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Abstract: Background: The high morbidity and mortality of calcific aortic valve disease (CAVD)
represents an unmet clinical need to investigate the molecular mechanisms involved. Evidence
suggests that long non-coding RNAs (IncRNAs) can act as competitive endogenous RNAs (ceRNAs)
by binding to microRNAs and regulating target genes in cardiovascular diseases. Nevertheless,
the role of IncRNAs related ceRNA regulation in CAVD remains unclear. Methods: RNAseq data
of human diseased aortic valves were downloaded from GEO data sets (GSE153555, GSE199718),
and differentially expressed IncRNAs (DEIncRNAs), mRNAs (DEmRNAs) between CAVD and
non-calcific aortic valve tissues with limma R package. Gene Ontology (GO) annotation, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Set Enrichment analysis (GSEA)
were performed with clusterProfiler and gesaplot2 R package. The pivotal microRNAs were predicted
by three databases intersection including TargetScan, MiRwalk, miRDB according to the genes related
to the crucial pathways. ENCORI was used to predict targeted IncRNAs of hub microRNAs. We
constructed InNcRNA-miRNA-mRNA ceRNA network with Cytoscape software. The IncRNAs in
ceRNA network were verified by RT-qPCR in human 30 calcific and 20 noncalcified aortic valve
tissues. Results: In total, 1739 DEmRNAs and 266 DEIncRN As were identified in CAVD. GO, KEGG
pathway, GSEA annotations suggested that most of these genes are enriched in extracellular matrix
(ECM)-reporter interaction pathways. The ceRNA networks associated with ECM-reporter interaction
are constructed and related IncRNAs including H19, SNHG3 and ZNF436-AS1 were significant
upregulated in human calcific aortic valve tissues, which might be potential therapeutic targets for
CAVD. Conclusions: In this study, we proposed a novel IncRNA-miRNA-mRNA ceRNA network
related to ECM-reporter interaction pathways, which potentially regulates CAVD progression.
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1. Introduction

Calcific aortic valve disease (CAVD) is the most common valvulopathy worldwide,
the current medical treatment options cannot stop or delay the progression of the life-
threatening heart disease [1,2]. CAVD, a progressive disease, involves multiple signaling
pathways, lipid accumulation, chronic inflammation, osteogenic differentiation and ex-
tracellular matrix (ECM) reorganization pathophysiological process [3]. CAVD is still not
Attribution (CC BY) license (https://  sufficiently understood in terms of its biological mechanisms, which limit improvements in
creativecommons.org/licenses /by / therapy. Therefore, further elucidating molecular mechanisms of disease and finding new
40/). therapeutic targets to improve the treatment of this life-threatening heart disease.
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Non-coding RNAs (ncRNAs), which account for over 90% of the RNA transcripts of the
human genome, lack coding protein potential but are considered essential to cell function,
including cardiovascular disease [4]. The ncRNAs include microRNAs, 21-24 base pairs,
and long noncoding RNAs (IncRNAs), longer than 200 base pairs [5]. The IncRNAs are
important to epigenetic, transcriptional and posttranscriptional regulation of gene expres-
sion, which are an essential participant in the progression of CAVD [6-8]. The competitive
endogenous RNA (ceRNA) hypothesis was first proposed by Salmena et al. [9]. As ceR-
NAs, by combining common miRNAs some IncRNAs can influence downstream mRNA
expression. There is increasing evidence that IncRNAs can act as ceRNAs by competing for
shared miRNAs to regulate target mRNAs expression [10]. In Supplementary Figure S1,
a schematic diagram shows the IncRNA-mediated regulatory network of ceRNA. A number
of dysregulated IncRNAs exert a key role in the progression of CAVD [6,11,12], which
demonstrate their potential roles in osteogenic differentiation of valvular cells and ECM
remodeling. A growing body of research suggests that IncRNAs could be involved in
the development of various cardiovascular diseases, such as atherosclerosis [11], coro-
nary artery disease [12], and heart failure [13]. However, to date, research on the role of
IncRNA-related ceRNA regulatory networks in CAVD is rare.

