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MicroRNA-32 targeting PTEN enhances M2 macrophage
polarization in the glioma microenvironment and further promotes
the progression of glioma
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Abstract

This study was aimed to explore the molecular mechanism of macrophage polarization and its effect on glioma progression.
THP1 cells were cocultured in conditioned medium from U87 human glioblastoma cells to simulate the glioma microenvi-
ronment. The expression of miR-32 and PTEN in THP1 cells was detected by real-time PCR. A luciferase reporter assay was
conducted to confirm the target relation between miR-32 and PTEN. Western blot assays and ELISA were performed to detect
PTEN, M2 macrophage-specific markers, PI3K/AKT signaling proteins, and apoptosis-related proteins. U87 cell proliferation
was evaluated by CCK-8 and colony forming assays, and the migration ability of the cells was evaluated by Transwell and
wound healing assays. The U87 culture supernatant promoted the M2 phenotype of THP1 cells. miR-32 was upregulated
and PTEN was downregulated in THP1 cells with the M2 phenotype in the glioma microenvironment. Luciferase assays
confirmed that PTEN expression was suppressed by miR-32 through interaction with the 3'UTR of PTEN. Overexpression
of miR-32 suppressed PTEN expression in THP1 cells. Overexpression of miR-32 or downregulation of PTEN promoted
the expression of M2 macrophage-specific markers, thereby enhancing M2 macrophage polarization. Additionally, miR-32
inhibited THP1 cell apoptosis via suppressing the PI3K/AKT signaling pathway. Most importantly, the proliferation and
migration capacities of U87 cells treated with the THP1 culture supernatant after miR-32 overexpression were enhanced, and
these effects could be reversed by cotransfection with pcDNA3.1-PTEN. miR-32 negatively modulates PTEN, thereby pro-
moting M2 macrophage transformation through PI3K/AKT signaling, enhancing glioma proliferation and migration abilities.
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Introduction

Gliomas are among the most common type of primary
brain tumors in adults and account for over 70% of malig-
nant brain tumors, with an incidence rate of 3.2 per 100,000
population [1]. Gliomas arise from glial or precursor cells
of neuroectodermal origin, including astrocytomas, oli-
godendrogliomas, and ependymomas [2]. Gliomas are
classified into circumscribed gliomas (WHO grade I) and
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diffusely infiltrating gliomas (WHO grades II-1V; whether
astrocytic or oligodendroglial) according to the 2016 ver-
sion of the WHO guidelines [3]. In spite of the advances in
surgery, radiotherapy and chemotherapy for gliomas over
the last 30 years, no significant increase in patient survival
has been achieved for glioma patients [4]. Therefore, the
mechanisms that underlie the occurrence and development
of gliomas require elucidation to aid in the development of
therapies. Molecular targeted therapies are currently being
studied extensively in many cancers, and microRNAs are
considered hopeful candidates for using in diagnostic and
prognostic methods.

The tumorigenesis, progression and invasion of a tumor
depend on the surrounding tumor microenvironment (TME),
which includes tumor cells, fibroblasts, endothelial cells, and
inflammatory cells as well as the products of these cells,
such as cytokines, extracellular matrix, growth factors,
enzymes, and cellular metabolites [5]. Macrophages are the
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most abundant resident cells in the TME [6]. Depending on
different microenvironmental stimuli, macrophages can dif-
ferentiate into classically activated macrophage (M1 type)
or alternatively activated macrophage (M2 type) phenotypes
[7]. Toll-like receptor ligands such as IFN-y and LPS acti-
vate M1 macrophages, which can exhibit potent antimicro-
bial properties and promote inflammatory responses. In con-
trast, macrophages are polarized into an M2 phenotype when
stimulated with Th2 cytokines such as IL-4 or IL-13, and
M2 macrophages can facilitate tissue repair and suppress
immune responses [8].

