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Abstract. Atherosclerosis  (AS) is a chronic inflammatory 
disease of the vascular wall with multiple causes. AS is the 
primary pathological basis of cardiovascular disease and stroke. 
Moreover, carotid plaque rupture and thrombus formation are 
the main causes of ischemic stroke. Therefore, understanding 
the formation of carotid plaques may help improve the predic‑
tion and prevention of cardiovascular and cerebrovascular 
events. Endothelial cell dysfunction results in re‑endotheli‑
alization and angiogenesis in atherosclerotic plaques, thus 
promoting plaque destabilization. The aim of the present study 
was to evaluate the effect of circular RNA (circRNA) molecules 
in serum exosomes (serum‑Exos) from patients with stable 
plaque atherosclerosis (SA) and unstable/vulnerable plaque 
atherosclerosis (UA). Specifically, the effect of circRNA on 
human umbilical vein endothelial cell (HUVEC) behavior and 
the mechanisms underlying plaque destabilization in AS were 
evaluated. Serum‑Exos were isolated, then identified using 
transmission electron microscopy, nanoparticle tracking anal‑
ysis and western blotting. The serum‑Exo‑circRNA expression 
profile of patients with SA or UA was investigated using a 
circRNA array. The relationship between circRNA‑006896 
in serum‑Exos and biochemical parameters of patients with 
SA and UA were analyzed using Spearman's correlation. In 
addition, HUVECs were incubated with serum‑Exos for 
in vitro functional assays. The present study demonstrated 
that circRNAs expression profiles in SA and UA serum‑Exos 
were significantly different, indicating a potential role for 

circRNAs in carotid plaque destabilization. The expression of 
circRNA‑0006896 was positively correlated with triglyceride, 
low‑density lipoprotein cholesterol (LDL‑C) and C‑reactive 
protein levels, and negatively correlated with albumin levels 
in patients with UA. However, circRNA‑0006896 expres‑
sion was positively correlated with LDL‑C in patients with 
SA. Using bioinformatic analysis, a competing endogenous 
RNA (ceRNA) network was selected to study the regulatory 
roles of circRNA‑0006896 in serum‑Exos. Additionally, in 
HUVECs treated with serum‑Exos derived from patients with 
UA, the expression of circRNA‑0006896 in HUVECs was 
upregulated. This was accompanied by decreased expression 
of microRNA‑1264 and SOCS3, increased levels of DNMT1 
and phosphorylated STAT3. HUVEC proliferation and migra‑
tion were significantly increased in the UA group, compared 
with the mock and SA groups. This finding indicates that 
the circRNA‑0006896‑miR-1264‑DNMT1 axis plays an 
important role in carotid plaque destabilization by regulating 
the behavior of endothelial cells. Moreover, it suggests that 
circRNA‑0006896 may represent a therapeutic target for 
controlling JNK/STAT3 signaling in HUVECs. Thus, this 
study may provide insight on potential interventions against 
vulnerable plaque formation in patients with AS.

Introduction

Atherosclerosis (AS) is a chronic inflammatory disease of the 
vascular wall with multiple causes. It is characterized by the 
deposition of lipids in the arterial wall, infiltration of immune 
cells, and formation of fibrous caps (1). AS is the leading path‑
ological cause of cardiovascular disease and stroke. Carotid 
plaque rupture and thrombus formation are the main causes 
of ischemic stroke. Patients with unstable/vulnerable plaque 
AS (UA) are prone to rupture and thrombus formation, leading 
to cardiovascular or cerebrovascular events, such as acute 
coronary syndrome, ischemic stroke, and peripheral vascular 
disease (2). Therefore, identifying the properties of carotid 
plaques may help improve the prediction and prevention of 
cardiovascular and cerebrovascular events. Previous reports 
noted that several factors sampled from plasma or serum may 
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contribute to carotid plaque vulnerability, symptom status, 
degree of stenosis and stroke risk. These factors include the 
serum protein C‑X‑C motif chemokine ligand 9, microRNA 
(miR)‑17‑92, and circular RNA (circRNA)‑089763 (3‑5).

Exosomes are extracellular vesicles secreted by living 
cells. They can circulate in biological fluids, permeate 
biological barriers (for example, the brain‑blood barrier or the 
placental barrier), target recipient cells, and thus share inter‑
cellular signaling molecules between cells (6,7). Exosomes 
may represent a potential and effective tool for the diagnosis 
and treatment of diseases, due to their extensive presence 
in the body and relative ease of sampling. Exosomes can 
also be a source of disease‑related proteins, miRNAs, and 
circRNAs  (8‑10). Transfer of exosome‑enclosed proteins, 
miRNAs and circRNAs has been identified as an intercellular 
communication method in cardiovascular diseases, such as 
atherosclerosis (11,12). The signaling molecules carried by 
exosomes circulate in the body and can affect the biological 
behavior of target cells, thereby acting as key factors in disease 
development.

circRNAs are endogenous non‑coding RNA molecules that 
differ from linear RNA by their structure, a closed covalent 
loop lacking 3' or 5' polarity  (13). circRNAs can sponge 
miRNAs through stable complementary binding and regulate 
gene expression. Numerous studies have demonstrated that 
circRNAs are stable and abundant within exosomes; moreover, 
they may be key to the mechanisms through which exosomes 
promote certain disease (1,14,15).

Emerging evidence suggests that endothelial cell dysfunc‑
tion induces an increase in cell proliferation and migration 
that leads to re‑endothelialization and angiogenesis of carotid 
plaques, which in turn promotes plaque destabilization, plaque 
rupture, and thrombus formation (16‑18). However, whether 
exosomal circRNAs in the serum of patients with carotid 
plaques are involved in this process remains unknown.

The aim of the present study was to determine whether 
exosomal circRNAs were associated with UA formation. 
Specifically, the regulatory role of serum exosomal circRNAs 
on endothelial cell behavior was examined in patients with 
UA, in order to identify novel mechanisms underlying plaque 
stability.

