MOLECULAR MEDICINE REPORTS 27: 72, 2023

Effect of miR-29a-3p in exosomes on glioma cells by
regulating the PI3K/AKT/HIF-1o pathway
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Abstract. Exosomes secreted by glioma cells can carry
a number of bioactive molecules. As the most abundant
noncoding RNA in exosomes, microRNAs (miRNAs) are
involved in signaling between tumor cells in a number of ways.
In addition, hypoxia is an important feature of the microenvi-
ronment of most tumors. The present study investigated the
effect of miR-29a-3p in glioma exosomes on the proliferation
and apoptosis levels of U251 glioma cells under hypoxia.
Qualitative PCR results showed that the expression level of
miR-29a-3p in plasma exosomes of glioma patients was lower
than that of normal subjects. By conducting hypoxia experi-
ments in vitro on U251 glioma cells, it was found that the
expression level of miR-29a-3p decreased following hypoxia,
while overexpression of miR-29a-3p significantly decreased
the proliferation of U251 glioma cells and promoted apoptosis
by inhibiting the expression of the antiapoptotic marker Bcl-2
and increasing the expression of the proapoptotic marker Bax
The potential targets of miR-29a-3p were predicted by online
tools and validated by a dual-luciferase gene reporter assay.
miR-29a-3p was found to target and regulate PI3K, which in
turn inhibited the activity of the PI3K-AKT pathway, thereby
reducing the expression of hypoxia inducible factor (HIF)-1a
protein. Furthermore, the effects of miR-29a-3p on prolifera-
tion and apoptosis in glioma cells in those processes could be
reversed by the PI3K-AKT agonist Recilisib. In addition, the
inhibitory effect of miR-29a-3p on the PI3K/AKT/HIF-1a
regulatory axis could cause a decrease in the expression levels
of pyruvate dehydrogenase kinase-1 and pyruvate dehydroge-
nase kinase-2 and eventually lead to a reduction in glycolysis
in U251 glioma cells. Similarly, Recilisib slowed the inhibi-
tory effect of miR-29a-3p on glycolysis and glycolysis-related
molecules. The results of this study tentatively confirm that
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miR-29a-3p carried by exosomes can be used as a novel diag-
nostic marker and a potential inhibitory molecule for glioma
cells, providing a new theoretical and experimental basis for
the precise clinical treatment of glioma.

Introduction

Glioma is the commonest primary malignancy of the central
nervous system. Despite the current combination of surgical
and pharmacological treatment options for glioma, the global
incidence of glioma remains high and most patients are
already at a very malignant stage at the time of presentation,
with a 5-year survival rate of <10% and some patients have a
survival period of <2 years (1) therefore, it is crucial to explore
the pathological mechanisms of glioma to find more effective
treatments for the disease.

The malignant proliferation of glioma cells is often accom-
panied by a hypoxic growth environment due to inadequate
blood vessel formation and a severe lack of oxygen supply
within the tissue (2). Hypoxia affects several aspects of glioma
cells, including invasion, proliferation, heterogeneity and drug
resistance (2-4). Hypoxia-inducible factor-la (HIF-1a) is a
molecule closely related to hypoxia that can accumulate in the
cytoplasm under hypoxia and subsequently enter the nucleus
to regulate the expression of molecules closely related to the
hypoxic response through the hypoxia response element, thus
affecting the formation of neovascularization, cell metabolism
and apoptosis in tumors under hypoxia (2-5). Since the growth
environment of glioma is in hypoxia, exploring the growth
characteristics of glioma under hypoxia cannot be separated
from the role of hypoxia-related molecules (e.g., HIF-1a).
Studying the relationship between them may provide a possible
way for early diagnosis and treatment of glioma cells.

In addition, a number of lipids microvesicles of 30-100 nm
in diameter, called exosomes, have been found in the blood of
some glioma patients (2-6). These exosomes can isolate and
extract a variety of small RNAs, proteins, lipids and other
substances as signaling molecules for molecular transduc-
tion and cross-linking between tumor cells (7). It has been
shown that microRNAs (miRNAs) isolated from exosomes are
involved in the regulation of tumor cell growth, metabolism
and apoptosis through various pathways and have potential
value for early tumor diagnosis (8). miRNAs are a class of
RNA molecules 18-22 bases in length that do not have a coding
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function but can affect protein expression by inhibiting the
transcription and translation process of proteins. miR-29a-3p
is a molecule that is abnormally expressed in a variety of
tumor cells and can regulate oncogenes in recent years (9,10).
In the present study, the expression level of miR-29a-3p in
plasma exosomes of patients with glioma in The First People's
Hospital of Jiashan (China) was examined and the effects
of miR-29a-3p on the proliferation and apoptosis of glioma
cells under hypoxia were verified by cell experiments. Then,
the mechanism of the effect of exosomes and their included
miRNAs on glioma was explored. The present study may
provide a possible theoretical basis for the early diagnosis and
targeted therapy of glioma.