Phosphatase and tensin homolog (PTEN) is a tumor sup-
pressor gene that is downregulated in various cancers [9]. By
dephosphorylating phosphatidylinositol-3,4,5-trisphosphate
(PIP3) to phosphatidylinositol-(3,4)-biphosphate (PIP2),
PTEN antagonizes the activity of PI3K, which eventually
inhibits the PI3K/AKT signaling pathway [10]. Moreover,
PTEN plays an important role in cellular processes such
as cell proliferation, apoptosis, migration, and angiogen-
esis [11], and dysregulation of PTEN has been detected in
numerous types of cancers, including gliomas [12], breast
cancer [13], and bladder cancer [14].

MicroRNAs (miRNAs) are a class of endogenous small
noncoding RNAs of approximately 22 nucleotides in length
that regulate gene expression post-transcriptionally [15].
MicroRNAs can negatively regulate target gene expression
by directing mRNA degradation or translational repression,
eventually leading to a reduction in protein levels [16]. Many
cellular pathways and functions, including cell metabolism,
differentiation, and apoptosis, can be regulated by miRNAs,
so dysregulation of microRNAs can lead to multiple human
diseases as well as obesity, senile dementia, and cancers [17].
Recent studies have discovered that abnormal miRNA expres-
sion is involved in the tumorigenesis, progression, and metasta-
sis of gliomas [18]. miR-32 has been considered an oncogene
in castration-resistant prostate cancer, gastric carcinoma and
colorectal carcinoma [19-21]. However, the effect of miR-32
on glioma and its specific mechanism have not been studied,
which may provide new insight into the treatment of glioma.

In this study, we illustrated that miR-32 targets PTEN,
inducing the polarization of macrophages to an M2 phe-
notype through the PI3K/AKT pathway, in turn affecting
glioma proliferation, apoptosis, and migration.

Methods

Cell culture

The human glioblastoma cell line U87 and human mono-
cytic cell line THP1 were purchased from the American

Type Culture Collection (ATCC; Manassas, VA, USA).
The THP1 cell line was cultured in Roswell Park Memorial
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Institute-1640 medium (RPMI-1640; Gibco, Waltham, MA,
USA) supplemented with 1% penicillin—streptomycin (1%
P/S) and 10% fetal bovine serum (FBS; Gibco, Waltham,
MA, USA). The U87 cell line was cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Waltham, MA,
USA) with 1% P/S and 10% FBS. Cells were cultured at
37 °C in a humidified incubator containing 5% CO,. Cells
and the culture supernatant were preserved for future anal-
ysis. To induce M2 macrophage polarization, THP1 cells
(1x10°) were incubated in 50% complete medium plus 50%
U87-conditioned medium.

Western blotting

U87 or THP1 cells were lysed using RIPA lysis buffer
(Thermo Scientific, Waltham, MA, USA). The concentra-
tion of proteins was determined by using a BCA Protein
Assay Kit (Beyotime, China). Total proteins (30 pg) were
loaded into 10% SDS-PAGE gels, probed with mouse or
rabbit mAbs against CD163 (ab182422, 1:1000), CD204
(ab123946, 1:1000), CD206 (ab64693, 1:1500), PTEN
(ab32199, 1:1500), PI3K (ab151549, 1:1000), p-AKT
(ab81283, 1:1000), AKT (ab8805, 1:1000), Bad (ab32445,
1:1000), Bcl2 (ab32124, 1:1000), active-caspase-9 (ab2324,
1:1000), and p-actin (ab8224, 1:1000), and then incubated
with horseradish peroxidase-conjugated secondary anti-
bodies (1:2000; ZSGB-BIO, Beijing, China). The primary
antibodies were obtained from Abcam (CAM, UK). p-actin
was measured as a loading control. Images were obtained by
using a transmission scanner employing actin protein lev-
els as an internal control, and relative quantitative analysis
was carried out based on the image band density ratio with
Imagel] software (NIH, Bethesda, MD, USA).

ELISA

The THP1 culture supernatant was used for ELISAs. The
expression levels of CCL18, CCL22, CXCL2, IL-10,
VEGF and TGFf1 were detected using a CCL18 ELISA kit
(ab100620), CCL22 ELISA kit (ab100591), CXCL2 ELISA
kit (ab184862), IL-10 ELISA kit (ab100549), VEGF ELISA
kit (ab100662) and TGF-p1 ELISA kit (ab100647) accord-
ing to the manufacturer’s protocols. These ELISA kits were
purchased from Abcam (CAM, UK).

