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Hypertrophic cardiomyopathy (HCM) is a genetic cardiac disease and can result in substantial disability. The current study
explored the potentials of long noncoding RNA- (lncRNA-) circular RNA- (circRNA-) microRNA- (miRNA-) messenger RNA
(mRNA) networks in HCM. Firstly, HCM-related microarray data were procured from the GEO database, with differentially
expressed genes (DEGs) obtained. HCM-related target genes were retrieved in combination with GeneCards and CTD
databases, and candidate target genes were subsequently obtained by intersection screening. Further, an interaction network
diagram of candidate target genes was constructed using the STRING database, and the hub genes in the network were
determined according to the core degree. The “ClusterProfiler” package of the R software was adopted for GO and KEGG
analyses of candidate target genes, to analyze the potential molecular pathways in HCM. Next, upstream miRNA, lncRNA, and
circRNA of ACTB were predicted with RNAInter, mirDIP, TargetScan, DIANA-LncBase, and StarBase databases, followed by
construction of lncRNA/circRNA-miRNA-mRNA coexpression networks. ACTB, miR-206, circFN1, and ADAMTS9-AS1
expression in peripheral blood samples from HCM patients and normal healthy controls were detected using RT-qPCR.
Moreover, rat cardiomyocyte cell lines H9c2 and HEK293 cells were selected for in vitro verification of competitive
endogenous RNA (ceRNA) regulation mechanism. A total of 15 candidate target genes related to HCM were screened using
the online databases. Further protein-protein interaction analysis identified ACTB as the hub gene for HCM. The targeted
binding relationship between miR-206, miR-145-5p, miR-1-3p, and ACTB was found. Furthermore, ADAMTS9-AS1 and
circFN1 were discovered as the upstream genes of miR-206. Moreover, ADAMTS9-AS1, circFN1, and ACTB were found to be
poorly expressed, and miR-206 was highly expressed in HCM. In vitro experimentation further confirmed that ADAMTS9-
AS1 and circFN1 could competitively bind to miR-206, thereby augmenting ACTB expression. Taken all, ADAMTS9-AS1/
circFN1-miR-206-ACTB regulatory network may involve in HCM occurrence, providing a novel theoretical basis for in-depth
understanding of mechanism of HCM.

1. Introduction

Hypertrophic cardiomyopathy (HCM), a heterogeneous disor-
der of genetic disposition, is usually induced by sarcomere
mutations, which can lead a number of adverse events, includ-
ing fibrosis, hypercontraction, left ventricular hypertrophy, and
reduced compliance [1]. An increase in myofilament contrac-

tility is regarded as one of the key factors implicated in the
pathogenesis of hypertrophic cardiomyopathy [2]. Fortunately,
the advent of implantable cardioverter-defibrillators combined
with mature risk stratification algorithms has transformed the
management strategies for HCM, making the possibility of
sudden death prevention a reality [3]. Nevertheless, in spite
of the enhanced understanding of causal mutations, the
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underlying pathway that leads to cardiomyopathies from
genetic defects remains complex and involves other diseases
and thus requires further exploration [4].

The beta-actin gene (ACTB) is implicated in the process
of vascular remodeling and further leads to cardiovascular
diseases [5]. It is also noteworthy that ACTB is differentially
expressed in a plethora of cardiovascular diseases, including
HCM [6]. Moreover, a prior study documented that ACTB
was underexpressed in homocysteine-treated human umbil-
ical vein endothelial cells [7]. In addition, a number of
researches have explored the roles of microRNA (miRNA),
long noncoding RNA (lncRNA), circular RNA (circRNA)
regulation in cardiovascular-related diseases, and abnormal
expressions of the aforementioned have been detected in
myocardial tissues and peripheral blood samples of patients
with varying heart diseases [8, 9]. Interestingly, increased
expressions of one such miRNA, namely, miR-206, were
previously shown to trigger cardiac hypertrophy and inhibit
death of cardiomyocytes [10], while studies have also come
across increased plasma levels of miR-206 in patients with
inflammatory cardiomyopathy [11]. Initial prediction results
from the StarBase database further predicted that lncRNA
ADAMTS9-AS1 (ADAMTS9-AS1) and circular RNA FN1
(circFN1) served as the upstream genes of miR-206. Further-
more, lncRNAs are further known to play an important role
in the regulation of gene expression by functioning as ceR-
NAs [12]. Moreover, a prior study indicated the important
roles of ADAMTS9-AS1 in different cancer types, including
prostate cancer, breast cancer, and hepatocellular carcinoma
[13–15]. However, its role in cardiovascular diseases remains
unclear. Meanwhile, the FN1 pathway is well-established to
exert significant effects on myocardial fibrosis, aiding the
determination of dilated cardiomyopathy etiology and provid-
ing a potential therapeutic target [16]. Besides, the level of
circFN1 was previously illustrated to be diminished in the
context of mouse diabetic cardiomyopathy [17]. Therefore,
the current study is aimed to explore the possible molecular
mechanism of the lncRNA/circRNA-miRNA-mRNA coex-
pression regulatory network involved in HCM.

