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Abstract. Endothelial dysfunction and diabetic vascular 
disease induced by chronic hyperglycemia involve complex 
interactions among high glucose, long non‑coding RNAs 
(lncRNAs), microRNAs (miRNAs or miRs) and the Ser/Thr 
kinase AKT. However, the molecular mechanisms under‑
lying the regulatory crosstalk between these have not yet 
been completely elucidated. Thus, the present study aimed 
to explore the molecular mechanisms whereby high glucose 
(HG)‑induced lncRNA MIR181A2HG modulates human 
umbilical vein endothelial cell (HUVEC) proliferation and 
migration by regulating AKT2 expression. The persistent 
exposure of HUVECs to HG resulted in MIR181A2HG down‑
regulation and thus reduced its ability to sponge miR‑6832‑5p, 
miR‑6842‑5p and miR‑8056, subsequently leading to an 
increase in miR‑6832‑5p, miR‑6842‑5p and miR‑8056 levels. 
Mechanistically, miR‑6832‑5p, miR‑6842‑5p and miR‑8056 
were found to target the 3'UTR of AKT2 mRNA in HUVECs, 
and the increase in their levels led to a decreased expression 
of AKT2. Thus, this also led to the suppression of HUVEC 
proliferation and migration, and the formation of capillary‑like 
structures. Moreover, the suppression of HUVEC proliferation 
and migration induced by MIR181A2HG downregulation 
was accompanied by changes in glucose metabolism. On the 
whole, the present study demonstrates that the downregulation 
of lncRNA MIR181A2HG by HG impairs HUVEC prolifera‑
tion and migration by dysregulating the miRNA/AKT2 axis. 
The MIR181A2HG/miRNA/AKT2 regulatory axis may thus 

be a potential therapeutic target for HG‑induced endothelial 
dysfunction.

Introduction

Cardiovascular complications are the major causes of 
mortality for patients with type 2 diabetes mellitus  (1). 
Endothelial cell injury and endothelial dysfunction play an 
important role in the development and progression of diabetic 
vascular disease (2). There is emerging evidence to indicate 
that chronic hyperglycemia is an independent risk factor for 
diabetic vascular disease in patients with type 1 diabetes and 
in those with type 2 diabetes mellitus (3). High glucose (HG) is 
well‑known to exert multiple pathological effects on cardiovas‑
cular cells, including endothelial cells (ECs), smooth muscle 
cells and cardiomyocytes (4‑6). In ECs, persistent exposure 
to HG induces the inflammatory response, oxidative stress, 
and cellular senescence and apoptosis, resulting in endothelial 
dysfunction in patients with diabetes (7‑9). Thus, the patho‑
genesis of diabetic vascular complications is complex and 
multifactorial, and involves regulatory interactions between 
some important biological molecules. Despite advancements 
being made in the understanding of the toxic effects of HG on 
the cardiovascular system, the role of HG and the mechanisms 
of action of HG in mediating endothelial dysfunction are not 
yet fully understood.

AKT2 (GenBank Accession no. NM_001243027.3) is one 
of 3 closely related serine/threonine‑protein kinases (AKT1, 
AKT2 and AKT3) and plays critical roles in cell survival, 
growth, proliferation, angiogenesis and cell metabolism (10,11). 
The aberrant loss or gain of AKT activation underlies the 
pathophysiological properties of a variety of complex diseases, 
including type 2 diabetes and cancer (10). The 3 AKT isoforms 
also play complex, yet critical roles in vascular health and 
vascular abnormalities  (12). The activation of AKT1 by 
vascular endothelial growth factor (VEGF) promotes EC 
proliferation, migration and survival (13), and the loss of AKT1 
in mouse ECs results in reduced nitric oxide (NO) release and 
impaired angiogenesis (14). In addition, AKT2 knockout mice 
exhibit insulin resistance and glucose intolerance and have 
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type 2 diabetes (15,16), and dominant‑negative mutations in 
AKT2 lead to the genetic development of severe diabetes in 
humans (17). Taken together, these findings suggest that AKT 
signaling plays a major role in normal EC physiological func‑
tions and the pathogenesis of type 2 diabetes. However, the 
mechanisms underlying the regulation of AKT2 by HG in ECs 
have not yet been completely elucidated.

Long non‑coding RNAs (lncRNAs) regulate gene expres‑
sion at the transcription, epigenetic or translation level, 
thereby altering cellular response to various stimuli  (18). 
They have been implicated in the regulation of the angiogenic 
response of endothelial cells in  vitro and vascularization 
in vivo (19). Aberrant lncRNA expression is associated with 
a number of human disorders, particularly with proliferative 
diseases (19,20). A previous study revealed that lncRNA‑MIAT 
knockdown evidently ameliorated diabetes‑induced retinal 
microvascular dysfunction in vivo, and inhibited endothelial 
cell proliferation, migration and tube formation in vitro (21). 
There is also evidence to indicate that lncRNA‑ATB promotes 
the viability, migration and angiogenesis of human microvas‑
cular endothelial cells by sponging miR‑195 (22). Conversely, 
lncRNA MEG3 has been shown to negatively regulate the 
proliferation and angiogenesis of vascular endothelial cells by 
sponging miR‑9 (23). Although lncRNAs are shown to regulate 
endothelial cell function, there is currently little information to 
describe the function of lncRNAs induced by HG in vascular 
endothelial cells.

In the present study, the expression of lncRNAs in 
HG‑exposed endothelial cells was characterized and the 
functional role of lncRNA MIR181A2HG in the regula‑
tion of the proliferation and migration of human umbilical 
vein endothelial cells (HUVECs) in response to HG was 
investigated.

Materials and methods

Cell culture and treatment. HUVECs (cat. no. 8000) were 
purchased from ScienCell Research Laboratories, and 
routinely cultured in ECM (cat. no. 1001; ScienCell Research 
Laboratories) supplemented with glucose (5.5 mM), 1% peni‑
cillin/streptomycin (PS, cat. no. 0503; ScienCell Research 
Laboratories), 5% fetal bovine serum (FBS, cat. no. 0025; 
ScienCell Research Laboratories) and 1% endothelial growth 
factor (EGF, cat. no. 1052; ScienCell Research Laboratories), 
in a humidified incubator at 37˚C with 5% CO2. The growth 
medium was replaced every 2  days, and the cells were 
sub‑cultured every 3 days at a ratio of 1 to 4 upon reaching 80% 
confluence. Human aortic smooth muscle cells (HASMCs, 
cat. no.  6110) were purchased from ScienCell Research 
Laboratories, and routinely cultured in smooth muscle cell 
medium (cat. no.  1101; ScienCell Research Laboratories) 
in a humidified incubator at 37˚C with 5% CO2. D‑glucose 
(Sigma‑Aldrich; Merck KGaA) was added to the medium which 
contained 2% FBS, 1% PS and 1% EGF to generate hyper‑
glycemic conditions. D‑mannitol (30 mM; Sigma‑Aldrich; 
Merck KGaA) was added to ensure a similar osmotic pressure. 
293 cells stored in The Key Laboratory of Neural and Vascular 
Biology were maintained in high‑glucose Dulbecco's modified 
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% FBS. All cells were transfected 

