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Abstract. Thoracic aortic aneurysms (TAAs) are a major cause 
of death owing to weaker blood vessel walls and higher rupture 
rates in affected individuals. Vascular smooth muscle cells 
(VSMCs) are the predominant cell type within the aortic wall 
and their dysregulation may contribute to TAA progression. 
Enhancer of zeste homolog 2 (EZH2), a histone methyltrans‑
ferase, is involved in several pathological processes; however, 
the biological functions and mechanisms underlying VSMC 
phenotype transition and vascular intimal hyperplasia remain 
unclear. The present study aimed to determine the involvement 
of EZH2 in mediating VSMC function in the development of 
TAAs. The expression of EZH2 was revealed to be elevated in 
patients with thoracic aortic dissection and TAA mouse model 
through western blotting and reverse transcription‑quanti‑
tative PCR experiments. Subsequently, a mouse model was 
established using β‑aminopropionitrile. In vitro, EdU labeling, 
Transwell assay, wound healing assay and hematoxylin‑eosin 
staining revealed that knocking down the Ezh2 gene could 
reduce the proliferation, invasion, migration, and calcifica‑
tion of mouse primary aortic smooth muscle cells. Flow 
cytometry analysis found that EZH2 deficiency increased cell 
apoptosis. Depletion of Ezh2 in mouse primary aortic VSMCs 
promoted the transformation of VSMCs from a synthetic to 

a contractile phenotype. Using RNA‑sequencing analysis, 
it was demonstrated that Ezh2 regulated a group of genes, 
including integrin β3 (Itgb3), which are critically involved in 
the extracellular matrix signaling pathway. qChIP found Ezh2 
occupies the Itgb3 promoter, thereby suppressing the expres‑
sion of Itgb3. Ezh2 promotes the invasion and calcification 
of VSMCs, and this promoting effect is partially reversed 
by co‑knocking down Itgb3. In conclusion, the present study 
identified a previously unrecognized EZH2‑ITGB3 regulatory 
axis and thus provides novel mechanistic insights into the 
pathophysiological function of EZH2. EZH2 may thus serve 
as a potential target for the management of TAAs.

Introduction

A thoracic aortic aneurysm (TAA) is a severe condition 
characterized by localized dilation of the thoracic aorta that 
expands >50% of its normal diameter, with an increased 
risk of rupture. TAAs can eventually lead to thoracic aortic 
dissection (TAD), a life‑threatening condition. It is estimated 
that 6‑8 per 100,000 individuals are affected by the disease 
annually, and its incidence continues to rise worldwide (1,2). 
Globally, TAA is the most common cause of death and the 
second most prevalent aortic disease after atherosclerosis (3). 
Hypertension, atherosclerosis, diabetes mellitus, smoking and 
hypercholesterolemia are considered risk factors for TAA (4). 
Given this background, the lack of effective treatment options 
to prevent, treat or manage TAA is a major concern. The 
current treatment strategy for TAA primarily involves surgical 
interventions (5). In recent years, advances in high‑throughput 
OMICS technologies, including genomics, transcriptomics, 
proteomics and metabolomics, have provided novel insights 
into the molecular mechanisms underlying the development 
and progression of TAA  (2). The discovery and develop‑
ment of novel and effective therapeutic interventions for the 
prevention and treatment of TAA are of significant importance 
to public health.

The aortic wall is comprised of an organized architec‑
ture of different concentric layers consisting of cells and the 
extracellular matrix (ECM). The ECM consists of a diverse 
array of proteins, glycoproteins and proteoglycans, forming a 
dynamic microenvironment that provides structural support, 
mechanical strength and biochemical cues to cells  (6). 
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Notably, the ECM also functions as a signaling platform that 
regulates cellular behavior, including proliferation, migration, 
differentiation and apoptosis (7). Dynamic ECM remodeling 
plays a crucial role in cardiovascular disease, including 
remodeling of cardiac hypertrophy, atherosclerosis and plaque 
formation (8). Understanding the intricate interactions within 
the ECM signaling pathway could potentially provide novel 
strategies for treating and managing cardiovascular diseases. 
Vascular smooth muscle cells (VSMCs) are the primary cells 
that compose the vascular wall tissue, and maintain vascular 
tension and mechanotransduction (3). Although the patho‑
genetic mechanisms of TAA remain to be fully elucidated, 
the development of this vascular disease is characterized by 
disruption of the ECM and VSMC phenotypic switching (9). In 
healthy blood vessels, most VSMCs are quiescent, contractile 
and proliferate slowly; however, following certain injuries, 
VSMCs change their phenotype in the presence of several 
injurious stimuli, switching from a contractile to a synthetic, 
migrating and proliferating phenotype (3), in a process termed 
VSMC phenotypic switching. Numerous studies have identi‑
fied a strong relationship between VSMC phenotypic switching 
and atherosclerosis (10‑12). The ECM contributes to providing 
resilience and tensile strength to tissues through elastic and 
collagen fibers (13). Moreover, the ECM contributes to the 
structural integrity of the vessel wall, which primarily consists 
of elastin, collagen, glycoproteins and proteoglycans (6). The 
ECM provides tensile strength and elasticity to vessel walls 
and regulates several processes, including proliferation, 
migration, differentiation and adhesion of VSMCs (3,6). An 
imbalance between anabolic (ECM synthesis) and catabolic 
(ECM degradation) phases in the composition of the ECM can 
result in the development of aortic aneurysms (14).

Epigenetic regulation also participates in VSMC pheno‑
typic switching and disruption of the ECM (2). Epigenetic 
modification refers to a genetic change that involves gene 
function or gene expression but is unrelated to the DNA 
sequence (15). Numerous recent studies have shown several 
epigenetic signs of TAA that are correlated with chromatin 
alterations, including local DNA hypermethylation, altered 
histone methylation/demethylation (16) and histone acetyla‑
tion/deacetylation balance (17). Enhancer of zeste homolog 2 
(EZH2) is a histone methyltransferase that di‑ and tri‑meth‑
ylates H3 at lys27 (H3K27me2 and H3K27me3) to suppress 
gene transcription (6,18). One study has shown that EZH2 
plays a key role in the physiology, pathology and development 
of the cardiovascular system (18). It maintains the integrity 
of the developing vasculature by inhibiting the expression of 
Creb3l1, Fosl1, Klf5 and Mmp9. Wang et al (19) demonstrated 
that EZH2 expression increases the migration of pulmonary 
arterial smooth muscle cells (SMCs) and participates in the 
pathogenesis of pulmonary arterial hypertension. EZH2 
enhances apoptosis in SMCs and the formation of abdominal 
aortic aneurysms  (20). However, the biological effects of 
EZH2, as well as the association between EZH2 and TAA, 
remain unclear.

The present study explored the role of EZH2 in the occur‑
rence of TAA and its impact on the phenotypic transformation 
of VSMCs. Using RNA sequencing and qChIP, the current 
study sought to identify the signaling pathways directly 
regulated by Ezh2 and key target genes, further investigating 

the effect of the Ezh2‑target gene axis on smooth muscle cell 
invasion and calcification. This study provides a valuable 
foundation for further research into the molecular mechanisms 
of TAA, highlighting the potential for targeted EZH2 therapy 
for TAA.

Materials and methods

Antibodies and reagents. The following antibodies were 
used at the stated dilutions in the present study: Anti‑EZH2 
(1:1,000; cat.  no.  5246; Cell Signaling Technology, Inc.), 
anti‑ITGB3 (1:1,000; cat. no. 18309‑1‑AP; ProteinTech Group, 
Inc.), anti‑β‑actin (1:50,000; cat. no. 3700S; Cell Signaling 
Technology, Inc.), anti‑GAPDH (1:100,000; cat.  no.  5174; 
Cell Signaling Technology, Inc.), anti‑MMP2 (1:1,000; 
cat. no. 10373‑2‑AP; ProteinTech Group, Inc.), anti‑MMP9 
(1:1,000; cat.  no.  13667S; Cell Signaling Technology, 
Inc.), anti‑transgelin (TAGLN; 1:1,000; cat.  no.  ab14106; 
Abcam), anti‑α‑smooth muscle actin (α‑SMA; 1:1,000; 
cat.  no.  19245T; Cell Signaling Technology, Inc.), 
anti‑cleaved caspase 3 (1:1,000; cat. no. 9664; Cell Signaling 
Technology, Inc.), anti‑caspase 8 (1:1,000; cat. no. ab25901; 
Abcam), anti‑Fas (1:1,000; cat.  no.  4233; Cell Signaling 
Technology, Inc.) and anti‑Bax (1:10,000; cat. no. 50599‑2‑Ig; 
ProteinTech Group, Inc.).