2. Materials and Methods

2.1. Ethics Statement. The current study was approved by the
Ethics Committee of The Fourth Affiliated Hospital of China
Medical University and conducted strictly in accordance
with the Declaration of Helsinki. Signed informed consents
were obtained from all participants prior to specimen
collection.

2.2. Acquisition and Analysis of Microarray Data at Gene
Expression Omnibus (GEO). Firstly, whole transcriptome
microarray datasets GSE36961, GSE148602, and GSE68316
were retrieved from the GEO database (https://www.ncbi
.nlm.nih.gov/gds) by searching “hypertrophic cardiomyopa-
thy” with study type as “Expression profiling by array” and
Organisms as “Homo sapiens.” The GSE36961 dataset com-
prised of 106 tissue samples from HCM patients obtained by
myomectomy and 39 heart tissue samples obtained from con-
trol donors. Meanwhile, the GSE148602 dataset included 15

peripheral blood samples from HCM patients and 7 normal
control samples, whereas the GSE68316 dataset includedmyo-
cardial tissue samples from 7 HCM patients and 5 healthy
individuals.

R language “limma” package (http://www.bioconductor
.org/packages/release/bioc/html/limma.html) was adopted
to identify the differentially expressed genes (DEGs) in the
two datasets, with a P value < 0.05 as the threshold. The R
language “ggplot2” package was utilized to draw volcano
plots. Simultaneously, the R language “corrplot” package
was used to perform correlation analysis on the mRNA
expression of candidate genes.

2.3. Disease-Related Database Search.HCM-related target genes
were retrieved through the GeneCards databases (https://www
.genecards.org/) and Comparative Toxicogenomics Database
(CTD) (http://ctdbase.org/). The retrieval time was March 10,
2021 (due to database update, the retrieval results could be vary-
ing at different times). The screening condition of GeneCards
database was a relevance score ≥ 5, and the screening condition
of CTD database was set as the inference score ≥ 20.

2.4. Functional Enrichment Analysis of Candidate Genes. The
Venn Diagram tool (http://bioinformatics.psb.ugent.be/
webtools/Venn/) was adopted to identify the intersection of
the results frommicroarray data analysis and fromGeneCards
and CTD database retrieval in order to obtain a set of candi-
date genes. The obtained candidate genes were subjected to
Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis using the R language
“ClusterProfiler” package (http://www.bioconductor.org/
packages/release/bioc/html/clusterProfiler.html) to analyze
the cell functions and signal pathways primarily affected by
potential targets and key targets. The criterion for statistical
significance was set at P < 0:05.

2.5. Construction of Protein Interaction Network of
Candidate Gene. The interaction network of target genes
was obtained through the STRING database (https://string-
db.org), and the species condition was limited to “Homo
sapiens.” Subsequently, a regulatory relationship network
was constructed, and the results of the network diagram
were analyzed and sorted using the Cytoscape (v3.6.0) soft-
ware. The degree value and combine score value was repre-
sented by color. Lastly, the candidate genes were ranked
according to the degree value (core level).

2.6. Prediction of Upstream miRNA/lncRNA/circRNA of
Candidate Genes. The RNAInter (http://mirwalk.umm.uni-
heidelberg.de/), mirDIP (http://diana.imis.athena-innovation.
gr/DianaTools/index.php?r=microtv4/index), and TargetScan
(http://www.TargetScan.org/mamm_31/) databases were
adopted to predict the upstream miRNA of candidate target
genes (mRNA). Subsequently, the Draw Venn Diagram tool
was employed to intersect the obtained results. DIANA-
LncBase (http://carolina.imis.athena-innovation.gr/diana_
tools/web/index.php?r=lncbasev2/index-predicted) and Star-
Base databases (http://starbase.sysu.edu.cn/starbase2/) were
then used to predict the upstream lncRNA and circRNA of
miRNA, respectively. Afterwards, the lncRNA/circRNA-
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miRNA-mRNA coexpression regulation network was con-
structed, and the Cytoscape software (v3.6.0) was employed
to visualize the picture.

