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Background: We attempted to identify a regulatory competing endogenous RNA (ceRNA) network and a hub gene of Hypertrophic Cardiomyopathy (HCM).
Methods: Microarray datasets of HCM tissue were obtained from NCBI Gene Expression Omnibus (GEO) database. The R package “limma” was used to identify differentially expressed genes. Online search databases were utilized to match the relation among differentially expressed long non-coding RNAs (lncRNAs), microRNAs (miRNAs) and mRNAs. Weighted correlation network analysis (WGCNA) was used to identify the correlations between key modules and HCM. STRING database was applied to construct PPI networks. Gene Set Enrichment Analysis (GSEA) was used to perform functional annotations and verified the hub genes.
Results: A total of 269 DE-lncRNAs, 63 DE-miRNAs and 879 DE-mRNAs were identified in myocardial tissues from microarray datasets GSE130036, GSE36946 and GSE36961, respectively. According to online databases, we found 1 upregulated miRNA hsa-miR-184 that was targeted by 2 downregulated lncRNAs (SNHG9, AC010980.2), potentially targeted 2 downregulated mRNAs (LRRC8A, SLC7A5). 3 downregulated miRNAs (hsa-miR-17-5p, hsa-miR-876-3p, hsa-miR-139-5p) that were targeted by 9 upregulated lncRNAs, potentially targeted 21 upregulated mRNAs. Black and blue modules significantly related to HCM were identified by WGCNA. Hub gene IGFBP5 regulated by hsa-miR-17-5p, AC007389.5, AC104667.1, and AC002511.2 was identified. GSEA indicated that IGFBP5 might involve in the synthesis of myosin complex, participate in kinesin binding, motor activity and function via the regulation of actin cytoskeleton.
Conclusion: The results provide a potential molecular regulatory mechanism for the diagnosis and treatment of HCM. IGFBP5 might play an important role in the progression of HCM.
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INTRODUCTION
HCM is one of the most common autosomal-dominant cardiomyopathies with a prevalence of 1:200 to 1:500 (Maron and Maron, 2013; Semsarian et al., 2015). HCM is frequently underrecognised and diagnosed late. The annualized HCM death rate is 1.4% [2]. Importantly, HCM is an important cause of sudden cardiac death in the young (Shah, 2017; Maron, 2018). HCM is also a sarcomere-associated disease. Complicated biological processes occur LncRNA Rp5 with the progression of disease, including the hypertrophy and remodeling of left ventricular, impairment of diastolic function, myocardial ischemia, obstruction of the outflow tract, and other functional changes. Aforementioned interactions causes great heterogeneity in clinical symptoms of HCM (Elliott et al., 2014). Currently, researchers believe that gene mutations play an important role in HCM (Watkins et al., 2011). Mutations in several sacromeric genes, including MYH7, MYBPC3, TPM1, TNNT2 and TNNI3, have been identified as crucial genetic changes in 34% HCM patients (Erdmann et al., 2003; Burns et al., 2017; Geske et al., 2018). These are usually familial and hereditary cases. However, gene mutations have not been verified in approximately 70% HCM patients so the hereditary pathogenesis was unclear.
Exons with coding function account for a <2% proportion in human genes. Non-coding RNAs (ncRNAs) include long and small non-coding sequence. Long non-coding RNAs (lncRNAs) are transcripts with more than 200 nucleotides. Usually, lncRNAs play a crucial role in regulation of gene expression by RNA-RNA, RNA-DNA and RNA-protein ways in ribonucleoprotein complexes (Small and Olson, 2011; Derrien et al., 2012; Kaur et al., 2018). Previous studies demonstrate that lncRNAs are implicated in the gene regulation of several diseases, such as acute myocardial infarction, cancer and heart failure (Kornienko et al., 2013; Zhang et al., 2019; Liang et al., 2020). In HCM patients, lncRNAs are verified to be involved in vital biological processes of myocardial