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Abstract. Fibulin‑5 is reportedly involved in the pathological
process of atherosclerosis (AS) where low expression has been
frequently observed in ruptured atherosclerotic plaques. The
aim of the present study was to determine the effects of fibulin‑5
on the responses of vascular smooth muscle cells (VSMC) to
oxidized low‑density lipoprotein (ox‑LDL). The expression of
fibulin‑5 was studied in human aortic‑VSMCs (HA‑VSMCs)
treated with ox‑LDL. Fibulin‑5 was first overexpressed by the
transfection of Ov‑Fibulin‑5 plasmids in HA‑VSMCs challenged
with ox‑LDL to investigate its influence on cell proliferation,
migration and invasion using Cell Counting Kit‑8, wound healing
and Transwell assays. Yin Yang‑1 (YY1) was bioinformatically
predicted to bind to the promoter sites of fibulin‑5, which was
subsequently confirmed by dual‑luciferase reporter gene assay.
Fibulin‑5 overexpression was able to suppress cell prolifera‑
tion, invasion and migration, which was effectively reversed by
YY1 silencing by the transfection of siRNA‑Fibulin‑5 plasmids
which could induced fibulin‑5 silencing. YY1 binding sites in
the promoter region of fibulin‑5 were identified and confirmed
in vitro by chromatin immunoprecipitation assay and dual‑lucif‑
erase reporter gene assay. The present results suggested that
as a modulator of fibulin‑5, YY1 alleviated ox‑LDL‑induced
proliferation, invasion, migration and phenotypic transition
from differentiated contractile phenotype to dedifferentiated
phenotype in VSMCs. However, the mechanism underlying the
YY1‑mediated regulation of fibulin‑5 expression needs to be
confirmed further in vivo. Nevertheless, targeting fibulin‑5 and
YY1 could be further developed for AS therapy.
Introduction
Atherosclerosis (AS) is the common pathological cause of
cardiovascular and cerebrovascular diseases (1). Activation
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and injury of vascular endothelial cells, sub‑endothelial depo‑
sition of oxidized low‑density lipoprotein (ox‑LDL), formation
of foam cells under the vascular intima and proliferation and
migration of vascular smooth muscle cells (VSMCs) are the
main events in the pathogenesis of AS (2). Aberrant prolif‑
eration and migration of VSMCs are common pathological
features of AS, restenosis after stenting and hypertension (3,4).
Fibulin‑5 is a glycoprotein that consists of 448 amino
acids and is involved in regulating extracellular matrix (5).
Recent data showed that fibulin‑5 expression was decreased
in atherosclerotic plaque tissues in human aneurysmatic aortas
compared with healthy vessels (6). Another previous study
suggested that fibulin‑5 overexpression reduces MMP levels by
inhibiting the Wnt/β‑catenin signaling pathway (7). Yin Yang‑1
(YY1) is a widely expressed transcription factor belonging to
the Gli‑Kruppel class of zinc finger proteins that can bind
transcriptional initiation repeats to alter the activities of target
promoters (8,9). Its overexpression can cause the abnormal
transcription of downstream genes, participating in disease
occurrence, such as diabetes and B lymphoma (8,10,11). YY1
was reported to serve an important role in AS by mediating
the proliferation and migration of VSMCs (12). In addition, a
previous study indicated that YY1 was involved in the forma‑
tion of foam cells in response to oxLDL (13). The present study
was therefore designed to investigate the potential interaction
between YY1 and the promoter region of fibulin‑5, and the role
of fibulin‑5 in ox‑LDL‑treated VSMCs.
Materials and methods
Collection of clinical samples. In the present study, five
patients with coronary heart disease (CHD; male, n=2; female,
n=3), with an average age of 65.1±2.4 years, were diagnosed by