Materials and methods

Patient recruitment. The present study was approved by 
The Ethics Committee of The Eighth Affiliated Hospital 
of Sun Yat‑Sen University. Written informed consent was 
obtained from all participants or their families. A total of 
42 patients diagnosed with carotid plaque under B‑ultrasound 
examination at The Eighth Affiliated Hospital of Sun Yat‑Sen 
University from March 2017 and December 2017 were enrolled 
in this study. The exclusion criteria were: i) total occlusion 
lesion; ii) acute coronary syndrome; iii) cardiac shock; and 
iv) presence of cardiomyopathy, severe anemia, severe renal 
impairment, or malignant tumor.

Carotid plaque images were obtained using a 1.5‑T 
magnetic resonance system (1.5‑T system; Philips Healthcare). 
A volume isotropic turbo spin echo acquisition (VISTA) 
sequence was used. The iMap parameters were as follows: 
i) T1‑weighted VISTA, Time of Repetition (TR)/Time of Echo 

(TE)=400/16 ms, refocusing angle=60 ,̊ thickness=1 mm, 
field of view=18  cm, matrix=384x384, SENSE factor=2, 
number of signal averaging=2); ii)  T2‑weighted VISTA, 
TR/TE=3500/119 ms, refocusing angle=60 ,̊ thickness=1 mm, 
field of view=18  cm, matrix=384x384, SENSE factor=2, 
number of signal averaging=2, and iii) time of flight Magnetic 
Resonance Angiography, TR/TE=16/6.9 ms, flip angle=60 ,̊ 
thickness=1.5 mm, field of view=22 cm, matrix=512x512, 
SENSE factor=1.8, number of signal averaging=2. Patients 
with lipid‑rich and necrotic core plaques were diagnosed with 
UA (n=20) according to previous studies (signal intensity ratio 
≥1.25 using T1‑weighted VISTA) (19,20). All other patients 
were diagnosed with SA (n=22). Clinical and demographic 
characteristics, as well as information on ongoing treatments 
are presented in Table I.

Exosome isolation. A volume of 100 µl serum was collected 
from every patient. All samples were combined into a UA 
serum pool and an SA serum pool. Both serum pools were 
centrifuged for 20 min at 2,000 x g, 30 min at 10,000 x g, then 
20 min at 14,000 x g. All centrifugation steps were performed 
at 4˚C. Exosomes were then isolated using a GET‑Exosome 
isolation kit (GenExosome Technologies, Inc.) according to the 
manufacturer's instructions. The concentration of exosomes 
was evaluated using a BCA assay. All serum‑Exos were stored 
at ‑80˚C or immediately used for further experiments.

circRNA isolation. Exosomal circRNAs were extracted from 
serum‑Exos using TRIzol® (Thermo Fisher Scientific, Inc.). 
For digestion of linear RNAs, 1 mg of total RNA was incu‑
bated with 2 U/µg RNase R for 1 h at 37˚C (Thermo Fisher 
Scientific, Inc.). The purity and concentration of the RNA 
samples were assessed with a NanoDrop™ spectrophotom‑
eter (NanoDrop™ Technologies; Thermo Fisher Scientific, 
Inc.).

circRNA microarray analysis. Following extraction from 
SA or UA serum‑Exos pools, circRNAs were divided into 
three parallel samples for each group (SA‑Exos‑1, 2 and 3 vs. 
UA‑Exos‑1, 2 and 3) and used for circRNA microarray anal‑
ysis. The Human CircRNA Array v2 (CapitalBio Technology 
Co., Ltd.) was used; with each slide containing four iden‑
tical arrays (4x180K format), representing ~170,340 human 
circRNAs. A total of 4,974 Agilent control probes were 
included in the array, and 7,775 circRNAs were examined. 
GeneSpring software (version 13.0; Agilent Technologies, 
Inc.) was used to analyze, standardize and control the quality 
of the circRNA microarray data. To identify the differen‑
tially expressed genes, a fold change threshold of ≥1.2 or 
≤‑1.2 was used. Statistical analysis was carried out using 
Student's t‑test, with P<0.05 indicating a statistically signifi‑
cant difference. Cluster 3.0 (Stanford University) was used for 
log2 transformation and median centering of the data, which 
were further analyzed through hierarchical clustering using 
the average linkage criterion. The miRanda (http://www.
miranda.org/) and CircInteractome (https://circinteractome.
nia.nih.gov/) tools were used to select the target miRNAs 
of circRNA‑0006896 and construct a circRNA‑miRNA 
network. A competing endogenous RNA (ceRNA) network 
map was constructed using Cytoscape.
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Cell culture. Human umbilical vein endothelial cells 
(HUVECs) were purchased from the American Type Culture 
Collection and cultured in RPMI‑1640 medium supplemented 
with 10% FBS (both from Thermo Fisher Scientific, Inc.) 
at 37˚C in a humidified atmosphere containing 5% CO2. At 
80‑90%  confluence, cells were sub‑cultured at a dilution 
ratio of 1:3. All experiments were performed with cells in the 
logarithmic growth phase. For experiments, the cells were 
cultured to approximately 80% confluence prior to incubation 
with serum exosomes from AS patients with UA (UA‑Exos) or 
stable plaque (SA‑Exos).

Exosome tracking. Isolated exosomes were labelled using a 
GET‑Exosome labeling kit (GenExosome Technologies, Inc.) 
according to the manufacturer's protocol. Briefly, 500 µg/ml 
serum‑Exos (or PBS as a control) were mixed with an equal 
volume of GenExosome ExoPKH26 tracking dye for 10 min at 
37˚C. The free dye was then removed using GenExosome 
centrifugal columns (10‑kDa  cutoff). Next, 1x105 cell/ml 
HUVECs were seeded in a 35‑mm confocal dish and incu‑
bated with 50 µl 500 µg/ml labelled UA‑Exos or SA‑Exos (or 
PBS as a control) in RPMI‑1640 medium supplemented with 
1% exosome‑free FBS at 37˚C for 24 h. Internalized, labelled 
exosome signals were visualized under a confocal fluorescence 
microscope (magnification, x400; Leica Microsystems, Inc.).