using Lipofectamine  2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
Briefly, in 24‑well plates, 1 µg plasmid or 20 pmol shRNA, 
miRNA mimcs or control and 1  µl Lipofectamine  2000 
reagent were mixed gently in Opti‑MEMTM (Thermo Fisher 
Scientific, Inc.) at room temperature. After 15 min, the mixture 
was incubated with the cells for 4 h and replaced with ECM 
medium. For luciferase reporter assay, 0.5 µg plasmid and 
10 pmol miRNA mimics for miR‑6832‑5p, miR‑6842‑5p or 
miR‑8056, shRNA or control were mixed to co‑transfect cells 
with 1 µl Lipofectamine 2000 (Invitrogen, Thermo Fisher 
Scientific, Inc.) together in a 24‑well plate. AKT inhibitor 
(1 µM; MK2206; Beyotime Institute of Biotechnology) was 
used to treat the HUVECs for 72 h to block the AKT signaling 
pathway.

Microarray analysis. HUVECs were exposed to 30 or 5.5 mM 
D‑glucose for 24 h. Quantile normalization and subsequent 
data processing were performed using the GeneSpring 
GX v12.1 software package (Agilent Technologies, Inc.). A 
NanoDrop ND‑1000 spectrophotometer (Thermo Fisher 
Scientific, Inc.) was used to measure the quantity and quality 
of the RNA. Arraystar Human lncRNA Microarray V3.0 
was designed for the global profiling of human lncRNAs. 
Following the isolation of rRNA (using the mRNA‑ONLY™ 
Eukaryotic mRNA Isolation kit, Epicentre), mRNA was 
purified from total RNA. The RNA was amplified and tran‑
scribed into fluorescent cRNA by utilizing a random priming 
method (Arraystar Flash RNA Labeling kit, Arraystar). Each 
labeled cRNA was fragmented by the addition of Blocking 
Agent and Fragmentation Buffer (Agilent Technologies, 
Inc.), and the mixture was then heated at 60˚C for 30 min. 
The labeled cRNA was diluted by 2xGE Hybridization buffer 
(Agilent Technologies, Inc.). The hybridization solution 
was then dispensed into the gasket slide and assembled to 
the lncRNA expression microarray slide for 17 h at 65˚C in 
Hybridization Oven (Agilent Technologies, Inc.). Finally, the 
hybridized arrays were washed, fixed and scanned with using 
the Agilent DNA Microarray Scanner (no. G2505C; Agilent 
Technologies, Inc.).

Isolation of RNA and RT‑qPCR. Total RNA was extracted 
using the E.Z.N.A.® Total RNA kit I (Omega Bio‑tek) 
according to the manufacturer's instructions. The quality of 
the RNA was measured using a NanoDrop 2000 spectro‑
photometer (Thermo Fisher Scientific, Inc.). For lncRNA 
and AKT2 mRNA, cDNA was synthesized using a M‑MLV 
First‑Strand cDNA Synthesis kit (Invitrogen; Thermo Fisher 
Scientific, Inc.). RT‑PCR was performed at 65˚C (10 min), on 
ice (2 min), 40˚C (30 min) and 70˚C (10 min). The amplifica‑
tion program was 50˚C (2 min), 95˚C (2 min), followed by 
40 cycles of 95˚C (15 sec) and 60˚C (30 sec). For microRNAs 
(miRNAs or miRs), RT‑PCR and RT‑qPCR were performed 
using the microRNA reverse transcription and RT‑qPCR kit 
(GenePharma, Inc.). qPCR was carried on a Bio‑Rad CFX 
Manager (Bio‑Rad Laboratories, Inc.). The reverse transcrip‑
tion program was 25˚C (30 min), 42˚C (30 min) and 85˚C 
(30  min). The amplification program was 95˚C (3  min), 
followed by 40 cycles of 95˚C (12 sec) and 62˚C (40 sec). A 
relative amount of transcripts was normalized using the 2‑ΔΔCq 
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method with β‑actin for large mRNAs and U6 for miRNAs. 
The specific primers used are listed in Table I.

Plasmid construction and shRNA. Recombinant plas‑
mids expressing lncRNA‑MIR181A2HG and AKT2 were 
constructed by GENEWIZ. The MIR181A2HG sequences and 
the 3'UTR sequences of AKT2 mRNA containing wild‑type 
(WT) and mutant binding sites for miR‑6832‑5p, miR‑6842‑5p 
or miR‑8056 (synthesized by GENEWIZ) were inserted into 

pmirGLO Dual‑Luciferase vector (Promega Corporation). 
shRNAs against the lncRNA‑MIR181A2HG and AKT2 
were designed and synthesized by GENEWIZ. The detailed 
sequences are listed in Table I.

Target prediction and luciferase reporter assay. The 
TargetScan prediction algorithm (http://www.targetscan.org/) 
to predict the binding between MIR181A2HG, miRNAs and 
AKT2. Luciferase reporter assay was performed as previously 

Table I. Sequences of primes used in the present study.

