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Abstract. The current study aimed to clarify the role of 
nucleolin in the phenotypic transformation of vascular smooth 
muscle cells (VSMCs) and to preliminarily explore its under-
lying mechanism. The spatial and temporal expression patterns 
of nucleolin, and the effects of angiotensin II (Ang II) on the 
expression of VSMC phenotypic transformation markers, 
α‑smooth muscle‑actin, calponin, smooth muscle protein 22α 
and osteopontin were investigated. The effects of nucleolin on 
VSMC phenotypic transformation and the expression of pheno-
typic transformation‑associated genes, tropoelastin, epiregulin 
and fibroblast growth factor 2 (b‑FGF), were determined. 
Protein‑RNA co‑immunoprecipitation was used to investi-
gate the potential target genes regulated by the nucleolin in 
phenotypic transformation of VSMCs. Finally, the stability of 
tropoelastin mRNA and the effects of nucleolin on the expres-
sion of tropoelastin were assayed. The results revealed that 
Ang II significantly promoted the phenotypic transformation 
of VSMCs. The expression of nucleolin was gradually upregu-
lated in VSMCs treated with Ang II at different concentrations 
for various durations. Ang II induced nucleolin translocation 
from the nucleus to cytoplasm. Additionally, Ang II signifi-
cantly promoted the phenotypic transformation of VSMCs. 
Overexpression and silencing of nucleolin regulated the expres-
sions of tropoelastin, epiregulin and b‑FGF. There was an 
interaction between tropoelastin mRNA and nucleolin protein, 
promoting the stability of tropoelastin mRNA and enhancing 
the expression of tropoelastin at the protein level. Upregulation 
of nucleolin had an important role in Ang II‑induced VSMC 
phenotypic transformation, and its underlying mechanism 

may be through interacting with tropoelastin mRNA, leading 
to its increased stability and protein expression. The findings 
provide a new perspective into the regulatory mechanism of 
VSMC phenotypic transformation.

Introduction

Proliferation of vascular smooth muscle cells (VSMCs) 
forms the common basis of the pathology of cardiovascular 
diseases, including hypertension, coronary artery disease 
and angiographic restenosis, and it has an important role in 
development of these diseases (1). Studies have demonstrated 
that phenotypic transformation of VSMCs is also pivotal 
for cardiovascular diseases  (2,3). When blood vessels are 
damaged or VSMCs cultured in vitro are stimulated by growth 
factors, VSMCs are rapidly transformed through phenotypic 
transformation, characterized by alteration of gene expres-
sions. VSMCs are transformed from a contractile phenotype 
to a secretory phenotype (or dedifferentiated VSMCs) and 
acquire proliferation ability, and this process is termed 
phenotypic transformation (4). Therefore, how to control and 
reverse the phenotypic transformation of VSMCs is the key 
measure to control the abnormal proliferation of VSMCs. 
No methods or drugs are particularly effective in preventing 
the phenotypic transformation of VSMCs. Generally, it is 
hypothesized that endogenous active substances in the body 
have a spontaneous regulatory role in the proliferation or 
phenotypic transformation of VSMCs; thus, it is important 
to identify novel endogenous regulatory proteins mediating 
the phenotype of VSMCs. Nucleolin is the most abundant 
RNA‑binding protein in the nucleolus. Its major functions are 
binding and transporting ribosomal RNAs, and regulating the 
assembly of ribosomes (5,6). Previous studies have demon-
strated that nucleolin is involved in cell growth, proliferation, 
apoptosis, inflammation, immune and other physiological 
and pathological processes (7‑9). Nucleolin consists of three 
major functional domains: Amino terminus, central region 
and carboxyl terminus. The central region is composed of 
four conserved and consistent RNA binding domains [RBDs; 
consensus sequence type RBD (CS‑RBD)]. Currently, it is 
hypothesized that the nuclear localization signals of nucleolin 
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N‑terminal, the central area of the RBD and the C‑terminal 
glycine rich region determine the nucleolar localization of 
nucleolin, and are also required for the bidirectional shift 
of the protein between the cytoplasm and nucleus  (10). 
The cellular shuttle function of nucleolin is involved in the 
regulation of cell proliferation, growth, apoptosis and other 
biological processes. It remains unknown whether nucleolin 
regulates VSMC phenotypic transformation and its underlying 
mechanism. A large number of studies have revealed that 
the RNA binding properties nucleolin of are important for a 
variety of biological functions, and the specific nucleic acid 
binding element is ‘(T/G) CCCG (A/G)’ (11‑16). Nucleolin 
shuttles between the nucleus and cytoplasm in different types 
of cells and under different stimulation. In the majority of 
cells, nucleolin is mainly expressed in the nucleus and can also 
be present in the cell membrane or cytoplasm, as glycosylated 
or phosphorylated forms (17,18). All of these findings indicate 
that nucleolin has an important role in regulating cell prolif-
eration, growth, phenotypic transformation and apoptosis, and 
the cellular shuttle function of nucleolin participates in various 
biological processes.

In the present study, it was aimed to investigate the 
role of nucleolin in the transformation from a contractile 
phenotype to a secretory phenotype, and to investigate the 
endogenous active substances mediating VSMC phenotypic 
transformation. Angiotensin II (Ang II) was used to induce 
the phenotypic transformation of VSMCs. Gene overexpres-
sion and RNA interference techniques were used to assess 
the effect of cellular nucleolin on Ang II‑mediated VSMC 
phenotypic transformation and its influence on the expres-
sions of VSMC phenotypic transformation‑associated genes. 
Furthermore, the spatial and temporal expression patterns of 
nucleolin in VSMCs were also investigated. Protein‑RNA 
co‑immunoprecipitation was used to investigate the possible 
target genes regulated by nucleolin in phenotypic transfor-
mation of VSMCs. Finally, the decay of target gene mRNA 
and the effect of nucleolin on the expression of target gene 
at the protein level were assayed. The findings provide a 
new perspective on the regulatory mechanism of VSMC 
phenotypic transformation.

Materials and methods

Cell culture and treatment. Rat VSMCs were obtained from 
Shanghai Tiancheng Life Technologies (Shanghai, China; 
American Type Culture Collection® no. CRL‑1476) and main-
tained in Dulbecco's modified Eagle's medium supplemented 
with 10% heat‑inactivated fetal bovine serum, 2 mM gluta-
mine and antibiotic‑antimycotic mix in a humidified incubator 
with 5% CO2 and 95% air at 37˚C. VSMCs were stimulated 
with Ang II at different concentrations (10‑5, 10‑6, 10‑7 and 
10‑8 mmol/l) for 48 h or 10‑5 mmol/l Ang II for different dura-
tions (19). Cell viabilities were analyzed using the MTT method. 
Briefly, VSMCs were seeded into 96‑well microtiter plates at 
a density of 2x104 cells/well in 200 µl culture medium. The 
VSMCs were treated with different concentrations for various 
durations. Subsequently, 100 µl MTT solution (5 mg/ml) was 
added to each well, and the cells were incubated for 4 h at 
37˚C, followed by addition of 150 µl dimethyl sulfoxide into 
each well. The absorbance was measured at 570 nm, and the 

values were used to calculate the relative ratio of viable cells 
to total cells.