Materials and methods

Sample collection. Peripheral blood (~10 ml) was collected
from 20 patients with glioma who underwent routine surgery
in the Department of Neurosurgery and 20 healthy controls
in the Health Management Centre between January 2019 and
December 2020 at The First People's Hospital of Jiashan.
The patients and healthy controls consisted of 8 males and 12
females, respectively, aged 42-68 years, the clinicopathological
features of patients are presented in Table I.

The inclusion criteria were i) Glioma confirmed by
postoperative pathology, ii) no preoperative radiotherapy
or chemotherapy was given, iii) first time of brain tumor
resection and iv) patients with complete clinical records.
Exclusion criteria were i) previous history of brain surgery,
ii) combination with other tumor diseases, mental diseases
and other encephalopathy affecting neurological function
and iii) complications with serious heart, liver and kidney
diseases. All patients had pathological confirmation of glioma
and had not been previously treated with chemotherapy. All
subjects were formally informed of the purpose of sample use
and signed the informed consent form. The present study was
approved by the Ethics Committee of Jiashan First People's
Hospital (approval no. KY2022-030).

Reagents. Human glioma U251 cells were purchased from
Shanghai CAS Cell Bank, DMEM was purchased from Gibco
(Thermo Fisher Scientific, Inc.), fetal bovine serum, TRIzol®,
One Step PrimeScript cDNA Synthesis kit, Lipofectamine®
2000 were purchased from Thermo Fisher Scientific, Inc.,
trypsin-EDTA solutions (0.25%) were purchased from
MilliporeSigma, a plasma exosome extraction kit was
purchased from Invitrogen (Thermo Fisher Scientific, Inc.),
a qPCR kit was purchased from Takara Bio USA, Inc. The
miR-29-3p-5p mimic/inhibitor was synthesized by Shanghai
Jima Co., Ltd., the double luciferase gene reporter assay was
commissioned from Tianjin Sheweisi Biotechnology Co., Ltd.,
the CCK-8 cell viability assay kit was purchased from Bestbio,
Annexin V-phycoerythrin (PE) and 7-AAD were purchased
from Becton, Dickinson and Company, rabbit anti-human
PI3K (cat. no. 4249), AKT (cat. no. 4685) and phosphorylated
(p-)AKT (cat. no. 4060) antibodies were purchased from Cell
Signaling Technology, Inc., rabbit anti-human HIF-1a (cat.
no. 20960-1-AP) antibodies were purchased from Proteintech
Group, Inc. and rabbit anti-human Bax (cat. no. 41162) antibody
was purchased from Cell Signaling Technology, Inc., rabbit

Table I. Clinical characteristics of glioma patients.

Grouping information Characteristic
Sample size n=20

Sex 8 males and 12 females
Age (years) 55.85+10.16

Tumor classification WHO I-II grade (n=9)

WHO III-1IV grade (n=11)

WHO, World Health Organization.

anti-human Bcl-2 (cat. no. ab32124), pyruvate dehydrogenase
kinase (PDK)-1 (cat. no. ab202468), PDK?2 (cat. no. ab154549)
from Abcam, f-actin (cat. no. TA-09), goat anti-rabbit
secondary antibody (cat. no. ZB-5301) was purchased from
Beijing Zhongshan Jinqiao Biotechnology Co., Ltd., the
PVDF membrane was purchased from MilliporeSigma (cat.
no. ISEQ00010), the ECL luminescent solution was purchased
from Jiangsu KGI Biotechnology Co., Ltd. (cat. no. KGP1127)
and the glycolysis assay kit was purchased from Agilent (cat.
no. 103020-100).

Isolation and identification of exosomes. The plasma sample
was centrifuged at room temperature (25°C) for 20 min at
2,000 x g; the supernatant was transferred to a new centri-
fuge tube and centrifuged at 4°C for 30 min at 2,000 x g; the
supernatant was transferred to a new precooled centrifuge
tube and centrifuged again at 4°C for 45 min at 10,000 x g
to remove the larger vesicles. The supernatant was collected
by filtration through a 0.45 ym membrane and centrifuged at
4°C for 70 min at 100,000 x g. The supernatant was removed,
resuspended in 10 ml of precooled 1x PBS, and centrifuged
again at 4°C for 70 min at 100,000 x g. The supernatant was
removed and the resulting precipitate was the exosome. In
addition, the exosome information was analyzed using the
ExoCarta database (http:/www.exocarta.org; version 3.1.4).

