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Background: Hypertrophic cardiomyopathy (HCM) is a genetic disorder characterized by left ventricular hypertrophy that can lead to heart failure, arrhythmias, and sudden cardiac death. Despite extensive research, the molecular mechanisms underlying HCM are not fully understood, and effective treatments remain limited. By leveraging bioinformatics and experimental validation, this study aims to identify key genes and pathways involved in HCM, uncover novel drug candidates, and provide new insights into its pathogenesis and potential therapeutic strategies.Methods: Commonly upregulated and downregulated genes in hypertrophic cardiomyopathy (HCM) were identified using Gene Expression Omnibus (GEO) datasets, including three mRNA profiling datasets and one miRNA expression dataset. Enrichment analysis and hub-gene exploration were performed using interaction networks and consistent miRNA-mRNA matches. Potential drugs for HCM were screened. HCM cellular and animal models were established using isoproterenol. Key unstudied differentially expressed genes (DEGs) were validated. Animals were treated with novel potential drugs, and improvements in HCM were assessed via ultrasound metrics. Hematoxylin and eosin (H&E) staining was used to assess myocardial fibrosis. Immunohistochemistry was employed to detect DEGs in cellular experiments.Result: We discovered 145 key upregulated and 149 downregulated DEGs associated with HCM development, among which there are eight core upregulated and seven core downregulated genes. There are 30 upregulated and six downregulated miRNAs. Between the six downregulated miRNAs and 1291 matched miRNAs (against eight core upregulated DEGs), there is one common miRNA, miR-1469. Using the CTD database, drugs that impact the expression/abundance/methylation/metabolic process of core DEGs (after the exclusion of toxic drugs) included acetaminophen, propylthiouracil, methapyrilene, triptolide, tretinoin, etc. In the HCM cell model, only ATRNL1 and WNT9A were significantly increased. In the HCM animal model, propylthiouracil, miR-1469, and triptolide demonstrated varying degrees of therapeutic effects on HCM. Propylthiouracil, but not miR-1469 or triptolide, significantly inhibited the expression of ATRNL1 in the HCM model, and all three drugs suppressed WNT9A expression.Conclusion: We identified several novel genes in HCM development, among which ATRNL1 and WNT9A were validated by cell and animal models. A deficiency of hsa-miR-1469 may be a mechanism behind HCM development. Novel medications for HCM treatment include propylthiouracil and triptolide.Keywords: hypertrophic cardiomyopathy, bioinformatics, ATRNL1, Wnt9a, hsa-miR-1469
1 INTRODUCTION
Hypertrophic cardiomyopathy (HCM) is an inherited cardiac disease that exhibits diverse genotypes, phenotypes, and clinical symptoms. It is the most frequently inherited cardiac disorder, with a prevalence of 0.2%–0.5% (Semsarian et al., 2015; Maron et al., 2022a). The typical symptoms are myocardial fiber hypertrophy, disarrangement, and myocardial hypertrophy, particularly asymmetric left ventricular hypertrophy. HCM usually results in obstruction of the left ventricular outflow tract (LVOT), which then triggers chest discomfort, dyspnea, fatigue, and syncope. The HCM phenotype can be observed in patients with varying degrees of left ventricular (LV) mass, ranging from mild LV wall thickness (≤15 mm) to massive hypertrophy (≥30 mm) (Maron et al., 2022b). Late diagnosis is very common, and HCM is a leading cause of sudden cardiac death, with an annual death rate of 0.5%–3% (Rowin et al., 2017; Maron et al., 2022c).
Currently, treatment options for HCM are limited. It is usually unnecessary to treat patients with obstructive HCM but no symptoms with medical or septal reduction therapy. However, these patients are still at risk, and there are no effective preventive medications available. Beta-blockers, such as nadolol and metoprolol succinate, are the preferred initial therapy for most patients with LVOT obstruction. A personalized decision is usually made about additional medical treatments, which encompass disopyramide combination therapy (e.g., disopyramide with a beta blocker or calcium channel blocker) or myosin inhibitor combination therapy (e.g., mavacamten with a beta-blocker or calcium channel blocker) (Olivotto et al., 2020; Tuohy et al., 2020).
Understanding the molecular mechanisms behind the pathogenesis of HCM can facilitate the development of effective treatment. It is widely acknowledged that genetic mutations play a key role in the occurrence of HCM. Based on the existing knowledge of the genetic and molecular basis of HCM and phenocopies (including myofilament mutation, Z-disc mutation, and calcium-handling), genes that are closely related to HCM include MYBPC3, MYH7, TNNI3, TNNT2, TPM1, MYL2, ACTC, MYH6, LBD3, ACTN2, ANKRD1, JPH2, and PLN (Geske et al., 2018). There is an insufficiency of information about validated and widely prevalent HCM genes in the existing research, causing a pressing need to explore potential drug targets and medications, for example, modulation of pathogenic/protective genes via known altered miRNAs or pharmacological interventions to assist in managing and preventing HCM.
