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Abstract. Vascular calcification (VC) accompanies the 
trans‑differentiation of vascular smooth muscle cells (VSMCs) 
into osteo/chondrocyte‑like cells and resembles physiological 
bone mineralization. However, the molecular mechanisms 
underlying VC initiation and progression have remained largely 
elusive. The aim of the present study was to identify the genes 
and pathways common to VSMC and osteoblast calcification 
and construct a regulatory network of non‑coding RNAs and 
transcription factors (TFs). To this end, the Gene Expression 
Omnibus dataset GSE37558 including mRNA microarray 
data of calcifying VSMCs (CVSMCs) and calcifying osteo‑
blasts (COs) was analyzed. The differentially expressed 
genes (DEGs) were screened and functionally annotated and 
the microRNA (miRNA/mRNA)‑mRNA, TF‑miRNA and 
long non‑coding RNA (lncRNA)‑TF regulatory networks 
were constructed. A total of 318 DEGs were identified in the 
CVSMCs relative to the non‑calcified VSMCs, of which 43 
were shared with the COs. The CVSMC‑related DEGs were 
mainly enriched in the functional terms cell cycle, extracel‑
lular matrix (ECM), inflammation and chemotaxis‑mediated 
signaling pathways, of which ECM was enriched by the DEGs 
for the COs as well. The protein‑protein interaction network of 
CVSMCs consisted of 281 genes and 3,650 edges. There were 
30 hub genes in this network, including maternal embryonic 
leucine zipper kinase (MELK), which potentially regulates the 
differentially expressed TF (DETF) forkhead box (FOX)M1 

and is a potential target gene of Homo sapiens miR‑485‑3p 
and miR‑181d. The TF‑miRNA network included 251 TFs and 
60 miRNAs, including 10 DETFs such as FOXO1 and snail 
family transcriptional repressor 2 (SNAI2). Furthermore, 
the lncRNAs H19 imprinted maternally expressed transcript 
(H19) and differentiation antagonizing non‑protein coding 
RNA (DANCR) were predicted as the upstream regulators 
of FOXO1 and SNAI2 in the lncRNA‑TF regulatory network. 
DANCR, MELK and FOXM1 were downregulated, and H19, 
FOXO1 and SNAI2 were upregulated in the CVSMCs. Taken 
together, the CVSMCs and COs exhibited similar molecular 
changes in the ECM. In addition, the MELK‑FOXM1, 
H19/DANCR‑FOXO1 and SNAI2 regulatory pathways likely 
mediate VSMC calcification.

Introduction

Vascular calcification (VC) refers to the ectopic deposition of 
calcium phosphate crystals or hydroxyapatite on the vascular 
walls. It is frequently observed during ageing, as well as in 
degenerative diseases such as chronic kidney disease (CKD), 
diabetes and atherosclerosis, and significantly increases the 
risk of cardiovascular disease (CVD) and mortality (1‑3). 
Contrary to the long‑held surmise that calcium and phosphorus 
are passively deposited on the vascular walls, recent studies 
have indicated that VC is an active and cell‑regulated process 
similar to the mineralization of osteo/chondrocyte‑like cells 
during bone formation (4). The incidence of coronary artery 
calcification in CKD patients is >50% in the absence of 
dialysis and significantly higher at 70‑90% among patients 
undergoing dialysis (5). In addition, increased calcium burden 
of the thoracic aorta elevates the risk of CVD by 3.7‑fold (6), 
whereas abdominal aorta calcification increases the relative 
risk of coronary, cerebrovascular and cardiovascular events as 
well as mortality rates (7). VC is a significant risk factor of 
CVD in 90% of males and 67% of females above the age 
of 70 years (8).

Vascular smooth muscle cells (VSMCs) may differentiate 
into the major cell types in the vessel wall in response to suit‑
able environmental stimuli. There is evidence that VSMCs lose 
their contractile phenotype and trans‑differentiate into osteo‑
blast‑like cells expressing osteogenic transcription factors and 
proteins. These cells may initiate calcification of the vascular 
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wall by secreting calcium and phosphorous‑loaded exosomes 
into the extracellular matrix (ECM) (9‑11). However, little is 
known regarding the specific pathways and molecular mecha‑
nisms underlying VC, which markedly limits the development 
of effective drugs. 

