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ABSTRACT
Background: Cardiovascular events are the primary cause of death for chronic kidney disease
patients, which occurred via vascular calcification evolving pathogenically. Although a high level
of phosphorus contributes to the induction of osteogenic differentiation of vascular smooth
muscle cells (VSMCs), the role of lncRNA in this process awaits further study.
Methods: In this study, we systematically investigated the variation of gene expression in human
VSMCs induced by high phosphorus. LncRNAs and mRNAs expression were revealed by micro-
array analyses of the control group and high-phosphorus (HP) group. LncRNA-mRNA co-expres-
sion network was established based on the specific lncRNA-mRNA relationships. Hierarchical
clustering was used to identify a common set of regulated genes. In addition, Gene Ontology
enrichment, Kyoto Gene-Encyclopedia and genomic analyses were conducted for the mRNAs dif-
ferentially expressed under high phosphorus.
Result: RT-qPCR results confirmed that the expression of RUNX2, BMP2 and osteocalcin in HP
group exhibited significant increases than in control group (p< .05). VSMC in HP group also
showed higher intracellular calcium content. Volcano plots results show that 379 mRNAs and
728 lncRNAs different expressed in HP group. LncRNA-mRNA co-expression networks analysis
revealed that 8 lncRNAs were the most highly connected lncRNAs. Quantitative analysis indicated
that two lncRNAs were confirmed to increase significantly in the HP group. The mRNA expression
of NT5E and ICAM1 were higher in group HP, while MAP3K7CL was lower than CON
group (p< .05).
Conclusion: This study provided a working list of lncRNAs that may be relevant to osteogenic
differentiation, which presents a new insights into the mechanism of vascular calcification
induced by high phosphorus in VSMCs.
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Introduction

Cardiovascular mortality increases in parallel with the
progression of chronic kidney disease (CKD) and ensu-
ing renal loss, which has been identified as the pivotal
cause of death for patients with end-stage renal disease
[1]. Vascular calcification, a factor independently associ-
ated with cardiovascular death in patients with CKD, is
also common in such patients. Vascular calcification is a
biological process that involves multiple factors, such
as apoptosis, oxidative stress and extracellular vesicles,
which can be regulated via various mechanisms [2–4].
Commonly witnessed in patients with impaired renal
function, hyperphosphatemia is believed to be associ-
ated with vascular calcification [2,5], which increases
risks of cardiovascular events and death [6]. Other

studies have suggested that hyperphosphatemia is the
key determinant of vascular calcification in CKD [7,8].

Vascular smooth muscle cells (VSMCs) play a key role
in the pathogenesis of vascular calcification; they mark-
edly promote mineralization via bone and cartilage
phenotypic heterotopic pathways. Complex interactions
between different intracellular signaling cascades con-
trol the phosphate-induced osteochondrogenic trans-
differentiation of VSMCs [9]. However, the specific
molecular mechanism behind this is yet to be clarified.

Long noncoding RNAs (lncRNAs) are transcription
products of more than 200 nucleotides in length con-
fining potential coding functions. In recent years, it has
been gradually recognized that lncRNAs are novel regu-
latory factors active in many biological and pathological
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processes. Accumulating studies have also indicated
that lncRNAs are involved in the process of osteogenic
differentiation. A growing number of lncRNAs, including
imprinted maternally expressed transcript (H19) [10],
differentiation antagonizing non-protein-coding RNA
(DANCR) [11], metastasis-associated lung adenocarcin-
oma transcript 1 (MAlAT1) [12], maternally expressed 3
(MEG3) [13] and HOX transcript antisense RNA (HOTAIR)
[14], have been identified as key factors during the
regulation of osteogenic markers, thus activating path-
ways in osteogenic differentiation, such as the Wnt/
b-catenin signaling pathway [15].

Most lncRNA-related studies we have mentioned
above focused on mesenchymal stem cells. There has
been limited research concerning whether lncRNAs are
involved in the osteogenic transdifferentiation of
VSMCs induced by high phosphorus (HP). This study
was thus established to screen differentially expressed
lncRNAs associated with normal VSMCs and HP-stimu-
lated VSMCs.

