous mutation p.L481X caused reverse phenotypes was partially attributed to the truncated allele, it's also hard to conclude that what we observed was merely caused by the half-expressed wild-type allele.

The alterations of critical genes in the early stage of cardiac development, such as de novo mutations, copy number variants, common variants, noncoding mutations and epigenetic modification, have contributed to the occurrence of CHD (5, 53–55). The in vitro function assays indicated that compared to the normal function of wild-type GLI1 protein, mutation p.R293H shows loss of function effect and mutation p.L481X also causes severely loss-of-function effect due to the stop-gain, while, mutation p.R274C shows gain of function. When we used overexpression system to test the cardiac morphology in zebrafish, as expected, the overexpressed wild-type GLI1 gene would lead to observed cardiac anomalies because of the dosage imbalance in addition to the existed endogenous GLI1 working normally. Similarly, compared to the wild-type GLI1 protein, the overexpressed p.R293H mutated GLI1 or p.L481X mutated GLI1 protein would result in less reverse effect in vivo because they are partially or maximum lose the normal function as wild-type GLI1 protein. Supposed mutation p.R274C gains of the original function, the most severe reverse effect on zebrafish phenotypes would be imaginable. In other words, the in vitro and in vivo function assays kept consistent although the outcomes looked a sign of contradiction.

Our functional study demonstrated some of those mutations significantly interfere with the protein function, thus lead to dysregulated SHH signaling pathway. Our study suggests the strong association of GLI1 gene mutations with the CHD occurrence. Interestingly, both gain and loss-of-function nonsynonymous rare mutations in GLI1 gene were identified in the CHD patients. As GLI1 protein simply serves as a transcriptional activator in SHH signaling pathway, our results suggest that either elevated or repressed GLI1 protein activity caused imbalanced signaling transduction could be a causative factor of CHD. This fits the fact that temporally and spatially tight regulation of key factors in fundamental developmental pathways underlies the normal embryogenesis.

However, since our samples are all sporadic and lack pedigrees, the mutations we found might not be the only causative factor leading to CHD. It is possible that the patients with GLI1-3 mutations may also carry harmful mutation(s) in other gene(s). We presume that single deleterous mutation contributes partially to the CHD and multiple such mutations help individual approaches the threshold of CHD occurrence, as our group demonstrated in another congenital malformation recently (56).

In conclusion, in present study, we systematically identified a set of novel rare mutations in GLI1-3 genes in human CHD that have the potential to be used diagnostically. Our data support our hypothesis that in GLI1, both gain and loss-of-function mutations are likely to be associated with CHD. Further understanding of the regulation and balance of SHH signaling pathway is crucial for understanding CHD etiology.
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Gender

Male/Female ratio 26:1
Male 26 (72%)
Female 10 (28%)
Unknown 1

Maternal Age (years)
20-40, median: 29
Gestational Age (weeks)
20-33, median: 25

Pregnancy Outcome

Terminated 33 (89%)
Born 4 (11%)
Noncompaction Involvement
Biventricle 16 (43%)
Left ventricle 14 (38%)
Right ventricle 7 (19%)
Concomitant Cardiac 19 (61%)
Defects
Pulmonic stenosis 11
Ventricular septal defect 10
Persistent left superior vena 5
cava
Ebstein’s anomaly 3
Pulmonary atresia 3
Hypoplasia of right ventricle 3
Tricuspid stenosis 2
Right aortic arch with mirror 2
image branching
Aortic valve stenosis 2
Others*
Rhythm Disturbances 3(8%)
Hydrops Fetalis 12 (32%)
Genetic Testing 20 (54%)

“Represents congenital heart defect that occurs only once, including: vasculr ring,
tetralogy of Fallot, atrel septel defect, aberrant right subclavian artery, dysplestic tricuspid
valve, ectopic ductus arteriosus, right ventricular diverticulum, right ductus arteriosus,
abnormal branching pattem of the aortic arch, interrupted aortic arch type A, coarctation
of aorta and anomalous origin of left pulmonary artery from ascending aorta.
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Pattern

PATHOGENIC/LIKELY PATHOGENIC VARIANTS

2 BV EA; PS; VSD

3 L PA; VSD; PLSVC; RAAWMIB; RDA
4 v PS; VSD; RVD; PLSVC

6 A% EA; ASD; PS; ABPOTAA

9 BV NA

10 Bv PS

17 BV EA; PS; VSD

36 v NA

D NCCM  CHD

Gene

NONO
NONO
NONO
NONO
PRKAG2
KCNH2
NONO
TPM1

Variant

NM_001145408.1: ¢.246_249del, p.P83fs7"
NM_001145408.1: ¢.246_249del, p.P83fs7*
NM_001145408.1: ¢.246_249del, p.P83fs7*
NM_001145408.1: c.471del, p.Q1571s18"
NM_016203.3: c.G1592A, p.R531Q
NM_000238.4: c.A1847G, p.Y616C
NM_001145408.1: c.471del, p.Q157fs18*
NM_001018006.2: ¢.G398A, p.R133Q

Copy Number Variant

PATHOGENIC/LIKELY PATHOGENIC COPY NUMBER VARIANTS

13 1A% VvsD

seqlhg19]del(1)(q¢2.3q44)

chr1:g.236262500_249214999del"

2Zygosity

Hemizygous
Hemizygous
Hemizygous
Hemizygous
Heterozygous
Heterozygous
Hemizygous
Heterozygous

Size (Mbp)

12,952

Parental origin  Pathogenicity

Matemal Pathogenic
Maternal Pathogenic
Matemal Pathogenic
Maternal Pathogenic
De novo Pathogenic
De novo Pathogenic
Matemal Pathogenic
De novo Likely pathogenic

Parental Origin Pathogenicity

De novo Pathogenic

ABPOTAA, abnormal branching pattern of the aortic arch; BV, biventricle; CHD, congenital heart defect; EA, Ebstein’s anomaly; LV, left ventricle; NCCM, noncompaction cardiomyopathy;
PA, Pulmonary atresia; PLSVC, Persistent left superior vena cava; PS, Pulmonic stenosis; RAAWMIB, Right aortic arch with mirror image branching; RDA, Right ductus arteriosus; RVD,
Right ventricular diverticulum; VSD, ventricular septal defect. *, This CNV contains 116 genes, among which fourteen genes FH, MTR, HNRNPU, AKT3, RYR2, EDARADD, ZBTB18,
GREM2, COX20, CHRM3, NLRP3, FMN2, ACTN2, and SDCCAGS are associated with diseases in OMIM database. RYR2 gene is known to be associated with cardiomyopathy

(arrhythmogenic right ventricular dysplasia-2).
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Gene ID

Upregulated genes
IL-6

oxcL8

TLR4

STATH

IL-1B

CXCL10

ICAM1

JUN

ccLs

ccLz

CD44

Downregulated genes
CDK1

UBE2C

©DC20

AURKB

Description

Interleukin 6

G-X-G motif chemokine ligand 8

Toll ike receptor 4

Signal transducer and activator of transcription 1
Interleukin 1 beta

C-X-C motif chemokine ligand 10

Intercellular adhesion molecule 1

Jun proto-oncogene, AP-1 transcription factor subunit
G-C motif chemokine ligand 5

C-C motif chemokine ligand 2

CD44 molecule

Cyclin dependent kinase 1
Ubiqitin conjugating enzyme E2 G
Cell division cycle 20

Aurora kinase B
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Drug name Padj  Combined score Genes

Upregulated hub genes
Acetovanilone  6.75E-14 3543008 CXCL10; JUN; CXCLS;

CTD 00002374 STATY; CCLS; CCL2;
ICAM1

Antimycin A 386E-10 2179477  JUN;CXCL8; COLS; COL2;

CTD 00005427 ICAM1

Proscillaricin 750607 1658661  CXCLS; CCLS; COL2

CTD 00006639

Chromium (I 750607 1658661  CXCLS; COL2; ICAM1

Chloride

CTD 00001073

Hyperforin 925607 1450367  JUN;CXCLS; ICAM1

CTD 00000051

Downregulated hub genes.

rinotecan 216604 110990066  CDC20; UBE2C; CDKI;

hydrochloride AURKB

CTD 00002224

Trogltazone 233604 106101669  CDC20; UBE2C; CDKI;

CTD 00002415 AURKB

67526-95-8 584604 92808007  CDC20; UBE2C; CDKI;

CTD 00007263 AURKB

Genistein 824E:04 83756736  CDC20; UBE2C; CDKI;

CTD 00007324 AURKB

Testosterone 824E04 83297385  CDC20; UBE2C; CDKI;

CTD 00006844 AURKB
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Gene set follow link to MSigDB

HALLMARK_TNFA_SIGNALING_VIA_NFKB
HALLMARK_INTERFERON_GAMMA_RESPONSE
HALLMARK_INTERFERON_ALPHA_RESPONSE
HALLMARK_INFLAMMATORY_RESPONSE
HALLMARK_IL6_JAK_STAT3_SIGNALING
HALLMARK_IL2_STAT5_SIGNALING
HALLMARK_HYPOXIA
HALLMARK_P53_PATHWAY
HALLMARK_APOPTOSIS
HALLMARK_OXIDATIVE_PHOSPHORYLATION
HALLMARK_E2F_TARGETS
HALLMARK_G2M_CHECKPOINT
HALLMARK_MYOGENESIS
HALLMARK_MYC_TARGETS_V1

NES, normalized enrichment score.
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Term Description