fibrosis, heart failure and atherosclerosis (Wang et al., 2020). MicroRNAs (miRNAs) are 17–25 nucleotides in length with function of targeting and regulating mRNA (Jansson and Lund, 2012). Mature miRNAs are directed to the 3 end of the target mRNA by base pairing, resulting in instability and translation inhibition of mRNA (Saliminejad et al., 2019). MiRNAs have been found to be involved in signaling pathways related to cancer, myocardial ischemia and diabetic cardiomyopathy (Li et al., 2020; Farooqi et al., 2021; Pedersen et al., 2021). Notably, Song et al. (2014) found 13 kinds of miRNAs related to HCM, among which miR-10a, miR-30c and miR-373 have also been corroborated by other previous studies.
In molecular biology, lncRNAs and miRNAs are important components of competing endogenous RNAs (ceRNAs). LncRNAs play a role as sponges and bind to miRNA targets, inhibiting or promoting the regulation of miRNAs on mRNAs (Salmena et al., 2011). LncRNA-miRNA-mRNA axis is an important regulatory network for cardiovascular disease. LncRNA Rp5-833A20.1 acts as a sponge to prevent miR-382-5p to target NFIA and promote atherosclerosis (Hu et al., 2015). LncRNA MIAT has been proved to be a kind of lncRNA that promotes myocardial fibrosis after acute ischemia. It is achieved via regulating MIAT/miRNA24 to target mRNA Furin and TGF-β1 (Qu et al., 2017). LncRNA ROR sponges miR-133 to cause the re-expression of ANP and BNP, leading to the exacerbation of cardiac hypertrophy eventually (Jiang et al., 2016). Guo et al. (2020) found that the ceRNA network from plasma was contributed to the genetic regulation of HCM by using bioinformatics method. In view of these studies, we hypothesized that the ceRNA network in cardiac tissue might play a regulatory role in HCM. In this study, we attempted to construct a cardiac tissue ceRNA regulatory network for HCM using human data from GEO database.
MATERIALS AND METHODS
Microarray Data
Human HCM microarray datasets were obtained from the GEO database (http://www.ncbi.nlm.nih.gov/geo/). GSE130036, GSE36946 and GSE36961 are three datasets containing long non-coding RNA, miRNA and mRNA profiling, respectively. The expression profiles of surgical myectomy tissues were compared between HCM patients and control donors.
Identification of Differentially Expressed Genes
After extracting the gene expression matrixes from the above microarray datasets. The R package “limma” was used to analyze the genes that were differentially expressed. FDR < 0.05 and |log2 FC| > 0.5 were the thresholds to identify differentially expressed lncRNA and mRNA. FDR < 0.05 and |log2 FC| > 0 were the thresholds of differentially expressed miRNA.
Construction of a Candidate LncRNA-miRNA-mRNA Network
Online search databases were utilized to predict differentially expressed lncRNA and mRNA that potentially target differentially expressed miRNA. Specifically, MiRcode (http://www.mircode.org/) database was applied to predict lncRNA that could target miRNA. And the mRNA that could potentially be targeted by miRNA in all these following databases were selected: miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/), miRDB (http://www.mirdb.org/), and TargetScan (http://www.targetscan.org/) databases. Here, the lncRNA-miRNA-mRNA network was constructed in Cytoscape software using the above selected genes.
Weighted Correlation Network Analysis (WGCNA) and Functional Annotation
In order to identify clinically key modules of HCM, The R package “WGCNA” was used to construct a weighted correlation network using the mRNA expression profiling in GSE36961. Pearson coefficient was calculated to assess the weighted co-expression relationship among all genes in the network. The soft threshold was used to ensure a scale-free network. The network interconnectedness was represented by topological overlap measure. Gene modules that consist of genes with high correlations, were identified based on the hierarchical clustering method. The gene modules with significant correlations with HCM were identified as clinically key modules. The protein-protein interaction (PPI) network of clinically key modules was constructed using the Search Tool for the Retrieval of Interacting Genes (STRING, https://string-db.org/) database. Confidence score > 0.7 was set as significant. In Cytoscape software, plug-in Molecular Complex Detection (MCODE) was used to select hub clusters of significant modules and perform functional annotation.