Non‑coding RNAs are a class of transcripts that regulate 
the expression of protein‑encoding genes through various 
mechanisms. MicroRNAs (miRNAs/miRs) are 18‑22 nucleo‑
tides in length and regulate target gene expression at the 
post‑transcriptional level through binding at the 3' untranslated 
region. Long non‑coding RNAs (lncRNAs) are >200 nucleo‑
tides long and exert their regulatory effects through more 
complex mechanisms (12). Several lncRNAs have been 
identified in recent years that are involved in the progression 
of various pathological conditions, including CVD (13‑15). 
Furthermore, specific miRNAs and lncRNAs have been impli‑
cated in VSMC calcification. For instance, downregulation of 
miR‑204, miR‑29b or miR‑30e trigger the osteogenic differ‑
entiation and calcification of VSMCs both in vitro and in vivo, 
whereas upregulation of miRNA‑128 accelerates cardiovas‑
cular calcification (16‑20). Lin et al (21) demonstrated that 
lncRNA‑ES3 enhanced hyperglycemia‑induced calcification 
of VSMCs by suppressing miR‑34c‑5p expression as a sponge. 
In addition, Jeong et al (22) identified numerous differentially 
expressed lncRNAs in calcified rat VSMCs, of which leucine 
rich repeat containing 75a‑antisense (AS)1 was significantly 
downregulated and its ectopic expression attenuated calcium 
accumulation in VSMCs cultured with inorganic phosphate. 
However, the exact mechanistic roles of non‑coding RNAs in 
VSMC calcification have remained to be elucidated. 

In the present study, the differentially expressed genes 
(DEGs) and pathways in VSMCs exposed to high and normal 
calcium levels for varying durations were identified using 
bioinformatics. Given the physiological similarities between 
VCs and bone mineralization, the DEGs and pathways common 
to both calcifying VSMCs (CVSMCs) and osteoblasts (COs) 
were also screened and certain potentially crucial genes were 
experimentally validated. The putative regulatory networks of 
non‑coding RNAs and transcription factors (TFs) in CVSMCs 
were also predicted. The present results provide novel insight 
into the molecular basis of the pathogenesis of VC.

Materials and methods

Microarray data and identification of DEGs. The micro‑
array dataset GSE37558 profiled on the GPL6947 platform 
(Illumina HumanHT‑12 V3.0 expression beadchip) was 
downloaded from the National Center for Biotechnology 
Information (NCBI)‑Gene Expression Omnibus database 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi). It includes 
the mRNA expression data of 32 VSMCs and osteoblasts 
samples cultured for 0, 2, 8, 12 or 25 days (3‑4 replicates per 
time‑point) in calcified medium containing 1.8 mM Ca2+ (23). 
The raw data were integrated and the DEGs between the 
control and calcified VSMCs were identified using the 
GEO2R tool, which is a GEO tool (https://www.ncbi.nlm.
nih.gov/geo/geo2r/?acc=GSE37558) and Morpheus website 
(https://software.broadinstitute.org) using an adjusted P<0.05 
with |log fold change|>1 as the thresholds. The DEGs common 
to VSMCs calcified for varying durations were also identified 

using the same criteria. The DEGs in osteoblasts were simi‑
larly screened, and the shared DEGs between CVSMCs and 
COs were also defined using the Morpheus website.

Gene ontology (GO) and pathway enrichment analysis. The 
DEGs were functionally annotated by GO, Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway and reactome 
analyses using the Database for Annotation, Visualization and 
Integrated Discovery version 6.8 (https://david.ncifcrf.gov/). 
The significantly enriched genes or pathways were screened 
on the basis of P<0.05. 

Protein‑protein interaction (PPI) network. The PPI networks 
of the DEGs were constructed using a Search Rool for the 
Retrieval of Interacting Genes and proteins (STRING) data‑
base (http://string.embl.de/; accessed April, 2019) (24) in order 
to identify the interacting and hub genes. Cytoscape soft‑
ware (25) was used for visualizing the networks and analyzing 
the degree of connectivity of nodes. Finally, module analysis of 
the PPI network was performed using the molecular complex 
detection application of Cytoscape software. The module 
genes were functionally annotated as described above. 

Construct ion of regulatory networks. The ta rget 
miRNAs of calcification‑related DEGs were predicted 
using the miRWalk (http://zmf.umm.uni‑heidelberg.de; 

Table I. Primer sequences or numbers for PCR.