coronary angiography in The Laixi Municipal Hospital (Laixi,
China) between June 2019 and August 2020. The control group
was also composed of five individuals (male, n=2; female, n=3)
with an average age of 62.3±3.1 years, who were present in
the Laixi Municipal Hospital for routine physical examination.
The inclusion criterion for coronary heart disease cases was
the diameter stenosis of at least one major coronary artery of
patients with stable angina (>80%). The exclusion criteria were
as follows: i) Unstable angina pectoris or myocardial infarc‑
tion; ii) comorbidity with other organic heart diseases, such as
rheumatic heart disease and myocardiopathy; iii) comorbidity
with severe liver and kidney disease; iv) comorbidity with
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familial hypercholesterolemia; v) comorbidity with malignan‑
cies; and vi) comorbidity with inflammatory diseases. A total
of 3 ml venous blood was collected from each participant.
Oral informed consent was obtained from all participants
prior to enrollment in the present study. The present study
was approved by the Ethics Committee of Laixi Municipal
Hospital (approval no. ky‑2020‑041‑03).
Human aortic (HA)‑VSMC culture. HA‑VSMCs were
purchased from the American Type Culture Collection (cat.
no. CRL‑1999) and cultured in DMEM (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.) at 37˚C with 5% CO2. Different concentra‑
tions of ox‑LDL (Yeasen Biotechnology (Shanghai) Co., Ltd.,
Shanghai, China) dissolved into DMEM medium (0, 50, 100
and 150 µg/ml) were added to induce cell calcification at 37˚C
for 48 or 72 h.
Reverse transcription‑quantitative PCR (RT‑qPCR) assay.
Total RNA from VSMCs was extracted with TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
instructions of the supplier. A total of 1 µg mRNA per sample
was reverse transcribed into cDNA using PrimeScript™ RT
Reagent kit (Takara Bio, Inc.) at 37˚C for 15 min and 85˚C
for 5 sec. Subsequently, SYBR Green kit (cat. no. 208054;
Qiagen GmbH) was used to prepare a 20 µl qPCR reaction
mix and qPCR was performed on the StepOne Real Time
PCR instrument (Thermo Fisher Scientific, Inc.). The primer
sequences were: Fibulin‑5 Forward: 5'‑CTCACTGTTACC
ATT  C TG  G CT  C‑3', Reverse: 5'‑GAC  T GG  C GAT CC AGG
TCAAAG‑3'. YY1 Forward: 5'‑ACGGCTTCGAGGATCAGA
TTC‑3', Reverse: 5'‑TGAC CAG CGT TTGTTCAAT GT‑3'.
Smooth muscle α‑actin (α‑SMA) Forward: 5'‑AAAAGACAG
CTACGTG GGTGA‑3', Reverse: 5'‑GCCATGT TCTATCGG
GTAC TTC‑3'. GAPDH: 5'‑GGAG CGAGAT CCC TCCAA
AAT‑3', Reverse: 5'‑GGCTGTTGTCATACTTCTCATGG‑3'.
PCR was performed at 95˚C for 30 sec, followed by 45 cycles
of 95˚C for 5 sec and 60˚C for 30 sec. GAPDH was used as an
internal reference. The relative levels of mRNA were calcu‑
lated with the 2‑ΔΔCq method (14).
Cell Counting Kit‑8 (CCK‑8) assay. VSMCs (1x104 cells/well)
were seeded into 96‑well plates and then incubated for 24 h
at 37˚C. Following ox‑LDL treatment or transfection of
Ov‑Fibulin‑5 plasmids and ox‑LDL treatment, the medium
was replaced with serum‑free DMEM medium. A total of
10 µl CCK‑8 solution (Beyotime Institute of Biotechnology)
was added to each well for incubation at 37˚C for 1 h. The
absorbance at 450 nm was subsequently detected using a
microplate reader (Thermo Fisher Scientific, Inc.).
Western blotting. Following the x‑LDL treatment or transfec‑
tion of Ov‑Fibulin‑5 plasmids plus ox‑LDL treatment, or the
co‑treatment of transfection of Ov‑YY1 and siRNA‑Fibulin‑5
plus ox‑LDL treatment, VSMCs were collected and lysed by
adding RIPA buffer (Beyotime Institute of Biotechnology) on
ice for 30 min. The supernatant was collected after centrifuga‑
tion at 4˚C at 14,000 x g for 20 min. The protein concentration
of each group was detected by a BCA kit (Abcam). A total of
20 µg each protein sample was separated by 10% SDS‑PAGE