Dual-luciferase reporter assay. Dual-luciferase reporter 
assays were performed using the psiCHECK2 vector (Promega 
Corporation). First, the wild‑type (WT) or mutant (MUT) 
circRNA‑0006896 sequences of the putative binding‑site 
for miR1264 were subcloned into the psiCHECK2 vector. 
Next, 293  cells (ATCC) were seeded in 24‑well plates at 
a density of 5 x104  cells/well and co‑transfected with of 
psiCHECK2‑circRNA‑0006896‑WT or ‑MUT, together with 
the miR-1264 mimic or mimic‑miR‑control (0.2 mg luciferase 
plasmid and 50 nM miRNA mimic) using Lipofectamine® 
3000 (Invitrogen, Thermo Fisher Scientific, Inc.). The cells 
were harvested 48 h after transfection, and luciferase activity 
was assessed with a Dual‑Luciferase® Reporter Assay System 
(Promega Corporation). Results are presented as relative 
Renilla luciferase activities, which were normalized to firefly 
luciferase activities.

RNA fluorescence in situ hybridization (FISH). RNA FISH 
was performed to determine the location of circRNA‑0006896 
and miR1264 in HUVECs. Biotin‑labelled circRNA‑ 
0 0 0 6 8 9 6  (5 ' ‑ b i o t i n ‑TGT​ATG ​GGG ​AGA​TGT​
CTC​TCT​TTG​AGT​TAG​GTC​TAA​AGA​TGA​TGG‑3') and 
digoxigenin‑labeled miR-1264 probes (5'‑digoxigenin‑
AAC​AGG​TGC​TCA​AAT​AAG​ACT​TG 3') were designed 
and synthesized by Guangzhou RiboBio Co., Ltd. HUVECs 

Table I. Baseline clinical and biochemical characteristics of the enrolled patients.

Variables	 SA (n=22)	 UA (n=20)	 P‑value

Age, years, mean (SD)	 47.8 (11.08)	 53.1 (5.84)	 0.072
Sex, male, n (%)	 9 (81.1)	 7 (70)	 0.654
Smoking, n (%)	 9 (81.8)	 6 (60)	 0.507
Asymptomatic, n (%) 	 2 (18.2)	 4 (40)	 0.426
Amaurosis fugax, n (%)	 5 (45.5)	 4 (40)	 0.863
Transient ischemic attack, n (%)  	 4 (36.4)	 2 (20)	 0.557
SBP, mmHg, mean (SD)	 120.7 (13.81)	 130.80 (22.29)	 0.314
DBP, mmHg, mean (SD)	 76.43 (10.22)	 84.60 (18.40)	 0.085
TC, mmol/l, mean (SD)	 5.32 (1.46)	 4.74 (1.22)	 0.314
TG, mmol/l, median (IQR)	 1.47 (0.9‑1.6)	 1.62 (1.1‑1.9)	 0.251
HDL‑C, mmol/l, median (IQR)	 1.03 (1.0‑1.1)	 1.01 (0.9‑1.1)	 0.918
LDL‑C, mmol/l, mean (SD)	 2.84 (0.15)	 3.33 (0.18)	 0.035
GLU, mmol/l, median (IQR)	 5.49 (5.1‑6.4)	 5.61 (5.6‑6.0)	 0.468
GHb,%, median (IQR)	 5.70 (5.5‑5.8)	 5.75 (5.5‑6.1)	 0.842
Uric acid, µmol/l, median (IQR)	 377 (324.0‑408.0)	 447 (363.0‑536.0)	 0.261
ALT, U/l, median (IQR)	 38.00 (26.8‑42.8)	 31.50 (18.8‑55.5)	 0.705
ALB, U/l, median (IQR)	 42.60 (40.6‑43.2)	 39.75 (37.1‑42.0)	 0.085
AST, U/l, median (IQR)	 30.00 (24.6‑40.4)	 25.95 (18.2‑53.7)	 0.387
BUN, mmol/l, median (IQR)	 4.60 (3.7‑4.8)	 6.08 (5.0‑7.5)	 0.085
GGT, U/l, median (IQR)	 30.60 (22.2‑50.4)	 38.80 (24.9‑52.4)	 0.654
sCr, µmol/l, median (IQR)	 71.36 (50.0‑143.0)	 77.49 (55‑153.0)	 0.332 
CRP, mg/l, mean (IQR)	 10.55 (1.42‑33.77)	 17.95 (3.56‑40.68)	 0.029

SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL‑C, high‑density lipoprotein cholesterol; 
LDL‑C, low‑density lipoprotein cholesterol; GLU, glucose levels upon admission; GHb, glycated hemoglobin; ALT, alanine aminotransferase; 
ALB, serum albumin; AST, aspartate aminotransferase; BUN, blood urea nitrogen; GGT, γ‑glutamyl transpeptidase; sCr, serum creatinine; 
CRP, C‑reactive protein; SA, stable plaque atherosclerosis; UA, unstable/vulnerable plaque atherosclerosis; IQR, interquartile range.
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were seeded in 6‑well plates at a density of 1x105 cells/ml 
and incubated with 200 µl UA‑Exos (500 µg/ml) or SA‑Exos 
(500 µg/ml) or PBS (mock group) in 2 ml conditioned medium 
at 37˚C for 24  h. After immobilization with 4% parafor‑
maldehyde, cells were prehybridized in prehybridization 
buffer (1X PBS with 0.5% Triton X‑100), then hybridized in 
hybridization buffer (40% formamide; 10% Dextran sulfate; 
1X Denhardt's solution; 4X  saline sodium citrate buffer; 
10  mM DDT, 1  mg/ml yeast transfer RNA; 1  mg/ml 
sheared salmon sperm DNA) with 20 nmol biotin‑labelled 
probes specific for circRNA‑0006896 and 20 nmol digoxi‑
genin‑labelled locked nucleic acid miR‑1264 probes at 60˚C 
overnight. The signals of biotin‑labelled probes were detected 
using Cy3‑Streptavidin (Thermo Fisher Scientific, Inc.). The 
signals of digoxigenin‑labelled locked nucleic acid miR‑1264 
probes were detected using the Molecular Probes™ TSA™ 
kit with Alexa Fluor™ 488 tyramide reagent (Thermo 
Fisher Scientific, Inc.). Finally, the cells were incubated with 
4',6‑diamidino‑2‑phenylindole (DAPI; 1:100, Thermo Fisher 
Scientific, Inc.) for 15 min at room temperature. The images 
were acquired using a confocal microscope (magnification, 
x600; Leica Microsystems, Inc.).

