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Abstract. Previous studies have found that microRNA‑126 
(miR‑126) overexpression can exert beneficial effects on 
endothelial function and angiogenesis. The role of miR‑126 
was previously reported to be by directly limiting the activi‑
ties of negative regulators of the vascular endothelial growth 
factor (VEGF) pathway, such as PI3K regulation subunit 2 
(PIK3R2). The aim of the present study was to investigate 
the role of the miR‑126/PIK3R2/VEGF axis in endothelial 
progenitor cells (EPCs) under hypoxic conditions. An in vitro 
hypoxia model in EPCs was established by exposing EPCs to 
hypoxia (O2/N2/CO2, 1/94/5) for 72 h, before reverse transcrip‑
tion‑quantitative PCR (RT‑qPCR) and western blot analyzes 
were used to measure miR‑126 and PIK3R2 expression in 
EPCs. The proliferation, migration and tube‑forming ability of 
the transfected cells were measured using MTT, Transwell and 
tube formation assays, respectively. miR‑126 expression was 
found to be lower in EPCs in the hypoxia group compared with 
that in the control group (P<0.01). The expression of PIK3R2, 
a direct target gene of miR‑126, was found to be higher in the 
hypoxia group compared with that in the control group (P<0.01). 
miR‑126 mimic and VEGF‑plasmid co‑transfection improved 
the proliferation, migration, tube‑forming ability and restored 
the phosphorylation of AKT in EPCs under hypoxic condi‑
tions (all P<0.01). In addition, the effects of miR‑126 mimic 
on hypoxia‑induced EPCs were reversed by PIK3R2‑plasmid 
co‑transfection, whilst the effects of VEGF‑plasmid were 
enhanced further by co‑transfection with the miR‑126 mimic. 
In conclusion, miR‑126 promoted the functions of EPCs under 
hypoxic conditions by negatively targeting PIK3R2, whilst the 
combined overexpression of miR‑126 and VEGF enhanced 
these aforementioned effects.

Introduction

Ischemic heart disease, particularly acute myocardial infarc‑
tion (AMI), causes 2‑4 million deaths in the USA, >4 million 
deaths in Europe and northern Asia (1) and is responsible for 
>33% deaths in developed nations annually (2). AMI is a severe 
heart condition that is caused by sudden interruptions of the blood 
circulation in part of the cardiac muscle, which in turn results in 
the lack of sufficient oxygen to this key organ (3‑5). The main 
pathological processes of MI include ischemia and hypoxia (6). 
MI is characterized by severe and persistent thoracic pain, 
fever, increased white blood cell count, increased red blood cell 
sedimentation rate, increased serum cardiac enzyme (creatine 
kinase MB and cardiac troponin I) levels and electrocardio‑
graphic changes (such as ST segment elevation), which may lead 
to arrhythmia, shock or heart failure (7‑9). Therefore, effective 
restoration of blood flow is crucial (10). Previous studies have 
reported that several types of stem cells, particularly endothelial 
progenitor cells (EPCs), can improve new blood vessel forma‑
tion in local ischemic areas safely and effectively (11,12). EPCs 
has been used for AMI investigation in vitro (13‑15). For these 
reasons, EPCs were used in the present study.

MicroRNAs (miRNAs/miRs) are a class of small RNAs that 
are 20‑22 nucleotides in length and regulate post‑transcriptional 
gene expression in plants and animals (16,17). miRNAs serve a 
variety of important regulatory functions (18). Each miRNA may 
have multiple target genes, whereas several different miRNAs 
can regulate the same gene (19). This complex regulatory network 
can regulate the expression of multiple genes through a single 
miRNA or a combination of several miRNAs to fine‑tune the 
expression profile (19). Previous studies have suggested roles for 
miRNAs in numerous human diseases, including cardiovascular, 
gynecological, neurological and urinary system diseases, as well 
as cancer (20‑22). An increasing number of studies have found 
that miRNAs serve an important role in processes of blood vessel 
formation and repair, which are crucial for angiogenesis (23,24). 
Recently, miR‑126, which participates in endothelial cell func‑
tion and angiogenesis, was reported to be highly expressed in 
EPCs (25). Previous studies have found that miR‑126 acts by 
directly regulating the expression of negative regulatory factors 
of the VEGF pathway, such as Spred‑1 protein and PI3K regula‑
tion sub‑base 2 (PIK3R2) (26‑28). Therefore, upregulating the 
expression of Spred‑1 or suppressing the expression of VEGF may 
mediate similar effects to miR‑126 knockout (26,29). In addition, 
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another study previously reported that miR‑126 can negatively 
regulate VEGF expression in hypoxia‑induced monkey chorio‑
retinal vessel endothelial cells (30). However, whether miR‑126 
can regulate angiogenesis and/or VEGF expression in AMI has 
not been elucidated.