Materials and methods

Cell culture and induction of calcification

Human aortic smooth muscle cells (HA-VSMCs) was pur-
chased from ScienCell (USA). An VSMC culture medium
containing 10% fetal bovine serum, 1% penicillin-
streptomycin and 1% growth supplement (ScienCell,
USA) was cultured in incubators with 5% CO2 at 37 �C.
Once cells had grown to 90% confluence in the Petri
dish, 0.25% trypsin (Sigma, USA) was added for harvest-
ing. The passage ratio was 1:3. HA-VSMCs from the
fourth to sixth passage were used in subsequent experi-
ments. The cells were cultured in Dulbecco’s Modified
Eagle’s Medium (contained 2.5mM Na2HPO4) for 7 days
to induce calcification. The medium was replaced every
other day.

Alizarin red S staining

HA-VSMCs were inoculated in a six-well plate and
treated as described above. After the medium had
been removed, the cells were washed twice with phos-
phate-buffered saline (PBS); then, 4% paraformaldehyde
was added to each well and fixed at 4 �C for 30min.

After removing the paraformaldehyde, the cells were
washed with 1� PBS three times. Each well was stained
with 1% alizarin red S (pH ¼ 4.2) for 10min. After the
alizarin red S dye had been absorbed, the cells were
washed with PBS three to five times to remove excess
dye. Photographs of the samples were taken under a
digital microscope.

Quantification of intracellular calcium content

To measure intracellular calcium content, the methoxy-
phenolphthalein complexation ketone method (Sigma,
USA) was used, following the manufacturer’s protocol.
Briefly, two groups of cells were inoculated in a six-well
plate. After culturing for 7 days, the cells were digested
with trypsin, washed with PBS and disrupted by ultra-
sound. After centrifugation at 12,000 rpm for 15min at
4 �C, the supernatant was used to determine the cal-
cium concentration.

RNA isolation

Total RNA was extracted from HA-VSMCs using TRIzol
reagent (Sigma, USA), under the manufacturer’s instruc-
tions. The yield of RNA was determined using a
NanoDrop 2000 spectrophotometer (Thermo Scientific,
USA) and its integrity was evaluated via agarose gel
electrophoresis using staining with ethidium bromide.
The OD260/OD280 ratio was qualified between 1.8
and 2.0.

Real-time quantitative RT-qPCR

Quantification was performed by quantitative reverse-
transcription (RT) polymerase chain reaction (RT-qPCR).
The isolated RNA was reverse-transcribed to cDNA
using HiScript II Q RT SuperMix for qPCR (Vazyme,
R223-01), following the manufacturer’s instructions.
RT-qPCR was performed using the LightCyclerVR 480 II
Real-time PCR Instrument (Roche, Switzerland). All PCR
procedures involved initial denaturation at 95 �C for
10min, followed by 40 cycles of 95 �C for 10 s and 60 �C
for 30 s. Each sample was processed in triplicate for
analysis. The primers used were as follows in Table 1.

Table 1. The reference gene for qPCR analysis of BMP2, RUNX2 and osteocalcin.
No. Gene symbol Forward primer Reverse primer Product length (bp) Ta (�C)
1 bmp2 CCATTGTTCAGACGTTGGT TCGTCAAGGTACAGCATCG 100 60
2 RUNX2 CCAACCAGCCTTACCAAAC GACAGTGATGTCATTCTGCTC 114 60
3 osteocalcin TCAATCCGGACTGTGACGA CAGAGCGACACCCTAGAC 89 60
4 Human ACTB CATTCCAAATATGAGATGCGTT TACACGAAAGCAATGCTATCAC 133 60
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Microarray analysis of lncRNA and mRNA
expression

The Agilent Human lncRNA Microarray V6 (4�180 K,
Design ID: 084410) was adopted to analyze lncRNA
expression. The procedure was performed based on the
manufacturer’s standard protocols. Briefly, total RNA
was transcribed to double-stranded cDNA, from which
cRNA was then synthesized, followed by labeling with
cyanine-3-cytidine triphosphate. The labeled cRNAs
were hybridized onto the microarray. After washing, the
arrays were scanned by Agilent Scanner G2505C
(Agilent Technologies). The microarray analysis was car-
ried out by OE Biotech (Shanghai, China).