Gene
symbol Primer sequence (5'‑3') or catalogue number

DANCR Forward: CAGCTGACCCTTACCCTGAA
 Reverse: GACCCTGGGGTTGTTAGTCA
H19 Forward: CAGAGTCCGTGGCCAAGG
 Reverse: CGCCTTCAGTGACTGGCA
MELK Forward: ACTGCCCTGGAGGAGAGCT
 Reverse: AGCCCTGGCTGTGCACATAA
FOXM1 Forward: GGAGGAAATGCCACACTTAGCG
 Reverse: TAGGACTTCTTGGGTCTTGGGGTG
FOXO1 Forward: TACGCCGACCTCATCACCAAG'
 Reverse: GCACGCTCTTCACCATCCACT'
SNAI2 Forward: CACCTCCTCCAAGGACCA'
 Reverse: GGCCAGCCCAGAAAAAGT
GAPDH Forward: GTCAGCCGCATCTTCTTT'
 Reverse: CGCCCAATACGACCAAAT'
U6 RQP086799
Hsa‑miR‑ HmiRQP0521
485‑3p
Hsa‑ miR‑ HmiRQP0237
181d‑5p

Hsa, Homo sapiens; miR, microRNA; FOX, forkhead box; 
DANCR, differentiation antagonizing non‑protein coding RNA; H19, 
H19 imprinted maternally expressed transcript; MELK, maternal 
embryonic leucine zipper kinase; SNAI2, snail family transcriptional 
repressor 2.
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accessed April, 2019), miRanda (http://www.microrna.
org/microrna/home.do; accessed April, 2019), miRDB 
(http://www.mirdb.org/; accessed April, 2019), RNA22 
(https://cm.jefferson.‑edu/rna22/; accessed April, 2019) and 
TargetScan (http://www.targetscan.org/vert_72/; accessed 
April, 2019) databases. The miRNA‑target DEG pairs were 
established when predicted by all five databases. The TFs 
targeting miRNAs in the miRNA‑target gene network were 
predicted using the TransmiR (http://www.cuilab.cn/transmir; 
accessed April, 2019) database (26) based on literature‑curated 
TF‑miRNA regulation data. The predicted TFs within the 
DEGs were defined as differentially expressed TFs (DETFs) 
and used to construct the DETF‑miRNA‑target DEG network. 
In addition, the TF‑miRNA‑hub gene network was also 
established using hub genes identified from the PPI network. 
Finally, the lncRNAs targeting DETFs in the TF‑miRNA‑hub 
gene network were screened from the LncRNA2Target v2.0 
database (http://123.59.132.21/lncrna2target; accessed April, 

2019) (27) to construct the lncRNA‑DETF‑miRNA‑target 
gene network. All regulatory networks were established and 
visualized using Cytoscape.

Cell culture and calcification assay. Human VSMC line 
(cat. no. CRL‑1999) was purchased from Aolu Biotech and 
cultured in Dulbecco's modified Eagle's medium (Gibco; 
Thermo Fisher Scientific, Inc.) containing 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin‑streptomycin (Beyotime Institute of Biotechnology) 
at 37˚C under 5% CO2. The cells were harvested at 80‑90% 
confluency using 0.25% trypsin/0.02% EDTA solution 
(Beyotime Institute of Biotechnology) and cells from passages 
3‑7 were used in the experiments. For in vitro calcification, 
VSMCs were seeded in 6‑well plates with 60‑70% cell density 
and cultured in growth medium containing 1.8 mM CaCl2 
(Sigma‑Aldrich; Merck KGaA) for 12 days. The medium was 
replaced every 2‑3 days.

Figure 1. Identification of DEGs in CVSMCs and COs. (A) VSMCs cultured in high‑calcium medium for 2, 8, 12 and 25 days had 318 DEGs relative to the 
0‑day normal control. The DEGs observed at the different time‑points of calcification are color‑coded. The overlapping regions represent shared DEGs across 
the different time‑points. (B) A total of 43 DEGs were common between CVSMCs and COs, including 34 upregulated and 9 downregulated genes, which were 
color‑coded. (C) Osteoblasts cultured for 2, 8, 12 and 25 days in calcification medium had 206, 441, 565 and 681 DEGs compared to the normal osteoblasts, 
respectively, and 120 DEGs were consistent across all time‑points. The DEGs from different groups are color‑coded and the overlapping region represents 
shared DEGs. VC, vascular calcification; CVSMCs, calcifying vascular smooth muscle cells; CO, calcifying osteoblast; DEGs, differentially expressed genes; 
GO, Gene Ontology.
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Figure 2. GO term enrichment analysis of DEGs from CVSMCs. (A) GO terms related to molecular function, biological process and cellular component 
enriched in the DEGs from CVSMCs. (B) Top 30 GO terms for DEGs from CVSMCs. CVSMCs, calcifying vascular smooth muscle cells; DEGs, differentially 
expressed genes; GO, Gene Ontology.
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Figure 3. GO analysis of DEGs shared between CVSMCs and CO. (A) GO terms of DEGs in CVSMCs and CO according to molecular function, biological 
process and cellular component. (B) Top 30 GO terms for DEGs common to CVSMCs and COs. CVSMCs, calcifying vascular smooth muscle cells; CO, 
calcifying osteoblast; DEGs, differentially expressed genes; GO, Gene Ontology.
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RNA extraction and reverse transcription‑quantitative (RT‑q)
PCR analysis. TRIzol® (Invitrogen; Thermo Fisher Scientific, 
Inc.) was used to extract total RNA from the cultured VSMCs 
according to the manufacturer's protocol. The integrity of the 
isolated RNA was determined by measuring the absorbance 
at 260 nm (A260) and the purity in terms of the A260/A280 
ratio. Total RNA was reverse‑transcribed into complementary 
(c)DNA using the TransScript kit (Takara Biotechnology, Inc.). 
qPCR was performed with 2 µl first‑strand cDNA as the template 
and the FastStart SYBR Green kit (Roche). The primers were 
purchased from GeneCopoeia Biotechnology Company and 
their sequences are presented in Table I. The thermocycling 
conditions of qPCR were as follows: 2 min at 50˚C and 10 min 
at 95˚C, followed by 40 cycles of 15 sec at 95˚C, 30 sec 60˚C and 
30 sec at 72˚C (ABI 7500 Fast; Applied Biosystems; Thermo 
Fisher Scientific, Inc.). GAPDH and U6 were used as the internal 
controls for mRNAs and miRNAs, respectively. The relative 
expression of these genes was determined using the comparative 
CT (2‑ΔΔCq) method (28).