and then transferred into PVDF membrane. The membranes
were then blocked with 5% BSA (MilliporeSigma) at room
temperature for 2 h and incubated with primary antibodies
(Fibulin‑5; cat. no. ab109428, 1:1,000; cyclin D1; cat.
no. ab16663, 1:200; CDK2; cat. no. ab32147, 1:1,000; MMP2;
cat. no. ab92536, 1:1,000; MMP9; cat. no. ab76003, 1:1,000;
GAPDH; cat. no. ab8245, 1:5,000. Abcam) at 4˚C over‑
night. After incubation with a secondary antibody at 37˚C
for 2 h (Goat Anti‑Rabbit IgG; cat. no. ab7090, 1:10,000.
Abcam, England), a ECL color development reagent (cat.
no. ab133409; Abcam) was added to the membranes. The
density of the protein bands was analyzed using the ImageJ
software (version 1.53b; National Institutes of Health).
Wound healing assay. HA‑VSMCs in a logarithmic prolif‑
eration phase were seeded into six‑well plates at 2x104 cells
per well. After routine overnight culture, the cells received
transfection of Ov‑Fibulin‑5 plasmids and ox‑LDL treatment,
or the transfection of Ov‑YY1 and siRNA‑ Fibulin‑5 and
ox‑LDL treatment, with three replicates per group. When
80% cell confluence was reached, a scratch was performed
using a horizontal line perpendicular to the back with a 20‑µl
pipette tip. The cells were washed by phosphoric acid buffer
three times and cultured in serum‑free DMEM medium. PBS
was used to rinse the plates and serum‑free DMEM medium
was added at 37˚C. The cell migration was observed under
a light microscope at 0 and 24 h (Olympus Corporation;
magnification, x100). The relative migration was calculated
using following formula: (Initial width at 0 h‑final width at
24 h)/width at 0 h.
Transwell assay. The HA‑VSMCs received transfection with
Ov‑Fibulin‑5 plasmids and ox‑LDL treatment, or transfec‑
tion of Ov‑YY1 and siRNA‑Fibulin‑5 and ox‑LDL treatment
and their concentration was adjusted to 2x10 8 cells/ml.
Diluted Matrigel (25 µl; BD Biosciences) with DMEM
medium without serum was added to upper chamber at 37˚C.
A total of 200 µl cell suspension prepared with serum‑free
medium was added to the upper chambers of a Transwell
insert (cat. no. 3422; 8‑µm; Corning). DMEM with 10% FBS
was added to the lower chamber. After 24 h of incubation at
37˚C, the cells that have gone through the membrane were
fixed using 4% methanol and stained with crystal violet at
room temperature for 10 min and images were captured
under an inverted microscope (Olympus Corporation,
magnification, x100).
Plasmid transfection. Lipofectamine ® 3000 transfec‑
tion reagent (Thermo Fisher Scientific, Inc.) was used
according to the manufacturer's instructions to transfect
YY1‑overexpressing plasmids (0.5 µg; pcDNA‑YY1; Ov‑YY1;
Shanghai GenePharma Co., Ltd.) or its control (0.5 µg;
pcDNA), or siRNA targeting fibulin‑5 (15 pmol; 5'‑GAUUGU
UGUGAGGAGUCUAGC‑3') or its negative control (15 pmol;
siRNA‑NC, scrambled RNA, 5'‑GUGAUUG CAUGAU UG
UGCGGA‑3') into HA‑VSMCs, which were constructed and
purchased from Shanghai GenePharma Co., Ltd. After 24 h at
37˚C, the cells were treated with 100 µg/ml ox‑LDL (100 µg/ml
ox‑LDL significantly promoted cell proliferation) for 24 h at
37˚C for further experiments.
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Table I. Clinical characteristics of patients with CHD.
Characteristics