In this study, a genome-wide expression profile of IncRNAs and mRNAs of patients
with CAVD was analyzed through a public functional genomics data repository Gene
Expression Omnibus (GEO). Moreover, comprehensive analysis was used to create a CAVD-
specific ceRNA network. The ceRNA network will help discovery of new therapeutic
targets and pathways for treating patients with CAVD. We verified these expression of
theses IncRNAs and miRNAs in human calcific aortic valve tissues and normal control.
Further studies are required to validate the molecular mechanism of these IncRNAs ceRNA
network as therapeutic targets for CAVD.

2. Materials and Methods
2.1. Data Collection and Process

The RNAseq data, IncRNA seq data and corresponding CAVD clinical data are down-
loaded from GEO database. A total of 20 CAVD samples and 22 noncalcified aortic valve
tissues samples are collected. The original expression matrix is normalized and identi-
fied out differentially expressed genes with limma R package [14]. GSE153555 contains
10 calcified and 10 noncalcified valve tissues samples for differentially expressed mRNA
(DEmRNAs) analysis. GSE199718 contains 10 calcific and 12 noncalcified aortic valve
tissues for differentially expressed IncRNAs (DEIncRNAs). The differentially expressed
genes are identified based on the following selection criteria: an adjusted p-value < 0.05 and
log2 (fold change) greater than 1 between calcific and noncalcified aortic valve samples.

2.2. Enrichment Analysis

Gene set enrichment analysis (GSEA) sequences the genes based on the differential
expression degree of the two samples and then determines whether the preset gene set
is enriched at the top or bottom of the sequencing table, which reveals several shared
biological pathways [15]. The GSEA tests the expression of genomewide expression profiles
instead of individual genes, and can capture more sensitive changes in expression using
annotations from hallmark gene sets to reduce noise and redundancy [16]. ClusterProfiler
package in R software (v3.6.2, Ross Thaka and Robert Gentleman, Auckland, New Zealand)
is conducted to investigate the DEmRNAs in CAVD, including molecular function (MF),
biological process (BF), cell composition (CC) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway [17].

2.3. Protein-Protein Interaction (PPl) Network Analysis and Gene Cluster Identification

The protein network interaction diagram is created using DEmRNAs from CAVD
samples uploaded to STRING [18]. The result of STRING analysis is imported into Cytocape
(v.3.8.0, Paul Shannon and colleagues, Seattle, WA, USA) [19], and cluster analysis of
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differential genes is performed with Molecular Complex Detection (MCODE) plug-in [20]
and Gene Ontology (GO) terms and KEGG pathways are analyzed with ClueGO plug-in
to create a functionally organized GO/pathway term network [21]. STRING is conducted
to draw PPI network and the biological processes that the genes in the gene cluster with
the highest scores are involved in. The screened gene cluster is analyzed with Network
Analyst (v3.0, Guangyan Zhou and colleagues, Montreal, QC, Canada) to further verify the
biological processes and pathways [22].

2.4. Prediction of Hub miRNAs and Investigation of mRNA-miRNA Interaction Network Analysis

Genes associated with pivotal pathway are selected and conducted with miRWalk 3.0
database to predict its targeted miRNAs [23]. To verify the accuracy of the predicted
miRNAs, TargetScan [24], miRWalk and MiRDB [25] databases are used to do intersection.
Subsequently, we integrate the intersection of targeted miRNAs with DEmRNAs, which
are further processed with Cytoscape.

2.5. MiRNAs-IncRNAs Interaction Network Analysis

The Encyclopedia of RNA Interactomes (ENCORI) website is utilized to predict the
target molecules IncRNAs of the selected miRNAs [26], which were taken the intersection
with DEIncRNAs from GSE199718. The obtained data were constructed to a network
further with Cytoscape.

2.6. Real-Time Polymerase Chain Reaction

Three candidate IncRNAs, which may be the therapeutic targets for CAVD, were
screened for further confirmation. Twenty control noncalcified aortic valve tissues from
patients undergoing heart translation for various cardiomyopathy and thirty calcified aortic
valve tissues from patients undergoing aortic valve replacement for CAVD were collected
for further study (clinical characteristics of patients are shown in Supplementary Table S1).
The study was performed with approval of the institutional Ethics Committees of the
Fuwai hospital, Chinese Academy of Medical Sciences and complied with the Declaration
of Helsinki (No.2012-404). Before participating in the study, the written informed consent
was obtained from all patients.