Upregulated genes

GO:0060337 Type | interferon signaling pathway

GO:0002819 Regulation of adaptive immune
response

GO:1990266 Neutrophil migration

GO:0002828 Regulation of type 2 immune
response

GO:0085743 CD4-positive, alpha-beta T cell

cytokine production

Downregulated genes

GO:0045654 Positive regulation of megakaryocyte
differentiation

GO:0045652 Regulation of megakaryocyte
differentiation

GO:0048538 Thymus development

Padj
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Term Description

Upregulated genes

1832662 Myocardial infarction 1

CN043648 Non-syndromic hearing loss and deafness
Downregulated genes

C0878544 Cardiomyopathy

C0686353 Limb-girdle muscular dystrophy
C0268237 Mitochondrial complex IV deficiency
©2678065 Myofibrillar myopathy

©0008780 Primary ciliary dyskinesia

Padj
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Haplotype Control frequency CAD 1s

Frequency OR (95% Cl) 3 Frequency OR (95% Cl) P
ACAACA 0.4458 0.4448 1.00 - 04813 1.00 -
ACAAAG 0.1052 0.1242 132 (0.94-1.84) 0.1 00528 063 (0.42-0.95) 0027
ACAAAA 00862 0.0845 2.19(1.49-3.21) 1E-04 0.0841 1.98 (1.39-2.84) 2604
G-TC-ACA 00398 00573 1.18(0.78-1.79) 0.43 0.0357 0.94 (0.58-1.54) 0820
GTC-GAG 00448 0.0403 097 (0.61-1.56) 091 0.1175 279 (1.87-4.15) <0.0001
ACAACG 0.0486 00236 052(0.34-0.78) 00016 0.0201 059 (0.40-0.88) 0.0099
GTC-GCA 00264 0.0472 1,82 (1.07-3.10) 0.026 o - -
AT-C-ACA 00830 00366 1.13(0.69-1.85) 064 00341 0.75 (0.46-1.23) 025
ATAAC-A 00195 00359 2.04(1.14-3.66) 0016 00758 324 (1.92-5.48) <0.0001

CAD, coronary artery disease; IS, ischemic stroke. The haplotypes consist of six alleles in the order of rs9364496, rs6455600, rs2129209, rs9456350, rs446809, and rs539298 SNPs.
Adjusted for sex, age, smoking, drinking, BMI, diabetes, hypertension.
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SNP/factor Lipid CAD Is

Tc TG HDL-C LoL-C ApoA1 ApoB ApoA1/ApoB
rs9364496

Gender 0.622 0.028 0.004 0.022 0.022 0.003 0.031 0.052 0.089
Age 0.793 0.153 0,645 0478 0478 0275 0.444 0550 0.430
Smoking 0.004 0.000 0,003 0.002 0.002 0877 0.136 0.174 0.156
Drinking 0.399 0020 0.956 0,040 0023 0278 0.401 0022 0017
BMI 0.000 0.003 0,002 0,006 0.006 0610 0083 0019 0.005
r$6455600

Gender 0655 0.004 0,004 0022 0,002 0071 0383 0286 0.366
Age 0684 0,056 0828 0681 0228 0902 0374 0216 0.164
Smoking 0473 0.000 0,089 0,002 0.424 0293 0013 0251 0363
Drinking 0.359 0.030 0.042 0.003 0.056 0.906 0.374 0.221 0.265
BMI 0.008 0.001 0.304 0010 0.144 0.101 0.004 0010 0.131
152129209

Gender 0.364 0.063 0012 0.008 0235 0.021 0659 0605 0.005
Age 0.900 0.428 0,688 0.497 0.198 0479 0266 0.004 0.407
Smoking 0.849 0.005 0.105 0011 0798 0.296 0.061 0880 0654
Drinking 0373 0.002 0,000 0023 0.102 0500 0.115 0020 0.189
BMI 0.001 0013 0.207 0,006 0235 0,082 0.006 0016 0.081
159456350

Gender 0.281 0098 0,021 0017 0013 0.026 0285 0809 0.162
Age 0916 0.561 0084 0637 0083 0679 0230 0039 0281
Smoking 0983 0.027 0,010 0023 0.126 0293 0027 0.494 0.087
Drinking 0.108 0.010 0.000 0.020 0.017 0.412 0.047 0.008 0.030
BMI 0.011 0.001 0.032 0.006 0.106 0.072 0.005 0.130 0.071
rs446809

Gender 0314 0.000 0,009 0.005 0.004 0011 0013 0890 0759
Age 0215 0266 0.286 0.009 0170 0.191 0,009 0768 0298
Smoking 0.294 0082 0,054 0.007 0.463 0018 0.024 0281 0381
Drinking 0.057 0.040 0,001 0012 0.183 0,049 0,003 0113 0.167
BMI 0.004 0013 0.112 0.021 0225 0010 0.004 0005 0076
1s539208

Gender 0678 0.002 0,004 0082 0.002 0075 0630 0781 0738
Age 0385 0.131 0052 0839 0033 0928 0343 0008 0.180
Smoking 0086 0.689 0030 0011 0193 0374 0089 0216 0.143
Drinking 0.007 0.447 0,000 0,003 0.000 0.890 0.103 0.000 0.000
BMI 0.000 0.002 0.045 0.010 0.058 0.003 0.007 0.334 0.200

SNF, single nucleotide polymorphism; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ApoAT,
apolipoprotein A1; ApoB, apolipoprotein B; CAD, coronary artery disease; IS, ischemic stroke; BMI, body mass index. P < 0.00125 was considered statistically significant after
Bonferroni correction.
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Characteristic Control Case

(n =755) CAD (n = 758) 1S (n =756) P control vs. cAD. P control vs. 1
Male/fernale 575/180 553/205 602/154 0.158 0.104
Age (years) 61.86+9.96 62.63 +9.46 62.36 £ 10.97 0270 0354
BMI (kg/m?) 2257 +2.94 23,60 +2.96 2361 +8.48 0.000 0.000
Smoking, n % 322 (42.6) 346 (45.6) 354 (46.9) 0240 0.108
Alcohol, n %) 349 (46.2) 205 (27.0) 212 (28.0) 0.000 0.000
SBP (mmHg) 128.69 + 19.29 134.27 + 23.05 147.86 £21.79 0.000 0.000
DBP (mmHg) 80.84 + 1156 79.89 = 13.85 82,00 + 12.60 0.144 0.084
PP (mmHg) 47.84 £ 1448 54.30 % 18.27 65.86 + 18.07 0.000 0.000
Glu (mmol/L) 600 1.57 632154 619 1.43 0.000 0014
TC (mmol/L) 4.89 £0.96 4.49 £0.99 454 £1.03 0.000 0.002
TG (mmol/L) 1.03(0.73) 1.30(0.93) 1.41(097) 0.000 0.000
HDL-C (mmol) 191+051 1.13+0.34 1224043 0.000 0.000
LOL-C (mmol/L) 274078 271097 277 091 0.480 0577
ApoAT (/L) 1412027 103036 1.02:£0.22 0.000 0.000
ApoB (g/L) 089021 089 0.26 091024 0739 0078
ApoAt/ApoB 1.68+0.64 127079 121048 0.000 0.000

SBP. systolic blood pressure; DBP, diastolic blood pressure; PR, pulse pressure; Glu, glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density poprotein cholesterol;
Apo, apolipoprotein; TC, total cholesterol; TG, trigiyceride. The value of triglycerice was presented as median (interquartie range), the difference between the control and CAD/IS groups
was determined by the Wilcoxon-Mann-Whitney test.
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Genotype

rs9364496
AA
AG

Control (n 755)

481 (63.7)
237 (31.4)
37(4.9)

0.268

365 (48.3)

332 (44.0)

58(7.7)

0.140

375 (49.7)

308 (43.4)

52(6.9)

0.081

572 (75.8)

173 (22.9)

10(13)

0.446

378 (50.1)

315(41.7)

62(82)

0.749

383 (50.7)

317 (42.0)
55(7.9)

0.335

CAD (n = 758)

448 (59.1)
276 (36.4)
34(4.5)
4258
0.119
0.208

364 (48.0)
332 (43.8)
62(82)
0.129
0.938
0.256

427 (56.3)
282(37.2)
49(6.5)
6.924
0031
0.791

595 (78.5)
153 (20.2)
10(13)
1.674
0.433
0963

370 (48.8)
318 (42.0)
70(92)
0.579
0.749
0.888

439 (57.9)
279 (36.8)
40(6.3)
8600
0014
0614

CAD, coronary artery disease; IS, ischemic stroke.