Therefore, the present study aimed to investigate the effects 
of the miR‑126/PIK3R2/VEGF axis in EPCs under hypoxic 
conditions. In addition, the present study explored the possible 
underlying molecular mechanism to provide a theoretical 
basis for the development of novel clinical strategies for the 
treatment of AMI.

Materials and methods

Cell culture and establishment of a hypoxia EPC model. 
EPCs from human peripheral blood (cat.  no.  CC‑H163; 
Shanghai Enzyme Research Biotechnology Co., Ltd.; 
http://www.elisakits.cn/Index/productInfo/cid/148/id/769.html)  
were cultured in endothelial cell growth medium‑2 (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.) and incubated at 37˚C 
with 5% CO2. EPCs were exposed to hypoxia (O2/N2/CO2, 
1/94/5%) at 37˚C for 72 h to establish the cell model of hypoxic 
injury. EPCs cultured under normoxic conditions served as the 
control. The study was approved by the Ethics Committee 
of Chongqing Emergency Medical Center (Fourth People's 
Hospital of Chongqing; Chongqing, China).

Luciferase reporter analysis. Previous studies have reported the 
binding sites between PIK3R2 and miR‑126 (27,28). To verify 
the binding sites between miR‑126 and PIK3R2, dual‑luciferase 
reporter assay was performed. Briefly, the 3'‑untranslated region 
(UTR) of PIK3R2, which contained the miR‑126 binding site or a 
mutated target site, was synthesized by reverse transcription (RT) 
PCR using a PrimeScript™ RT reagent kit (cat. no. RR037A; 
Takara Bio, Inc.). The temperature protocol was 5 min at 25˚C 
followed by 60  min at  42˚C. The wild type (WT‑PIK3R2) 
and mutant (MUT‑PIK3R2) 3'‑untranslated regions (UTR) of 
PIK3R2 were cloned into the pmiR‑RB‑Report™ dual‑luciferase 
reporter gene plasmid (Guangzhou RiboBio Co., Ltd.) following 
the manufacturer's protocols. 293T cells [ATCC; cultured in 
DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% FBS at 37˚C with 5% CO2] were co‑transfected with 
1 µg WT‑PIK3R2 or 1 µg MUT‑PIK3R2 and 50 nM miR‑126 
mimic (5'‑UCG​UAC​CGU​GAG​UAA​UAA​UGC​G‑3'; Guangzhou 
RiboBio Co., Ltd.) or 50 nM mimic control (5'‑UAG​UCA​ACG​
AGU​CUA​UGA​GUC​G‑3'; Guangzhou RiboBio Co., Ltd.) using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). In total, 48 h after transfection, the relative luciferase 
activity was assessed using the Dual‑luciferase reporter assay 
system (Promega Corporation) and normalized to Renilla lucif‑
erase, according to the manufacturer's protocols.

RNA extraction and reverse transcription‑quantitative (RT‑q)
PCR analysis. Total cellular RNA was obtained using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and then 
the RNA was reverse‑transcribed to cDNA via a RevertAid 
First Strand cDNA Synthesis Kit (cat. no. K1621; Invitrogen; 
Thermo Fisher Scientific, Inc.). The reaction conditions were as 
follows: 70˚C for 5 min, 37˚C for 5 min and 42˚C for 60 min. 