Statistical analysis. The in vitro experiments were performed 
in triplicate and were independently repeated three times. 
SPSS version 21.0 (IBM Corp.) was used for statistical anal‑
ysis. Data were expressed as the mean ± standard deviation 
and compared using an unpaired t‑test. P<0.05 was considered 
to indicate statistical significance. 

Results

Identification of calcification‑related DEGs in the CVSMCs 
and COs. To identify the genes affected by short‑ and long‑term 
high Ca2+ exposure, VSMCs were cultured in the calcifica‑
tion medium for varying durations and DEGs were detected 
(GSE37558). As presented in Fig. 1A, VSMCs cultured for 2, 
8, 12 and 24 h had 393, 684, 892 and 799 DEGs relative to 
the normal cells (0‑day control), respectively. Furthermore, 
318 genes were consistently differentially expressed across all 

time‑points, including 147 upregulated and 185 downregulated 
genes (Fig. 1A, Tables SI and SII). Furthermore, there were 
206, 441, 565 and 681 DEGs in the osteoblasts cultured for 
2, 8, 12 and 25 days, respectively, in the calcification medium 
compared to normal osteoblasts, of which 120 DEGs were 
common to all time‑points (Fig. 1B, Tables SIII and SIV). 
Furthermore, 43 DEGs were common to the CVSMCs and 
COs, including 34 upregulated and 9 downregulated genes 
(Fig. 1C).

Functional annotation of calcification‑related DEGs. The 
common DEGs (see above) were functionally annotated in 
GO terms and KEGG pathways. The upregulated genes were 
significantly enriched in biological process terms of ECM 
organization, cell adhesion, positive regulation of apoptotic 
process and positive regulation of gene expression, whereas the 
downregulated DEGs were significantly enriched in cell divi‑
sion, mitotic nuclear division, cell proliferation and cell cycle. 
The significant molecular function terms for upregulated genes 
were integrin, heparin, receptor and fibronectin binding, while 
those for downregulated genes were protein, ATP, protein 
kinase and chromatin binding. Finally, in the category cellular 
component, the upregulated genes were mainly enriched in 
terms such as cytoplasm, extracellular space, extracellular 
exosome, ECM and extracellular region, while the downregu‑
lated genes were mainly related to the nucleoplasm, nucleus, 
cytosol and cytoplasm (Fig. 2A and B, Table SV). GO analysis 
of the shared DEGs between CVSMCs and CO revealed 
cytoplasm, ECM/exosome/space and tyrosine metabolism as 
the enriched terms (Fig. 3A and B, Table SVI). These results 
indicate that the functional clusters of these DEGs are closely 
related to the cell cycle, ECM and cell binding. Furthermore, 
the ECM has an important role in both VSMC and osteoblast 
calcification.