2.7. Clinical Sample Collection. A total of 24 patients with
HCM admitted at The Fourth Affiliated Hospital of China
Medical University were included in the current study, and
24 normal healthy participants who were at The Fourth
Affiliated Hospital of China Medical University for physical
examination during the same period were selected as the
control group. Initially, 5mL of peripheral blood samples
was collected from the subjects and immediately stored in
a refrigerator at -80°C for subsequent experimentation.

2.8. Cell Culture. Rat cardiomyocyte cell lines H9c2 and
HEK293 were both purchased from American Type Culture
Collection (ATCC) and cultured in Dulbecco’s modified
Eagle’s medium (Beijing Solarbio Science & Technology
Co., Ltd. Beijing, China) containing 10% fetal bovine serum
in a humidified incubator at 37°C with 5% CO2 in air.

2.9. Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR). Total RNA content was extracted from
the peripheral blood of healthy participants and patients with
the help of TRIzol kits (Themo Fisher Scientific, Carlsbad,
California, USA). According to the instructions of Taqman
MicroRNA Assays Reverse Transcription Primer (4427975,
Applied Biosystems, Foster City, California, USA), the
obtained RNA was reverse-transcribed into cDNA. Reverse
transcription reaction conditions were 37°C for 30min or
85°C for 5 s. Subsequently, 5μL each of the above cDNA prod-
uct was taken as a template for PCR amplification. The PCR
reaction system was as follows:5μL reverse transcription
product, 13μL 2× QuantiTect SYBR Green RT-PCR Master
Mix, 10μmol/μL upstream primer and downstream primer
(each 0.5μL), and 6μL DNAase-free water, for a total of
25μL. ThemRNA/lncRNA/circRNA reaction conditions were
as follows: at 95°C for 5min, at 95°C for 20 s, at 60°C for 1min,
and at 72°C for 30s, with a total of 45 cycles. The miRNA reac-
tion conditions were as follows: at 95°C for 10min, followed by
a 2-step PCR program of 95°C for 15 s, and 60°C for 1min for
40 cycles. U6 was employed as the internal reference for miR-
NAs, while others used glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as the internal reference. The 2-ΔΔCT

method was adopted to measure target gene expression. The
primers used are displayed in Table S1.

2.10. Dual-Luciferase Reporter Gene Assay. A dual-luciferase
reporter gene assay was carried out to verify whether ACTB
served as a direct target gene of miR-206. The 3′untrans-
lated region (UTR) gene fragment of ACTB gene was cloned
and amplified, and then, the PCR product was cloned into a
polyclonal site downstream of Luciferase gene in pmirGLO
(ArtNo. E1330, Promega Corporation, Madison, WI, USA)
and regarded as pACTB-WT. Subsequently, the binding
sites of miR-206 predicted by bioinformatics were subjected
to site-specific mutagenesis to construct a pACTB-MUT
vector. The pRL-TK vector expressing luciferase (ArtNo.
E2241, Promega Corporation) was employed as the internal
reference. miR-206-mimic and negative control (NC) were

cotransfected with luciferase reporter vectors into HEK293
cells, and dual-luciferase activity was then detected accord-
ing to the method provided by Promega Corporation. The
same method was adopted to verify the targeted relationship
between ADAMTS9-AS1 and miR-206 as well as between
circFN1 and miR-206.

2.11. RNA Immunoprecipitation (RIP) Assay. Magna RIP
TM RNA binding protein immunoprecipitation kits (Milli-
pore Corp., Billerica, MA, USA) were employed for RIP
assay. Briefly, H9c2 cells were lysed in complete RNA lysis
buffer, and then, RIP buffer containing immunoglobulin G
(IgG) or Argonaute 2 (AGO2) antibody (mouse, Millipore
Corp.) coupled magnetic beads was added to the cell lysis
buffer. Subsequently, the lysate was incubated overnight.
On the following day, the lysate was incubated with protease
K for 30min, followed by extraction of the immunoprecipi-
tation RNA. Finally, the expression patterns of ADAMTS9-
AS1, circFN1, and miR-206 were detected by RT-qPCR
and agarose gel electrophoresis.