Transmission electron microscopy (TEM). For TEM 10 ul
exosomes were placed onto copper-coated grids and precipi-
tated for 10 min and the excess liquid was absorbed by filter
paper. The grids were transferred to a solution containing 2.5%
glutaraldehyde (diluted with PBS) at 4°C, suspended for 5 min
and dried with filter paper before being washed with PBS for
four times. The grids were transferred to 40 g/l uranyl acetate
(MilliporeSigma) for 10 min at 25°C and the excess liquid was
absorbed by filter paper. The grids were transferred to 10 g/l
methyl-cellulose (MilliporeSigma) for 5 min at 25°C and dried
with filter paper. After natural drying at room temperature
(25°C; ~30 min), the grids were analyzed on a HT-7700 trans-
mission electron microscope (Hitachi, Ltd.) and images were
analyzed by Digital Micrograph (version 3.51, Gatan, Inc.).

Cell culture and drug treatment. The human glioma cell line
U251 was cultured using DMEM complete medium containing
10% fetal bovine serum. The normal culture conditions were
5% CO, + 95% air in a constant temperature incubator at 37°C;
the hypoxic culture conditions were 5% CO, + 94% N, + 1%
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Table II. miR-29a-3p mimics/inhibitor/control and PI3K/B-actin primer sequences.

Gene

Primer sequence

miR-29a-3p mimics
Mimics control
miR-29a-3p inhibitor
Inhibitor control

PI3K

[-actin

F: 5'-UAGCACCAUCUGAAAUCGGUUA-3'
R:5'-ACCGAUUUCAGAUGGUGCUAUU-3'
F: 5'-UUCUCCGAACGUGUCACGUTT-3'
R: 5“ACGUGACACGUUCGGAGAATT-3'
F: 5-UAACCGAUUUCAGAUGGUGCUA-3'
R: 5-CAGUACUUUUGUGUAGUACAA-3'
F: 5'-GGACCCGATGCGGTTAGAG-3'

R: 5-ATCAAGTGGATGCCCCACAG-3'

F: 5'-GTGGATCAGCAAGCAGGAGT-3"

R: 5'-CTCGGCCACATTGTGAACTT-3'

miR, microRNA; F, forward; R, reverse.

0, and the cells were placed in a hypoxic incubator at 37°C.
Recilisib complete medium with a masterbatch concentration
of 100 mM was prepared and cells were transfected for 24 h
and incubated at 37°C, then added to the cell supernatant at
1:1,000 and mixed as the miR-29a-3p + Recilisib group. The
miR-NC + DMOG group was used as the control group to start
the experiment 48 h after transfection.

Transfection of miR-29a-3p mimics and inhibitor. Glioma
cells in the log growth phase were selected and inoculated in
6-well plates at a rate of 2x10° cells/well and the transfection
experiment was started when the cell confluence reached 60%.
During transfection, 12 ul Lipofectamine® 2000 was added to
150 pl serum-free medium and mixed with 10 x1 miR-29a-3p
mimics/inhibitors, then incubated at room temperature (25°C).
The final concentration of miR-29a-3p mimics was 50 nM and
the final concentration of miR-29a-3p inhibitor was 100 nM.
After incubation for 5 min, the mixed solution was added to
the 6-well plates to complete the transfection. The miR-29a-3p
control group (miR-NC) received the same processing. After
48 h, the transfection efficiency of each well was measured by
reverse transcription-quantitative (RT-q) PCR. The sequences
of the miR-29a-3p mimics/inhibitor/control are given in Table II.

RT-gPCR. The cells were spread into 6-well plates at
2x10° cells/well, 1 ml TRIzol® (Thermo Fisher Scientific,
Inc.) was added when the convergence degree of the cells was
80-90% and total RNA was extracted by the TRIzol® method.
For mRNA, cDNA was formed by reverse transcription
according to the instructions of the One Step PrimeScript cDNA
Synthesis kit (Thermo Fisher Scientific, Inc.) and mir-X miRNA
first-strand synthesis kit (Takara Biotechnology Co., Ltd.) was
used for miRNA. RT-qPCR R was performed using TB Green®
Advantage® qPCR premix regent (Takara Biotechnology Co.,
Ltd.) and the results were calculated by the 2224 method to
detect the relative expression of the genes (11), using U6 as
the internal reference for miRNA and fB-actin as the internal
reference for mRNA. The reaction conditions were as follows:
95°C, 2 min, followed by 40 cycles of 10 sec at 95°C, 30 sec at
55°C and 30 sec at 72°C. The primer sequences (purchased from
Sangon Biotech, Shanghai) are given in Table II.

Cell proliferation assay. Cell proliferation was detected
by the CCK-8 assay. Cells were seeded into 96-well plates
at 2x10* cells/well and complete medium without cells
was used as a blank control. After the cells were grown for
24 h, 10 ul of CCK-8 solution was added to each well and
~3-5 replicate wells were set up in each well. The cells were
cultured in an incubator for 2.5 h at 37°C and the D450 value
was measured at 450 nm with a microplate reader. Cell prolif-
eration level=(experimental group-blank group)/(untreated
group-blank group) x100%.