The significantly enriched pathways of upregulated genes 
were platelet‑derived growth factor, mineral absorption, 
vascular smooth muscle contraction, focal adhesion and drug 

Figure 4. Top 30 signaling pathways for calcification‑related differentially expressed genes in calcifying vascular smooth muscle cells determined using Kyoto 
Encyclopedia of Genes and Genomes pathway analysis and Reactomen online dataset. Hsa, Homo sapiens.
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Figure 5. PPI networks and modular analysis of DEGs. (A) PPI network of DEGs in calcifying vascular smooth muscle cells, consisting of 281 gene nodes and 
3,650 edges. The red and green gene nodes represent the upregulated and downregulated genes, respectively. The volume of gene nodes is proportional to the 
degree of connectivity. (B) Module 1 consisted of 79 gene nodes and 2,770 edges. (C) Module 2 consisted of 9 gene nodes and 20 edges. (D) Module 3 consisted 
of 8 gene nodes and 16 edges. (E) Module 4 consisted of 8 gene nodes and 10 edges. Module analysis utilized the following cut‑off criteria: Degree cutoff, 2; 
node score cutoff, 0.2; K‑core cutoff, 2; and max depth, 100. DEGs, differentially expressed genes; PPI, protein‑protein interaction.
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metabolism‑cytochrome P450, and those for downregulated 
DEGs were resolution of sister chromatid cohesion, mitotic 
prometaphase, cell cycle and separation of sister chromatids 
(Fig. 4, Table SVII). Finally, the DEGs common to CVMCs 
and COs were enriched in pathways of amino acid metabolism 
and metallothionein‑binding metals (Table SVIII). Thus, genes 
related to distinct pathways were affected during calcification 
of VSMCs and the downregulated genes in particular were 
strongly associated with cell cycle and proliferation.

Identification of hub genes involved in VSMC calcification 
and osteoblast mineralization. The hub genes involved in the 
calcification of VSMCs were next identified by constructing 
a PPI network of the 318 common DEGs. As presented in 
Fig. 5A, the PPI network consisted of 281 genes, including 
143 upregulated and 175 downregulated genes, and 3,650 
edges. A total of 30 genes with a degree of connectivity of 
>80 in the PPI network were designated as the hub genes, 
including cyclin dependent kinase 1, mitotic arrest deficient 
2 like 1 (MAD2L1), kinesin family member 11 (KIF11), 
maternal embryonic leucine zipper kinase (MELK), non‑SMC 
condensin I complex subunit G (NCAPG), PDZ binding 
kinase (PBK), kinesin family member 23 (KIF23) and cyclin 
A2. Module analysis of the PPI network using the MCODE 
app further revealed 4 modules (Fig. 5B‑E). Module 1 with 
79 nodes and 2,770 edges was closely associated with the 
cell cycle, cell division and separation of sister chromatid 
pathways. Module 2 consisted of 9 nodes and 20 edges and 
was significantly enriched in the pathways of inflammatory 
response, immune response, chemokine‑mediated signaling 
and positive regulation of interleukin (IL)‑6 production 
(Fig. 7A and Table SIX). In addition, module 3 was comprised 
of 8 nodes and 16 edges and was mainly involved in ECM 
organization, cellular response to fibroblast growth factor 
stimulus, cell adhesion, chemokine‑mediated signaling and 
NOD‑like receptor signaling pathways. Finally, module 4 

had 8 nodes and 10 edges, and was associated with extracel‑
lular space and ECM pathways (Fig. 7B and Table SIX). These 
results suggested that signaling pathways related to the cell 
cycle, immune response, ECM, chemotaxis and inflammatory 
response have a key role in VSMC calcification.

VSMCs are able to differentiate into osteoblast‑like 
cells expressing osteogenic proteins in response to dysregu‑
lated calcium‑phosphate metabolism and thus contribute to 
VC (9,10). Therefore, the PPI network of the 43 DEGs shared 
by CVSMCs and COs was also established in order to identify 
signaling pathways involved in VSMCs and osteoblast miner‑
alization. As presented in Fig. 6A, the PPI network contained 
19 gene nodes and 23 edges. One module including 8 nodes 
and 11 edges (Fig. 6B) was identified, which was associated 
with amino acid metabolism, drug metabolism‑cytochrome 
P450, metabolic pathways and oxidoreductase activity (Fig. 7C 
and Table SX).

VSMC calcif ication‑related regulatory networks. To 
further explore the regulatory mechanisms involved in 
VSMC calcification, miRNAs targeting the CVSMC‑related 
DEGs were predicted by the miRanda, miRDB, miRWalk, 
RNA22 and TargetScan databases. A total of 76 putative 
miRNAs and 140 miRNA‑target pairs were identified. 
A miRNA‑target regulatory network was constructed 
with 76 miRNAs, 53 DEGs and 140 edges, and included 
Homo sapiens (hsa)‑miR‑20a‑PBK, hsa‑miR‑15a‑ kinesin 
family member 23 (KIF23), hsa‑miR‑511‑snail family 
transcriptional repressor 2 (SNAI2), hsa‑miR‑507‑SNAI2, 
hsa‑miR‑181d‑ maternal embryonic leucine zipper kinase 
(MELK) and hsa‑miR‑485‑3p‑MELK regulatory pairs 
(Fig. 8 and Table SXI). Similarly, lncRNA and TF‑mediated 
regulatory networks were also constructed. A total of 251 
TFs were predicted and the TF‑miRNA regulatory network 
consisted of 754 miRNA‑target pairs, 251 TFs and 60 target 
DEGs (Fig. 9A and Table SXII). The TFs FOS like 1, AP‑1 