In accordance with the manufacturer's protocol, all reactions 
were performed using the ABI Prism 7000 Real Time PCR 
system with SYBR Green ER™ qPCR SuperMix Universal 
(cat. no. 11762100; Invitrogen; Thermo Fisher Scientific, Inc.) 
to quantify the relative gene expression. The themocycling 
conditions consisted of the following steps: 5 min at 95˚C, 
followed by 40 cycles at 95˚C for 10 sec and 60˚C for 30 sec. 
U6 or GAPDH was used as the internal control. Primers were 
supplied by Sangon Biotech Co., Ltd and listed as following: 
miR‑126 forward, 5'‑TAT​GGT​TGT​TCT​CGA​CTC​CTT​CAC‑3' 
and reverse, 5'‑TCG​TCT​GTC​GTA​CCG​TGA​GTA​AT‑3'; U6 
forward, 5'‑CTC​GCT​TCG​GCA​GCA​CA‑3' and reverse, 5'‑AAC​
GCT​TCA​CGA​ATT​TGC​GT‑3'; PIK3R2 forward, 5'‑GCA​
CCA​CGA​GGA​ACG​CAC​TT‑3' and reverse, 5'‑CGT​CCA​CTA​
CCA​CGG​AGC​AG‑3'; AKT forward, 5'‑TAA​AGA​AGG​AGG​
TCA​TCG​TGG‑3' and reverse, 5'‑CGG​GAC​AGG​TGG​AAG​A 
AA​A‑3' and GAPDH forward, 5'‑CTT​TGG​TAT​CGT​GGA​
AGG​ACT​C‑3' and reverse, 5'‑GTA​GAG​GCA​GGG​ATG​ATG​T 
TC​T‑3'. The related mRNA expression levels of miR‑126, PIK3R2 
and AKT were calculated by using the 2‑ΔΔCq method (31).

Western blot analysis. EPCs were lysed using RIPA buffer 
(Beyotime Institute of Biotechnology). The cell lysates were 
centrifuged at 10,000 x g at 4˚C for 15 min to obtain total protein. 
Subsequently, the protein was quantified by using a bicincho‑
ninic acid protein kit (Beyotime Institute of Biotechnology) 
and equal amount of proteins (40 µg per lane) was separated by 
10% SDS‑PAGE, followed by transfer to PVDF membranes. The 
membranes were then blocked at room temperature for 1 h in 
PBST (0.1% % Tween-20) solution containing 5% non‑fat milk. 
Subsequently, the membranes were incubated with PIK3R2 
(cat. no. ab180967; dilution: 1:2,000; Abcam), phosphorylated 
(p‑)‑AKT (cat.  no.  4060; dilution: 1:1,000; Cell Signaling 
Technology, Inc.), AKT (cat. no. 4685; dilution: 1:1,000; Cell 
Signaling Technology, Inc.) or GAPDH (cat. no. 5174; dilution: 
1:1,000; Cell Signaling Technology, Inc.) primary antibodies 
at 4˚C overnight. The membranes were then washed three times 
with PBST and incubated with the goat anti‑rabbit IgG H&L 
(HRP) secondary antibody (cat. no. ab6721; dilution: 1:3,000; 
Abcam) for 1 h at room temperature. The protein bands were 
visualized by an electrochemiluminescence (ECL) luminescent 
substrate (Pierce; Thermo Fisher Scientific, Inc.) following the 
manufacturer's protocols. ImageJ version 2.0 software (National 
Institutes of Health) was used to quantify the band intensities.

Cell transfection. EPCs during the logarithmic growth 
phase were inoculated into 6‑well plates overnight and were 
transiently transfected with 1 µg Control CRISPR Activation 
Plasmid (control‑plasmid; cat.  no.  sc‑437275; Santa Cruz 
Biotechnology, Inc.), 1 µg PI 3‑kinase p85β CRISPR Activation 
Plasmids (PIK3R2‑plasmid; cat. no. sc‑401991‑ACT; Santa 
Cruz Biotechnology, Inc.), 1 µg VEGF CRISPR Activation 
Plasmids (VEGF‑plasmid; cat. no. sc‑400019‑ACT; Santa Cruz 
Biotechnology, Inc.), 50 nM mimic control or 50 nM miR‑126 
mimic using the Lipofectamine® 2000 reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocols. Following 72 h of transfection under hypoxic condi‑
tions at 37˚C, the cells were collected to detect the transfection 
efficiency by RT‑qPCR analysis and following experiments 
were performed. Cells were divided into the following groups: 
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i) Control group, where cells were cultured for 72 h under hypoxic 
conditions at 37˚C; ii) control‑plasmid group, where cells were 
transfected with the control‑plasmid for 72 h under hypoxic 
conditions at 37˚C; iii) VEGF‑plasmid group, where cells were 
transfected with the VEGF‑plasmid for 72 h under hypoxic 
conditions at 37˚C; iv) mimic control group, where the cells 
were transfected with the mimic control for 72 h under hypoxic 
conditions at 37˚C; v) miR‑126 mimic group, where cells were 
transfected with the miR‑126 mimic for 72 h under hypoxic 
conditions at 37˚C; vi) miR‑126 mimic + control‑plasmid group, 
where cells were co‑transfected with the miR‑126 mimic and 
control‑plasmid for 72 h under hypoxic conditions at 37˚C; and 
vii) miR‑126 mimic + VEGF‑plasmid group, where cells were 
co‑transfected with miR‑126 mimic and VEGF‑plasmid for 
72 h under hypoxic conditions at 37˚C.