Primer name	 Sequence

AKT2‑qPCR‑Forward	 TGGTCGCCAACAGCCTCA
AKT2‑qPCR‑Reverse	CC GCCACTTCCATCTCCTCA
MIR181A2HG‑qPCR‑Forward	C GCGGTTCAATACCTCGTCT
MIR181A2HG‑qPCR‑Reverse	 TGCTGTGGCTAGAGGACAAC
β‑actin‑qPCR‑Forward	 ACTCTTCCAGCCTTCCTTCC
β‑actin‑qPCR‑Reverse	C GTACAGGTCTTTGCGGATG
shRNA‑MIR181A2HG‑Forward	 GGGAUAGUAGAAAGUAACAGGCUCUTT
shRNA‑MIR181A2HG‑Reverse	 AGAGCCUGUUACUUUCUACUAUCCCTT
MIR181A2HG probe 1 human‑392	C TTTCCACAGGACAGTTCGC
MIR181A2HG probe 2 human‑377	 TTCGCCTTTCCTTCCTTTCCTCTGT
MIR181A2HG probe 3 human‑19	CC AGATTTCCTTGCAGCCC
miR‑6832‑5p mimics sense 	 AGUAGAGAGGAAAAGUUAGGGUC
miR‑6832‑5p mimics antisense 	CCC UAACUUUUCCUCUCUACUUU
miR‑6842‑5p mimics sense	 UGGGGGUGGUCUCUAGCCAAGG
miR‑6842‑5p mimics antisense	 UUGGCUAGAGACCACCCCCAUU
miR‑7110‑5p mimics sense	 UGGGGGUGUGGGGAGAGAGAG
miR‑7110‑5p mimics antisense	C UCUCUCCCCACACCCCCAUU
miR‑6752‑5p mimics sense	 GGGGGGUGUGGAGCCAGGGGGC
miR‑6752‑5p mimics antisense	CCCC UGGCUCCACACCCCCCUU
miR‑8056 mimics sense	C GUGGAUUGUCUGGAUGCAU
miR‑8056 mimics antisense	 GCAUCCAGACAAUCCACGUU
miR‑181‑3p mimics sense	 ACCACTGACCGTTGACTGTAC
miR‑181‑3p mimics antisense	 UACAGUCAACGGUCAGUGGUUU
miR‑181‑5p mimics sense	 AACATTCAACGCTGTCGGTGAGT
miR‑181‑5p mimics antisense	 UCACCGACAGCGUUGAAUGUUU
mimics Ctl sense	 UUCUCCGAACGUGUCACGUTT
mimics Ctl antisense	 ACGUGACACGUUCGGAGAATT
shRNA‑AKT2‑Forward	C GUGGUGAAUACAUCAAGATT
shRNA‑AKT2‑Reverse	 UCUUGAUGUAUUCACCACGTT
miR‑6832‑5p‑qPCR‑Forward	C GCTGCGAGTAGAGAGGAAAAG
miR‑6832‑5p‑qPCR‑Reverse	 TATGGTTCTTCACGACTGGTTCAC
miR7110‑5p‑qPCR‑Forward	C TTTATTATGGGGGTGTGGGG
miR‑7110‑5p‑qPCR‑Reverse	 TATGGTTGTTCACGAGTCCTTGTC
miR‑8056‑5p‑qPCR‑Forward	CC TCGCTCGTGGATTGTCT
miR‑8056‑5p‑qPCR‑Reverse	 TATGGTTGTTCACCTCTCCTTCAC
miR‑181‑3p‑qPCR‑Forward	C TTTATTAACCACTGACCGT
miR‑181‑3p‑qPCR‑Reverse	 TATGGTTCTTCACGACTGGTTCAC
miR‑181‑5p‑qPCR‑Forward	C TTTATTAAACATTCAACGC
miR‑181‑5p‑qPCR‑Reverse	 TATGGTTCTTCACGACTGGTTCAC
U6‑qPCR‑Forward	C GCTTCGGCAGCACATATAC
U6‑qPCR‑Reverse	 TTCACDAATTTGCGTGTCATC
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described (22). In brief, 293 cells were seeded into a 24‑well 
plate and pmirGLO reporter plasmids (WT or mutant) or 
their empty plasmid were co‑transfected with the miRNA 
mimic (GenePharma, Inc.) or miR‑Ctl (GenePharma, Inc.) and 
pRL‑TK. Following 24 h of transfection, luciferase activity 
was measured using a Dual‑Glo Luciferase Assay System 
(Promega Corporation) with a Flash and Glow reader. The 
luciferase activity was expressed as the relative activity ratio 
of Firefly luciferase to Renilla luciferase. The sequences of 
MIR181A2HG are presented in Table SI.

RNA pulldown assay. Biotinylated lncRNA MIR181A2HG 
was used to perform RNA pull‑down. HUVECs were 
cross‑linked with 1% formaldehyde in PBS and quenched 
with 0.125 M glycine. HUVECs were dissolved in lysis 
buffer on ice for 10 min and then sonicated with a microtip 
ultrasonicator on ice. A total of 100 pmol biotinylated probes 
were added to the cell lysate diluted with hybridization 
buffer. Subsequently, 100 µl washed/blocked Streptavidin 
Dynabeads (Thermo Fisher Scientific, Inc.) blocked in lysis 
buffer containing yeast tRNA and BSA were added per 
100 pmol of probes, and the whole mix was then rotated 
for 30 min at 37˚C. Dynabeads were captured by magnets 
(Thermo Fisher Scientific, Inc.), washed with wash buffer 
and then eluted with elution buffer.

Fluorescence in situ hybridization (FISH). In situ hybrid‑
ization was performed using fluorescence Cy3‑labeled 
lncRNA‑MIR181A2HG probes (50  nM) in hybridization 
buffer (Exiqon) by incubation at 55˚C for 1  h. Following 
stringent washing with SSC buffer, non‑specific binding sites 
were blocked with 10% normal goat serum (KPL). Images 
were acquired using a Leica microscope (Leica Microsystems 
GmbH) and digitized with a software of LAS AF software. The 
sequences of MIR181A2HG probes are presented in Table I.

Immunofluorescence staining. Cells were fixed with 4% 
paraformaldehyde and pre‑incubated with 10% normal goat 
serum (KPL) at room temperature and then incubated with 
primary antibody anti‑AKT2 (mouse monoclonal, 1:100, 
ab175354, Abcam) at 4˚C overnight. Secondary antibody was 
FITC‑labeled antibody to mouse IgG (cat. no. 5230‑0307, 
KPL, 1:50, US) and incubated at room temperature for 2 h. 
Antifading mounting medium (with DAPI) (Beijing Solarbio 
Science & Technology Co., Ltd.) was used for nuclear 
staining at room temperature and stored at 4˚C. Images were 
captured using a confocal microscope (Leica Microsystems 
GmbH) and digitized using LAS AF software (v. 2.6.0, Leica 
Microsystems GmbH).

MTS assay. After the HUVECs were treated with plasmids and 
5.5 or 30 mM glucose, the viability of the HUVECs cultured 
in 96‑well plates was measured by MTS assay, as previously 
described (24). Following the addition of glucose 1‑5 days later 
or transfection 24 later, the ECM medium of cultured HUVECs 
was replaced with 100 µl ECM medium containing 10 µl of 
CellTiter 96 AQueous One Solution (Promega Corporation). 
The plates were then incubated at 37˚C for 4 h. The 96‑well 
plate was then examined at 490 nm using a Multiskan spectrum 
spectrophotometer (Thermo Fisher Scientific, Inc.).

Scratch test. HUVECs were treated with plasmids and 
5.5 or 30 mM glucose. when the cells were 90‑95% confluent, 
a sterile 200 µl pipette tip was used to draw straight lines in 
the middle of the well, and serum‑free ECM medium was used 
to wash the cells twice, and this was then replaced with ECM 
medium containing 2% FBS, 1% PS and 1% EGF, as previously 
described (25). Images were collected (Canon EOS 600d) at 
this time as a 0 h control. The culture was continued for a 
further 24 h at 37˚C. The image data were collected after 24 h.

Transwell migration assay. A Transwell chamber was placed in a 
24‑well plate, and 800 µl of ECM medium containing 10% FBS 
was added to each well. A total of 2x104 cells were diluted in 
200 µl of serum‑free ECM medium and were added to the upper 
chamber. Following incubation at 37˚C for 24 h, the upper surface 
of the membrane was wiped with a cotton‑tipped applicator to 
remove non‑migratory cells and the migratory cells on the under 
surface were fixed with 10% formaldehyde and stained with 2% 
crystal violet (Beijing Solarbio Science & Technology Co., Ltd.) 
solution for 10 min at room temperature. The membranes were 
mounted on glass slides and the number of migrated cells from 
10 random microscopic fields were counted by manual counting 
after obtaining images. The image data were collected using a 
Canon EOS 600d camera (Canon EOS 600d).