RNA extraction and reverse‑transcription quantitative (RT‑q) 
PCR. Total RNAs were extracted from pooled serum‑Exos 
samples, serum‑Exos samples from individual patients or 
HUVECs by using TRIzol® reagent (Thermo Fisher Scientific, 
Inc.). The individual serum‑Exos samples was isolated 
from a 500‑µl volume of individual patient serum using a 
GET‑Exosome isolation kit (GenExosome Technologies, 
Inc.). circRNAs or DNMT1mRNA were reverse transcribed 
to cDNA with a RevertAid™H Minus First-Strand cDNA 
Synthesis Kit (Fermentas, Inc.). The reverse‑transcription 
reaction was carried out for 60 min at 42˚C, followed by a 
second step of 10 min at 70˚C and a final hold at 4˚C. miR-1264 
was reverse transcribed to cDNA with a Mir‑X™ miRNA 
First‑Strand Synthesis Kit (Clontech Laboratories, Inc.). The 
RT reaction was carried out for 60 min at 37˚C, followed by 
a second step of 5 min at 85˚C and a final hold at 4˚C. All 
cDNA was synthesized from 1 µg of total RNA. The qPCR 
was carried out using a SYBR™ Green PCR Master Mix Kit 
(Thermo Fisher Scientific, Inc.).

The sequences of the primers (all from GeneCopoeia) used 
were as follows: i) circRNA‑0006896 forward, 5'‑TTG​GGA​
AGC​CTG​GAA​TAT​GA‑3' and reverse, 5'‑TGG​GGA​GAT​GTC​
TCT​CTT​TGA‑3'; ii) circRNA‑0012592 forward, 5'‑TCG​CAT​
CTA​CTG​GTG​TGA​CC‑3' and reverse, 5'‑TCA​GTG​CAG​ATG​
TGT​GAG​CA‑3'; iii) circRNA‑0087352 forward, 5'‑TGA​TGC​
AGG​AGA​TGA​TGA​GG‑3' and reverse, 5'‑ATT​ATA​TCC​CCC​
TGG​GAT​GC‑3'; iv) circRNA‑0073009 forward, 5'‑TTG​CTA​
TGA​CTA​CAT​TTT​GAG​GTT​TT‑3' and reverse, 5'‑TGG​CCT​
CTC​CGA​AGT​AGA​AA‑3'; v)  circRNA‑0008517 forward, 
5'‑GAA​TCA​AAC​CTT​GGG​GAC​CT‑3' and reverse, 5'‑AAG​
GAT​GGG​TTC​AGG​TAG​GG‑3'; vi) circRNA‑0009054 
forward, 5'‑CTT​TCC​TCC​AAC​AGC​CAC​AC‑3' and reverse, 
5'‑CTG​CAC​GCT​CTG​TAG​TCG​AG‑3'; vii) DNMT1 forward, 
5'‑CCT​AGC​CCC​AGG​ATT​ACA​AGG‑3' and reverse, 5'‑ACT​
CAT​CCG​ATT​TGG​CTC​TTT​C‑3'; viii)  GAPDH forward, 
5'‑CAA​TGA​CCC​CTT​CAT​TGA​CC‑3' and reverse, 5'‑TTG​
ATT​TTG​GAG​GGA​TCT​CG‑3'; ix) miR1264 forward, 5'‑CAA​

GTC​TTA​TTT​GAG​CAC​CTG​TT‑3' and Universal 5' primer 
5'‑GCG​AGC​ACA​GAA​TTA​ATA​CGA​C‑3'; x) U6 forward, 
5'‑CTC​GCT​TCG​GCA​GCA​CA‑3' and reverse, 5'‑AAC​
GCT​TCA​CGA​ATT​TGC​GT‑3'. The thermocycling condi‑
tions consisted of an initial denaturation for 2 min at 95˚C, 
followed by 40 cycles of 20 sec at 95˚C, 30 sec at 60˚C, and 
40 sec at 72˚C. All reactions were performed in an ABI 7500 
Real‑Time fluorescence qPCR System (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). GAPDH and U6 snRNA were 
used as the reference gene. Relative gene expression levels 
were calculated using the 2‑ΔΔCq method (21).

Western blot analysis. Serum‑Exos and HUVECs were 
collected and incubated on ice for 30 min using RIPA lysis 
buffer (Beyotime Institute of Biotechnology) containing 
protease inhibitor cocktail (Sigma‑Aldrich; Merck KGaA). 
Protein quantification was performed by Pierce™ BCA 
Protein Assay Kit (Thermo Fisher Scientific, Inc.). The equiva‑
lent of 5 µg protein were separated by 8‑12% SDS‑PAGE 
(Beijing Solarbio Science & Technology Co., Ltd.), then 
transferred to PVDF (EMD Millipore). After blocking using 
5% non‑fat milk for 1 h at room temperature, the membrane 
was incubated with 1:1,000 dilution of primary antibodies 
against CD63 (cat. no. ab134045), CD9 (cat. no. ab92726), 
TSG101 (cat.  no.  ab125011), phosphorylated (p)‑STAT3 
(cat. no.  ab76315), STAT3 (cat. no.  ab68153), SOCS3 
(cat. no. ab16030), DNMT1 (cat. no. ab188453) and GAPDH 
(cat. no. ab8245; reference protein) overnight at 4˚C. Next, the 
membrane was rinsed three times with TBS + 0.1% Tween-20 
and incubated for 1 h with the horseradish peroxidase‑conju‑
gated goat anti‑rabbit (ab205718; 1:5,000) or goat anti‑mouse 
(ab205719; 1:5,000) secondary antibodies at ambient tempera‑
ture. Finally, The signal of protein bands were visualized by 
Pierce™ ECL Western Blotting Substrate (Thermo Fisher 
Scientific, Inc.) using the Tanon 4200 system (Tanon). The 
integrated density values were calculated using Quantity One 
v4.6.6 software (Bio‑Rad Raboratories). All antibodies were 
purchased from Abcam.