1S (n = 756)

486 (64.3)
234 (30.9)
3648)
0058
0971
0.257

356 (47.1)
327 (43.2)
730.7)
1.867
0.393
0.868

423 (56.0)
294 (38.9)
396.2)
6602
0,087
0.185

568 (75.1)
178 (23.5)
10(1.3)
0.085
0959
0343

360 (47.6)
331 (43.8)
65(8.6)
0.906
0636
0365

452 (59.8)
265 (35.0)
39(5.2)
13.242
0.001
0984

Allele Control (1 = 1,610)
A 1199 (79.4)
G 311 (21.6)
c 1062 (70.3)
T 448 (29.7)
A 1078 (71.4)
c 432 (28.6)
A 1817 (87.2)
G 193 (12.8)
c 1071 (709)
A 439 (28.1)
A 1083 (71.7)
G 427 (28.3)

CAD (n = 1,516)

1172(77.8)
344 (23.7)
1.958
0.162

1060 (69.9)
456 (30.1)
0.061
0.805

1136 (74.9)
380 (25.1)
4833
0.028

1343 (88.6)
173 (10.4)
1.335
0248

1058 (69.8)
458 (29.2)
1.728
0.189

1157 (76.3)
359 (23.7)
8316
0004

1S (1=1512)

1206 (79.8)
306 (20.2)
0.060
0.807

1039 (68.7)
473 (31.3)
0929
0335

1140 (75.4)
372 (24.6)
21.577
0.001

1314 (86.9)
198 (12.1)
0.086
0.797

1051 (69.5)
461 (30.5)
1.454
0.228

1169 (77.3)
343 (22.7)
12.447
0.000
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SNP/model

rs9364496
Codominant

Dominant
Recessive
Overdorninant
Log-additive
r$6455600
Codominant

Dominant
Recessive
Overdominant
Log-adlditive
rs2129209
Codominant

Dominant
Recessive
Overdominant
Log-aclditive
159456350
Codominant

Dominant
Recessive
Overdominant
Log-adlditive
rs446809
Codominant

Dominant
Recessive
Overdominant
Log-aditive
rs539298
Codominant

Dominant
Recessive
Overdominant
Log-adlditive

Ref. genotype

AA

AA
NA+NG
ANA+G/G

c/c

C/C

C/C+C/T

C/CH+T/T

AA

AA

NA+AC

AA+C/C

AA

AA

ANA+ANG

NALG/G

C/C

c/C

C/C+C/A

C/C+AA

AA

NA

ANA+AG
NA+G/G

Effect genotype

AG
G/G
ANG+G/G
G/G
AG

T
CT+TT
T

AC

AC+C/C
c/ie
AC

AG
G/G
AG+G/G
G/G
NG

C/A
AA
C/A+NA
AA
C/A

AG
G/G
NG+G/G
G/G
AG

CAD (OR 95% CI)

1.26 (1.01-1.59)
1.01 (0.61-1.67)
1.23 (0.99-1.59)
092 (0.56-152)
1.26 (1.01-1.58)
1.14 (0.95-1.37)

1.00 (0.87-1.36)
1.10 (0.73-1.64)
1.00(0.88-1.35)
1.06 (0.71-1.57)
1.07 (0.86-1.33)
1.06 (0.90-1.26)

082 (0.65-1.02)
0.82 (0.53-1.27)
082 (0.66-1.01)
090 (0.59-1.37)
083 (0.67-1.04)
086 (0.73-1.02)

089 (0.69-1.16)
085 (0.34-2.12)
089/(0.69-1.15)
087 (0.35-2.17)
0.90 (0.69-1.16)
090 (0.72-1.13)

1.15 (0.92-1.45)
168 (1.06-2.36)
1.22 (0.98-1.62)
1.47 (1.01-2.15)
1.07 (0.86-1.33)
1.22 (1.03-1.44)

0.77 (0.62-0.96)
056 (0.36-0.88)
0.74 (0.60-0.91)
0.63 (0.40-0.98)
082 (0.66-1.02)
0.76 (0.64-0.91)

Pcao

0.12

0.064
0.76

0.041
0.15

0.74

0.44
0.78
0.53
0.47

0.18

0.062
0.62
0.1
0.086

067

037
0.76
0.41
037

0.064

0.08
0.046
0.56
0.024

0.0082

0.0053
0.038
0.07
0.002

IS (OR 95% CI)

099 0.79-1.25)
096 (0.69-1.58)
099 (0.79-1.23)
0.96 (0.59-1.58)
1,00 (0.79-1.25)
099 (0.82-1.18)

1.01 (0.81-1.27)
1.22 (0.82-1.81)
1.05 (0.85-1.29)
1.21(0.83-1.77)
098 (0.79-1.22)
1.07 (0.90-1.26)

081(0.65-1.02)
065 (0.41-1.03)
0.79(0.64-0.98)
0.71(0.46-1.12)
085 (0.69-1.05)
081(0.68-097)

099(0.7-1.28)
1.13 (0.46-2.81)
1.00 (0.78-1.28)
1.13 (0.46-2.81)
0.99 (0.77-1.28)
1.01 (0.80-1.27)

1.20 (0.96-1.51)
1.65 (1.08-2.53)
1.25 (1.00-1.57)
1.48 (0.99-2.22)
1.11(0.89-1.37)
1.25 (1.05-1.49)

067 (0.53-0.84)
066 (0.42-1.04)
067 (0.54-083)
0.79(0.51-1.22)
0.70 0.56-0.87)
0.74(0.62-0.88)

SNR single nucleotide polymorphism; CAD, coronary artery disease; IS, ischemic stroke. Adjusted for sex, age, smoking, drinking, BMI, diabetes, hypertension.
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Species  Developmental stage

Mouse Mouse ESC-derived embryoid
bodies day 4

Mouse Embryonic day 6.25 and 7.5

Mouse Embryonic day 9.5, 1.5, 14.5,
and 18.5; postnatal day 0, 3,
and 21

Mouse Embryonic day 8.5, 9.5, and
105

Mouse Embryonic day 7.5, 8.5, and 9.5

Mouse Embryonic day 7.75, 8.25, and
9.75

Mouse Embryonic day 6.9 (mid to late
streak), day 7.1 (no-bud to
early-bud), and day 7.3 (early
headfold),

Mouse Embryonic day 7.75, 8.25, and
925

Mouse Embryonic day 13,5 and 14.5

Mouse Embryonic day 12.6 and 16.5;
embryonic day 14.5

Mouse Embryonic day 9.5 and 12.6 and
postnatal day 1

Mouse Embryonic day 12.5 and 14.5

Mouse Embryonic day 10.5

Mouse Embryonic day 14.5

Mouse Postnatal day 7 and 30

Mouse Postnatal day 1, 4, 7, 14 and 56

Mouse Embryonic day 16.5

Human 19-22 weeks gestation

Human Human ESC-derived cardiac
lineages day 3, 6, and 15;
hurman embryonic/fetal hearts
4.5-10 weeks gestation

Human 5-25 weeks gestation

Human/mouse 4.5-10 weeks gestation and

adults

Human 455, 6.5, and 9 weeks
post-conception

Mouse Embryonic day 7.75-8.25
(divided into six stages)

Chicken Embryonic day 4, 7, 10, and 14

(corresponding to HH21-24,
HH30-31, HH35-36, and
~HH40)

Target tissues/cells
Dissociated cells from embryoid bodies
Mesp1* or Mesp1 KO CPCs

Microdissected embryonic heart tissues of
each chamber

Microdissected embryonic heart tissues of
each chamber

Isl1* or Nkx2-6* CPCs

Isl1* or Nkx2-5* CPCs

Tamoxifen treated
TEGFP-CIoERT2/-+ RpGR(Tomato/taTomato embryos

CPCs from control and Hand2-null embryos

Cardiac tissue from control or Lats1/2
conditional (epicardium) KO mice

EPDCs from control at embryonic day 12.5 and
16.5; from condiitional KO of myocardin-related
transcription factors in the epicardium,
embryonic day 14.5

MHC* cardiomyocytes

Sinus venosus-derived ECs from control at
embryonic day 12.5; from control and Nr212
overexpression hearts at embryonic day 14.5

Cardiac cells from dissected heart chambers
and /s!1* cardiac cells

Wild-type and Adamts 19-null heart cells

Cells from aortic and mitral valve leaflets

CMs and non-CMs from left ventricles

Cells from three zones of microdissected
hearts: sincatrial node region, atrioventricular
node/His region, and bunde branch/Purkinje
fiber region

Cells from healthy or autoimmune-associated
CHB fetal hearts

Human ESC-derived cardiiac lineages; human
embryonic/fetal cardiac cells

Anatomically informed cardiac cells from
human embryos

Human embryonic/fetal cardiac cells; adult
human atriel and ventricular cells

Human embryonic/fetal cardiac cells

Microdissected anterior cardiac region

Enzymatically digested cardiac ventricular
tissues

Modalities

scRNA-seq

ScRNA-seq

ScRNA-seq

scRNA-seq

scRNA-seq and
SCATAC-seq

scRNA-seq,
CHIP-seq

scRNA-seq

SoRNA-seq

scRNA-seq

scRNA-seq

SoRNA-seq

scRNA-seq

scRNA-seq

SoRNA-seq

ScRNA-seq

SoRNA-seq

soRNA-seq

ScRNA-seq

scRNA-seq

ScRNA-seq

ScRNA-seq

ScRNA-seq,
spatial
barcoding, and
in situ
sequencing
SCRNA-seq,
multiplexed RNA
imaging
SCRNA-seq,
spatial
barcoding, and
multiplexed RNA
imaging

Major findings
Mesp1* mesoderm cells are highly heterogeneous

Mesp1 was essential for cel exit from the pluripotent state and the
induction of the cardiac gene expression program

Single cells were classified into CMs, ECs, and fibroblast-enriched
cells. Markers of temporal- and chamber-specific developmental
programs were identlfied. Nkx2-5 haploinsufficiency delayed
developmental programs in both GMs and ECs

Using a random forest algorithm, the origins of single CMs were
successfully reconstructed. Loss of Nks2-5 led to failed differentiation
into ventricular CMs

Isi1* GPCs passed through an attractor state before segregating into
different developmental branches. Continued expression of Nkx2-5
established a unidirectional cardiomyocyte fate for CPCs

GPCs in first and second heart fields exhibited different differentiation
Kinetics toward GMs. FHF cardiomyocytes guided the migration of SHE
cells through the MIF-CXCR2/CXCR4 chemotaxis

ScRNA-seq demonstrated that the primitive streak cells contributing to
the ventricles had a distinct molecular signature from those forming the
outflow tract and atria, suggesting that cardiac progenitors were
prepatterned in the primitive streak before migration.