3D‑culture. Matrigel gel was placed in a 24‑well plate at 
40 µl per well in a 37˚C incubator for 2 h. After the cells were 
properly treated, HUVECs were digested and the cell density 
was adjusted to 3x105/ml. The cell suspension was added to 
the surface of Matrigel gel and placed in a 37˚C incubator. The 
degree of tube formation was evaluated using a microscope 
after 24 h incubation at 37˚C and 5% CO2. The full capil‑
lary‑like structures in the field were counted and collected 
using a Canon EOS 600d camera.

Measurement of total adenosine triphosphate (ATP) concen‑
tration. The total ATP level was detected using the ATP Assay 
kit (Beyotime Institute of Biotechnology) according to the 
manufacturer's instructions. A total of 100 µl working solution 
was added to a 10 µl diluted sample, and the luciferase activity 
was immediately evaluated by Modulus™ II Microplate 
multifunction tester. The ATP content was determined by 
comparison to a concurrent standard curve and was then 
normalized by cell number and expressed as µmol/ml.

Glucose uptake assay and glycogen synthesis assay. 
Before and after the cells were transfected with pGFPN1, 
pGFPN1/MIR181A2HG, pGFPN1/AKT2 or miRNA mimics, 
glucose in the cell culture medium was measured using 
Glucose Uptake Colorimetric assay kit (Sigma‑Aldrich; 
MerckKGaA). Glucose uptake was calculated by the differ‑
ence before and after the cells were treated. After the cells 
were treated, the glycogen level was detected using a glycogen 
assay kit (Nanjing Jiancheng Bioengineering Inc.), and the 
results were normalized to a standard curve and expressed as 
µg of glycogen, according to the manufacturer's instructions.

Western blot analysis. Cells were lysed in RIPA lysis buffer 
(Beyotime Institute of Biotechnology). Equal amounts of 
protein (20 µg for total protein and for 60 µg for p‑GSK3β) 
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were run on 10% SDS‑PAGE, and electro‑transferred to a 
polyvinylidene fluoride (PVDF) membranes (EMD Millipore). 
PVDF membranes were blocked with 5% milk in TTBS at 
room temperature for 2 h and then incubated with primary anti‑
bodies, overnight at 4˚C. The antibodies used were as follows: 
Anti‑AKT2 (mouse monoclonal, 1:500, ab175354), anti‑prolif‑
erating cell nuclear antigen (PCNA; rabbit monoclonal, 
1:500, ab92552), anti‑matrix metalloproteinase 2 (MMP2; 
rabbit polyclonal, 1:1,000, ab97779), anti‑VE‑cadherin (rabbit 
polyclonal, 1:500, ab33168), anti‑GLUT1 (rabbit monoclonal, 
1:1,000, ab150299), anti‑glycogen synthase kinase 3β (GSK3β; 
mouse monoclonal, 1:500, ab93926), anti‑p‑GSK3β (rabbit 
polyclonal, 1:1,000, ab75745) or anti‑β‑actin (rabbit polyclonal, 
1:1,000, ab8227 and mouse polyclonal, 1:1,000, ab8226) (all 
from Abcam). PVDF membranes were then incubated with 
the HRP‑conjugated secondary antibody (goat anti‑rabbit cat. 
no. 074‑1506 or goat anti‑mouse, cat. no. 074‑1806 1:8,000, 
KPL) for 1 h at room temperature. The blots were treated 
using a high‑sensitivity ECL chemiluminescence detection kit 
(Nanjing Vazyme Biotech Co., Ltd.) and exposed by films. The 
densitometry of blots was measured using ImageJ software 
(v.1.51j8, National Institutes of Health).

Statistical analysis. All statistical analyses were performed 
using the GraphPad Prism software (version 5.0; GraphPad 
Software, Inc.). Data are expressed as the means ± standard 
deviation. All data were tested for normality and equal vari‑
ance and were proved to be consistent with variance with 
R studio software. The Student's t‑test was used to compare 
the statistical differences between 2 groups. One‑way ANOVA 
or two‑way ANOVA followed by Tukey's post hoc test was 
used for comparisons among >2 groups. All experiments were 
repeated independently at least 3 times. A value of P≤0.05 was 
considered to indicate a statistically significant difference.

Results

Persistent exposure of HUVECs to HG increases miR‑6832‑5p, 
miR‑6842‑5p and miR‑8056 expression levels by downregu‑
lating MIR181A2HG. As lncRNAs are known to be involved 
in diabetes mellitus‑induced vascular dysfunction (21), the 
present study determined the effects of the persistent exposure 
of HUVECs to HG on lncRNA expression. HUVECs were 
exposed to 5.5 mM (normal glucose) and 30 mM glucose (HG) 
for different periods of time. It was found that HG significantly 
increased cell viability during the first 2 days, whereas after 
3 days of exposure to HG, the viability of the HG‑exposed 
HUVECs decreased significantly compared with the cells 
treated with normal glucose or 30  mM mannitol, which 
was used to eliminate the possible effects of osmotic pres‑
sure (Fig. 1A). Subsequently, lncRNA microarray analysis was 
performed in the HUVECs exposed to 5.5 or 30 mM glucose 
for 24 h. The results revealed that 709 or 457 lncRNAs were 
upregulated or downregulated, respectively, in the HUVECs 
exposed to HG for 24 h compared to those treated with 5.5 mM 
glucose (Fig. 1B and Table SII). As the expression level of 
MIR181A2HG was highest in the HUVECs exposed to HG 
for 24 h compared with those of the other lncRNAs, lncRNA 
MIR181A2HG (GenBank Accession no. NR_038975.1) was 
selected to validate the microarray data by RT‑qPCR. The 

results revealed that MIR181A2HG expression was markedly 
increased after 1 day of stimulation with HG, but significantly 
decreased 4 days later (Fig. 1C). Similar results were obtained 
by FISH using probes against MIR181A2HG (Fig. 1D). These 
results suggest that the expression of MIR181A2HG may be 
associated with the viability of HUVECs exposed to HG.

