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Abstract: Purpose: To clarify the regulatory effect of Nuclear-enriched abundant transcript 1 (NEAT1) on abdominal 
aortic aneurysm (AAA) model rats and isolated endothelial progenitor cells (EPCs). Methods: The AAA rat model was 
established by CaCl2 stimulation, and overexpressed NEAT1 was injected into rats through tail vein. Abdominal aorta 
lesions and numbers of EPCs in tissues and peripheral blood were examined by hematoxylin-eosin, immunofluores-
cence and flow cytometry. The extracted EPCs were identified by microscopy, DiI-ac-LDL staining and flow cytometry. 
Effect of overexpressed/silencing NEAT1 on the viability, migration, tube formation and VEGF content of EPCs was 
investigated by MTT-, wound-healing, tube formation assays and ELISA, respectively. The expressions of NEAT1, 
miR-204-5p, Angiopoietin-1 (Ang-1)/ERK pathway were determined by qRT-PCR and Western blot as needed. The 
targeting relationships between NEAT1 and miR-204-5p, and miR-204-5p and Ang-1 were predicted on starBase, 
TargetScan and confirmed by dual-luciferase experiments. The mutual regulation effect was studied through rescue 
experiments. Results: Overexpressed NEAT1 not only reduced inflammatory infiltration and increased the number of 
EPCs in abdominal aorta and peripheral blood, but also promoted the viability, migration, tube formation of EPCs, 
increased VEGF content and upregulated the expression of the Ang-1/ERK pathway in EPCs. However, silencing 
NEAT1 produced opposite results. NEAT1 targeting miR-204-5p inhibited the functional effects of miR-204-5p on of 
EPCs. Overexpressed/silencing Ang-1 partially reversed the effects of NEAT1 or miR-204-5p on the characteristics 
of EPCs. Conclusion: NEAT1 competitively binds with miR-204-5p and up-regulates Ang-1 expression in EPCs to ef-
fectively improve the proliferation, migration and angiogenesis of EPCs.
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Introduction

Abdominal aortic aneurysm (AAA) is a common 
aortic disease requiring vascular surgery. The 
mortality rate of AAA patients with aneurysm 
rupture exceeds 80% [1, 2]. Abdominal aortic 
aneurysms could be caused by atherosclerosis 
as well as other factors such as trauma and 
genetic susceptibility [3]. The incidence of 
abdominal aortic aneurysms is increasing 
annually in China [4]. At present, the main treat-
ment of abdominal aortic aneurysms is surgery, 
with drug treatment as an adjuvant therapy to 
slow down the expansion of aneurysms [5]. 
However, the effect of these treatments is seri-
ously affected by poor prognostic factors such 

as postoperative infection, recurrence, and 
stent graft occlusion [5, 6]. Therefore, develop-
ing more reliable methods for treating AAA has 
become an important research direction of AAA 
prevention and treatment in clinical practice.

In 1997, by using immunomagnetic beads, 
Asahara discovered that the precursor cells 
were able to differentiate into endothelial cells 
from circulating peripheral blood, and named 
them endothelial progenitor cells (EPCs) [7]. 
EPCs are critically involved in angiogenesis in 
the embryonic period [8]. Under physiological 
conditions, EPCs mainly exist in a dormant 
state in the bone marrow, but under infection, 
stress or local tissue ischemia and hypoxia, 
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EPCs are activated, and some vascular factors, 
such as vascular endothelial growth factor 
(VEGF), basic fibroblast growth factor (bFGF), 
and Nitric Oxide (NO), will be increased [9, 10]. 
With the action of the above vascular factors, 
EPCs enter the peripheral blood from the bone 
marrow and then transfer to the damaged site 
to promote the regeneration of endothelium 
and blood vessels, thus actively participating in 
local angiogenesis and endothelial cell renewal 
[11]. This biological feature of EPCs has cur-
rently been increasingly studied in relation to 
aneurysms and other vascular diseases throu- 
gh basic and clinical researches.

The success of monoclonal antibody drugs 
such as VEGF and CD20 in the treatment of 
malignant tumors provides an important refer-
ence for the application of the molecular tar-
geted therapy to refractory diseases [12]. Non-
coding RNAs are key targets in research on the 
molecular targeted therapy. LncRNA nuclear-
enriched abundant transcript 1 (NEAT1) is 
located at the nucleus and participates in the 
regulation of the core structure constituting the 
paranuclear plaque and the transcription of 
many genes [13]. NEAT1 has been reported to 
be abnormally expressed in many human malig-
nant tumors, such as in glioma, non-small cell 
carcinoma, and breast cancer [14]. By studying 
undifferentiated human embryonic stem cells, 
Chen [15] found that loss of NEAT1 affects the 
fate of human embryonic stem cells. Abu 
Shufian Ishtiaq Ahmed [16] observed that 
NEAT1 could inhibit the expressions of smooth 
muscle contraction-related proteins by regulat-
ing epigenetic mechanisms, and therefore, he 
believed that NEAT1 could be used as a molec-
ular target for treating occlusive vascular dis-
eases. Based on the above findings, we hypoth-
esized that NEAT1 may interfere with the AAA 
repair process of endothelial progenitor cells.

In this study, the AAA rat model and isolated 
induced EPCs were used as the research 
objects. The specific role and mechanism of 
NEAT1 in the AAA repair process involving EPCs 
were explored by performing in vivo and in vitro 
experiments.