Cell culture and transfection. The aortic VSMCs used in 
the present study were derived from 4‑week‑old C57BL/6J 
wild‑type littermate control mice who are the same as those 
in the ‘Mouse model’ using an explant technique (21). The 
method of mice sacrifice was the same method used in the 
‘Mouse model’ subsection. After the mice were anesthetized 
by intraperitoneal injection of 400 mg/kg 10% chloral hydrate 
without peritonitis to minimize pain and discomfort, they 
were euthanized by cervical dislocation. The aorta was first 
separated from the arch, and the surrounding adipose tissue 
was stripped as much as possible. The media of the aorta were 
then dissected under a microscope and cut into 1‑2 mm sections 
in PBS. Subsequently, VSMCs would move out of the finely 
divided media of the aorta tissue in DMEM (cat. no. A5669401; 
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% 
FBS (cat. no. 11965118; Gibco; Thermo Fisher Scientific, Inc.) 
and 1% penicillin/streptomycin (cat.  no.  1514022; Gibco; 
Thermo Fisher Scientific, Inc.). All cells were maintained in a 
humidified incubator with 5% CO2 at 37˚C. Transfections were 
performed using Lipofectamine® RNAiMAX (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. Subsequently, 7‑10x104 VSMCs were transfected with 
100 nM small interfering (si)RNA, and the cells were collected 
immediately after transfection at 37˚C for 48 h to extract RNA 
and protein.. Each experiment was performed at least three 
times as biological triplicates. For RNA interference experi‑
ments, three independent siRNA sequences were tested for 
each gene. The sequences of the siRNAs used were: siEzh2‑1, 
forward 5'‑CAG​CUC​AAG​AGG​UUC​AGA​ATT‑3' and reverse 
5'‑UUC​UGA​ACC​UCU​UGA​GCU​GTT‑3'; siEzh2‑2, forward 
5'‑GCA​CAA​GUC​AUC​CCG​UUA​ATT‑3' and reverse 5'‑UUA​
ACG​GGA​UGA​CUU​GUG​CTT‑3'; siEzh2‑3, forward 5'‑CAA​
CAC​CCA​ACA​CAU​AUA​ATT‑3' and reverse 5'‑UUA​UAU​
GUG​UUG​GGU​GUU​GTT‑3'; siItgb3‑1, forward 5'‑GCC​CAU​
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GUU​UGG​CUA​CAA​ATT‑3' and reverse 5'‑UUU​GUA​GCC​
AAA​CAU​GGG​CTT‑3'; siItgb3‑2, forward 5'‑GCA​GGC​UAC​
AGU​AUG​UGA​UTT‑3' and reverse 5'‑AUC​ACA​UAC​UGU​
AGC​CUG​CTT‑3'; siItgb3‑3, forward 5'‑GCC​GUG​AAU​UGU​
ACC​UAC​ATT‑3' and reverse 5'‑UGU​AGG​UAC​AAU​UCA​
CGG​CTT‑3'; and negative control (non‑targeting) siRNA, 
forward 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3' and reverse 
5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'. All siRNAs were 
obtained from MilliporeSigma. Three independent siRNA 
sequences for Ezh2 and Itgb3 were effective. In the western 
blotting experiment, three siRNAs were all selected, and in 
the phenotypic transformation experiment the most efficient 
siRNA (siEzh2‑1 and siItgb3‑1) were selected.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the patient and mouse samples or 
VSMCs using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
Potential DNA contamination was removed by treating the 
RNA extraction products with RNase‑free DNase (Promega 
Corporation). cDNA, used as the qPCR template, was gener‑
ated from mRNA using MMLV Reverse Transcriptase 
according to the manufacturer's protocol (Roche Diagnostics 
GmbH). To amplify the cDNA, 1  µl forward and reverse 
primers (5 µM each) were mixed with 5.5 µl RNase‑free water, 
7.5 µl 2X SYBR Green Mix buffer (Toyobo Life Science) and 
1 µl cDNA. The qPCR thermocycling conditions were: Initial 
denaturation at 95˚C for 10 min, followed by 40 cycles at 95˚C 
for 15 sec and 60˚C for 1 min. The relative quantification of all 
transcripts was detected using the RT‑qPCR PRISM ABI 7500 
rapid sequence detection system (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The fold changes were calculated using 
the 2‑ΔΔCq method (22). Mouse and human Gapdh were used 
as an internal control. Determinations were independently 
performed at least three times. The following primer pairs (all 
from Sangon Biotech, Co., Ltd.) were used for qPCR: Gapdh, 
forward 5'‑AGG​TCG​GTG​TGA​ACG​GAT​TTG‑3' and reverse, 
5'‑GGG​GTC​GTT​GAT​GGC​AAC​A‑3'; Ezh2, forward 5'‑AGC​
ACA​AGT​CAT​CCC​GTT​AAA​G‑3' and reverse 5'‑AAT​TCT​
GTT​GTA​AGG​GCG​ACC‑3'; Ccnd2, forward 5'‑GAG​TGG​
GAA​CTG​GTA​GTG​TTG‑3' and reverse 5'‑CGC​ACA​GAG​
CGA​TGA​AGG​T‑3'; Agtr1a, forward 5'‑TTG​TCC​ACC​CGA​
TGA​AGT​CTC‑3' and reverse 5'‑AAA​AGC​GCA​AAC​AGT​
GAT​ATT​GG‑3'; Cldn1, forward 5'‑TGC​CCC​AGT​GGA​AGA​
TTT​ACT‑3' and reverse 5'‑CTT​TGC​GAA​ACG​CAG​GAC​
AT‑3'; Sele, forward 5'‑ATG​AAG​CCA​GTG​CAT​ACT​GTC‑3' 
and reverse 5'‑CGG​TGA​ATG​TTT​CAG​ATT​GGA​GT‑3'; Itga8, 
forward 5'‑TGT​CTG​GCG​TTC​AAC​TTG​GAT‑3' and reverse 
5'‑TCC​AGT​GAG​TAG​CCG​AAG​TAG‑3'; Igf1, forward 5'‑CAC​
ATC​ATG​TCG​TCT​TCA​CAC​C‑3' and reverse 5'‑GGA​AGC​
AAC​ACT​CAT​CCA​CAA​TG‑3'; End2, forward 5'‑GCT​GGA​
TCT​AAC​CCA​AGG​ACA‑3' and reverse 5'‑GAC​AGC​GGT​
TGC​AGG​TAC​TC‑3'; Itgb3, forward 5'‑GGC​GTT​GTT​GTT​
GGA​GAG​TC‑3' and reverse 5'‑CTT​CAG​GTT​ACA​TCG​GGG​
TGA‑3'; Efnb2, forward, 5'‑TTG​CCC​CAA​AGT​GGA​CTC​
TAA‑3' and reverse 5'‑GCA​GCG​GGG​TAT​TCT​CCT​TC‑3'; 
Tnnt2, forward 5'‑CAG​AGG​AGG​CCA​ACG​TAG​AAG‑3' and 
reverse 5'‑CTC​CAT​CGG​GGA​TCT​TGG​GT‑3'; Vcan, forward 
5'‑TGG​CCC​AGA​ACG​GAA​ATA​TCA‑3' and reverse 5'‑ACT​
AGC​CCG​GAG​TTT​GAC​CAT‑3'; Itga2, forward 5'‑TGT​CTG​

GCG​TAT​AAT​GTT​GGC‑3' and reverse 5'‑TGC​TGT​ACT​
GAA​TAC​CCA​AAC​TG‑3'; Ednrb, forward 5'‑AAG​CCA​CGC​
TGT​CAC​TTC​TC‑3' and reverse 5'‑GAG​GAA​CGC​ATC​AGA​
CTG​GA‑3'; Fasl, forward 5'‑CAG​CCC​ATG​AAT​TAC​CCA​
TGT‑3' and reverse 5'‑ATT​TGT​GTT​GTG​GTC​CTT​CTT​CT‑3'; 
Mmp2, forward 5'‑ACC​TGA​ACA​CTT​TCT​ATG​GCT​G‑3' and 
reverse 5'‑CTT​CCG​CAT​GGT​CTC​GAT​G‑3'; Mmp9, forward 
5'‑GCA​GAG​GCA​TAC​TTG​TAC​CG‑3' and reverse 5'‑TGA​
TGT​TAT​GAT​GGT​CCC​ACT​TG‑3'; Acta2, forward 5'‑CCC​
AGA​CAT​CAG​GGA​GTA​ATG​G‑3' and reverse 5'‑TCT​ATC​
GGA​TAC​TTC​AGC​GTC​A‑3'; Tagln, forward 5'‑CCA​ACA​
AGG​GTC​CAT​CCT​ACG‑3' and reverse 5'‑ATC​TGG​GCG​
GCC​TAC​ATC​A‑3'; Itgb7, forward 5'‑ACC​TGA​GCT​ACT​CAA​
TGA​AGG​A‑3' and reverse 5'‑CAC​CGT​TTT​GTC​CAC​GAA​
GG‑3'; Itgb8, forward 5'‑TGC​ATG​TTG​TAA​CGT​CAA​GTG​
A‑3' and reverse 5'‑GAT​GCT​GAC​ACA​TCA​ACC​AGA​TA‑3'; 
Cd44, forward 5'‑TCG​ATT​TGA​ATG​TAA​CCT​GCC​G‑3' 
and reverse 5'‑CAG​TCC​GGG​AGA​TAC​TGT​AGC‑3'; Thbs2, 
forward 5'‑CTG​GGC​ATA​GGG​CCA​AGA​G‑3' and reverse 
5'‑GTCTTCCGGTTAATGTTGCTGAT‑3'; Itga6, forward 
5'‑TGC​AGA​GGG​CGA​ACA​GAA​C‑3' and reverse 5'‑CGT​
GCT​GCC​GTT​TCT​CAT​ATC‑3'; Itgb6, forward 5'‑ATG​GGG​
ATT​GAG​CTG​GTC​TG‑3' and reverse 5'‑GAC​AGG​TGG​GTG​
AAA​TTC​TCC‑3'; Vwf, forward 5'‑CTC​TTT​GGG​GAC​GAC​
TTC​ATC‑3' and reverse 5'‑TCC​CGA​GAA​TGG​AGA​AGG​
AAC‑3'; and Agrn, forward 5'‑GCG​GTA​CTT​GAA​AGG​CAA​
AGA‑3' and reverse 5'‑CTC​CAA​AGC​CAC​CAA​TTA​CCA‑3'; 
Gapdh, forward 5'‑GGA​GCG​AGA​TCC​CTC​CAA​AAT‑3' 
and reverse 5'‑GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG‑3'; 
Ezh2, forward 5'‑AAT​CAG​AGT​ACA​TGC​GAC​TGA​GA‑3' 
and reverse 5'‑GCT​GTA​TCC​TTC​GCT​GTT​TCC‑3'; Itgb3, 
forward 5'‑GTG​ACC​TGA​AGG​AGA​ATC​TGC‑3' and reverse 
5'‑CCG​GAG​TGC​AAT​CCT​CTG​G‑3'.