Data analysis

Feature Extraction software (version 10.7.1.1, Agilent
Technologies) was selected to analyze array images.
GeneSpring (version 13.1, Agilent Technologies) was
employed for basic analysis. Differentially expressed
genes or lncRNAs were identified through fold change
(FC) as well as the p-value calculated using the t-test.
The thresholds for up- and downregulated genes were
set at FC � 2.0 and p-value � .05. Gene Ontology (GO)
enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses were applied to
determine the roles of the differentially expressed
mRNAs. Hierarchical clustering was performed to dis-
play distinguishable genetic expression patterns among
the samples.

Analysis of co-expression of lncRNAs and mRNAs

Pearson correlation coefficient (r) analysis was
employed to evaluate the co-expression of differentially
expressed lncRNAs and mRNAs. lncRNA expression was
statistically correlated with mRNA (p-value � .05 and
r> 0.7). The overlap between the co-expressed mRNA
group and their targeted transcription factors (TFs) was
calculated based on a hypergeometric distribution.
Cape network was created by lncRNA-TF-mRNA interac-
tions (version 3.11; Cytoscape.org). GO enrichment and
KEGG pathway analyses, based on a hypergeometric
distribution, were employed in the analysis of the
co-expression of lncRNAs and mRNAs.

Statistical analysis

All experimental data were presented as mean± stan-
dard deviation and analyzed via GraphPad Prism 8.0
software (GraphPad Software, Inc., La Jolla, CA, USA).

Significance was analyzed by unpaired Student’s t-test.
The significance level was set at p< .05.

Results

High phosphate induced osteoblast differentiation
and calcification in VSMCs

HA-VSMCs were divided into two groups: a normal con-
trol group (CON) and a high-phosphorus group (HP). In
the HP group, the cells were cultured in medium con-
taining 2.5mM Na2HPO4 for 7 days. Alizarin red staining
showed that high phosphorus induced calcium depos-
ition of VSMCs (Figure 1(A-B)). RT-qPCR was used to
assess the expression of osteogenic differentiated
VSMC markers. In the HP group, it was confirmed that
the expression of RUNX2, BMP2 and osteocalcin exhib-
ited significant increases than the control group
(p< .05) (Figure 1(C)). Furthermore, the intracellular cal-
cium content was significantly higher in HP group than
control group (p< .05). The calcium salt deposition was
confirmed by alizarin red staining in the HP group
(Figure 1(D)).

The differentially expressed mRNAs and lncRNAs

The mRNAs and lncRNAs were differentially expressed
between the two groups (using the thresholds of FC �
2.0 and p� .05), which were illustrated by volcano plots
(Figure 2(A)). There were 379 differentially expressed
mRNAs (220 upregulated and 159 downregulated) and
728 differentially expressed lncRNAs (332 upregulated
and 396 downregulated) in the HP group compared
with the CON group (Table 2, supplement data 1, sup-
plement data 2).

Cluster analysis of differentially expressed mRNAs
and lncRNAs

The hierarchical clustering was used to identify distin-
guishable genetic expression patterns among the sam-
ples (Figure 2(B)). The Pearson correlation coefficient of
lncRNA expression with the expression of mRNA was
calculated. Between the two groups (CON vs. HP), a
common set of downregulated and upregulated genes
was identified.

lncRNA functional prediction

The GO enrichment and KEGG pathway were adopted
to analyze the predicted functions of the differentially
expressed mRNAs. GO enrichment analysis predicts
gene function in three main categories: molecular
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function, cell component and biological process. More
functions were present in Figure 3(A–C).