2.12. RNA FISH. Cultured H9c2 cells were seeded in a 12-well
plate, and the plate was taken out for treatment when H9c2
cells reached around 80% confluence. The culture medium
of each well was absorbed, and the cells were fixed with 4%
paraformaldehyde at room temperature for 20min, cleared
with xylene for 3 times, 5min each, and then hydrated twice
with ethanol (100%), 2min each. Subsequently, the cells were
treated with protease K detachment solution, rehydrated in 2×
SSC, hybridized with 10μL of probe, and incubated at 37°C for
12h to 16h. The cells were washed after hybridization, washed
twice with 2× SSC (37°C) for 10min each time, and then incu-
bated with 30μL-60μL rhodamine anti-digoxin antibody or
fluorescein Isothiocyanate (FITC) at room temperature for
20min. Following another wash, the cells were incubated with
30μL-60μL anti-ovalbotin antibody at room temperature for
20min, stained with 10μL-20μL 4′,6-diamidino-2-phenylin-
dole, and then observed under a fluorescence microscope as
soon as possible or stored in a refrigerator at -20°C in an
enclosed box.

2.13. Statistical Analysis. Statistical analyses were performed
using the SPSS 21.0 version (IBM, Armonk, New York,
USA). Measurement data were expressed by mean ± standard
deviation. Independent sample t test was conducted for com-
parisons between two groups. One-way analysis of variance
(ANOVA) was adopted for multiple group comparisons,
followed by Tukey’s post hoc test. Pearson correlation was
employed to analyze the correlation between circFN1 and
ACTB, ADAMTS9-AS1 and ACTB, and miR-206 and ACTB.
A value of P < 0:05 was regarded statistically significant.

3. Results

3.1. Identification of 15 Candidate Genes Related to the
Occurrence of HCM. Firstly, we set out to screen the key factors
related to the pathogenesis of HCM and combine the results
with online databases to construct a lncRNA/circRNA-
miRNA-mRNA coexpression network (ceRNA network) to
further explore the biological functions of the ceRNA network
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in the occurrence of HCM, aiming to provide a theoretical basis
for finding HCM blood circulation markers. Figure S1 shows
the bioinformatics screening of key genes for HCM. Initially,
we obtained 60 DEGs from the GSE36961 dataset, among
which 17 were upregulated and 43 were downregulated
(Figure 1(a)). Meanwhile, analyses of the GSE148602 dataset
reared 193 DEGs, wherein 67 were upregulated and 126
were downregulated (Figure 1(b)). Additionally, HCM-
related genes were retrieved from the GeneCards database,
and 1416 genes were obtained using relevance score ≥ 5 as
the screening threshold. Besides, after combination of CTD
database, 4913 genes were obtained using inference score ≥
20 as the screening threshold. DEGs from the GSE36961 and
GSE148602 datasets were overlapped and intersected with
the retrieval results of GeneCards and CTD databases to
screen 15 candidate DEGs (Figure 1(c)). It should be noted
that the screening of candidate DEGs was validated to meet
the overlapping times of three or more times in GSE36961,
GSE148602, GeneCards, and CTD, which also ensured the
screening conditions of key genes: differential expression in
clinical myocardial tissue or blood samples and literature
evidence.

Afterwards, GO and KEGG analyses were performed on
the 15 candidate DEGs. GO functional analysis illustrated
that the 15 candidate DEGs were primarily enriched in
response to molecule of bacterial origin (GO:0002237), in
response to iron ion (GO:0010039), in response to lipopoly-
saccharide (GO:0032496), and receptor-mediated endocyto-
sis (GO:0006898) in the biological process (BP). Meanwhile,
in the cell components (CC), DEGs were mainly enriched in
platelet alpha granule (GO:0031091), endocytic vesicle
(GO:0030139), and platelet alpha granule membrane
(GO:0031092). With regard to molecular function (MF),
DEGs were primarily enriched in ferrous iron binding
(GO:0008198), receptor ligand activity (GO:0048018), and
cytokine receptor binding (GO:0005126) (Figure 1(d)). More-
over, KEGG pathway analysis revealed that the 15 candidate
DEGs were chiefly enriched in human immunodeficiency
virus 1 infection (hsa05170), human cytomegalovirus infec-
tion (hsa05163), and fluid shear stress and atherosclerosis
(hsa05418) entries (Figure 1(e)).