In this study, the common upregulated and downregulated genes in HCM were identified using datasets from the Gene Expression Omnibus (GEO). Associated enrichment analysis was then performed, followed by hub-gene exploration through interaction network and screening of consistent miRNA-mRNA matches, as well as potential drugs for HCM. In addition, we validated key differential genes and novel therapeutic agents through cellular and animal models. The outcomes of this study may deepen the understanding of HCM development and improve the efficacy of its treatment in clinics.
2 MATERIALS AND METHODS
2.1 Data collection
We searched for the most recent transcriptome analysis data containing the HCM group and control group through the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) using used the keyword “hypertrophic cardiomyopathy.” The following three mRNA datasets were used for one miRNA analysis. The organism was Homo sapiens, and datasets were acquired through the same or similar platforms. Additionally, the diagnostic criterion for HCM across all datasets is defined as follows: HCM in adults was determined by a wall thickness of ≥15 mm in one or more left ventricular (LV) myocardial segments, as measured by any imaging technique (echocardiography, cardiac magnetic resonance imaging, or computed tomography), which is not explained solely by loading conditions:
GSE206978: This set includes the data of transcriptome profiling and epigenome wide DNA methylation analysis.
GSE180313: This set surveys the altered cardiac energetics and mitochondrial dysfunction in HCM.
GSE160997: This set investigates the RNA-seq transcriptome profiling and whole exome sequencing data on HCM patients.
GSE197191: This set contains the microRNA (miRNA) profiling of HCM and control populations.
2.2 Differentially expressed genes
According to the grouping information, the sample expression data were imported into the DEGseq R package to compare the expression differences between samples. The fold change p-values were obtained. Then, differentially expressed genes (DEGs) were determined according to the threshold of p-value<0.05 and log2 (foldchange) > 1 or < −1. The volcano plots were produced to present DEGs using the ggplot2 R package. The Venn diagrams of DEGs in three different GEO datasets were drawn. The upregulated DEGs that appeared in all three sets were considered as the core upregulated DEGs, and the downregulated DEGs that appeared in all three sets were considered as the core downregulated DEGs. The upregulated or downregulated DEGs shared by any two sets were considered key DEGs in the following analysis.
2.3 Enrichment analysis
The Metascape online tool (http://metascape.org) was used for enrichment analysis based on the upregulated and downregulated key DEGs. All DEGs were imported into the tool, and pathway and process enrichment analysis were conducted with the following ontology sources: GO, KEGG Pathway, Reactome, Transcription Factor Targets, and DisGeNET sets. The Homo sapiens background was used for enrichment analysis of all DEGs. Terms with a p-value < 0.01, a minimum count of 3, and an enrichment factor > 1.5 (the ratio between the observed counts and the counts expected by chance) were collected. The statistically enriched terms (GO/KEGG/Reactome terms) were presented by accumulative hypergeometric p-values and enrichment factors. Significant terms were then hierarchically clustered into a tree based on kappa-statistical similarities among their gene memberships. A 0.3 kappa score was applied as the threshold to cast the tree into term clusters. Terms with a similarity score > 0.3 are linked by an edge, where the thickness of the edge represents the similarity score. The network was visualized with Cytoscape with the “force-directed” layout and edges bundled for clarity. One term from each cluster was selected to have its term description shown as a label.
2.4 Key gene interaction networks
Based on key upregulated and downregulated genes, the protein–protein interaction (PPI) network was constructed using the Search Tool for the Retrieval of Interacting Genes (STRING) database (http://www.string-db.org), which provides experimental and predicted protein interaction information. The organism was set as H. sapiens. The active interaction source included all terms except text-mining (experiments, databases, co-expression, neighborhood, gene fusion, and co-occurrence). The criterion of node connection was ≥ 0.4.
2.5 Consistent miRNA–mRNA matches
The miRWalk database was used for matched miRNAs of the core upregulated and downregulated mRNAs (Score = 1). The matched miRNAs of core upregulated mRNAs and the downregulated miRNAs in HCM (in the GSE197191 dataset) were analyzed, and the intersection was the set of consistently downregulated miRNA in HCM. Similarly, the interaction of miRNAs matching the downregulated mRNA and the upregulated miRNAs in HCM (in the GSE197191 dataset) was the consistently upregulated miRNAs.
2.6 Using the core DEGs to identify potential drugs for HCM
The CTD database (http://ctdbase.org) was used to probe for potential drugs that impact the expression of core DEGs. The upregulated and downregulated core DEGs were input, and the drugs that impact the expression/abundance/methylation/metabolic process of each gene were acquired. The drugs modulating the most targets (increasing the expression of most downregulated core DEGs or decreasing the expression of most upregulated core DEGs) were identified, and we paid special attention to drugs with no known toxicity that can be clinically used.
