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Abstract. The most common and aggressive type of brain 
cancer in adults is glioblastoma multiforme (GBM), and 
hypoxia is a common feature of glioblastoma. As the histo-
logical features of glioma include capillary endothelial 
cell proliferation, they are highly prone to invading the 
surrounding normal brain tissue, which is often one of the 
reasons for the failure of treatment. However, the mecha-
nisms involved in this process are not fully understood. 
MicroRNAs (miRs) are a class of non‑coding RNA that 
are able to inhibit the malignant progression of tumor cells 
through the regulation of downstream genes. In the present 
study, the low expression of miR‑576‑3p was detected in 
glioma samples and hypoxia‑treated glioma cells using a 
reverse transcription‑quantitative polymerase chain reac-
tion. The present study focused on the effects of miR‑576‑3p 
on hypoxia‑induced glioma. The results of the functional 
experiments revealed that the overexpression of miR‑576‑3p 
significantly inhibited the migration and pro‑angiogenic abili-
ties of the glioma cells under hypoxic conditions (P<0.05) 
compared with in the lentivirus‑miR‑negative control group. 
Furthermore, luciferase reporter gene assays were used 
to validate the hypothesis that miR‑576‑3p interacts with 
the 3'‑untranslated region of hypoxia‑inducible factor‑1α 
(HIF‑1α) and induces a reduction in the protein levels of 
matrix metalloproteinase‑2 and vascular endothelial growth 

factor. Rescue experiments demonstrated that the restoration 
of HIF‑1α expression attenuated the effect of miR‑576‑3p on 
the migration and proangiogenic abilities of glioma cells. In 
conclusion, the present study confirms that miR‑576‑3p is a 
novel GBM inhibitor and its inhibition of the migration and 
proangiogenic capacity of hypoxia‑induced glioma cells is 
mediated by HIF‑1α.

Introduction

The most common and fatal type of central nervous system 
tumor in adults is glioblastoma multiforme (GBM)  (1). 
Although the surgical resection of gliomas has proved a useful 
treatment method, the overall survival of patients with glioma 
remains poor and the median survival time following diag-
nosis is ~1 year (2,3). Furthermore, <2% of patients survive 
for 3 years subsequent to the development of glioma (4). The 
ability of GBM to promote angiogenesis enables the develop-
ment of novel blood vessels in pre‑existing blood vessels, which 
is essential for its invasion and colonization in the brain and is 
the main reason for the poor prognosis and the high mortality 
rate for GBM (5). The high invasiveness of GBM contributes to 
its penetration into the normal tissues and results in the failure 
of conventional treatment, resulting in a poor prognosis (6). 
In addition, a previous study confirmed that glioblastoma is 
one of the most vascularized types of tumor, indicating the 
potential value of targeting angiogenesis in order to inhibit the 
malignant progression of gliomas (7).

Previous studies have demonstrated that in the malignant 
phenotype of brain tumor types, invasiveness is closely 
associated with the overexpression of hypoxia‑inducible 
factor‑1α (HIF‑1α) (8), and the angiogenesis, growth, metastasis 
and apoptosis of tumor cells are substantially associated with 
HIF‑1α (9‑12). However, the detailed mechanisms involved 
require further investigation. As a class of non‑coding RNAs, 
microRNAs (miRNAs/miRs) possess 19‑25 nucleotides and 
induce mRNA degradation or inhibit protein translation 
and consequently exert biological functions in physiological 
and pathological processes through complete or incomplete 
binding to the 3'‑untranslated region (3'‑UTR) of its target 
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mRNA (13,14). Aberrant miRNA expression profiles (15) are 
regarded as a common hallmark of human cancer and are used 
for tumor diagnosis and prognosis due to the multiple steps 
of miRNA biosynthesis disorder in human cancer, including 
GBM (16,17). Previous studies indicate that miRNAs regulate 
various vital biological functions, including cell invasion, 
proliferation, apoptosis and angiogenesis  (18‑20). To the 
best of our knowledge, there are no previous studies on the 
association between miR‑576‑3p and glioma.