MTT assay. HUVECs were seeded in 96‑well plates at a 
density of 5x104 cells/ml in a100‑µl volume of conditioned 
medium. Experimental samples were treated with 50 µg/ml 
UA‑Exos or SA‑Exos for 24 or 48 h, while mock samples 
were treated with PBS. Blank wells were prepared by adding 
100 µl of culture medium to one well per plate. For each 
group, six replicates were set up in adjacent wells. After 
incubation, 20 µl MTT (5 g/l) was added to each well, and 
the plate was incubated for an additional 4 h at 37˚C. Then, 
the medium in each well was removed, and 150 µl of DMSO 
was added for 10 min. The absorbance was measured in 
each well at 490 nm using a Multiskan Ascent instrument 
(Thermo Fisher Scientific, Inc.). Each experiment was 
repeated three times.

Wound healing assay. HUVECs were seeded in 6‑well plates 
at a density of 1x106 cells/ ml in a 2‑ml volume of FBS‑free 
RPMI‑1640 medium. Experimental samples were treated with 
50 µg/ml UA‑Exos or SA‑Exos, while mock samples were 
treated with PBS. When cell confluence reached 80‑90%, then 
a wound was created across the diameter of the well surface 
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with a pipette tip. After 24 h, the wound area was measured 
under a light microscope (magnification, x100). The migration 
distance was measured at five locations per sample. The level 
of migration area was evaluated as follows: migration area 
(%)=(A0‑A1)/A0 x 100, where A0 is the initial wound area and 
A1 is the wound area at 24 h.

Transwell migration assay. Cell migration assays were 
performed using Transwell cell culture chambers (Thermo 
Fisher Scientific, Inc.). HUVECs were seeded into the upper 
chamber at a density of 2x104 cells/ml in a 100‑µl volume of 
conditioned medium, to which 50 µg/ml UA‑Exos or SA‑Exos 
was added. The HUVECs treated with 50 µl PBS were used 
as mock group. The lower chamber was loaded with 0.8 ml 
medium supplemented with 10% exosome‑free FBS. The 
Transwell plates were incubated at 37˚C and 5% CO2 for 24 h. 
After incubation, the filters were stained with 0.1% crystal 
violet, then decolorized with 33% acetic acid (22). Finally, the 
absorbance was measured at 570 nm using a Multiskan Ascent 
instrument (Thermo Fisher Scientific, Inc.) to evaluate the 
migratory ability of HUVECs.

Statistical analysis. SPSS 16.0 (SPPS, Inc.) was used for statis‑
tical analysis. The distribution of the data was determined 

using the Kolmogorov‑Smirnov test. Normally distributed 
data are presented as the mean ± SD, and were analyzed using 
an unpaired Student's t‑test, or one‑way ANOVA followed 
by Bonferroni correction. Data with a skewed distribu‑
tion are presented as the medians and interquartile ranges 
(IQR), and were analyzed using Mann‑Whitney's  U  test. 
Categorical variables are presented as counts or percentages, 
and were analyzed using the χ2  test. Correlations between 
serum‑Exo‑circRNA‑0006986 and clinical biochemical 
parameters were evaluated using Spearman's rank correlation 
analysis. Scientific graphs were generated using GraphPad 
Prism (version 5.0; GraphPad Software, Inc.). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Demographic and baseline characteristics of the study 
population. A total of 22 patients with SA (age range, 37‑57) 
and 20 patients with (age range, 41‑65) were enrolled in this 
study. Their baseline clinical and biochemical characteristics 
are summarized in Table I. The concentration the concentration 
of low‑density lipoprotein cholesterol (LDL‑C) and C‑reactive 
protein (CRP) were significantly increased in the UA group, 
compared with the SA group. No significant differences in age, 

Figure 1. Identification of serum‑Exos. (A) Flow chart of exosome isolation and circRNA analysis. (B) Morphology of serum‑Exos visualized under a transmis‑
sion electron microscope. Scale bar, 2.0 µm (C) Western blot analysis of the exosome‑specific markers TSG101, CD63 and CD9 in SA‑Exos and UA‑Exos. 
(D) Nanoparticle tracking analysis of exosome size distribution. (E) Diameter and (F) concentration of serum‑Exos in the SA and UA groups. Data are 
presented as the mean ± SD. ***P<0.001, and *P<0.05. n=3 in each group. Serum‑Exos, serum exosomes; circRNA, circular RNA; SA, stable plaque atheroscle‑
rosis; UA, unstable/vulnerable plaque atherosclerosis. 
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sex, smoking status, or any other biochemical parameter were 
observed between the two groups.

Exosome isolation and identification. Serum samples from 
patients with SA or UA were pooled for exosome extraction 
(Fig. 1A). Under the transmission electron microscope, the 
exosomes exhibited a double‑membrane structure in both 
groups, and the diameters of most exosomes were <200 nm 
(Fig. 1B). Moreover, the exosomes expressed the exosomal 
markers CD9, CD63, and TSG101 (Fig. 1C). The concentra‑
tion of exosomes in the SA group was significantly increased, 
compared with the UA  group (P<0.001). However, their 
diameters were only marginally different in the two groups 
(P<0.05; Fig. 1D‑F).

circRNA profile overview. The expression profile of 
Exos‑circRNAs was determined using microarray analysis. 
The expression levels of circRNA molecules were normalized 
to the same order of magnitude prior to the statistical analysis. 
The median expression levels of different groups nearly the 
same following normalization, indicating a great degree of 
standardization (Fig. 2A). A total of 75 significant differ‑
entially expressed circRNAs in the UA‑Exos and SA‑Exos 

groups are displayed as a volcano plot in Fig. 2B. A scatter plot 
demonstrated the variability of 5,343 circRNAs expression 
in UA‑Exos and SA‑Exos (Fig. 2C). The expression levels of 
all 5,343 circRNAs in UA‑Exos and SA‑Exos were quantified 
and visualized on a hierarchical clustering heat map. Only 
37 circRNAs were upregulated and 48 were downregulated 
in the UA‑Exos group, compared with SA‑Exos, indicating 
a strikingly similar expression pattern of circRNAs between 
these two groups (Fig. 2D).