The mRNAs were differentially expressed in the HP
group compared with the CON group and particularly
associated with rheumatoid arthritis, nuclear factor
kappa B (NF-jB) signaling, mitogen-activated protein
kinase (MAPK) signaling, transcriptional dysregulation in
cancer, VSMC contraction, cytokine-cytokine receptor
interaction, NOD-like receptor signaling pathway and
TNF signaling pathway were confirmed by KEGG path-
way analysis. Activation of these signaling pathways

Figure 2. Cluster analyses the different expression of mRNAs and lncRNAs. (A) Volcano plot analysis of group CON vs. HP. The
Volcano plots contain differentially expressed mRNAs and lncRNAs and illustrate the complete of mRNAs and lncRNAs. The
abscissa represents the difference between the two data sets following log 2 conversion and the ordinate represents the -log10
(p-value); (B) Hierarchical clustering analyses of differentially expressed lncRNAs and mRNAs.

Table 2. The number of differentially expressed of mRNAs
and lncRNAs.

Group Group
Up

mRNA
Down
mRNA

Differences
mRNA

Up
lncRNA

Down
lncRNA

Differences
lncRNA

HP CON 220 159 379 332 396 728

Figure 1. High phosphate induced osteoblast differentiation and calcification in VSMCs. (A) Alizarin red staining in general; (B)
Alizarin red staining under microscope; (C) Compared the expression of Bone Morphogenetic Protein 2 (BMP2), Run-related tran-
scription factor 2(RUNX2) and osteocalcin in RT-qPCR; (D) Compared the intracellular calcium concentration of the two groups.

440 S. BAO ET AL.



through mRNAs may be associated with osteoclastic
differentiation (Figure 3(D)).

lncRNA TF mRNA network analysis

In this study, we focused on eight lncRNAs to
explore their potential functions and constructed the
lncRNA-mRNA co-expression network. Overall, 1356
interacting pairs, 4 TFs, 8 lncRNAs and 147 mRNAs were
included in the network. By calculating the hypergeo-
metric distribution, multiple lncRNA-TF associations for
each differentially expressed lncRNA (DEL) were deter-
mined. Each lncRNA-TF association was the result of
multiple genetic enrichments. A double-association net-
work was formulated from the top 100 lncRNA-TF asso-
ciations of differentially expressed lncRNAs. In addition,
a triple-association network was formulated using the
top 8 DELs (Figure 4(A)).

In comparison with the CON group, multiple factors
including lysine acetyltransferase 2 A (KAT2A), TATA-
box binding protein associated factor 7 (TAF7), signal
transducer and activator of transcription 1 and 3 (STAT3
and STAT1), GATA binding protein 2 (GATA2), E1A bind-
ing protein p300 (EP300), forkhead box A1 (FOXA1),
forkhead box A2 (FOXA2), RE1 silencing transcription
factor (REST), BAF chromatin remodeling complex sub-
unit BCL11A (BCL11A) and nuclear factor-kappa B sub-
unit 1 (NFKB1) were confirmed to be the most
connective TFs in the HP group, suggesting that these
TFs may be related to the osteoclastic differentiation of
HP-induced VSMCs (Figure 4(B)).

Furthermore, in the HP group, it was revealed
that NONHSAT058810.2, NONHSAT179247.1, NONHSAT
033640.2, NONHSAT061050.2, NONHSAT006046.2,
NONHSAT036152.2, NONHSAT197162.1 and NONHSAT
162315.1 were the most highly connected with lncRNAs
comparing with the CON group (Figure 4(A)). This

Figure 3. LncRNA function prediction. KEGG pathway analysis and GO enrichment analysis. GO enrichment analysis. (A) Molecular
function analysis; (B) Cellular analysis component; (C) Biological process; (D) KEGG pathway analysis of the differentially expressed
lncRNAs between CON and HP. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; lncRNA, long non-cod-
ing RNA.
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Figure 4. LncRNA TF mRNA network analysis. (A) LncRNA-TF-mRNA network analysis of CON vs HP. There are 1,356 interactions
pairs, 4 TFs, 8 lncRNAs and 147 mRNAs in the network. Blue nodes represent TFs, red nodes represent lncRNAs, green nodes rep-
resent target genes and the node size is proportional to its outward connection; (B) LncRNA-TF network analysis of CON vs HP.
There are 100 lncRNA-TF interactions pairs, 11 TFs and 84 lncRNAs in the network. Blue nodes represent TFs, red nodes represent
lncRNAs and the node size is proportional to its outward connection. lncRNA, long non-coding RNA; TF, transcription factor.