MTT assay. MTT assay was performed to evaluate cell viability. 
The cells (1x104 cells/well) were seeded into 96‑well plates after 
transfection for 72 h, followed by addition of 5 mg/ml MTT 
(Beyotime Institute of Biotechnology) to each well and culture 
at 37˚C for 4 h. Subsequently, 100 µl DMSO was added into 
each well to solubilize the formazan crystals after the culture 
medium was removed. The absorbance was recorded at 570 nm 
using a microplate reader (Bio‑Rad Laboratories, Inc.).

Transwell migration assay. The migration ability of the 
EPCs was detected using Transwell assay. The cells (2x104) 
were transferred onto upper chambers (8‑µm pore size; 
BD Biosciences) suspended in a serum‑free endothelial cell 
growth medium‑2 after transfection for 72 h. At the same time, 
endothelial cell growth medium‑2 supplemented with 10% FBS 
was added into the lower chambers. Following 24 h at 37˚C, 
cells that did not migrate and persisted on the upper surface 
of the filter were removed, before cells that had migrated to 
the lower surface of the membrane were fixed with 4% para‑
formaldehyde at room temperature for 30 min, stained with 
0.1% crystal violet solution at room temperature for 15 min 
and imaged using a light microscope at x200 magnification. 
A total of three independent experiments were conducted.

Tube formation assay. The tube‑forming ability of the EPCs was 
quantified by using Cultrex® In Vitro Angiogenesis Assay Tube 
Formation Kit (cat. no. 3470‑096‑K; Trevigen, Inc.) according to 
the manufacturer's protocols. For Basement Membrane Extract 
(BME) coating, 50 µl BME solution (contained within the kit) 
per well was added into the 96‑well plate and the plate was incu‑
bated at 37˚C for 60 min. In total, 3x104 EPCs were seeded into 
each well containing gelled BME and incubated in Endothelial 
Growth Medium‑2 (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) and 30 ng/ml FGF‑2 (Trevigen, Inc.) at 37˚C for 6 h. 
The mean number of complete tubes (a tube was defined as a 
linear sequence of cells linking two nodes) formed by EPCs 
was counted in five random fields of view under inverted light 
microscope at x100 magnification (TS100; Nikon Corporation).

Statistical analysis. Data are presented as the mean ± standard 
deviation from three independent experiments. The statistical 
significance of the differences among groups were analyzed 
either using unpaired Student's t test or one‑way ANOVA 

followed by Tukey's post hoc test. P<0.05 was considered to 
indicate statistically significant differences.

Results

miR‑126 expression is downregulated whereas PIK3R2 
expression is upregulated in hypoxia‑induced EPCs. The results 
demonstrated that the expression of miR‑126 was significantly 
downregulated in the hypoxia group compared with that in the 
control group (Fig. 1A; P<0.01). Previous studies have shown 

Figure 1. Expression of miR‑126 and PIK3R2 in EPCs under hypoxic condi‑
tions. A hypoxia EPC model was established by exposing EPCs to hypoxia. 
RT‑qPCR assay was performed to detect the mRNA expression levels 
of (A) miR‑126 and (B) PIK3R2 in EPCs. (C) Western blot analysis was 
performed to measure the protein expression of PIK3R2 in EPCs, (D) which 
was quantified. **P<0.01 vs. Control. miR, microRNA; PIK3R2, PI3K regula‑
tion subunit 2; EPCs, endothelial progenitor cells.