Real-time PCR

The total RNAs of THP1 cells were purified and enriched
with a TRIzol RNA Isolation Kit (Thermo). miRNAs were
extended by stem-loop methods, and total RNA reverse tran-
scription was performed with the TransScript First-Strand
cDNA Synthesis Kit (Thermo). After reverse transcription,
quantitative real-time PCR was performed to analyze the
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levels of miRNA and mRNA transcripts using specific prim-
ers and the QuantiTect SYBR-Green PCR kit (Qiagen, Dues-
seldorf, Germany). f-actin and U6 small RNA levels were
used to normalize the mRNA and miRNA measurements.
The expression levels of miR-32 and PTEN were presented
according to the 274A¢r method. The primer sequences are
as follows: miR-32-Forward, 5'-GCGGCGTATTGCACA
TTACT-3’, and miR-32-Reverse, 5'-TCGTATCCA GTG
CAGGGT C-3'; PTEN-Forward, 5'-CGGCAGCATCAA
ATGTTTCAG-3’, and PTEN-Reverse 5'-AACTGGCAG
GTAGAAGGCAACTC-3"; GAPDH-Forward, 5-ATGTCG
TGGAGTCTACTGGC-3', and GAPDH-Reverse, 5'-TGA
CCTTGCCCACAGCCTTG-3"; U6-Forward, 5'-GCGCGT
CGTGAAGCGTTC-3’, and U6-Reverse, 5'-GTGCAGG
GTCCGAGGT-3'".

Luciferase reporter assays

To construct luciferase reporter vectors, the PTEN 3'UTR
fragment containing putative miR-32 binding sites was
amplified using PCR and inserted into the p-MIR-reporter
plasmid (Ambion, Austin TX, USA); this construct is
referred to as PTEN WT (wild type). Site-directed mutagen-
esis of the miR-32 target site in the PTEN 3'UTR was
performed, and the product was inserted into the p-MIR-
reporter plasmid to establish PTEN MT (mutant type). The
plasmids were validated by DNA sequencing. THP1 cells
were cultured in 24-well plates (5 X 10* cells/well), and
each well was cotransfected with PTEN WT or PTEN MT
and a miR-23 mimic or inhibitor or NC (negative control),
together with a p-galactosidase (B-gal) expression plasmid
(Ambion, Austin, TX, USA), using Lipofectamine™ 2000.
The B-gal expression plasmid was detected as a transfection
control. Cells were collected after 48 h of transfection, and
the cells were assayed using a luciferase assay kit (Active
Motif, Carlsbad, CA, USA).

Cell transfection

The miR-32 mimic, miR-32 inhibitor, miR-32 NC,
pcDNA3.1-PTEN, and pcDNA3.1 were all purchased
from GenePharma (Shanghai, China). THP1 cells were
transfected with the miR-32 mimic, miR-32 inhibitor,
miR-32 NC, miR-32 mimic + pcDNA3.1-PTEN, miR-32
mimic + pcDNA3.1, miR-32 NC + pcDNA3.1-PTEN, or
miR-32 NC +pcDNA3.1. Transfection was conducted using
Lipofectamine 2000 (Thermo) following the manufacturer’s
protocols. After 24 h of transfection, the cells were incu-
bated with the U87 cell culture supernatant for 48 h, and
the supernatant of culture medium was then harvested for
further experiments.

Cell Counting Kit-8 assay

For this assay, 1000 U87 cells were seeded in a 96-well plate
and incubated in 50% complete medium plus 50% THP1
conditioned medium. After the cells had been cultured for
0, 24, 48, or 72 h-, cell proliferation was measured by the
Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo, Japan) assay
on the basis of the manufacturer’s instructions.