Figure 6. Protein‑protein interaction of shared DEGs between calcifying vascular smooth muscle cells and calcifying osteoblasts. (A) Module 1 of the shared 
DEGs consisted of 19 gene nodes and 23 edges. (B) Module 2 of the shared DEGs consisted of 8 gene nodes and 11 edges. The red and green nodes represent 
upregulated and downregulated genes, respectively. The volume of gene nodes is proportional to the degree of connectivity. Module analysis utilized the 
following cut‑off criteria: Degree cutoff, 2; node score cutoff, 0.2; K‑core cutoff, 2; and max depth, 100. DEGs, differentially expressed genes.
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transcription factor subunit, SNAI2, zinc finger and BTB 
domain containing 16, high mobility group AT‑hook 1, CCAAT 
enhancer binding protein beta (CEBPB), E2F transcription 
factor 7 (E2F7), IL1B, forkhead box (FOX)M1, endothelial 
PAS domain protein 1 and forkhead box O1 (FOXO1) were 
differentially expressed and were used to construct a DETF‑ 
miRNA‑target network, including 29 DETF‑miRNAs and 
27 miRNAs‑target DEG pairs, such as FOXO1‑hsa‑miR‑145, 
SNAI2‑hsa‑miR‑221/222, SNAI2‑hsa‑miR‑200a and 
SNAI2‑hsa‑mir‑145 (Fig. 9B and Table SXIII). The hub genes 
in the PPI network that were potential targets of the predicted 
miRNAs, such as MAD2L1, KIF11, NCAPG, PBK, KIF23 
and MELK, were incorporated into the TF‑miRNA‑hub 

gene network. The latter included 135 TF‑miRNA and 13 
miRNA‑hub gene pairs, such as CEBPB‑hsa‑miR‑20a‑PBK, 
E2F7‑hsa‑miR‑15a‑KIF23 and RUNX family transcrip‑
tion factor 1 (RUNX1)‑hsa‑mir‑181d‑MELK (Fig. 9C and 
Table SXIV). Since CEBPB and E2F7 were identified 
as DETFs, the regulatory lncRNAs were next predicted. 
The putative CEBPB‑targeting lncRNAs were metastasis 
associated lung adenocarcinoma transcript 1, chondrogen‑
esis‑associated transcript, RAD51 antisense RNA 1 and 
negative regulator of antiviral response, whereas FOXF1, 
tensin 1, non‑coding RNA activated by DNA damage and 
CDK6 antisense RNA 1 were predicted to regulate E2F7. 
In addition, lncRNAs regulating FOXO1 and SNAI2 were 

Figure 7. GO terms and pathways enrichment analysis of module genes from the PPI network. (A and B) GO terms and pathways enriched in the module 
genes in CVSMCs. (C) GO terms and pathways enriched in module genes between CVSMCs and calcifying osteoblasts. CVSMCs, calcifying vascular smooth 
muscle cells; PPI, protein‑protein interaction; GO, Gene Ontology; Hsa, Homo sapiens.
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predicted. The lncRNA‑DETF‑miRNA‑target gene regula‑
tory network is presented in Fig. 9D. 

Expression levels of certain potential crucial genes in VSMCs. 
To verify the in‑silico results, a VSMC calcification model was 
established in vitro and the expression levels of selected relevant 
genes were analyzed. As presented in Fig. 10, differentiation 
antagonizing non‑protein coding RNA (DANCR), MELK 
and FOXM1 were downregulated in the calcified VSMCs, 
while H19 imprinted maternally expressed transcript (H19), 
miR‑485‑3p, miR‑181d, FOXO1 and SNAI2 were upregulated.

Discussion

In the present study, several putative genes, pathways and 
non‑coding RNAs associated with VSMC calcification were 
identified, several of which were common to osteoblast miner‑
alization. The DEGs in CVSMCs were mainly enriched in 
the cell cycle, ECM, inflammation and chemotaxis‑mediated 
signaling pathways, whereas pathways related to the ECM, 
cytoplasm and metabolism were enriched among the DEGs 
shared between the CVSMCs and COs. The hub genes in the 
PPI network were MELK, PBK and KIF23, as well as DETFs 

including SNAI2, FOXM1 and FOXO1, and they are likely to 
regulate VSMC calcification. 