2.7 The HCM cell model
In brief, HL-1 cells (purchased from iCell-m077) were treated with 10 μM isoproterenol (ISO) for 24 h and 48 h to induce an in vitro HCM cell model. Before the formal modeling, cell culture was performed with complete DMEM/F12 medium (KGL1203-500, KGI Bio) at 37°C in a 5% CO2 incubator. HL-1 cells were first treated with vehicle, 0, 1 μM, 2.5 μM, 5 μM, 10 μM, 20 μM, 40 μM, and 80 μM ISO for 24 h. Then, the proliferation status of HL-1 cells at various ISO concentrations was assessed using the CCK8 assay to determine the optimal ISO treatment concentration. In addition, the phenotype of HCM was confirmed by phalloidin fluorescent staining (showing actin in the cytoskeleton). The cells in each well were fixed with a 4% fixative (P1110, Solarbio) for 15 min, washed three times with PBS, and permeabilized with 0.5% Triton X-100 at room temperature for 20 min. Next, cells were washed with PBS three times (5 min each time). Phalloidin (1:200, CA1610, Solarbio) was added, and cells were incubated at room temperature for 30 min and washed with PBS. DAPI was added and incubated for 3 min in the dark. Cells were washed with PBS and stabilized with 50% glycerol. The phalloidin staining was observed under a fluorescence microscope (CKX53, Olympus).
2.8 Validation of key gene expression in the HCM cell model
After concentration selection, HL-1 cells were treated with ISO for 24 h and 48 h after cell attachment for subsequent analysis. Several key DEGs were selected and validated by real-time qPCR. The mRNA expressions of the core upregulated and downregulated genes were analyzed by real-time qPCR. Western blotting was conducted for further validation. Total RNA from cells was extracted using the Trizon reagent (CW0580S, CWBIO), and mRNA was extracted using an RNA Ultra-Pure Extraction Kit (CW0581M, CWBIO). Next, 2 µg of mRNA from each sample was reverse transcribed to single-stranded cDNA using the Reverse Transcription Kit HiScript II Q RT SuperMix for qPCR (R223-01, Vazyme) to synthesize cDNA, and fluorescence PCR was performed using a fluorescence PCR instrument (CFX Connect™ real-time, BoLe Life Medical Products Shanghai Co., Ltd.). One microliter of cDNA was used as a template for the following PCR. The quantitative PCR comprised an initial denaturation at 95°C for 35 s, then 40 cycles at 95°C for 10 s plus 58°C for 30 s, and lastly, extension at 72°C for 30 s. β-actin was used as an internal reference. The sequences of the primers are listed in the supplemental material. Relative quantification of mRNA expression was calculated using the 2−ΔΔCT method. All samples were examined in triplicate.
2.9 The HCM animal model
Male C57BL/6 mice (8 weeks old, SiBeiFu, Beijing, China) were housed at 20–26°C, 40%–70% humidity, and 12/12 h light/dark conditions. Modeling was initiated after 1 week of adaptation. Each animal was injected subcutaneously with ISO (30 mg/kg) in the back of the neck once per day for 2 weeks. In the 3rd week, the mice were injected every other day for another 2 weeks. In addition, for the therapy groups, intraperitoneal injections of the drugs were administered at the same time (once per day for 2 consecutive weeks and every other day starting in the 3rd week). Ultrasonography was performed after the 4 weeks of modeling, and special attention was paid to the following features: fraction of shortening (FS), ejection fraction (EF), cardiac output (CO), and stroke volume (SV) of the left ventricle. Finally, the extent of myocardial hypertrophy was assessed by hematoxylin and eosin (H&E) staining to measure the cross-sectional area (CSA) of the cardiomyocytes.
2.10 The therapeutic role of potential drugs in the HCM animal model
Based on drug sensitivity prediction and miRNA matching in bioinformatics analysis, the following drugs (including miRNAs) may have therapeutic effects: miR-1469, acetaminophen, propylthiouracil, methapyrilene, triptolide, and tretinoin (retinoic acid). Thereby, animals were divided into the following groups: model, model + miR-1469 (10 nmol/mouse), model + acetaminophen (150 mg/kg), model + propylthiouracil (16 mg/kg), model + methapyrilene (10 mg/kg), model + triptolide (100 ug/kg), and model + retinoic acid (20 mg/kg). The therapeutic roles of potential drugs were first assessed by ultrasonography results and then by histological analysis, including HE staining, of the heart tissue. The dosages of each drug (or the miRNA mimic) are listed in the supplemental material.