Extraction of cytoplasmic and nuclear proteins. The cell 
membrane, cytoplasmic and nuclear protein fractions were 
collected and stored at ‑70˚C using the NE‑PER™ nuclear 
and cytoplasmic extraction regent kit (Pierce; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA).

Extraction of total cell proteins. Following the corresponding 
treatments, VSMCs were washed with pre‑cooled PBS three 
times. According to the cell confluence, 50‑80 µl 12X SDS 
lysis buffer (100  mM Tris‑HCl, 200  mM dithiothreitol, 
40 g/l SDS, 20% glycerol; pH 6.8) was added to each well. 
Subsequently, the cell fragments and lysates were transferred 
into the 1.5 ml centrifuge tubes, denatured at 100˚C for 10 min 
and then centrifuged at 12,000 x g for 10 min at 4˚C. The 
supernatant was transferred to 0.5 ml centrifuge tubes and 
stored at ‑70˚C. The protein concentration was determined 
using a Bicinchoninic Acid Protein Assay kit (Beyotime 
Institute of Biotechnology, Haimen, China) according to the 
manufacturer's instructions.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted using the 
RNeasy kit (Qiagen, Inc., Valencia, CA, USA) according to 
the manufacturer's instructions, and 2 µg purified RNA was 
reverse transcribed into cDNA (37˚C for 15 min, followed 
by 85˚C for 5 sec using RT kit; Fermentas; Thermo Fisher 
Scientific, Inc.). The expressions of target genes were exam-
ined using the 7500 Fast Real‑Time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) using a QuantiTect 
SYBR‑Green PCR kit (Qiagen, Inc.). Briefly, after an initial 
denaturation step at 95˚C for 10  sec, amplifications were 
performed for 40 cycles at a melting temperature of 95˚C 
for 5 sec and an annealing temperature of 60˚C for 30 sec 
and extension at 72˚C for 30 sec. Primer sequences used in 
the present study are listed in Table I. PCR products were 
detected by 1.5% agarose gel electrophoresis, stained with 
ethidium bromide and imaged on a UV transilluminator. The 
relative expressions of target genes were calculated by 2‑ΔΔCq 
method (20), and β‑actin was selected as the reference gene. 
Each experiment was conducted in triplicate.

Amplification and extraction of recombinant plasmids. The 
recombinant plasmids pcDNA3.1‑Nuc and PsiRNA‑Nuc 
were kindly gifted by Professor Kangkai Wang (Department 
of Pathophysiology, Xiangya School of Medicine, Central 
South University, Changsha, China). The recombinant vector 
PsiRNA‑Nuc containing the nucleolin small interfering RNA 
(siRNA) was constructed. Using nucleolin as the target, the 
siRNA sequences were as follows: Nucleolin siRNA, 5'‑ACC​
TGC​CTT​CGC​GAG​CTT​CAC​CAT‑3'; the scramble siRNA, 
5'‑CAT​GGT​GAA​GCT​CGC​GAA​GGC​AGG​T‑3'. Nucleolin 
expression plasmid (pcDNA3.1‑Nuc) and RNA interference 
fragment of nucleolin (PsiRNA‑Nuc) were transformed into 
competent cells, and then monoclonal colonies were inoculated 
into 5 ml LB medium containing corresponding antibiotics 
and maintained at 37˚C on a rotary bed (250 rpm) overnight. 
Subsequently, the culture suspension was transferred to 
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200 ml LB medium containing the corresponding antibiotics. 
When the turbidity reached the standard, the bacteria were 
collected for the extraction of plasmids. PsiRNA‑Nuc and 
pcDNA3.1‑Nuc were extracted using a QIAGEN Plasmid 
Maxi kit (Qiagen, Inc.) according to the manufacturer's 
instructions, and the DNA concentration of purified plasmids 
was determined using spectrophotometer. Finally, isolated 
plasmids were stored at ‑70˚C.

Transient transfection. Transfection of cells was performed 
using MegaTran 1.0 following the manufacturer's instruc-
tions (OriGene Technologies, Inc., Rockville, MD, USA). 
Briefly, 5x105 cells were cultured in 5 ml appropriate complete 
growth medium at 37˚C in a CO2 incubator until the cells 
reached 70‑80% confluence (24 h). Subsequently, cells were 
washed with serum‑free and antibiotic‑free medium and 
transfected with pcDNA3.1‑Nuc/PsiRNA‑Nuc (experimental) 
or pcDNA3.1/PsiRNA (vector control) by mixing 6  µl 
MegaTran1.0 containing 2 µg DNA, and the mixture was 
placed at room temperature for ~10 min. Subsequently, the 
mixture was added to 6‑well plate, followed by gentle agitation 
and incubation at 37˚C for 24 h in a CO2 incubator.

Western blot analysis. Following various treatments, VSMCs 
cells were lysed with radioimmunoprecipitation assay lysis 
buffer (Shanghai Biyuntian Biotechnology, Ltd., Shanghai, 
China). The protein concentration was measured using a 
Bicinchoninic Acid Protein Assay kit (Beyotime Institute 
of Biotechnology). Equal amounts of proteins (20 µg/lane) 
were subjected to SDS‑PAGE using 10% gels and transferred 
onto polyvinylidene fluoride membranes. The membrane was 
blocked with Tris‑buffered saline‑Tween containing 5% bovine 

serum albumin (BSA; Gibco; Thermo Fisher Scientific, 
Inc.) by incubating at room temperature for 6 h. Following 
removal of the blocking solution, the blots were incubated 
with respective primary antibodies against nucleolin (1:1,000; 
cat. no. N2662; rabbit polyclonal antibody; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany), α‑smooth muscle‑actin 
(α‑SM‑actin; 1:500; cat.  no. BM0002; mouse monoclonal 
antibody; Wuhan Boster Biological Technology, Ltd, Wuhan, 
China), smooth muscle protein 22α (1:1,000; cat. no. ab14106; 
SM22a; rabbit polyclonal antibody; Abcam, Cambridge, UK), 
calponin (1:1,000; cat. no. ab700; mouse monoclonal antibody; 
Abcam), osteopontin (OPN; 1:1,000; cat. no. c‑21742; mouse 
monoclonal antibody; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), tropoelastin (1:1,000; cat. no. ab21600; rabbit poly-
clonal antibody; Abcam), β‑actin (1:1,000; cat. no. ab49900; 
mouse monoclonal antibody; Abcam), β‑tubulin (1:1,000; 
cat.  no.  ab18207; rabbit polyclonal antibody; Abcam), 
and proliferating cell nuclear antigen (PCNA; 1:1,000; 
cat. no. 610664; mouse monoclonal antibody; BD Biosciences, 
San Jose, CA, USA) at 25˚C for 2 h. Subsequently, blots were 
incubated with peroxidase‑conjugated goat anti‑rabbit (1:5,000; 
cat. no. sc‑2004) or anti‑mouse IgG (1:5,000; cat. no. sc‑516180) 
secondary antibody (Santa Cruz Biotechnology, Inc.) for 
1 h at 37˚C. Immunoreactive bands were visualized using 
an Enhanced Chemiluminescence Detection kit (Beyotime 
Institute of Biotechnology) according to the manufacturer's 
instructions, and the densitometry analysis was performed 
using ImageJ (1.48v) software (National Institutes of Health, 
Bethesda, MD, USA).