Apoptosis detected by flow cytometry. Cells (2.5x10° cells/tube)
were collected, centrifuged at 4°C for 5 min at 210 x g and
washed 3 times with precooled PBS. Then cells were collected
again, centrifuged at 4°C for 5 min at 160 x g and suspended
with 100 pl 1X binding buffer. Annexin V-PE (5 ul) was added
and cells were incubated at 4°C for 15 min containing after
which 7-AAD was added and incubated for 5 min at 4°C.
Annexin V-PE was used to detect early apoptotic cells, and
Annexin V-PE and 7-AAD were used to detect necrotic cells
or/and late apoptotic cells. The percentage of early apoptotic
cells was used to calculate the apoptotic rate and the cell apop-
tosis level was detected by a BD Accuri C6 Flow cytometer
and analyzed by BD Accuri C6 Software (version 1.0; BD
Biosciences).

Dual-Luciferase reporter assay. The binding site of
miR-29-3p-5p to PI3K was predicted by the online database
Targets can (https://www.targetscan.org/vert_80/; version 8.0).
Wild-type PI3K 3'-UTR (WT-PI3K) or mutant PI3K 3'-UTR
(MUT-PI3K) was inserted into the Xhol and Notl sites of the
pSI-Check?2 vector (Sangon Biotech Co., Ltd.), respectively.
Plasmid transfection was performed when the cell density
reached ~50-70%. Briefly, 5 pmol miR-29 mimics or miR-29
control was mixed with 0.16 yg PI3K 3'-UTR (WT-UTR)
plasmid or PI3K 3'-UTR (MUT-PI3K) plasmid, respectively,
then above solution were mixed with 10 Il DMEM containing
0.3 pl Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.)
and placed at room temperature (25°C) for 20 min before
transfection. Following transfection, the transfected cells were
incubated in the incubator for 48 h at 37°C, then cells were
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collected. Passive Lysis Buffer was added at 100 ul/well at
room temperature (25°C) and slowly shaken for 15 min, then
the cell lysate was aspirated into a 1.5 ml centrifuge tube,
centrifuged at 4°C at 13,000 x g for 10 min and the super-
natant was taken and transferred into a new tube. Luciferase
Assay Agent IT (LAR II; 100 pl; Promega Corporation) and
20 pl cell lysate were added. The firefly luciferase value (R1)
was measured by Promega Dual Luciferase system (Promega
Corporation) after 2 sec. Then, 100 ul Stop & Glo reagent
(Luciferase Assay Reagent; Promega Corporation) was added
and mixed 2-3 times and the Renilla luciferase value of each
well (R2) was detected. Finally, the ratio value (R1/R2) was
recorded as the relative luciferase activity.

Western blotting. The cells were lysed in RIPA buffer: 50 mM
Tris-HCI (MilliporeSigma), 150 mM NaCl (MilliporeSigma),
1% Triton X(MilliporeSigma), 1% Sodium deoxycholate
(MilliporeSigma), 0.1% SDS (MilliporeSigma), 5 mM EDTA
(MilliporeSigma), with 2 ug/ml aprotinin (MilliporeSigma),
1 mmol/l PMSF (Beijing Solarbio Science & Technology Co.,
Ltd.), and the protein concentration was measured by the BCA
method. After protein extraction, 50 ug of proteins were loaded
per lane and 10% of SDS-PAGE gels were prepared to separate
the proteins, which were then transferred to PVDF membranes.
Skimmed milk powder (5%) was used for blocking for 2 h at
room temperature and the membranes incubated with primary
antibodies against PI3K (1:2,000), AKT (1:1,000), p-AKT
(1:1,000), Bax (1:1,000), Bcl-2 (1:1,000), HIF-1a. (1:2,000), PDK-1
(1:1,000), PDK-2 (1:1,000) and B-actin (1:4,000) overnight at
4°C. This was followed by incubation with a secondary antibody
(1:5,000) for 2 h at room temperature, color development with
ECL luminescent solution and the protein levels were measured
using a ChemiDoc MP Imaging System (Bio-Rad Laboratories,
Inc.). Image Lab 5.1 (Bio-Rad Laboratories, Inc.) was used to
analyze the gray values.

Glycolytic capacity was examined with a Seahorse system.
The cells were inoculated at 1.5x10° cells/well into energy
metabolism assay plates. A total of five secondary wells were
set up for each strain of cells and the plates were soaked with
activation solution and placed in a CO,-free incubator at 37°C
overnight. On the second day, 1 ml of sodium pyruvate was
added to 100 ml of XF Base medium and the pH was adjusted
to 7.35-7.45. The prepared XF base medium was used to wash
the cells twice and 500 pl of XF base medium was added
and placed in the cell culture box for 1 h. Oligomycin, 2-DG
and glucose working solutions were prepared and added to
the dosing wells of the hydration plate. The hydration plate
was moved to the machine and programmed according to
the Energy Metabolizer manual XFe24 Training Manual
(Seahorse Bioscience; Agilent Technologies, Inc.). After 1 h
of running the program, the cell culture plate was placed on
the machine and after 2 h, the glycolysis level of the cells was
analyzed.