RT‑qPCR validation, prediction of mRNA‑miRNA‑circRNA 
relationships and enrichment analysis of the biological 
functions of circRNA‑0006896‑co‑expressed genes. To 
verify the microarray profiling expression data, the expres‑
sion of the three most upregulated (circRNA‑0006896, 
circRNA‑0012592 and circRNA‑0087352) or downregu‑
lated circRNAs (circRNA‑0073009, circRNA‑0008517 and 
circRNA‑0009054) was validated using RT‑qPCR. Among 
these circRNAs, the circRNA‑0006896 was the only one 
that expressed over ~2‑fold UA‑Exos samples relative to 
SA‑Exos (Fig. 3A). Therefore, circRNA‑0006896 was selected 
as a candidate for subsequent experiments. Moreover, the 
expression trend of circRNA‑0006896 was further verified 

Figure 2. circRNA microarray expression data in serum‑Exos (A) Box plots displaying the variations in circRNA expression after normalization. (B) Volcano 
plot of circRNAs. The vertical lines correspond to 1.2‑fold up and down, respectively, and the horizontal line represents the P‑value cut‑off of 0.05. Statistically 
significant differentially expressed circRNAs are represented by red symbols. (C) Scatter plot of circRNA expression. Symbols above the upper green line or 
below the lower green line represent circRNAs with a change in expression between the SA‑Exos and US‑Exos groups >1.2‑fold. (D) Hierarchical clustering 
of circRNA expression across the SA‑Exos and UA‑Exos groups. Gene expression profiles are shown in rows. Red indicates upregulated expression of 
circRNAs, and green indicates downregulated expression of circRNAs. Exos, exosomes; circRNA, circular RNA; SA, stable plaque atherosclerosis; UA, 
unstable/vulnerable plaque atherosclerosis.
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Figure 3. Validation of expression patterns for circRNAs and construction of the ceRNA network. (A) RT‑qPCR validation of the expression patterns of six 
circRNA candidates. (B) RT‑qPCR validation of circRNA‑0006896 expression in patients with SA or UA. (C) circRNA‑0006896 ceRNA network diagram. 
Yellow diamonds represent the circRNAs, blue triangles correspond to the target miRNAs, and red circles represent miRNA‑targeted mRNAs. RT‑qPCR was 
performed in triplicate. Data are presented as the mean ± SD. ***P<0.001 and **P<0.01. Exos, exosomes; circRNA, circular RNA; miRNA, microRNA; SA, 
stable plaque atherosclerosis; UA, unstable/vulnerable plaque atherosclerosis; RT‑qPCR, reverse transcription‑quantitative PCR.
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in individual serum‑Exos samples from patients with SA 
(n=22) and UA (n=20). As shown in Fig. 3B, the expression of 
circRNA‑0006896 was significantly increased in serum‑Exos 
from UA patients, compared with SA patients. These results 
suggested that circRNA‑0006896 may be involved in plaque 
instability.

Furthermore, circRNAs can serve as a competi‑
tive endogenous RNA (ceRNA) to sponge miRNAs to 
regulate the target mRNAs (14,15). To describe the role of 
circRNA‑0006896 during the progression of carotid plaque 
destabilization, bioinformatics analysis was used to predict 
the potential target miRNAs of circRNA‑0006896 and 
construct a circRNA‑miRNA network map associated with 
AS. This analysis predicted seven target miRNAs (miR‑1264, 
miR-1279, miR-570, miR-593, miR-630 and miR-653) 
for circRNA‑0006896. A ceRNA network map was then 
constructed, which contained one circRNA, six miRNAs and 
768 mRNAs (Fig. 3C). This network map revealed that the 
upregulation of circRNA‑0006896 in UA ‑Exos might upregu‑
late the expression levels of 122 mRNA molecules by reducing 
the expression of miR1264, upregulate 118 mRNA targets by 
reducing the expression of miR1279, upregulate 70 mRNA 
targets by reducing the expression of miR570, upregulate 285 
mRNA targets by reducing the expression of miR593, upregu‑
late 96 mRNA targets by reducing the expression of miR630 
and upregulate 194 mRNA targets by reducing the expression 
of miR653 (Fig. 3C).

Correlations between circRNA‑006896 serum‑Exos levels 
with biochemical parameters in AS patients. To further 
examine the role of circRNA‑0006896 in the progression 
of carotid plaque instability, Spearman's rank correlation 
analysis was carried out to determine whether exosomal 
circRNA‑0006896 levels were associated with biochemical 
parameters in patients with SA or UA. circRNA‑006896 levels 
in serum‑Exos were positively correlated with LDL‑C levels 
in the SA group. Moreover, in the UA group, they were also 
positively correlated with triglyceride, LDL‑C and CRP levels, 
but negatively correlated with albumin levels. Moreover, no 
statistically significant correlations were observed between 
the serum‑Exo‑circRNA‑006896 level and the levels of total 
cholesterol, high density lipoprotein cholesterol, glucose, 
glycated hemoglobin, uric acid, alanine aminotransferase, 
aspartate aminotransferase, blood urea nitrogen, γ‑glutamyl 
transpeptidase, or creatinine in either the UA or SA group 
(Table II). These findings suggested that the increased expres‑
sion of circRNA‑006896 in UA serum‑Exos was positively 
correlated with the levels of TG, LDL‑C and CRP in UA 
patients.

UA‑Exos influence the circRNA‑0006896‑miR-1264‑DNMT1 
axis in HUVECs. A previous study reported that HUVEC 
proliferation and migration are important events that induce 
plaque destabilization (23,24). The signaling molecules carried 
by exosomes may affect the biological behavior of target cells 
in the microenvironment (25). Therefore, it was hypothesized 
that endothelial cell phagocytosis of serum‑Exos containing 
high levels of circRNA‑0006896 could promote endothelial 
cell proliferation and migration, leading to plaque instability. 
According to the ceRNA network hypothesis, circRNAs can 
abolish the inhibitory effect of miRNAs on their target genes 
and cause changes in intracellular signaling pathways (26). 
Thus, in this study, the role of the circRNA‑0006896 ceRNA 
network in HUVECs following treatment with serum‑Exos 
was further examined.