Methods

Ethics statement

Animal experiments were conducted under the 
approval of the Animal Experiment Ethics 

Committee of the First Affiliated Hospital of 
Bengbu Medical College (201911047XGWK) 
and under the guidance of Guide for the Care 
and Use of Laboratory Animals. The SD male 
rats (age: 6 weeks old, weight: about 200 g) 
used in the experiment were purchased from 
Jiangsu ALF Biotechnology Co., Ltd. The feeding 
and experimental environment (day/night cycle 
with 12 hours of light, 20 ± 2°C, and 55 ± 5% 
humidity) was determined at the animal center 
of The First Affiliated Hospital of Bengbu 
Medical College.

Construction and transfection of NEAT1 lentivi-
ral plasmid

The full-length sequence of NEAT1 was ampli-
fied for the construction of the overexpressed 
NEAT1 plasmid. After being processed with 
restriction enzymes (Not I, 1166S, 1094S, 
TAKARA, China; XhoI, 1094S, TAKARA, China) 
and T4 DNA Ligase (EL0011, ThermoFisher, 
USA), the amplified sequences were ligated into 
pLL3.7 lentiviral vector (VT2204, YouBio, 
China). SiNEAT (knocked down NEAT1, target 
sequence: 5’-CTCTAGGTTTGGCGCTAAACTCT-3’) 
with a stem-loop structure was inserted to the 
pGLVU6/GFP vector (C06001, GenePharma, 
China).

The recombinant plasmids were added to  
DH5α competent cells (ML-G2016, Mlbio, 
China) and LB medium (LB-01, Coolaber, 
China). After 45 minutes of resuscitation, 200 
μL of cells were transferred to Ampicillin LB 
plates (Coolaber, China) and evenly coated. The 
inverted plate was cultured in a cell incubator 
at 37°C (QP-80S, BIOBASE, China) for 16 h. 
Subsequently, a plasmid mini-prep kit (AP-MN-
P-250G, Axygen, USA) was used for positive 
clone sequencing on the cloned colonies. Then 
plasmids were extracted from the clone colo-
nies and further reacted with the plasmid 
extraction kit (AP-MX-P-25G, Axygen, USA). 
Afterwards, the extracted plasmids were trans-
fect into 293T cells (CL-0005, Procell, China) 
using a Lipofectamine 2000 Transfection Kit 
(11668500, ThermoFisher, USA). 48 h after 
transfection, the supernatant of cells transfect-
ed with overexpressed NEAT1/siNEAT was col-
lected. The negative control (NC) of overex-
pressed NEAT1 was transfected with empty 
pLL3.7 vector into cells, while the negative con-
trol (siNC) of siNEAT1 was transfected with 
empty pCDH-CMV-MCS-EF1-Puro vector in the 
same way.
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According to our experimental design, overex-
pressed NEAT1, siNEAT, miR-204-5p mimic 
(miR10000877-1-5, RIBOBIO, China), overex-
pressed Ang-1 (CAT #: RR212791, ORIGENE, 
USA) and knocked down Ang-1 (CAT #: 
SR512502, ORIGENE, USA) were used to pro-
cess the cells. The MiR-204-5p mimic, overex-
pressed Ang-1 and knocked down Ang-1 were 
transfected into cells using Lipofectamine 
2000 transfection reagent. Cells transfected 
with overexpressed NEAT1 and siNEAT were 
directly infected with the 293T cell supernatant 
(3 times, 4 hours/time).

Construction of rat abdominal aortic aneurysm 
(AAA) model

Following a previous study [17], the modeling 
method of CaCl2 was applied to stimulate the 
abdominal aorta. The SD rats were divided into 
4 groups (n = 10) according to the principle of 
random control: Sham group, Model group, 
Negative control (NC) group, and overexpressed 
NEAT1 (NEAT1) group. The rats were anesthe-
tized by intraperitoneal injection of 1% pento-
barbital sodium (P3761-25G, Sigma, USA; 
injection dose of 100 mg/kg). Gauze (about 1 
cm2) was pre-soaked in CaCl2 solution (0.5 
mol/L) or saline. The rats were fixed in the 
supine position with the abdomen fully exposed. 
A pair of surgical scissors was used to cut along 
the midline of the abdomen and separate the 
abdominal aorta between the renal artery and 
the iliac artery. In all groups except for the 
Sham group (gauze with saline), the exposed 
abdominal aorta was stimulated for 15 min 
with the gauze covered in CaCl2 solution. Then 
the gauze in the abdominal cavity of the rat was 
removed and washed with saline twice to 3 
times. After that, the wound was sutured layer 
by layer. The supernatant of cell transfected 
with overexpressed NEAT1 was injected into 
the rats of the NEAT1 group (0.2 mL) via tail-
vein injection, while the cell supernatant in the 
NC group was replaced by empty plasmid.

On the 29th postoperative day, all the rats were 
anesthetized and fixed with pentobarbital sodi-
um. After opening the abdomen, 5 mL of blood 
was collected from the abdominal aorta using 
the EDTA anticoagulation tube. The abdominal 
aorta was then separated and removed. Then 
after removing the fatty tissues from the sur-
face of the abdominal aorta, the abdominal 
aorta was rinsed with cold saline and fixed in 
paraformaldehyde.

