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Background: Competing endogenous RNA (ceRNA) networks play important roles in the mechanism
and development of a variety of diseases. This study aimed to construct a ceRNA network of hypertrophic
cardiomyopathy (HCM).

Methods: We searched the Gene Expression Omnibus (GEO) database and then analyzed the RNAs
of 353 samples to explore differentially expressed IncRNAs (DELs), microRNAs (miRNAs; DEMs), and
messenger RNAs (DEmRNAs) during the progression of HCM. Weighted gene co-expression network
analysis (WGCNA), Gene Ontology (GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis, and transcription factor (TF) prediction of miRNAs were also performed, and the GO
terms, KEGG pathway terms, protein-protein interaction (PPI) network, and Pearson correlation network
of the DEGs were visualized with the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)
database and through Pearson analysis. In addition, a ceRINA network related to HCM was constructed on
the basis of the DELs, DEMs, and DEs. Finally, the function of the ceRNA network was explored via GO
and KEGG enrichment analyses.

Results: Through our analysis, 93 DELs (77 upregulated and 16 downregulated), 163 DEMs (91
upregulated and 72 downregulated), and 432 DEGs (238 upregulated and 194 downregulated) were screened.
The functional enrichment analysis results for miRNAs showed that the miRINAs were mainly related to
the VEGFR signaling network and the INFr pathway and were mainly regulated by TFs such as SOXI,
TEADI1, and POU2F1. Gene set enrichment analysis (GSEA), GO analysis, and KEGG enrichment analysis
showed that the DEGs were enriched in the Hedgehog signaling pathway, IL-17 signaling pathway, and
TNF signaling pathway. In addition, a ceRNA network including 8 IncRNAs (e.g., LINC00324, SNHG12,
and ALMS1-IT1), 7 miRNAs (e.g., hsa-miR-217, hsa-miR-184, and hsa-miR-140-5p), and 52 mRNAs (e.g.,
IGFBP5, TMEDS, and MAGT') was constructed. The results revealed that SNHG12, hsa-miR-140-5p,
hsa-miR-217, TFRC, HDAC4, TJP1, IGFBP5, and CREBS5 may form an important network involved in the
pathology of HCM.

Conclusions: The novel ceRNA network that we have demonstrated will provide new research points
about molecular mechanisms of HCM.

Keywords: SNHG 12; hsa-miR-140-5P; competing endogenous RNA network (ceRNA network); weighted gene
co-expression network analysis (WGCNA); hypertrophic cardiomyopathy (HCM)
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Introduction

Hypertrophic cardiomyopathy (HCM) is an inherited heart
disease, with diverse and complex phenotypic and genetic
expression, and has a prevalence of 1:200 to 1:500 (1,2).
At least 8 genes and more than 1,500 mutations have been
identified to influence left ventricular hypertrophy (LVH)
(1,3). HCM is one of the leading causes of sudden cardiac
death and occurs in asymptomatic patients. Although
surgical treatment is possible, there is no perfect drug-based
solution. Among patients with HCM and a pathogenic
sarcomeric gene variant, 70% are involved in beta myosin
heavy chain 7 (MYH7) and myosin-binding protein C3
(MYBPC3), whereas other genes (MYL2, TNNI3, TNNT2,
MYL3, ACTC1, TPM1) each account for a small proportion
of patients (1-5%) (4,5). The precise mechanisms of HCM
have not been fully analyzed.

Long non-coding RNAs (IncRNAs), microRNAs
(miRNAs) and messenger RNAs (mRNAs) form large
networks called competing endogenous RNAs (ceRNAs).
LncRNAs can act as endogenous molecules and bind small
RNA competitively by sharing miRNA response elements
with reverse complementary binding seed regions to
indirectly regulate mRNA expression levels (6). Recently, an
increasing number of studies on ceRNAs have yielded new
concepts of gene-related diseases. Some recent research has
shown susceptibility modules and genes in HCM, but the
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whole ceRNA network has not been established (7).