CHD (n=5)

Control (n=5)

P‑value

Age, years
Smoking, %
Drinking, %
Hypertension, %
Cholesterol, mmol/l
High‑density lipoprotein, mmol/l
Low density lipoprotein, mmol/l

65.1±2.4
20
20
60
3.98±0.66
0.94±0.12
2.12±0.63

62.3±3.1
20
20
60
4.01±0.42
1.35±0.29
2.15±0.64

>0.05
>0.05
>0.05
>0.05
>0.05
<0.01
>0.05

CHD, coronary heart disease.

Figure 1. Fibulin‑5 mRNA expression levels in blood of healthy individuals
and patients with atherosclerosis. Data are presented as the mean ± SD.
n=5 per group. ***P<0.001.

Bioinformatics. Using PROMO (http://alggen.lsi.upc.es/
cgi‑bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3, access
date: 10.09.2020) and Transcription Factor DataBase (TFDB;
http://bioinfo.life.hust.edu.cn/HumanTFDB#!/, access date:
10.09.2020) tools, YY1 was predicted to bind to the promoter
region of fibulin‑5.
Chromatin immunoprecipitation (ChIP). After chromatin
was subjected to ultrasonication, magnetic beads (60 µl)
coated with anti‑YY1 or anti‑IgG (EMD Millipore) were
added to form immune complex. The immune complex was
washed with wash buffer (low salt wash buffer, high salt
wash buffer, LiCl wash buffer and TE buffer, in sequence)
and then was centrifuged at 4˚C at 16,000 x g for 2 min.
Next, collected immunoprecipitation was eluted with eluent
including 10% SDS, NaHCO3 and ddH2O at 65˚C for 15 min.
20 µl NaCl was added for incubation at 65˚C overnight. After
de‑crosslink, 1 µl RNaseA was added for incubation for 1 h at
37˚C. RT‑qPCR was performed to analyze precipitated DNA
fragments.
Dual‑luciferase reporter gene assay. Luciferase activity was
detected after co‑transfection of fibulin‑5 promoter site 1
(TCCCAGCCCCCGCACC ) with mutations or wild‑type
sequence luciferase reporter genes (0.1 µg; pGL3‑basic;

Figure 2. Ox‑LDL treatment decreases the expression of fibulin‑5 in
HA‑VSMC cells. (A) HA‑VSMC viability was analyzed by Cell Counting
Kit‑8 assay after cells were treated with 0, 50, 100 or 150 µg/ml of ox‑LDL
for 48 or 72 h. (B and C) HA‑VSMCs were treated with 100 µg/ml ox‑LDL for
48 h. *P<0.05, ***P<0.001 vs. Ox‑LDL 0 µg/ml (B) Endogenous mRNA and
(C) protein levels of fibulin‑5 were measured by reverse transcription‑quan‑
titative PCR and western blotting, respectively. Data are presented as the
mean ± SD. ***P<0.001. HA‑VSMC, human aortic‑vascular smooth muscle
cells; ox‑LDL, oxidized low‑density lipoprotein.

Promega Corporation) and YY1 overexpressing plasmids
(0.2 µg)or its control plasmids (empty plasmids) into 293T cells
(ATCC, USA) with Lipofectamine® 3000 following the manu‑
facturer's protocol. Renilla luciferase was used as control
reporter gene. After 48 h, luciferase activity was detected
using Dual luciferase reporter gene assay kit according to
the manufacturer's instructions (cat. no. RG028; Beyotime
Institute of Biotechnology).
Statistical analysis. All data were statistically analyzed by
GraphPad Prism 8 software (GraphPad Software, Inc.). The
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Figure 3. Fibulin‑5 overexpression reduces the impacts of ox‑LDL on promoting proliferation and the expression of cell cycle proteins, Cyclin D1 and CDK2.
(A) RT‑qPCR and (B) western blot analyzes were used for assessing the efficiency of fibulin‑5 overexpression in HA‑VSMCs. Levels of fibulin‑5 (C) mRNA
and (D) protein detected expression were measured in HA‑VSMCs following ox‑LDL and/or fibulin‑5 overexpression treatment. (E) HA‑VSMC viability was
measured after ox‑LDL treatment and/or fibulin‑5 overexpression. (F) Cyclin D1 and CDK2 protein expression was assessed by western blotting in HA‑VSMCs
following ox‑LDL and/or fibulin‑5 overexpression treatment. Data are presented as the mean ± SD. ***P<0.001. RT‑qPCR, reverse transcription‑quantitative
PCR; HA‑VSMC, human aortic‑vascular smooth muscle cells; ox‑LDL, oxidized low‑density lipoprotein; Ov, Overexpression; NC, negative control.

measurement data were represented by the mean ± SD and
one‑way ANOVA was used for comparison between multiple
groups, followed by Tukey's test. Chi‑square test was used to
compare the two rates of age, smoking, drinking, or hyperten‑
sion between CHD and control. Each experiment was repeated
at least three times. P<0.05 was considered to indicate a
statistically significant difference.