Flow cytometry

The apoptosis assay was performed with an Annexin-V-
FITC/PI apoptosis detection kit (Sigma-Aldrich, St. Louis,
MO, USA) according to the manufacturer’s manual. THP1
cells after transfection or U87 cells cocultured with THP1-
conditioned medium for 7 days were washed by twice with
PBS (Phosphate Buffered Saline) buffer. Then, the cells
were resuspended in 1 X binding buffer at a concentration
of 1x10° cells/ml, and 5 pl of Annexin-V-FITC conjugate
and 10 pl of propidium iodide (PI) solution were added to
each 500 pl cell suspension. Cells were stained by Annexin-
V-FITC/PI for 10 min at room temperature. Stained samples
were analyzed using a MoFlo XDP flow cytometer (Beck-
man Coulter, Brea, CA, USA), and the apoptosis rate was
determined using FlowJo software (Tree Star, Ashland, OR,
USA).

Colony forming assay

For this assay, 1000 U87 cells were plated in six-well plates
and cocultured with THP1-conditioned medium for 2 weeks.
After 2 weeks of incubation, the cells were washed twice
with PBS, then stained with crystal violet, and the numbers
of colonies per well were counted. Colonies that exceeded
75 pm in diameter or contained at least 50 cells were counted
as 1 positive colony.

Wound healing assay

A wound healing assay was performed to assess the U87
cell migration capacity. Briefly, U87 cells (1 x 10%well)
were seeded in six-well plates and cultured in 50% com-
plete medium plus 50% THP1-conditioned medium. Upon
reaching confluency, the cell layer was scratched using a
sterile plastic tip, then washed twice with serum-free culture
medium and cultured again for 48 h with serum-reduced
culture medium containing 1% FBS. Images of the plates
were taken using a microscope.

Transwell assay

The cell invasion ability was measured using Transwell
chambers (8-um pore; BD Biosciences). U87 cells (5 X 10*
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cells) suspended in 500 pl of serum-free culture medium
were added to the upper chamber. The lower chamber was
seeded with THP1 cells subjected to different treatments,
including miR-32 mimic + pcDNA3.1-PTEN, miR-32
mimic + pcDNA3.1, miR-32 NC + pcDNA3.1-PTEN, and
miR-32 NC + pcDNA3.1 (NC). In addition, THP1 cells
from all groups were cultured with conditioned superna-
tant mixed with complete medium at a ratio of 1:1. After
48 h, the non-invading cells on the upper surface were
separated, and the cells that had invaded to the bottom of
the membrane were fixed with methanol and stained with
0.1% crystal violet, and digital image acquisition was per-
formed after air drying. The number of invasive cells was
counted by using a microscope.

Statistical analysis

All of the statistical analyses were carried out by using
GraphPad Prism 6. Values were presented as the mean + SD
with of least three independent experiments in triplicate.
Significance was determined using Student’s ¢ test, and a p
value lower than 0.05 was considered statistically significant.

Results

The glioma microenvironment promotes
M2 macrophage polarization of THP1
cells along with upregulation of miR-32
and downregulation of PTEN

To mimic the glioma microenvironment, we cocultured
the human monocytic cell line THP1 with the human glio-
blastoma cell line U87 culture supernatant (referred to as
the induced group). Figure la and b show that the pro-
tein expression levels of M2 macrophage-specific mark-
ers in both the THP1 cell lysate (CD206, CD204, CD163)
and THP1 culture supernatant (CCL18, CCL22, CXCL2,
IL-10, VEGF, TGF betal) were significantly increased in
the induced group in comparison with the control group.
These results suggested that the U87 culture supernatant
can polarize THP1 cells to an M2 macrophage phenotype.
In addition, we observed that the glioma microenviron-
ment changed miRNA expression patterns in THP1 cells.
Our data indicate that the miR-32 expression level in THP1
cells in the induced group was significantly upregulated rela-
tive to that in the control group (Fig. 1¢). Simultaneously,
we confirmed that the mRNA and protein levels of PTEN
were significantly downregulated (Fig. 1d, e). The results
showed that miR-32 and PTEN may be involved in THP1
macrophage polarization.
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miR-32 can regulate PTEN gene expression in THP1
cells