RT‑qPCR analysis suggested that miR1264 was the most 
downregulated of the six circRNA‑0006896‑targeted miRNAs 
following treatment with UA‑Exos (Fig.  4A). A previous 
report indicated that miR-1264 targets the DNMT1 transcript 
by binding to its 3'UTR, thus affecting DNMT1 expression 
and enzyme activity in miR-1264‑transfected cells (27,28). 
Thus, it was hypothesized that circRNA‑0006896 may 
regulate HUVEC behavior through a circRNA‑0006896‑miR-
1264‑DNMT1 axis. The miRanda database suggested that 
the 3'‑UTR of circRNA‑0006896 contains a putative direct 
binding site for miR1264 (Fig. 4B). Dual‑luciferase reporter 
assays indicated that co‑transfection of WT circRNA‑0006896 
with miR1264 mimics would lead to a significant reduction 
in fluorescence intensity, compared with co‑transfection 
with control miRNA mimics. However, relative fluorescence 
intensity was not changed when the MUT circRNA‑0006896 
construct was co‑transfected, indicating the specific miR1264 
sponges function of circRNA‑0006896 (Fig. 4C). In addition, 
confocal microscopy images indicated that the amount of 
exosomes phagocytosed by HUVECs did not appear different 
between the SA and UA‑Exos groups (Fig. 4D). FISH also 
confirmed that circRNA‑0006896 colocalized with miR‑1264 
around the nuclear membrane (Fig. 4E).

Table II. Correlation between circRNA‑0006896 expression 
and biochemical parameters in AS patients with SA or UA.

	 SA (n=22)	 UA (n=20)
Biological	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
parameters	 r	 P‑value	 r	 P‑value

TC	 0.454	 0.161	 0.191	 0.421
TG	 ‑0.006	 0.986	 0.653	 0.002
HDL‑C	 0.126	 0.713	 ‑0.505	 0.136
LDL‑C	 0.432	 0.018	 0.547	 0.008
GLU	 0.109	 0.749	 0.113	 0.755
GHb	 ‑0.225	 0.561	 ‑0.421	 0.226
Uric acid	 0.276	 0.412	 0.662	 0.052
ALT	 ‑0.420	 0.199	 ‑0.023	 0.915
ALB	 ‑0.579	 0.062	 ‑0.927	 <0.001
AST	 0.392	 0.081	 ‑0.876	 0.783
BUN	 0.088	 0.797	 0.454	 0.187
GGT	 ‑0.448	 0.167	 ‑0.250	 0.486
sCr	 0.334	 0.129	 0.287	 0.220
CRP	 0.145	 0.536	 0.532	 0.016

TC, total cholesterol; TG, triglyceride; HDL‑C, high‑density lipo‑
protein cholesterol; LDL‑C, low‑density lipoprotein cholesterol; 
GLU, glucose levels upon admission; GHb, glycated hemoglobin; 
ALT, alanine aminotransferase; ALB, serum albumin; AST, aspar‑
tate aminotransferase; BUN, blood urea nitrogen; GGT, γ‑glutamyl 
transpeptidase; sCr, serum creatinine; CRP, C‑reactive protein; SA, 
stable plaque atherosclerosis; UA, unstable/vulnerable plaque athero‑
sclerosis; r, Pearson's correlation coefficient.
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Furthermore, the expression levels of circRNA‑0006896, 
miR1264 and DNMT1 were measured in HUVECs following 

treatment with serum‑Exos from patients with UA or SA. In 
the UA group, the expression levels of both circRNA‑0006896 

Figure 4. circRNA‑006896‑miR1264‑DNMT1 axis in HUVECs. (A) RT‑qPCR validation of the expression patterns of six circRNA‑006896 targeted‑miRNAs 
in SA‑Exos or UA‑Exos‑treated HUVECs. (B) Predicted formation of duplexes at the miR1264 binding sites in circRNA‑0006896 is indicated. (C) A Dual‑lucif‑
erase reporter gene assay was carried out to verify the binding site. HUVECs treated with miR‑1264 mimic or control miRNA were co‑transfected with 
psiCHECK2 constructs containing the WT or mutant circRNA‑0006896 sites. (D) Confocal microscopy analysis of serum‑Exos phagocytosis by HUVECs. 
(E) Colocalization of circRNA‑0006896 with miR1264 in HUVECs Fluorescence in situ hybridization was used to evaluate the cellular localization of 
circRNA‑0006896 and miR‑1264. Nuclei were stained with DAPI. Relative expression levels of (F) circRNA‑0006896, (G) miR‑1264 and (H) DNMT1 in the 
mock and serum‑Exos‑treated HUVECs. Scale bar, 100 µm. Data are presented as the mean ± SD. ***P<0.001, **P<0.01,  ###P<0.001 vs. SA‑Exos. Serum‑Exos, 
serum exosomes; circRNA, circular RNA; miRNA, microRNA; HUVEC, human umbilical vein endothelial cell; DNMT1, DNA methyltransferase 1; WT, 
wild-type; Mut, mutant; SA, stable plaque atherosclerosis; UA, unstable/vulnerable plaque atherosclerosis.
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and DNMT1 were significantly increased, compared with 
the SA group. In addition, the expression of miR-1264 was 

significantly lower, compared with the SA group (Fig. 4F‑H). 
Therefore, the expression levels of circRNA‑0006896, 

Figure 5. Highly expressed circRNA‑0006896 encapsulated in UA‑serum‑Exos increases the proliferation and migration of HUVECs. (A) Protein levels 
of DNMT1, SOCS3, P‑STAT3 and STAT3 were determined by western blot analysis. (B) MTT assay. (C) Wound healing assay. (D) Transwell assay. Scale 
bar, 100 µm. Data are presented as the mean ± SD. ***P<0.001, **P<0.01 vs. mock group; ###P<0.001, ##P<0.01 vs. SA‑Exos. Exos, exosomes; HUVEC, human 
umbilical vein endothelial cell; DNMT1, DNA methyltransferase 1; SOCS3, suppressor of cytokine signaling 3; signal transducer and activator of transcrip‑
tion 3; P, phosphorylated; SA, stable plaque atherosclerosis; UA, unstable/vulnerable plaque atherosclerosis; OD, optical density.
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DNMT1 and miR-1264 differed following treatment with 
SA or UA‑Exos. These data indicated that the high levels of 
circRNA‑0006896 contained within UA‑Exos can affect the 
expression of miR-1264 and DNMT1 in HUVECs, whereas 
the small amounts of circRNA‑0006896 contained in SA‑Exos 
do not.