Pathological testing

Hematoxylin-eosin (H&E) staining was per-
formed for observing tissue lesions. The cyto-
plasm was stained red with eosin, while the 
nucleus was stained blue with hematoxylin. In 
brief, the abdominal aorta in paraformaldehyde 
was removed and embedded into paraffin. 
Then 5-μm thick paraffin sections were first 
dewaxed and hydrated before staining by an 
H&E staining kit (G1120-3×100 ml, Solarbio, 
China). Briefly, the tissue sections were 
immersed in hematoxylin (10 min), differentia-
tion solution (30 seconds), and tap water (15 
min) and eosin reagent (1 min). All the experi-
mental operations were conducted at normal 
temperature. Next, after dehydration, clearing, 
and mounting, pathological changes of the 
abdominal aortic tissue sections were observed 
under a microscope (DM1000, Leica, Germany) 
at 200× magnification.

Immunofluorescence staining

Von Willebrand Factor (vWF) and kinase domain 
containing receptor (KDR) are important rele-
vant factors for vascular growth, thus, the 
changes in the number of vWF+ and KDR+ cells 
from aortic aneurysm tissues were detected by 
immunofluorescence staining. Briefly, the cells 
were permeated in 0.1% Triton™ X-100 (01-
0041-00, Merck millipore, Germany) for 15 
min. Endogenous peroxidase activity was 
blocked by with 3% H2O2 for 20 min. Normal 
goat serum (SL038-10 ml, Solarbio, China) was 
then used to block the tissues for 30 min. Next, 
the tissue on the slice was covered with Anti-
vWF antibody (1:400, ab6994, Rabbit, Abcam, 
USA) and Anti-KDR antibody (1:200, ab9530, 
Mouse, Abcam, USA) overnight at 4°C. The next 
day, Goat Anti-Rabbit (FITC, 1:3000, ab6717, 
Abcam, USA) and Anti-Mouse (PE, 1:3000, 
ab7000, Abcam, USA) were combined with cor-
responding primary antibodies for 1 h. The 
nucleus of cells was stained with DAPI for 3 
min. The numbers of cells positively expressing 
vWF and KDR in the stained tissues were 
counted by a Zeiss L LSM800 confocal micro-
scope (Germany) at 200× magnification.

Flow cytometry

In this study, a FACSAria II flow cytometer (BD, 
USA) was used to count the number of EPCs in 
the cell suspension by identifying the fluores-
cent signals of KDR and CD34 positive expres-



Effect of NEAT1 in AAA treatment

2114	 Am J Transl Res 2021;13(4):2111-2126

sion. Cell suspension was first prepared with 
uncontaminated EPCs, and the cell density was 
adjusted to 1×106 cells/mL. Next, the EPC sus-
pension was added with 0.5 μL of Anti-KDR 
antibody (0.5 mg/mL, ab9530, Mouse, Abcam, 
USA) and 0.5 μL of Anti-CD34 antibody (0.5 
mg/mL, ab81289, Rabbit, Abcam, USA) for 1 h 
at room temperature. Then the cells were fur-
ther combined with 1 μL of fluorescent-labeled 
secondary antibody (Anti-Mouse PE, 0.5 mg/
mL, ab7000, Abcam, USA; Goat Anti-Rabbit 
FITC, 0.5 mg/mL, ab6717, Abcam, USA) for 30 
min at room temperature. After washing with 
FACS buffer, EPCs were transferred to a flow 
cytometer to detect the fluorescent expres-
sions of KDR and CD34.

Isolation and cultivation of endothelial progeni-
tor cells (EPCs)

Three SD rats were deeply anesthetized and 
sacrificed under pentobarbital sodium anes-
thesia. After the rats were fixed and thoroughly 
disinfected, the left hind limb of the rats was 
cut off, and the femur and tibia were peeled off 
and placed in a sterile culture dish. Sterile sur-
gical instruments were applied to cut off the 
epiphysis, and then the bone marrow cavity 
was washed with PBS. The collected bone mar-
row suspension was centrifuged using density 
gradient centrifugation for 5 min at 4°C at 
1,600×g. The resulting pellet was re-suspend-
ed in PBS again. Afterwards, the suspension 
was mixed with the lymphocyte separation 
solution at the ratio of 1:1. After another round 
of centrifugation (15 min at 2,000×g, 4°C), the 
milky white intermediate layer of monocytes 
was then collected and washed. The cells were 
finally transferred to EGM-2 medium (CC-3162, 
Lonza, Switzerland) and cultured (at 37°C with 
5% CO2).

The primary cells were cultured for 3 days 
before passage. To identify the cells, the 
expressions of KDR and CD34 markers in the 
primary cells re-suspended in the culture  
medium were examined with a flow cytometer. 