Immunocytochemical analysis. VSMCs were seeded into 
6‑well plates with sterile coverslips at 80% confluence, fixed in 

Table I. Primer sequences used in the present study. 

Genes	 Primer sequences 

α‑smooth muscle‑actin	 Forward:	 5'‑ACTGGGACGACATGGAAAAG‑3'
	 Reverse:	 5'‑CATCTCCAGAGTCCAGCACA‑3'
Calponin	 Forward:	 5'‑ACTTCATGGATGGCCTCAAG
	 Reverse:	 5'‑GTGCCAGTTCTGGGTTGACT
Smooth muscle protein 22α	 Forward:	 5'‑TTCTGCCTCAACATGGCCAAC‑3'
	 Reverse:	 5'‑CACCTTCACTGGCTTGGATC‑3
Osteopontin 	 Forward:	 5'‑ATGGCTTTCATTGGAGTTGC‑3'
	 Reverse:	 5'‑CCTCGCCTTTGCCGATCC‑3'
β‑actin 	 Forward:	 5'‑CCTCGCCTTTGCCGATCC‑3'
	 Reverse:	 5'‑GGATCTTCATGAGGTAGTCAGTC‑3'
Nucleolin	 Forward:	 5'‑CAATCAGGCTGGAGTTGCAAG‑3'
	 Reverse:	 5'‑TGGCCCAGTCCAAGGTAACTT‑3'
Epiregulin  	 Forward:	 5'‑GTGTCAATAACAAAGTGTAGC‑3'
	 Reverse:	 5'‑ATTACAGAAAGAAGTGTTCACATCG‑3'
Fibroblast growth factor 2	 Forward:	 5'‑GCAGAAGAGAGAGGAGTGTGT‑3'
	 Reverse:	 5'‑CCCAGTTCGTTTCAGTGC‑3'
Tropoelastin	 Forward:	 5'‑ATGATCCCAGGTGTTGGGGGC‑3'
	 Reverse:	 5'‑TCCAAGATCACCA GGTACAAGG‑3'
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4% formaldehyde at room temperature for 20 min and permea-
bilized with 0.1% Triton X‑100 at 4˚C for 10 min. Coverslips 
were blocked with 2% BSA (Sigma‑Aldrich; Merck KGaA) at 
room temperature for 1 h and processed for immunofluores-
cence staining with rabbit anti‑nucleolin polyclonal antibody 
(1:100; cat. no. N2662; Sigma‑Aldrich; Merck KGaA), followed 
by incubation with fluorescein isothiocyanate‑conjugated 
sheep anti‑rabbit IgG (1:500; cat. no. BA1105; Wuhan Boster 
Biological Technology, Ltd.). Nuclear morphology was 
analyzed with 0.5  µg/ml Hoechst  33258 staining at room 
temperature for 20 min. Between all incubation steps, cells 
were washed with PBS containing 0.2% BSA three times 
(3 min for each). Images were acquired using a fluorescence 
microscope (ECLIPSE 80i; Nikon Corporation, Tokyo, Japan).

Bioinformatics analysis identification of nucleolin binding 
elements. The mRNA sequences of 12  vascular smooth 
muscle cell phenotype‑associated genes, such as epiregulin, 
were searched in PubMed (ncbi.nlm.nih.gov/pubmed/) and 
UCSC Genome Browser gene databases (genome.ucsc.edu/), 
and the mRNA sequences of these genes were screened for 
nucleolin binding elements, such as ‘(T/G) CCCG (A/G)’ and 
analysed whether these binding elements were located in the 
5' untranslated region (UTR), 3' UTR or coding region.

Co‑immunoprecipitation of nucleolin protein and tropoelastin 
mRNA. Following treatment, VSMCs were homogenized in 
1 ml radioimmunoprecipitation assay lysis buffer (Shanghai 
Biyuntian Biotechnology, Ltd.) containing a variety of protease 
inhibitor mixtures (10 µl/0.1 g tissue weight; Sigma‑Aldrich; 
Merck KGaA). Soluble proteins were collected following 
centrifugation at 12,000 x g for 15 min at 4˚C. Following 
quantitative analysis by using a bicinchoninic acid assay, 
protein supernatant (500 µl each) was divided into three equal 
fractions as follows: Input sample; control IgG for immuno-
precipitation; and the antibody against nucleolin monoclonal 
antibody. An aliquot (500 µl) of cell lysate was pre‑cleared by 
incubation with 200 µl protein A/G beads on ice for 60 min, 
followed by centrifugation at 12,000 x g for 10 min at 4˚C. 
Then, 15 µg anti‑nucleolin monoclonal antibody (1:1,000; 
cat. no. sc‑8031; Santa Cruz Biotechnology, Inc.) was added 
to the pre‑cleared cell lysate, and the mixture was incubated 
at 4˚C for 1 h, followed by the addition of 200 µl protein A/G 
beads. The lysate was incubated at 4˚C with shaking, and 
the immune complexes were separated by centrifugation at 
10,000 x g for 30 sec at 4˚C. RNA was extracted from the 
immunoprecipitate, and cDNA was prepared using a reverse 
transcription kit (Fermentas; Thermo Fisher Scientific, Inc.) 
and subjected to PCR (as described). Western blot analysis 
was performed using the other half of the precipitate to detect 
the content of nucleolin in the cell extracts and the sediments, 
which confirmed the effectiveness of the nucleolin antibody.

Measurement of tropoelastin mRNA stability. VSMCs were 
treated with either 10‑6 mM Ang II for 48 h or nucleolin siRNA 
plasmid/pcDNA3.1‑Nuc plasmid for the indicated periods, 
and the cells were then incubated with either 0.5% ethanol 
or 5 µg/ml actinomycin D in 0.5% ethanol. Aliquots were 
removed from the cultures at 30 min intervals over a 3‑h time 
course. Actinomycin D at this concentration induced no DNA 

fragmentation during this period. At the indicated time points, 
2x105 cells were harvested, and total RNA was isolated using 
the RNeasy kit (Qiagen, Inc.). RT‑qPCR amplification of the 
pooled cDNA was performed as described.

Statistical analysis. Data are expressed as the mean ± standard 
error based on at least three independent experiments. 
Statistical analysis was performed by one‑way analysis of vari-
ance for multiple testing, followed by post hoc testing (least 
significant difference test). P<0.05 was considered to indicate 
a as statistically significant difference.