We searched for putative miR-32 binding sequences in the
PTEN 3'UTR using the miRNA target analysis tool Tar-
getScan (Fig. 2a). To confirm the target relation of miR-32
and PTEN, a fragment of the 3'-UTR of PTEN mRNA con-
taining the putative or mutated miR-32 binding sequence
was cloned into a luciferase reporter plasmid. Luciferase
activity assays showed that the miR-32 mimic significantly
inhibited luciferase activity in the WT group in contrast
to the MT group, while the miR-32 inhibitor significantly
promoted luciferase activity in the WT group in THP1
cells (Fig. 2b). We further transfected THP1 cells with
miR-32 NC or the miR-32 mimic or inhibitor. A similar
result was observed, where overexpression of miR-32 sig-
nificantly depressed both the mRNA and protein expres-
sion of PTEN, and inhibition of miR-32 increased both the
mRNA and protein expression of PTEN in contrast to the
NC group (Fig. 2¢c, d). These data suggest that PTEN is a
target of miR-32 and that miR-32 can regulate PTEN gene
expression in THP1 cells.

miR-32 promotes M2 macrophage polarization
by inhibiting PTEN expression in THP1 cells

To examine whether miR-32 affects the M2 phenotypic
polarization of macrophages owing to PTEN inhibi-
tion, THP1 cells were cotransfected with the miR-32
mimic + pcDNA3.1-PTEN, miR-32 mimic + pcDNA3.1,
miR-32 NC+pcDNA3.1-PTEN, or miR-32 NC +pcDNA3.1.
At 24 h after transfection, the THP1 cells were cocul-
tured with U87-conditioned medium for 48 h. Figure 3A
shows that transfection of the miR-32 mimic significantly
increased the miR-32 expression level, while transfection
of pcDNA3.1-PTEN significantly decreased the miR-32
expression level compared with the NC group. The miR-
32 mimic significantly reduced both the mRNA and protein
expression levels of PTEN; conversely, pcDNA3.1-PTEN
significantly promoted the mRNA and protein expression
of PTEN and effectively restored the effects of the miR-
32 mimic (Fig. 3b). Simultaneously, we detected M2
macrophage-specific markers in both THP1 cells (CD206,
CD204, CD163) and the THP1 culture supernatant (CCL18,
CCL22, CXCL2, IL-10, VEGF, TGF betal). The data sug-
gested that the miR-32 mimic significantly upregulated
while pcDNA3.1-PTEN significantly downregulated the
expression of these M2 markers compared with the NC
group, and pcDNA3.1-PTEN also obviously rescued the
inhibitory effect of the miR-32 mimic (Fig. 3c, d). Together,
the results showed that miR-32 inhibits PTEN expression,
thus promoting M2 transformation in THP1 cells.
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Fig.1 THPI cells were cocultured with the U87 culture supernatant
for 48 h to induce M2 macrophage polarization. a The protein lev-
els of CD206, CD204 and CD16 in THP1 cells were determined by
western blotting. b The activity levels of CCL18, CCL22, CXCL2,
IL-10, VEGF and TGFbetal in the THP1 culture supernatant were
measured by ELISA. The expression of miR-32 in THPI1 cells was

miR-32 promotes M2 macrophage polarization
of THP1 cells by targeting PTEN through the PI3K/
AKT signaling pathway

Since PTEN is closely related to cell apoptosis via activat-
ing the PI3K/AKT signaling pathway, we also used flow

significantly upregulated, while the expression of PTEN was sig-
nificantly downregulated. ¢, d The RNA expression of miR-32 and
PTEN in THP1 cells was detected by RT-qPCR. e The expression
of PTEN was examined by western blotting in THP1 cells. Data are
shown as the mean + SD, n=3. Experiments were performed in tripli-
cate. ¥*p <0.05, **p <0.01 compared with the control group