RT‑qPCR and western blotting analyses of fibulin‑5 expres‑
sion in VSMCs indicated that the mRNA and protein levels
of fibulin‑5 were significantly reduced after ox‑LDL treat‑
ment compared with those in the control group (P<0.001;
Fig. 2B and C). To further investigate the role of fibulin‑5,
HA‑VSMCs treated with ox‑LDL were transfected with a
fibulin‑5‑overexpressing plasmid.

Results

Fibulin‑5 overexpression suppresses HA‑VSMC prolif‑
eration in response to ox‑LDL. Since ox‑LDL decreased
fibulin‑5 expression, it was hypothesized that fibulin‑5
serve a role in HA‑VSMCs in response to ox‑LDL. As a
transfection control, a vector overexpressing (Ov)‑fibulin‑5
significantly increased the mRNA and protein expression
levels of fibulin‑5 compared with that in the Ov‑negative
control (NC) group (P<0.001; Fig. 3A and B). Analyzes
of fibulin‑5 expression in ox‑LDL‑treated HA‑VSMCs
demonstrated that the reduced fibulin‑5 expression was
significantly reversed by fibulin‑5 overexpression (P<0.001;
Fig. 3C and D). In VSMCs cycle progression, cyclin D1 and
CDK2 are involved in promoting Rb phosphorylation, the
inhibition of which can lead to cycle arrest (16). VSMCs
were subsequently subjected to CCK‑8 analysis to measure
cell viability (P<0.001; Fig. 3E) whereas western blotting
was used to quantify protein levels of cell cycle proteins

Ox‑LDL induces low fibulin‑5 expression in HA‑VSMCs.
The level of high‑density lipoprotein in the peripheral blood
samples of patients with CHD was significantly lower than that
in the control group (Table I). However, there was no statistical
significance in the comparison of all other indicators between
the two groups (Table I).
To explore the role of fibulin‑5 in AS, fibulin‑5 mRNA
expression was quantified in the peripheral blood of patients
with AS. Fibulin‑5 mRNA expression was significantly
increased in patients with AS compared with that in healthy
individuals (P<0.001; Fig. 1). VSMCs have been previously
reported to serve an important role in atherogenesis (15). As
indicated in Fig. 2A, 100 µg/ml ox‑LDL was the concentration
that increased VSMC viability the strongest (P<0.001). This
concentration was therefore selected for further experiments.
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Figure 4. Fibulin‑5 overexpression decreases migration and invasion in ox‑LDL‑induced HA‑VSMCs. HA‑VSMCs following ox‑LDL treatment and/or
fibulin‑5 overexpression were subjected to (A) wound healing assays to measure (B) cell migration. (C) Transwell assays were performed to compare (D) inva‑
sion. Magnification, x100. (E) HA‑VSMCs following ox‑LDL treatment and/or fibulin‑5 overexpression were subjected to western blot analyses to determine
the expression levels of MMP2, MMP9. (F) Reverse transcription‑quantitative PCR and (G) western blotting were used to measure α‑SMA expression
following ox‑LDL treatment and/or fibulin‑5 overexpression in HA‑VSMCs. Data are presented as the mean ± SD. **P<0.01 and ***P<0.001. HA‑VSMC, human
aortic‑vascular smooth muscle cell; ox‑LDL, oxidized low‑density lipoprotein; Ov, vector overexpressing; NC, negative control; α‑SMA, smooth muscle
α‑actin.