Identification and Functional Annotation of Clinically Hub Genes and Regulatory Network for HCM
The intersection of genes between lncRNA-miRNA-mRNA network and above clinically key modules were identified as the clinically hub genes and regulatory network of HCM. Then, Gene Set Enrichment Analysis (GSEA) was used to perform functional annotation and determine whether the hub genes showed significant, concordant differences between HCM patients and control donors.
RESULTS
Differentially Expressed LncRNA, miRNA and mRNA
A total of 127 upregulated and 142 downregulated lncRNAs were found in myocardial tissues from 28 HCM patients. 31 upregulated and 32 downregulated miRNAs were identified in myocardial tissues from HCM patients. 361 upregulated and 518 downregulated miRNAs were obtained in myocardial tissues from HCM patients. Volcano maps in Figure 1 showed the differentially expressed genes in these microarray datasets.
[image: Figure 1]FIGURE 1 | Volcano plots of differentially expressed lncRNA, miRNA and mRNA. Red dots represent upregulated genes. Green dots represent downregulated genes. Note: FC, fold change.
LncRNA-miRNA-mRNA Network
According to the information provided by several online search databases mentioned above, we found that 206 miRNAs were targeted by 142 downregulated lncRNAs while 201 miRNAs were targeted by 127 upregulated lncRNAs. After making intersections, 4 upregulated miRNAs potentially targeted by downregulated lncRNAs and 10 downregulated miRNAs potentially targeted by upregulated lncRNAs were revealed (Figure 2A). There were 21 mRNAs targeted by 4 upregulated miRNAs and 1131 mRNAs targeted by 10 downregulated miRNAs. After making intersections, two downregulated mRNAs potentially targeted by upregulated lncRNAs and 21 upregulated mRNAs potentially targeted by downregulated lncRNAs were found (Figure 2B). Hence, only 1 upregulated miRNA hsa-miR-184 that was targeted by 2 downregulated lncRNAs (SNHG9, AC010980.2), targeted 2 downregulated mRNAs (LRRC8A, SLC7A5). Three downregulated miRNAs (hsa-miR-17-5p, hsa-miR-876-3p, hsa-miR-139-5p) that were targeted by 9 upregulated lncRNAs, targeted 21 upregulated mRNAs. The details were presented in lncRNA-miRNA-mRNA network (Figure 2C).
[image: Figure 2]FIGURE 2 | Construction of the LncRNA-miRNA-mRNA Network. (A) Venn diagrams of the intersection between downregulated lncRNA-targeted miRNA and upregualted miRNA, as well as the intersection between upregulated lncRNA-targeted miRNA and downregualted miRNA. (B) Venn diagrams of the intersection between four upregulated miRNA-targeted mRNA and downregualted mRNA, as well as the intersection between ten downregulated miRNA-targeted mRNA and upregualted mRNA. (C) The interaction network among lncRNA, miRNA and mRNA.
Clinically Key Modules and Functional Annotation
In order to identify the relatively balanced mean connectivity and scale independence, a soft threshold of 10 was selected to construct the scale-free topology module (Supplementary File). As shown in Figure 3, a total of 10 modules were constructed, in which the black and blue modules were identified as clinically key modules. Black and blue modules were negatively related to HCM with coefficients of −0.75 (p = 4e-25) and −0.83 (p = 1e-33), respectively. 3 hub clusters in black module and 4 hub clusters in blue module were identified using plug-in MCODE in Cytoscape software. The PPI network and Functional annotation of the hub clusters in black module were listed in Figure 4. GO enrichment analysis of cluster 3 in black module indicated the importance of fibronectin binding in the biological mechanism of HCM. Likewise, The PPI network and Functional annotation of the hub clusters in blue module were listed in Figure 5.