Hand2 was a specifier of outflow tract cells. Hand2-null mouse
eembryos failed to develop the right ventricle, which was due to failure of
outflow tract myocardium specification

Lats1/2 in EPDCs were essential for their differentiation into cardiac
fibroblasts and for coronary vessel remodeling

Sfit2+ EPDCs emerged following EMT. Genetic disruption of EMT
altered the expression of vascular guidance cues such as Sit2 and
disturbed EG maturation and localization in the coronary vasculature

Expression of cell cycle genes decreased to a minimal level postnatally,
along with CM maturation

Vein cells underwent an early cell fate switch to pre-artery ECs. NR2F2
inhibited the pre-artery population via the induction of cell cycle genes

CMs in G2/M phase downregulated sarcomeric and cytoskeletal
markers

Adamts 19 was a marker gene of valvular interstitial cells. Gene
regulatory network analysis positioned Adamts 19 in a network
downstream of the WNT signaling pathway

Subpopulations of endothelial and immune cells were comparable
between the two time points, whereas intersiitial cells were more
diverse at postnatal day 30, expressing complement factors, ECM
proteins, and osteogenic genes

Genes involved in ECM organization, BMP signaling pathway and CM
fferentiation were enriched in mature fibroblasts when compared with
immature ones. Maturation of CMs were promoted when co-cultured
with adult fibroblasts, but not with neonatal fioroblast.

The study revealed clusters of sinoatrial node cells, atrioventricular
node/His cells, and Purkinje fiber and transitional Purkinje fiver cells, as
well as their cell subtypes, and thus delineated the first transcriptional
landscape of the developing cardiac conduction system

Fotal heart with autoimmune-associated CHB exhibited varying
degress of increased interferon responses in all cell types. Matrisome
transcripts were highly enriched in the fibroblasts and smooth muscle
cells in the CHB sample

Cono-ventricular progenitors were marked by LGRS, which is
human-specific. LGRS* progenitors promoted cardiogenesis via
expansion of commiltted cardiac intermediiates

The study identified major cell types and demonstrated the similarities
inand differences between humans and mice

The four detected genes—MACROD2, GOSR2, WNT3, and
MSX1—were highly expressed throughout development, and
MACROD2 remained expressed in adult heart

The study generated the first spatiotemporal cell atlas for the
developing human heart

A previously unknown CPC pool marked by Mab2112 was identified,
‘which contributed to not only CMs, but also the epicardium

Spatially restricted genes during development were identified. The
study also discovered a TMSB4X-expressing subpopulation that
overlapped coronary vascular cells throughout coronary development

CHB, congenital heart block; ChiP-seq, chromatin immunoprecipitation with parallel sequencing; CM, cardiomyocyte; CPC, cardiac progenitor cell; EC, endothelial cell: EMT, epithelial-to-mesenchymal transition; ESC, embryonic stem
cell; FHF, first heart field: HH, Hamburger-Hamilton; KO, knockout; scATAC-seq, single-cell assay for transposase-accessible chromatin sequencing; scRNA-seq, single-cell RNA sequencing; SHF, second heart field.
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Species
Mouse

Mouse

Mouse

Mouse

Mouse

Mouse, rabbit,

monkey

Mouse

Mouse

Human

Mouse

Mouse

Human

Human

Mouse

Target tissues/cells

CMs from both healthy and hypertrophic:
ventricles

Non-CMs from the heart

Lung interstitial macrophages (validated in the
heart, fat, and skin by flow cytometry)

Magcrophages in the AV nodes

Cells from sinus nodie tissue and the adjacent
atrium

Cells from microdissected sinus node tissues
and those from atrial and ventricular CMs

'scRNA-seq data from tissue-specific ECs from
the Tabula Muris

ECs and non-ECs from murine heart

Gells from humen acrta, puimonary artery, and
coronary arteries collected from patients
undergoing heart transplantation

Nuclei isolated from entire murine hearts

Nuclei isolated from entire hearts of
12-week-old and 18-month-old mice

Tissue samples taken from the lateral aspect of
the four cardiac chambers from potentiel
transplant donors

Full-thickness myocardial biopsies from the left
and right atria, left and right ventricles, and
interventricular septum and apex from
deceased transplant organ donors

Murine heart non-myocytes

Modalities
scRNA-seq

ScRNA-seq

scRNA-seq

SoRNA-seq

SnRNA-seq; bulk
proteomics

SoRNA-seq

ScRNA-seq

Bulk RNA-seq,
snRNA-seq, bulk
ATAC-seq, multiplexed
RNA imaging

scRNA-seq
snRNA-seq

snRNA-seq

snRNA-seq

scRNA-seq, snRNA-seq,
and multiplexed RNA
imaging

SoRNA-seq, SCATAC-seq

Major findings

Gene expression was homogeneous between mono- and multi-nucleated CMs in
homeostasis. Heterogeneity was introduced by TAC

Major cell types and transcriptional heterogeneity were detected, as well as communications
among cell types. The study also showed cell type-specific sexual dimorphism of cardiac gene
expression

Two distinct IM populations conserved across the lung, heart, fat, and dermis tissues were
identified. Depletion of Lyve 1%"MHCII**CX3CR11* IMs exacerbated lung and heart fiorosis
Genes involved in cardiac conduction were enriched in macrophages from the AV node.
compared with those from other tissues. AV node macrophages highly expressed Cx43,
forming the gap junctions linking them to neighboring CMs

Quantitative proteomics of murine sinus node demonstrated significant abundancy of ion
channels responsible for the pacemaking process (e.., HON4), which were predominantly
expressed by sinus node myocytes, as revealed by snRNA-seq

A cell cluster expressing Hen1, Hend, and Vsni1 was found. Knockdown of Vsni1 in mice
resulted in reduced heart rate and decreased Hond, Cacnald, Cacnali, and Serca2a
expression, but not that of Ryr2 or those involved in potassium channels

Cardiac ECs could be classified as a separate cluster but had considerable transcriptomic
overlap with ECs from other tissues. Markers of tissue-specific ECs identified in mice were also
enriched in their corresponding human tissue-specific ECs

Gardiac ECs actively expressed cardiac myofibril genes such as Tnt2 and Myh6 and had
open chromatin at cardiac myofibril gene promoters

Artery-specific cell subpopulations with distinct transcriptional profiles were identified in VSMCs
and fibroblasts, but not in ECs. Intercellular communication between macrophages and ECs
was predicted to increase in atherosclerosis

Distinct cell clusters were identified, inclucing immune cells and cels of neuronal origin. RNA
velocity enabled interrogation of transcriptional kinetics

Angiogenesis-related extracellular protein-encoding genes including Serpine1 and Serpine2
were enriched in fibroblasts derived from aged hearts, indicating an affected paracrine
crosstalk between fibroblasts and ECs during aging. Conditioned medium derived from aged
fibroblasts had higher levels of serpins and showed a reduced angiogenic property, which was
mediated by an impairment of EC function

CMs were the most heterogeneous of various celltypes. When combined with GWAS data,
genes at the loci associated with heart rhythm were enriched in CMs, whereas those
associated with CAD were enriched in pericytes

CMs, pericytes, and fibroblasts were the most heterogeneous. Predicted intercellular
‘communications among CMs, fibroblasts, and immune cells differed between atria and
ventricles

Differential accessibilties of the cis-regulatory elements among different subpopulations in each
cell type that potentially regulate the expression of marker genes

ATAC-seq, assay for transposase-accessible chromatin sequencing; AV, atrioventricular; CAD, coronary artery disease; CM, cardiomyocyte; GWAS, genome-wide association study; IM, interstitial macrophage; EC, endothelial cell;
SCATAC-seq, single-cell assay for transposase-accessible chromatin sequencing; scANA-seq, single-cell RNA sequencing; snAINA-seq, single-nucleus ANA sequencing; TAC, transverse zorta constriction; VSMC, vascular smooth

muscle cell.
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Species.