The present study aimed to investigate the effects of 
miR‑576‑3p on the migration and proangiogenic abilities of 
hypoxia‑treated glioma cells by targeting HIF‑1α. These 
results may provide novel insights into clinically relevant 
treatments for glioma.

Patients and methods

Patient samples. A total of 158  glioma samples which 
included 48 astrocytomas [World Health Organization (WHO) 
grade II] (21), 13 oligodendrogliomas (WHO grade II), eight 
anaplastic astrocytomas (WHO grade III), 10  anaplastic 
oligodendrogliomas (WHO grade III), 15  anaplastic 
oligoastrocytomas (WHO grade III) and 64 GBMs (WHO 
grade IV) from the Chinese Glioma Genome Atlas (CGGA; 
www.cgga.org.cn; accessed December 18, 2016) database 
were used for the preliminary analysis. At the Department of 
Neurosurgery, The Second Affiliated Hospital of Nanchang 
University (Nanchang, China), 26 brain samples including 
8  high‑grade glioma (HGG) samples (WHO grade  III 
and IV), 11 low‑grade glioma (LGG) samples (WHO class II) 
and 7 non‑neoplastic brain tissues (NBTs) used as a control 
collected from traumatic brain injury, were randomly screened 
following conventional treatment between February 2015 and 
November 2016. The Pathology Department of the hospital 
performed histological examination of the glioma tissues 
according to the WHO classification criteria (21). Each partici-
pant provided and signed written informed consent for the 
samples to be analyzed and the study was ethically approved 
by the Medical Ethics Committee of The Second Affiliated 
Hospital of Nanchang University.

Cell culture. Normal human astrocytes (NHAs), as a reference 
against the GBM cell lines, were provided by ScienCell 
Research Laboratories, Inc. (San Diego, CA, USA) and cultured 
in the provided astrocyte growth media supplemented with 
recombinant human epidermal growth factor, insulin, ascorbic 
acid, GA‑1000, L‑glutamine and 5% fetal bovine serum (FBS; 
SciencCell Research Laboratories, Inc.). U87, U251, T98, 
LN229 and U118 cells purchased from the American Type 
Culture Collection (ATCC; Manassas, VA, USA) and were 
cultivated in Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
containing 10% FBS. The U87 cell line is a glioblastoma of 
unknown origin and the catalogue number of the cell line is 
ATCC HTB‑14. In addition, the short tandem repeat profiling 
method was used to authenticate the U87 cells. ScienCell 
Research Laboratories, Inc. provided the human umbilical 
vein endothelial cells (HUVECs) and they were raised in 
endothelial cell growth medium (ECM) (ScienCell Research 
Laboratories, Inc.) supplemented with 1X endothelial cell 

growth supplement (ScienCell Research Laboratories, Inc.), 
100 U/ml penicillin, 100 µg streptomycin/ml and 5% FBS. 
All cells were cultured at 37˚C in 5% CO2. Prior to each 
experiment, the cells were incubated for 24 or 48 h at 37˚C in 
1% O2, 5% CO2 and 94% N2.