3.2. ACTB May Be the Key Gene Involved in the Occurrence of
HCM. Correlation analyses of the expression levels of the 15
candidate DEGs using the expression data in the GSE148602
dataset revealed that MYL9, SNCA, HLA-B, ACTB, ITGB3,
RBX1, F13A1, B2M, FTH1, and FOS were significant
expressed (Figure 2(a)). Subsequently, the 15 candidate DEGs
were imported into the STRING database with the species lim-
ited as human to obtain the protein interaction relationship
and then imported into the Cytoscape software to construct
a protein-protein interaction (PPI) network. The PPI network
relationship graph included 15 nodes and 19 edges (PPI
enrichment P value < 7.44e-05). The larger the shape, the
greater the degree value, while the greater the degree value cor-
responding to the color changing from red to blue, the higher
the combine score value (Figure 2(b)). Degree was indicative
of the number of connections between a node and other nodes
in the regulatory network, that is, the core degree. According

to the degree value, it was found that ACTB ranked first
(Figure 2(c)). Thereafter, the GSE148602 dataset was retrieved
to analyze ACTB expression, which demonstrated that ACTB
was poorly expressed in the plasma of HCM patients relative
to normal healthy controls (Figure 2(d)), which was suggestive
of the potential role ACTB as a circulation marker of HCM.
Additionally, KEGG pathway analysis results indicated that
ACTB played an important role in the hypertrophic cardio-
myopathy signaling pathway (hsa05414) (Figure 2(e)). Alto-
gether, that ACTB may serve as a key gene involved in
occurrence of HCM.

3.3. Prediction of Upstream miRNA, lncRNA, and circRNA of
ACTB. Accumulating evidence has reported the involvement
of the lncRNA-miRNA-mRNA axis in cardiovascular dis-
eases [8], with some even possessing great potential to serve
as biomarkers. Accordingly, we adopted 3 common online
databases (mirDIP, TargetScan, and RNAInter) to predict
the upstream miRNA of ACTB with the species limited as
human. The mirDIP database predicted 34 miRNAs
(integrated score > 0:30), the TargetScan database predicted
129 miRNAs (context + +score < −0:2), and the RNAInter
database predicted 170 miRNAs (score > 0:5). Subsequently,
the obtained results from the above three databases were
intersected with the 11 obtained miRNAs (Figure 3(a)).
Among them, miR-206, miR-145-5p, and miR-1-3p exhib-
ited a good binding relationship with ACTB (Table S2). A
number of studies have elaborated the functional role of
miR-206 in cardiac hypertrophy [10, 18–20], Meanwhile,
miR-145-5p is also known to differentially express in
primary dilated cardiomyopathy [21], while also exhibiting
a certain relationship with myocardial ischemia-reperfusion
injury [22]. Moreover, inhibition of miR-145-5p was
previously shown to protect cardiac dysfunction after cardiac
arrest and resuscitation [23]. Lastly, studies have also
documented increased expressions of miR-1-3p in peripheral
blood of patients with acute viral myocarditis and further
associated with myocardial injury [24], left ventricular end
diastolic diameter (LVEDD), and left ventricular ejection
fraction (LVEF) reflecting cardiac function of HCM [25].
Furthermore, evidence also suggests miR-1-3p is also
associated with hypertrophy and fibrosis in HCM [26].

Afterwards, we employed the DIANA-LncBase database to
predict the upstream lncRNAs of miR-206, miR-145-5p, and
miR-1-3p (screening condition was score > 0:7), which reared
a total of 735, 1827, and 704 lncRNAs, respectively.Meanwhile,
193 differentially expressed lncRNAs were also identified from
the HCM-related dataset GSE68316, wherein 67 were upregu-
lated and 126 were downregulated (Figure 3(b)). Subsequent
intersection of the DIANA-LncBase and the downregulated
lncRNAs in GSE68316 dataset revealed 3 candidate lncRNAs,
namely, ENSG00000241158 (ADAMTS9-AS1), XLOC_
013142 (XLOC_013142), and ENSG00000267470 (ZNF571-
AS1) (Figure 3(c)). The specific expression patterns and the
combination relationship are shown in Figure 3(d) and
Table S3. The Cytoscape software was then adopted to draw
the network regulation diagram and construct the lncRNA-
miRNA-ACTB coexpression regulation network (Figure 3(e)).
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Figure 1: The screening and functional enrichment of candidate genes related to the occurrence of HCM. (a, b) Differentially expressed
mRNA in HCM samples and normal samples in GSE36961 and GSE148602 datasets. Green dots indicate downregulation, red dots
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Figure 2: Key evidence for the involvement of ACTB in HCM. (a) The correlation between the expression of 15 candidate DEGs analyzed by
GSE148602 dataset. (b) Interaction network diagram of 15 candidate DEGs (nodes represent proteins, and edges represent interrelationships
between proteins. The larger the circle, the greater the degree value. The color of the circle changes from red to blue, indicating that the
degree value changes from small to large, and the color of the line changes from red to blue, indicating that the combine score value changes
from small to large). (c) 15 candidate DEGs sorted by degree. (d) ACTB expression in plasma of HCM patients and normal controls
analyzed using GSE148602 dataset. (e) The specific regulatory relationship of HCM signaling pathway (hsa05414) analyzed by KEGG.