cytometry to detect cell apoptosis in every group. The
miR-32 mimic significantly suppressed THP1 cell apop-
tosis compared with the NC group. In contrast, pcDNA3.1-
PTEN significantly promoted cell apoptosis and reversed
the apoptosis resistance effect of the miR-32 mimic
(Fig. 4a, b). To further obverse the potential regulatory
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Fig.2 miR-32 targets PTEN and inhibits PTEN expression in THP1
cells. a Putative miR-32 binding sequences within the 3'UTR of
PTEN. HEK293 cells were cotransfected with the luciferase reporter
plasmid carrying the wild-type (WT) or mutant (MUT) PTEN 3'UTR
and miR-32 negative control mimics or inhibitors. At 48 h after trans-
fection, b luciferase activity was determined by luciferase assays. For

mechanisms of M2 transformation and macrophage apop-
tosis, we detected the expression levels of the PI3K/AKT
signaling pathway proteins PI3K, AKT, and p-AKT and
the downstream apoptosis-related proteins Bad, Bcl2, and
active-caspase-9. We found that overexpression of miR-
32 significantly enhanced PI3K and p-AKT expression
compared with the NC group, thus activating the PI3K/
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further verification, THP1 cells were transfected with miR-32 NC or
the miR-32 mimic or inhibitor. RNA expression levels of ¢ miR-32
and d PTEN in THPI cells were detected by RT-qPCR; e the pro-
tein expression of PTEN was measured by western blotting. Data are
shown as the mean +SD, n=3. Experiments were performed in tripli-
cate. ¥p <0.05, *¥p <0.01 compared with the NC group

AKT signaling pathway, causing the pro-apoptotic pro-
teins Bad and active-caspase-9 to be significantly down-
regulated and the apoptosis inhibitory protein Bcl2 to be
significantly upregulated. In contrast, after the transfection
of pcDNA3.1-PTEN, the expression of PI3K and p-AKT
was significantly decreased compared with the NC group,
and repression of the PI3K/AKT signaling pathway caused
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after transfection, the THP1 cells were cocultured with U87-con-
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and b PTEN in THPI cells were detected by RT-qPCR. ¢ The pro-
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were determined by western blotting. d The activity levels of CCL18,
CCL22, CXCL2, IL-10, VEGF and TGFbetal in the THP1 culture
medium supernatant were measured by ELISA. Data are shown as
the mean+SD, n=3. Experiments were performed in triplicate.
NC included empty pcDNA3.1 and the miR-32 negative control.
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Fig.4 PTEN can reverse the inhibitory effect of miR-32 on THP1
cell apoptosis. THP1 cells were cotransfected with the miR-32
mimic +pcDNA3.1-PTEN, miR-32 mimic+pcDNA3.1, miR-32
NC+pcDNA3.1-PTEN or miR-32 NC+pcDNA3.1. At 24 h after
transfection, THP1 cells were incubated with US87-conditioned

significant overexpression of the pro-apoptotic protein Bad
and downregulation of the apoptosis inhibitory protein
Bcl2 (Fig. 4c, d). Our results showed that miR-32 acti-
vates the PI3K/AKT signaling pathway by downregulat-
ing PTEN, after which the activated PI3K/AKT signaling
pathway induces M2 macrophage polarization and regu-
lates the expression of the apoptosis-related proteins Bad,
Bcl2, and active-caspase-9, thereby inhibiting the apop-
tosis of THP1 cells.
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medium for 48 h. a, b THPI cell apoptosis was analyzed by flow
cytometry. ¢, d The expression levels of PTEN, PI3K, p-AKT, AKT
Bad, Bcl2 and active-caspase-9 were measured by western blotting.
##p <0.01 compared with the NC group. #p <0.01 compared with
the mimic group

Downregulation of PTEN by miR-32 in THP1 cells
promotes proliferation and inhibits apoptosis
in U87 cells