2.11 Immunohistochemical analysis of the validated key DEGs
For the changed key DEGs (ATRNL1 and WNT9A) in the vitro cell model, immunohistochemical (IHC) staining was performed based on the tendency of animal heart tissue to show the impact of drugs on the protein expression. Paraffin sections of cardiac tissues were dewaxed and hydrated. Then, sections were treated with citrate buffer and freshly prepared in 3% hydrogen peroxide, followed by sealing with bovine serum albumin (BSA) (Solarbio) for 30 min at 37°C. The sections were incubated with rabbit anti-ATRNL1 (bs-11504R, Bioss, 1/200) or rabbit anti-WNT9A (bs-1933R, Bioss, 1/200) overnight at 4°C. After washing, horseradish enzyme-labeled goat anti-rabbit IgG (H + L) (ZB-2301, Nakasugi Jinqiao, 1/100) was added dropwise and incubated at 37°C for 30 min. After re-staining with hematoxylin, the slices were blocked and observed under the microscope (CX43, OLYMPUS).
3 RESULTS
3.1 DEGs in HCM
In the GSE206978 dataset, 214 upregulated and 110 downregulated genes are observed, as the volcano plots show (Figure 1A). In the GSE180313 dataset, there are 691 upregulated and 378 downregulated genes (Figure 1B), and in the GSE160997 dataset, there are 1181 upregulated and 493 downregulated genes (Figure 1C). The intersections of upregulated genes were analyzed (Figure 1D): eight common DEGs (ATRNL1, BANCR, CRADD-AS1, GSG1L, MED12L, PENK, SH3GL2, and WNT9A) are shared by three subsets and are considered as core upregulated DEGs. Together, 246 upregulated DEGs are shared by any two sets, within which there are 145 known genes (with definite symbols). The intersections of the downregulated genes are shown in Figure 1E, with seven core downregulated genes (CHGB, EPHB2, HAS2, LRRN3, OSR1, SFRP5, and SPOCK1). Among three sets, there are overall 168 downregulated DEGs shared by any two sets, and 149 DEGs are known genes. These 145 key upregulated genes and 149 key downregulated genes were then sent for further analysis, including enrichments, interaction networks, consistent miRNA-mRNA matches, and potential drugs for HCM using the core DEGs (Figure 1F).
[image: Figure 1]FIGURE 1 | Differentially expressed genes in HCM. (A) Volcanic plots of DEGs in the GSE206978 dataset, with 214 upregulated and 110 downregulated genes. (B) Volcano plots of DEGs in the GSE180313 dataset, with 691 upregulated and 378 downregulated genes. (C) Volcanic plots of DEGs in the GSE160997 dataset, with 1181 upregulated and 493 downregulated genes. (D) Intersections of upregulated genes: eight common DEGs are shared by shared by three subsets. (E) Intersections of downregulated genes, with seven core downregulated genes. (F) These 145 key upregulated genes (with known functions and symbols) and 149 key downregulated genes (with known functions and symbols) are sent for further analysis, including enrichments, interaction networks, and consistent miRNA–mRNA matches, and potential drugs are predicted for HCM (using the core DEGs).
3.2 Enrichment analysis of key upregulated and downregulated genes
Figure 2 illustrates the enrichments of key upregulated genes. Genes were mainly enriched in collagen biosynthesis and modifying enzymes, presynapse, and salt transmembrane transporter activity (Figure 2A). Additionally, prominent enriched reactome terms encompass the transport of small molecules, signaling by receptor tyrosine kinases, and collagen biosynthesis, among others. The enriched KEGG pathways feature the PI3K-Akt signaling pathway, protein digestion and absorption, and various others related to cellular and molecular processes. Figure 2B indicates that these upregulated differentially expressed genes (DEGs) may be regulated by enriched transcription factors such as SRF, LEF1, LHX3, and others. Moreover, associated diseases with these key upregulated genes, shown in Figure 2C, include erythrocytosis, adolescent idiopathic scoliosis, and several others; these conditions may increase the likelihood of HCM development and should be clinically noted.
[image: Figure 2]FIGURE 2 | Enrichment analysis of key upregulated genes. (A) Top enriched GO terms/ KEGG pathways/Reactome terms. (B) The upregulated DEGs may be regulated by the top enriched transcription factors. (C) Enriched DisGeNET terms to show diseases associated with key upregulated genes.
The enrichment analysis for downregulated genes shows key GO terms such as extracellular matrix, inflammatory response, and innate immune response (Figure 3A). Significant reactome terms include hemostasis, metabolism of lipids, and neutrophil degranulation. Major enriched KEGG pathways are the complement and coagulation cascades, the phagosome, and alcoholic liver disease. The transcription factors involved are FOXJ2, AP1, and MYOGENIN (Figure 3B). Associated diseases, including Periodontitis, Myocardial Ischemia, and Renal fibrosis, are highlighted by enriched DisGeNET terms, which illustrate the relevance of these conditions related to the key down-regulated genes (Figure 3C).