The DiI-Ac-LDL/FITC-UEA-1 double labeling 
method was carried out on the tenth day of cell 
passage to identify the isolated EPCs. The 
adherent EPCs were first incubated with  
DiI-Ac-LDL reagent (4 μg/mL, FS1088-500UG, 
Fushen, China) in an environment at 37°C for 4 
h. The cells were then washed with PBS for 5 
min for a total of 3 times. Next, the cells were 
fixed with paraformaldehyde for 10 min. After 
that, FITC-UEA-1 reagent (10 μg/mL, FS1109-
500UG, Fushen, China) was added to EPCs for 
1-h incubation at room temperature. After the 
incubation, the staining results were observed 
with a Zeiss L LSM800 confocal microscope 
(Germany) at 200× magnification.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Trizol (15596018, ThermoFisher, USA) was 
added to EPCs for RNA isolation, and chloro-
form (CP287, 9dingchem, China) and isopropa-
nol (I112023, Aladdin, China) were added into 
EPCs in sequence to obtain RNA precipitation. 
The RNA concentration was measured using a 
ND-LITE-PR NanoDrop 2000 instrument pro-
duced by ThermoFisher (USA).

The K1621 kit (ThermoFisher) was applied for 
reverse transcription of RNA into cDNA. The 
synthesized cDNA and gene primer designed by 
Sangon (China) were mixed for the PCR under 
the following conditions: pre-denaturation at 
95°C for 10 min, denaturation at 95°C for 15 
seconds (s), annealing at 60°C for 1 min, for a 
total of 40 cycles. After the detection, the final 
results were obtained using the computer pro-
gram by the 2-ΔΔCT method [18]. The sequences 
of primers to be tested were listed in Table 1.

MTT assay

In short, the EPC suspension was prepared by 
treatment with trypsin (S10032-100 g, Yuanye, 
China) and PBS. Two thousand EPCs were inoc-
ulated into the bottom of a 96-well plate. After 
24 hours of incubation, 5 mg/mL MTT solution 
(E606334-0250, Sangon, China) was added 
into EPCs and fully mixed. Then the EPCs were 

Table 1. Primers for qRT-PCR
Genen Forward primer (5’-3’) Reverse primer (5’-3’)
NEAT1 GGCAGGTCTAGTTTGGGCAT CCTCATCCCTCCCAGTACCA
miR-204-5p GCCTGTCGTATCCAGTGCAA GTCGTATCCAGTGCGTGTCG
U6 AAAGCAAATCATCGGACGACC GTACAACACATTGTTTCCTCGGA
β-actin ATTGGCAATGAGCGGTTC GGATGCCACAGGACTCCA

The cell morphology was ob- 
served with a Leica microscope 
(DM1000, Germany) at 100× 
magnification on the 6th and 
17th days of passage.

Double labeling method for 
identifying EPCs
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continuously incubated for 4 h at 37°C. 100 μL 
of Formazan Solubilization Solution in the kit as 
the reaction termination solution was added to 
the cells. Finally, the absorbance of cells at 570 
nm was measured using a Molecular Devices 
(USA) SpectraMax i3x microplate reader.

Wound-healing assay

Horizontal lines at a space of 1 cm were drawn 
on the back of the 6-well plate. The EPC sus-
pension prepared was transferred into 6-well 
plates at a density of 5×105 cells/well. The cells 
were then incubated overnight to continue the 
observation (37°C, 5% CO2). Next, a pipette 
was used to draw a gap perpendicular to the 
previous line in the 6-well plate containing 
cells. The 6-well plate was then added with 
serum-free medium and further incubated for 
24 h. Afterwards, cell migration was observed 
under a microscope at 100× magnification.

Tube formation assay

Matrigel stored at 4°C was first evenly spread 
on the bottom of a 96-well plate (50 μL/well). 
The 96-well plate was then transferred to a cell 
incubator and incubated for 30 min at 37°C. 
The transfected EPCs were collected and 
adjusted to a cell concentration of 2×105 cells/
mL. Next, 100 μL of EPC suspension was added 
to the 96-well plate after incubation. The EPCs 
were continuously incubated for 4 h, and then 
observed under a Leica DM1000 microscope 
(Germany) the growth changes of the small 
tube structure at 100× magnification.

Enzyme-Linked ImmunoSorbent Assay (ELISA)

The EPC supernatant was collected to measure 
the content of vascular endothelial growth fac-
tor (VEGF) using a rat VEGF ELISA KIT (kt50063, 
MSKBIO, Germany). The supernatant and 
reagent were added to the bottom of the 
microtiter plate as required. After sealing the 
plate with a membrane, the microplate was 
placed at 37°C and incubated for 30 min. After 
solution preparation, the cells were washed, 
added with enzyme reagents for color develop-
ment. When the reaction was terminated, the 
microplate was read by a microplate reader 
(SpectraMax i3x, Molecular Devices, USA) for 
the OD value (wavelength: 450 nm) of each 
well.

Western blot

The protein in the cell was separated into pro-
tein liquid by lysis (R0020-100 ml, Solarbio, 
China). In this study, the BCA method was 
employed to determine protein concentration 
[19]. Sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) was used as a 
medium to promote protein transfer onto a 
0.45-μm PVDF membrane (YA1701, Solarbio, 
China). The protein was further fixed on the 
membrane with a 5% BSA blocking solution 
(SW3015-100 mL, Solarbio, China). Then the 
primary antibody was added to incubate with 
the protein overnight to fully binding to the tar-
get protein (at 4°C). Subsequently, the proteins 
were treated with the secondary antibody for 1 
h at room temperature. Protein bands were 
visualized using the luminescent fluid (PE0010) 
and gel imaging system (Tanon 2500, China) 
produced by Solarbio (China). The antibodies 
used in this experiment were as follows: Ang-1 
(1:500, ab8451, Abcam, USA); phosphorylated 
Tyrosine kinase 2 (p-Tie-2, 1:500, ab192800, 
Abcam, USA); Tie-2 (1:1000, ab24859, Abcam, 
USA); phosphorylated extracellular regulated 
protein kinases (p-ERK, 1:1000, ab201015, 
Abcam, USA); ERK (1:1000, ab17942, Abcam, 
USA); Β-actin (1:5000, ab8226, Abcam, USA); 
Goat Anti-Rabbit antibodies (1:5000, ab- 
205718, Abcam, USA) and Goat Anti-mouse 
antibodies (1:5000, ab150117, Abcam, USA).