In agreement with the results of the present bioinformatics 
analysis, previous studies using DNA microarray analysis 
of calcified aortic valve and proteomic analysis of calcified 
abdominal and thoracic aorta indicated that the DEGs were 
enriched in inflammation, chemokine and immune response 
signaling pathways (29,30). In addition, chemokine expres‑
sion was upregulated in the sclerotic aortic valves in an 
apolipoprotein E‑deficient mouse model (31). The present 
results indicated that the ECM is similarly affected during 
VSMC and osteoblast mineralization, which is consistent 
with the increased mineral deposition observed in the ECM 
during VC. In addition, studies have revealed significant 
changes in the ECM proteins during VSMC calcification. For 
instance, collagen I and II content is markedly increased in 
calcified VSMCs and arteries (32‑34). Collagen I may induce 
VSMC transdifferentiation into osteoblast‑like cells and 
promote calcium crystallization by interacting with matrix 
vesicles (32,35,36). Furthermore, degradation of ECM elastin 
also increases VSMC calcification and differentiation into 
osteoblast‑like cells (37‑39). By contrast, collagen IV expres‑
sion decreased by 70% in calcified VSMCs, and collagen IV, 

Figure 8. miRNA‑target gene regulatory network. Red nodes represent miRNAs. Blue and green nodes represent the up‑ and downregulated target genes, 
respectively. Arrows indicate miRNA‑targeting relationships. miRNA, microRNA; Hsa, Homo sapiens.
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collagen XIV and cartilage oligomeric matrix protein were all 
able to inhibit VSMC calcification and osteogenic differentia‑
tion through different signaling pathways (35,36,40,41).

Several hub genes were identified in the PPI networks, 
several of which may regulate VSMC calcification. For 
instance, inhibition of MELK and its downstream target 
genes with the specific inhibitor OTSSP167 was reported 
to enhance osteoblast formation and matrix mineraliza‑
tion (42). In line with this, in the present study, MELK was 
downregulated in the CVSMCs, indicating that it is likely 
inhibited during VSMC calcification. The TFs FOXM1 and 
EZH2 are the downstream targets of MELK (43), of which 
FOXM1 was significantly downregulated in the present study. 
Dioscin‑mediated inhibition of FOXM1 reduced VSMC 
proliferation and migration in vitro, as well as intimal thick‑
ening in a rat model with carotid artery balloon injury (44). 
EZH2 is also known to suppress osteogenic differentiation 
of mesenchymal cells and its inhibition promoted osteoblast 
differentiation (45,46). Therefore, the MELK‑FOXM1/EZH2 
axis negatively regulates osteogenic differentiation and 
mineralization. MELK was also predicted as a target gene of 
hsa‑miR‑485‑3p and hsa‑miR‑181d miRWalk (http://zmf.umm.
uni‑heidelberg.de; accessed April, 2019), indicating a novel 
has‑485‑3p/miR‑181d‑MELK‑FOXM1/EZH2 axis (Fig. 11) in 
VSMC calcification that is worth exploring. 

Other DETFs identified in the present study were FOXO1 
and SNAI2. FOXO1 was previously reported to inhibit the 
osteogenic TF RUNX2 in prostate cancer cells (47,48) and 
its inhibition in VSMCs prevented RUNX2 ubiquitination, 
which increased RNX2 levels and calcification (49). However, 
FOXO1 was determined to be upregulated in the present study, 
suggesting that it may also facilitate VSMC calcification. 
Consistent with this finding, FOXO1 levels were previously 
indicated to be increased in calcified femoropopliteal arteries 
from human subjects. Furthermore, five lncRNAs, including 
H19, DANCR, SBF2 antisense RNA 1, long intergenic 
non‑protein coding syntaxin binding protein 5 and long 
intergenic non‑protein coding RNA 958, were predicted as 
regulators of FOXO1 in this study. H19 downregulated FOXO1 
in bovine skeletal muscle satellite cells, induced the osteogenic 
phenotype in valve interstitial cells and promoted aortic valve 
calcification by upregulating RUNX2 and bone morphoge‑
netic protein (BMP)2, and inhibiting notch receptor 1 (50,51). 
It is also upregulated during osteogenesis of human mesen‑
chymal stem cells and promotes osteoblast differentiation 
via the Wnt/β‑catenin pathway (52). However, the role of the 
H19‑FOXO1 axis in VSMC calcification and differentiation 
has remained elusive. DANCR regulates FOXO1 expression 
by affecting its ubiquitination (53). Zhu and Xu (54) and 
Jia et al (55) indicated that downregulation of DANC promoted 
osteogenic differentiation of human fetal osteoblastic cells and 
periodontal ligament stem cells, respectively. Therefore, it may 
be hypothesized that the DANCR‑FOXO1 axis potentially 
regulates osteogenic differentiation of VSMCs. In addition, 
hsa‑miR‑145 is a potential biomarker of VC in chronic kidney 
disease (56) and was predicted as a target miRNA of FOXO1 
in the DETF‑miRNA‑target regulatory network. Taken 
together, the H19/DANCR‑FOXO1‑miRNA‑145‑target gene 
axis has a crucial role during VSMC calcification and should 
be experimentally validated (Fig. 11). SNAI2 was predicted as 