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Human

Mouse

Ischemia model

Permanent ligation
of left coronary
artery

Permanent ligation
of LAD

Permanent ligation
of LAD; 60-min
ligation of LAD

Permanent ligation
of LAD

75-min ligation of
left coronary artery

60-min ligation of
LAD

Permanent ligation
of LAD

Permanent ligation
of LAD; 60-min
ligation of LAD

Permanent ligation
of LAD

Permanent ligation
of LAD

Permanent ligation
of LAD

Permanent ligation
of LAD
Permanent ligation
of LAD

Permanent ligation
of LAD

Target tissues/cells

Leukocytes isolated from wild-type and
Irf3-null heart at day 4 post-MI or sham

Neutrophils isolated from infarcted hearts
and blood at day 1, 3, and 5 post-MI or
sham

Regulatory and conventional T cells from
heart, spleen, non-draining LNs, and
mediastinal LNs at day 7 post-MI or sham

B cells from heart and mediastinal LNs at
day 5 post-Mi or sham

Cels from the infarct and border zone
region from infarcted heart at day 3
post-Mi or sham

Cels from non-infarct regions from the
heart at day 1, 3, and 14 post-injury or
sham

Al non-CMs and enriched (Pdgfra-GFP*)
fioroblast lineage cells from ventricles at
day 3 and 7 post-MI or sham

Cels from neonatal heart or acllt heart 14
days after MI, IR, or sham

Cardiac interstitial cells at post-MI day 1,
3,5,7, 14, and 28 or sham

Non-CMs from heart at post-MI day 7 in
wild-type and Col5a conditional KO (in
fibroblasts) mice

Cardiac ECs from post-MI day 7 or sham
heart in EC-specific multispectral neage
tracing mice

Cardiac non-CMs from post-MI day 1, 3,
5,7, 14, and 28 or sham

Cells from the infarct and border zone
region from infarcted heart at day 3
post-Mi or sham

Heart tissues and isolated cells from
patients with acute/chronic Mi or
non-transplanted donor

Isolated nuclei from ventricles at post MI
day 5 o sham, from triple-transgenic
linage tracing mice (alMHC-MerCreMer;
RFP'/GFP; Myh6-H2BBFP6xHis)

Modalities

scRNA-seq

soRNA-seq,
OITE-seq

Bulk RNA-seq,
soRNA-seq,
scTCR-seq

scRNA-seq,
scBCR-seq

scRNA-seq

scRNA-seq

scRNA-seq

scRNA-seq

scRNA-seq

scRNA-seq

ScRNA-seq

ScRNA-seq

scRNA-seq
snRNA-seq,
SNATAC-seq, spatial

barcoding

snRNA-seq

Major findings

Miinduced an IRF3-dependent type | interferon response in a distinct subpopulation
of cardiac macrophages. Interruption of IRF3-dependent signaling decreased the
cardiac expression of inflammatory cytokines and chemokines and improved cardiac
function and survival

Post-MI cardiac neutrophis were temporally heterogeneous. Infitrating neutrophils
were demonstrated to locally acquire a SiglecF"™9" state at day 3 onward after M, in
which transcripts associated with neutrophil aging and activation were also enriched

Tregs were recruited to the injured myocardium after Mi or VR injury from the
circulating Treg pool. A considerable fraction of heart Tregs was clonally expanded.
ECM-associated genes, including Sparc, were enriched in heart Tregs. Heart Tregs
led to increased collagen content and prevented rupture, with Sparc playing a critical
role in this process

Cardiac B cells accumulated rapidly after Mi via the CXCL13-CXCRS axis. These cells
were largely polycional and contributed to local TGFB production. CXCRS-deficiency
reduced B cell infiltration and local Tgfb1 expression but did not change post-MI
contractile function or myocardial morphology

A subcluster of fibroblasts was revealed to be specific to injured hearts, highly
expressing Ckap4, along with well-known myofibroblast markers such as Postn and
Cthre1. In vitro inhibition of Ckap4 resulted in increased expression of myofibroblasts
after TGFp indluction

Mfge8, Calr and B2m were upregulated in CMs at day 1 post-injury, with their
cognate receptors expressed in other cell types (dominantly in fibroblasts). B2M
indluced the expression of myofibroblast markers in fibroblasts in vitro

Anovel fibroblast subpopulation expressing Wif1 was discovered in both sham and
post-MI hearts, which presented an anti-WNT/CTGF/TGF signature, and interacted
with ECs. IF revealed WIF1* fibroblasts in the border zone at post-MI day 3, but not
in sham or post-MI day 1 or 7 hearts, indicating the post-transcription and
injury-dependent regulation of WIF expression, and its function of inhibiting fibrosis
and angiogenesis

By investigating murine heart 14 days after MI with genetic lineage tracing using Ki67
knockin models, no cycling CMs were found in infarcted hearts. A subpopulation of
proliferative fibroblasts expressing Fsti1 was identified, which resembied neonatal
cardiac fibroblasts. Gondifional KO of Fsti1 in fibroblasts resulted in more rupture
Epicardial-derived injury-response fibroblasts arose immediately after MI and were
replaced by myofibroblasts, followed by matrifibrocytes and late-response fibroblasts.
Different strains of mice exhibited different post-MI dynamics of fioroblasts, which
was related to cardiac rupture

Deficiency in type V collagen resulted in a paradoxical increase in post-MI scar tissue
with altered mechanical properties of scars and myofibrobiast induction

Clonal proliferation of resident ECs occurred in the infarct border zone.
Subpopulations of ECs expressing Plvap increased after MI. In vitro inhibition of Pivap
reduced EC proliferation

ECs underwent transient mesenchymal transition on days 3-7 after MI

SCRNA-seq revealed upregulated Zeb2 expression in injured CMs, which fadiitated
release of TMSB4 and PTMA. Overexpression of Zeb2, Tmsbdx, and Ptma in CMs
enhanced EC migration and proliferation in vitro

Spatially distinct CM, fibroblast, and EC subclusters were identified. Trajectory
analysis from snRNA-seq and SnATAC-seq data revealed an increase in both the
expression and transcription factor motif accessibiity of RUNXT, along with
myofibroblast differentiation

snRNA-seq detected an increased BFP~ proportion in post-MI CMs, within which
MEKi67, Runx1 and cell cycle genes were expressed in a higher level, pathways for
cardiac contraction and rhythm were downregulated, and survival/prliferation-related
pathways and pathways for extracelular matrix receptor interaction were upregulated.
“This population was thought to represent the dediferentiated CMs post-MI

ATAC-seq, assay for transposase-accessible chromatin sequencing; CITE-seq, cellur indexing of transcriptomes and epitopes by sequencing; CM, cardiomyocyte; EC, endothelial cell: ECM, extracellular matrx; IF, immunofiuorescence;
VR, ischemia/reperfusion; KO, knockout; LAD, left anterior descending artery; LN, lymph node; MI, myocardial infarction; RNA-seq, RNA sequencing; scBCR-seq, single-cell B cell receptor sequencing; scANA-seq, single-cell RNA
sequencing; scTCR-seq, single-cell T cell receptor sequencing; Treg, regulatory T cell
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Species

Mouse/human

Mouse/human

Mouse/human

Human

Mouse

Mouse

Mouse

Model/disease

TAC/DCM

TAC/DCM

TAC/DCM or HCM

Ischemic HF or
DCM

Angiotensin I

TAC

TAC

Target tissues/cells

Nuclei of CMs isolated from LVs of mice 8
weeks after TAC or sham
surgery/end-stage DCM patients or
control

CMs isolated from LVs of mice after sham
surgery or 8 days and 1, 2, 4, and 8 weeks
after TAG/DCM patients or nomal control

CMs and non-CMs isolated from LVs of
mice after sham or 2, 5, 8, and 11 weeks
after TAC/end-stage DCM, HCM patients,
and control

CMs and non-CMs from biopsy samples
of LA and LVs of normal, failed and
recovered adult human hearts

Sorted cardiac macrophages from mice
after 4 or 28 days of angiotensin Il infusion
or sham

Non-CMs from pressure-overloaded
hearts 6 days after TAC in wild-type and
macrophage-specific miR-21-deficient
mice

CD45* cells from LVs of mice 1 or 4
weeks after TAC/sham

Modalities

snRNA-seq

SoRNA-seq,

ChiP-seq

SoRNA-seq

scRNA-seq

scRNA-seq

scRNA-seq

ScRNA-seq

Major findings

WGCNA revealed a disease modue in which IncRNAS Gas5 and Sghrt were
identiied s core genes and were correlated with Nppa, Nppb, and Ceng. NPPA
and NPPB were also upregulated in human DCM CMs

Early hypertrophy was associated with ERK1/2 and NRF1/2 transcriptional
networks independent from pS3. Activated p53 signaling in late hypertrophy
faciltated the heart failure gene program, which was conserved between humans
and mice

The dynamics of various cell types in the spectrum of heart failure were revealed.
Macrophage switching toward a pro-inflammatory state and their considerable
interaction with CMs were associated with deterioration of cardiac function, which
could be ameliorated by dapagliiozin

A comprehensive resource of single-cell transcriptomes of both CMs and.
non-CMs from normal, failed, and recovered human heart was constructed.
ACKRT* ECs with a protective function decreased in falled hearts. Injection of
ACKR1* ECs rescued cardiac function after MI by increasing vessel density in
both infarct and border region in mice

Cardiac macrophages exposed to hypertensive stress were enriched in reparative
pathways encompassing /gf. Either depletion of tissue-resident macrophages or
conditional knockout of g1 in tissue-resident macrophages inhibited adaptive CM
hypertrophy and thus led to cardiac dysfunction

Macrophage-specific deficiency of miR-21 resulted in less fibrosis and attenuated
cardiac dysfunction in pressure-overloaded murine hearts. Cardiac macrophages
were primary paracrine inducers of fibroblast activation possibly via secreted
proteins such as TGF and fibronectin, which was mediated by macrophage
miR-21

Upon pressure overload, immune activation occurred across the entire range of

immune cell types, leading to upregulation of key subset-specific molecules, such
as Qsm in pro-inflammatory macrophages and Pded in regulatory T cells

ChiP-seq, chromatinimmunoprecipitation with parallel sequencing; CM, cardiomyocyte; DCM, diated cardiomyopathy; HCM, hypertrophic cardiomyopathy; HF, heart failure; IncRNA, long non-coding RNA LA, left atia; LV, left ventricle;
scRNA-seq, single-cell RNA sequencing; snRNA-seq, single-nucleus RNA sequencing; TAC, transverse aorta constriction; WGCNA, weighted gene co-expression network analysis.