https://www.spandidos-publications.com/10.3892/etm.2021.11065
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that PIK3R2 is the target gene of miR‑126 (27,28). Therefore, 
PIK3R2 expression was measured by RT‑qPCR and western 
blot analyzes, which found it to be significantly increased at 
both mRNA (P<0.01) and protein levels in the hypoxia group 
compared with that in the control group (Fig. 1B‑D).

miR‑126 negatively regulates the expression of PIK3R2 in 
EPCs under hypoxic conditions. The possible binding sites 
between miR‑126 and PIK3R2 were predicted (Fig. 2A) and 
verified using dual‑luciferase reporter assay. Compared with 
that in cells transfected with the mimic control, miR‑126 
mimic transfection significantly enhanced miR‑126 expression 
in 293T cells (Fig. 2B). Subsequently, compared with that in 
cells co‑transfected with WT‑PIK3R2 and mimic control, the 
luciferase activity of cells co‑transfected with WT‑PIK3R2 and 
miR‑126 mimic significantly reduced (Fig. 2C). However, the 
luciferase activity of cells co‑transfected with MUT‑PIK3R2 
and mimic control and cells co‑transfected with MUT‑PIK3R2 

and miR‑126 mimic exhibited no significant changes (Fig. 2C). 
Compared with that in their respective control plasmid and 
mimic groups, transfection with PIK3R2‑plasmid or miR‑126 
mimic significantly increased the expression of PIK3R2 and 
miR‑126 in EPCs under hypoxic conditions, respectively 
(Fig. 2D and E). In addition, miR‑126 mimic transfection 
significantly reduced the expression of PIK3R2 at both mRNA 
and protein levels, whilst this reduction was significantly 
reversed by PIK3R2‑plasmid co‑transfection (Fig. 2F‑H).

miR‑126 affects the cell viability, migration and tube‑forming 
ability of EPCs by targeting PIK3R2. Compared with those 
in the control group, the cell viability (Fig. 3A), tube‑forming 
ability (Fig. 3B and C) and migration (Fig. 3D and E) of 
EPCs in the hypoxia group were significantly decreased. 
In addition, compared with those in the hypoxia + mimic 
control group, the proliferation (Fig. 3A), tube‑forming ability 
(Fig. 3B and C) and migration (Fig. 3D and E) of EPCs in the 

Figure 2. miR‑126 overexpression negatively regulates PIK3R2 expression in EPCs. (A) Possible binding sites between miR‑126 and PIK3R2 3'UTR. (B) 293T 
cells were transfected with the mimic control or miR‑126 mimic for 48 h, before miR‑126 expression was detected using RT‑qPCR. (C) Potential interactions 
between miR‑126 and PIK3R2 were assessed using dual‑luciferase reporter assay. (D‑H) EPCs were transfected with control‑plasmid, PIK3R2‑plasmid, mimic 
control, miR‑126 mimic, miR‑126 mimic + control‑plasmid or miR‑126 mimic+PIK3R2‑plasmid under hypoxic conditions. (D) PIK3R2 and (E) miR‑126 
mRNA expression in EPCs was measured by RT‑qPCR after plasmid or mimic transfection, respectively. (F) PIK3R2 mRNA expression in EPCs was 
measured by RT‑qPCR after mimic and plasmid co‑transfection. (G) PIK3R2 protein expression in EPCs was measured by western blot analysis, (H) which 
was quantified. **P<0.01 vs. mimic control. ##P<0.01 vs. control‑plasmid. &&P<0.01 vs. miR‑126 mimic + control‑plasmid. miR, microRNA; UTR, untrans‑
lated region; WT, wild‑type; MUT, mutant; RT‑qPCR, reverse transcription‑quantitative PCR; EPCs, endothelial progenitor cells; PIK3R2, PI3K regulation 
subunit 2.
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Figure 3. Effects of miR‑126 mimic and PIK3R2‑plasmid transfection on the viability, tube‑forming ability and migration of EPCs under hypoxic condi‑
tions. EPCs were transfected with control‑plasmid, PIK3R2‑plasmid, mimic control, miR‑126 mimic, miR‑126 mimic + control‑plasmid or miR‑126 
mimic + PIK3R2‑plasmid under hypoxic conditions for 72 h. (A) MTT assay was performed to evaluate the cell viability of transfected EPCs. (B) Tube forma‑
tion assay was used to measure the tube‑forming ability of transfected EPCs. Magnification, x100. (C) Tube formation assay was quantified. (D) Transwell 
assay was used to measure the migration ability of transfected EPCs. Magnification, x200. (E) Transwell assay was quantified. **P<0.01 vs. Control. ##P<0.01 
vs. hypoxia + mimic control. &&P<0.01 vs. hypoxia + miR‑126 mimic + control‑plasmid. miR, microRNA; PIK3R2, PI3K regulation subunit 2; OD, optical 
density; EPCs, endothelial progenitor cells.