As a number of lncRNAs have been known to act as 
competing endogenous RNAs (ceRNA) by interacting with 
miRNAs  (26,27), the present study investigated whether 
MIR181A2HG could interact with miRNAs in HUVECs. 
Using the TargetScan prediction algorithm (http://www.
targetscan.org/), 5 miRNAs were predicted (miR‑6832‑5p, 
miR‑6842‑5p, miR‑7110‑5p, miR‑6752‑5p and miR‑8056) 
targeting sites on MIR181A2HG (Fig. 1E). Subsequently, 
MIR181A2HG was cloned, which contains WT or the 
mutated binding sites for the predicted 5 miRNAs, into 
pm i r GLO pla sm id  (pm i r GLO ‑M I R181A 2HG or 
pmirGLO‑MIR181A2HG‑mut) and examined the effects 
of the predicted 5  miRNAs on MIR181A2HG‑directed 
luciferase activity. After the successful transfection of 
these 5 miRNA mimics into HUVECs was confirmed by 
RT‑qPCR (Fig. S1A), it was found that co‑transfection of 
miR‑6832‑5p, miR‑6842‑5p or miR‑8056, but not miR‑6752‑5p 
and miR‑7110‑5p, with pmirGLO‑MIR181A2HG signifi‑
cantly reduced the luciferase activities directed by the 
WT reporter vector. The mutation of binding sites for 
miR‑6832‑5p, miR‑6842‑5p or miR‑8056 on MIR181A2HG 
(pmirGLO‑MIR181A2HG‑mut) abolished this inhibition 
(Fig. 1F). In parallel with these findings, RT‑qPCR revealed 
that the levels of miR‑6832‑5p, miR‑6842‑5p and miR‑8056 
expression were significantly increased in the HUVECs 
exposed to HG for 4 days compared with that of the cells 
exposed to normal glucose (Fig. 1G). To further validate the 
direct association of MIR181A2HG with these 3 miRNAs, 
RNA pull‑down assay was performed, demonstrating that 
miR‑6832‑5p, miR‑6842‑5p and miR‑8056 were enriched in 
the precipitates of 3'‑biotinylated MIR181A2HG (Fig. 1H). 
These results suggested that MIR181A2HG specifically asso‑
ciated with these 3 miRNAs, and that the prolonged exposure 
of HUVECs to HG downregulated MIR181A2HG expres‑
sion, abolishing the interaction between MIR181A2HG and 
miR‑6832‑5p, miR‑6842‑5p or miR‑8056 in HUVECs.

The present study also examined that the effects of HG on the 
expression of MIR181A2HG and the 3 miRNAs in HASMCs. 
The results revealed that the exposure of HASMCs to HG 
did not significantly affect the expression of MIR181A2HG 
(Fig. 1I) and the 3 miRNAs (Fig. 1J), suggesting that the effect 
and regulatory mechanisms of HG on MIR181A2HG/miRNAs 
in HUVECs was specific, which is different from the HASMCs. 
Furthermore, considering that lncRNA MIR181A2HG is 
the MIR181A2 (including miR‑181‑3p and miR‑181‑5p) host 
gene, the present study investigated whether miR‑181‑3p 
and miR‑181‑5p directly target AKT2. After the successful 
transfection of miR‑181‑3p and miR‑181‑5p into HUVECs 
was verified (Fig. S1B), RT‑qPCR and western blot analysis 
were performed and it was revealed that the transfection of 
HUVECs with these 2 miRNAs did not affect the expression 
of AKT2 mRNA and protein (Fig. 1K and L), indicating that 
lncRNA MIR181A2HG‑derived miR181‑3p and miR181‑5p 
do not directly target the AKT2 gene in HUVECs.

https://www.spandidos-publications.com/10.3892/ijmm.2021.4868
https://www.spandidos-publications.com/10.3892/ijmm.2021.4868
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Figure 1. Persistent exposure of HUVECs to HG increases miR‑6832‑5p, miR‑6842‑5p and miR‑8056 expression by downregulating MIR181A2HG. (A) MTS 
assay detected the viability of HUVECs treated with different doses of D‑glucose for the indicated times. **P<0.01 and ***P<0.001 vs. day 0. (B) Heatmap 
representation of differential expression of lncRNAs between HUVECs treated with 5.5 mM (L5.5) and 30 mM D‑glucose (H30) for 24 h. (C) RT‑qPCR 
was used to detect the relative expression of MIR181A2HG in HUVECs cultured in medium containing 30 mM D‑glucose for the indicated times. *P<0.05 
and ***P<0.001 vs. day 0. (D) FISH was used to detect the location and expression of MIR181A2HG in HUVECs exposed to 5.5 or 30 mM D‑glucose for the 
indicated times. (E) Predicted binding sites of the miRNAs on MIR181A2HG. (F) Luciferase reporter assay was used to verify the direct binding between 
MIR181A2HG and miRNAs. *P<0.05 and **P<0.01 vs. miR‑Ctl. (G) RT‑qPCR was used to detect the relative expression of the indicated miRNAs in HUVECs 
cultured in medium containing 30 mM D‑glucose for 96 h. *P<0.05 and **P<0.01 vs. Ctl. (H) RNA pulldown assay was performed to detect the direct binding 
between MIR181A2HG and the 3 miRNAs. **P<0.01 vs. Ctl. (I and J) RT‑qPCR was used to detect the relative expression of (I) MIR181A2HG and (J) miRNAs 
in HASMCs cultured in medium containing 5.5 or 30 mM D‑glucose. (K and L) RT‑qPCR and western blot analysis detected the relative expression of AKT2 
mRNA and protein in HASMCs transfected with miR‑181‑3p mimics, miR‑181‑5p mimics or their corresponding control. HUVECs, human umbilical vein 
endothelial cells; HASMCs, human aortic smooth muscle cells.
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miR‑6832‑5p, miR‑6842‑5p and miR‑8056 target the AKT2 
3'UTR and regulate its expression in HUVECs. As the down‑
regulation of lncRNA MIR181A2HG induced by HG increased 
the miR‑6832‑5p, miR‑6842‑5p and miR‑8056 levels, the bioin‑
formatics database, TargetScan, was used to predict the targets 
of miR‑6832‑5p, miR‑6842‑5p and miR‑8056. It was found that 
the AKT2 3'UTR contained the potential binding sites of these 
3 miRNAs (Fig. 2A). The AKT downstream substrates GSK3β 
and GLUT1 contained no binding sites for these miRNAs 
within their 3'UTR. Subsequently, luciferase reporter plas‑
mids which contained the WT (pmirGLO‑AKT2 3'UTR) or 
mutated (pmirGLO‑AKT2 3'UTR‑mut) binding sites for these 
miRNAs in the AKT2 3'UTR were constructed. Luciferase 
reporter assay revealed that co‑transfection with miR‑6832‑5p, 
miR‑6842‑5p or miR‑8056 and pmirGLO‑AKT2 3'UTR 
reduced the luciferase activity, respectively, by 67.59, 58.27 
and 45.58%, while no obvious changes were observed when 
these 3 miRNAs were co‑transfected with pmirGLO‑AKT2 
3'UTR‑mut (Fig.  2B). After the successful MIR181A2HG 
knockdown and overexpression were confirmed via RT‑qPCR 
(Fig. S1C), it was found that the knockdown of MIR181A2HG 
decreased, whereas the overexpression of MIR181A2HG 
increased the luciferase activity directed by pmirGLO‑AKT2 
3'UTR, but not pmirGLO‑AKT2 3'UTR‑mut (Fig. 2C).