cyclin D1 and CDK2 (P<0.001; Fig. 3F). The present
results demonstrated that the overexpression of fibulin‑5 in
HA‑VSMCs reversed the increase in cell viability induced
by ox‑LDL treatment, in addition to reversing the increased
protein expression of cyclin D1 and CDK2 induced by
ox‑LDL treatment (P<0.001; Fig. 3E and F).
Cell migration and invasion were studied by performing
wound healing and Transwell assays, respectively. The present
results demonstrated that HA‑VSMCs exhibited significantly

increased migration and invasion after ox‑LDL treatment,
which were significantly reversed following fibulin‑5 over‑
expression (all P<0.001; Fig. 4A‑D). MMP‑2 and MMP‑9
expressed in VSMCs, modulated the collagen degradation
of the extracellular matrix and served a vital role in AS
progression (17).
Additionally, the protein expression of MMP2 and MMP9,
which participate in phenotype transition (18,19), was quan‑
tified by western blotting, whilst the mRNA and protein
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Figure 5. YY1 overexpression upregulates the expression of fibulin‑5. YY1 (A) mRNA and (B) protein expression was assessed in control and ox‑LDL‑treated
HA‑VSMCs by RT‑qPCR and western blotting assays, respectively. (C) Following ChIP assay, the immune complex pulled down by YY1 antibody or IgG
(negative control) was used to analyze the PCR amplification level of the two promoter sites and the total promoter sites (site 1 and site 2) using RT‑qPCR.
(D) Luciferase activity as detected by dual‑luciferase reporter gene assays. Ov‑YY1 transfection induced YY1 overexpression on both (E) mRNA and
(F) protein levels. RT‑qPCR and western blot analyzes were performed in HA‑VSMCs treated with ox‑LDL and/or overexpressing YY1 to determine the levels
of YY1 (G) mRNA and (H) protein expression. RT‑qPCR and western blot analyses were performed in HA‑VSMCs treated with ox‑LDL and/or overexpressing
YY1 to determine the levels of fibulin‑5 (I) mRNA and (J) protein expression. Data are presented as the mean ± SD. **P<0.01 and ***P<0.001. HA‑VSMC,
human aortic‑vascular smooth muscle cell; ox‑LDL, oxidized low‑density lipoprotein; RT‑qPCR, reverse transcription‑quantitative PCR; YY1, Yin Yang‑1;
Ov, vector overexpressing; NC, negative control.

expression of α‑SMA was measured by RT‑qPCR and western
blotting, respectively. MMP2 and MMP9 protein expression
was significantly increased after ox‑LDL treatment, an effect
that was significantly reversed by fibulin‑5 overexpression
(all P<0.001; Fig. 4E). Similarly, α‑SMA mRNA and protein
expression were significantly decreased after ox‑LDL treat‑
ment (P<0.001), which was significantly reversed by fibulin‑5
overexpression (P<0.01 and P<0.001; Fig. 4E‑G).
YY1 binds to the promoter of fibulin‑5 to induce its upregu‑
lation in HA‑VSMCs. To further explore the role of fibulin‑5
in AS, PROMO and TFDB databases were used to predict
whether YY1 can bind to the promoter region of fibulin‑5 to
regulate fibulin‑5 expression in ox‑LDL‑treated HA‑VSMCs.

The mRNA and protein expression levels of YY1 were signifi‑
cantly decreased in ox‑LDL‑treated HA‑VSMCs compared
with those in the control group (P<0.01 and P<0.001;
Fig. 5A and B). Next, the two promoter sites and the overall
promoter region level of fibulin‑5, were detected by qPCR
in an immunoprecipitation complex formed by using YY1
antibody. Promoter site 1 was shown to be markedly enriched
(Fig. 5C). The luciferase activity of the pGL4 luciferase
reporter vectors containing the promoter region of fibulin‑5
with binding site (site 1) for YY1 was significantly increased
when YY1‑overexpressing plasmids were co‑transfected into
HA‑VSMCs, compared with that in cells co‑transfected with
the Ov‑NC plasmid (P<0.001, Fig. 5D). When the pGL4 lucif‑
erase reporter vectors with muted sites and Ov‑NC or Ov‑YY1
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Figure 6. The effects of YY1 overexpression on proliferation and expression of cell cycle proteins are reversed by fibulin‑5 silencing. (A and B) HA‑VSMCs
were transfected with either siRNA‑NC or siRNA‑fibulin‑5. Reverse transcription‑quantitative PCR and western blot analyzes were performed to determine
the levels of fibulin‑5 (A) mRNA and (B) protein expression. (C) Cell Counting Kit‑8 assay was performed to measure cell viability in HA‑VSMCs after
ox‑LDL treatment, YY1 overexpression and/or fibulin‑5 knockdown. (D) Western blot analysis was performed after ox‑LDL treatment, YY1 overexpres‑
sion and/or fibulin‑5 knockdown to detect the levels of (E) cyclin D1 and CDK2 expression. Data are presented as the mean ± SD. **P<0.01 and ***P<0.001.
Ov, vector overexpressing; siRNA, small interfering RNA; NC, negative control; HA‑VSMC, human aortic‑vascular smooth muscle cells; ox‑LDL, oxidized
low‑density lipoprotein; YY1, Yin Yang‑1.