Western blotting. Total protein from the human aortic 
tissues and VSMCs was extracted using RIPA lysis buffer 
(cat. no. 89901; Thermo Fisher Scientific, Inc.) supplemented 
with a Protease Inhibitor Cocktail (cat.  no.  HY‑k0010; 
MedChemExpress). The Pierce™ BCA Protein Assay Kit 
(Thermo Fisher Scientific, Inc.) was used to determine protein 
concentrations. For western blotting, 5X loading buffer was 
added to the protein sample after it had been subjected to 
high‑temperature denaturation at 95˚C for 10 min. Samples 
(20 µg/lane) were then loaded on an 8% separating gel for 
resolving 80‑100 KDa proteins or a 10% separating gel for 
resolving 20‑80 KDa proteins, and samples were resolved 
using SDS‑PAGE. Separated proteins were then transferred 
to PVDF membranes (cat. no. IPVH00010; MilliporeSigma), 
which were blocked in 5% non‑fat milk for 1  h at 25˚C, 
followed by incubation with the primary antibodies over‑
night at 4˚C. The following day, membranes were washed 
and incubated with horseradish peroxidase‑conjugated 
goat anti‑mouse IgG (1:10,000; cat. no. A25012; Abbkine, 
Inc.) or mouse anti‑rabbit secondary antibodies (1:10,000; 
cat. no. A25022; Abbkine, Inc.) for 1 h at 25˚C. An Immobilon 
Western HRP Substrate (cat. no. WBKLS0100; Millipore, 
Inc.) substrate was added, and the protein signals were visu‑
alized using X‑ray exposure in a darkroom. Western blotting 
was semi‑quantified using ImageJ (Java 1.8.0_345; National 
Institutes of Health).
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RNA‑sequencing (RNA‑seq) analysis. Total RNA was 
extracted by using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. The 
concentration and integrity of RNA samples from mouse 
aortic SMCs treating with siRNAs against Ezh2 and control 
oligonucleotides were assessed using an Agilent 2100 RNA 
nano 6000 Assay Kit (Agilent Technologies, Inc.). Sequencing 
libraries were generated using a VAHTS Universal V6 
RNA‑seq Library Prep Kit for Illumina (cat. no. NR604‑01/02; 
Vazyme Biotech Co., Ltd.) according to the manufacturer's 
protocol; index codes were added to attribute sequences to 
each sample. Briefly, mRNA was purified from total RNA 
(1 mg) using poly‑T oligo‑attached magnetic beads. Then, 
fragmentation buffer was added to break the mRNA into short 
fragments. First‑strand cDNA synthesis was performed using 
random hexamer primers and RNase H. Second‑strand cDNA 
synthesis was subsequently performed using nuclease‑free 
water buffer, dNTPs, DNA polymerase I and RNase H. The 
double‑stranded cDNA was purified using AMPure P beads 
(Agilent Technologies, Inc.). The purified double‑stranded 
cDNA was repaired at the end, a tail was added and the 
sequence was connected to a connector, then the fragment 
size was selected, and finally, the cDNA library was obtained 
by PCR enrichment. These libraries were sequenced on the 
Illumina sequencing platform (Illumina NovaSeq 6000 S4; 
Illumina, Inc.) and 150 bp paired‑end reads were generated. 
The RNA concentration of the library was diluted to 10 nM. 
The fluorescence qPCR instrument (Bio‑Rad CFX 96, Bio‑Rad 
Laboratories, Inc.) was used to accurately quantify the effective 
concentration of the library (library effective concentration: 
100 nM), using iQ SYBRGRN (Bio‑Rad Laboratories, Inc.). 
The cluster generation and sequencing were performed on a 
NovaSeq 6000 S4 platform, using a NovaSeq 6000 S4 Reagent 
kit V1.5 (Illumina, Inc.). Genes with fragments per kilobase 
of exon per million fragments mapped (FPKM) values of 
≤0 across all samples were excluded from the analysis. 
Differentially expressed genes (DEGs) screened from VSMCs 
using siRNAs against Ezh2 and control oligonucleotides 
were selected based on the selection criteria of P<0.001 and 
fold‑change >|1.5|.

Functional enrichment analysis. Gene Ontology  (23,24) 
enrichment of DEGs was performed using a hypergeometric 
test, in which the P‑values were calculated and adjusted as 
q‑values, and the background data were the genes in the entire 
genome. GO terms with a q‑value <0.05 were considered 
to be significantly enriched. GO enrichment analysis can 
be used to determine the biological functions of the DEGs. 
Kyoto Encyclopedia of Genes and Genomes is a database 
containing a collection of manually drawn pathway maps 
representing knowledge on the molecular interactions and 
reaction networks  (25). KEGG enrichment of DEGs was 
performed using a hypergeometric test, in which the P‑values 
were adjusted using multiple comparisons as q‑values. KEGG 
terms with a q‑value <0.05 were considered to be significantly 
enriched. The Rich Factor represents the ratio of the number 
of target genes to the total genes annotated in a pathway. A 
greater Rich Factor indicates greater intensity. The q‑value 
represents the corrected P‑value, ranging from 0‑1; a lower 
q‑value indicates greater intensity. Data were analyzed 

using R package clusterProfiler (version 4.1.0)  (26). Gene 
Set Enrichment Analysis (GSEA) was performed using the 
R package clusterProfiler (version 4.1.0) (26). 