To provide further evidence that MIR181A2HG increased 
the expression of AKT2 by sponging miR‑6832‑5p, 
miR‑6842‑5p and miR‑8056, HUVECs were transfected with 
these miRNAs, respectively. RT‑qPCR and western blot anal‑
ysis revealed that miR‑6832‑5p, miR‑6842‑5p and miR‑8056 
overexpression significantly decreased AKT2 expression at 
both the mRNA and protein level (Fig. 2D and E). A similar 
result was also obtained by the immunofluorescence staining 
of AKT2, demonstrating that these 3 miRNAs evidently 
reduced AKT2 expression compared to the miR‑Ctl (Fig. 2F). 
Simultaneously, the expression of AKT2 mRNA and protein 
was significantly suppressed in the HUVECs exposed to HG, 
but not in those exposed to normal glucose or mannitol, for 
4 days, as shown by RT‑qPCR, western blot and immunofluo‑
rescence staining (Fig. 2G‑I). In addition, immunofluorescence 
staining revealed that MIR181A2HG overexpression enhanced, 
whereas its knockdown attenuated the protein expression of 
AKT2 in the HUVECs relative to their corresponding control 
(Fig. 2J). After the successful overexpression of AKT2 was 
confirmed in HUVECs (Fig. S1D), rescue experiments showed 
that the inhibition of AKT2 mRNA and protein expression 
induced by MIR181A2HG knockdown could be rescued by 
overexpression of AKT2 (Fig. 2K and L). These results suggest 
that the prolonged exposure of HUVECs to HG resulted in 
MIR181A2HG downregulation and thus in its reduced 
association with miR‑6832‑5p, miR‑6842‑5p and miR‑8056, 
subsequently leading to an inhibition of AKT2 expression.

Knockdown of MIR181A2HG inhibits the proliferation, 
migration and capillary‑like structures of HUVECs. The 
above‑mentioned results led us to investigate the biological 
functions of MIR181A2HG in HUVECs. Using loss‑ and 
gain‑of function approaches, it was found that overexpres‑
sion of MIR181A2HG promoted, whereas the knockdown 
of MIR181A2HG inhibited the proliferation of HUVECs, as 
shown by MTS assay (Fig. 3A). A scratch test and Transwell 

migration assay were then performed to determine the 
effects of MIR181A2HG on the migration of HUVECs. The 
overexpression or knockdown of MIR181A2HG promoted 
or inhibited the migration of HUVECs, respectively, 
compared with their corresponding control (Fig. 3B and C). 
Subsequently, 3D‑culture was performed to examine the 
ability of MIR181A2HG to form capillary‑like structures. 
The results revealed that the knockdown of MIR181A2HG 
significantly attenuated the formation of capillary‑like struc‑
tures, while the overexpression of MIR181A2HG increased 
this capacity (Fig. 3D). Taken together, these results indicated 
that MIR181A2HG facilitated the proliferation, migration and 
capillary‑like structure formation in HUVECs.

To further corroborate the causal role of MIR181A2HG in 
HUVEC proliferation and migration, HUVECs were exposed to 
HG for 24 h to stimulate HUVEC proliferation and migration, 
and the effects of MIR181A2HG depletion on HUVEC biolog‑
ical behavior were observed. As was anticipated, the exposure of 
HUVECs to HG for 24 h significantly enhanced cell proliferation, 
whereas the knockdown of MIR181A2HG greatly abolished this 
effect (Fig. 3E). Similarly, exposure to HG for 24 h combined 
with MIR181A2HG knockdown also abrogated the inducing 
effects of HG on HUVEC migration, as shown by scratch wound 
healing assay and Transwell migration assay (Fig. 3F and G). 
Moreover, MIR181A2HG depletion markedly reduced the 
formation of capillary‑like structures induced by exposure 
to HG for 24 h (Fig. 3H). To further verify the functions of 
MIR181A2HG, cell proliferation and migration‑related markers, 
including PCNA, MMP2 and VE‑cadherin were detected. It was 
found that MIR181A2HG promoted the expression of PCNA, 
MMP2 and VE‑cadherin in HUVECs (Fig. 3I).

MIR181A2HG/miRNAs/AKT2 axis regulates proliferation, 
migration and capillary‑like structure formation in HUVECs. 
Subsequently, the present study investigated whether these 3 
miRNAs and AKT2 could exert effects on HUVEC prolif‑
eration, migration and capillary‑like structure formation. 
The transfection of miR‑6832‑5p, miR‑6842‑5p or miR‑8056 
significantly inhibited the proliferation and migration of 
HUVECs, compared with the control group, as examined 
by MTS assay, scratch test and Transwell migration assay 
(Fig.  4A‑C). Correspondingly, 3D‑culture revealed that 
these miRNAs significantly decreased the formation of the 
capillary‑like structures in HUVECs (Fig. 4D). Consistent 
with the above‑mentioned results, miR‑6832‑5p, miR‑6842‑5p 
and miR‑8056 markedly suppressed the expression levels of 
PCNA, MMP2 and VE‑cadherin (Fig. 4E). Moreover, western 
blot analysis revealed that the expression of PCNA, MMP2 and 
VE‑cadherin was markedly inhibited by the AKT inhibitor, 
MK2206, in the HUVECs (Fig. 4F).

To further determine whether AKT2 is required for the 
MIR181A2HG‑mediated effects, AKT2 was knocked down 
using shRNA and MIR181A2HG was overexpressed by 
plasmid vector in HUVECs (Fig. S1C and D). As shown in 
Fig. 4G‑J, the knockdown of AKT2 in HUVECs significantly 
abrogated the inducing effects of MIR181A2HG on prolifera‑
tion, migration and capillary‑like structure formation. Taken 
together, these results indicated that the prolonged exposure of 
HUVECs to HG impaired cell functions by dysregulating the 
MIR181A2HG/miRNAs/AKT2 axis.

https://www.spandidos-publications.com/10.3892/ijmm.2021.4868
https://www.spandidos-publications.com/10.3892/ijmm.2021.4868
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The promotion of HUVEC proliferation and migration 
by MIR181A2HG is accompanied by changes in glucose 
metabolism. As AKT2 is known to be a central protein in 
many cellular processes, such as cell survival, proliferation, 
glucose uptake and metabolism and angiogenesis (28,29), the 
present study then sought to examine whether MIR181A2HG, 

which upregulates the expression of AKT2, also affects 
glucose metabolism in HUVECs. It was found that the 
overexpression or knockdown of MIR181A2HG increased or 
decreased, respectively, the ATP content, glucose uptake and 
glycogen synthesis compared with their corresponding control 
in HUVECs (Fig. 5A). The ATP content, glucose uptake and 