The RNA was extracted from aortic valve tissues using Trizol reagent (Invitrogen
Corporation, Carlsbad, CA, USA), and then was reverse transcribed into cDNA with Prime-
Script RT Master Mix (RR036A, Takara Bio Inc., Beijing, China) at 37 °C for 15 min and
85 °C for 5 s. Next, the real-time quantitative PCR was performed with TB Green Premix Ex
TB Green Premix Ex Taq II (RR820A, Takara Bio Inc., Beijing, China) based on the QuantStu-
dio™ 5 System (Applied Biosystems Inc., Foster, CA, USA). The relative expression of each
selected IncRNAs between two groups was determined by the 2~44Ct method. The primer
sequences for IncRNAs utilized in the study are listed in Supplementary Table S2. The
primer sequences for miRNAs were purchased from RiboBio (Guangzhou, China).

2.7. Statistical Analysis

Continuous data are presented as mean value =+ standard error of the mean (SEM).
The normality of the distribution of continuous data was confirmed by Shapiro-Wilk test
and was visualized by a Q-Q plot. The Levene test was used to confirm the homogeneity
of variance of continuous data. For normally distributed data, comparisons between the
two groups were evaluated for significance using the unpaired Student’s t-test. Statistical
significance was set at p < 0.05.

3. Results
3.1. Processing of Sample Data and Identification of Differentially Expressed Genes
Based on the expression matrix and sample information of GSE153453, 1831 differ-

entially expressed genes from CAVD patients, including 1114 upregulated genes and
717 downregulated genes. The following were the screening criteria for differentially
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expressed genes: log2 fold change greater than one and adjusted p value less than 0.05.
On the basis of variance of gene expression in the CAVD, the volcano plot was showed
in Figure 1A and the hierarchical cluster analysis and heat mapping was presented in
Figure 1B.
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Figure 1. Differentially expressed genes in calcified and noncalcified aortic valve tissue. (A) The
volcano plot and (B) hierarchical cluster heat map of differentially expressed genes.

3.2. Functional Enrichment Analysis

To explore the functions of gene expression, gene set enrichment analysis (GSEA),

gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG), pathway
enrichment analyses were used to analyze the samples’ genes expression. Firstly, all
genes expression in calcified and noncalcified aortic valve tissues was analyzed with
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GSEA Base R package, and genes were investigated at the overall level of expression
profile using the hallmark gene set database. The significantly enriched gene sets are
defined as adjusted p value < 0.05. As illustrated in Figure 2, gene sets were significantly
enriched in extracellular matrix (ECM)-receptor interaction and ECM-related functions in
CAVD samples.
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Figure 2. Gene set enrichment analysis (GSEA) of the whole gene expression of the calcified and
noncalcified aortic valve tissues. (A) Extracellular matrix (ECM) receptor interaction, cell ECM
interactions, degradation of the ECM and ECM organization were significantly enriched. (B) The

volcano plot of GSEA revealed degradation of ECM, ECM receptor interaction and ECM organization
were significantly enriched.

The ClusterProfiler R package was used to perform GO and KEGG pathway enrich-
ment analysis on 1831 DEmRNAs from CAVD samples. GO enrichment analysis indicated
that the differentially expressed genes were mainly associated with extracellular structure
organization and extracellular matrix organization in the biological process (Figure 3A).
ECM, collagen-containing ECM and ECM-related cellular components were significantly
enriched (Figure 3B). Among top 10 molecular function, the receptor regulator activity,
receptor ligand activity, G protein-coupled receptor activity, ECM structural constituent,
and ECM structural conferring tensile strength were significantly enriched (Figure 3C).
KEGG enrichment analysis revealed the ECM-receptor interaction pathway was significant
enriched in all 1831 DEmRNAs (Figure 3D), 1114 upregulated DEmRNAs (Figure 3E) and
717 downregulated DEmRNAs (Figure 3F). In addition, the CLUEGO plug-in of Cytoscape
was used to show the interaction network of biological process. The results also presented
that cell surface receptor signaling pathway, signaling receptor activator activity, and ECM
organization et.al were significant enriched (Figure 3G). These data revealed that the differ-
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entially expressed genes in CAVD were linked to ECM-receptor interaction pathway and
ECM-remodeling.
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Figure 3. Gene ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment of
differentially expressed genes. (A) Biological process revealed extracellular structure organization
and extracellular matrix (ECM) organization were enriched. (B) ECM-related cellular components
were significant enriched. (C) Among molecular function, the receptor regulator activity, receptor
ligand activity, ECM structural constituent, and ECM structural conferring tensile strength were
enriched. KEGG enrichment analysis revealed the ECM-receptor interaction pathway was signifi-
cant enriched in all 1831 DEmRNAs (D), 1114 upregulated DEmRNAs (E) and 717 downregulated
DEmRNAS (F). (G) The ClueGO plug-in was used to investigate the interaction networks of enriched