Target prediction and verification

The targeting sequences of NEAT1 and miR-
204-5p, and miR-204-5p and Ang-1 with 
3’-untranslated regions (3’UTRs) were predict-
ed on the starBase (http://starbase.sysu.edu.
cn/index.php) and TargetScan databases 
(http://www.targetscan.org/). Dual-luciferase 
experiment was performed to further verify the 
results. The two sets of binding sequen- 
ces were inserted into the PmirGLO vector 
(VT1439, YouBioChina) to synthesize the wild-
type (NEAT1-WT, 5’-GUUUUCCGAGAACCAAAG- 
GGAG-3’; Ang-1-WT, 5’-ACUGUCGAGUUUUGAA- 
AAGGGAA-3’) and mutant (NEAT1-mut, 5’- 
GUUUUCCGAGAACUGCUAACGG-3’; Ang-1-mut, 
5’-ACUGUCGAGUUUUGACGGAUACA-3’) report-
er plasmids. Reporting plasmid/miR-204-5p 
mimic and mimic control (MC) were transfected 
into EPCs as required. A dual-luciferase report-
er gene detection kit (D0010-100T, Solarbio, 
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China) was conducted to detect fluorescent 
activity of the reporter gene with a GloMax 
20/20 detector (Promega, USA).

Statistical analysis

SPSS 21.0 (USA) was applied for data analysis. 
Student’s two-tailed t-test was performed for 
comparing the differences between two groups, 
while one-way ANOVA followed by Tukey’s test 
was employed for multi-group comparison. The 
data were expressed as mean ± standard devi-
ation (SD). A P value of < 0.05 indicated that 
the difference was statistically significant.

Result

NEAT1 overexpression reduced aneurysm 
damage

A rat AAA model was set up to observe the 
effect of NEAT1 overexpression on abdominal 
aortic aneurysm in vivo and confirmed by path-
ological examination (H&E staining) on the 
abdominal aorta. The EPCs were identified by 
detecting the positive expression of the charac-
teristic markers (vWF, KDR and CD34) of EPCs 
using immunofluorescence staining and flow 
cytometry. The results of pathological examina-
tion were shown in Figure 1A. The abdominal 
aorta of rats in the Sham group was normal. In 
the Model group, a thrombus was formed in the 
abdominal aorta and the media layer was 
peeled off. Leukocyte accumulation and elastin 
fibers in the ruptured aortic wall were visible in 
the media and adventitia. Vascular tissue 
lesions in the NC group were similar to those in 
the Model group. Compared with the Model 
group, the abdominal aortic was improved, the 
inflammatory cell infiltration in the middle layer 
of the blood vessel wall was significantly 
decreased, moreover, the content of aortic wall 
elastin was greatly increased in the NEAT1 
group. We also determined the expression of 
NEAT1 in the tissues. The results showed that 
the AAA model suppressed the expression of 
NEAT1, while exogenous overexpression of 
NEAT1 (NEAT1 group) up-regulated the mRNA 
expression of NEAT1 (Figure 1B, P < 0.001).

Cells positively expressing vWF (green) and 
KDR (red) in vascular tissues were identified 
through immunofluorescence (Figure 1B). The 
number of vWF+ and KDR+ cells in aneurysm tis-
sues in the Model group was significantly more 
than that in the Sham group, and overexpres-

sion of NEAT1 further increased the number of 
these cells in the aneurysm tissues.

Flow cytometry was performed to detect the 
expressions of EPC markers CD34+ and KDR+ in 
the peripheral blood of rats to identify the 
changes of EPCs in the peripheral blood. The 
data demonstrated that compared with the 
Sham group, the number of CD34+ and KDR+ 
positive cells in the peripheral blood of the 
Model group was significantly reduced (Figure 
1D-F, P < 0.001). The intervention of overex-
pressed NEAT1 successfully increased the 
number of CD34+ and KDR+ positive cells in the 
serum of AAA rats (Figure 1D-F, P < 0.01). The 
above results revealed that NEAT1 overexpres-
sion could promote the formation of EPCs in 
model rats.

Endothelial progenitor cells were successfully 
isolated

We first observed the EPCs extracted from rat 
bone marrow with a microscope (Figure 2A). On 
the sixth day of the primary cell culture, we 
found that some cells were spindle-shaped, 
and some formed a string-like structure. On the 
17th day, the cells exhibited paving stone-like 
appearance. The results of functional tests 
were shown in Figure 2B and 2C, specifically, 
the cells were able to absorb DiI-ac-LDL and 
were bound by UEA on the cell membrane, at 
the same time, the cells were double positive 
for CD34 and KDR. These results proved that 
the cells we isolated and cultured were EPCs.