To prove that miR-32 expressed in macrophages plays a piv-
otal role in the glioma microenvironment and can alter the
proliferation and apoptosis capacity of glioma cells, we per-
formed the CCK-8 assay, colony forming assay and apoptosis
assay. U87 cells were cocultured with conditioned medium
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from transfected THP1 cells (miR-32 mimic + pcDNA3.1-
PTEN, miR-32 mimic + pcDNA3.1, miR-32
NC+ pcDNA3.1-PTEN, or miR-32 NC+pcDNA3.1). The
results of the CCK-8 assay indicated that the miR-32 mimic
promoted the growth of U87 cells and that pcDNA3.1-PTEN

inhibited the growth of U87 cells compared with NC. When
THP1 cells were transfected with the mimic and pcDNA3.1-
PTEN simultaneously, the cell proliferative index of U87
cells exhibited significant reversal compared with the group
transfected with the miR-32 mimic alone (Fig. 5a). Flow
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Fig.5 miR-32 promotes the proliferation and suppresses the apop-
tosis of U87 cells by targeting PTEN. U87 cells were cocultured
with THPI-conditioned medium subjected to four different trans-
fection treatments (miR-32 mimic+pcDNA3.1-PTEN, miR-32
mimic+pcDNA3.1, miR-32 NC+pcDNA3.1-PTEN or miR-32
NC+pcDNA3.1) for 7 days. a The CCK-8 assay was used to detect
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U87 cell proliferation at 0, 24, 48 and 72 h after incubation. b, ¢ U87
cell apoptosis was analyzed by flow cytometry. (D) Colony forming
assays revealed the cell proliferation and growth of each U87 cell
group. *p <0.05, **p <0.01 compared with the NC group. #p <0.01
compared with the mimic group
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cytometry was used to detect the apoptosis of U87 cells in
each group. It was found that the miR-32 mimic signifi-
cantly inhibited the apoptosis of U87 cells and that PTEN
significantly promoted the apoptosis of U87 cells (Fig. 5b,
¢). Similarly, the miR-32 mimic promoted the clone forma-
tion ability of U87 cells, while pcDNA3.1-PTEN inhibited
the clone formation ability of U87 cells compared with NC,
and overexpression of PTEN reversed the effect of the miR-
32 mimic (Fig. 5d). In conclusion, miR-32 downregulated
PTEN expression in THP1 cells, promoted the proliferation
of U87 cells and inhibited the apoptosis of U87 cells.

Downregulation of PTEN by miR-32 in THP1 cells
promotes the migration and invasion of U87 cells

We further performed Transwell assays and wound healing
assays to assess the effect of miR-32 expression in THP1
cells on glioma cell invasion and migration abilities. We
found that the miR-32 mimic significantly increased the
number of migrating cancer cells in U87 cells compared
with NC. Overexpression PTEN in THP1 cells significantly
reduced the number of migrating cancer cells in U87 cells
versus the NC group. In addition, we cotransfected the miR-
32 mimic with pcDNA3.1-PTEN, and the results showed
that pcDNA3.1-PTEN reversed the effect of the miR-32
mimic compared to the mimic group (Fig. 6a, b). In the
wound healing assay, U87 cells were cultured in 50% com-
plete medium plus 50% THP1-conditioned medium. We
found that overexpression of the miR-32 mimic significantly
enhanced the wound healing rate of U87 cells versus the NC
group. PTEN overexpression not only significantly reduced
the wound healing rate compared with the NC group but also
reversed the effect of the miR-32 mimic compared to the
mimic group (Fig. 6¢, d). These results implied that miR-32
downregulated PTEN expression in THP1 cells promoted
migration and invasion of U87 cells.

Discussion

In the present study, we found that miR-32 negatively regu-
lated PTEN gene expression and consequently activated the
PI3K/AKT pathway to inhibit macrophage apoptosis and
promote M2 macrophage polarization. Ultimately, overex-
pression of miR-32 facilities M2 macrophage polarization
and promotes glioma proliferation, migration and motility
in the glioma microenvironment.