6 Oxidative Medicine and Cellular Longevity



Furthermore, the StarBase database was employed to pre-
dict the upstream circRNAs of miR-206, miR-145-5p, and
miR-1-3p (the screening conditionswere genome = human,
clipExpNum > 10), with 111, 148, and 103 circRNAs obtained,
respectively. Following intersection, 9 candidate circRNAs
(SRSF1, ILF2, CIRC_001135, TAGLN2, TNPO1, FN1,
RAB7A, CEP170, and ATP1A1) were obtained (Figure 3(f)).
Table S4 illustrates the specific combination relationship.
Subsequently, the Cytoscape software was adopted to draw
the network regulation diagram and construct the circRNA-
miRNA-ACTB regulation network (Figure 3(g)).

3.4. ADAMTS9-AS1/miR-206/ACTB and circFN1/miR-206/
ACTB Pathways Participate in the Occurrence of HCM.To fur-
ther elucidate the mechanism of ACTB and its upstream
miRNA, lncRNA, and circRNA in occurrence of HCM, as well
as their value as markers of blood circulation, the peripheral
blood samples of HCM patients and normal healthy controls
were collected. Subsequent RT-qPCR analyses showed that
ACTB expression levels were decreased in the peripheral
blood of HCM patients compared with those in normal
healthy controls (Figure 4(a)). We observed no significant dif-
ferences in miR-1-3p expression levels, but miR-206 and miR-
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Figure 3: Screening of upstreammiRNA, lncRNA, and circRNA of ACTB. (a) Venn diagram of screening results frommirDIP, TargetScan, and
RNAInter databases. (b) The differentially expressed mRNA in the HCM samples and the normal samples in the GSE68316 dataset. Green dots
indicate downregulation, red dots indicate upregulation, gray dots indicate no significant difference, and the horizontal axis represents the
logarithmic value of the multiple (FC) of the difference between different groups at the base of 2, log2 (FC), and the vertical axis represents
the negative logarithmic value of the P value for the significance test of the difference, which was -log10 (P value). (c) Venn diagram of the
intersection of the prediction results of DIANA-LncBase and the downregulated lncRNAs in the GSE68316 dataset. (d) Heat map of the
GSE68316 dataset. (e) The regulatory network of lncRNA-miRNA-ACTB plotted by the Cytoscape software. (f) Venn diagram of StarBase
database prediction results. (g) The regulatory network of circRNA-miRNA-ACTB plotted by the Cytoscape software.
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145-5p expression levels were increased, with miR-206 being
the most profoundly expressed (Figure 4(b)). In addition,
miR-206 was negatively correlated with ACTB expression
(Figure 4(c)). Meanwhile, compared with normal healthy con-
trols, ADAMTS9-AS1, XLOC_013142, ZNF571-AS1, SRSF1,

TAGLN2, and FN1 expression levels were all downregulated
in the peripheral blood of HCM patients. Among them,
ADAMTS9-AS1 and circFN1 were significantly downregu-
lated, while no significant difference was documented in
expression of other circRNAs (Figures 4(d) and 4(e)).
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Figure 4: Expression of ACTB and its upstream miRNA, lncRNA, and circRNA in peripheral blood of patients with HCM. (a) mRNA
expression of ACTB in peripheral blood samples of patients with HCM and normal healthy controls detected using RT-qPCR. (b)
miRNA expression in peripheral blood samples of HCM patients and normal healthy controls measured using RT-qPCR. (c) The
correlation between miR-206 and ACTB analyzed by Pearson. (d) lncRNA expression in peripheral blood samples of HCM patients and
normal healthy controls determined by RT-qPCR. (e) circRNA expression in peripheral blood samples of HCM patients and normal
healthy controls determined by RT-qPCR. (f) The correlation between circFN1 and ACTB analyzed by Pearson. (g) The correlation
between ADAMTS9-AS1 and ACTB analyzed by Pearson. Measurement data were expressed by mean ± standard deviation. Independent
sample t test was conducted for comparisons between two groups. ANOVA was conducted for multiple group comparison, followed by
Tukey’s post hoc test. Pearson correlation was used to analyze the correlation between circFN1 and ACTB, ADAMTS9-AS1 and ACTB,
and miR-206 and ACTB. ∗P < 0:05 vs. normal healthy controls.
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Simultaneously, circFN1 and ADAMTS9-AS1 were both pos-
itively correlated with ACTB (Figures 4(f) and 4(g)). Alto-
gether, these findings indicated that the coexpression
regulatory network of ADAMTS9-AS1/miR-206/ACTB and
circFN1/miR-206/ACTB may serve as the key pathway
involved in occurrence of HCM.