Transfection and establishment of stable cell lines. Lentiviral 
plasmids (pGLVU6/GFP+Puro) carrying hsa‑miR‑576‑3p 
(LV‑miR‑576‑3p) and hsa‑miR‑negative control (NC) 
(LV‑miR‑NC) expression were purchased from Shanghai 
GenePharma Co., Ltd. (Shanghai, China). Lentiviruses 
carrying HIF‑1α or HIF‑1α‑NC and short hairpin RNA 
(shRNA)‑HIF‑1α (shHIF‑1α‑1‑1, 5'‑GGA​AGA​ACT​ATG​
AAC​ATA​A‑3'; shHIF‑1α‑1‑2, 5'‑CTA​ACT​GGA​CAC​AGT​G 
TG​T‑3'; shHIF‑1α‑1‑3, 5'‑GCT​GAC​CAG​TTA​TGA​TTGT‑3') 
or shRNA‑Control (shControl, 5'‑TTC​TCC​GAA​CGT​GTC​
ACG​T‑3') were provided by Shanghai Genechem Co., Ltd. 
(Shanghai, China). The lentiviral packing kit was obtained 
from Open Biosystems, Inc. (Huntsville, AL, USA). 293T 
cells were purchased from the Cell Bank of Chinese Academy 
of Sciences (Shanghai, China) and were cultured in DMEM 
containing 10% FBS. Lentiviruses were packaged in 293T 
cells and were collected from the supernatant, according to 
the manufacturer's protocol. U87 and U251 cells (5x104) 
were infected with 1x108 lentivirus‑transducing units in the 
presence of 5 µg/ml polybrene in 6‑well plates (MOI, 5). After 
48 h at 37˚C, stable cell lines were established followed by 
5 µg/ml puromycin selection.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). The glioma tissues and cells were lysed with 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
for 30 min at 4˚C, and the RNA was purified with a RNeasy 
Mini kit (Qiagen GmbH, Hilden, Germany). Complementary 
DNA was converted using 1 µg RNA template and RT‑qPCR 
analysis was performed on an ABI‑7500 Fast Real‑Time PCR 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
A miScript SYBR‑Green PCR kit (Qiagen GmbH) was used 
for miRNA detection, and a SYBR‑Green PCR Mixture 
(Invitrogen; Thermo Fisher Scientific, Inc.) was used for mRNA 
detection. The primers (Shanghai GenePharma Co., Ltd.) 
were as follows: hsa‑HIF1α forward, 5'‑GGA​CAC​AGA​TTT​
AGA​CTT​GGA​GAT​G‑3' and reverse, 5'‑CTG​CTT​TCT​AAT​
GGT​GAC​AAC​TGA‑3'; hsa‑β‑actin mRNA forward, 5'‑TCA​
AGA​TCA​TTG​CTC​CTC​CTG​AG‑3' and reverse, 5'‑ACA​TCT​
GCT​GGA​AGG​TGG​ACA‑3'; U6 RT‑primer, 5'‑CGC​TTC​
ACG​AAT​TTG​CGT​GTC​AT‑3', forward, 5'‑CTC​GCT​TCG​
GCA​GCA​CA‑3' and reverse, 5'‑AAC​GCT​TCA​CGA​ATT​
TGC​GT‑3'. The reaction conditions were as follows: 95˚C 
for 10 min, followed by 40 cycles at 95˚C for 5 sec, 60˚C for 
30 sec and extension at 72˚C 30 sec. Bulge‑loop™ miRNA 
RT‑qPCR Primer sets (one RT primer and a pair of qPCR 
primers for each set) specific for miR‑576‑3p were designed 
by Guangzhou RiboBio Co., Ltd. β‑actin or U6 were used as 
an internal reference. The results were analyzed using relative 
quantification (2‑ΔΔCq) (22).

Enzyme‑linked immunosorbent assay (ELISA). U87 and U251 
cells were cultured in DMEM containing 10%  FBS, and 
vascular endothelial growth factor (VEGF) expression was 
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detected in the supernatants of cultured U87 and U251 cells 
that were or were not transfected with miR‑576‑3p/miR‑NC and 
shHIF‑1α‑1‑3/shCtrl separately. Further analysis was performed 
post‑transfection of glioma cells with miR‑576‑3p/miR‑NC 
and hsa‑HIF‑1α/Ctrl separately or together. The levels of 
VEGF were evaluated using a VEGF human ELISA kit (cat. 
no. CSB‑E11718h; Cusabio Technology LLC, Wuhan, China) 
according to the manufacturer's protocol. The absorbance was 
measured at 450 nm