By regulating VEGF and Ang-1/ERK, NEAT1 
significantly regulated the function of EPCs

Overexpressed or silenced NEAT1 was trans-
fected into EPCs, and the transfection rate was 
determined by qRT-PCR. NEAT1 overexpression 
was found to significantly upregulate the 
expression of NEAT1, while knocking down 
NEAT1 resulted in the opposite effect (Figure 
3A, P < 0.001). Then we examined the physio-
logical function of EPCs, and found that NEAT1 
overexpression could promote the viability, 
migration, and tube formation of EPCs, and 
increase the content of VEGF in EPCs (Figure 
3B-G, P < 0.05). Further studies showed that 
the overexpressed NEAT1 significantly up-regu-
lated the protein expressions of Ang-1, p-Tie-2 
and p-ERK, whereas the expressions of Tie-2 
and ERK did not change significantly (Figure 
4A-D, P < 0.001). On the contrary, knocking 
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Figure 1. The effect of NEAT1 overexpression on abdominal aortic aneurysm in the rats. A. The effect of NEAT1 
overexpression on rat abdominal aortic aneurysms was observed by hematoxylin-eosin staining, at 200× magnifica-
tion. B. The mRNA expression of NEAT1 in rat abdominal aorta was detected by qRT-PCR. β-actin was an internal 
reference. C. The effect of NEAT1 overexpression on the numbers of vWF+ and KDR+ cells in rat abdominal aortic 
aneurysms was observed by immunohistochemical staining, at 200× magnification. D-F. The effect of NEAT1 overex-
pression on the number of EPCs in rat abdominal aortic aneurysms was examined by flow cytometry. D and F. were 
the statistical analysis of the number of CD34 and KDR positive expression cells. All the experiments have been 
performed independently in triplicate. NEAT1: nuclear-enriched abundant transcript 1; vWF: von Willebrand Factor; 
KDR: kinase domain containing receptor.

Figure 2. Isolation and identification of endothelial 
progenitor cells (EPCs). A. Cell morphology was ob-
served under a microscope, at 100× magnification. 
B. The isolated and cultured cells were identified by 
DiI-ac-LDL staining, at 200× magnification. C. The 
isolated and cultured cells were identified by flow 
cytometry. All the experiments have been performed 
independently in triplicate.

down NEAT1 produced completely opposite 
regulatory effects on EPCs (Figures 3B-G and 
4A-D, P < 0.05). The above results showed that 
NEAT1 can activate VEGF and Ang-1/ERK axis, 
thereby promoting the basic functions of EPCs.

NEAT1 targeted miR-204-5p and inhibited 
miR-204-5p expression

We searched the miRNA target of NEAT1 on 
starBase and found that NEAT1 had targeted 
binding sequences for miR-204-5p (Figure 4E). 
Further verification experiments confirmed 
their targeting relationship because the fluores-
cence activity of the NEAT1 - WT + miR-204-5p 
mimic group was inhibited (Figure 4F, P < 
0.001). At the same time, we also found that 
overexpression of NEAT1 could inhibit the 
mRNA expression of miR-204-5p in EPCs, 
whereas siNEAT1 up-regulated miR-204-5p 
expression (Figure 4G, P < 0.001).

MiR-204-5p mimic neutralized the regulation 
of EPCs caused by NEAT1 upregulation

To clarify the effects of NEAT1 and miR-204-5p 
on EPCs, NEAT1 and miR-204-5p were overex-

pressed and transfected into EPCs. MiR-204-
5p mimic was found to up-regulate the expres-
sion of miR-204-5p, suppress the expression of 
NEAT1, inhibit the viability, migration, and tube 
formation of EPCs, and reduce the content of 
VEGF in EPCs (Figure 5A-H, P < 0.01). In addi-
tion, miR-204-5p mimic also significantly sup-
pressed the protein expressions of Ang-1, p-Tie-
2 and p-ERK, and reduced the ratios of p-Tie-2/
Tie-2 and p-ERK/ERK (Figure 6A-D, P < 0.001). 
However, NEAT1 produced the opposite effects, 
and partially reversed the function of miR-204-
5p (Figures 5 and 6, P < 0.01).

Ang-1 interfered with the effects of NEAT1 
and miR-204-5p on Ang-1 expression and EPC 
characteristics

TargetScan predicted that Ang-1 was the tar-
geted regulatory gene of miR-204-5p (Figure 
7A), and dual-luciferase experiments showed 
that there was indeed a targeted regulatory 
relationship between the two (Figure 7B, P < 
0.001). Through co-transfection of cells with 
Ang-1 and miR-204-5p, we found that silencing 
Ang-1 inhibited the expression of Ang-1, while 
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Figure 3. The effects of overexpression and silencing of NEAT1 on the viability, migration, tube formation of EPCs 
and VEGF content in EPCs. A. The transfection efficiency of overexpressed and silenced NEAT1 was analyzed by 
qRT-PCR. β-actin was used as an internal reference. B. The effects of overexpression and silencing of NEAT1 on 
the viability of EPCs were detected by MTT assay. C, D. The effects of overexpression and silencing of NEAT1 on the 
migration of EPCs were detected by wound-healing assay, at 100× magnification. E, F. The effects of overexpression 
and silencing of NEAT1 on EPC tube formation were detected by tube formation assay, at 100× magnification. G. 
The effects of overexpression and silencing of NEAT1 on VEGF content in EPCs were detected by Enzyme-Linked 
ImmunoSorbent Assay (ELISA). All experiments have been performed independently in triplicate. *P < 0.05, ***P < 
0.001 VS. NC; ^P < 0.05, ^^^P < 0.001 vs. siNC. QRT-PCR, Quantitative Real-Time Polymerase Chain Reaction; VEGF, 
Vascular endothelial growth factor; NC, negative Control; siNC, silent negative Control.