Figure 2. miR‑6832‑5p, miR‑6842‑5p and miR‑8056 target AKT2 3'UTR in HUVECs. (A) The predicted binding sites between miR‑6832‑5p, miR‑6842‑5p 
or miR‑8056 and AKT2 3'UTR. Red color indicates the sequence of mutated sites. (B) Luciferase reporter assay was performed in HUVECs co‑transfected 
with miRNAs, pRL‑TK or pmirGLO‑AKT2 3' UTR (wild‑type or mut). *P<0.05 and **P<0.01 vs. miR‑Ctl. (C) Luciferase reporter assay was performed in 
HUVECs co‑transfected with pmirGLO‑AKT2 3' UTR (wild‑type or mut) and pcDNA3.1‑MIR181A2HG or shR‑MIR181A2HG. **P<0.01 vs. pcDNA3.1; 
#P<0.01 vs. shR‑Ctl. (D‑F) RT‑qPCR, western blot analysis and immunofluorescence staining detected the relative expression of AKT2 mRNA and protein 
in HUVECs transfected with miR‑6832‑5p, miR‑6842‑5p, or miR‑8056 mimics. *P<0.05 and **P<0.01 vs. miR‑Ctl. (G‑I) RT‑qPCR, western blot analysis and 
immunofluorescence staining detected the relative expression of AKT2 mRNA and protein in HUVECs treated with 5.5 or 30 mM D‑glucose for different 
time periods. **P<0.01 vs. 5.5 mM D‑glucose. (J) Immunofluorescence staining detected the expression of AKT2 in MIR181A2HG‑overexpressing or depleted 
HUVECs. (K and L) RT‑qPCR and western blot analysis detected the expression of AKT2 mRNA and protein in MIR181A2HG‑depleted or AKT2‑overexpressing 
HUVECs. **P<0.01 vs. shR‑Ctl+pGFP‑N1; ##P<0.01 vs. shR‑MIR181A2HG+pGFP‑N1. HUVECs, human umbilical vein endothelial cells; ns, not significant.
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glycogen synthesis were also significantly decreased in the 
HUVECs transfected with miR‑6832‑5p, miR‑6842‑5p or 
miR‑8056 (Fig. 5B). Likewise, AKT2 also enhanced the ATP 
content, glucose uptake and glycogen synthesis (Fig. 5C).

Considering the influence of MIR181A2HG down‑
regulation on glucose metabolism, the present study then 
examined whether MIR181A2HG‑miRNAs‑AKT2 can regu‑
late the expression of glucose metabolism‑related genes, such 
as GLUT1 and GSK3β. The results revealed that the overex‑
pression of MIR181A2HG enhanced GLUT1 expression and 
the phosphorylation of GSK3β. By contrast, the knockdown 
of MIR181A2HG reduced GLUT1 expression and GSK3β 
phosphorylation in HUVECs (Fig. 5D). Moreover, the trans‑
fection of miR‑6832‑5p, miR‑6842‑5p and miR‑8056 inhibited 
GLUT1 expression and GSK3β phosphorylation (Fig. 5E). 
Furthermore, AKT2 promoted GLUT1 expression and GSK3β 

phosphorylation in HUVECs (Fig. 5F). Taken together, these 
results indicated that the injury of vascular endothelial cells 
induced by HG may be attributed to the downregulation of 
MIR181A2HG, which leads to the energy scarcity and the 
disruption of glucose metabolism.

Discussion

Previous studies have demonstrated that HG can damage 
vascular ECs by inducing inflammation  (30), oxidative 
stress (31), apoptosis and cellular senescence (9). lncRNAs 
regulate EC function and vessel growth  (19). However, 
it remains largely unclear whether and how HG‑induced 
lncRNAs impair EC function. The main findings of the present 
study are the following: i) The persistent exposure of HUVECs 
to HG downregulated lncRNA MIR181A2HG expression; 

Figure 3. Knockdown of MIR181A2HG inhibits proliferation, migration and capillary‑like structures of HUVECs. (A‑C) HUVECs were transfected with 
pGFP‑N1‑MIR181A2HG, shR‑MIR181A2HG or their corresponding control. (A) MTS assay, (B) scratch test, and (C) Transwell migration assay were used 
to detect the cell viability and migration. *P<0.05 and **P<0.01 vs. pGFP‑N1; ##P<0.01 vs. shR‑Ctl. (D) 3D‑culture was used to detect the formation of 
capillary‑like structures. *P<0.05 vs. pGFP‑N1; ##P<0.01 vs. shR‑Ctl. (E‑H) HUVECs were transfected with shR‑MIR181A2HG or shR‑Ctl and exposed to 
5.5 or 30 mM D‑glucose. (E) MTS assay, (F) scratch test, (G) Transwell migration, and (H) 3D‑culture were used to detect the cell viability, migration and the 
formation of capillary‑like structures. **P<0.01 vs. shR‑Ctl+5.5 mM D‑glucose; ##P<0.01 vs. shR‑Ctl+30 mM D‑glucose. (I) Western blot analysis was used to 
detect PCNA, MMP2 and VE‑cadherin expression in HUVECs transfected with pGFP‑N1‑MIR181A2HG, shR‑MIR181A2HG or their corresponding control. 
HUVECs, human umbilical vein endothelial cells.

https://www.spandidos-publications.com/10.3892/ijmm.2021.4868
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ii) MIR181A2HG downregulation significantly suppressed 
the proliferation, migration and angiogenesis of HUVECs 
by decreasing its sponge for miR‑6832‑5p, miR‑6842‑5p and 
miR‑8056; iii) miR‑6832‑5p, miR‑6842‑5p and miR‑8056 
target the 3'UTR of AKT2, and their increase elicited by 
MIR181A2HG downregulation attenuated expression of 
AKT2, and thus suppressed HUVEC proliferation, migration 
and the formation of the capillary‑like structures.

It is well known that the endothelial cell monolayers 
located in the inner lining of blood vessels play a protective 

role by blocking direct contact between blood cells and the 
underlying tissue. Small defined areas of endothelial damage 
are rapidly repaired by the migration and proliferation of ECs 
in the vicinity (32). Thus, EC proliferation and migration are a 
key process in wound repair occurring on the luminal surface 
of blood vessels. Endothelial dysfunction may alter EC prolif‑
eration and migration, resulting in delayed endothelium repair 
with an increased risk of thrombosis (33). Moreover, several 
studies have demonstrated that the prevention of restenosis 
may be achieved by promoting endothelial regeneration 

Figure 4. MIR181A2HG/miRNAs/AKT2 axis regulates proliferation, migration and capillary‑like structures of HUVECs. (A‑D) MTS assay, scratch test, 
Transwell migration, and 3D‑culture were used to detect the cell viability, migration, and the formation of capillary‑like structures. *P<0.05, **P<0.01 and 
***P<0.001 vs. miR‑Ctl. (E) Western blot analysis detected the expression of PCNA, MMP2 and VE‑cadherin in HUVECs transfected with the different 
miRNAs. (F) Western blot analysis detected the expression of PCNA, MMP2 and VE‑cadherin in HUVECs treated with the AKT2 inhibitor, MK2206. 
(G) MTS assay, (H) scratch test, (I) Transwell migration, and (J) 3D‑culture were used to detect the cell viability, migration and the formation of capillary‑like 
structures in HUVECs transfected with pGFP‑N1‑MIR181A2HG alone or together with shR‑AKT2. **P<0.01 and ***P<0.001 vs. pGFP‑N1+shR‑Ctl; #P<0.05 
and ##P<0.01 vs. pGFP‑N1/MIR181A2HG+shR‑Ctl. HUVECs, human umbilical vein endothelial cells.
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Figure 5. The promotion of proliferation and migration by MIR181A2HG is accompanied by changes of glucose metabolism. (A) ATP content, glucose uptake 
and glycogen synthesis were detected by luminescence assay, the glucose oxidase (GOD) method and glycogen colorimetric assay in HUVECs transfected 
with pGFP‑N1‑MIR181A2HG, shR‑MIR181A2HG or their corresponding control. *P<0.05 and **P<0.01 vs. pGFP‑N1, #P<0.05 vs. shR‑Ctl. (B) ATP content, 
glucose uptake and glycogen were measured in HUVECs transfected with miR‑6832‑5p, miR‑6842‑5p and miR‑8056. *P<0.05 and **P<0.01 vs. miR‑Ctl. 
(C) ATP content, glucose uptake and glycogen were measured in HUVECs transfected with pGFP‑N1‑AKT2, shR‑AKT2 and their corresponding control. 
*P<0.05 and **P<0.01 vs. pGFP‑N1; #P<0.05 and ##P<0.01 vs. shR‑Ctl. (D‑F) Western blot analyiss was used to detect the expression of GLUT1, p‑GSK3β and 
GSK3β in HUVECs treated as in (A‑C). *P<0.05 and **P<0.01 vs. pGFP‑N1 or miR‑Ctl, #P<0.05 and ##P<0.01 vs. shR‑Ctl. HUVECs, human umbilical vein 
endothelial cells.