[image: Figure 3]FIGURE 3 | Weighted correlation network analysis. (A) Histogram and check scale free topology. (B) Cluster dendrogram of modules. (C) Heat map of module-HCM relationships. (D) Module memberships in blue and black module and their correlation with HCM. HCM, hypertrophic cardiomyopathy.
[image: Figure 4]FIGURE 4 | Functional annotations of three clusters in black module (including protein-protein interaction network, gene ontology enrichment analysis and KEGG pathway enrichment analysis). GO functional analysis showed that the genes in black module contributed to muscle composition, myosin, actin, and fibronectin binding, while KEGG analysis demonstrated that the genes were enriched in diastolic and contractile signaling pathways of cardiomyocytes.
[image: Figure 5]FIGURE 5 | Functional annotations of four clusters in blue module (including protein-protein interaction network, gene ontology enrichment analysis and KEGG pathway enrichment analysis). Genes in blue module were involved in cytokine chemotaxis, pathogen infection, inflammatory response, antigen presentation, and atherogenesis, which may be contributed to the development of HCM.
Clinically Hub Gene and Regulatory Network of HCM
The intersection of genes between lncRNA-miRNA-mRNA network and above 2 key modules showed that gene IGFBP5 was the clinically hub gene of HCM. A regulatory network of HCM was constructed as shown in Figure 6. The network indicated that the high expression of AC007389.5, AC104667.1 and AC002511.2 could down-regulate the expression of hsa-miR-17-5p in HCM tissue, which would ultimately up-regulate the expression of gene IGFBP5.
[image: Figure 6]FIGURE 6 | Regulatory network of HCM.
Gene Set Enrichment Analysis of Clinically Hub Gene
We performed gene set enrichment analyses between IGFBP5 high expression group and IGFBP5 low expression group. GO enrichment analysis showed that some biological processes were enriched in, for example, connective tissue development, external encapsulating structure (Figure 7A). GO enrichment analysis also revealed that cell components were related to basement membrane, endoplasmic reticulum lumen, excitatory synapse and myosin complex (Figure 7B). Besides, GO enrichment analysis also demonstrated that molecular functions were associated with calmodulin binding, extracellular matrix, glycosaminoglycan binding, kinesin binding and motor activity (Figure 7C). Furthermore, KEGG enrichment analysis indicated that the high expression of IGFBP5 might function through adherens junction, ECM receptor interaction, focal adhesion, hedgehog signaling pathway, regulation of actin cytoskeleton, renin angiotensin system, TGF β signaling pathway, tight junction, and vascular smooth muscle contraction (Figure 7D).
[image: Figure 7]FIGURE 7 | Gene set enrichment analysis. (A–C) Gene ontology enrichment analysis. (D) KEGG pathway enrichment analysis. HCM, hypertrophic cardiomyopathy.
DISCUSSION
HCM is a cardiomyopathy that is inherited in an autosomal dominant pattern (Maron and Maron, 2013). It is an important cause of sudden death in young people (Shah, 2017; Maron, 2018). Although many researchers are committed to the pathogenesis of HCM currently, the mechanism of gene regulation is still poorly understood. This study constructed a ceRNA network involved in HCM via bioinformatic analysis on heart tissue. It will provide preference for diagnosis and treatment for HCM.