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation. A t-test was used for intragroup comparisons
and one-way ANOVA was used for comparisons between
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

miR-29a-3p expression levels in plasma exosomes of patients
with glioma. The purified exosomes were examined using
TEM, as shown in Fig. 1A, where unevenly distributed
vesicle-like structures <200 nm in diameter with a lipid bilayer
structure can be seen against a dark background and were more
typical. The particle size analysis revealed that the particle size
value was 76.64+13.25 nm and diameters between 30-150 nm
accounted for >90% of all vesicles (Fig. 1B), indicating that the
vesicles obtained were of uniform diameter and high purity.
Then the expression of miR-29a-3p was detected. In plasma
exosomes of patients with glioma, the miRNA-29a-3p levels
were evaluated by RT-qPCR. The results showed a significant
decrease in miR-29a-3p expression levels in plasma exosomes
from glioma patients compared with those from healthy
controls (Fig. 1C).

Effect of miR-29a-3p on proliferation and apoptosis levels in
gliomas under normoxic and hypoxic conditions. The expres-
sion levels of miR-29a-3p in the glioma cell line U251 were
examined by RT-qPCR. The results showed that the expression
levels of miR-29a-3p in glioma cells were decreased under
hypoxic conditions (Fig. 2A) compared with normoxia. In addi-
tion, it was found that hypoxia increased the proliferation level
of glioma cells, but overexpression of miR-29a-3p significantly
inhibited their proliferation (Fig. 2B). The results of flow cytom-
etry showed that overexpression of miR-29a-3p significantly
increased apoptosis in glioma cells under normoxic and hypoxic
conditions (Fig. 2C). Western blotting was applied to examine
apoptosis-related proteins. Overexpression of miR-29a-3p
increased the pro-apoptotic marker Bax while decreasing the
anti-apoptotic marker Bcl-2. The role of miR-29a-3p in the
above processes was more prominent under normoxic condi-
tions. In addition, glioma cells under normoxic conditions
expressed a certain level of hypoxia-Inducible Factor (HIF)-1
and hypoxia increased its expression, whereas the overexpres-
sion of miR-29-3p inhibited its expression (Fig. 2D).

miR-29a-3p inhibits HIF-1o expression by targeting the
PI3K/AKT pathway. TargetScan was used to predict the pres-
ence of miR-29a-3p binding sites in the PI3K gene. Then to
further understand the target role of miR-29a-3p on PI3K,
dual-luciferase gene reporter assay was performed. Results
showed that in Wt-PI3K groups, compared with miR-NC,
miR-29a-3p mimics could decrease the luciferase activity.
However, when the binding site of PI3K to miR-29a-3p was
mutated (MUT-PI3K), miR-29a-3p lost its effect on the lucif-
erase activity, the above results indicated the target regulation
of miR-29a-3p on PI3K gene (Fig. 3A and B). qPCR and
western blotting results showed that miR-29a-3p could inhibit
PI3K protein expression, resulting in a reduction in AKT
phosphorylation levels and HIF-1a protein expression levels,
as shown in Fig. 3C-E.

Effect of miR-29a-3p on glioma proliferation and apoptosis
levels through targeting the regulation of the PI3K/AKT/HIF-1a
pathway. The present study investigated the effect of miR-29a-3p
on the proliferation and apoptosis of glioma cells via the
PI3K/AKT/HIF-1a regulatory axis under normoxia because
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Figure 1. Plasma exosome expression of miR-29a-3p in healthy controls and glioma patients. Identification and analysis of particle size by transmission electron
microscopy of peripheral blood exosomes. (A) Exosomes by transmission electron microscopy. (B) Peak diagram of exosome particle size. (C) Reverse
transcription-quantitative PCR showed the expression levels of miR-29a-3p in plasma exosomes in healthy controls (n=20) and glioma patients (n=20). Data
were expressed as the mean + standard deviation and the experiment was repeated three times for each group, “P<0.01. miR, microRNA.

HIF-1a exhibited a certain expression level under normoxia
and previous experiments demonstrated that overexpression of
miR-29a-3p could have a more pronounced effect on apoptosis
under normoxic conditions. The results showed that overexpres-
sion of miR-29a-3p significantly reduced cell proliferation,
increased apoptosis and the expression of the pro-apoptotic
molecule Bax. In addition, it reduced the expression of the
anti-apoptotic molecule Bcl-2 and HIF-1a, p-AKT, AKT and
PI3K compared with the control group (miR-NC) after 24 h of
normoxic culture. By contrast, when the PI3K agonist Recilisib
was used, the inhibitory effect of miR-29a-3p on cell prolifera-
tion and apoptosis, the reduction in PI3K, AKT, p-AKT, Bcl-2
and HIF-1a expression and the increase in Bax expression levels
were all reversed, as shown in Fig. 4.

miR-29a-3p inhibits glycolysis levels in glioma cells by
targeted regulation of the PI3K/AKT/HIF-1a pathway. The
results showed that compared with the control group (miR-NC,
miR-NC + DMSO), overexpression of miR-29a-3p significantly
inhibited the expression of HIF-1a, PDK1 and PDK?2, thereby
decreasing the ECAR level in glioma cells. However, when
Recilisib was used (miR-29a-3p + Recilisib group), the expres-
sion levels of HIF-1a and PDK1 and PDK?2 were increased and
the ECAR level was enhanced compared with the miR-29a-3p
overexpression group, as shown in Fig. 5A and B.