Figure 5. Quantitative analysis. Differential expression of lncRNA and mRNA was verified using RT-qPCR. The expression levels of
individual lncRNAs and mRNAs were compared between the CON group and the HP group (A, NT5E; B, ICAM1; C, MAP3K7CL; D,
NONHSAT084969.2; and E, NONHSAT193411.1). The changes in the expression level of each lncRNA and mRNA are illustrated as a
vertical bar. The vertical axis represents fold change in expression on a log 2 scale.
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suggests that lncRNAs may be associated with osteo-
blastic differentiation.

Quantitative analysis

The RT-qPCR results indicated that all genetic validation
experiments were successful in the study. These data
analyzed by the 2�DDCq method, as well as the expres-
sion of two differentially expressed lncRNAs and three
differentially expressed mRNAs that were randomly
selected. Most of the RT-qPCR results were consistent
with the microarray results (Figure 5). Expression of the
lncRNAs NONHSAT084969.2 and NONHSAT193411.1
were confirmed to increase significantly in the HP
group in comparison with than that in the CON group.
The mRNA expression of 50-nucleotidase ecto (NT5E)
and intracellular adhesion molecule 1 (ICAM1) were
also higher in the HP group than in the CON group,
while the mRNA of MAP3K7 C-terminal-like (MAP3K7CL)
was lower than CON group (Figure 5). Only the RT-
qPCR result for NONHSAT193411.1 was inconsistent
with the microarray results. The primer sequences of
these mRNAs and lncRNAs are listed in Table 3.

Discussion

Chronic kidney disease (CKD) is a serious public health
problem, rank only second to hypertension and dia-
betes in terms of prevalence [16]. Cardiovascular dis-
ease (CVD) is the leading cause of death in CKD
patients. The incidence of CVD in CKD patients is 20–30
times higher than those in without CKD patients [17].
The Morbidity rates and the mortality rates of CKD are
also increasing in worldwide. As the main reason for
CKD mortality, CVD is the pivotal factor for all complica-
tions witnessed in patients with CKD [18]. The serum
phosphorus gradually increases, as renal function
decreases during the pathogenesis of CKD. One of the
most serious consequences of a high serum level of

phosphorus is the induction of vascular calcification [9].
It is becoming increasingly clear that phosphate is the
driving force behind overall bone metabolism, thus
evolving as a central issue in chronic kidney disease
mineral bone disease (CKD-MBD) [1].

In this study, the expression of calcium nodules,
intracellular calcium concentration and osteocalcin
markers, such as RUNX2, BMP2 and osteocalcin were
significantly increased in the high-phosphorus group
compared with the normal group. RUNX2 belongs to
the RUNX family and which have a DNA binding
domain. It is expressed in undifferentiated mesenchy-
mal cells, upregulated in preosteoblasts, downregulated
in mature osteoblasts and regulates the proliferation of
osteoblast progenitor cells and the expression of bone
matrix proteins [19]. BMP2 is one of the multifunctional
growth factors in the transforming growth factor b
superfamily. BMP2 is one of the main participant in the
stabilization of the internal environment of the skeleton
after birth and it is provided the osteogenic signal for
bone repair [20]. Osteocalcin is the secreted in the
extracellular matrix of bone and which is the most
abundant non-collagen protein in the matrix.
Osteocalcin is abundant in the systemic circulation and
its circulation level is closely related to bone formation
[21]. This study suggests that high phosphorus can
induce osteogenesis and transdifferentiation of vascular
smooth muscle cells.