overexpressing Ang-1 produced the opposite 
effect (Figure 7C-E, P < 0.001). In the study of 

the characteristics of EPCs, it was observed 
that silencing Ang-1 reversed the protective 



Effect of NEAT1 in AAA treatment

2120	 Am J Transl Res 2021;13(4):2111-2126

Figure 4. Overexpression and silencing of NEAT1 regulated the Ang-1/ERK pathway in EPCs, and NEAT1 targeted 
down-regulated miR-204-5p. A-D. Overexpression and silencing of NEAT1 regulated the protein expression of the 
Ang-1/ERK pathway in EPCs. β-actin was used as an internal reference. E. The targeted binding sites of NEAT1 and 
miR-204-5p were predicted by starBase (http://starbase.sysu.edu.cn/index.php). F. The targeted binding of NEAT1 
and miR-204-5p was verified by dual-luciferase experiment. G. The effects of overexpression and silencing of NEAT1 
on miR-204-5p expression were examined by qRT-PCR. U6 was used as an internal reference. All the experiments 
have been performed independently in triplicate. ***P < 0.001 vs. NC; ^^^P < 0.001 vs. siNC; ###P < 0.001 vs. MC. 
Ang-1, Angiopoietin-1; ERK, extracellular regulated protein kinases; MC: miR-204-5p mimic Control.

effect of overexpressed NEAT1 on EPC charac-
teristics, including viability, migration and tube 
formation, and the expression of the Ang-1/p-
ERK pathway (Figures 7F-H and 8, P < 0.05). 
Furthermore, Ang-1 overexpression also rever- 
sed the inhibitory effect of NEAT1 mimic on 
EPCs (Figures 7F-H and 8, P < 0.01).

Discussion

AAA is a common disease frequently occurring 
to middle-aged and elderly people. EPCs have 

the functions of repairing vascular injury and 
predicting the degree of early vascular injury 
[20]. Therefore, clarifying the action mecha-
nism of EPCs in the treatment of AAA is of cer-
tain significance. As EPCs are abundant in the 
bone marrow, we therefore isolated and cul-
tured EPCs from rat bone marrow. At the same 
time, EPCs lack the surface markers of endo-
thelial cells and have no lumen-like structure, 
which imposes difficulty to distinguish EPCs 
only by morphology. CD34, vWF and KDR, which 
are currently widely used surface antigen mol-
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Figure 5. Effects of overexpressed NEAT1 and miR-204-5p on the expressions of NEAT1 and miR-204-5p, EPC vi-
ability, migration, and tube formation, VEGF content, and the Ang-1/ERK axis. A. The effects of overexpressed NEAT1 
and miR-204-5p on miR-204-5p expression were analyzed by qRT-PCR. U6 was used as an internal reference. B. 
The effects of overexpressed NEAT1 and miR-204-5p on NEAT1 expression were analyzed by qRT-PCR. β-actin was 
used as an internal reference. C. The effects of overexpressed NEAT1 and miR-204-5p on the viability of EPCs were 
detected by MTT assay. D and F. The effects of overexpressed NEAT1 and miR-204-5p on the migration of EPCs were 
detected by wound-healing assay, at 100× magnification. E and G. The effects of overexpressions of NEAT1 and 
miR-204-5p on EPC tube formation were detected by tube formation assay, at 100× magnification. H. The effects of 
overexpressed NEAT1 and miR-204-5p on VEGF content in EPCs were detected by ELISA. All the experiments have 
been performed independently in triplicate. **P < 0.01, ***P < 0.001 vs. MC; ̂ ^P < 0.01, ̂ ^^P < 0.001 vs. NEAT1 + MC; 
##P < 0.01, ###P < 0.001 vs. M. M: miR-204-5p mimic.
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Figure 6. The effects of overex-
pressed NEAT1 and miR-204-5p on 
the Ang-1/ERK pathway in EPCs. A-D. 
Overexpressed NEAT1 and miR-204-
5p regulated the protein expression 
of the Ang-1/ERK pathway in EPCs. 
β-actin was used as an internal ref-
erence. All the experiments have 
been performed independently in 
triplicate. **P < 0.01, ***P < 0.001 vs. 
MC; ^^^P < 0.001 vs. NEAT1 + MC; ##P 
< 0.01, ###P < 0.001 vs. M. M: miR-
204-5p mimic.

ecules to distinguish EPCs [21], were confirmed 
as positive through microscopic observation in 
this study. 