Discussion

Normal brain cells are supplied with normal oxygen concen-
trations (~20%), while the oxygen concentrations in glioma

cells are between 0.1-2.5% (12). Glioma cells are in a state of
chronic hypoxia but do not inhibit the proliferation of tumor
cells. This growth characteristic stimulates more abnormal gene
expression, making them more adapted to hypoxia. Therefore,
hypoxia is one of the key features of the glioma growth micro-
environment (13). The search for mechanisms of malignant
transformation of glioma cells under hypoxic conditions may
provide alternative directions to resolve these problems.

Studies have demonstrated that hypoxia can increase the
secretion of exosomes in tumor cells or cause the loss of
the transportation of more molecules (14-16). Exosomes act
as carriers of intercellular molecular signals and can carry
a variety of oncogenes or inhibitory factors that affect the
different stages of tumor growth (17,18). Research on the
composition and molecular function of exosomes is of great
diagnostic and clinical importance. In addition, according
to the ExoCarta database, exosomes are known to contain
9,769 proteins, 3,408 mRNAs and 1,116 lipids, among
which there are 2,838 types of miRNAs, accounting for the
highest proportion of noncoding RNAs in exosomes (19,20).
Exosomes deliver these miRNAs to other target cells and are
extensively involved in tumor proliferation, apoptosis, cycling,
invasion and adhesion-related processes by regulating the 3'
untranslated region (UTR) of target molecules and degrading
mRNA directly or indirectly (21,22). Therefore, the detection
of exosomes may be of great value to the diagnosis of diseases
and other research.

The exosomes derived from peripheral blood may origi-
nate from some peripheral blood cells, such as lymphocytes,
monocytes and/or from tumors and other normal cells. Based
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Figure 2. Effect of miR-29a-3p on the proliferation and apoptosis levels of glioma cells under normoxic and hypoxic conditions. (A) The expression level
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of miR-29a-3p by reverse transcription-quantitative PCR, ""P<0.001 vs. miR-NC under hypoxia. (B) The effect of miR-29a-3p on the proliferation level of
glioma cells U251, ##P<0.0001 vs. miR-NC under normoxia; ““P<0.001, “**P<0.0001 vs. miR-NC under hypoxia. (C) Effect of miR-29a-3p on apoptotic
levels in glioma cells U251, "P<0.05 vs. miR-NC under hypoxia, ““P<0.001 vs. miR-NC under normoxia. (D) Effect of miR-29a-3p on the expression levels of
Bax, Bcl-2 and HIF-1a. "P<0.05, “P<0.01. All data were expressed as the mean + standard deviation (n=3). miR, microRNA; NC, negative control; HIF-1a,

hypoxia-inducible factor 1.

on the above, the substance in exosomes such as miR-29a-3p
may have different significance and effects. Reports have
shown that the detection of miR-29a-3p in glioma can be
used as a malignant marker after making a definite diag-
nosis (23-25), then, if possible, the glioma can be staged
according to the expression of miR-29a-3p and clinical data.
As miR-29a-3p expressed in peripheral blood can be used
as a biomarker for the preliminary diagnosis of disease,

and may be used as an early marker for disease screening,
this highlights the significance of detecting it in peripheral
blood (26-29).

In addition, the miR-29a-3p-derived exosomes may origi-
nate from glioma cells and then affect the differentiation of
functional peripheral blood cells, such as mediating the expan-
sion and function of myeloid-derived suppressor cells and
assisting tumors in evading the host immune response (30).