[image: Figure 3]FIGURE 3 | Enrichment analysis of key downregulated genes. (A) Top enriched GO terms/ KEGG pathways/Reactome terms. (B) The downregulated DEGs may be regulated by the top enriched transcription factors. (C) Enriched DisGeNET terms to show diseases associated with key downregulated genes.
The enriched GO/KEGG/Reactome networks of key upregulated and downregulated genes are shown in Figures 4A, B.
[image: Figure 4]FIGURE 4 | Enriched GO/KEGG/Reactome networks of key upregulated and downregulated genes. (A) Networks of key upregulated genes. (B) Networks of downregulated genes.
3.3 Key gene PPI networks
Based on the key upregulated and downregulated genes, interaction networks are shown in Figures 5A, B (using the STRING database). In the upregulated DEG network, COL11A1, COL11A2, COL24A1, COL9A1, and P3H2 are located at the hub position (Figure 5A). In the downregulated DEG network, the following are import hub genes: C1QB, C1QC, C1QA, VSIG4, and CD163 (Figure 5B).
[image: Figure 5]FIGURE 5 | Key gene PPI networks. (A) PPI network based on the key upregulated genes. (B) PPI network based on the downregulated genes.
3.4 Consistent miRNA–mRNA matches
As Figure 6A shows, the DE miRNAs of HCM were analyzed in parallel using the GSE197191 dataset. There are 30 upregulated and six downregulated miRNAs. Meanwhile, using the miRWalk database, we obtained 1291 matched miRNAs against the eight core upregulated mRNAs (they are theoretically downregulated) and 1487 matched miRNAs against the seven core downregulated mRNAs (theoretically upregulated in expression) (Figure 6B). Between the six downregulated miRNAs in GSE197191 and the 1291 matched miRNAs, there is only one common miRNA, has-miR-1469 (Figure 6C). Similarly, between the 30 upregulated miRNAs in GSE197191 and the 1487 matched miRNA, there are 12 common miRNAs (Figure 6D). In future studies, modulating the expression of these miRNA targets could be a potentially novel means of HCM treatment.
[image: Figure 6]FIGURE 6 | Consistent miRNA–mRNA matches. (A) DE miRNAs of HCM in the GSE197191 dataset. There are 30 upregulated and six downregulated miRNAs. (B) The miRWalk database shows 1291 miRNAs matched against the eight core upregulated mRNAs (they are theoretically downregulated), and 1487 miRNAs matched against the seven core downregulated mRNAs (theoretically upregulated in expression). (C) There is one miRNA, hsa-miR-1469, between the six downregulated miRNAs in the GSE197191 dataset and the 1291 matched miRNAs. (D) There are 12 miRNAs between the 30 upregulated miRNAs in the GSE197191 dataset and the 1487 matched miRNAs.
3.5 Potential drugs for HCM based on core DEGs
We identified the drugs that impact the expression/abundance/methylation/metabolic process of core DEGs using the CTD database. The potential inhibitors to the eight core upregulated DEGs are shown in Figure 7A. PENK has the most potential inhibitors (61), followed by ATRNL1 (31 inhibitors), SH3GL2 (29 inhibitors), and MED12L (28 inhibitors). The top inhibitors (ranked by most potential targets) of the eight core DEGs are shown in Figure 7B. Excluding significant toxic ingredients, acetaminophen and propylthiouracil are potential medications for HCM. The number of drugs that might increase the methylation or enhance the metabolism of eight core upregulated DEGs are shown in Figure 7C. The top drugs (modulating the highest number of core DEGs) are shown in Figure 7D. All drugs except methapyrilene (an oral H1 receptor antihistamine and pyridine anticholinergics) are toxic. The number of drugs that can increase the expression) of the seven core downregulated DEGs are shown in Figure 7E. The top drugs (excluding the clearly toxic ones) include triptonide, trichostatin A, and tretinoin (Figure 7F). The numbers of drugs that could inhibit the methylation or metabolism of the seven core downregulated DEGs are shown in Figure 7G. The top drugs all have definite toxicity and are not for human use (Figure 7H). Together, according to the modulation of DEGs, acetaminophen, propylthiouracil, methapyrilene, triptonide, trichostatin A, and tretinoin are potential medications for HCM treatment.
[image: Figure 7]FIGURE 7 | Potential drugs for HCM based on core DEGs. (A) Numbers of potential inhibitors of the eight core upregulated DEGs. (B) Of the eight core upregulated DEGs, the top-ranked inhibitors (ranked by most potential targets) are shown. (C) Number of drugs that increase the methylation or enhance the metabolism of the eight core upregulated DEGs. (D) Top-ranked drugs that increase the methylation or enhance the metabolism of the eight core DEGs. (E) Number of potential enhancers of the seven core downregulated DEGs (increasing their expression). (F) Of the seven core downregulated DEGs, the top potential enhancers (ranked by most potential targets) are shown. (G) Number of drugs inhibiting the methylation or metabolism of seven core downregulated DEGs. (H) Of the seven core downregulated DEGs, the top-ranked drugs that inhibit their methylation or metabolism are shown.