Results

Effect of Ang II on phenotypic transformation of VSMCs. 
RT‑qPCR revealed that the mRNA expression levels of 
contractive phenotypic markers α‑SM‑actin, calponin and 
SM22a, and synthetic phenotypic marker, OPN, were nega-
tively and positively associated with the Ang II concentration, 
respectively, and the most evident effect was observed when 
VSMCs were treated with Ang  II at 10‑5 mmol/l for 48 h 
(Fig. 1A). Additionally, the mRNA expressions of α‑SM‑actin, 
calponin and SM22a, and OPN were negatively and positively 
associated with the duration of Ang II induction, respectively, 
and the most evident effect was observed when VSMCs were 
treated with 10‑5 mmol/l Ang II for 72 h (Fig. 1B). Similarly, 
western blotting demonstrated that the protein expression of 
α‑SM‑actin, calponin and SM22a, and OPN was negatively 
and positively correlated with the Ang  II concentration, 
respectively, and the most evident effect was observed when 
VSMCs were treated with Ang  II at 10‑5 mmol/l for 48 h 
(Fig. 1C). In addition, the protein expression of α‑SM‑actin, 
calponin and SM22a, and OPN was negatively and positively 
correlated with the duration of Ang II induction, respectively, 
and the most evident effect was observed when VSMCs were 
treated with 10‑5 mmol/l Ang  II for 72 h (Fig. 1D). These 
results suggested that Ang  II significantly promoted the 
phenotypic transformation of VSMCs. Dose‑response analysis 
of VSMCs treated with various concentrations of Ang II and 
time‑response analysis of VSMCs treated with Ang  II for 
0‑72 h demonstrated that the proliferation of VSMCs was 
increased in a dose‑ and time‑dependent manner (Fig. 1E). It 
indicated that Ang II had no obvious cytotoxic effect on cell 
viabilities of VSMCs, and therefore the cytotoxicity of Ang II 
at experimental doses could be excluded in this study.

Effect of Ang II on the expression and subcellular localization 
of nucleolin in VSMCs. The mRNA expression of nucleolin 
in VSMCs was increased by Ang II treatment at different 
concentrations for 48  h, and the most evident effect was 
observed when VSMCs were treated with 10‑6 mmol/l Ang II 
for 48 h, with an increase of up to 4.26‑fold compared with the 
normal level. The mRNA expression of nucleolin in VSMCs 
was increased by treatment with 10‑6  mmol/l Ang  II for 
different durations, and the most evident effect was observed 
at 48 h (Fig. 2A). Similarly, the protein expression of nucleolin 
was gradually increased by treatment with Ang II at different 
concentrations for 48  h, and the most evident effect was 
observed when VSMCs were treated with 10‑6 mmol/l Ang II 
for 48 h, exhibiting an increase of up to 3.86‑fold compared 
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Figure 1. Effect of Ang II on the expressions of VSMC phenotypic transformation markers α‑SM‑actin and OPN. VSMCs were stimulated with (A) different 
concentrations of Ang II for 48 h and (B) Ang II (10‑5 mmol/l) for different durations; reverse transcription‑quantitative polymerase chain reaction was 
used to detect the expressions of contractile phenotype of VSMCs (α‑SM‑actin, calponin, SM22a) and synthetic phenotype of VSMCs OPN at the mRNA 
level. VSMCs were stimulated with (C) different concentrations of Ang II for 48 h and (D) Ang II (10‑5 mmol/l) for different durations; the total protein was 
extracted, and the expressions of contractile phenotype of VSMCs (α‑SM‑actin, calponin, SM22a) and synthetic phenotype of VSMCs OPN at the protein 
level were analyzed by western blotting. (E) Dose‑response study of VSMCs treated with Ang II of various concentrations and time‑response study of 
VSMCs treated with Ang II for 0‑72 h showed that there was a dose and time‑dependent increase in the proliferation of VSMCs. Data are expressed as the 
mean ± standard error. *P<0.05 vs. control. VSMCs, vascular smooth muscle cells; Ang II, angiotensin II; α‑SM‑actin, α‑smooth muscle‑actin; SM22a, smooth 
muscle protein 22 α; OPN, osteopontin; OD, optical density.
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with the normal level. The protein expression of nucleolin was 
increased by treatment with 10‑6 mmol/l Ang II for different 
durations, the most evident effect was observed at 48 h, and 
such an effect lasted to 72 h (Fig. 2B).

Nucleolin was predominantly localized in the nucleus of 
VSMCs under normal conditions, and only a small portion was 
present in the cytoplasm. However, it was translocated from 
the nuclear to cytoplasm following Ang II‑induced phenotypic 
transformation, exhibiting increased content of nucleolin in the 

cytoplasm and gradually decreased content of nucleolin in the 
nucleus (Fig. 2C). In addition, β‑tubulin and PCNA were used 
as the internal controls for cytoplasmic protein and nuclear 
protein, respectively, indicating no obvious contamination 
between the components. The aforementioned results were 
further confirmed by indirect immunofluorescence analysis. 
In the control cells, the majority of the nucleolin (green 
fluorescence) was localized in the nucleus, while only a small 
portion was present in the cytoplasm. However, the expression 