biological processes.
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3.3. Construction of Protein-Protein Interaction (PPI) Network and Investigation of Gene Clusters
Participating in ECM-Related Biological Pathway

To filter out the hub genes from DEmRNAs in CAVD samples, 1831 DEmRNAs were
uploaded to STRING website for further analysis, and the PPI network with 1669 nodes
and 16,190 edges were achieved. Next, the PPI network was uploaded in Cytoscape
and MCODE plug-in was used to analyze the network to identify gene clusters with top
5 scores (Supplementary Table S3). The 72 genes in the cluster 1 with the highest score were
chosen for GO and KEGG enrichment analysis, which demonstrated that the genes in this
cluster were mainly involved in ECM-receptor interaction pathway and ECM-associated
function. STRING and Network Analyst database were utilized to investigate the hub
genes in gene cluster 1, and findings showed that gene cluster 1 mainly was involved in
cytokine-cytokine receptor interaction, ECM-receptor interaction pathway, extracellular
structure organization, ECM organization biological process, ECM structural constituent,
ECM component molecular function, collagen-containing ECM cellular component all of
which had statistical significance based on FDR values, and then the linked genes were
constructed into network in STRING (Figure 4A,B). To further identify how gene cluster 1
also plays a significant role in the CAVD, we also uploaded gene cluster 1 into Network
Analyst and found the molecules involved in ECM-receptor interaction pathway were
highlighted as shown in Figure 4C.

B Functional enrichment in the network
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hsa04060 Cytokine-cytokine receptor interaction 21 of 263 1.33x10°®
hsa04512 ECM-receptor interaction 11 of 81 7.01x10* @
hsa04926 Relaxin signaling pathway 10 of 130 1.64x10°

Figure 4. Functional enrichment of the gene clusterl with the highest score of MCODE. (A) STRING
reveals the interaction of genes in cluster 1. (B) Functional enrichment analyses of genes in cluster 1.
(C) Network Analyst is used to validate the enrichment results and genes involved in extracellular
matrix (ECM)-receptor interaction are noted in blue. The red nodes indicate protein digestion
and absorption pathway and the violet nodes represent the genes involved in cytokine-cytokine
receptor interaction.

3.4. Further miRNA Mining and mRNA-miRNA Interaction Network Analysis

Among the seventy-two hub genes of gene cluster 1, thirty-seven differential expressed
genes related to ECM-receptor interaction pathway were screened out. Then, miRWalk 3.0
program was used for mRNA-miRNA interaction analysis. The prediction results were
chosen from the intersection of miRNAs predicted by the TargetScan, miRDB, and miRWalk
databases. The selection criteria were set as p < 0.05, target gene binding region was 3'UTR
and seed sequence length was at least 7 mer. The mRNA-miRNAs interaction network
was constructed with Cytoscape (Figure 5). The miRNAs with large number of shared
DEmRNASs (>2) were chosen as hub miRNAs (Supplementary Table 54).
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Figure 5. Interaction network between genes involved in extracellular matrix and its targeted
miRNAs. Genes are colored in blue; miRNAs are colored in violet; and miRNAs targeting over
two genes simultaneously are colored in green.

3.5. Construction of IncRNA-miRNA-mRNA ceRNA Network in CAVD

The corresponding IncRNAs of hub miRNAs were predicted with ENCORI soft-
ware [26]. The selection conditions were set the highest reliability (very high stringency of
CLIP data > 5) and 113 IncRNAs were predicted to interact with the hub miRNAs. The
number of CLIP sites and target sequence in each of the IncRNA-miRNA relations within
the ENCORI databases are shown in Supplementary Table S5. The IncRNA-miRNA-mRNA
ceRNA network was constructed with Cytoscape as shown in Figure 6A. In order to ob-
tained more detailed biological insights, we separately to analyze that mRNAs were up or
down-regulated networks in CAVD (Figure 6B,C).