WGCNA is an important method for bioinformatics analysis. It builds a network according to the systematic gene expression so as to obtain genetic clusters that are functionally similar. Through WGCNA, we found that expression of genes in blue and black modules was negatively associated with development of HCM. GO functional analysis showed that the genes in black module contributed to muscle composition, myosin, actin, and fibronectin binding. Simultaneously, KEGG analysis demonstrated that the genes of this module were enriched in diastolic and contractile signaling pathways of cardiomyocytes. Moreover, genes in blue module were involved in cytokine chemotaxis, pathogen infection, inflammatory response, antigen presentation, and atherogenesis. This suggested that inflammation may play an important role in the progression of HCM.
In this study, differential genes were identified by Limma. Online search databases were used to pair lncRNA, miRNA, and mRNA, in order to establish an integrated ceRNA network. The constructed ceRNA network was composed of 11 lncRNAs, 4 miRNAs and 23 genes after successful pairing. The overexpression of lncRNA SNHG9 and AC010980 targeted at the expression of mRNA SLCTA5 and LRRC8A by up-regulating miR-184. Additionally, 3 miRNAs, including miR-876-3p, miR-17-5, and miR-139-5p, were targeted by 9 upstream lncRNAs. 21 genes were targeted by these 3 miRNAs. Several hub genes obtaining from Limma analysis have been reported to be involved in HCM in previous study, such as RYR2,RBM20, XIRP2 (Helms et al., 2016; Okuda et al., 2018; Stanczyk et al., 2018; Fernlund et al., 2020). Importantly, RyR2 is an important receptor that controls calcium channels of sarcoplasmic reticulum. Therefore, it is closely related to the systolic function of cardiomyocytes (Okuda et al., 2018; Stanczyk et al., 2018).
The genes of the above two modules were intersected with the ceRNA network. Gene IGFBP5 was considered as the clinically hub gene of HCM. IGFBP5 is a member of insulin-like growth factor binding proteins. By binding to insulin-like growth factor (IGF), IGFBP5 plays an important role in cell differentiation and transcription (Amaar et al., 2002; Schedlich et al., 2007; Poreba and Durzynska, 2020). It can promote the proliferation and apoptosis of normal tissue cells and may further lead to tissue remodeling (Mano et al., 2017). Previous study discovered that IGFBP5 takes part in the progression of atherosclerosis (Xu et al., 2004; Yang et al., 2021). IGFBP5 promotes local inflammatory response of vascular endothelial cells, especially the involvement of macrophages. Macrophages propagates the development of plaque and promotes thrombosis, leading to the maintenance of inflammatory response (Moore et al., 2013). Meanwhile, IGFBP5 is highly expressed in fibroblasts of lung and heart, taking part in promoting fibrosis of the tissues (S. E. Sureshbabu et al., 2009; Song et al., 2013). However, the role of IGFBP5 in HCM has not been previously reported. Our study revealed that IGFBP5 is correlated with the components of myosin complex. KEGG enrichment analysis showed that IGFBP5 is enriched in regulation of actin cytoskeleton. As a result, IGFBP5 might promote progression of HCM by influencing myosin and actin of myocardial cells. Of note, IGFBP5 is also enriched in the renin angiotensin system, and the latter is thought to be an important regulatory mechanism leading to HCM (Musumeci et al., 2021). Further studies are expected to further uncover the molecular mechanisms involved.
Although we were able to establish a complete ceRNA network for HCM and identified potential pathogenic genes, several limitations of this study should be clarified. First of all, due to the difficulty in obtaining heart tissues, the experimental verification was missing. Subsequent experiments such as qPCR, Western blotting to support our conclusion will be required in the future. In addition, due to the limitations of data sources, we used multiple databases for the analysis. Heart tissues were treated in different experimental treatments, and the batch of effect could not be eliminated. Analysis of complete information from the same patient population will greatly promote construction of a convincing ceRNA network. Finally, the accuracy of the analysis results may be affected because the sample size for our research is relatively small.