Figure 2. Effect of Ang II on the expression and subcellular localization of nucleolin in VSMCs. (A) VSMCs were stimulated with different concentrations of 
Ang II for different durations, the total RNA of cells was extracted, and cDNA was obtained after reverse transcription. Quantitative polymerase chain reaction 
was used to detect the expression of nucleolin. *P<0.05 vs. control group (0, 10‑8 and 10‑7 mmol/l). (B) VSMCs were stimulated with different concentrations 
of Ang II for different durations, the total protein was extracted, and the expression of nucleolin was analyzed by western blotting. *P<0.05 vs. control group 
(0, 10‑8 and 10‑7 mmol/l). (C) VSMCs were stimulated with Ang II (10‑6 mmol/l) for 12, 24, 48 and 72 h, nuclear protein and cytoplasmic protein were extracted, 
western blotting was used to detect the expression of nucleolin, and β‑tubulin and PCNA were used as the internal controls of cytoplasmic protein and nuclear 
protein, respectively. Data are expressed as the mean ± standard error, n=5. (D) VSMCs were stimulated with Ang II (10‑6 mmol/l) for 48 h, and indirect immu-
nofluorescence was used to observe the subcellular localization of nucleolin. Nucleolin, analysis of nucleolin with fluorescein isothiocyanate‑labeled antibody 
(green); Hochest33258, nuclei were counterstained with Hoechst 33258 (violet); Merge, overlap of cytoplasmic and nuclear fractions. Magnification, x400. 
VSMCs, vascular smooth muscle cells; Ang II, angiotensin II; PCNA, proliferating cell nuclear antigen.
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Figure 3. Effect of nucleolin overexpression and silencing on Ang II‑induced phenotypic transformation of VSMCs. (A) Top panel, effect of nucleolin 
overexpression on the expression of nucleolin in VSMCs; VSMCs were transfected with the control plasmid (pcDNA3.1) and the recombinant plasmid 
pcDNA3.1‑Nuc; total protein was extracted from the transfected cells and western blotting was performed (data are expressed as the mean ± standard error, 
n=5; *P<0.05 vs. control and pcDNA3.1 group). Bottom panel, effect of nucleolin overexpression on Ang II‑induced expression of nucleolin in VSMCs; VSMCs 
were transfected with pcDNA3.1 and pcDNA3.1‑Nuc, and then cells were treated with 10‑6 mmol/l Ang II for 48 h. (B) Effect of nucleolin overexpression on 
Ang II‑induced expressions of VSMC phenotypic transformation markers α‑SM‑actin, calponin, SM22a and OPN. VSMCs were transfected with pcDNA3.1 
and pcDNA3.1‑Nuc, and then cells were treated with 10‑6 mmol/l Ang II for 48 h. (C) Left panel, effect of silencing of nucleolin on expression of nucleolin 
in VSMCs. VSMCs were transfected with the control plasmid (PsiRNA) and nucleolin siRNA plasmid (PsiRNA‑Nuc); total protein was extracted from the 
transfected cells, and then western blotting was performed. Right panel, effect of silencing of nucleolin on Ang II‑induced expression of nucleolin in VSMCs. 
VSMCs were transfected with PsiRNA and PsiRNA‑Nuc, and then cells were treated with 10‑6 mmol/l Ang II for 48 h. (D) Effect of silencing of nucleolin on 
Ang II‑induced expressions of VSMC phenotypic transformation markers α‑SM‑actin, calponin, SM22a and OPN. VSMCs were transfected with PsiRNA and 
PsiRNA‑Nuc, and then cells were treated with 10‑6 mmol/l Ang II for 48 h (data are expressed as the mean ± standard error, n=5; *P<0.05 vs. normal control 
group; #P<0.05 vs. untransfected cell group and pcDNA3.1 or PsiRNA group). VSMCs, vascular smooth muscle cells; control, untransfected cell group; Ang II, 
angiotensin II treatment; pcDNA3.1, control plasmid group; pcDNA3.1‑Nuc, nucleolin overexpression plasmid; OPN, osteopontin; α‑SM‑actin, α‑smooth 
muscle‑actin; SM22a, smooth muscle protein 22α; PsiRNA, control plasmid group; PsiRNA‑Nuc, nucleolin RNA interference plasmid.
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of nucleolin was increased in the cytoplasm, while its expres-
sion was decreased in the nucleus following the treatment of 
VSMCs with 10‑6 mmol/l Ang II for 48 h (Fig. 2D). These 
findings suggested that Ang II induces nucleolin translocation 
from the nucleus to cytoplasm.

Effect of nucleolin overexpression and silencing on 
Ang  II‑induced phenotypic transformation of VSMCs. 
Results demonstrated that nucleolin was overexpressed 
in pcDNA3.1‑Nuc‑transfected cells compared with the 
control plasmid pcDNA3.1 and untransfected group cells. 
Furthermore, the expression of nucleolin at the protein level 
was significantly increased in the untransfected and control 
plasmid groups following 10‑6 mmol/l Ang II stimulation for 
48 h, while the nucleolin overexpression further increased the 
Ang II‑induced expression of nucleolin (Fig. 3A). Additionally, 
western blot analysis demonstrated that the expression of OPN 
was significantly increased in the untransfected and control 
plasmid groups by Ang II stimulation, while nucleolin over-
expression further increased the Ang II‑induced expression 
of OPN. By contrast, the protein expressions of α‑SM‑actin, 
calponin and SM22a were significantly decreased by Ang II 
stimulation of untransfected and control plasmid groups, 
while nucleolin overexpression further decreased the 
Ang  II‑induced expressions of α‑SM‑actin, calponin and 
SM22a (Fig. 3B).

The expression of nucleolin was significantly inhibited in 
PsiRNA‑Nuc‑transfected cells compared with control plasmid 
PsiRNA group and control group. Nucleolin at the protein 
level was significantly increased in the untransfected and 
control plasmid groups following Ang II stimulation, while 
the expression of nucleolin was significantly inhibited in 
PsiRNA‑Nuc‑transfected cells were treated with 10‑6 mmol/l 
Ang II for 48 h compared with the other Nag II treated groups 
(Fig. 3C). Additionally, the expression of OPN was signifi-
cantly increased in the untransfected and control plasmid 
groups after Ang II stimulation, while the expression of OPN 

was significantly inhibited in PsiRNA‑Nuc‑transfected cells 
treated with 10‑6 mmol/l Ang II for 48 h compared with the 
other Ang II‑treated groups. By contrast, the expressions of 
contractive phenotype markers α‑SM‑actin, calponin and 
SM22a were significantly decreased in the untransfected and 
control plasmid groups following Ang II stimulation, while 
such downregulation was reduced in PsiRNA‑Nuc‑transfected 
cells treated with 10‑6 mmol/l Ang II for 48 h by comparison 
(Fig. 3D).

Effects of nucleolin on Ang II‑induced expression of pheno‑
typic transformation‑associated genes and the binding of 
nucleolin protein with tropoelastin, epiregulin, and fibro‑
blast growth factor 2 (b‑FGF) mRNA in VSMCs. Previous 
studies have demonstrated that the RBD in nucleolin 
can bind to the corresponding binding elements in target 
mRNAs,  (T/G) CCC G  (A/G). Subsequently, the mRNA 
stability of the target gene is modulated by nucleolin, mediating 
post‑transcriptional regulation of certain genes. Therefore, 
mRNA sequences of phenotypic transformation‑associated 
genes in VSMCs were screened by bioinformatics analysis, 
and multiple phenotypic transformation‑associated genes 
containing nucleolin binding elements ‘(T/G) CCCG (A/G)’ 
were identified. Table II lists the mRNA sequences of 12 genes 
containing nucleolin binding elements, including epiregulin. 
The PsiRNA‑Nuc interference vector and control plasmid 
PsiRNA were transiently transfected into VSMCs, and then 
cells were treated with 10‑6 mmol/l Ang II for 48 h. The results 
demonstrated that the expression of phenotypic transforma-
tion‑associated genes, tropoelastin, epiregulin and b‑FGF, were 
significantly increased in the untransfected and control plasmid 
groups following Ang II stimulation, while their expressions 
were significantly inhibited in PsiRNA‑Nuc‑transfected cells 
compared with the other Ang II stimulation groups (Fig. 4A). 
However, nucleolin overexpression further increased the 
Ang II‑induced expressions of tropoelastin, epiregulin and 
b‑FGF (Fig. 4A).

Table II. Bioinformatics analysis identification of 12 phenotypic transformation‑associated genes (mRNA) containing nucleolin 
binding elements.