In this study, we first compared differentially expressed
mRNAs (DEmRNAs), miRNAs (DEMs), and IncRNAs
(DELs) between HCM tissues and normal tissues. The
differentially expressed genes (DEGs) intersecting with
163 miRNAs, 93 IncRNAs, and 432 mRNAs constructed
a ceRNA regulatory network of HCM. Then, we used the
miRcode, TargetScan, miRTarBase, and miRDB databases
to determine the interactions among all the IncRNAs.
Finally, we identified 8 IncRNAs, 7 miRNAs, and 52
mRNAs to build the ceRNA network associated with HCM.
The workflow of this study is shown in Figure 1. This
ceRNA network may lay a useful foundation for further
research to reveal the full mechanism of HCM. We present
the following article in accordance with the STREGA
reporting checklist (available at https://jtd.amegroups.com/
article/view/10.21037/jtd-23-189/rc).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Data downloading

First, we searched the Gene Expression Omnibus (GEO)
(https://www.ncbi.nlm.nih.gov/geoprofiles) for datasets
related to HCM by using the keyword “hypertrophic
cardiomyopathy”. The datasets GSE68316, GSE130036,
GSE36946, GSE36961, GSE89714, and GSE160997
were downloaded. LncRINA expression profiling related to
HCM was conducted for 7 HCM patients and 5 disease-
free individuals who were included in GSE68316 (platform:
GPL20113 Capital Bio Human LncRNA Microarray v2.0;
CapitalBio, Beijing, China) and for 28 HCM patients and 9
healthy donors who were included in GSE130036 (platform:
GPL20795, HiSeq X Ten; Illumina, San Diego, CA,
USA). MiRNA expression profiling related to HCM was
conducted for 107 HCM patients and 20 control donors
who were enrolled in GSE36946 (platform: GPL8179
Illumina Human v2 MicroRNA expression bead chip;
Illumina). Gene/mRNA expression profiling in HCM was
conducted for 106 cardiac tissues from patients with HCM
and 39 control donor cardiac tissues in GSE36961 (platform:
GPL15389 Illumina HumanHT-12 V3.0 expression bead
chip; Illumina) and for samples from 5 HCM patients and 4
disease-free individuals in GSE89714 (platform: GPL11154
Illumina HiSeq 2000; Illumina) and 18 HCM patients and
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Figure 1 Workflow of this study. ceRNA, competing endogenous RNA; miRNA, microRNA; TFs, transcription factors; DELs,
differentially expressed long non-coding RNAs; DEMs, differentially expressed microRNAs; GO, Gene Ontology; KEGG, Kyoto

Encyclopedia of Genes and Genomes; GSEA, gene set enrichment analysis; WGCNA, weighted gene co-expression network analysis; PPI,

protein-protein interaction; DEGs, differentially expressed genes.

5 healthy controls in GSE160997 (platform: GPL11154
Ilumina HiSeq 2000).

Statistical analysis

Differential expression screening

First, the DELs (P<0.05) in myocardial tissues between
HCM patients and disease-free individuals were screened
for GSE68316 (screened with GEO2R) and GSE130036
(screened with the limma R package; R Foundation for
Statistical Computing, Vienna, Austria), and the overlapping
IncRNAs in GSE120584 and GSE147232 were selected as
the DELs for further study. At the same time, the DEMs
(GSE36946) in HCM and normal tissues were screened
with GEO2R. The DEMs between HCM and normal
tissues were also screened with GEO2R (GSE36961), the
limma R package (GSE89714), and the DEseq2 R package
(GSE160997). A P value <0.05 was considered to indicate
statistical significance. The overlapping mRNAs among
GSE36961, GSE89714, and GSE160997 were selected as
DEGs.

© Journal of Thoracic Disease. All rights reserved.

Weighted gene coexpression network analysis
(WGCNA) and functional enrichment analysis of
miRNAs

The GSE36946 dataset was downloaded, and WGCNA
of DEMs was performed with the R package “WGCNA”.
We chose 7 as the soft-thresholding power and 0.8 as the
correlation coefficient threshold. Then, we performed
functional enrichment analysis [Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGQG)] and
transcription factor (TF) prediction. Herein, P<0.05 was
considered to indicate statistical significance.

Functional enrichment analysis of DEGs

To explore the possible biological processes (BPs) involved
in HCM, gene set enrichment analysis (GSEA) was
performed with clusterProfiler R packages. P,;<0.05
was selected as the threshold. In addition, to forecast the
possible functions of the DEGs, KEGG pathway, and GO
analyses of the DEGs were conducted with clusterProfiler
R packages. GO analysis was conducted for 3 different
categories: the BP, cellular component (CC), and molecular
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function (MF) categories. A P value <0.05 was considered to
indicate statistical significance.