The circRNA‑0006896 network in UA exosomes increases 
the proliferation and migration of HUVECs. Previous studies 
have documented that DNMT1 is a critical regulator of JNK, 
STAT, and NF‑κB signaling during the development of UA 
because an increase DNMT1 expression results in CpG 
island hypermethylation in the promoter region of SOCS3, 
which downregulates its expression (28). Low expression of 
SOCS3 promotes JNK/STAT signaling, thus increasing the 
proliferation and migration of HUVECs (29), which in turn 
leads to plaque destabilization and promotes AS develop‑
ment  (23,30,31). Thus, functional assays using HUVECs 
treated with UA or SA‑Exos were carried out to explore the 
role of circRNA‑0006896, miR-1264 and DNMT1 in AS 
development.

Western blot analysis suggested that there was an inverse 
relationship between SOCS3 and DNMT1 expression. Indeed, 
SOCS3 protein expression was reduced in HUVECs following 
treatment with UA‑Exos, compared with SA‑Exos and mock 
groups. This was accompanied by a significant increase in 
STAT3 phosphorylation (Fig. 5A). In addition, the proliferation 
of HUVECs was significantly increased in the UA‑Exos group, 
compared with the SA serum‑Exos and mock groups at 24 and 
48 h. (Fig. 5B). A wound healing assay was conducted to inves‑
tigate the effects of circRNA‑006896 on HUVEC migration. 
HUVEC migration increased by ~20% in the UA‑Exos group, 
compared with the SA‑Exos and mock groups (Fig. 5C). In a 
Transwell assay, staining intensity significantly increased for 
HUVECs after treatment with UA‑Exos for 48 h, compared 
with the UA and mock groups, suggesting increased HUVEC 
migration (Fig.  5D). Collectively, these results suggested 
that high concentrations of circRNA‑0006896 in UA‑Exos 
enhances the proliferation and migration of HUVECs, possibly 
through DNMT1/SOCS3/JNK/STAT3 signaling.

Discussion

Previous studies have been conducted to identify thera‑
peutic targets for UA, most of which have been limited 
to protein‑coding genes, miRNAs and lncRNAs  (32‑35). 
Recently, circRNAs have attracted attention as new diagnostic 
markers for diseases, including cancer. circRNAs constitute a 
rich, stable, diverse and conserved family of RNA molecules. 
Emerging evidence suggests that circRNAs participate in 
various biological processes, such as angiogenesis, prolif‑
eration, and differentiation (36). Recently, Zhang et al (37) 
demonstrated that the crosstalk between circRNAs and their 
competing mRNAs might play crucial roles in the development 
of UA by regulating cell adhesion, migration, and activation. 
Moreover, exosomal circRNAs derived from peripheral circu‑
lating serum are associated with UA formation. Jiang et al (38) 
reported that peripheral circulating serum‑Exos are can induce 
TNF‑α and IL‑6 production in macrophages through their 
miRNA cargo.

An increase in inflammatory cytokines has been proven 
to be related to plaque vulnerability across various stages 
of AS, in which vascular endothelial cells are dysfunctional 
and induced by stimulatory factors. Endothelial cell func‑
tions, such as antithrombogenicity and angiogenic sprouting 
capacity, are lost. However, mesenchymal cell characteris‑
tics, such as contractility, proliferation, and migration, are 
enhanced. Functionally, endothelial cells play a vital role in 
the development and ultimate rupture of unstable plaques, 
which cause most acute coronary artery events  (3,23). 
However, few studies have explored the stimulatory effect of 
peripheral circulating serum‑Exos on the vascular endothe‑
lium in AS patients.

Therefore, in the present study, the circRNA expression 
profiles of serum‑Exos from patients with SA or UA were 
used to assess the effect of exosomal circRNAs on vascular 
endothelial cell activation. circRNA‑0006896 was selected for 
further study due to its higher expression in patients with UA, 
compared with patients with SA. Furthermore, the expression 
levels of circRNA‑0006896 were positively correlated with 
the levels of triglyceride, LDL‑C and CRP, and negatively 
correlated with albumin levels in patients with UA. Since 
increased levels of serum LDL‑C and CRP are an important 
clinical feature of UA formation, it was hypothesized that 
serum‑Exo‑circRNA‑0006896, which is positively correlated 
with their expression, could play an important role in the 
formation of unstable carotid plaques.

The circRNA‑0006896‑miR-1264‑DNMT1 axis was 
selected as a platform to study the regulatory roles of 
circRNA‑0006896 in serum‑Exos through circRNA bioinfor‑
matic analysis. The results indicated that following treatment 
with UA serum‑Exos, the expression of circRNA‑0006896 
in HUVECs was upregulated, which was accompanied by 
downregulated expression of miR1264 and upregulated 
expression of DNMT1 mRNA. Recently, DNMT1 has 
been identified as the direct target of miR1264, which can 
bind to the 3'UTR of the DNMT1 transcript to inhibit its 
expression. DNMT1 is an important enzyme implicated in 
DNA methylation, particularly in the promoter region of 
SOCS3. Moreover, CpG islands, one of which is located 
at kb 4.261‑6.673 in the SOCS3 genomic locus, regulate 
DNMT1 function (27,28). miR-1264 downregulation facili‑
tates persistent DNMT1 expression, thereby inducing SOCS3 
promoter methylation and impacting its gene expression (27). 
Downregulated expression of SOCS3 results in loss of its 
inhibitory effect on the JNK/STAT3 pathway (30,31). The 
proliferation and migration of HUVECs were increased 
most significantly in the UA groups compared to the SA and 
mock groups, possibly indicating its role in the formation of 
unstable plaques.

In conclusion, increased expression of circRNA‑0006896 
in serum‑Exos from patients with UA promotes the prolifera‑
tion and migration of HUVECs by negatively regulating the 
expression of miR-1264. In turn, this leads to an increase 
in DNMT1 expression and STAT3 phosphorylation, and a 
reduction in the expression of SOCS3. These findings indicate 
that circRNA‑0006896 is a potential therapeutic target that 
regulates JNK/STAT3 pathway activation and may influence 
vulnerable plaque formation by forming complex regulatory 
networks in patients with UA. Therefore, this study may 
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provide insight into novel interventions against vulnerable 
plaque formation in patients with UA.
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