Gene	 Nucleolin‑binding element	 Site	 Number

Epiregulin	 GCCCGG	 3' UTR	 1
Tropoelastin	 (T/G)CCCG(A/G)	C oding region	 5
Thrombospondin	 GCCCGG	C oding region	 1
Epidermal growth factor	 TCCCGG/GCCCGG	 5' UTR and coding region	 2
Fibroblast growth factor 2	 TCCCGG/GCCCGG	 5' UTR	 2
Platelet derived growth factor‑BB	 GCCCGG	 5' UTR	 2
Matrix metallopeptidase 1	 GCCCGG	C oding region	 1
Insulin‑like growth factor 1	 TCCCGA	C oding region	 1
P38 mitogen activated protein kinase	 GCCCGA/GCCCGG	 5' UTR, coding region, 3' UTR	 3
Nuclear factor‑κB	 TCCCGA	C oding region	 1
Angiotensin II	 TCCCGG	C oding region	 1
Tumor necrosis factor‑α	 GCCCGA/TCCCGG	 5' UTR and 3' UTR	 2

UTR, untranslated region. 
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In order to identify the genes that interact with nucleolin 
during phenotypic transformation, protein‑RNA co‑immu-
noprecipitation and RT‑qPCR were used. The results 
demonstrated that only a small amount of tropoelastin mRNA 
was precipitated in normal cell lysate. However, the amount 
of tropoelastin mRNA precipitated when using a nucleolin 
antibody was increased compared with the control IgG group, 
suggesting that nucleolin binds to tropoelastin mRNA. The 
amount of tropoelastin mRNA in cell lysates was increased 
by Ang II stimulation. However, the amount of tropoelastin 
mRNA precipitated by nucleolin antibody was also increased 
compared with the control IgG group, suggesting that the 
binding of nucleolin and tropoelastin mRNA was increased by 
Ang II stimulation. However, binding between nucleolin and 
epiregulin or b‑FGF through was not observed by immunopre-
cipitation. In addition, β‑actin was used as a control, and the 
findings revealed that the binding of nucleolin and tropoelastin 
mRNA was specific. Western blot analysis was used to detect 

the content of nucleolin in the cell extracts and the sediments, 
which confirmed the effectiveness of the nucleolin antibody 
pull down of nucleolin (Fig. 4B).

Effect of nucleolin on tropoelastin mRNA stability and tropo‑
elastin protein expression in VSMCs. Following transfection 
with pcDNA3.1 and pcDNA3.1‑Nuc for 48 h, cells were treated 
with actinomycin D (5 µg/ml), and the decay of tropoelastin 
mRNA was assayed. Compared with the control group, over-
expression of nucleolin slowed the degradation of tropoelastin 
mRNA, indicating increased tropoelastin mRNA stability, 
However, the control plasmid had no significant effect on the 
tropoelastin mRNA stability (Fig. 5A). The effect of Ang II 
on the stability of tropoelastin mRNA was also analyzed. 
Compared with the control group, Ang II slowed the degrada-
tion of tropoelastin mRNA, indicating increased tropoelastin 
mRNA stability (Fig. 5B). VSMCs were transfected with nucle-
olin siRNA for 24 h before Ang II treatment, and the effect of 

Figure 4. Effects of nucleolin on Ang II‑induced expressions of phenotypic transformation‑associated genes and the binding of nucleolin protein with 
tropoelastin, epiregulin and b‑FGF mRNA in VSMCs. (A) Left, effects of silencing of nucleolin on Ang II‑induced expressions of phenotypic transformation‑​
related genes tropoelastin, epiregulin and b‑FGF in VSMCs. VSMCs were transfected with PsiRNA and PsiRNA‑Nuc, the total RNA was extracted from 
the transfected cells after 48 h, and then RT‑qPCR was performed. Right, effect of nucleolin overexpression on Ang Ⅱ‑induced expressions of phenotypic 
transformation‑associated genes tropoelastin, epiregulin and b‑FGF in VSMCs. VSMCs were transfected with pcDNA3.1 and pcDNA3.1‑Nuc, the total 
RNA was extracted from the transfected cells after 48 h, and then the RT‑qPCR was performed. Data are expressed as the mean ± standard error, n=5; 
*P<0.05 vs. normal control group; #P<0.05 vs. untransfected cell group and pcDNA3.1 or PsiRNA group). (B) Normal VSMCs and Ang II‑treated VSMCs 
were collected to prepare the cell extracts, cell extracts were divided into three equal groups: Input group, negative control IgG group and nucleolin anti-
body group. Immunoprecipitation was performed out using rabbit anti‑nucleolin monoclonal antibody, and total mRNA was extracted from the sediment. 
Representative of three separate experiments. VSMCs, vascular smooth muscle cells; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; 
Ang II, angiotensin II treatment; pcDNA3.1, control plasmid group; pcDNA3.1‑Nuc, nucleolin overexpression plasmid; PsiRNA, control plasmid group; 
PsiRNA‑Nuc, nucleolin RNA interference plasmid; Input, positive control; IgG, immunoglobulin G negative control; Nuc‑Ab, nucleolin antibody; Ctrl, control 
cells; IP, immunoprecipitation; b‑FGF, fibroblast growth factor 2.
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Ang II on tropoelastin mRNA stability was relieved. However, 
the control plasmid had no significant effect on the tropoelastin 
mRNA stability (Fig. 5C). The effect of nucleolin overexpres-
sion and silencing of nucleolin on the protein expression of 
tropoelastin was also assessed. The results demonstrated that 
the expression of tropoelastin was significantly increased in 
the untransfected and control plasmid groups following Ang II 

stimulation, while nucleolin overexpression further increased 
the Ang II‑induced expression of tropoelastin (Fig. 5D). The 
expression of tropoelastin was significantly increased in the 
untransfected and control plasmid groups following Ang II 
stimulation, while the expression of tropoelastin was signifi-
cantly inhibited in PsiRNA‑Nuc‑transfected cells treated with 
10‑6 mmol/l Ang II for 48 h (Fig. 5E).

Figure 5. Effect of nucleolin on tropoelastin mRNA stability and tropoelastin protein expression in VSMCs. (A) Effect of nucleolin overexpression on tropo-
elastin mRNA stability in VSMCs. VSMCs were transfected with pcDNA3.1 and pcDNA3.1‑Nuc for 48 h, and then incubated with actinomycin D (5 µg/ml) 
for various periods of time (0, 0.5, 1, 2 and 3 h). The mRNA levels of tropoelastin were determined by RT‑qPCR. *P<0.05 vs. Vect group, #P<0.01 vs. Vect 
group, n=5. (B) Effect of Ang II on tropoelastin mRNA stability in VSMCs. VSMCs were treated with 10‑6 mM Ang II for 48 h. The cells were then incubated 
with actinomycin D (5 µg/ml) for various periods of time (0, 0.5, 1, 2 and 3 h). The mRNA levels of tropoelastin were determined by RT‑qPCR. *P<0.05 
vs. Ctrl group, n=5. (C) Effect of low expression of nucleolin on tropoelastin mRNA stability in VSMCs. VSMCs were transfected with nucleolin siRNA 
plasmid for 24 h, cells were treated with 10‑6 mmol/l Ang II for 48 h, and then incubated with actinomycin D (5 µg/ml) for various periods of time (0, 0.5, 
1, 2 and 3 h). The mRNA levels of tropoelastin were determined by RT‑qPCR. *P<0.05 vs. PsiRNA group, n=5. Effect of nucleolin (D) overexpression and 
(E) low expression on Ang II‑induced expressions of tropoelastin. VSMCs were transfected with pcDNA3.1, pcDNA3.1‑Nuc, PsiRNA and PsiRNA‑Nuc, and 
then cells were treated with 10‑6 mmol/l Ang II for 48 h. Data are expressed as the mean ± standard error, n=5; *P<0.05 vs. normal control group, #P<0.05 vs. 
untransfected cell group and pcDNA3.1 group. VSMCs, vascular smooth muscle cells; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; 
Ctrl, control; Vect, transfected with pcDNA3.1 plasmid; Nuc, transfected with pcDNA3.1‑Nuc plasmid; Ang II, angiotensin II; PsiRNA, control plasmid group; 
psiRNA‑Nuc, nucleolin RNA interference plasmid.
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Discussion