https://www.spandidos-publications.com/10.3892/ijmm.2021.4868
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through the use of growth factors (34), EC seeding (35), and 
vessel reconstruction with autologous EC/fibrin matrix (36). 
In the present study, it was demonstrated that the viability 
of HUVECs was significantly decreased in response to 
HG and that the toxic effects of HG on HUVECs were 
increased with the duration of HG stimulation. Specifically, 
the persistent exposure of HUVECs to HG resulted in 
an obvious downregulation of lncRNA MIR181A2HG. 
Although MIR181A2HG has been registered in the GenBank 
under the Accession no. 100379345, its function had not yet 
been reported. As the function of lncRNAs, as competitive 
endogenous RNAs (ceRNA) to regulate gene expression 
by sponging some miRNAs, is well established, we identi‑
fied putative miRNAs associated with MIR181A2HG by 
using bioinformatics analyses. Luciferase reporter assays 
and the affinity pull‑down of miRNAs by MIR181A2HG 
revealed that miR‑6832‑5p, miR‑6842‑5p and miR‑8056 
could be sponged by MIR181A2HG. Furthermore, opposite 
to the changes in MIR181A2HG expression in HUVECs 
exposed to HG for 4 days, the expression of miR‑6832‑5p, 
miR‑6842‑5p and miR‑8056 was significantly enhanced in 
chronic HG‑stimulated cells. These findings suggest that 
there is a specific interaction between these 3 miRNAs and 
MIR181A2HG, and the HG‑induced downregulation of 
MIR181A2HG results in increased level of miR‑6832‑5p, 
miR‑6842‑5p and miR‑8056 by reducing the association 
between MIR181A2HG and the 3 miRNAs.

Recently, some lncRNAs have been identified in ECs treated 
with different stimuli, including TNF‑α (37), serum depriva‑
tion (38), hypoxia (39) and rapamycin (40). These lncRNAs 
regulate the cell viability, proliferation, migration and angio‑
genesis of ECs by sponging miRNA‑21 and miR‑199a‑5p, as 
well as by modulating VEGFR2, ERK1/2, respectively. The 
present study then wished to determine the mechanisms through 

which MIR181A2HG‑regulated miR‑6832‑5p, miR‑6842‑5p 
and miR‑8056 affects HUVEC proliferation, migration and 
the formation of the capillary‑like structures. First, the targets 
of miR‑6832‑5p, miR‑6842‑5p and miR‑8056 we predicted 
by bioinformatics databases, and it was identified that AKT2 
contains the potential binding sites of these 3 miRNAs in the 
3'UTR of its mRNA. Luciferase reporter assays, RT‑qPCR 
and western blot analysis confirmed that the overexpression of 
miR‑6832‑5p, miR‑6842‑5p and miR‑8056 enhanced, whereas 
their knockdown attenuated the expression of AKT2 protein. 
Moreover, the persistent exposure of HUVECs to HG signifi‑
cantly attenuated the expression of AKT2 mRNA and protein, 
consistent with the above‑mentioned observations that HG 
downregulated the MIR181A2HG expression level, and thus 
decreased its sponging for miR‑6832‑5p, miR‑6842‑5p and 
miR‑8056, subsequently facilitating the suppression of AKT2 
expression by miRNAs.

The serine/threonine kinase AKT, also known as protein 
kinase B (PKB), is a central node in cell signaling downstream 
of growth factors, cytokines, and other cellular stimuli (10). 
Mouse and human genetic studies have revealed physiological 
roles for the AKT network in nearly every organ system, and 
AKT also has particularly important roles in diverse patho‑
logical processes, including cardiovascular disease, insulin 
resistance and type 2 diabetes (12). Accumulating evidence 
has indicated shown that AKT expression is regulated at 
the post‑transcriptional level by miRNAs. For instance, 
miR‑373‑3p targets the 3'UTR of AKT1 and inhibits its 
expression, and its downregulation promotes the proliferation 
of prostate cancer cells (41). miR‑124 suppresses prolifera‑
tion, glycolysis and energy metabolism in non‑small cell lung 
cancer cells by targeting AKT1/2 (42). miR‑16 inhibits cell 
proliferation and induces apoptosis in oral squamous cell 
carcinoma through decreasing AKT3 (43). However, little is 
known about whether AKT is regulated in ECs by miRNAs. In 
the present study, it was found that miR‑6832‑5p, miR‑6842‑5p 
and miR‑8056 targeted, respectively, their corresponding sites 
at the 3'UTR of AKT2 mRNA and regulated AKT2 expres‑
sion by enhancing its mRNA degradation and inhibiting 
translation. Among these 3 miRNAs, the inhibitory effect of 
miR‑6832‑5p on AKT2 expression was much more potent than 
the other 2 miRNAs. Thus, miR‑6832‑5p may have a greater 
impact on AKT2‑mediated HUVEC proliferation and migra‑
tion. These findings provide novel insight into the regulation of 
AKT2 at the post‑transcriptional level by miRNAs.

Considering that AKT‑mediated phosphorylation of its 
substrates, such as FOXO, GSK3, p27, eNOS, BAD and TSC2, 
contributes to activation of the various cellular processes, 
including survival, growth, proliferation, angiogenesis, glucose 
uptake and metabolism (10), it is reasonable to conclude that 
increased miR‑6832‑5p, miR‑6842‑5p and miR‑8056 by 
MIR181A2HG downregulation attenuated the expression 
of AKT2 and thus impaired HUVEC proliferation, migra‑
tion and angiogenesis (Fig. 6). These findings are consistent 
with previous evidence demonstrating that AKT signaling 
is attenuated in metabolic tissues in the insulin‑resistant 
state that underlies type 2 diabetes (44). This newly identi‑
fied MIR181A2HG‑miRNAs‑AKT2 regulatory axis may 
be a potential therapeutic target for HG‑induced endothelial 
dysfunction.

Figure 6. Schematic diagram of the regulation of HUVEC proliferation and 
migration by high glucose‑mediated MIR181A2HG‑miRNAs‑AKT2 axis. 
HUVECs, human umbilical vein endothelial cells.
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