ChIP, quantitative ChIP (qChIP) and ChIP‑PCR. ChIP and 
qChIP experiments were performed using VSMCs. Briefly, a 
pre‑clearance step was performed and 1x107 cells were treated 
with 1% formaldehyde for 10 min at 25˚C, sonicated at 4˚C 
every 1 sec (ultrasound 12‑15 times as one cycle and repeated 
for 10 cycles) and cross‑linked. ChIP lysis buffer consisted of 
50 mM Tris‑HCl, 5 mM EDTA and 1% SDS was added to the 
cells. Then, the cells were incubated with 2‑3 µg primary anti‑
body against rabbit IgG (control) (cat. no. Ab313801; Abcam) 
and EZH2 (cat. no. 5246; Cell Signaling Technology, Inc.). For 
ChIP assays, 30 µl protein G magnetic beads (Thermo Fisher 
Scientific, Inc.) adding to the lysate‑bound antibodies were 
sequentially washed in the following buffers: 1 ml ChIP buffer 
I (20 mM Tris‑HCl, 1% Triton X‑100, 150 mM NaCl, 2 mM 
EDTA, 0.1% SDS), 1 ml ChIP buffer II (20 mM Tris‑HCl, 
1% Triton X‑100, 500 mM NaCl, 2 mM EDTA, 0.1% SDS), 
and 1 ml ChIP buffer III (20 mM Tris‑HCl, 1% w/v sodium 
deoxycholate, 0.25 M LiCl, 1 mM EDTA, 1% NP‑40) for 
5 min per wash at 4˚C. Next, the beads were washed with TE 
buffer (10 mM Tris‑HCl, 1 mM EDTA) twice for 5 min at 
4˚C. A total of 100 µl ChIP elution buffer (0.1 M NaHCO3, 
1% SDS) was added to each sample for 40 min at 37˚C; this 
step was repeated once. Finally, the ChIP eluent was placed 
in a constant temperature water bath at 65˚C for 12 h. qChIP 
was performed using 2X SYBR Green Mix buffer (Toyobo 
Life Science). PCR amplification was performed under 
the following: 94˚C for 3 min; 30 cycles of 94˚C for 30 sec, 
55˚C for 40 sec, and 72˚C for 50 sec, followed by 72˚C for 
5 min. After amplification, the products were separated in 
a 10% agarose gel containing 0.03% ethidium bromide and 
visualized using the FastGene FAS‑DIGI PRO Gel imaging 
system. A NucleoSpin Gel and PCR Clean‑up kit was used for 
DNA gel extraction according to the manufacturer's protocol 
(cat. no. 740609.50; Machery‑Nagel GmbH). For ChIP‑PCR 
assays, DNA template enrichment was performed using 
conventional PCR with primers specific to the target gene 
promoter. The following primer pairs were used for qChIP 
(Sangon Biotech, Co., Ltd.): Gapdh, forward 5'‑TAC​TAG​CGG​
TTT​TAC​GGG​CG‑3' and reverse 5'‑TCG​AAC​AGG​AGG​AGC​
AGA​GAG​CGA‑3'; Itgb3, forward 5'‑CCA​TTG​CAC​TGG​GAT​
TAC‑3' and reverse 5'‑CTA​GGC​TAC​ATA​ACA​GGA​AAG​
T‑3'; Efnb2, forward 5'‑GGA​CTG​TGC​CTT​CCA​CCT​AC‑3' 
and reverse 5'‑AAC​CAC​GGC​TGT​GAC​TTC​TAC‑3'; Tnnt2, 
forward 5'‑TCA​GAG​GCT​CGT​GAA​GTG‑3' and reverse 
5'‑GGG​AAC​AGG​CTT​GTA​ACA​TA‑3'; Vcan, forward 5'‑TAA​
CTG​TTT​GAC​CCT​TTG​C‑3' and reverse 5'‑CCC​TAC​TCA​
GGC​TTA​TCC​A‑3'; Itga2, forward 5'‑CTT​ATT​TCT​GTC​CCT​
TTC​TCC‑3' and reverse 5'‑CAA​GCC​ATA​GCC​CTC​AAT‑3'; 
Ednrb, forward 5'‑TTT​TGG​TCC​TTT​GGG​TGG‑3' and 
reverse, 5'‑TCC​CGA​AAT​CTG​CTT​GGT‑3'; and Fasl, forward 
5'‑GGG​AAG​TGG​GAT​GGA​TAG‑3' and reverse 5'‑GAC​CAA​
GGA​GTT​CGG​CTA‑3'.

Human aorta samples. Male patients aged 40‑70 years old 
with TAD and coronary heart disease, who were diagnosed 
and received treatment at Jinan Central Hospital between May 
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2021 and July 2022, were recruited to the present study. The 
basic information on patients is listed in Appendix S1 and 
Table SI. Patients were excluded if they had other significant 
cardiovascular conditions, severe comorbidities, a history of 
previous aortic surgery or interventions, or known allergies, 
and/or were unable to provide informed consent. Only male 
patients aged 40‑70 years with a clinically confirmed diagnosis 
that provided informed consent were included in the present 
study. The experimental group consisted of patients with TAD, 
who were treated with total aortic arch artificial vessel replace‑
ment, and frozen stent elephant trunk and mechanical aortic 
valve replacement. The control group consisted of patients 
with coronary heart disease (but who had healthy arteries) 
who received aortic arc‑coronary artery bypass grafting. For 
further analysis, samples were either frozen immediately and 
stored at a temperature of ‑80˚C, or fixed overnight in 4% 
paraformaldehyde at 4˚C for staining.

For hematoxylin and eosin (H&E) staining, fixed samples 
were embedded in paraffin, sectioned into 4‑µm slices, and 
stained with hematoxylin for 5  min at 25˚C followed by 
staining with eosin for 5 min at 25˚C. For elastica van Gieson 
(EVG) staining, the paraffin sections were immersed succes‑
sively in Environmentally Friendly Dewaxing Transparent 
Liquid I (cat. no. G1128; Wuhan Servicebio Technology Co., 
Ltd.) for 20 min at 25˚C, Environmentally Friendly Dewaxing 
Transparent Liquid II (cat.  no.  G1128; Wuhan Servicebio 
Technology Co., Ltd.) for 20 min at 25˚C , anhydrous ethanol I 
for 5 min at 25˚C, anhydrous ethanol II for 5 min at 25˚C and 
75% alcohol for 5 min at 25˚C, followed by washing with tap 
water at 25˚C. The EVG dye set utilized was (cat. no. G1042) 
from Wuhan Servicebio Technology Co., Ltd. EVG dye solu‑
tion A, EVG dye solution B and EVG dye solution C were 
mixed in a ratio of 5:2:2 to form the EVG dye solution, prepared 
2 days in advance. The sections were immersed in the EVG 
dye solution for 5 min at 25˚C and then rinsed with tap water. 
EVG dye B was diluted twice to 5% concentration after slight 
differentiation, and the sections were washed with tap water. 
This process was repeated under microscopic control until 
the elastic fibers appeared purplish‑black, the background 
turned gray and nearly colorless. To form VG dye, 9 ml of 
EVG dye E and 1 ml of EVG dye D were mixed. The sections 
were dyed for 1‑3 min at 25˚C, depending on the tissue's elastic 
fiber composition. Rapid water washing ensued, followed by 
three rounds of 100% anhydrous ethanol for rapid dehydration. 
Xylene was used for transparency for 20 sec, repeated twice 
for 5 min each (xylene exclusive, not shared with other xylene) 
at 25˚C. The sections were finally sealed with neutral gum. 
Light microscopy was employed for image acquisition and 
analysis, revealing purplish‑black elastic fibers, red collagen 
fibers and a yellow background.

Immunohistochemistry staining. The sections were sequen‑
tially treated with environmentally friendly dewaxing solution I 
for 10 min at 25˚C, environmentally friendly dewaxing solution 
II for 10 min at 25˚C, environmentally friendly dewaxing solu‑
tion III for 10 min and anhydrous ethanol I, II and III for 5 min 
at 25˚C each, followed by distilled water at 25˚C. The slices 
were subjected to repair using EDTA (pH 8.0; cat. no. G1206; 
Wuhan Servicebio Technology Co., Ltd.) in a microwave at 
medium heat (wattage at 400 W) for 9 min, followed by an 

8‑min cooling period, and then a 7‑min cycle at medium‑low 
heat (wattage at 300 W). After the repair process, the slices 
were allowed to cool naturally. Subsequently, the glass slides 
were placed in PBS (pH 7.4) and shaken on a decolorizing 
shaking table for three wash cycles, each lasting 5 min at 25˚C. 
The sections were then immersed in a 3% hydrogen peroxide 
solution and incubated at room temperature away from light for 
25 min. Subsequently, the slides were placed in PBS (Ph 7.4) and 
washed three times on a decolorizing shaking table for 5 min 
each at 25˚C. To block non‑specific binding, the tissue was 
uniformly covered with 3% BSA (cat. no. GC305010; Wuhan 
Servicebio Technology Co., Ltd.) in the tissue chemical circle 
and left at room temperature for 30 min. After gently shaking 
off the sealing solution, PBS and the primary antibodies 
anti‑SMA (1:1,000; cat. no. NB300978; Novus Biologicals Co., 
Ltd.) or anti‑EZH2 (1:1,000; cat. no. A11085; ABclonal Biotech 
Co., Ltd.) were added to the sections, which were then placed 
flat in a wet box at 4˚C for overnight incubation. The following 
day, the slides were placed in PBS (pH 7.4) and washed by 
shaking on the decolorizing shaker for three times, 5 min 
each at 25˚C. After slight drying of the sections, the tissue 
was covered with the secondary antibodies HRP‑labeled goat 
anti‑rabbit IgG (1:1,000; cat. no. GB23303; Wuhan Servicebio 
Technology Co., Ltd.) or FITC‑labeled donkey anti‑goat IgG 
(1:200; cat. no. GB22404; Wuhan Servicebio Technology Co., 
Ltd.), and incubated at room temperature for 50 min. The 
slides were washed in PBS (pH 7.4) on the decolorizing table 
for three times, 5 min each at 25˚C. Following slight drying, 
freshly prepared DAB color developing solution was added into 
the circle, and the color developing time was controlled under 
the microscope ~30 sec at 25˚C. Positive coloration appeared 
as brown and yellow, and the sections were rinsed with tap 
water to terminate the color development. Hematoxylin 
(cat.  no.  G1004; Wuhan Servicebio Technology Co., Ltd.) 
re‑staining was performed for ~3 min at 25˚C, followed by 
washing with tap water, and hematoxylin differentiation 
solution (cat. no. G1039; Wuhan Servicebio Technology Co., 
Ltd.) was applied for ~10  sec at 25˚C. After hematoxylin 
(cat.  no.  G1004; Wuhan Servicebio Technology Co., Ltd.) 
re‑staining for ~3 min at 25˚C, the sections were washed with 
tap water. Subsequently, hematoxylin differentiation solution 
(cat. no. G1039; Wuhan Servicebio Technology Co., Ltd.) was 
applied for ~30 sec at 25˚C, followed by rinsing with tap water. 
The sections were then treated with hematoxylin return to blue 
solution (cat. no. G1040; Wuhan Servicebio Technology Co., 
Ltd.) for ~30 sec at 25˚C and rinsed. The slices were immersed 
successively in 75% alcohol for 5 min at 25˚C, 85% alcohol for 
5 min at 25˚C, anhydrous ethanol for 5 min, anhydrous ethanol 
for another 5 min at 25˚C, n‑butanol for 5 min and xylene for 
5 min at 25˚C to undergo dehydration and achieve transpar‑
ency. After briefly drying the slices, they were taken out of 
xylene and sealed with neutral gum (cat. no. WG10004160; 
Wuhan Servicebio Technology Co., Ltd.). The interpreta‑
tion of results was conducted under a white light microscope 
(Leica Microsystems GmbH). Immunohistochemistry staining 
was semi‑quantified using ImageJ (Java 1.8.0_345; National 
Institutes of Health). 