Phenotypic transformation of VSMCs has a pivotal role in the 
pathogenesis of cardiovascular diseases, including hyperten-
sion, coronary artery disease and angiographic restenosis. 
Great efforts have been made to inhibit the phenotypic 
transformation of VSMCs, providing an important experi-
mental and theoretical basis for the prevention and treatment 
of cardiovascular diseases. Measures to potentially prevent 
and treat cardiovascular diseases that have been investigated 
include the following: Gene transfection, RNA interference, 
blockade of transcription factors at the nuclear transcription 
level, certain drugs inhibiting the phenotypic transformation of 
VSMCs, and replacement, repair or enhancement of vascular 
endothelial function in damaged tissues or organs by stem 
cell transplantation (3,21‑24). Although great progress has 
been made to uncover the underlying mechanism of VSMC 
phenotypic transformation, the specific mechanisms has not 
been fully elucidated. Therefore, understanding the molecular 
mechanisms regulating VSMC phenotypic transformation has 
become a key measure to control the abnormal proliferation 
of VSMCs, and such efforts may also provide a novel theo-
retical approach for angioplasty of atherosclerotic disease, 
hypertension and angiographic restenosis.

Generally, it is believed that endogenous active substances 
in the body have a spontaneous regulatory role in the prolif-
eration or phenotypic transformation of VSMCs. Therefore, to 
clarify the mechanism, a key step is to identify novel endog-
enous regulatory proteins mediating the phenotype of VSMCs. 
Although a variety of cytokines, growth factors and vasoac-
tive substances are involved in phenotypic transformation of 
VSMCs (25‑27), it remains unclear what type of factors have a 
key role in VSMC phenotypic transformation. Nucleolin (also 
known as C23) is the most abundant of 271 nucleolar proteins, 
accounting for ~10% of the total nucleolar protein content. It 
has a fundamental role in the nucleolus of eukaryotic cells. 
Nucleolin is involved in the ribosome biosynthesis and matu-
ration, cell proliferation, growth, embryogenesis, cytokinesis, 
chromatin replication and nucleolus function (28,29). A large 
number of studies have demonstrated that nucleolin is highly 
expressed in proliferating tissues and cells, including stem 
cells and tumor cells, and it promotes the regeneration of stem 
cells and the growth of tumor cells (12,30,31). The expres-
sion level of nucleolin is positively correlated with the rate of 
cell division, and remains at a fairly high level in tumor cells 
and other rapidly dividing cells (32). These results suggest 
that nucleolin may regulate the phenotypic transformation 
of VSMCs under pathological conditions, while it remains 
largely unexplored whether and how nucleolin regulates the 
phenotypic transformation of VSMCs.

In order to clarify the role of nucleolin in the phenotypic 
transformation of VSMCs, Ang  II was used to induce the 
phenotypic transformation of VSMCs. The results of the 
current study demonstrated that the expressions of α‑SM‑actin, 
SM22a and calponin at the mRNA and protein levels were 
gradually decreased by Ang II stimulation, while the expres-
sion of OPN mRNA and protein was gradually increased by 
Ang II stimulation. These results suggested that Ang II signifi-
cantly promoted the phenotypic transformation of VSMCs. 
An increasing number of studies have reported that a variety 

of factors can alter the expression of nucleolin (6‑8,11,14). 
However, it is unknown whether the nucleolin expression is 
changed in cell models of VSMC phenotypic transforma-
tion induced by Ang II. RT‑qPCR and western blot analysis 
demonstrated that the expression of nucleolin mRNA and 
protein was increased by treatment Ang II at different concen-
trations for 48 h, and the most evident effect was observed 
when VSMCs were treated with 10‑6 mmol/l Ang II for 48 h. 
Furthermore, VSMCs were treated with 10‑6 mmol/l Ang II for 
different durations, and the most evident effect was observed 
at 48 h. Dose‑ and time‑response experiments demonstrated 
that the proliferation of VSMCs was increased by Ang  II 
in a dose‑and time‑dependent manner. This indicates that 
Ang  II has no obvious cytotoxic effects on VSMC within 
72 h or at 10‑5 mmol/l. Therefore, in order to avoid the toxic 
side effects of continuous drug stimulation on cells, we used 
time points of 12, 24, 48 and 72 h to observe the expression 
of nucleolin after Ang II stimulation. Based on the expression 
pattern of nucleolin, it was hypothesized that upregulation 
of nucleolin may have a role in Ang II‑induced phenotypic 
transformation of VSMCs. However, the mechanism under-
lying the Ang II‑induced upregulation of nucleolin remained 
unclear. It has been previously reported that the activation of 
the mitogen‑activated protein kinase (MAPK) pathway can 
also upregulate the expression of nucleolin (33). Furthermore, 
Ang II‑induced proliferation and phenotypic transformation of 
VSMCs have been associated with activation of extracellular 
signal‑regulated kinase 1/2, and activation of c‑Jun N‑terminal 
kinase, P38 MAPK and nuclear factor‑кB (NF‑кB) (34,35). 
Therefore, Ang II may upregulate the expression of nucleolin 
by activating signaling pathways, such as MAPK and NF‑кB. 
However, this hypothesis should be further validated.