In conclusion, we constructed a ceRNA network which is composed of 11 lncRNAs, 4 miRNAs, and 23 genes. It may play an important regulatory role in the progression of HCM. IGFBP5 might promote the progression of HCM, especially in tissue remodeling and regulation of actin cytoskeleton, which could be a potential biomarker for diagnosis of HCM. Its physiological role and detailed signaling pathway in HCM should be explored in the future.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
AUTHOR CONTRIBUTIONS
YS and ZX contributed to the conception and design. YS, SC and ZX contributed to the provision of study materials. YS and DX contributed to the collection and assembly of data. All authors contributed to the data analysis, interpretation and manuscript writing. All authors contributed to the final approval of manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.822465/full#supplementary-material
REFERENCES
 Amaar, Y. G., Thompson, G. R., Linkhart, T. A., Chen, S.-T., Baylink, D. J., and Mohan, S. (2002). Insulin-like Growth Factor-Binding Protein 5 (IGFBP-5) Interacts with a Four and a Half LIM Protein 2 (FHL2). J. Biol. Chem. 277 (14), 12053–12060. doi:10.1074/jbc.m110872200
 Burns, C., Bagnall, R. D., Lam, L., Semsarian, C., and Ingles, J. (2017). Multiple Gene Variants in Hypertrophic Cardiomyopathy in the Era of Next-Generation Sequencing. Circ. Cardiovasc. Genet. 10 (4), e001666. doi:10.1161/CIRCGENETICS.116.001666
 Derrien, T., Johnson, R., Bussotti, G., Tanzer, A., Djebali, S., Tilgner, H., et al. (2012). The GENCODE V7 Catalog of Human Long Noncoding RNAs: Analysis of Their Gene Structure, Evolution, and Expression. Genome Res. 22 (9), 1775–1789. doi:10.1101/gr.132159.111
 Elliott, P. M., Elliott, P. M., Anastasakis, A., Borger, M. A., Borggrefe, M., Cecchi, F., et al. (2014). 2014 ESC Guidelines on Diagnosis and Management of Hypertrophic Cardiomyopathy: the Task Force for the Diagnosis and Management of Hypertrophic Cardiomyopathy of the European Society of Cardiology (ESC). Eur. Heart J. 35 (39), 2733–2779. doi:10.1093/eurheartj/ehu284
 Erdmann, J., Daehmlow, S., Wischke, S., Senyuva, M., Werner, U., Raible, J., et al. (2003). Mutation Spectrum in a Large Cohort of Unrelated Consecutive Patients with Hypertrophic Cardiomyopathy. Clin. Genet. 64 (4), 339–349. doi:10.1034/j.1399-0004.2003.00151.x
 Farooqi, A. A., Attar, R., Yulaevna, I. M., and Berardi, R. (2021). Interaction of Long Non-coding RNAs and Circular RNAs with microRNAs for the Regulation of Immunological Responses in Human Cancers. Semin. Cel Dev Biol S1084-S9521 (21), 00138-5. doi:10.1016/j.semcdb.2021.05.029
 Fernlund, E., Kissopoulou, A., Green, H., Karlsson, J. E., Ellegård, R., Årstrand, H. K., et al. (2020). Hereditary Hypertrophic Cardiomyopathy in Children and Young Adults-The Value of Reevaluating and Expanding Gene Panel Analyses. Genes (Basel) 11 (12), 1472. doi:10.3390/genes11121472
 Geske, J. B., Ommen, S. R., and Gersh, B. J. (2018). Hypertrophic Cardiomyopathy. JACC: Heart Fail. 6 (5), 364–375. doi:10.1016/j.jchf.2018.02.010
 Guo, Q., Wang, J., Sun, R., He, Z., Chen, Q., Liu, W., et al. (2020). Comprehensive Construction of a Circular RNA-Associated Competing Endogenous RNA Network Identified Novel Circular RNAs in Hypertrophic Cardiomyopathy by Integrated Analysis. Front. Genet. 11, 764. doi:10.3389/fgene.2020.00764
 Helms, A. S., Alvarado, F. J., Yob, J., Tang, V. T., Pagani, F., Russell, M. W., et al. (2016). Genotype-Dependent and -Independent Calcium Signaling Dysregulation in Human Hypertrophic Cardiomyopathy. Circulation 134 (22), 1738–1748. doi:10.1161/circulationaha.115.020086