The lncRNAs are a group of noncoding RNA mole-
cules of over 200 bp in length. The lncRNAs have a con-
servative secondary structure, enabling their interaction
with proteins, DNA and RNA, which regulate various
biological processes [22]. Although the roles of most
lncRNAs are yet to be precisely clarified, accumulating
evidence suggests that they have major effects during
the osteogenic differentiation of various cells, including
induced pluripotent, embryonic, bone marrow, adipose
tissue and periodontal ligament stem cells. lncRNAs are
also to regulate osteogenic markers and which is the
key factors in pathways of osteogenic differentiation
and osteogenesis. Wang et al. reported the LncRNA
TUG1 sponges miR-204-5p to promote osteoblast differ-
entiation through upregulating Runx2 expression in
aortic valve calcification [23]. Moreover, Merryman et al.
found that the lncRNA notch receptor 1 (NOTCH1) is
involved in the development of idiopathic calcified aor-
tic valve disease (CAVD) [24]. Zhu et al. also reported
that downregulation of the lncRNA Angelman syn-
drome chromosome region (ANCR) promoted osteo-
blast differentiation by targeting enhancer of zeste 2
polycomb repressive complex 2 subunits (EZH2) and
regulating RUNX2 expression [25].

Table 3. Primer sequences used for reverse transcription
quantitative polymerase chain reaction.
mRNA/lncRNA Direction Primer sequences

MAP3K7CL Forward CAATGCTAACTGGCTGTTGT
Reverse CAGGCAAAGGCAGAGATG

NT5E Forward GATGAGTCAGGTAGCAAGC
Reverse AGTCCTGGAGTCCTGTTC

ICAM1 Forward CTTTGGAAGCCTCATCCG
Reverse TGAACCATGATTGCACCAC

NONHSAT084969.2 Forward TTCCAGCCTTTCTGGGTAG
Reverse AAGTCTGGCACGGTGATA

NONHSAT193411.1 Forward CCTGGGTACCATCACCAAT
Reverse CCAGCAGCAAGAATGTAGGA

H-ACTB Forward CATTCCAAATATGAGATGCGTT
Reverse TACACGAAAGCAATGCTATCAC
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Accordingly, we report the identification of lncRNAs
differentially expressed in the HP group in comparison
with the CON group (fold change � 2.0, p< .05;
Figure 1; Table 3). The differentially expressed genes
included 332 upregulated lncRNAs, 396 downregulated
lncRNAs, 220 upregulated mRNAs and 159 downregu-
lated mRNAs. Our subsequent RT-qPCR analyses, using
an expanded number of samples, supported the reli-
ability of such identifications to a further step, suggest-
ing that lncRNAs may be involved in the HP-induced
osteoblast differentiation of VSMCs.

After differentially expressed lncRNAs had been iden-
tified, the GO enrichment and KEGG pathway analyses
were performed to evaluate their potential functions
and mechanisms of action. These analyses of the
lncRNAs differentially expressed between the HP and
CON groups indicated significant associations with
NF-jB signaling and MARK signaling. The transcription
factor, nuclear factor-kappa B (NF-jB) regulates the
expression of inflammatory cytokines as well as many
other genes related to cell survival, proliferation and
differentiation [26]. Previous studies indicated that vas-
cular calcification was directly induced by HP conditions
via the activation of NF-jB signaling in VSMCs [27]. A
high level of phosphorus induces the osteogenic differ-
entiation of vascular smooth muscle cells by various
signaling pathways. As one of the most important sig-
naling pathways, NF-jB is closely related to inflamma-
tion, ERK1/2, RANKL/RANK, P13K/SGK1 and other
pathways [9]. In contrast, the MAPK signal includes
extracellular signal-regulated kinase (ERK), p38 and c-
Jun NH2-terminal kinase (JNK), which activated by
diverse extracellular and intracellular stimuli including
peptide growth factors, cytokines, hormones and vari-
ous cellular stressors, such as oxidative stress and endo-
plasmic reticulum stress. These, in turn, regulate a
variety of cellular activities including proliferation, dif-
ferentiation, survival and death [28]. Multiple studies
have suggested that the MARK pathway is involved in
the occurrence and development of osteogenic trans-
differentiation in different cells [29–32].