Mouse model. A total of 12 C57BL/6J male mice 4‑week‑old 
male mice (~20 grams each; Pengyue Experimental Animal 

https://www.spandidos-publications.com/10.3892/etm.2024.12433


XUE et al:  EZH2 PROMOTES PHENOTYPIC TRANSITION OF VSMCS6

Breeding Co., Ltd ) were divided into two groups of six 
mice each. The TAD model was induced by administering 
β‑aminopropionitrile (BAPN; 1 g/kg/day; cat. no. A3134‑25G; 
Sigma‑Aldrich; Merck KGaA) in drinking water or an 
equivalent amount of saline as control group for 4 weeks, as 
previously described (27). All mice were housed in a clean 
and well‑ventilated cage with appropriate bedding material, 
access to fresh water and food, a controlled environment with 
a temperature range of 20‑26˚C and humidity maintained 
between 40‑60%, in a specific pathogen‑free environment with 
a 12‑h light‑dark cycle. Mice were anesthetized via intraperi‑
toneal injection of 10% chloral hydrate (400 mg/kg), without 
signs of peritonitis, pain or discomfort, and were euthanized 
by cervical dislocation.

Flow cytometry. Cells were resuspended in sorting buffer [1X 
PBS, 3% FBS (v/v), and 3 mM EDTA (v/v)] before analysis. 
VSMCs were incubated with Annexin V‑FITC and PI solu‑
tions for 20 min at 25˚C in the dark. The samples were then 
subjected to flow cytometric analysis (BD FACSverse Flow 
Cytometer; BD Biosciences). Subsequent data analyses were 
performed using FlowJo version 9.2 (FlowJo LLC).

EdU incorporation assay. For the EdU incorporation assay, a 
Click‑iT™ Edu Cell Proliferation kit was used. VSMCs cells 
were seeded at a density of 3‑5x104 cells/well in 12‑well plates 
with glass slides in each well. Cells were then treated with 
siRNAs which were diluted to a working concentration of 
100 nM. The medium was replaced with normal medium after 
8 h, and the cells were subsequently cultured for an additional 
24 h. EdU solution Alexa Fluor™ 488 dye (Invitrogen; Thermo 
Fisher Scientific, Inc.) was added to the medium for the last 3 h 
of the 24 h incubation period. Then, the cells were fixed with 
4% paraformaldehyde for 30 min at 25˚C and incubated with 
2 mg/ml glycine for 5 min at 25˚C to neutralize paraformalde‑
hyde. Cells were incubated with 1X Apollo staining solution 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 30 min at 25˚C 
in the dark after washing with PBS containing 0.5% Triton 
X‑100 for 10 min. Next, the cells were washed again with 0.5% 
Triton X‑100 PBS solution and incubated with 1X Hoechst 
33342 for 30 min at room temperature in the dark. Finally, the 
cells were washed three times with PBS. Fluorescent images 
of the cells were obtained using a fluorescence microscope 
(Leica Microsystems GmbH).

Cell  invasion assay.  Transwel l  chamber f i lters 
(MilliporeSigma) were coated with Matrigel (Becton, 
Dickinson and Company) at 37˚C for 2 h and used for cell 
invasion assays. Subsequently, Ezh2 knockdown cells were 
resuspended in serum‑free medium and pipetted into the 
upper chamber of the 8.0 µm pore size Transwell system 
(3x104 cells/0.5 ml serum‑free medium). The lower chamber 
was filled with 500 µl medium supplemented with 10% FBS 
and incubated for 18‑24 h at 37˚C. Next, cotton swabs were 
used to remove the cells that had not invaded, followed by 
staining of the membrane with crystal violet for 30 min at 
25˚C. The images were captured and the number of cells that 
had invaded was counted. Each membrane was divided into 
three visual fields and the cells were counted using a light 
microscope.

Wound healing assay. Ezh2 knockdown cells and the respec‑
tive negative control cells were seeded in 6‑well dishes and 
grown to 80% confluence. A linear wound was introduced 
using a 200‑µl pipette tip to scratch along the sub‑confluent 
cell monolayer, and the debris were washed away with PBS. 
The cells were subsequently incubated in DMEM without FBS. 
Images were captured 0 and 24 h after scratching, and wound 
closure was semi‑quantified using ImageJ (Java 1.8.0_345; 
National Institutes of Health). Images were captured using a 
light microscope. For the wound healing assay, three repeats 
were performed.

In vitro VSMC calcification. VSMC calcification was induced 
in osteogenic media containing 0.25 mM L‑ascorbic acid and 
10 mM β‑glycerophosphate (Sigma‑Aldrich; Merck KGaA) 
with H2O2 (0.4 mM) for 3 weeks. Calcification was determined 
by Alizarin Red staining (cat. no. G1450; Beijing Solarbio 
Science & Technology Co., Ltd.) according to the manufac‑
turer's protocol. 

Statistical analysis. Data are presented as the mean ± SD of 
three independent experiments unless otherwise indicated. 
Statistical comparisons were performed using a two‑tailed 
unpaired Student's t‑test or a one‑way ANOVA for normally 
distributed variables. F‑testing was used to test homogeneity of 
variance. If equal variance was not assumed, unpaired t‑tests 
with Welch' s correction or Welch ANOVA tests were used. 
Differences among non‑normally distributed variables were 
analyzed using the Mann‑Whitney U‑test or Kruskal‑Wallis 
H‑test. Statistical analyses were performed using GraphPad 
Prism version 8.0 (Dotmatics). P<0.05 was considered to 
indicate a statistically significant difference.

Results

EZH2 expression is upregulated in patients with TAD. To 
determine the potential involvement of EZH2 in the regulation 
of TAA progression, aortic wall specimens were collected from 
patients with TAD alongside control group consisted of patients 
with coronary heart disease at Jinan Central Hospital. H&E 
staining and elastica van Gieson (EVG) staining were used 
to visualize disordered and excessive proliferation of SMCs, 
which are hallmarks of TAD development (Fig. 1A and B). 
Western blotting and RT‑qPCR were used to evaluate EZH2 
expression in the aortic walls of patients with TAD, and they 
both showed that EZH2 expression was increased in the aortic 
samples of patients with TAD compared with the control 
samples (Fig. 1C and D). The immunohistochemistry and 
immunofluorescence staining for EZH2 showed a statistically 
significant increase in EZH2 expression in the aortic media 
of patients with TAD (Fig. 1E and F). Immunofluorescence 
analysis revealed that α‑SMA protein was highly expressed in 
control group (Fig. 1F). These data suggested that EZH2 may 
be involved in TAD development.