3.5. Both ADAMTS9-AS1 and circFN1 Can Competitively Bind
miR-206, while miR-206 Can Target and Inhibit ACTB. The
TargetScan database was adopted to predict the binding site
of miR-206 and ACTB (Figure 5(a)). Subsequent dual-
luciferase reporter gene assay confirmed that in HEK293 cells,
the luciferase signal of cells after cotransfection of ACTCB-
WT and miR-206-mimic was decreased compared with those
transfected with ACTCB-WT and NC mimic. However, the
luciferase signal of cells after cotransfection of ACTB-MUT
showed no significant differences (Figure 5(b)). Overall, these
findings indicated that miR-206 could target and inhibit ACTB
expression.

To further explore the binding relationship between
ADAMTS9-AS1, circFN1, and miR-206, we predicted the
binding sites of ADAMTS9-AS1 and miR-206 and circFN1
and miR-206 with the help of the DIANA-LncBase and Star-
base databases (Figures 5(c) and 5(d)). Dual-luciferase reporter
gene assay further illustrated that in HEK293 cells, the lucifer-
ase signal of cells with ADAMTS9-AS1-WT/circFN1-WT and
miR-206-mimic cotransfection was decreased compared to
those cotransfected with ADAMTS9-AS1-WT/circFN1-WT
and NC mimic (P < 0:05), while ADAMTS9-AS1-MUT and
circFN1-MUT exhibited no significant differences in luciferase
signal (P > 0:05) (Figures 5(e) and 5(f)). These findings sug-
gested that both ADAMTS9-AS1 and circFN1 could competi-
tively bind to miR-206.

Existing evidence further suggests that miRNAs possess the
ability to bind to MREs through RNA-induced silencing com-
plex, of which AGO2 protein is the key component [27]. We
further adopted RIP to detect the binding of ADAMTS9-AS1/
circFN1 and miR-206 to AGO2 protein, which revealed that
ADAMTS9-AS1 and circFN1 could both bind to the AGO of
miR-206 (Figures 5(g) and 5(h)). Moreover, RNA FISH illus-
trated that ADAMTS9-AS1/circFN1 and miR-206 appeared
in the same position in the cell (Figures 5(i) and 5(j)). Alto-
gether, the above results illustrated that ADAMTS9-AS1 and
circFN1 could competitively bind to miR-206.

4. Discussion

Despite the tremendous advances made to uncover the diverse
gene mutation sites in HCM, the molecular pathway from
genotype to phenotype remains unclear, while the regulatory
mechanism in the occurrence and development of cardiac
hypertrophy also require much elaboration [28]. Nevertheless,
the hard-done work of our peers has shed a light on the critical
functions of lncRNA/circRNA-miRNA-mRNA networks in
cardiovascular diseases [29, 30]. Accordingly, the current
study sets out to investigate the possible molecular mechanism
of the lncRNA/circRNA-miRNA-mRNA coexpression regula-
tory network implicated in the occurrence of HCM. Ulti-
mately, our findings revealed that ADAMTS9-AS1/circFN1

competitively bound to miR-206 to elevate ACTB expression,
which confers an inducive effect on HCM progression.