It was also observed that in normal untreated and untrans-
fected cells, the majority of the nucleolin was localized in 
the nucleus of VSMCs, and Ang II induced the translocation 
of nucleolin from the nucleus to cytoplasm. These results 
suggested that nucleolin had a role in the phenotypic trans-
formation of VSMCs induced by Ang II, and such role may 
depend on its cytoplasmic localization. Studies have reported 
that the translocation of nucleolin to the cytoplasm depends 
on the phosphorylation of an amino‑terminal threonine 
induced by cdc2 kinase, whereas dephosphorylation promotes 
its translocation to the nucleus (36). Therefore, Ang II may 
have a role in regulating VSMC phenotypic transformation 
by activating certain kinases, leading to the translocation of 
nucleolin. To investigate the role of nucleolin in the phenotypic 
transformation of VSMCs, rat VSMCs were transfected with 
the recombinant plasmid pcDNA3.1‑Nuc and control plasmid 
pcDNA3.1. Results showed that overexpression of nucleolin 
promoted the VSMC phenotypic transformation induced 
by Ang II. Similarly, we further examined the effect of low 
expression of nucleolin on Ang II‑induced phenotypic trans-
formation of VSMCs, and revealed that downregulation of 
nucleolin suppressed the promotion of phenotypic transforma-
tion. These findings, for the first time, demonstrated that the 
upregulation of nucleolin played a key role in the phenotypic 
transformation of VSMCs induced by Ang II. However, the 
mechanism of action of nucleolin remains unclear.

It has been reported that the CS‑RBD, which binds the 
consensus sequence (T/G) CCCG (A/G), is structurally crucial 
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for the role of RNA‑binding proteins in primary transcript 
splicing and maturational regulation of ribosomal RNA (10‑15). 
In addition, a large number of studies have reported that this 
structural domain also mediates the post‑transcriptional 
regulation of certain genes by nucleolin (10,11,13,14,29,37,38). 
For example, the binding of nucleolin to the 5' UTR of inter-
leukin (IL)‑2 and growth arrest and DNA‑damage‑inducible 
α mRNA coding region modulates the protein expressions 
of target genes by regulating the stability of these target 
mRNAs (37,38). The RBD of nucleolin can bind to the 5' and 
3' UTRs of mRNAs of Bcl‑2, protein kinase B, p53 and other 
apoptosis‑associated genes, with a crucial role in promoting 
cell proliferation and anti‑apoptotic effect (10,11,13). Nucleolin 
regulates the nuclear and nucleolar localization of telomerase 
by binding to the telomerase RNA component human telom-
erase reverse transcriptase through four RBDs, thus mediating 
cell growth and proliferation (14). Previous studies have also 
demonstrated that nucleolin enhances the stability of ATP 
binding cassette subfamily A member 1 mRNA, subsequently 
increasing cholesterol efflux and inhibiting the formation of 
foam cells (29). These studies have suggested that the RNA 
binding is the key step for nucleolin to regulate various 
biological functions, such as cell growth and proliferation.

The current study demonstrated that nucleolin may have 
a positive modulating effect on the phenotypic transforma-
tion of VSMCs, and its underlying mechanism may be 
through regulating the expressions of certain phenotypic 
transformation‑associated genes in VSMCs. However, it 
remained largely unexplored how nucleolin regulated the 
expressions of these genes. Furthermore, it also remained 
unclear whether nucleolin, as an RNA binding protein, regulated 
its stability and expression through interacting with mRNAs 
associated with phenotypic transformation, and thus, a role in 
the phenotypic transformation of VSMCs‑induced by Ang II. 
The mRNA sequences of phenotypic transformation‑associated 
genes in VSMCs were analyzed in bioinformatics analysis. 
Multiple phenotypic transformation‑associated genes 
containing the nucleolin binding element were identified. 
Additionally, in order to investigate whether nucleolin can 
upregulate expression by binding to mRNAs containing the 
nucleolin binding element, such as tropoelastin, epiregulin and 
b‑FGF, the effects of overexpression and silencing of nucleolin 
on the expressions of phenotypic transformation‑associated 
genes were investigated. The findings revealed that overex-
pression of nucleolin promoted the expressions of tropoelastin, 
epiregulin and b‑FGF, while silencing of nucleolin significantly 
downregulated the expressions of these genes. These findings 
suggested that the expressions of tropoelastin, epiregulin and 
b‑FGF were regulated by nucleolin. Protein‑RNA co‑precip-
itation indicated that there was an interaction between 
tropoelastin mRNA and nucleolin protein, promoting the 
stability of tropoelastin mRNA and enhancing the expression 
of tropoelastin at the protein level. mRNA stability is mainly 
regulated by cis‑acting elements and the trans‑acting factors. 
Cis‑acting elements are part of the structure of the mRNA 
itself, including sequences in the 3' UTR, 5' UTR and coding 
region. Trans‑acting factors are proteins that bind to cis‑acting 
elements. Whether RNA binding protein nucleolin can bind to 
the 3' UTR, 5' UTR or coding region of tropoelastin mRNA 
to regulate mRNA stability requires further investigation. 

Therefore, it is necessary to demonstrate the interaction 
between nucleolin and tropoelastin or other genes and its 
specific mechanisms from multiple perspectives. For example, 
luciferase reporter gene, RNA‑electrophoretic mobility shift 
assay and other techniques can be used to further examine 
the presence of mutual binding and stability of target mRNAs 
following binding.

It is established that the phenotypic transformation of 
VSMCs is affected and regulated by a variety of growth factors 
(epidermal growth factor, b‑FGF, vascular endothelial growth 
factor, platelet‑derived growth factor, nerve growth factor), 
cytokines (transforming growth factor, IL‑1, IL‑6, tumor 
necrosis factor‑α), vasoactive substances (Ang II, nitric oxide, 
prostacyclin) and extracellular matrix proteins (39‑41). When 
VSMCs undergo phenotypic transformation, the expressions 
of synthetic markers, including OPN, epiregulin, tropoelastin 
and thrombospondin, are upregulated in VSMCs (42). In the 
present study, it was preliminarily confirmed that nucleolin 
has an important role in the phenotypic transformation of 
VSMCs induced by Ang II, and nucleolin in combination with 
tropoelastin mRNA exerted a positive effect on phenotypic 
transformation. However, the association between nucleolin 
and other phenotypic transformation‑associated genes 
remain unclear. In addition, nucleolin is a multifunctional 
protein. Besides binding to RNA, nucleolin can also bind to 
DNA (similar to transcription factors) to regulate the gene 
transcription by interacting with the gene promoter region. 
Further studies are required explore whether nucleolin can 
interact with the promoters of tropoelastin or other associated 
genes and regulate the phenotypic transformation of VSMCs 
at the transcriptional level. The phenotypic transformation of 
VSMCs is extremely complex, and the current study provided 
a new perspective for the investigation of the regulatory 
mechanism of VSMC phenotypic transformation. Nucleolin 
may mediate the post‑transcriptional regulation of VSMC 
phenotypic transformation‑associated mRNAs, affect the 
stability and protein expression of associated genes, and have 
a role in promoting phenotypic transformation. Therefore, 
nucleolin could be used as a target for the treatment of 
hypertension, atherosclerosis and angiographic restenosis. 
However, various contradictions require in depth investiga-
tion, such as if the expression of nucleolin is inhibited in 
VSMCs, phenotypic transformation may be inhibited, but the 
physiological regulation of nucleolin will be lost in normal 
VSMCs. Furthermore, it may have abnormal effects on the 
physiological function of cells. Therefore, how to control the 
balance between the inhibition of VSMC phenotypic trans-
formation and the possible side effects of targeting nucleolin 
needs to be further investigated.
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