3.6. Verification of the Potential IncRNAs Expression in ceRNA Network

To verify the potential 113 IncRNAs in the ceRNA network, we first analyzed the
DEIncRNAs in the GSE199718 and screened out that 152 IncRNAs were upregulated and
114 IncRNAs were significantly downregulated in CAVD with the criteria: Log?2 fold change
> 0.6 and adjusted p value < 0.05. We found 3 DEIncRNAs in the ceRNA network: H19,
SNHG3 and ZNF436-AS1 (Figure 7A). H19 was reported that DNA hypomethylation in
the promoter region of H19 during CAVD leads to an overexpression of this IncRNA,
resulting in promoting osteogenic transition of VICs [6]. Then, we also verified these
3 IncRNAs in 50 human samples (30 cases of calcified and 20 noncalcified aortic valve
tissues) using RT-qPCR and the expression of H19 (p = 0.0001), SNHG3 (p < 0.0001) and
ZNF436-AS1 (p = 0.003) (Figure 7B) in calcified aortic valve tissues were significantly
higher than that of non-calcified control. Our previous research found that SNHG3 was
increased in calcified aortic valves, which prompted osteogenic differentiation of VICs via
upregulation of the BMP2 pathway [27]. Additionally, we also detected the expression
of predicted miRNAs regulated by validated IncRNAs (H19, SNHG3 and ZNF436-AS1)
in human aortic valves using RT-qPCR. We also found that has-miR-326 (p = 0.0005),
has-miR-29a-3p (p = 0.0002), has-miR-148a-3p (p = 0.0006), has-miR-106b-5p (p<0.0001), has-
let-7d-5p (p < 0.0001), and has-let-7e-5p (p = 0.0075) were significantly down-regulated in
calcified aortic valve tissues (Figure 6C-H). Thus, we constructed a competitive endogenous
network including validated up-regulated IncRNAs (H19, SNHG3 and ZNF436-AS1), down-
regulated miRNAs (has-miR-326, has-miR-29a-3p, has-miR-148a-3p, has-miR-106b-5p, has-
let-7d-5p, has-let-7e-5p) and up-regulated mRNAs (COL4A1, COL1A1, COL6A3, THBSI,
ITGB3, LAMA4, ITGA11, FRAS1, TNC) in the calcified aortic valves (Figure 6I).
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Figure 6. LncRNA-miRNA-mRNA network in CAVD. (A) The differential mRNAs involved in
extracellular matrix-receptor interaction were constructed the complementary endogenous networks.
The up-regulated mRNAs (B) and down-regulated mRNAs (C) separately were constructed the
complementary endogenous networks. The blue nodes indicate the up-regulated mRNAs involved
in extracellular matrix-receptor interaction pathway, the yellow nodes indicate the down-regulated
mRNAs, the violet nodes represent the hub miRNAs and the magenta nodes indicate the IncRNAs.
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Figure 7. Verification of the IncRNAs and microRNAs in the ceRNA network. (A) The Venn diagram
indicates three IncRNAs (H19, SNHG3 and ZNF436-AS1) in competitive endogenous networks were
verified by another sequencing data. (B) The IncRNA ZNF436-AS1 was highly expressed in calcified
aortic valves (n = 30) than that in control (1 = 20). (C-H) RT-qPCR results show that the expression of
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has-miR-326, has-miR-29a-3p, has-miR-148-3p, has-miR-106b-5p, has-let-7d-5p and has-let-7e-5p in
human calcified aortic valves (n = 15) were obviously lower than that non-calcified control (n = 15).
(I) The competitive endogenous network including validated up-regulated IncRNAs (H19, SNHG3
and ZNF436-AS1), down-regulated miRNAs (has-miR-326, has-miR-29a-3p, has-miR-148a-3p, has-
miR-106b-5p, has-let-7d-5p, has-let-7e-5p) and up-regulated mRNAs (COL4A1, COL1A1, COL6A3,
THBS1, ITGB3, LAMA4, ITGA11, FRAS1, TNC) in the calcified aortic valves were constructed. The
magenta nodes, violet nodes and blued nodes indicate up-regulated IncRNAs, down-regulated
miRNAs and up-regulated mRNAs, separately. Unpaired 2-tailed Student’s -test.