Hub gene screening and Pearson correlation network
construction

A protein-protein interaction (PPI) network was established
using the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database (https://www.string-
db.org/). PPI node pairs with a combined score >0.7 were
selected for further analysis. Then, the hub genes in the PPI
network were screened with CytoHubba software (https://
apps.cytoscape.org/apps/cytohubba). The hub genes were
visualized with Cytoscape software (https://cytoscape.org/).
In addition, the hub genes were used to construct the
Pearson correlation network.

ceRNA network construction

Herein, we used the ggalluvial R package to construct
IncRNA-miRNA-mRNA triads through miRcode, miRDB,
miRTarBase, and TargetScan on the basis of the DEGs and
DELs.

First, we predicted the IncRNA-miRNA pairs through
the miRcode database on the basis of DELs. Then, we used
the miRDB, miRTarBase, and TargetScan databases to
assess the characteristics of the miRNA target genes. Any 2
genes that existed in the database were considered miRNA
target genes. At last, the (IncRNA-miRNA-mRNA)
ceRNA network is constructed using only the remaining
overlapping genes and their interacting pairs by comparing
the predicted target genes with essential genes composed of
DEGs.

GO and KEGG enrichment analysis of the ceRNA
network

To forecast the possible functions of this ceRNA network,
KEGG pathway and GO analyses were conducted with the
clusterProfiler R package. A P value <0.05 was considered
statistically significant.

Results

Differential expression screening

As shown in Figure 24,2B, 93 DELs (77 up-regulated and
16 down-regulated), 163 DEMs (91 up-regulated and 72
down-regulated), and 432 DEGs were screened. They are
used in the subsequent analysis.

© Journal of Thoracic Disease. All rights reserved.
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WGCNA and functional envichment analysis of miRNASs

We used 0.8 as the correlation coefficient threshold, so
the soft-thresholding power was 7 (Figure 34). Through
WGCNA (all miRNAs), many coexpression modules were
constructed. These modules were independent of other
modules (Figure 3B). In this, 4 dominant module genes
(vellow, turquoise, brown, and blue modules, including
81 genes) were used for the next analysis. As shown in
Figure 3C-3E, the functional enrichment analysis results
of miRNAs showed that they were mainly related to the
VEGER signaling network (A), the sphingosine 1-phosphate
pathway (B), and the IFNy pathway (C). These miRNAs
were mainly regulated by TFs such as SP1, SP4, RREBI,
and POU2F1.

Functional envichment analysis of DEGs

As shown in Figure 44, the GSEA results indicated that the
DEGs were mainly enriched for the coronavirus disease of
2019 (COVID-19), Epstein-Barr virus infection, the IL-
17 signaling pathway, osteoclast differentiation, and TNF
signaling pathway terms. As illustrated in Figure 4B,4C,
the significantly enriched HCM-related GO terms mainly
included the following: tubulin binding, phosphoric ester
hydrolase activity, and cadherin binding in the MF category;
axonogenesis, gland development, and phospholipid
metabolic process in the BP category; and collagen-
containing extracellular matrix (ECM), microtubule, and
myofibril in the CC category. KEGG analysis showed
that the top 5 pathways related to HCM were the ECM-
receptor interaction, focal adhesion, prolactin signaling,
Hedgehog signaling, and sphingolipid signaling pathways.
Interactions between cells and the ECM are mediated
by transmembrane molecules composed primarily of
integrins, proteoglycans, CD36, or other cell surface-
associated components. These interactions lead to control
of cellular activity directly or indirectly, such as adhesion,
differentiation, migration, proliferation, and apoptosis.
As in HCM, the ECM-receptor interaction is the most
significant in the intramuscular fat (8).

Hub gene screening and Pearson correlation network
construction

First, 195 nodes and 203 edges were mapped in the PPI
networks of DEGs (Figure 5A4). Subsequently, the top 21 hub
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genes of the 3 PPI networks were screened, and these
21 hub genes were used for subsequent Pearson correlation
network construction. Finally, as illustrated in Figure 5B,

CCND1, LRP5, JAK2, JAK2, and WWCI1 [|coefficient]
>0.6 and false discovery rate (FDR) <0.05] were screened.

ceRNA network construction

As illustrated in Figure 5C, a ceRNA network including

© Journal of Thoracic Disease. All rights reserved.