Initial findings in our study suggested that ACTB might
serve as a key gene in the emergence of HCM. Subsequent
analyses further revealed that ACTB was poorly expressed
in plasma from patients with HCM. Existing evidence sug-
gests that HCM is featured by interstitial fibrosis, asymmet-
rical left ventricular hypertrophy, and diastolic dysfunction,
which often augment the risk of sudden cardiac death at
an early age [31]. Moreover, prior studies have documented
hundreds of mutations in the genes encoding the protein
components of the sarcomere, all of which increase the sen-
sitivity of myocardial filaments to calcium ions in HCM
[32]. In addition, the sensitivity of myosin to Ca2+ increases,
and the use of ATP by actomyosin also increases at submax-
imum Ca2+ concentrations, which can precipitate an imbal-
ance between cardiac energy supply and demand under
severe stress [28]. Meanwhile, the actin encoded by the
ACTB gene is a highly conserved protein that aggregates in
the cell cytoplasm to produce fibers and form a cross-
linked network [33]. Interestingly, a large amount of litera-
ture has evidenced the differential expressions of ACTB in
a variety of cardiovascular diseases [6, 34]. Additionally,
we observed that ADAMTS9-AS1 and circFN1 expressions
were significantly decreased, while those of miR-206 were
markedly increased in HCM. Furthermore, out finding vali-
dated that miR-206 was the upstream of ACTB, while
ADAMTS9-AS1 and circFN1 served as the upstream of
miR-206. It is also noteworthy that numerous studies have
implicated the lncRNA-miRNA-mRNA network in various
cardiovascular diseases, while miRNA, lncRNA, and circRNA
are also known to exhibit certain value as blood circulation
markers [35, 36]. For instance, a prior study illustrated that
the content of circRNA MICRA was low in the peripheral
blood of patients with myocardial infarction, whereas poor
MICRA levels are associated with a high risk of left ventricular
dysfunction [37, 38]. On the other hand, plasma levels of miR-
208a were previously indicated as a biomarker of human acute
myocardial infarction [39]. Similarly, circulating miRNAs in
HCM, such as miR-29a, have also indicated to function as bio-
markers of HCM hypertrophy and fibrosis [40]. In addition,
another study suggested that miR-206 exhibits a profound
effect on a series of myopathies, including hypertrophy, mal-
nutrition, and conduction defects [41]. Besides, hsa-miR-206
is differentially expressed in patients with arrhythmic right
ventricular cardiomyopathy [42]. Strikingly, a previous study
highlighted that inhibition of miR-206 could improve mouse
ischemia-reperfusion in arrhythmia models by targeting
connexin 43 [43]. Lastly, there is also evidence to suggest that
multiple circRNAs are differently expressed in different tissues
and peripheral blood [44]. In addition, circRNAs or lncRNAs
exhibit a subclass of noncoding RNAs and further possess the
ability to regulate gene expression at a molecular level in differ-
ent ways, e.g., functioning as miRNA sponges or regulating
transcription and exerting important roles in multibiological
processes, thus resulting in several kinds of diseases, including
HCM [45–49]. FN1 has been identified to play an important
role in myocardial fibrosis, contributing to identifying the etiol-
ogy of dilated cardiomyopathy [16]. Meanwhile, despite the
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lack of research focusing on the role of ADAMTS9-AS1 in
HCM, ADAMTS9-AS1 is known to be downregulated in other
cancers such as prostate cancer and colorectal cancer [50, 51].
Besides, ADAMTS9-AS1 was shown to be poorly expressed
in breast cancer tissues and cells, whereas upregulation of

ADAMTS9-AS1 could induce inhibited cell growth and inva-
siveness both in vivo and in vitro by attenuating miR-513a-5p
expression [14]. All of the aforementioned findings and evi-
dences shed a new light on the potential function of the regula-
tory network in the occurrence of HCM.
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Figure 5: The targeted regulatory relationships between ADAMTS9-AS1/miR-206/ACTB and circFN1/miR-206/ACTB pathways. (a)
Schematic diagram of the binding sites of miR-206 and ACTB predicted on the TargetScan website. (b) The results for miR-206 and
ACTB verified by dual-luciferase reporter gene assay. (c) The binding sites of ADAMTS9-AS1 and miR-206 predicted using the DIANA-
LncBase database. (d) The binding sites of circFN1 and miR-206 predicted using the Starbase database. (e) The results of ADAMTS9-
AS1 and miR-206 verified by dual-luciferase reporter gene assay. (f) The results of circFN1 and miR-206 verified by dual-luciferase
reporter gene assay. (g) Results of ADAMTS9-AS1 and miR-206 verified by RIP assay. (h) Results of circFN1 and miR-206 verified by
RIP assay. (i) Results of ADAMTS9-AS1 and miR-206 observed by FISH. (j) Results of circFN1 and miR-206 observed by FISH.
Measurement data were expressed by mean ± standard deviation. Independent sample t test was conducted for comparisons between two
groups. ∗P < 0:05 vs. the mimic NC group or the IgG group.
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5. Conclusions

Taken together, our findings indicate that that ADAMTS9-
AS1 and circFN1 may act as ceRNA to competitively bind
miR-206 to upregulate ACTB in HCM. In addition, it would
be prudent to suggest that ADAMTS9-AS1, circFN1, miR-
206, and ACTB have the potential to serve as potential blood
circulation markers for HCM (Figure 6). However, the pro-
ject lacks clinical tissue sample verifications. At the same
time, clinical blood samples and patient clinical data should
be further expanded, so as to reverify the clinical predictive
value of ceRNA regulatory network, which will be the focus
of our future endeavors. Overall, we hope our discoveries
provide a theoretical basis for an in-depth understanding
of the HCM mechanism and augment the search for poten-
tial biomarkers.
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