MOLECULAR MEDICINE REPORTS 27: 72, 2023 7

A B 1.5
- B miR-NC
.'% = miR-29a-3p mimics
SV40 promoter Poly A 1.0
w
_| Luciferase |_| m-PI3K-3UTR I_ 3
f‘é
% 0.5 +
hsa-miR29a-3p  5..GGUGUUAAUAGAUUGUGGUGCUU...3' 2
3
h-PI3K-3UTR-wt 3'....AUUGGCUAAAGUCUACCACGAU...5 o
h-PI3K-3UTR-mu 3'....AUUGGCUAAAGUCTCGGUGGAU..5' 0.0-
WT-PI3K  MUT-PI3K
[=% o
C D s ‘:-3
N @ ¢ 2
E EE E EE
157 — - - @ -
- - 25 '_'ll B-actin B-actin
-9 -9 B S— o P — |
@ @ 2.0
£ 1.0 g
= | miR-NC
& 315 20 = miR-NC 15 . = miR29a-3p
w o= miR-29a-3, £ inhibi
E ;_—q 1.0 R 1.5 mimics P 235 1 inhibitor
> 0.5 > iy @10
2 = = g 1.0 s
= g 059 SZos 5305
1 @ [ &9:
0.0- 0.0 T 0.0 S 0.0
S 98 2 &5
e &£ e 82
E oE E 9=
i i
E E
E g <€ 15 = miR-NC
o s <] =} miR-29a-3p mimics
z a8 €210
< c E e
E EE =3 .
— scosim. M- B
HIF-10 Cs T
_— 00
- 1 "~ HIF-lo  AKT PI3K
' ] 1.0 = MiR-NC
AKT | A d ot 08 miR-29a-3p mimics
s
ot O -
PizK [} A | £% 04 ==
. g5 02
B-actin 0.0

Figure 3. miR-29a-3p inhibits HIF-1a expression by targeting the PI3K/AKT pathway. (A) A schematic diagram of the binding site of miR-29a-3p to the PI3K
gene and the PI3K mutation site was predicted by TargetScan. (B) Dual luciferase gene reporter assay was used to verify the targeting negative regulatory
effect of miR-29a-3p on PI3K, “*P<0.0001. The expression level of PI3K was analyzed by (C) quantitative PCR and (D) western blotting after U251 cells were
transfected with miR-29a-3p mimics and inhibitor, “P<0.05, ““P<0.001. (E) Effect of miR-29a-3p on the expression levels of the PI3K downstream molecules
AKT, p-AKT and HIF-1a, "P<0.05, “P<0.01. All data were expressed as the mean + standard deviation (n=3). miR, microRNA; HIF-1a, hypoxia-inducible
factor 1; NC, negative control; UTR, 3' untranslated region; wt, wild-type; mu, mutant; p-, phosphorylated.

However, the specific mechanism of miR-29a-3p transmitted
by peripheral blood cells for glioma remains to be elucidated.
In addition, how miR-29a-3p affects the glioma cells needs
to be experimentally verified, which is also the purpose of
the present study. The present study found that miR-29a-3p
was significantly lower in plasma exosomes of glioma
patients compared with normal subjects and that its expres-
sion increased apoptosis and inhibited proliferation levels of
glioma cells, initially showing the cancer marker effect of
miR-29a-3p.

The core response event of hypoxia is the reduction of
oxygen concentration. Therefore, exploring the effects of the
hypoxic microenvironment on tumor cells can be studied using
molecules closely related to oxygen metabolism. In-depth
studies reveal that miR-29a significantly inhibits the expres-
sion of HIF-1a, a key regulatory molecule closely associated
with hypoxia (31). HIF-1a is an oxygen stress molecule that is
degraded by the ubiquitin-proteasome pathway when oxygen
is available. It accumulates stably in the cytoplasm when the
oxygen concentration is reduced and then enters the nucleus
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Figure 4. The effect of miR-29a-3p via the PI3K/AKT/HIF-1a pathway on glioma cells' proliferation and apoptosis levels. (A) The proliferation level was
detected by CCK-8 assay, “P<0.01, ““P<0.001, “*"P<0.0001 vs. miR-NC + DMSO; “P<0.05, “P<0.001 vs. miR-NC. (B) The expression levels of HIF-1a,
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Figure 5. The effect of miR-29a-3p on glycolysis levels in glioma cells. (A) The expression levels of HIF-1a, PDK1 and PDK2 were detected by western blot-
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vs. miR-29a-3p mimics. All data were expressed as the mean + standard deviation (n=3). miR, microRNA; HIF-1a, hypoxia-inducible factor 1; PDK, pyruvate

dehydrogenase kinase; NC, negative control.

to serve a transcriptional regulatory role. HIF-1a expressed in
the nucleus can form a dimer with HIF-1f, that is, the complete
HIF-1 protein, which can affect the survival of tumor cells in
a hypoxic environment through a variety of pathways. U251
is a glioblastoma cell line with a high degree of malignancy
that is in a serious hypoxic state inside the tumor tissue. To
adapt to hypoxia, genes inside the tumor cells are abnormally
expressed so that the expression of HIF-1a is not dependent on
reduced oxygen levels (32,33), which explains why this tumor
cell also has a certain level of HIF-1a protein under normoxic
conditions. In addition, the present study showed that hypoxia
could reduce the apoptosis level and increase the proliferation
of U251 cells. Harmful metabolic intermediates in normal
cells can be removed in time, while in malignant tumors
with rapid growth, the metabolism of tumor cells is relatively
vigorous and abnormally vigorous metabolic processes will
cause cells to accumulate more products that cannot be
removed promptly (34-36). A number of studies have found
that the number of mitochondria in malignant tumors is less
than that in surrounding normal cells; their shapes are different
and they are more prone to degeneration and change (37-39).
Abnormal mitochondrial function is not only deprived of the
efficient use of oxygen for energy supply but also increases
the production of reactive oxygen species (ROS) and harmful
intermediate metabolites, the incomplete elimination of which,
especially those derived from biological processes related