8 IncRNAs [e.g., LINC00324, small nucleolar RNA host
gene 12 (SNHG12), and ALMS1-IT1], 7 miRNAs (e.g.,
has-miR-217, hsa-miR-184, and hsa-miR-140-5p), and
52 mRNAs (e.g., IGFBP5, TMEDS, and MAGT1) was
constructed. Of these, 6 IncRNAs were upregulated,
3 corresponding miRNAs were downregulated, and
29 corresponding mRNAs were upregulated in HCM,
whereas 2 IncRNAs were downregulated, 4 corresponding
miRNAs were upregulated, and 23 corresponding mRNAs
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were downregulated. These results suggest that IncRNAs
may regulate the expression of some mRNAs via certain
miRNAs in the context of HCM.

Functional enrichment analysis of the ceRNA network
To better understand the ceRNA network, the KEGG

database was utilized to perform GO function and

© Journal of Thoracic Disease. All rights reserved.

KEGG pathway enrichment analyses. The GO functional
annotations included 3 categories, namely, the BP, CC, and
MEF categories. The top 30 enriched GO terms are listed in
Figure 5D. GO BP analysis revealed that the ceRINA network
was significantly enriched for the muscle adaptation, muscle
hypertrophy, and cold-induced thermogenesis terms. CC
analysis revealed that the ceRINA network was significantly
enriched for the coated vesicle, COPII-coated ER-to-Golgi
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transport vesicle, and microtubule-associated complex terms.
KEGG pathway enrichment analysis was further conducted
for this ceRNA network. As listed in Figure SE, this ceRNA
network was significantly enriched for the ferroptosis, the
TNF signaling pathway, insulin resistance, and the cGMP-
PKG signaling pathway terms.

Discussion

Clinical diagnosis of HCM in adult patients is made on the
basis of a maximal end-diastolic wall thickness of >15 mm
anywhere in the left ventricle in the absence of another

© Journal of Thoracic Disease. All rights reserved.

cause of hypertrophy (9-11). Increased left ventricular
thickness is associated with an increased risk of sudden
death but not necessarily an increased risk of progression
to heart failure. Identifying disease-associated’ genetic
mutations to make early diagnoses before clinical symptoms
appear may prevent sudden death. Genetic testing panels
have shown vast heterogeneity and diverse molecular
pathways, with more than 2,000 identified sarcomere
mutations. Some of the mutations are pathogenic, but most
of them are benign (3,12). Furthermore, more evidence
regarding the genotype—phenotype correlations is needed to
enable the development of genetic tests or other laboratory
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Figure 5 Pearson correlation network and ceRNA network construction. (A) PPI network of DEGs. (B) Pearson correlation network (red

edges represent coefficients >0, and green edges represent coefficients <0). (C) ceRINA network. (D) GO analysis of the ceRINA network.
(E) Pathway analysis of the ceRNA network. Red nodes represent upregulated IncRNAs/miRNAs/mRNAs in HCM, and green nodes
represent downregulated IncRNAs/miRNAs/mRNAs in HCM. PPI, protein-protein interaction; GO, Gene Ontology; ceRNA, competing
endogenous RNA; DEGs, differentially expressed genes; IncRNAs, long non-coding RNAs; miRNAs, microRNAs; mRNAs, messenger

RNAs; HCM, hypertrophic cardiomyopathy.

tests for diagnosis and prediction.

In recent years, increasing numbers of ceRNA networks
including mRNAs and IncRNAs have been shown to be
involved in disease processes. Molecular interactions in
ceRNA networks can promote homeostasis, but disruption
of this balance can lead to cancer or other diseases. We
built a network of IncRNA, miRNA, and mRNA of HCM.

© Journal of Thoracic Disease. All rights reserved.

WGCNA revealed that 4 modules (yellow, turquoise, brown,
and blue, including 81 miRNAs) were negatively associated
with the development of HCM. GO and KEGG enrichment
analyses showed that these miRNAs were mainly related to
the VEGEFR signaling network, sphingosine 1-phosphate
pathway, and IFN-gamma pathway and were regulated by
TFs such as SP1, SP4, RREB 1, and POU2F1. As illustrated
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in Figure 5C, a ceRNA network including 8 IncRNAs (e.g.,
LINCO00324, SNHG12, and ALMS1-IT1), 7 miRNAs
(e.g., hsa-miR-217, hsa-miR-184, and hsa-miR-140-5p),
and 52 mRNAs (e.g., IGFBPS5, TMEDS, and MAGT1)
was constructed. Totally, 6 IncRNAs were upregulated,
3 corresponding miRNAs were downregulated, and 29
corresponding mRNAs were upregulated in HCM, whereas
2 IncRNAs were downregulated, 4 corresponding miRNAs
were upregulated, and 23 corresponding mRNAs were
downregulated.