 Hu, Y.-W., Zhao, J.-Y., Li, S.-F., Huang, J.-L., Qiu, Y.-R., Ma, X., et al. (2015). RP5-833A20.1/miR-382-5p/NFIA-dependent Signal Transduction Pathway Contributes to the Regulation of Cholesterol Homeostasis and Inflammatory Reaction. Atvb 35 (1), 87–101. doi:10.1161/atvbaha.114.304296
 Jansson, M. D., and Lund, A. H. (2012). MicroRNA and Cancer. Mol. Oncol. 6 (6), 590–610. doi:10.1016/j.molonc.2012.09.006
 Jiang, F., Zhou, X., and Huang, J. (2016). Long Non-coding RNA-ROR Mediates the Reprogramming in Cardiac Hypertrophy. PLoS One 11 (4), e0152767. doi:10.1371/journal.pone.0152767
 Kaur, H., Sarmah, D., Saraf, J., Vats, K., Kalia, K., Borah, A., et al. (2018). Noncoding RNAs in Ischemic Stroke: Time to Translate. Ann. N.Y. Acad. Sci. 1421 (1), 19–36. doi:10.1111/nyas.13612
 Kornienko, A. E., Guenzl, P. M., Barlow, D. P., and Pauler, F. M. (2013). Gene Regulation by the Act of Long Non-coding RNA Transcription. BMC Biol. 11, 59. doi:10.1186/1741-7007-11-59
 Li, H., Fan, J., Chen, C., and Wang, D. W. (2020). Subcellular microRNAs in Diabetic Cardiomyopathy. Ann. Transl Med. 8 (23), 1602. doi:10.21037/atm-20-2205
 Liang, H., Su, X., Wu, Q., Shan, H., Lv, L., Yu, T., et al. (2020). LncRNA 2810403D21Rik/Mirf Promotes Ischemic Myocardial Injury by Regulating Autophagy through Targeting Mir26a. Autophagy 16 (6), 1077–1091. doi:10.1080/15548627.2019.1659610
 Mano, S. S., Uto, K., and Ebara, M. (2017). Material-induced Senescence (MIS): Fluidity Induces Senescent Type Cell Death of Lung Cancer Cells via Insulin-like Growth Factor Binding Protein 5. Theranostics 7 (19), 4658–4670. doi:10.7150/thno.20582
 Maron, B. J. (2018). Clinical Course and Management of Hypertrophic Cardiomyopathy. N. Engl. J. Med. 379 (7), 655–668. doi:10.1056/nejmra1710575
 Maron, B. J., and Maron, M. S. (2013). Hypertrophic Cardiomyopathy. The Lancet 381 (9862), 242–255. doi:10.1016/s0140-6736(12)60397-3
 Moore, K. J., Sheedy, F. J., and Fisher, E. A. (2013). Macrophages in Atherosclerosis: a Dynamic Balance. Nat. Rev. Immunol. 13 (10), 709–721. doi:10.1038/nri3520
 Musumeci, B., Tini, G., Russo, D., Sclafani, M., Cava, F., Tropea, A., et al. (2021). Left Ventricular Remodeling in Hypertrophic Cardiomyopathy: An Overview of Current Knowledge. J. Clin. Med. 10 (8). doi:10.3390/jcm10081547
 Okuda, S., Sufu-Shimizu, Y., Kato, T., Fukuda, M., Nishimura, S., Oda, T., et al. (2018). CaMKII-mediated Phosphorylation of RyR2 Plays a Crucial Role in Aberrant Ca2+ Release as an Arrhythmogenic Substrate in Cardiac Troponin T-Related Familial Hypertrophic Cardiomyopathy. Biochem. Biophysical Res. Commun. 496 (4), 1250–1256. doi:10.1016/j.bbrc.2018.01.181
 Pedersen, O. B., Grove, E. L., Kristensen, S. D., Nissen, P. H., and Hvas, A. M. (2021). MicroRNA as Biomarkers for Platelet Function and Maturity in Patients with Cardiovascular Disease. Thromb. Haemost. doi:10.1055/s-0041-1730375
 Poreba, E., and Durzynska, J. (2020). Nuclear Localization and Actions of the Insulin-like Growth Factor 1 (IGF-1) System Components: Transcriptional Regulation and DNA Damage Response. Mutat. Research/Reviews Mutat. Res. 784, 108307. doi:10.1016/j.mrrev.2020.108307
 Qu, X., Du, Y., Shu, Y., Gao, M., Sun, F., Luo, S., et al. (2017). MIAT Is a Pro-fibrotic Long Non-coding RNA Governing Cardiac Fibrosis in Post-infarct Myocardium. Sci. Rep. 7, 42657. doi:10.1038/srep42657
 Saliminejad, K., Khorram Khorshid, H. R., Soleymani Fard, S., and Ghaffari, S. H. (2019). An Overview of microRNAs: Biology, Functions, Therapeutics, and Analysis Methods. J. Cel Physiol 234 (5), 5451–5465. doi:10.1002/jcp.27486
 Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA Hypothesis: the Rosetta Stone of a Hidden RNA Language?Cell 146 (3), 353–358. doi:10.1016/j.cell.2011.07.014
 Schedlich, L. J., Muthukaruppan, A., O’Han, M. K., and Baxter, R. C. (2007). Insulin-like Growth Factor Binding Protein-5 Interacts with the Vitamin D Receptor and Modulates the Vitamin D Response in Osteoblasts. Mol. Endocrinol. 21 (10), 2378–2390. doi:10.1210/me.2006-0558