Ezh2 expression is increased in the mouse model of TAA. To 
further confirm the association between EZH2 expression 
and TAA, a well‑established experimental arterial aneurysm 
mouse model that was generated from wild‑type C57BL/6J 
mice administered BAPN (1  g/kg/day) in drinking water 
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Figure 1. EZH2 expression is upregulated in specimens from patients with TAD. (A) Representative images of hematoxylin and eosin staining in the aortic 
media from patients with TAD and CHD. Scale bar, 500 or 100 µm. (B) Representative images of elastica van Gieson staining in the aortic media from patients 
with TAD and normal aortic tissues. Scale bar, 200 or 100 µm. (C) Western blot analysis of EZH2 protein in control aortic tissues and tissues from patients 
with TAD (n=5 for normal tissues and n=5 for TAD). β‑actin served as an internal control. Semi‑quantification analysis of EZH2 protein expression in the 
control aortic tissues and tissues from patients with TAD (n=5 for normal tissues and n=5 for TAD). (D) EZH2 expression in control aortic tissues or tissues 
of patients with TAD was determined using reverse transcription‑quantitative PCR (n=5 for normal tissues and n=5 for TAD). (E) Representative images of 
immunohistochemical staining for EZH2 in aortic media from patients with TAD and normal aortic tissues. Scale bar, 200 or 100 µm. (F) Representative 
images of immunofluorescence staining in aortic media from patients with TAD and normal aortic tissues. Scale bar, 200 or 100 µm. Histogram showing the 
relative α‑SMA and EZH2 fluorescence intensity. Data are presented as the mean ± SD of three independent experiments and were analyzed using a two‑tailed 
unpaired Student's t‑test. ***P<0.001 vs. Control. EZH2, enhancer of zeste homolog 2; TAD, thoracic aortic dissection; α‑SMA, α‑smooth muscle actin.
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for 4 weeks or an equivalent amount of saline (control) was 
used (27). Given the anatomical changes, establishment of 
the model was considered successful (Fig. 2A). Consistently, 
H&E and EVG staining revealed that elastin breakage was 
markedly increased in TAA mice and the VSMCs were 
disorganized (Fig. 2B and C). Western blotting and RT‑qPCR 
analyses showed that Ezh2 expression was increased in the 
aortic tissues of TAA mice when compared with control 
mice (Fig. 2D and E). Moreover, increased Ezh2 expression 
was detected in the aorta of TAA mice compared with in the 
control aorta (Fig. 2F). As observed by immunostaining, the 
experimental mice showed a significant increase in the posi‑
tive expression of Ezh2 and minimal expression of α‑Sma in 
aortic tissues compared with the control mice (Fig. 2G). These 
results demonstrated that Ezh2 plays an essential role in the 
development of TAA in mice. Similarly, the expression of 
Ezh2 was higher in the aortic media of TAA mice, which is 
consistent with the findings in patients with TAD.

Ezh2 knockdown influences VSMC phenotypic switching. To 
determine the role of Ezh2 in VSMCs, a siRNA against Ezh2 
was used to target Ezh2 expression. VSMCs were successfully 
isolated and cultured, which was confirmed by immunofluo‑
rescence staining for α‑SMA and TAGLN (Fig. 3A). Whether 
Ezh2 regulated VSMC proliferation and apoptosis was next 
assessed. The knockdown efficiency of Ezh2 was verified at 
the RNA and protein level (Fig. 3B and C). An EdU incor‑
poration assay was performed to assess cell proliferation, 
and fewer EdU‑positive cells were detected in the Ezh2 
knockdown group compared with in the negative control 
group (Fig. 3D). Furthermore, to explore the effect of Ezh2 on 
VSMC apoptosis, western blot analyses were used to detect 
the expression levels of apoptosis‑related proteins. The knock‑
down of Ezh2 led to a significant increase in the expression 
levels of the apoptosis‑related proteins caspase 8, Fas, Bax and 
caspase 3 (Fig. 3E). In addition, VSMC apoptosis was analyzed 
through flow cytometry. The results showed a difference in 
the early and late apoptotic periods between the control and 
siRNA‑mediated knockdown groups; notably, Ezh2 knock‑
down increased apoptosis (Fig. 3F). These results suggested 
that Ezh2 increases the capacity of VSMCs to proliferate and 
reduced VSMC apoptosis.

As VSMC proliferation is often associated with migration 
and phenotypic switching, the effects of Ezh2 on VSMC migra‑
tion and phenotype were assessed to determine if Ezh2 was 
associated with VSMC phenotypic switching. The Transwell 
invasion model was used to assess the impact of Ezh2 on 
VSMC invasion. The results indicated that compared with in 
the control group, Ezh2 knockdown markedly reduced VSMC 
invasion (Fig. 3G). Furthermore, in the wound healing assays, 
the siEzh2 cells exhibited slower wound closure compared 
with the control group (P<0.001; Fig. 3H). Therefore, these 
results demonstrated that Ezh2 positively regulates VSMC 
invasion and migration. 

The phenotypic transition of VSMCs is characterized 
by decreased expression of contractile markers, a key event 
contributing to VSMC proliferation and migration  (14). 
Thus, the effect of Ezh2 on phenotypic VSMC switching was 
assessed. Knockdown of Ezh2 resulted in increased expres‑
sion of contractile RNA markers, including Acta2 (gene of 

α‑SMA) and Tagln; however, the expression of synthetic RNA 
markers, including Mmp2 and Mmp9, was decreased (Fig. 4A). 
Western blot analysis showed that Ezh2 knockdown decreased 
the expression of the synthetic proteins MMP2 and MMP9 
in the aortic tissues of TAA mice when compared with the 
control mice (Fig. 4B). The immunofluorescence assay also 
showed that the expression of both α‑SMA and TAGLN 
was significantly increased in VSMCs with Ezh2 expression 
knockdown (Fig. 4C). Ezh2 knockdown inhibited the calci‑
fication of VSMCs treated with the calcification medium 
(Fig. 4D). According to these data, Ezh2 directly promoted a 
proliferative and synthetic VSMC phenotype.

Genome‑wide identification of EZH2 transcription targets. To 
determine how Ezh2 regulates TAA development, RNA‑seq 
experiments were performed on mouse aortic SMCs using 
siRNAs against Ezh2 and control oligonucleotides. Compared 
with the control group, 758 upregulated genes and 614 
downregulated genes were identified in the Ezh2 knockdown 
cells (Fig. 5A). GO analysis of the DEGs revealed that the 
dysregulated genes were involved in vital biological processes. 
Downregulated genes were enriched in pathways involving 
the ‘PI3K‑Akt signaling pathway’, ‘MAPK signaling pathway’ 
and ‘TNF signaling pathway’ and included Sele, Igf1, Edn1, 
Agtr1a and Gacna1g, whereas upregulated genes were 
enriched in pathways that regulate cell adhesion molecules 
and ECM‑receptor interaction, including Itgb3, Vcan, Cd44, 
Itga2 and Thbs2 (Fig. 5B). Based on the KEGG enriched 
pathways, the top 10 key biological processes were identified 
(Fig. 5C). To further investigate the biological significance of 
EZH2, Gene Set Enrichment Analysis (GSEA) was performed 
on differentially expressed EZH2 target genes and found a 
strong enrichment of the targets of cell adhesion molecule 
pathways. EZH2 is a key factor in the regulation of the ECM 
in TAD. GSEA results suggested that EZH2 may participate in 
the degradation of cell adhesion molecules, TNF and NF‑κB 
signaling pathways, as well as lipids and atherosclerosis 
(Fig. 5D). Seven representative down or upregulated genes 
were further quantified by RT‑qPCR using VSMCs to validate 
the RNA‑seq results, which were enriched in several signal 
pathways related to VSMC functions (Fig. 5E). Considering 
that ECM is crucial for the phenotypic switching of VSMCs, 
it was found, using RNA‑seq analysis, that EZH2 knockdown 
could indeed upregulate the expression of several well‑known 
ECM markers, including Itgb7, Itgb8, Cd44, Thbs2, Itga6, 
Itgb3, Itgb6 and Agrn (Fig. 5F). Subsequently, the upregulated 
DEGs in the ECM signal pathway were verified by RT‑qPCR 
(Fig. 5G). In conclusion, based on these results, it was hypoth‑
esized that the epigenetic silencing of EZH2 is a key factor 
involved in ECM‑receptor interactions.