https://www.spandidos-publications.com/10.3892/etm.2021.11065
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hypoxia + miR‑126 mimic group were significantly increased, 
which were all significantly reversed by co‑transfection with 
the PIK3R2‑plasmid (Fig. 3A‑E).

Western blotting and RT‑qPCR assays were performed to 
measure the related protein and mRNA expression of AKT in 
EPCs. The results demonstrated that, compared with those in 
the control group, the protein levels of p‑AKT (Fig. 4A) and 
the p‑AKT/AKT ratio (Fig. 4B) were significantly decreased 
in EPCs of the hypoxia group. In comparison with those in the 
hypoxia + mimic control group, the protein levels of p‑AKT 
(Fig. 4A) and the p‑AKT/AKT ratio (Fig. 4B) were signifi‑
cantly increased hypoxia + miR‑126 mimic group, which were 

all significantly reversed by PIK3R2‑plasmid co‑transfection 
(Fig. 4A and B). However, the mRNA expression of AKT did 
not differ significantly among the six groups (Fig. 4C).

VEGF expression is reduced by hypoxia in EPCs. To further 
explore the relationship between miR‑126 and VEGF in EPCs 
under hypoxic conditions, the protein and mRNA expression of 
VEGF were measured. VEGF expression was found to be signif‑
icantly lower in the hypoxia group compared with that in the 
control group on both protein and mRNA levels (Fig. 5A‑C). In 
addition, EPCs were transfected with either the control‑plasmid 
or VEGF‑plasmid under normal conditions, following which 

Figure 4. Effects of miR‑126 mimic and PIK3R2‑plasmid transfection on the PI3K/AKT pathway in EPCs under hypoxic conditions. EPCs were transfected 
with control‑plasmid, PIK3R2‑plasmid, mimic control, miR‑126 mimic, miR‑126 mimic + control‑plasmid or miR‑126 mimic + PIK3R2‑plasmid under 
hypoxic conditions for 72 h. (A) Western blot analysis was used to measure the protein levels of p‑AKT and AKT in transfected EPCs. (B) p‑AKT/AKT 
ratio was quantified. (C) Reverse transcription‑quantitative PCR was used to measure the mRNA expression levels of AKT in transfected EPCs. **P<0.01 
vs. Control. ##P<0.01 vs. hypoxia + mimic control. &&P<0.01 vs. hypoxia + miR‑126 mimic + control‑plasmid. miR, microRNA; p‑, phosphorylated; EPCs, 
endothelial progenitor cells; PIK3R2, PI3K regulation subunit 2.

Figure 5. VEGF expression in EPCs under hypoxic conditions. A hypoxia EPC model was established through exposing cells to hypoxia. (A) Western blot 
assay was used measure the protein expression of VEGF in EPCs, (B) which was quantified. (C) RT‑qPCR analysis was used to measure the protein and mRNA 
expression of VEGF in EPCs. (D) EPCs were transfected with control‑plasmid or VEGF‑plasmid under normal conditions for 72 h, then the mRNA expres‑
sion of VEGF in EPCs was measured by RT‑qPCR. (E‑G) EPCs were transfected with control‑plasmid, VEGF‑plasmid under hypoxic conditions for 72 h. 
(E) Protein expression of VEGF in EPCs was measured by western blotting, (F) which was quantified (G) mRNA expression of VEGF in EPCs was measured 
by RT‑qPCR analysis. **P<0.01 vs. Control. ##P<0.01 vs. control‑plasmid. EPCs, endothelial progenitor cells; RT‑qPCR, reverse transcription‑quantitative PCR.
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it was observed that VEGF‑plasmid transfection significantly 
increased VEGF mRNA levels in EPCs under normal condi‑
tions compared with that in cells transected with the control 
plasmid (Fig. 5D). In addition, EPCs were transfected with either 
the control‑plasmid or VEGF‑plasmid under hypoxic condi‑
tions, where it was observed that VEGF‑plasmid transfection 
increased the expression of VEGF on both protein and mRNA 