Figure 9. LncRNA‑TF‑miRNA‑target gene regulatory network. 
(A) TF‑miRNA regulatory network. Red and green nodes represent the 
miRNAs and TFs, respectively. The volume of gene nodes is proportional to 
the degree of connectivity of the gene nodes. (B) DETF‑miRNA‑target gene 
regulatory network. Red, green and blue nodes represent miRNAs, DETFs 
and DEGs, respectively. (C) TF‑target miRNA‑target hub gene regulatory 
network. Red, green and blue nodes represent miRNAs, TFs and target hub 
genes from the PPI network, respectively. (D) LncRNA‑DETF‑miRNA‑target 
gene regulatory network. Yellow, green, red and blue nodes represent 
LncRNAs, DETFs, miRNAs and DEGs, respectively. Arrows, diamonds 
and ‘T’ respectively indicate the TF‑miRNA, lncRNA‑target DETF and 
miRNA‑target gene relationships. PPI, protein‑protein interaction; TF, 
transcription factor; DETF, differentially expressed TF; lncRNA, long 
non‑coding RNA; miRNA, microRNA; DEG, differentially expressed gene.
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Figure 11. Potential regulatory networks and pathways of certain crucial long non‑coding RNAs, miRNAs and proteins involved in VSMC calcification. 
VSMCs, vascular smooth muscle cells; miRNA/miR, microRNA; FOX, forkhead box; DANCR, differentiation antagonizing non‑protein coding RNA; H19, 
H19 imprinted maternally expressed transcript; MELK, maternal embryonic leucine zipper kinase; SNAI2, snail family transcriptional repressor 2.RUNX2, 
RUNX family transcription factor 2; CXCL12, C‑X‑C motif chemokine ligand 12; NOTCH1, notch receptor 1; EZH2, enhancer of zeste 2 polycomb repressive 
complex 2 subunit; BMP2, bone morphogenetic protein 2; β‑catenin, catenin beta interacting protein 1.

Figure 10. Validation of crucial genes in CVSMCs. Expression levels of (A) DANCR, (B) H19, (C) miR‑485‑3p, (D) miR‑181d, (E) MELK, (F) FOXM1, 
(G) FOXO1 and (H) SNAI2 in the normal VSMCs and CVSMCs. **P<0.05 vs. control. CVSMCs, calcifying vascular smooth muscle cells; miR, microRNA; 
FOX, forkhead box; DANCR, differentiation antagonizing non‑protein coding RNA; H19, H19 imprinted maternally expressed transcript; MELK, maternal 
embryonic leucine zipper kinase; SNAI2, snail family transcriptional repressor 2.
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a target of six miRNAs. Previous studies indicated that SNAI2 
promotes osteoblast maturation by upregulating RUNX2, 
as well as osteoblast mineralization through C‑X‑C motif 
chemokine ligand 12 signaling (57,58). In addition, SNAI2 
also mediated BMP‑dependent transdifferentiation of mouse 
non‑ciliated aortic endothelial cells into mineralizing osteo‑
genic cells and promoted atherosclerosis and VC in vivo (59). 
In line with this, in the present study, the upregulation of 
SNAI2 suggested its stimulatory effect on VSMC calcifica‑
tion. Furthermore, hsa‑miR‑511 and hsa‑miR‑507, as well as 
12 lncRNAs, were predicted to regulate SNAI2. Most of these 
lncRNAs were identified in tumors. Therefore, it was hypoth‑
esized that the hsa‑miR‑511/hsa‑miR‑507‑SNAI2 axis and the 
lncRNAs‑SNAI2 axis potentially regulate VSMC calcification 
and should be explored further (Fig. 11). 

In conclusion, the present study identified several potential 
regulatory mechanisms of VC and the DEGs and signaling path‑
ways associated with the calcification of VSCMs. They involve 
changes in the inflammatory response, chemotaxis and ECM, 
and the latter is characteristic of osteoblast mineralization 
as well. Mechanistically, the hsa‑485‑3p/miR‑181d‑MELK‑
FOXM1/EZH2, H19/DANCR‑FOXO1 and SNAI2‑mediated 
pathways possibly regulate VC. These mechanisms require to 
be experimentally validated in future studies. 
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