Ezh2 regulates Itgb3 and participates in VSMC invasion and 
calcification. To further determine whether the target gene 
transcription was directly mediated by Ezh2 or not, the Ezh2 
transcriptional targets were determined. qChIP assays using 
specific antibodies against Ezh2 showed strong binding to 
regions of Itgb3, but not to Itga2, Vcan, Tnnt2, Efnb2, Fasl 
and Ednrb (Fig. 6A). To verify this result, ChIP‑PCR was used 
and it was found that Ezh2 bound to the promoter of the target 
gene Itgb3 (Fig. 6B). The knockdown efficiency of Itgb3 was 
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Figure 2. Ezh2 expression is upregulated in the TAA mouse model. (A) Representative anatomical images of the control and TAA mice. Scale bar, 500 µm. 
Quantification of the incidence of TAA in mice. (B) Representative images of hematoxylin and eosin staining in the aortic media of normal and TAA mice aortic 
tissues. Scale bar, 200 or 100 µm. (C) Representative images of elastica van Gieson staining in the aortic media of normal and TAA mice aortic tissues. Scale bar, 
200 or 100 µm. (D) Western blot analysis of Ezh2 expression in the aortic tissues of normal and TAA mice (n=3 for normal tissues and n=3 for TAA). β‑actin was 
used as the loading control. Densitometric analysis of EZH2 protein expression in the aortic tissues of normal and TAA mice (n=3 for normal tissues and n=3 for 
TAA). (E) Ezh2 expression in aortic tissues of normal and TAA mice was determined using reverse transcription‑quantitative PCR (n=6 for normal tissues and 
n=6 for TAD). (F) Representative images of immunohistochemical staining for Ezh2 in aortic media of normal and TAA mice aortic tissues. Ezh2 expression 
was significantly upregulated in TAA mice tissues compared with the control mice. Scale bar, 500 or 100 µm. (G) Representative images of immunofluorescence 
staining in the aortic media of normal and TAA mice aortic tissues. Scale bar, 200 or 100 µm. Histogram showing the relative α‑Sma and Ezh2 fluorescence 
intensity. Data are presented as the mean ± SD from three independent experiments and were analyzed using a two‑tailed unpaired Student's t‑test. **P<0.01 and 
***P<0.001 vs. Control. EZH2, enhancer of zeste homolog 2; TAA, thoracic aortic aneurysms; α‑SMA, α‑smooth muscle actin.
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Figure 3. VSMC proliferation and migration were inhibited by Ezh2 knockdown. VSMCs were transfected with siNC or siEzh2. (A) Representative 
immunofluorescence staining of differentiation markers, Tagln and α‑Sma in VSMCs. (B) Knockdown efficiency of Ezh2 was verified using reverse transcrip‑
tion‑quantitative PCR. (C) Knockdown efficiency of Ezh2 was verified using western blotting. Gapdh was used as the internal control. Histogram showing the 
relative Ezh2 protein expression levels. (B and C) Data were analyzed using one‑way ANOVA. (D) EdU proliferation assay analysis of the effect of Ezh2 on 
the proliferation of VSMCs. Cells exhibiting green fluorescence were in the S phase of mitosis. EdU proliferation assay was performed 24 h after transfection 
with siEzh2 and siNC. Scale bar, 100 µm). (E) Western blot analysis of apoptosis‑related proteins in VSMCs 48 h post‑transfection. Gapdh served as an 
internal reference. The histograms show the relative expression levels of apoptosis‑related proteins in VSMCs at 48 h post‑transfection. (F) Cells were stained 
with Annexin V‑FITC and PI. Flow cytometry dot plots showing the percentage of stained cells. Histogram showing the percentage of Annexin V+/PI‑ and 
Annexin V+/PI+ of siNC‑transfected and siEzh2‑transfected VSMCs. (G) VSMC invasion was assessed using a Transwell assay of siNC‑transfected and 
siEzh2‑transfected VSMCs. Cells that had invaded were stained with crystal violet. Scale bar, 100 µm. Histogram showing the percentage of invading VSMCs. 
(H) Representative images of wound closure obtained 0 and 24 h after wounding in siNC‑transfected and siEzh2‑transfected VSMCs. Scale bar, 100 µm. 
Histogram showing the percentage of migrating cells in each group. (D‑H) Data were analyzed using two‑tailed unpaired Student's t‑test. Data are presented 
as the mean ± SD of three independent experiments. **P<0.01, ***P<0.001 versus siNC groups. VSMC, vascular smooth muscle cell; EZH2, enhancer of zeste 
homolog 2; si, small interfering; NC, negative control; α‑Sma, α‑smooth muscle actin; Tagln, transgelin.
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Figure 4. Ezh2 knockdown influences VSMC phenotypic switching. (A) Expression of contractile markers (Acta2 and Tagln) and synthetic markers (Mmp2 
and Mmp9) in siNC‑transfected and siEzh2‑transfected VSMCs for 48 h was determined using reverse transcription‑quantitative PCR. Data were analyzed 
using two‑tailed unpaired Student's t‑test. (B) Western blot analysis of Mmp2 and Mmp9 expression in siNC‑transfected and siEzh2‑transfected VSMCs for 
48 h. Gapdh was used as the loading control. Histogram showing the relative Mmp2 and Mmp9 protein expression levels. Data were analyzed using one‑way 
analysis of variance. (C) Representative immunofluorescence staining for contractile markers (α‑Sma and Tagln) in siNC‑transfected and siEzh2‑transfected 
VSMCs for 48 h. Histogram showing the relative α‑Sma and Tagln fluorescence intensity. (D) Representative calcification images of siNC‑transfected and 
siEzh2‑transfected VSMCs for 48 h. Scale bar, 100 µm. Histogram showing the relative calcification rate. (C and D) Data were analyzed using two‑tailed 
unpaired Student's t‑test. Data are presented as the mean ± SD of three independent experiments *P<0.05, ***P<0.001 versus siNC groups. VSMC, vascular 
smooth muscle cell; EZH2, enhancer of zeste homolog 2; si, small interfering; NC, negative control; α‑Sma, α‑smooth muscle actin; Tagln, transgelin.
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Figure 5. Genome‑wide transcriptional target analysis for Ezh2. (A) Genomic distribution of Ezh2 targets based on RNA‑seq analysis. (B) Heatmap of the 
differentially expressed genes (fold change >1.5; P<0.001) in control (siNC) and Ezh2 knockdown (siEzh2‑1, siEzh2‑2 and siEzh2‑3) VSMCs. Red, upregulated 
genes; blue, downregulated genes. Results of the GO and KEGG pathway analyses of the differentially expressed genes. (C) A bubble chart of the top 10 
enriched KEGG pathways. The Rich Factor represents the ratio of the number of target genes to the total genes annotated in a pathway. A greater Rich Factor 
indicates greater intensity. The q‑value represents the corrected P‑value, ranging from 0‑1; a lower q‑value indicates greater intensity. (D) Gene Set Enrichment 
Analysis plot of cell adhesion molecules, TNF signaling pathway, NF‑κB signaling pathway, and lipid and atherosclerosis. (E) Verification of RNA‑seq results 
using RT‑qPCR analysis of selected genes in VSMCs. Results are expressed as the fold‑change relative to the control. Gapdh was used as the negative control. 
(F) Heatmap of the differentially enriched ECM‑receptor interaction pathway genes (fold change >1.5; P<0.001) in the control and Ezh2 knockdown (siEzh2‑1, 
siEzh2‑2 and siEzh2‑3) VSMCs. Red, upregulated genes; blue, downregulated genes. (G) Verification of differentially expressed genes in the ECM signaling 
pathway using RT‑qPCR in VSMCs. Results are expressed as the fold‑change relative to Gapdh. Data are presented as the mean ± SD of three independent 
experiments and were analyzed using two‑tailed unpaired Student's t‑test. *P<0.05, **P<0.01, ***P<0.001 vs. siNC. EZH2, enhancer of zeste homolog 2; si, small 
interfering: NC, negative control; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genome; ECM, extracellular matrix; NES, normalized 
enrichment score; RT‑qPCR, reverse transcription‑quantitative PCR.
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Figure 6. Ezh2 influences VSMC invasion and calcification by inhibiting Itgb3. (A) qChIP analysis of the selected genes in VSMCs. Results are presented 
as the enrichment fold relative to Gapdh. Data were analyzed using two‑tailed unpaired Student's t‑test. (B) ChIP‑PCR results show Ezh2 binding on the 
promotor sites of Itgb3. (C) Knockdown efficiency of Itgb3 was verified using RT‑qPCR. (D) Knockdown efficiency of Itgb3 was verified using western 
blotting. Histogram showing the relative Itgb3 protein level. (E) VSMCs were transfected with siNC or siEzh2. Itgb3 expression in VSMCs was detected 48 h 
post‑transfection using RT‑qPCR normalized to Gapdh. (F) Western blot analysis of Itgb3 expression in VSMCs 48 h post‑transfection. β‑actin was used as the 
loading control. Histogram showing the relative Itgb3 protein levels in VSMCs 48 h post transfection. (G) VSMC invasion was assessed using a Transwell assay 
using siNC‑transfected, siEzh2‑transfected, siEzh2 + siItgb3‑transfected and siNC + siEzh2 + siItgb3‑transfected VSMCs for 48 h. Cells that had invaded were 
stained with crystal violet. Scale bar, 100 µm. Histogram showing the fold of invading VSMCs. (H) Representative calcification staining of siNC‑transfected, 
siEzh2‑transfected, siEzh2 + siItgb3‑transfected and siNC + siEzh2 + siItgb3‑transfected VSMCs. Scale bar, 100 µm. Histogram showing the fold of calcified 
VSMCs. (C‑H) Data were analyzed using one‑way ANOVA. (I) ITGB3 expression in control aortic tissues or tissues of patients with TAD was determined 
using RT‑qPCR (n=5 for normal tissues and n=5 for TAD). (J) Western blot analysis of EZH2 protein expression in control aortic tissues and tissues from 
patients with TAD (n=5 for normal tissues and 5 for TAD). β‑actin was used as the loading control. Semi‑quantification of ITGB3 protein expression in control 
aortic tissues and tissues from patients with TAD (n=5 for normal tissues and n=5 for TAD). (K) Itgb3 expression in aortic tissues of normal and TAA mice 
was determined using RT‑qPCR (n=3 for normal tissues and n=3 for TAD). (L) Western blot analysis of Itgb3 in aortic tissues of normal and TAA mice (n=3 
for normal tissues and n=3 for TAA). β‑actin was used as the loading control. Semi‑quantification of Itgb3 protein expression in the aortic tissues of normal and 
TAA mice (n=3 for normal tissues and n=3 for TAA). (I‑L) Data were analyzed using two‑tailed unpaired Student's t‑test. Data are presented as the mean ± SD. 
*P<0.05 **P<0.01, ***P<0.001 versus control groups. EZH2, enhancer of zeste homolog 2; VSMC, vascular smooth muscle cell; qChIP, quantitative chromatin 
immunoprecipitation; si, small interfering; NC, negative control; RT‑qPCR, reverse transcription‑quantitative PCR; TAD, thoracic aortic dissection; TAA, 
thoracic aortic aneurysms.
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verified at the RNA and protein levels (Fig. 6C and D). Each of 
the Ezh2 siRNAs led to a significant increase in the expression 
of Itgb3 at both the transcriptional (Fig. 6E) and protein levels 
(Fig. 6F). As previously stated, EZH2 plays an important role 
in VSMC calcification and invasion. Next, the role of Itgb3 in 
VSMCs was assessed. As determined using Transwell assays, 
Ezh2 knockdown in VSMCs decreased cell invasion, which 
was partially rescued by Itgb3 co‑knockdown, indicating that 
Ezh2 could promote VSMC invasion through the suppression 
of Itgb3 (Fig. 6G). In parallel, compared with the control cells, 
knockdown of Itgb3 resulted in the partial rescue of the VSMC 
calcification ability that was decreased by Ezh2 knockdown 
(Fig. 6H). RT‑qPCR and western blotting showed that Itgb3 
expression was decreased in the aortic samples of patients 
with TAD (P<0.001; Fig. 6K and L) and the aortic tissues of 
TAA mice (P<0.001; Fig. 6M and N). These results suggested 
that Itgb3 may be a direct target of Ezh2 that plays a role in 
regulating VSMC invasion and calcification.