levels in EPCs under hypoxic conditions compared with that in 
cells transected with the control plasmid (Fig. 5E‑G).

VEGF overexpression enhances the effects of miR‑126 on 
EPCs under hypoxic conditions. Several experiments were 
performed after the cells were transfected for 72 h under 
hypoxic conditions. As shown in Fig. 6A‑E, VEGF‑plasmid 

Figure 6. Effects of VEGF and miR‑126 mimic transfection on the viability, tube‑forming ability and migration of EPCs under hypoxic conditions. EPCs were 
transfected with control‑plasmid, VEGF‑plasmid, VEGF‑plasmid + mimic control or VEGF‑plasmid + miR‑126 mimic under hypoxic conditions for 72 h. 
(A) MTT assay was used to evaluate the cell viability of transfected EPCs. (B) Tube formation assay was performed to measure the tube‑forming ability of 
transfected EPCs. Magnification, x100. (C) Tube formation assay was quantified. (D) Transwell assay was used to measure the migration ability of transfected 
EPCs Magnification, x200. (E) Transwell assay was quantified. **P<0.01 vs. hypoxia + control‑plasmid. ##P<0.01 vs. hypoxia + VEGF‑plasmid + mimic control. 
miR, microRNA; EPCs, endothelial progenitor cells.

https://www.spandidos-publications.com/10.3892/etm.2021.11065
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transfection significantly increased the cell viability 
(Fig. 6A), tube‑forming ability (Fig. 6B and C) and migration 
(Fig. 6D and E) of EPCs under hypoxic conditions compared 
with those in cells transfected with the control‑plasmid. 
However, co‑transfection with the miR‑126 mimic signifi‑
cantly potentiated all of these aforementioned effects.

Furthermore, it was observed that transfection with the 
VEGF‑plasmid significantly enhanced the protein levels 
of p‑AKT (Fig. 7A) and the p‑AKT/AKT ratio (Fig. 7B) in 
EPCs under hypoxic conditions compared with those in cells 
transfected with the control‑plasmid. These aforementioned 
effects were significantly potentiated by co‑transfection with 
the miR‑126 mimic. However, VEGF overexpression did not 
affect the mRNA expression of AKT (Fig. 7C).

Discussion

AMI is one of the main causes of morbidity and mortality world‑
wide (3,5,32). EPCs are also known as angioblasts and belong 
to a family of precursor cells in the vascular endothelium (33). 
Previous studies have shown that EPCs serve an important 
role in cardiovascular and cerebrovascular diseases, peripheral 
vascular diseases, tumor angiogenesis and wound healing, 
where they can potentially provide novel approaches for the 
treatment of ischemic diseases (34,35). There have also been an 
increasing number of studies on the biological characteristics 
and therapeutic effects of EPCs (36,37). The proliferation and 
migration of endothelial cells serve an important role in main‑
taining vascular integrity, regeneration and wound repair (38). 
In particular, miR‑126 was previously demonstrated to mediate 
a key function in maintaining the integrity of endothelial cells, 
inflammation, angiogenesis and vascular repair (39). EPCs were 
used to establish an in vitro hypoxia model in the present study, 
where it was verified that miR‑126 expression was reduced 
in EPCs under hypoxic conditions, which is consistent with 
previous finding (40). However, the phenotypic confirmation of 
the EPCs by FACS/flow cytometry was not performed in this 
study, which was a limitation of the present study.