3.6 Validation of key gene expression in cell models
Changes in the core DEGs were detected in the HCM cell model. Given that many of these genes have been studied in HCM, we analyzed the expression of ATRNL1, BANCR, GSG1L, MED12L, SH3GL2, WNT9A, CHGB, and LRRN3, which have not been clearly reported in the HCM field. Meanwhile, among key nodes in the PPI network, P3H2, CD163, and VSIG4 are novel genes in HCM. The expressions of the above genes in the HCM model cells were analyzed at 24 h and 48 h using real-time qPCR. As Figures 8A, B show, the HCM model was successfully established because the integrated optical density (IOD) of the phalloidin staining was significantly increased at 48 h. Among all the potential key DEGs, only ATRNL1 (Figure 8C) and WNT9A (Figure 8D) were significantly changed (upregulated, in line with the bioinformatics analysis above) at 48 h.
[image: Figure 8]FIGURE 8 | Validation of key gene expression in cell models. (A) Phalloidin immunofluorescence staining of the HCM cell model established by ISO. (B) The integrated optical density (IOD) of phalloidin is significantly increased at 48 h. (C) ATRNL1 (mRNA) expression is significantly increased at 48 h. (D) WNT9A is significantly increased at 24 h and 48 h.
3.7 Validation of drug efficacy in the HCM animal model
Among five potential drugs and the miR-1469 mimic (miR-1469), only propylthiouracil showed a consistent therapeutic effect on various ultrasound indicators, including FS% (Figure 9A), EF% (Figure 9B), CO (Figure 9C), and SV (Figure 9D, using uncorrected Fisher’s LSD instead of an unpaired t-test with Welch’s correction). In addition, miR-1469 (by the method of an unpaired t-test with Welch’s correction) and triptolide (using the uncorrected Fisher’s LSD method) also increased CO (Figure 9C), and miR-1469 simultaneously improved SV (Figure 9D, according to the method of an unpaired t-test with Welch’s correction). Together, propylthiouracil, miR-1469, and triptolide demonstrated varying degrees of therapeutic effects on HCM. Therefore, we observed the pathological morphology of the following four groups: model, model + miR-1469, model + propylthiouracil, and model + triptolide. Indeed, the model + miR-1469 and model + propylthiouracil groups showed a slight improvement of abnormalities in myocardial tissues (Figure 10A).
[image: Figure 9]FIGURE 9 | Validation of drug efficacy in the HCM animal model. The impacts of different drugs on the (A) fraction of shortening (FS%), (B) ejection fraction (EF%), (C) cardiac output (CO), and (D) stroke volume (SV) of the left ventricle. * Significance by unpaired t-tests with Welch’s correction, # significance by uncorrected Fisher’s LSD.
[image: Figure 10]FIGURE 10 | Pathological morphology and ATRNL1/WNT9A IHC staining in different groups. (A) HE stains of four groups: model, model + miR-1469, model + propylthiouracil, and model + triptolide. The model + miR-1469 and model + propylthiouracil groups showed a slight improvement of abnormalities in myocardial tissues. (B) IHC staining of ATRNL1. (C) IHC staining of WNT9A. (D) Only propylthiouracil, but not miR-1469 or triptolide, significantly inhibits the expression of ATRNL1 in the HCM model. (E) All of the three drugs suppress WNT9A expression. * p < 0.05, ** p < 0.01, and *** p < 0.001.
3.8 The impact of drugs on ATRNL1 and WNT9A expression in the HCM animal model
Given the therapeutic effects of propylthiouracil, miR-1469, and triptolide on HCM, the protein expressions of ATRNL1 (Figure 10B) and WNT9A (Figure 10C) were analyzed using IHC staining. Only propylthiouracil, but not miR-1469 or triptolide, significantly inhibited the expression of ATRNL1 in the HCM model (Figure 10D), and all three drugs suppressed WNT9A expression (Figure 10E). This result not only confirmed that the three drugs may indeed exert anti-HCM effects but also further validated that overexpression of ATRNL1 and WNT9A may be involved in HCM development.
4 DISCUSSION
In this study, we discovered 145 key upregulated and 149 downregulated DEGs associated with HCM development, among which there are eight core upregulated genes (ATRNL1, BANCR, CRADD-AS1, GSG1L, MED12L, PENK, SH3GL2, and WNT9A) and seven core downregulated genes (CHGB, EPHB2, HAS2, LRRN3, OSR1, SFRP5, and SPOCK1). Additionally, we have found several hub genes that are particularly crucial for HCM, including COL11A1, COL11A2, COL24A1, COL9A1, P3H2, C1QB, C1QC, C1QA, VSIG4, and CD163. The lack of miR-1469 may contribute to the development of HCM, and its effectiveness as a therapy should be investigated in future research. Based on the modulation of DEGs, acetaminophen, propylthiouracil, methapyrilene, triptonide, trichostatin A, and tretinoin have shown potential as medications for treating HCM. In addition, through cell and animal experiments, we further confirmed that the high expression of ATRNL1 or WNT9A was indeed involved in the development of HCM. miR-1469, propylthiouracil, and tretinoin could counteract the development of HCM to different degrees; they could also regulate the expression of ATRNL1 and WNT9A.