4. Discussion

Calcific aortic valve disease is the most frequent valvular heart disease among devel-
oped countries and the elderly [2]. Given the severe morbidity and mortality associated
with CAVD, identifying specific biomarkers and therapeutic targets for the diagnosis and
treatment of patients with CAVD is an urgent concern. In this study, we used CAVD
expression data downloaded from GEO databases and screened out 1831 differential ex-
pressed genes including 1114 upregulated genes and 717 downregulated genes. Then,
GSEA, GO and KEGG enrichment analysis showed these genes are mainly participating
in ECM component and ECM-receptor interaction pathway. Our study focused on the
DEmRNAS related to ECM in CAVD. Based on the DEmRNASs associated with ECM, we
constructed a miRNA-mRNA network with 77 nodes and 63 edges. The miRNAs that can
target more than 2 DEmRNAs related to ECM act as the hub miRNAs, which were utilized
to predict the IncRNAs with ENCORI software. We constructed a CAVD-specific ceRNAs
network with these hub DEmRNAs, miRNAs and IncRNAs. Importantly, three IncRNAs
were validated in a completely independent IncRNA sequencing data from GEO database
(GSE199718) and we also verified that IncRNAs (H19, SNHG3 and ZNF436-AS1) were
significantly upregulated and miRNAs (has-miR-326, has-miR-29a-3p, has-miR-148a-3p,
has-miR-106b-5p, has-let-7d-5p, has-let-7e-5p) were significantly downregulated in human
calcified aortic valves tissues.

CAVD is characterized by changes in the organization, composition and mechanical
properties of the ECM [28]. According to growing evidence, ECM maladaptations not only
result in valve cell dysfunction, but they also contribute to the development of CAVD [29].
The function and pathway enrichment showed ECM receptor interaction signaling path-
ways were significantly enriched in our analysis. Compared to other microarray datasets,
enrichment analysis found PI3K/AKT signaling pathway in an AMPK-dependent manner
was inhibited in CAVD [30], our enrichment results also revealed that the downregulated
DEmRNASs could enriched in AMPK signaling pathway. Among the DEmRNAs involved
in the IncRNA-miRNA-mRNA ceRNA network, COL4A1, COL4A2, COL4A3, COL1A1,
COL6A3 and COL9A1 were belong to constitute of type I, IV, VI and IX collagen, which are
structural proteins in the ECM. The aortic valve is composed of three layers: the fibrosa,
spongiosa and ventricularis. These collagens are present in all three layers. Type I collagen,
localized in the myofibroblasts adjacent to calcified aortic valve nodules, is significantly
increased [31]. COL6A3 is the main component of type VI collagen, which is involved in
the progression of calcific aortic valve stenosis [32]. The localization of collagen VI around
the calcified nodules is critical for the spreading of the mineralization of aortic valve, which
brings about calcium and hydroxyproline accumulations on human osteoblast-like cells
and promotes osteogenic differentiation of VICs during CAVD progression [33]. COL9A1,
encoding one of three alpha chains of type IX collagen, is a minor collagen component
of hyaline cartilage. Type IX collagen is attached to the surface of type II collagen fibrils
covalently in the ECM special for cartilage [34]. The expression of type IX collagen mRNA
in the mouse heart has also been detected throughout embryonic development [35]. The
function of type IX collagen in aortic valve calcification remains unknown and was not
studied further in the present. Dysregulation of these collagen components can alter ECM
elasticity in valve tissue, which can regulate the myofibroblast differentiation of valvular
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interstitial cells (VICs) [36]. Additionally, the effect of ECM elasticity owing to collagens
disorganized contributes to VICs calcification and osteogenic differentiation.