It has been previously reported that PIK3R2, which 
encodes the p85β regulatory subunit of PI3K, is a target of 
miR‑126 (27,28,41,42). In the present study, it was confirmed 
that miR‑126 can directly target PIK3R2. Therefore, it was 
hypothesized that miR‑126 may regulate the proliferation 
of EPCs by targeting PIK3R2 expression. To further study 
the molecular mechanisms through which miR‑126 regu‑
lates the proliferation of EPCs, the cells were transfected 
for 72  h and divided into the following groups: Control, 
hypoxia, hypoxia  +  mimic control, hypoxia  +  miR‑126 
mimic, hypoxia  +  miR‑126 mimic  +  control‑plasmid and 
hypoxia  +  miR‑126 mimic  +  PIK3R2‑plasmid. MTT, 
Transwell and tube formation assays were used to detect cell 
proliferation, migration and tube‑forming ability, respectively. 
It was observed that upregulating miR‑126 could promote the 
viability, migration and tube‑forming capabilities of EPCs 
under hypoxic conditions by downregulating the expres‑
sion of PIK3R2. Previous studies have shown that miR‑126 
can upregulate the response of cells to VEGF by directly 
inhibiting a number of its inhibitors, including Spred‑1 and 
PIK3R2 (43‑45). However, whether miR‑126 regulates angio‑
genesis through VEGF during myocardial ischemia remains 
poorly understood. The relationship between miR‑126 and 
VEGF in the regulation of EPC physiology under hypoxic 
conditions was investigated in the present study, where the 
results suggest that VEGF expression was reduced in EPCs 
under hypoxic conditions and VEGF upregulation enhanced 
cellular functions (cell proliferation, migration, and tube 
formation ability) by combining with miR‑126.

The PI3K/AKT pathway appears to serve an important role 
in improving the function of EPCs by regulating the migra‑
tion and angiogenesis of EPCs (46,47). Previous studies have 
also reported that miR‑126 can regulate PI3K/AKT pathway 
activation in cancer cells such as non‑small cell lung cancer 
and bladder cancer cells (28,41). However, the possible effects 
on the PI3K/AKT pathway exerted by changes in miR‑126 
expression in EPCs under hypoxic conditions remain unclear. 
Therefore, activities of AKT was measured in this study. It 

Figure 7. Effects of VEGF and miR‑126 mimic transfection on the PI3K/AKT pathway in EPCs under hypoxic conditions. EPCs were transfected with 
control‑plasmid, VEGF‑plasmid, VEGF‑plasmid + mimic control or VEGF‑plasmid + miR‑126 mimic under hypoxic conditions for 72 h. (A) Western 
blot analysis was used to detect the protein levels of p‑AKT and AKT in transfected EPCs. (B) p‑AKT/AKT ratio was quantified. (C) Reverse transcrip‑
tion‑quantitative PCR analysis was used to measure the mRNA expression of AKT in transfected EPCs. **P<0.01 vs. hypoxia + control‑plasmid. ##P<0.01 vs. 
hypoxia + VEGF‑plasmid + mimic control group. EPCs, endothelial progenitor cells; miR, microRNA; p‑, phosphorylated.
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was found that miR‑126 overexpression enhanced AKT activa‑
tion in EPCs under hypoxic conditions, which was reversed 
by PIK3R2 overexpression. In addition, it was confirmed that 
VEGF and miR‑126 mediate a synergistic role in promoting 
the activation of AKT.

However, there were some limitations in the present study. 
For example, the effects of miR‑126 and VEGF overexpression 
on apoptosis and/or necrosis in EPCs under hypoxic conditions 
were not investigated. In addition, since the differences in cell 
viability, tube forming abilities and migration of EPCs were 
already between the normoxic control and hypoxic condition 
were already observed, the normoxic control group was not 
designated in the miR‑126 and VEGF‑plasmid co‑transfection 
experiments, which would've made the results more credible. 
In addition, the role of miR‑126/VEGF on EPC function in 
AMI should be studied in vivo.

In conclusion, the present study demonstrated that miR‑126 
overexpression promoted the functions of EPCs under hypoxic 
conditions by downregulating PIK3R2 expression, where 
the combination of miR‑126 and VEGF overexpression can 
potentiate these effects. These findings suggest that targeting 
miR‑126 and VEGF may provide novel directions for the 
clinical treatment of AMI.
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