Among the core DEGs, PENK is a known risk for hypoxia and immune-related conditions associated with HCM (Ahmadi et al., 2022; Zheng et al., 2021; Yu et al., 2023). It may be involved in the circRNA/miRNA/mRNA network in the pathogenesis of recurrent implantation failure associated with HCM (Ahmadi et al., 2022). However, its specific pathogenic mechanism in HCM remains unclear. Inhibition of EPHB2 in HCM can be supported by related studies. Developmental SHP2 dysfunction underlies cardiac hypertrophy in Noonan syndrome partially through the decreased NOTCH1/EPHB2 signaling (Lauriol et al., 2016). Meanwhile, a related mechanism of its deficiency underlying HCM may be the inhibition of RIT1 signals (Cavé et al., 2016). Previously, it has been mentioned that HAS2 may be decreased in HCM (Lorén et al., 2019), even though detailed evidence is still scarce. In a bioinformatics study, OSR1 is a significantly decreased DEG, which is in line with our finding (Wu et al., 2022), and similar but still weak evidence showed that SFRP5 and SPOCK1 may be involved in the pathology of HCM (Liu et al., 2016; Ma et al., 2021). However, there have been currently no direct links between HCM and ATRNL1, BANCR, GSG1L, MED12L, SH3GL2, WNT9A, CHGB, or LRRN3.
In this study, for the first time, we confirmed the involvement of ATRNL1 and WNT9A in the pathogenesis of HCM in combination with bioinformatics analysis and experiments. For ATRNL1 (attractin like 1), known research is still very limited. GO annotations related to this gene include signaling receptor activity and carbohydrate binding. In addition, ATRNL1 is associated with the development of some tumors (Ding et al., 2024; Robesova et al., 2015; Fang et al., 2023), suggesting that its function has the potential to promote cell growth, which may constitute one of the mechanisms of HCM. However, ATRNL1 is mainly distributed in the cell membrane, and more specific downstream mechanisms remain to be elucidated. WNT9A is a member of the WNT family. Among its related pathways are signaling by WNT and Nanog in mammalian ESC pluripotency. In zebrafish, WNT9A and the downstream Wnt signaling regulate the migration of cardiomyocyte progenitor cells and control the formation of the cardiac tube (Paolini et al., 2023). This can be partly attributed to their regulation of the timing of cardiac progenitor cell differentiation, and Wnt9-triggered WNT signaling activation may constitute one of the pathogenic mechanisms of HCM. Our results showed that the expression of ATRNL1 and WNT9A are elevated in HCM cellular and animal models and decreased with improvement of HCM after drug treatment, suggesting that ATRNL1 and WNT9A are indeed important targets of HCM pathogenesis.
In the PPI network, multiple collagen-related genes are important nodes for key DEGs in HCM. This finding is reasonable, for myocardial collagen alteration/turnover/remodeling is a key pathogenic mechanism of HCM (Lombardi et al., 2003; Kitamura et al., 2001). Myocardial interstitial fibrosis is a characteristic of HCM, underlying which collagen turnover is enhanced in HCM patients (Lombardi et al., 2003). Peripheral levels of byproducts of collagen synthesis reflect myocardial extracellular matrix metabolism in HCM patients (Ellims et al., 2014). The collagen volume fraction has prognostic value in HCM patients (Arteaga et al., 2009). The ECM proteoglycan lumican is increased in HCM and colocalizes with fibrillar collagen throughout areas of fibrosis (Rixon et al., 2023). Moreover, collagen cross-linking is associated with cardiac remodeling in hypertrophic obstructive HCM (Bi et al., 2021).
In addition to collagen genes, the complement C1q genes (C1QB, C1QC, and C1QA) are hub genes in our network result. Similar results have been reported in a bioinformatics work [15]. Consistent results have been reported in associated studies (Li et al., 2023), but the mechanism of the action of complement C1q in HCM has not been understood. Furthermore, it has been confirmed to be associated with mitochondrial cardiomyopathy (Wang et al., 2022). However, these results suggest that the development of HCM may be associated with immune cell abnormalities and that peripheral blood levels of complement C1q may be useful in HCM monitoring. VSIG4 (V-set and immunoglobulin domain-containing 4, also known as the Complement receptor of the immunoglobulin superfamily) is a membrane receptor associated with the complement system that is expressed in many different cell types, including macrophages, dendritic cells, neutrophils, and hepatocytes, and is involved in a wide variety of biological processes including immune response and inflammatory regulation. VSIG4 has been known as a significantly decreased gene in HCM (Wu et al., 2022). Among hub genes, CD163 is a type-I membrane protein that is predominantly expressed in the monocyte/macrophage system. Together with complement C1q and VSIG4, our PPI results implied the role of immune cells in the pathogenesis of HCM, and this has also been noted in previous studies (Zhang et al., 2021). Finally, P3H2 is a very new gene in HCM, and its role is still to be investigated.