were co‑transfected into 293T cells, there was no significant
difference in luciferase activities between Ov‑NC and Ov‑YY1
(Fig. 5D). These results suggest that YY1 can bind to site 1
of the fibulin‑5 promoter. The transfection efficiency of the
YY1‑overexpressing plasmid was tested in Fig. 5E and F. As
shown in Fig. 5E and F, cells transfected with Ov‑YY1 showed
significantly higher YY1 expression levels compared with
those in cells transfected with Ov‑NC (P<0.01 and P<0.001).
As indicated in Fig. 5G and H, overexpression of YY1 in the
HA‑VSMCs significantly reversed the decreased mRNA and
protein expression of YY1 induced by ox‑LDL treatment
(P<0.001). Similarly, YY1 overexpression also significantly
restored the expression of fibulin‑5, which was decreased after
ox‑LDL treatment (P<0.01 and P<0.001; Fig. 5I and J).

YY1 mediates the effects of fibulin‑5 on proliferation, migration
and invasion in HA‑VSMCs stimulated with ox‑LDL. The
present study next aimed to determine whether fibulin‑5
mediated the effects of YY1 in cultured HA‑VSMCs stimu‑
lated with ox‑LDL. First, the transfection efficiency of small
interfering (si)RNA‑fibulin‑5 was tested in the HA‑VSMCs.
Analyzes of fibulin‑5 expression in HA‑VSMCs demonstrated
that it was effectively knocked down by siRNA‑Fibulin‑5
transfection compared with cell transfected with siRNA‑NC
(P<0.001; Fig. 6A and B). Since it was the most efficient in
knocking down fibuin‑5 expression, si‑fibulin‑1 was selected
for further experiments. Based on the present results, it was
hypothesized that YY1 interacted with the promoter sites of
fibulin‑5 to regulate cell proliferation, migration and invasion
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Figure 7. The effects of YY1 overexpression migration and invasion were reversed by fibulin‑5 silencing. HA‑VSMCs after ox‑LDL treatment, YY1 over‑
expression and/or fibulin‑5 knockdown were subjected to (A) wound healing and (B) Transwell assays to compare (C) cell migration and (D) invasion.
Magnification, x100. (E) Western blot analyses were performed after ox‑LDL treatment, YY1 overexpression and/or fibulin‑5 knockdown to measure the
protein expression of MMP2 and MMP9. (F) Reverse transcription‑quantitative PCR and (G) western blotting were performed to determine α‑SMA expres‑
sion levels. Data are presented as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001. HA‑VSMC, human aortic‑vascular smooth muscle cell; ox‑LDL, oxidized
low‑density lipoprotein; YY1, Yin Yang‑1; siRNA, small interfering RNA; NC, negative control; α‑SMA, smooth muscle α‑actin.
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in VSMCs treated with ox‑LDL. First, cell viability was
compared between VSMCs transfected with siRNA‑NC and
with siRNA‑fibulin‑5. Fibulin‑5 silencing induced a significant
reversal of the potentiating effects due to YY1 overexpression
on cell viability, cyclin D1 and CDK2 expression (P<0.01
and P<0.001; Fig. 6C‑E). Significant differences were also
observed in the cell migration and invasion of HA‑VSMCs,
and the expression of MMP2, MMP9 and α‑SMA between
Ov‑YY1 vs. Ov‑NC and between Ov‑YY1+siRNA‑NC and
with Ov‑YY1+siRNA‑fibulin‑5 (P<0.05, P<0.01 and P<0.001;
Fig. 7A‑G). This suggests that YY1 participated in mediating
the effects of fibulin‑5 on cell viability, migration and invasion
induced by ox‑LDL.
Discussion
The present study demonstrated that fibulin‑5 participated
in ox‑LDL‑induced cell viability, invasion and migration in
VSMCs. A previous study on the fibulin‑5 mechanism revealed
that fibulin‑5 was involved in arterial stiffening in patients with