Some of the mRNAs in this ceRNA network have
been indicated to mediate cardiomyocyte hypertrophy.
cAMP responsive element binding protein 5 (CREBS)
belongs to the cAMP response element (CRE)-binding
protein family. El Jamali found that hypoxia/reoxygenation
induces cardiomyocyte hypertrophy through CREB
activation. This effect involves B2-AR-dependent pathways
involved in the control of CREB activity downstream of
GSK3p (13). Furthermore, He ez 4l.’s analysis showed
that CREBS is a downstream protein of the PI3K/Akt
pathway that participates in vascular smooth muscle
cells’ proliferation and migration which may lead to
cardiomyocyte hypertrophy (14). In our study, we found
that downregulation of hsa-miR-1244 and upregulation
of hsa-miR-217 reduced upregulation of CREBS, and
both effects were related to downregulation of SNH12.
Furthermore, the IGFBP5 gene is considered the clinical
hub gene of HCM (7). Insulin-like growth factor binding
protein 5 (IGFBPS) is a protein coding gene. By binding to
IGE, IGFBPS plays important roles in cell differentiation
and transcription (15). The role of IGFBPS in HCM has
not been previously reported, but its enrichment in the
renin angiotensin system is thought to be an important
regulatory mechanism leading to HCM (16). As shown in
Figure 5, IGFBPS was upregulated by hsa-miR-14-5p and
hsa-miR-139-5p; this effect was mediated by SNHG12
and LINC00324. The PPI network (Figure 5A4) of the hub
genes showed that TFRC, HDAC4, and T7P1 were the most
important components in the ceRNA network. Several
studies have shown the mechanisms of these molecules
leading to myocardial injury or cardiomyopathy (17-20).

In our study, most of the hub genes were regulated
by hsa-miR-140-5P, whereas all of them were related to
SNHGI12 (IncRNA). Among all 7 miRNAs involved in the
ceRNA network, 5 miRNAs were regulated by SNHG12,
which means that SNHG12 may play a dominant role in
the development of myocardial hypertrophy. SNHG12
produces a long RNA that is overexpressed in tumor cells.
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This RNA may promote tumorigenesis by acting as a
sponge for miRNAs. In addition to cancer, SNHGI12 has
been shown to be involved in cerebral ischemia-reperfusion
(I/R) injury; specifically, its upregulation protects against
cerebral I/R injury (21). Recently, Lu ez 4/. pointed out that
the IncRNA SNHG12 is effective in protecting against
hypoxia/reoxygenation-induced injury in myocardial
cells (22). Furthermore, SNHG12 is a kind of snoRNAs,
and these snoRNAs were predicted to have roles in post-
translational modifications and alternative splicing,
processes differentially regulated in HCM (23). Based on
our study, downregulation of SNHG12 and the consequent
upregulation of hsa-miR-217, hsa-miR-140-5p, and hsa-
miR-508-3p and downregulation of hsa-miR-1244 and hsa-
miR-876-3p may play important roles in the pathology
of HCM. In particular, the SNHG12-hsa-miR-140-5p—
TFRC/HDAC4/TJP1/IGFBPS pathway and the 4 mRNAs
have been shown to take part in myocardial injury by
different mechanisms.

Opur research had some innate limitations, like lack of in
vivo and #n vitro validation due to the difficulty in obtaining
heart tissues. Subsequent experiments, such as quantitative
polymerase chain reaction (qPCR) and western blot
experiments, should be performed in the future. Our use
of multiple databases for the analysis is another limitation.
Different treatments were used on these heart tissues, and
the batch effects could not be eliminated.

Conclusions

We have established a complete ceRNA network of HCM
including 8 IncRNAs, 7 miRNAs, and 52 mRNAs. We
identified 6 IncRINNAs, 4 miRNAs, and 29 mRNAs that were
upregulated in HCM, and a further 2 IncRNAs, 3 miRNAs,
and 23 mRNAs that were downregulated. Among them,
SNHG12, hsa-miR-140-5p, hsa-miR-217, TFRC, HDACA4,
TJP1, IGFBPS5, and CREBS may form an important
pathological network. These genes may provide new drug
targets for the treatment of hypertrophic cardiomyopathy
and provide new directions for further research on HCM.
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