OPS/images/fcvm-08-711694/fcvm-08-711694-t002.jpg
Case Patient background

" PAH

# PAH

#3 PAH

#a Unaffected
#5 Unaffected
Case Patient background
#1 PAH

#2 PAH

#3 PAH

#a Unaffected
# Unaffected

Total

32
30
23
25
28

Total

- Mo wo

CcDs

Mo N =N

CDs

ocoooo

SNVs

UTR

©

o - o

Indels

UTR

o-o0o0o

Splice site

ocoooo

Splice site

ocoooo

Intron

27
28
21
24
26

Intron

~ 2o wo

‘SNVs identified in Japanese database

Indels identified in Japanese database

ocoooo

Variants were manually checked for redundency with respect to variants in an avaiable Japanese database providing genoric variation data of whole genome sequencing of Japanese
individuals (tips://jmorp.megabank.tohoku.ac.jo). SNV, Single nucleotide variant; CDS, coding sequence; PAH, pulmonary arterial hypertension; UTR, untranslated region; Indel, short

insertions or deletions.
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Case Location

# Exon 12
# Exon 12
# Exon 12
#3 Exon 3

#3 Exon 12
#5 Exon 3

#5 Exon 12

Al variants were vadated by Sanger sequencing. SNV, Single nucleotide variant; SNR. single nucleotide polymorphism.

Nucleotide change

©.2879 A>C
c.2811 G>A
€.2605 C>T
c276 A>C

©.2617 C>T
c276 A>C

2617 C>T

Variant type

SNV
SNV
SNV
SNV
SNV
SNV
SNV

Protein change

p.Thr793=
pArgas7=
p.Arg899XTer
p.Gin92His
p.Arg873XTer
p.GIng2His
p.Arg873XTer

Mutation type

Nonsense
Missense
Nonsense
Missense
Nonsense

* in the database of known BMPR2 variants (https://arup.utah.edu/detabase/BVIPR2/BMPR2_welcome.php).

in the Japanese database (https://imorp.megabank.tohoku.ac.jp).

Clinical significance*

Benign
Benign
Pathogenic
Benign
Pathogenic
Benign
Pathogenic

Reference SNP report**

rs3731697
rs1061157
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Case #1 #2 #3 #4 #5

Median length (op) 3,524 3,454 3244 3,120 3,465

19! Quartite length (bp) 1,653 1,450 1,297 1,225 1,462

3¢ Quartile length (bp) 5,681 5,133 4,884 4923 5,127
Mean quality score 2026 19.26 18.80 18.09 18.93
Base called reads 2,638,348 3,017,449 2,207,139 3,126,718 2,268,263
Reads after fitering n (%) 2,219,645 (84%) 2,453,722 (81%) 1,802,236 (78%) 2,283,628 (73%) 1,746,233 (77%)
Reads after alignment n (%) 1,650,471 (59%) 1,683,653 (56%) 975,408 (42%) 1,620,009 (56%) 1,081,661 (47%)
Average sequencing depth 135,603 133,736 80,375 119,464 106,229

Reads were base-called using MitKNOW and fitered and trimmed sing Nanofilt before alignment. n, number of reads; %, percentege of reads after qulity fitering/trimming or after
alignment is indicated in brackets. The average sequencing depth corresponds to the average number of reads per base.
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Patient characteristics Missing data (%)

Sex, male, n (%) 976 (64.0) 57
Age in years, mean (SD) 68,84 (0.33) 57

History

Cerebrovascular disease, 1 (%) 478(332) 57

Coronary artery disease, n (%) 430 (209) 58
Peripheral artery disease, n (%) 297 (20.7) 58
Risk factors

Type 2 diabetes melitus, n (%) 332 (23.1) 57

Hypertension, n (%) 1,017 (73.0) 87

Current smoker, 1 (%) 492 (34.9) 75

BMI, median (QR) 26,0 (24.0-28.4) 1.5
€GFR, median (IGR) 723 (68.7-85.4) 81

Total cholesterol in mmol/L, median (IQR) ~ 4.38 (3.60-5.25) 228
LDL in mmol/L, median (QR) 2.40 (181-3.13) 278
HOL in mmol/L, median (IQR) 1.06 (0.87-1.80) 250
Triglycerides in mmol/L, median (QR) ~ 1.50 (1.08-2.04) 246
Medication

Anti-hypertensives, n (%) 1,110(77.2) 58
Lipid lowering drugs, n (%) 1,112 (77.4) 58
Anti-thrombotics, n (%) 1,272 (88.6) 60
Symptoms

Asymptomatics, 1 (%) 195 (13.6) 60
Ocular, n (%) 221 (15.4) 60
TIA, 0 (%) 634 (44.2) 60
Stroke, n (%) 384(26.8) 60

Cerebrovascular disease history is defined by ischemic stroke prior to surgery. Coronary
artery disease history includes diagnosed coronary artery disease, myocardial infarction,
percutancous coronary intervention, and coronary artery bypass grafting. Peripheral
disease history includes diagnosed peripheral arterial occlusive disease, femoral artery
interventions, and ankle-brachial index <70. Type 2 dlabetes melitus includes al
individuals with diagnosed type 2 dlabetes melltus and those on appropriate medication.
Hypertension includes all individuals with sel-reported hypertension. Current smokers
include all individuals smoking up to 6 months until the surgery date. BMI, kg/m?. eGFR
rate was based on the Modlfication of Diet in Renal Disease formula, mL/min/1.73
m?. Anti-hypertensives include all anti-hypertension medication. Anti-thrombotics include
clopidogre, dpyridamole, acenocoumarol, ascal, and other anti-platelet drugs. Missing
data shows the percentage of the patients of which we lack informetion on the specific
patient characteristic.
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Gene Variant NES Alleles EAF Info

OSMR rs13168867 -0.13 [y 0.393 0.999

UFR rs10491509 0.29 NG 0.3561 0.989

Phenotype

Calcification

Collagen

Fat content

Intraplaque hemorrhage
Smooth muscle cells
Vessel density
Macrophages
Calcification

Collagen

Fat content

Intraplaque hemorrhage
Smooth muscle cells
Vessel density
Macrophages

Blse)

0,036 (0.077)
~0.259 (0.095)
0.248 (0.088)
~0.014 (0.080)
0.001 (0011)
~1.06 x 10-* (0.004)
0.004 (0.015)
0.046 (0.082)
0.134 (0.104)
0086 (0.094)
0.071 (0.086)
~0.003 (0.012)
0.002 (0.004)
0,015 (0.016)

P

0.687
622 x 1072
466 x 107

0862

0913

0976

0.809

0577

0.194

0.363

0.414

0840

0577

0354

For each variant, the association with plaque phenotypes is given. NES: the normalized effect size on expression; Alleles: the effect allele and the other allele, respectively; EAF: effect
allele frequency in the Athero-Express Biobank; Info: estimated imputation score in the Athero-Express Biobank; B, effect size; s.e., standard error; p, p-value of association; Ad. p,
Bonferroni adjusted p-value. Calcification and collagen were classifled as no/minor vs. moderate/heavy, fat content as 10 vs. >10% fat of plaque area, intrepleque hemorhage was
classified as absent vs. present. Smooth musce cells and mecrophages were classified as Box-Cox transformed percentage of pleque aree and vessel density as Box-Cox transformed

number of vessels/hotspot. None of the p-values surpassed significance threshold (3.13 x 10-3).
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Lmna~/~/wtin 5 weeks

Biological function

Proliferation of cells

Cell death

Apoptosis

Necrosis

Migration of cells

Cell movement

Leukocyte migration

Development of blood vessel

Vascular disease

Development of cardiovascular system

Number of genes/total
genes in the category

686/5,802
652/5,975
560/4,663
508/4,635
382/2,784
413/3,106
199/1,449
185/1,176
178/1,280
225/1,460

P-value

1.48E-33
3.7E-31

4.16E-31
6.94E-27
9.68E-26
6.20E-26
1.50E-17
2.42E-17
8.92E-17
5.38E-17

Lmna*/=/wtin 2 years

Biological function

Cell movement

Migration of cells
Proliferation of cells
Leukocyte migration
Organization of cytoskeleton
Development of blood vessel
Apoptosis

Organization of cytoplasm
Cell death

Necrosis

Number of genes/total
genes in the category

429/3,105
394/2,784
620/5,802
218/1,449
269/1,685
196/1,176
486/4,663
278/1,816
569/5,975
460/4,635

P-value

8.54E-48
2.24E-46
1.54E-38
1.77E-32
3.35E-32
2.17E-30
5.71E-30
1.77€-29
1.88E-28
2.48E-28

Right-tailed Fisher’s exact test.
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Age group

Genotype wt
=6

BW (g) 181£25
HW/BW (mg/g) 58+04
VS (mm) 064003
LvDd (mm) 3.03+0.28
LVDA/BSA (mnvim?) 924+ 99
LVDs (mm) 1.82+0.18
LVDS/BSA (mm/m?) 555 + 67
PW (mm) 0.62 +0.06
FS (%) 4004338

0 year
(5 weeks old)

Lmnat/-

(=8

19727
56+086
0.63 £0.05
3.25+£022
934 + 66
1.82+0.36
520 £ 81
0.64 £0.06
441+£91

Lmna~/=
(=5

85 1.7t
65+ 1.1
0.45 + 008"
262027
1,331 & 1631
181043
914 % 182"
0.48 4+ 0.03"
31.6:£90

1year
(43-53 weeks old)
wt Lmnat/=
(n=5) (n=9)
345£20 335433
50£07 46+04
0.76 0,05 073+ 005
3.60 +0.32 3544033
709 4 60 T18£77
2334038 209+ 025
458 61 42162
0.88:+0.05 0.79+0.10
352£9.1 409£70