TNC, a hexametric ECM glycoprotein, is upregulated significantly and moved from the
basement membrane to the interstitial space around the calcified aortic valve area [37,38].
TGEF-3, BMPs and TNF-o can induce TNC expression in the VICs of diseased valves [39-41].
TNC can promote ALP activity, collagen synthesis around calcifying regions and ECM
remodeling. TNC can also modulate VICs adhesion, phenotypic expression and calcification
through syndecan-4 and its downstream focal adhesion kinase and RhoA signaling [42,43].
ITGA2, ITGAS8 and ITGB3 belong to integrin, which are the transmembrane receptor for
collagens and related proteins. Integrin alpha-2 regulates platelets and other cells adhesion
to collagens, collagen and collagenase gene expression, force generation and organization
of newly synthesized ECM [44]. ITGAS8 and ITGB3 can recognize the sequence R-G-D
in a wide array of ligands including TNC, FN1, SPP1, TGFB1, NPNT and VTN. Specific
integrins interact between VICs and ECM modulating calcification [45]. ITGB3, encoding
integrin alpha-V/beta-3, interacts with collagen I and fibronectin to increase motility,
invasiveness, and remodeling, as it does in atrioventricular cushion mesenchymal cells via
Rho/PI3-kinase signal [46].

H19 was the most significant upregulated DEIncRNAs in the ceRNA network in CAVD.
Mathieu et al. revealed that a dysregulation of DNA methylation in the promoter of H19,
which promotes an osteogenic differentiation of VICs by interfering with expression of
NOTCHI1 during CAVD [6]. HOTAIR was reported to be downregulated in BAVs and VICs
exposed to cyclic stretch. HOTAIR is involved in aortic valve calcification and repressed
by WNT p-CATENIN signaling [47]. TUG1 has been shown to sponge miR-204-5p to
promote osteogenic differentiation of VICs via upregulating RUNX2 in CAVD [7]. LncRNA
MALAT1 was observed to sponge miR-204 to promote osteogenic differentiation of VICs
via upregulating Smad4 in CAVD [8]. LncRNA OIP5-AS1 was downregulated and crosstalk
with miR-137 and TWIST11 in CAVD [48]. Some studies have reported that SNHG3
can mediate molecular markers related to CAVD, such as NOTCHI1, RUNX2 in some
tumors [49,50]. Relevant studies on function of other IncRNAs in the ceRNA networks do
not exist in the literature.

Based on our current study, we constructed an ECM related ceRNA regulatory network
and verified the expression of IncRNAs including H19, SNHG3 and ZNF436-AS1 in human
aortic valve tissues, which have strong potential for use as novel biomarkers and therapeutic
targets. In recent years, some studies have shown that IncRNAs can be used as a biomarker
for diagnosing diseases. Yang Y et.al reported that IncRNA CoreMarker could be used as
biomarker for diagnosis of coronary artery disease [51]. LncRNA-NRF was reported to be
a potential biomarker of heart failure after acute myocardial infarction [52]. Mathieu and
colleagues reported that a dysregulation of DNA methylation in the promoter of H19 during
CAVD upregulates its expression, which promotes an osteogenic program by interfering
with the expression of NOTCHI1 [6]. Our previous research also found that SNHG3 is
upregulated in the calcific aortic valves and acts as a decoy IncRNA, interacting with EZH2
to suppress the H3K27 tri-methylation of the BMP2 promoter, resulting in the upregulation
of the BMP2 signaling pathway, thereby promoting osteogenic differentiation of valve
interstitial cells in CAVD progression [27]. Thus, H19 and SNHG3 could represent a novel
target in CAVD to decrease the osteogenic activity in the aortic valve. There is currently no
research on the role and mechanism of ZNF436-AS1 in CAVD. In addition, we also verified
a series of miRNAs sponged by these IncRNA. Hence, our results establish the groundwork
for further research to validate the underlying biological regulatory mechanism.

Several limitations remain in this study. First, for the validation analysis, control
samples from transplant recipient hearts, which may not represent “healthy” valves, and
the diseased valves from the patients undergoing aortic valve replacement surgery due to
severe calcification. Additionally, the results from public available databases and bioinfor-
matic analysis require further biological proof-of-concept studies to verify. Under these
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conditions, further cellular and animal experiments are necessary in the future to confirm
these molecular mechanisms of ceRNAs in CAVD progression.

5. Conclusions

In this study, we proposed a novel IncRNA-miRNA-mRNA ceRNA network related
to ECM-receptor interaction pathways and ECM components, which potentially regulates
CAVD progression.
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