The tumor-associated macrophages (TAMs) are pre-
sent in the tumor microenvironment and exert key effects
on tumor-related inflammation, immunity, matrix remod-
eling, and metastasis [22]. As a critical component of the
tumor microenvironment in gliomas, TAMs are enriched in
gliomas and play key roles in glioma proliferation, survival

@ Springer

and migration [23]. The accumulation and activity of TAM
markers have been reported to correlate with glioma pro-
gression and tumor grade and may be applied to predict
poor survival of glioblastoma patients [24, 25]. Sufficient
studies have revealed that TAMs can be functionally clas-
sified into tumor-suppressive macrophages (M1 type) and
tumor-supportive (M2 type) macrophages [26]. M1 TAMs
present pro-inflammatory activity, thus hampering tumor
growth and prolonging patient survival [27]. In contrast, M2
TAMs are associated with a poor prognosis, are generally
immune-suppressive and contribute to tumor growth. TAMs
are more similar to M2 than M1 macrophages overall [28].
TAM-targeted therapy has been shown to potently relieve
glioma progression in animals, indicating that TAMs are
potential targets for glioma treatment [29, 30]. In our study,
we also found that M2 macrophage polarization promotes
glioma proliferation, migration, and motility in the glioma
microenvironment.

Recently, many studies have revealed the relationship
between PTEN and macrophage polarization. Li et al.
showed that PTEN suppressed the transformation of M2
macrophages in the tumor microenvironment [31], and
PTEN in coordination with NHERF-1 inhibits M2 mac-
rophage phenotype polarization in the tumor microenvi-
ronment by decreasing CCL2 and VEGF-A levels [32]. In
addition, Cheng et al. found that PTEN mediates the M2
polarization of macrophages via activation of PI3K/Akt/
STATG signaling in liver fibrosis [33]. Furthermore, the
GSK3p/PTEN/Akt axis can modulate microglia/macrophage
polarization in white matter injury [34]. Here, we obtained
similar results showing that downregulation of PTEN pro-
moted M2 macrophage polarization.

As a main downstream pathway of PTEN, the PI3K/
AKT pathway plays an important role in various cellular
processes, including cell survival, proliferation, migration,
and differentiation [35]. PI3K can catalyze the production
of PIP3, subsequently activating protein kinase AKT [36].
The AKT family consists of three serine/threonine protein
kinases (Aktl, Akt2, and Akt3) and has been shown to regu-
late apoptosis-related proteins such as Bcl-2, Bax, Bad, and
caspase-9, thus promoting survival and blocking apoptosis in
some cancer cells [37, 38]. Recently, Zhang et al. observed
that a PI3K/Akt pathway inhibitor can suppress M2 mac-
rophage polarization by downregulating paxillin, thereby
suppressing colon cancer cell proliferation and migration
[39]. Additionally, luteolin has been found to regulate mac-
rophage polarization via the PI3K/Akt Pathway to inhibit
apoptosis stimulated by Angiotensin II [40]. Furthermore,
Tian et al. confirmed that adenosine 2B receptor activation
significantly increased the number of M2 macrophages and
decreased the number of M1 macrophages via the PI3K/
Akt pathway, thus reducing myocardial ischemia/reperfusion
(IR) injury [41]. In accordance with these findings, we found
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Fig.6 miR-32 promotes the migration and invasion ability of U87
cells by targeting PTEN. The U87 cells were added to the upper
Transwell chamber, and transfected THPI-conditioned medium
mixed with complete medium at a ratio of 1:1 was added to the lower
chamber. a, b The Transwell assay was used to detect the changes
in the U87 cell invasion capacity. U87 cells were seeded in six-well

that miR-32 activated the PI3K/AKT pathway by targeting
PTEN, thereby promoting M2 macrophage polarization and
inhibiting macrophage apoptosis.

In conclusion, miR-32 promotes M2 macrophage polari-
zation by targeting PTEN though the PI3K/AKT pathway
and further promoting the proliferation, migration, and

plates and cultured in THP1-conditioned medium mixed with com-
plete medium at a ratio of 1:1. ¢, d The wound healing assay was
used to detect the changes in the cell migration capacity. *p <0.05,
##p <0.01 compared with the NC group. #p <0.01 compared with
the mimic group

invasion and inhibiting the apoptosis of human glioma cells
in the tumor microenvironment. Our results illustrate the
association of miR-32, PTEN, and the PI3K/Akt pathway,
which provides new insight into prognostic and therapeutic
strategies for gliomas.
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