2years
(86-100 weeks old)
wt Lmnat*/~
(n=6) (n=10)
365£7.1 344£78
57+1.0 89+29"
0.82:+0.14 0.74+0.08
410£0.26 481071
778 £ 115 977 +234
2.78 +£0.46 3.9940.80"
524289 817 2511
1.0340.11 077 £0.11t
323:+£97 1754 7.00

BSA, body surface area; BW, body weight; FS, fractional shortening; HW, heart weight; IVS, interventricular septum; LVD, diastolic left ventricular ciameter; LVDs, systolic left ventricular
diameter; PW, posterior wall; FS was calculated by [(LVDd-LVDS)/LVDG] x 100. LV mass was calculated by (VS + PW + LVDAR-LVDGP. *p < 0.05 vs. wt, tp < 0.0 vs. w, Student’s

2-tailed T-test.
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Case Age
# 06
#2 8
#3 6
# 925
# 725
o 1.58
#7 147
#8 147
# 333
#0 675
#1 1.75
#12 5
#3 3
#4025
#15 7
#16 1"
M7 192
#8025
#19 082
#20 3

mmzzgzgmzmaAMAMZZAAMA M

=z

Phenotype

VSD,ASD

TOF

ASD, PDA, PH
ASD, PS

V8D, ASD, PDA
ASD, PDA
AVCD, TAPVC, DORV
V8D, PS, DORV
AVCD, PH

V8D, ASD, PDA
ASD

PDA

vsD

TAPVC

DORV, PS

Gene

GLIT
GLIT
GLIT
GLIT
GLIT
GLI1
GLI2
GLI2
GLI2
GLI2
GLI2
GLI2
GLI2
GLI2
GLI2
GLI2
GLI3
GLI3
GLI3
GLI3

Position

chr12:57860080
chr12:57860138
chr12:57863347
chr12:57864299
chr12:67864374
chr12:57864447
chr2:121685021
chr2:121729629
chr2:121743938
chr2:121744044
chr2:121744106
chr2:121744161
chr2:121746044
chr2:121746828
chr2:121747359
chr2:121747842
chr7:42187969

chr7:42088263

chr7:42079808

chr7:42005382

NA variant*

©.820G>T

<.878G>A

©.1442T>A
cA776A>T
c.1851G>A
c.1924C>T
€.233A>C

€.1172C>T
<.2041G>A
€2147G>T
©.2208G>C
C.2264A>G
©.2554G>A
€.3338C>T
©.3869C>T
€.4352T>G
€.223C>G

€.506C>T

€.857C>T

©.3289G>T

AA variant

p.G274C
p.R293H
p.L481IX
pRS5%2S
p.M6171
pPBI2S
p.H78P
p.A39TY
p.V681M
p.G716V
pK736N
pN7555
p.ABS2T
pAI113V
p.P1290L
pl1451S
p.PT5A
pP1BOL
p.A286V
pV1097L

Type of variant

Missense
Missense
Stop-gain
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense

GERP
score

4.93
4.93
4.66
-0.05
-0.43
4.44
1.56
-0.31
—2.72
0.81
197
-3.54
291
1.94
2.76
422
5.07
491
413
468

MAF in gnomAD**

0.00003184
NA

NA

NA
0.00001195
0.000004010
NA
0.00001068
0.00007115
0.000003988
0.00005313
NA
0.00003428
NA

NA

NA
0.00004245
0.00001593
0.000007072
NA

VSD, Ventricular septal defect; ASD, Atrial septal defect; PH, Pulmonary hypertension; PS, Pulmonary stenosis; AVCD, Atrioventricular canal defect; CoA, Coarctation of aorta.
*All the variants are heterozygous.

“All of the variants we identified are heterozygous in gnomAD.
SSIFT predictions: D represents damaging, T represents tolerated
bPolyPhen-2 (PP2) prediictions: B represents benign, PrD represents probably demaging.
¢CADD predictions: P represents pathogenic, B represents benign.

MAF in
HuaBiao

NA
0.0001
NA
NA
NA
NA
NA
NA
0.0001
NA
0.0004
NA
0.0004
NA
NA
NA
0.0001
0.0001
NA
NA

SIFT®

oo

440-4-4-A4A-4—4-40-40-4-40-40

PP2°

PID
PID
NA

PID

PD

PD

PID

PO

PID

PID
PD

PID

CADD®

TTUVUVUVD®WU®DVVTV®WUT®WDU DU
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Variable Case (%)

Sequencing group 412
Region Shandong
Age: years (mean + S.0) 29+27
Male [no. (%) 229 (55.6)
Female [no. (%) 183 (44.4)
CHD classification

Septation defects [no. (%)) 136 (33.0)
TOF® fro. (%)) 72(17.5)
AVSDP no. (%)) 64 (15.5)
DORV® [ro. (%) 39(95)
PDAC [ro. (%) 29(7.0
APVR® [ro. (%)) 1@27)
TAPVC fno. (%)) 9(22)
Others® [no. (%)] 52(12.6)

aTOF, Tetralogy of Fellot.

bAVSD, Atrioventriculer septal defect

SDORY, Double-outiet right ventricle.

9PDA, Patent ductus arteriosus.

°APVR, Anomalous pulmonary venous return.

'TAPVC, Total anomalous pulmonary venous connection.

9“Others” includes CHDs with other defects such as heterotaxy.

Control (%)

213
Shandong
74£87
106 (49.8)
107 (60.2)
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Maternal age
Prenatal Gestational age
Congenital heart defect

Extracardiac malformation

NT

Karyotype

CMA
Pathogenic gene
Variant

Amino acid change
AF in gnomAD
HGMD

Clinvar

Zygostty

Mutation type
Parental origin
Disease
Inheritance Model
Reference (PMID)
Pathogenicity

*HLH, Hypoplasia left heart; VVSD, ventricular septal defect; AOS, Adams-Oliver syndrome; AF, allele frequency; AD, autosomal dominant.

Case 1

30Y
23W

HLH, double-outiet right ventricle,
perpetuate left superior vena cava,
cardiac arrhythmias, single umbilical
artery

Horseshoe kidney

35mm
Normal
Normal
KMT2D
©.10394delG (exon36) NM_003482

P.GIy3465Aspfs'37
Absence

Included

Not included
Heterozygous
Frameshift

De novo

Kabuki syndrome 1
AD

21671304
Pathogenic

Case 2

29Y
24W +3

Small left heart, coaractation of
aortic arch, ascending arota, small
VvsD

Congenital cystic adenomatoid
malformation of the lung(type I,
polydactyism

1.8mm

NA

del9q34.3

NOTCH], INPPSE, PMPCA

/

/
Absence

Not included

Not included

Heterozygous

Microdeletion

De novo

AOS 5/Aortic valve disease 1
AD

26820064

Pathogenic

Case 3

30Y
25W

HLH, atresia of mitral valves,
stenosis of aortic valves, VSD

12mm
Normal
Normal
WDFY3

©.349_c.350061AG (exon6)
NM_014901

p.Sert 17xts"1
Absence

Not included
Not included
Heterozygous.
Frameshift

De novo
Microcephaly 18
AD

Novel
Pathogenic
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Locus Size (kb)  Mode CNV Copy number  Candidate genes for CHD Type of CHD

16211 4183981 denovo, inherited, n/a  Gain, Loss 345 PRKABZ, FIM05, CHDIL, BCL, ACPS, TOF, AS, COA, PA, VSD
GUAS, CD160, PDZK1, NBPF11, JMOS,
GUA8
3p25.1 175-12,380  de novo, inherited Gain 2 RAFJ, TMEM40 TOF
3g22.1-3q26.1  680-32134  inherited, /a Gain, Loss 0-300 FOXL2, NPHP3, FAM62C, CEP70, FAIM, DORV, TAPVR, AVSD
PIK3CB, FOXL2, BPESCT
4g22.1 45 de novo Gain 1 PPMI1K TOF
5q14.1-14.3 49875454  Inherited, de novo Gain 41,108 EDIL3, VCAN, SSBP2, TMEM167A TOF
5q11.1 06 de novo Gain 1 isL1 TOF
5635.3 264-1777  denovo, a Gain 19-38 CNOT6, GFPT?, FLT4, ZNF879, ZNF 345C,  TOF
ADAMTS2, NSD1
7q11.23 380348 n/a Gain 58 FKBPS HLHS, Ebstein
8p23.1 67-12000  n/a Gain, Loss 4 GATA4,NEIL2, FDFT1, CSTB, SOX7 AVSD, VSD, TOF, ASD,
BAV
9g34.3 190-263 de novo Loss. 2-9 NOTCH1, EHMT1 TOF, COA, HLHS
9634.3 17 de novo Gain 1 NOTCH1 TOF
11p15.5 256271 n/a Gain 13 HRAS SV, AS
13q14.11 551430 n/a, denovo Gain 7 TNFSF11 TOF, TAPVR, VSD, BAV
15q11.2 2382285 n/a Loss 4 TUBGCPS, CYFIP1, NIPA2, NIPAT COA, ASD, VSD, TAPVR
16p13.11 1414-2903 n/a Gain 11-14 MYHT11 HLHS
18q11.12 3086118 n/a Gain 1-28 GATAB vsD
19p13.3 52805 n/a, denovo Gain, Loss 1-34 MIER2, CNN2, FSTL3, PTBP1, WORTS, TOF
GNAT1, STPRY
22q11.21 0713 denovo Gain 1 PRODH TOF
Xp22.2 500-615  na Gain 2-4 MID1 TOF, AVSD