to oxygen, may accumulate more into the cell, have adverse
effects on nucleic acid, protein structure, amino acid modi-
fication, energy metabolism and other molecular biological
activities and ultimately cause the onset of cell apoptosis and
death (40-42). Nevertheless, for some malignancies, glycolysis
has become their major source of energy and hypoxia could
initially reduce the oxygen intake of cells, which can lead
to lower levels of tumor oxidative phosphorylation and then
reduce the accumulation of metabolic hazards related to
oxygen, such as ROS, which explains why cells had improved
survival under hypoxia in the present study. In addition,
studies have shown that HIF-1a can inhibit the accumulation
of harmful metabolites such as lactic acid and ROS through
various pathways and then enhance tumor cell survival in
other ways, such as increasing the expression of VEGF to
promote neovascularization, increasing the expression of the
antiapoptotic molecule Bcl-2 and decreasing the expression of
the proapoptotic molecule Bax to inhibit tumor cell apoptosis
or increasing the level of cellular glycolysis through glucose
transporter/PDK to maintain tumor cell growth (43-46).
Therefore, the presence of HIF-1a under normoxia can avoid
the apoptosis and death of tumor cells to a certain extent, but
once the expression of HIF-1a is inhibited, the tumor cells
without HIF-1a compensation cannot effectively inhibit the
harmful metabolites and their apoptosis will also increase,
which explains why the inhibition of HIF-1a expression in
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glioma cells by miR-29a-3p caused more apoptosis production
compared with hypoxic conditions.

The PI3K-AKT pathway is involved in the regulation
of cell proliferation, differentiation, apoptosis and glucose
transport (47-50). The main biological functions of miR-29a
target genes are also focused on these aspects, so there may
be an association between the two. PI3K/AKT is an important
antiapoptotic pathway and several molecules affected by this
pathway, such as VEGF and endothelial NOS in angiogen-
esis, Bad, Bcl-2 and BNIP3 in apoptosis and the glioma cell
invasion molecule PAI-1, are associated with the expression
of HIF-1a, which is an important molecule regulated by the
PI3K/AKT pathway upon activation (51,52). Therefore, it is
reasonable to hypothesize that the process of HIF-1a inhibi-
tion by miR-29a-3p may occur via the PI3K/AKT pathway and
this phenomenon was confirmed in the present experiments. In
addition, the Warburg effect is the use of glycolysis by tumor
cells under normoxia as their main metabolic mode of energy
production (53,54). By contrast, HIF-1a can regulate the level
of glycolysis by promoting the transcriptional activation of
pyruvate dehydrogenase kinase (PDK), a key rate-limiting
enzyme of glycolysis, thereby inhibiting pyruvate dehydroge-
nase activity and thus preventing pyruvate from participating
in the tricarboxylic acid cycle instead of participating in the
glycolytic pathway (55). This change in the energy metabolism
of glioma cells is an important reason for tumor heterogeneity,
aggressiveness and increased drug resistance. The results of the
present study showed that the overexpression of miR-29a-3p
could significantly inhibit the expression of PDK1 and PDK2,
which in turn caused a decrease in the glycolysis level of
glioma cells. By contrast, the activation of the PI3K pathway
using Recilisib based on overexpression of miR-29a-3p could
partially restore the glycolysis level of tumor cells. The above
results revealed that miR-29a-3p inhibited glycolysis in tumor
cells through the PI3K/AKT/HIF-1a pathway, thus affecting
the proliferation and apoptosis levels of glioma cells.

The present study had several limitations. First, the
experiments were performed in only one glioma cell line,
more glioma cell lines should be applied to validate the
experimental consequence in future research. Second, cell
proliferation and apoptosis should need more methods
based on molecular biology approaches to further verify the
experimental results.

Currently, the main treatment option for glioma patients
is surgical resection combined with radiotherapy. However,
the limitations of surgical resection, drug resistance and resis-
tance to radiotherapy have resulted in short survival cycles,
high mortality and recurrence rates. As a result, a number of
researchers are focusing on early diagnosis and molecularly
targeted therapy for patients with glioma. The results of
the present study revealed that miR-29a-3p is an important
suppressor molecule in glioma and this molecule can inhibit
the growth and proliferation of glioma cells by targeting the
negative regulation of the PI3K/AKT/HIF-la pathway and
reducing glycolytic energy supply, thus increasing the apop-
tosis of glioma cells. The present study reveals the potential
value of miR-29a-3p in tumor diagnosis and treatment and
provides an additional theoretical basis for the screening of
novel molecular markers for glioma and possible therapeutic
pathways.
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