In our analysis of potential drugs, we proposed that the following drugs may be beneficial in HCM treatment: acetaminophen, propylthiouracil, methapyrilene, triptolide, trichostatin A, and tretinoin. There is no routine use of acetaminophen for HCM, and cases of its use in HCM are limited. There have been case reports of combined acetaminophen use in Noonan syndrome (Takagi et al., 2022). There is indeed evidence that patients with HCM can safely use acetaminophen for other reasons (Al Yazidi et al., 2022; Malik et al., 2022). For the first time, we here propose that acetaminophen may treat HCM through inhibition of four core upregulated DEGs: GSG1L, MED12L, PENK, and SH3GL2. This novel mechanism and potential effect need to be validated on a priority basis. Propylthiouracil reduces thyroid hormone synthesis by inhibiting the peroxidase system in the thyroid gland. It also has immunosuppressive effects. Considering the above results about key DEGs and hub DEGs suggests that immune activation may be involved in the development of HCM. It is expected that propylthiouracil can play a role in the treatment of HCM. There are cases of propylthiouracil usage in HCM (Lowey et al., 2008), although at this time, the hypothesis is very novel, and no definitive studies have confirmed its role. However, in animal studies, expression of β/slow MHC in the heart may be induced by administering propylthiouracil (Fielitz et al., 2007). Therefore, its clinical application is still premature, and animal experiments are needed to verify its efficacy. Here, we demonstrated for the first time that propylthiouracil can improve the ultrasound indicators and pathomorphology of HCM model animals, and this result provides an important reference for the pharmacological treatment of HCM. The therapeutic effect of propylthiouracil was more reliable and consistent than that of other drugs, with positive results in several indicators. In particular, propylthiouracil should be preferred in HCM patients with hyperthyroidism. Moreover, according to the CTD database, propylthiouracil can inhibit the expression of both ATRNL1 and WNT9A. This function was validated in our animal model. Thus, we have not only demonstrated for the first time the therapeutic efficacy of propylthiouracil against HCM in the animal model but also revealed for the first time the underlying molecular mechanism of its efficacy (by weakening ATRNL1 and WNT9A signaling).
Regarding trichostatin A, one study demonstrated the different responses of a genetic HCM zebrafish model to trichostatin A and U0126 (Becker et al., 2012). Then, in 2014, a study used patient-specific induced pluripotent stem cell (iPSC) derived cardiomyocytes as the HCM model and tested whether trichostatin A could prevent the development of disease phenotypes in HCM iPSC-cardiomyocytes (Han et al., 2014). The results showed that continuous administration of trichostatin A improved the hypertrophic phenotypes of HCM cells, including decreased size and suppressed NFATC nuclear translocation. In addition, CK2α1-transgenic mice can develop HCM, which was attenuated by the administration of trichostatin A (Eom et al., 2011). These results confirmed our hypothesis, and we here provide a new underlying mechanism that trichostatin A can simultaneously elevate four core downregulated DEGs: CHGB, HAS2, LRRN3, and SPOCK1.
To date, no studies have reported the link between methapyrilene, triptolide, or tretinoin and HCM. Our animal experiments suggest that triptolide can be an adjunctive agent for HCM. This result is consistent with research on other cardiomyopathies. For example, triptolide can be used as an anti-diabetic-cardiomyopathy agent (Zhu et al., 2021; Wen et al., 2013; Liang et al., 2015).
Lastly, we found that the miR-1469 mimic is also a useful anti-HCM agent. The miR-1469 mimic reduced WNT9A expression while improving HCM. This result is consistent with our expectations. In the results of bioinformatics analysis, miR-1469 is a downregulated RNA in HCM, and it is also one of the matched miRNAs against eight core upregulated DEGs. In the miRWalk database, WNT9A is the target (3UTR) of miR-1469 (Score = 1, energy = −32.2, 15 pairings). The above results suggest that downregulation of miR-1469 may lead to increased WNT9A expression and contribute to the development of HCM.
Still, this study has some limitations. Although we have obtained some consistent correlation results through cell and animal experiments, we have not yet validated the molecular mechanisms of ATRNL1 and WNT9A in HCM development and treatment by knockdown methods. In addition, due to the limited sample size, many results have not yet reached significant differences, and further subsequent validation is urgently needed.
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