CIWV; copy number variation; CHD, congenital heart disease; ASD, atrial septal defect; VSD, ventricular septal defect; PDA, patent ductus arteriosus; TOF, tetralogy of Fallot; COA,
coarctation of the aorta; TAPVR, total anomalous pulmonary venous return; AVSD, atrioventricular septal defect; PA, pulmonary atresia; DORV, double outlet right ventricle; BAV,
bicuspid aortic valve; HLHS, hypoplastic left heart syndrome; AS, aortic stenosis; SV, single ventricle.
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Gene Cardiovascular malformation Gene MIM

Transcription factors CITED2 ASD, VSD, AS, PS, SIT, Dextrocardia, TGA, TOF, RVOTO, TAPVR 602937
GATA4 Dextrocardia, AVSD, DORV,TOF, BAV, CoA, AR, PAPVR,PDA, PS, ASD, VSD 600576
GATAS AVSD, DORV, LVNG, BAV, CoA 611496
GATA6 AVSD, TOF, PDA, PTA, PS, ASD, VSD 601656
MED13L TGA 608771
NR2F2 AVSD, AS, CoA, VSD, HLHS, TOF, DORV 107773
NKX2-5 ASD, AVSD, BAV, CoA, Dextrocardia, DORV, Ebstein’s anomaly, HTX, HLHS, 600684

IAA, LVNG, Mitral valve anomalies, PA, PAPVR, PDA, PS, SVAS, TA, TAPVR,
TGA, TOF, PTA, VSD

NKX2-6 PTA 611770
8X1 DORY, TOF, IAA, PTA, VSD, 602054
8X2 ASD, VSD, RVOTO 600747
TBX5 AVSD, TOF, BAV, CoA, ASD, VSD 601620
TBX20 ASD, VSD, MS, DCM, LVNG 606061
MEF2C DORV 600602
ZFPM2/FOG2 AVSD, DORYV, TOF, VSD 603693
FOXH1 TOF, TGA, HTX, VSD 603621
FOXo1 TOF 136533
FOXP1 AVSD, HLHS 605515
HAND1 AVSD, DORV, HLHS, HLV, HRV, ASD, VSD 602406
HAND2 TOF, LVNC, VSD 602407
MSX1 BAV, CoA 142083
NFATC1 TOF, LVNC, BAV, CoA, TA, VSD 600489
ETS1 DORYV, HLHS, ASD, VSD 164720
JARID2 Left-sided lesions 601594
NR1D2 AVSD 602304
RBPJ HLHS 147183
RFX3 PTA 601337
Cell signaling and adhesion proteins ACVRT/ALK2 HTX, AVSD, DORV, TGA, Left-sided lesions, ASD 102576
ACVR28 HTX, Dextrocardia, AVSD, DORV, TGA, HLHS, PS, Venous anomaly 602730
BMPR1A AvsD 601299
BMPR2 AVSD, PDA, PAPVR, ASD, VSD 600799
GDF1 HTX, AVSD, DORV, TGA, TOF 602880
SMAD6E HLHS, AS, BAV, CoA 602931
CRELD1 ASD, AVSD 607170
GUAT HLHS, VSD, PA 121014
JAGT Aortic dextroposition, TOF, BAV, CoA, PS, VSD 601920
NOTCH1 HTX, AVSD, TOF, HLHS, LVNC, BAV, CoA, AS, MS, VSD 190198
NOTCH2 AVSD, TOF, BAV, CoA, PS, 600275
PDGFRA TAPVR 173490
TAB2 BAV, AS, TOF 605101
ADAM17 AVSD 603639
HES1 TGA 139606
HEY2 AVSD 604674
APC BAV, CoA 611731
DCHS1 LVNG, MVP 603057
ovLt LVNC, PDA 601365
EDN1 TOF 131240
PCDHA9 HLHS 606315
VEGFA TOF, PDA, PTA, AS, BAV, CoA, IAA, VSD 192240
Structural proteins ACTC1 ASD, HCM, DCM, LVNC 102540
DCHS1 MVP 603057
ELN SVAS 130160
MYHE ASD, HCM, DCM 160710
MYH7 Ebstein’s anomaly, LVNC, HCM, DCM 160760
MYH11 PDA, TAA 160745

AS, zortic stenosis; ASD, atrial septal defect; AVSD, atrioventricular septel defect; BAV, bicuspid aortic valve; CoA, coarctation of the aorte; DCM, dilated cardiomyopathy; DORV, double
outlet right ventricle; HCM, hypertrophic cardiomyopathy; HLHS, hypoplastic left heart syndrome; HLY, hypoplastic left ventricle; HRV, hypoplastic right ventricle; HTX, heterotaxy; IAA,
interupted aortc arch; LVNC, left ventricular noncompaction; MS, mitrel stenosis; MVR, mitrel valve prolapse; PA, pulmonary atresia; PAPVR, partial anomalous pulmonary venous
retumn; PDA, patent ductus arteriosus; PS, pulmonary valve stenosis; PTA, persistent truncus arteriosus; RVOTO, right ventricular outflow tract obstruction; SIT, situs inversus totals;
SVAS, supravalvular aortic stenosis; TA, tricuspid atresia; TAA, thoracic aortic aneurysm; TAPVR, total anomalous pulmonary venous retum; TGA, transposition of the great arteries;
TOF tetralogy of Fallot: VSD, ventricular septal defect.
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Variable

Age (years)

Male

Hypertension

Diabetes

Smoking

Total cholesterol (mg/di)
Triglyceride (mg/di)
HDL cholesterol (mg/d)
LDL cholesterol (mg/di)
RLP cholesterol (mg/di)
CAD

Al

(n=1,138)

48420
512 (45%)
218 (19%)

69 (6%)
221 (19%)
306 [279-366)
169 [88-204)
52 [42-64)

231 [191-271]

7.4[25-08)
211 (19%)

Group 1 (n = 519)
No mutation

53418
236 (45%)
117 (28%)

33 (6%)
124 (24%)
303 [271-827)
164 [81-182)
52 [43-65)

218 [189-243)

73[2.4-9.6)
102 (20%)

Group 2 (1 = 21)
APOE7 mutant

44421
11 (52%)
5 (24%)
5 (24%)

7 (33%)
343 [277-389)
216 (94-256]
51 [44-61)
249 [196-277)
12.35.8-215)
2(10%)

FH, familial hypercholesterolemia; CAD, coronary artery disease; RLP, remnant-like particle.

Classification

Group 3 (n = 590)

Monogenic FH

40 £19
260 (44%)
91 (15%)

31(5%)

89 (15%)
327 [264-391)
145 [73-199)
52 [44-63]
245 [201-281]
72(26-88)
105 (18%)

Group 4 (1 =8)
Oligogenic FH
(monogenic FH

+APOE7 mutant)

4221
5 (63%)
0(0%)
0(0%)
1(13%)
355 [208-398]
188 [87-314]
51[46-62)
265 [216-319]
11.4[25-19.0)
2(25%)

p-value

<1x10-1®
0.18
0012
69 x 1074
0.14
4.6x10°%
89x 1074
023
7.2 %108
1.6 x 107
0.026
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Variable Effect 95% CI

p-value
(mg/d)

Mutation (all FH genes) [n = 598] 46 2151 23 x 1077
Protein truncating mutation (LDLR) [1=305] 50 20-71 <1 x 1071
Missense mutation (LDLR) [n = 214 38 2344 44x 1077
Missense mutation (PCSK9) [n = 79) 28 10-39 3.9 x 10-%

APOE7 mutant [ = 29] 31 645 T.4x10%

FH, familial hypercholesterolemia; LDLR, LDL receptor; PCSK9, proprotein convertase

subtiisin/kexin type 9; Cl, confidence interval.

Multivariable linear analyses, including age and sex, were used to assess the association

between genetic variations and LDL cholesterol.
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Study  Year  The numberofsamples  Chromosome  Leadvariant  Nearest gene(s) P-value Suggested Associated Traits

© 2010 Case2,526 15 1510519210 usP3 1.4x10°®  AF SBP HR, BMI
Control 20,926
(10) 2018 Case 7,382 4 151906609 PITX2 9.1x 1070 AF
Control 480,628 10 15121420633 BAG3 2.3x10- DOM
(14) 2020 Case 47,309 1 15660240 CELSR2 33x10°°  LDL-C,IHD
Control 930,014 4 1517042102 PITX2/FAM241A 57x 107 AF
5 1511746324 KLHL3 2.4 x 1078 AF
6 154135240 CDKN1A 68x 107 Reduced LV function
6 155730499 LPA 18x 107" LDL-C,IHD
6 15140570886 LPA 7.7x10"  LDL-G,IHD
9 rs1556516 9p21/CDKN2B-AST 1.6 x 10715 IHD
9 15600038 ABO/SURF1 37x10°  LDL-C,IHD, T2D
10 154746140 SYNPOZL/AGAPS 14x10°  AF
10 1517617337 BAG3 37x10°°  DCM, reduced LV function
12 134766578 ATXNZ 49x 10 SBP DBP
16 1556094641 FTO 12x 1078 BMI, T2D

AF, atrial fibrillation; SBF, systolic Blood Pressure; HR, heart rate; DCM, dilated cardiomyopathy; LDL-C, low density lipoprotein cholesterol; IHD, ischemic heart disease; LV, left ventricular;
T2D, type 2 diabetes meliitus; DBP, diastolic blood pressure; BMI, body mass index.
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