Discussion 

TAA is the leading cause of death and morbidity worldwide, 
and it is especially challenging to manage due to the fragility 
of vessel walls and the high risk of rupture, resulting in a high 
mortality rate in affected individuals  (1,2). TAA involves 
localized bulges or dilations of the aortic wall, whereas TAD 
involves a tear in the aortic lining that creates a false channel 
for blood flow. Both conditions require prompt medical 
evaluation and management to prevent serious complications. 
However, despite their differences, noteworthy similarities in 
the pathophysiological mechanisms and clinical presentations 
exist (28,29). The study of TAA and TAD may provide more 
effective insights into managing and addressing these complex 
and interrelated cardiovascular conditions. The etiology of 
TAA is heterogeneous as it can be influenced by both genetic 
and environmental factors, and environmental risk factors 
have been difficult to determine (2). Thus, epigenetic studies 
are necessary to overcome this limitation. Increasing evidence 
has shown that epigenetics plays a vital role in the pathological 
process of aortic media degeneration (30). The histone meth‑
yltransferase EZH2 is an enzymatically active subunit of the 
polycomb repressive complex, which di‑ and tri‑methylates 
H3 at lys27 (H3K27me2 andH3K27me3) to suppress gene 
transcription. It has been implicated in various types of 
cancer, including prostate, thyroid, lung and bladder cancer, 
in which EZH2 promotes tumor cell proliferation and motility 
via epigenetic changes in cancer‑associated gene expression 
levels  (31,32). Furthermore, Mitić  et  al  (33) showed that 
inhibition of EZH2 increases angiogenesis in ischemic tissue. 
However, whether EZH2 plays a role in VSMCs during TAA 
pathology, and whether this effect of EZH2 is related to the 
ECM pathway has not yet been determined. In the present study, 
when compared with control groups, EZH2 expression was 
significantly increased in the aortic wall of patients with TAD 
and in the mouse model of TAA. These findings are consistent 
with those of previous studies, with similar upregulated EZH2 
expression observed in pulmonary hypertension and coronary 
heart disease (19,34). Ezh2 knockout has been shown to inhibit 
SMC proliferation and enhance apoptosis (12). Likewise, the 
results of the present study confirmed the regulatory role of 

Ezh2 in SMC proliferation (19,35). Furthermore, Ezh2 occu‑
pied the Itgb3 promoter and inhibited its expression, thereby 
promoting the invasion of VSMCs. Therefore, the results of the 
present study suggested that EZH2 regulates the phenotypic 
transformation of VSMCs by controlling ECM‑related gene 
expression.

The aortic wall primarily consists of VSMCs and a 
collagen‑rich ECM. VSMCs and fibroblasts produce the ECM, 
which plays an important role in maintaining the structural 
integrity of the aortic wall. It has been suggested that TAA 
pathogenesis is closely correlated with the dysfunction of 
VSMCs (36). It has also been shown that VSMCs in the aortic 
wall are a highly dynamic cell population exhibiting contin‑
uous phenotypic modulation (37). VSMCs can transform from 
a differentiated and quiescent contractile state to a proliferative 
and migratory synthetic phenotype when stimulated, which is 
characterized by decreased expression of contractile markers 
and an enhanced rate of VSMC proliferation, migration and 
synthetic activity (38). In the present study, it was found that 
Ezh2 knockdown could upregulate contractile marker genes, 
including Acta2 and Tagln, and downregulate synthetic marker 
genes, such as Mmp2 and Mmp9. Thus, the results of the 
present study are consistent with a previous study that showed 
that deficiency of Ezh2 allowed for more efficient expression 
of contractile markers  (39,40). Inamoto et al  (11) reported 
that the number of contractile aortic SMCs was significantly 
lower in thoracic aortic tissues with TAD than in healthy aortic 
tissues, confirming that the transformation of VSMCs from a 
contractile to a synthetic phenotype may play an important 
role in TAA. In addition, Ezh2 deficiency effectively reduced 
the migration potential of VSMCs in vitro, which is consistent 
with the findings previously reported by Han et al (12). Taken 
together, these data indicated that Ezh2 promotes the pheno‑
typic modulation of VSMCs from a synthetic to contractile 
phenotype, and accelerates the development of TAA (36).

To identify Ezh2 target genes, the effects of Ezh2 on gene 
expression and pathophysiological signaling pathways were 
assessed. Several potential candidate genes were identified, 
as well as pathophysiological pathways targeted by cell adhe‑
sion molecule activity and ECM‑receptor processes. RNA‑seq 
combined with qChIP experiments revealed that Ezh2 bound 
directly to the Itgb3 promoter and inhibited Itgb3 expression. 
This gene is a member of the integrin family, which consists 
of transmembrane receptors that bridge cell‑to‑cell and 
cell‑to‑ECM interactions, transmitting signals from ECM fibers 
to the contractile mechanism of VSMCs, allowing VSMCs to 
initiate transcription in response to these stimuli (13). Integrin 
activation exerts notable biological roles that regulate ECM 
assembly, growth factor signaling and cellular functions, such 
as adhesion, proliferation, survival and migration (41,42) Itgb3, 
also known as CD61 or GP3A, is one of the most extensively 
studied ECM family members. ITGB3 plays a key role in 
determining the proper treatment for tumor, and regulates 
tumor growth and metastatic spread (41). In addition, ITGB3 
plays a pivotal role in promoting and maintaining tumor cell 
stemness (43). Nevertheless, prior studies have not examined 
the role of ITGB3 in VSMC proliferation and migration, to the 
best of our knowledge. The present study showed that Ezh2 
knockdown increased Itgb3 expression, and Itgb3 depletion 
reversed the decrease in SMC migration and calcification 
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caused by Ezh2 knockdown, suggesting that ITGB3 may be 
an inhibitor of EZH2‑induced phenotypic transformation of 
VSMCs in TAA. Taken together, the findings of the present 
study suggested that the EZH2‑ECM‑receptor‑ITGB3 axis 
regulates the proliferation and phenotypic switching of VSMCs. 
Additionally, it was found that Ezh2 transcription inhibited 
Itgb3 expression; however, further studies are warranted to 
determine if this is achieved through simultaneous or sequen‑
tial methylation of H3K27, to broadly maintain an increased 
level of H3K27me3 at the target promoter, thereby transcrip‑
tionally inactivating ECM‑receptor genes, such as Itgb3.

In summary, the role of the histone methyltransferase, 
EZH2, in the phenotypic transformation of SMCs and its 
involvement in aortic aneurysms was studied. The results 
showed increased EZH2 levels in human aortic dissec‑
tion samples and model mice with aortic aneurysms. The 
enrichment function of EZH2 is focused on ECM processes. 
RT‑qPCR and qChIP experiments confirmed that Ezh2 
inhibited Itgb3 gene expression by binding to the Itgb3 gene 
promoter region, suggesting that the EZH2‑ITGB3 regulatory 
axis is related to smooth muscle phenotypic transformation 
and the ECM process. The presented findings may aid in the 
search for therapeutic targets for TAA. EZH2 contributes to 
the progression of TAA by regulating the phenotypic transfor‑
mation of VSMCs and the expression of ITGB3. Thus, EZH2 
may serve as a suitable target for the management of TAA.
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