 Semsarian, C., Ingles, J., Maron, M. S., and Maron, B. J. (2015). New Perspectives on the Prevalence of Hypertrophic Cardiomyopathy. J. Am. Coll. Cardiol. 65 (12), 1249–1254. doi:10.1016/j.jacc.2015.01.019
 Shah, M. (2017). Hypertrophic Cardiomyopathy. Cardiol. Young 27 (S1), S25–s30. doi:10.1017/s1047951116002195
 Small, E. M., and Olson, E. N. (2011). Pervasive Roles of microRNAs in Cardiovascular Biology. Nature 469 (7330), 336–342. doi:10.1038/nature09783
 Song, L., Su, M., Wang, S., Zou, Y., Wang, X., Wang, Y., et al. (2014). MiR‐451 Is Decreased in Hypertrophic Cardiomyopathy and Regulates Autophagy by Targeting TSC 1. J. Cel. Mol. Med. 18 (11), 2266–2274. doi:10.1111/jcmm.12380
 Song, S. E., Kim, Y.-W., Kim, J.-Y., Lee, D. H., Kim, J.-R., and Park, S.-Y. (2013). IGFBP5 Mediates High Glucose-Induced Cardiac Fibroblast Activation. J. Mol. Endocrinol. 50 (3), 291–303. doi:10.1530/jme-12-0194
 Stanczyk, P. J., Seidel, M., White, J., Viero, C., George, C. H., Zissimopoulos, S., et al. (2018). Association of Cardiac Myosin-Binding Protein-C with the Ryanodine Receptor Channel - Putative Retrograde Regulation?J. Cel Sci 131 (15). doi:10.1242/jcs.210443
 Sureshbabu, A., Okajima, H., Yamanaka, D., Shastri, S., Tonner, E., Rae, C., et al. (2009). IGFBP-5 Induces Epithelial and Fibroblast Responses Consistent with the Fibrotic Response. Biochem. Soc. Trans. 37 (Pt 4), 882–885. doi:10.1042/BST0370882
 Wang, L., Wang, J., Li, G., and Xiao, J. (2020). Non-coding RNAs in Physiological Cardiac Hypertrophy. Adv. Exp. Med. Biol. 1229, 149–161. doi:10.1007/978-981-15-1671-9_8
 Watkins, H., Ashrafian, H., and Redwood, C. (2011). Inherited Cardiomyopathies. N. Engl. J. Med. 364 (17), 1643–1656. doi:10.1056/nejmra0902923
 Xu, Q., Li, S., Zhao, Y., Maures, T. J., Yin, P., and Duan, C. (2004). Evidence that IGF Binding Protein-5 Functions as a Ligand-independent Transcriptional Regulator in Vascular Smooth Muscle Cells. Circ. Res. 94 (5), E46–E54. doi:10.1161/01.RES.0000124761.62846.DF
 Yang, Y., Cai, Y., Zhang, Y., Yi, X., and Xu, Z. (2021). Identification of Molecular Subtypes and Key Genes of Atherosclerosis through Gene Expression Profiles. Front. Mol. Biosci. 8, 628546. doi:10.3389/fmolb.2021.628546
 Zhang, M., Jiang, Y., Guo, X., Zhang, B., Wu, J., Sun, J., et al. (2019). Long Non‐coding RNA Cardiac Hypertrophy‐associated Regulator Governs Cardiac Hypertrophy via Regulating miR‐20b and the Downstream PTEN/AKT Pathway. J. Cel Mol Med 23 (11), 7685–7698. doi:10.1111/jcmm.14641
Conflict of Interest: The 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 © 2022 Sun, Xiao, Chen, Xu and Chen. 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.
OPS/images/fcell-09-822465-g005.gif





OPS/images/fcell-09-822465-g006.gif
Regulatory Network of HCM

—

|





OPS/images/fcell-09-822465-g003.gif





OPS/images/fcell-09-822465-g004.gif





OPS/images/fcell-09-822465-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Susceptibility Modules and Genes in Hypertrophic Cardiomyopathy by WGCNA and ceRNA Network Analysis		Introduction

		Materials and Methods		Microarray Data

		Identification of Differentially Expressed Genes

		Construction of a Candidate LncRNA-miRNA-mRNA Network

		Weighted Correlation Network Analysis (WGCNA) and Functional Annotation

		Identification and Functional Annotation of Clinically Hub Genes and Regulatory Network for HCM





		Results		Differentially Expressed LncRNA, miRNA and mRNA

		LncRNA-miRNA-mRNA Network

		Clinically Key Modules and Functional Annotation

		Clinically Hub Gene and Regulatory Network of HCM

		Gene Set Enrichment Analysis of Clinically Hub Gene





		Discussion

		Data Availability Statement

		Author Contributions

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Susceptibility Modules and
Genes in Hypertrophic
Cardiomyopathy by WGCNA and
ceRNA Network Analysis





OPS/images/fcell-09-822465-g001.gif





OPS/images/fcell-09-822465-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