AS (20). The present study indicated that YY1 regulated the
promoter activity and expression levels of fibulin‑5 in VSMCs
under ox‑LDL treatment, which provided a new insight in the
understanding of the role of fibulin‑5 in AS.
The role of fibulin‑5 in AS was found to involve the
binding of extracellular superoxide dismutase to the vascular
tissue to modulate vascular superoxide production, which was
identified to serve a vital role in AS (21). As for the regulatory
mechanism of fibulin‑5 promoter activity, a previous report
indicated that SOX9 could regulate the fibulin‑5 promoter
activity in VSMCs under the stimulus of TNF‑ α (22). In
the present study, a YY1 binding sequence on the fibulin‑5
promoter was identified and predicted, where it was verified
further that YY1 could directly bind to the fibulin‑5 promoter
and regulate its expression. This translated downstream
to the regulation of the biological processes of VSMCs in
response to ox‑LDL. However, the molecular mechanism by
which YY1 binding activates fibulin‑5 transcription was not
uncovered in the present study, which was predicted to be
associated with YY1 involvement in transcriptional activation
by forming complexes with some proteins, such as INO80 or
Sp1 (23) in the promoter of fibulin‑5. YY1 has been reported
to be a transcriptional activator of some genes, such as Xist in
ES cells and CDC6 in HEK293 cells, (24,25). For instance,
YY1 initiated the activity of the X‑inactive specific transcript
(Xist) promoter by directly binding to the Xist 5' region in ES
cells (24). Downstream, YY1 was also revealed to be involved
in the pathophysiology of AS by regulating cell prolifera‑
tion and apoptosis (12,26,27). For example, a previous study
reported that YY1 was involved in the promoting effects of
miR‑544 on the maturation and antioxidative effects of stem
cell‑derived endothelial‑like cells (28). A previous mecha‑
nistic analysis of YY1 in ox‑LDL‑treated macrophages of AS
demonstrated that YY1 can translocate into the nucleus and
increase the expression of miR‑29a by binding to its transcrip‑
tional promoter region (27).
In addition to its regulatory role in cell viability, invasion
and migration, fibulin‑5 overexpression markedly reduced
the expression levels of cyclin D1 and CDK2, which regulate
G1‑phase cell cycle progression and subsequently proliferation
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in VSMCs (29,30). A previous study found that the expression
levels of YY1, which is a negative regulator of cyclin D1,
could be regulated by miR‑29a (31). The present results
suggest that cyclin D1 and CDK2 can participate in the regu‑
lation of YY1/fibulin‑5 during cell proliferation. Although
the present study revealed that fibulin‑5/YY1 affected the
viability, invasion and migration of HA‑VSMCs stimulated
with ox‑LDL, whether this axis is involved in the pathogen‑
esis of AS requires further study, which is a limitation of the
present study.
In conclusion, the present study presented evidence that
fibulin‑5, regulated by YY1, can suppress the viability, inva‑
sion and migration of HA‑VSMCs stimulated with ox‑LD. The
present results provided a new insight for the further investiga‑
tion of the mechanism of AS. Targeting fibulin‑5/YY1 can be
a potential therapeutic option for AS. However, further studies
should be performed, mainly on the molecular mechanism by
which the binding of YY1 can activate fibulin‑5 transcription.
In addition, the mechanism of YY1/fibulin‑5 would need to be
validated in vivo.
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