The establishment of co-expression relationships
between specific lncRNAs and specific mRNAs provides
specific experimental and verifiable hypotheses con-
cerning the functions of lncRNAs, given that many func-
tions of RNAs are known. Therefore, we formulated a
lncRNA-mRNA co-expression network focusing on eight
specific lncRNAs (Figure 4(A)).

In the lncRNA-TF-mRNA network analysis, the
NONHSAT058810.2, NONHSAT197162.1, NONHSAT
033640.2, NONHSAT036152.2, NONHSAT179247.1,
NONHSAT162315.1, NONHSAT061050.2 and NONHSAT

006046.2 were the most highly connected lncRNAs.
NONHSAT058810.2 is located on chromosome 18 and
which is 450 bp in length; it is expressed in mammalian
cardiac and brain tissues, as reported on the NONCODE
website. NONHSAT197162.1, located on chromosome 3
and 774 bp long, NONHSAT179247.1 on chromosome
18 and 2694 bp long and NONHSAT162315.1 on
chromosome 12 and 2574 bp have been reported to be
expressed in lung cancer [33]. Meanwhile, NONHSAT
033640.2 on chromosome 13 and 240 bp long,
NONHSAT036152.2 on chromosome 14 and 2141 bp
long and NONHSAT006046.2 on chromosome 1 and
535 bp are expressed specifically in mammals [34].
Finally, NONHSAT061050.2 is on chromosome 19 and
214 bp long.

These relational networks can be applied to provide
insights to predict the functions of lncRNAs. For
example, NONHSAT006046.2 is the most significantly
upregulated among these eight lncRNAs (group HP Up
>7-fold); it is in turn associated with 48 mRNAs. STC1 is
a mammalian tin-calcium (STC) homolog, which plays a
major role in the calcium/phosphorus homeostasis of
fish. Research showed that STC1 is expressed in a time-
and cell-specific manner and may play an autocrine/
paracrine role in osteoblast development and bone for-
mation [35]. SMAD7 is involved in bone formation by
interacting with RUNX2 and participates in the regula-
tion of osteogenesis [36]. In addition, EphB4, a member
of the erythropoietin-producing hepatocyte receptors,
the largest family of receptor tyrosine kinases (RTKs),
has a crucial role in regulating bone coupling [37].
Moreover, as a Toll-like receptor, TLR4 plays a critical
role in angiogenesis [38]. Therefore, in terms of the
functions of these genes, we speculate that the
lncRNAs related to the above mRNAs are also involved
in the development of osteogenic differentiation.

According to the network diagram, these lncRNAs
may regulate the expression of TFs, including STAT1,
KAT2A, GATA2, TAF7 and REST. Cellular homeostasis is
regulated by various signaling proteins which contrib-
ute to the activation of intracellular and extracellular
cascade reactions. This, in turn, leads to the regulation
of gene activity. One of the most important signal sys-
tems is the STAT family, consisting of seven members
and serving as effective transcription factors to transmit
cytokine and growth factor signals to the nucleus. The
first member of this family to be identified and studied
is STAT1, a 91 kDa protein of great importance to
immune cells and other cell types [39]. STAT1 was
found to exert unique, noncanonical functions such as
acting as a cytoplasmic attenuator of Runx2. In this
way, STAT1 is related to Runx2 and thus to osteoblast
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differentiation [40]. TAF7 is a component of the TFIID
complex in charge of controlling the first steps of tran-
scription, which is consistent with its essential role in
cell proliferation [41]. Our study suggested that many
of the lncRNAs are related to TFs, as mentioned above
and these TFs may be associated with the occurrence
of osteogenic differentiation induced by high
phosphorus.

Conclusions

In conclusion, in comparison with the CON group, HP-
induced VSMCs was associated with remarkable osteo-
genic differentiation, which may be partially regulated
by lncRNAs. However, the exact mechanism by lncRNAs
play a role in the process needs to be clarified by fur-
ther studies.
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