Further study proved that overexpression of 
NEAT1 can promote the repair of AAA. LncRNA 
NEAT1 is a newly discovered tumor-related 
gene [13] also critical for non-neoplastic dis-
eases [22]. Zhang found that the loss of NEAT1 
reduce the inflammatory response in mice with 
peritonitis and pneumonia, and prevents the 
activation of inflammatory bodies in macro-
phages [23]. An et al. [24] explained that neuro-
nal lesions are usually accompanied by the 
abnormal expression of NEAT1. However, there 
are few reports on NEAT1 reducing vascular 
injury. We discovered for the first time that 
NEAT1 could enhance the physiological func-
tions of EPCs and reduce the vascular damage 
caused by AAA, which was related to the activa-
tion of the Ang-1/ERK pathway induced by 
NEAT1.

The formation of neovascularization refers to 
the process of vascular endothelial cell prolif-
eration and neovascularization under the joint 
action of various vascular growth factors [25], 

and among them, VEGF and Ang-1 are the most 
critical factors. VEGF is a potent mitogen highly 
selective to endothelial cells. Previous studies 
have suggested that VEGF can specifically act 
on vascular endothelial cells, and it can also 
induce the expressions of matrix metallopro-
teinases and collagenases, promote the degra-
dation of extracellular matrix, and facilitate the 
migration of endothelial cells, thereby promot-
ing the migration of endothelial cells and gen-
eration of new blood vessels [26, 27]. Ang-1 
plays an important regulatory role between 
endothelium and endothelium-matrix, pro-
motes the maturation of VEGF-induced imma-
ture blood vessels, maintains blood vessel 
structure, stabilizes endothelial cells, and inhib-
its apoptosis, thus promoting endothelial cell 
growth [28]. Tie-2 is a common receptor of 
Ang-1 and Ang-2. Ang-1 cannot directly partici-
pate in the regulation of angiogenesis and sta-
bility, and it can also regulate the process by 
binding to Tie-2 receptor and promoting Tie-2 
phosphorylation [29]. Ayumi also concluded 
that ERK activation is the key to the angiogen-
esis process [30]. Our results were similar to 
those reported by previous researchers, for 
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Figure 7. Effects of Ang-1, NEAT1 and miR-204-5p on Ang-1 expression, EPC viability and migration. A. The targeted 
binding sites of Ang-1 and miR-204-5p were predicted by TargetScan (http://www.targetscan.org/). B. The targeted 
binding of Ang-1 and miR-204-5p was verified by dual-luciferase experiment. C. The effects of Ang-1, NEAT1 and 
miR-204-5p on the mRNA expression of Ang-1 were analyzed by qRT-PCR. β-actin was used as an internal reference. 
D, E. The effects of Ang-1, NEAT1 and miR-204-5p on the protein expression of Ang-1 were analyzed by qRT-PCR. 
β-actin was used as an internal reference. F. The effects of Ang-1, NEAT1 and miR-204-5p on the viability of EPCs 
were detected by MTT assay. G, H. The effects of Ang-1, NEAT1 and miR-204-5p on the migration of EPCs were de-
tected by wound-healing assay, at 100× magnification. All the experiments have been performed independently in 
triplicate. ΔΔΔP < 0.001 vs. MC; *P < 0.05, ***P < 0.001 vs. NEAT1 + siNC; ^^P < 0.01, ^^^P < 0.001 vs. M + NC.

example, Wang found that NEAT1 overexpres-
sion up-regulates VEGF in gliomas.

The mutual regulation of lncRNA and miRNA 
with a targeted relationship is the key mecha-
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Figure 8. Effects of Ang-1, NEAT1 and miR-204-5p on EPC tube formation and the Tie/ERK pathway. A, B. The effects 
of Ang-1, NEAT1 and miR-204-5p on EPC tube formation were detected by tube formation assay, at 100× magnifi-
cation. C. The effects of Ang-1, NEAT1 and miR-204-5p on the VEGF content in EPCs were detected by ELISA. D-G. 
Ang-1, NEAT1 and miR-204-5p regulated the protein expression of the Tie/ERK pathway in EPCs. β-actin was used 
as an internal reference. All the experiments have been performed in independent triplicate. ***P < 0.001 vs. NEAT1 
+ siNC; ^^^P < 0.001 vs. M + NC.

nism for lncRNAs to exert its functions. This 
study found that miR-204-5p was targeted by 
NEAT1 and Ang-1. MiR-204-5p has a signifi-
cantly low expression l in esophageal cancer 
and hepatocellular carcinoma, and this can 

inhibit the proliferation and metastasis of 
tumor cells by targeting different target genes 
[31, 32]. Moreover, miR-204-5p can prevent 
myoblast differentiation via reducing MEF2C 
and ERRγ expressions [33]. Furthermore, miR-
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204-5p was identified to be related to breast 
cancer angiogenesis [34]. In our study, the up-
regulation of miR-204-5p inhibited the viability, 
migration, tube formation of EPCs, and the 
expressions of angiogenesis-related factors.

In the current study, injection of the lentivirus 
NEAT1 overexpression vector via the tail vein 
significantly promoted the repair of AAA in rats, 
and increased the number of endothelial pro-
genitor cells in the peripheral blood of rats. In in 
vitro experiments, we found that NEAT1 could 
up-regulate the expression of Ang-1 in EPCs 
through competitive binding and inhibiting miR-
204-5p expression, thus effectively promoting 
the proliferation, migration and tube formation 
of EPCs. Our research provides reliable basic 
research data to the molecular targeted thera-
py for AAA.
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