Western blot analysis. The harvested cells were lysed using 
radioimmunoprecipitation assay buffer (Nanjing KeyGen 
Biotech Co., Ltd., Nanjing, China) for 30 min at 4˚C. The 
extracted protein in the supernatant was detected using a bicin-
chonic acid Protein Assay kit (Pierce; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocols. Equal amounts 
of protein (40 µg) were separated using SDS‑PAGE (10% gel) 
and transferred to polyvinylidene difluoride (PVDF) membranes 
(Corning Incorporated, Corning, NY, USA). Subsequent to 
blocking in 5%  nonfat milk at room temperature for 2  h, 
the membranes were incubated with the following primary 
antibodies overnight at 4˚C: Mouse anti‑HIF‑1α (1:1,000; cat 
no.  sc‑13515; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), rabbit anti‑matrix metalloproteinase (MMP)‑2 (1:1,000; 
cat no. D8N9Y; Cell Signaling Technology, Inc., Danvers, 
MA, USA), mouse anti‑VEGF (1:1,000; cat no.  ab69479; 
Abcam, Cambridge, UK) and mouse anti‑β‑actin (1:2,000; 
cat no. ab8226; Abcam). Following washing three times with 
Tris‑buffered saline Tween‑20 (0.05%) at room temperature, 
the PVDF membranes were incubated with horseradish peroxi-
dase (HRP)‑labeled goat anti‑rabbit immunoglobulin G (IgG) 
secondary antibody (1:5,000; cat no. A0208;) and HRP‑labeled 
goat anti‑mouse IgG secondary antibody (1:5,000; cat 
no. A0216; both Beyotime Institute of Biotechnology, Haimen, 
China) or 1 h at 37˚C and then analyzed using an enhanced 
chemiluminescence detection system (GE Healthcare, Chicago, 
IL, USA).

Wound healing assay. U87 and U251 cells were seeded in 
6‑well plates at a density of 1x104 cells/well and grown until 
complete fusion. The cell layers were scratched using a 200‑µl 
pipette tip to generate a linear wound. Phosphate buffered 
saline was used to remove the previous DMEM and then 
serum‑free DMEM was added. Images of the migrated cells 
were captured at 0 and 24 h through an inverted bright‑field 
microscope (Olympus Corporation, Tokyo, Japan). Each 
experiment was performed three times.

Transwell migration assay. U87 and U251 cells (2x104 cells/well) 
were added to the upper chamber of the Transwell insert 
(Corning Incorporated), which contained serum‑free DMEM. 
Medium containing 10% FBS was added to lower chamber 
as an attractant. Subsequent to incubation for 24 h in 1% O2, 
images of the migrated cells were captured by an inverted 
bright‑field microscope (Olympus Corporation) and the results 
were quantified by counting the number of cells.

Tube formation assay. Each well of 15‑well angiogenesis 
slides (ibidi GmbH, Martinsried, Germany) was supplemented 
with 10 µl Matrigel (BD Biosciences, San Jose, CA, USA) and 

incubated at 37˚C in 1% O2 for 30 min. DMEM containing 
10%  FBS was used to culture hypoxia‑induced U87 and 
U251 cells (24 h in 1% O2, 5% CO2 and 94% N2 at 37˚C) 
that were or were not transfected with miR‑576‑3p/miR‑NC, 
hsa‑HIF‑1α/Ctrl and shHIF‑1α/shCtrl, separately or together. 
Subsequently, the supernatants of cultured U87 and U251 cells 
were collected and used to suspend HUVECs (1x104 cells/well), 
which were incubated for 9  h at  37˚C in an atmosphere 
containing 1% O2. Tube formation was analyzed under an 
inverted bright‑field microscope (Olympus Corporation).

Luciferase reporter assay. Wild‑type and mutated HIF‑1α 
3'‑UTR reporter plasmids were constructed based on the 
predicted targets of miR‑576‑3p, which were detected 
using miRanda (http://www.microrna.org/microrna/home.
do), TargetScan (http://www.targetscan.org/vert_72/) and 
miRWalk (http://mirwalk.umm.uni‑heidelberg.de/). The plas-
mids were cloned into the pmiRNA‑Report vector (Shanghai 
Genechem Co., Ltd.). U87 and U251 cells (5x104) were seeded 
in a 24‑well plate; after being cultured overnight, the cells were 
cotransfected with 1 µg wild‑type of mutated plasmids, 1 µg 
Renilla luciferase plasmid and equal amounts of miR‑576‑3p 
or miR‑NC using Lipofectamine®  2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's protocol. After 48 h at 37˚C, the luciferase activity was 
measured and compared with Renilla luciferase activity using 
a Dual Luciferase Reporter Assay kit (Promega Corporation, 
Madison, WI, USA) according to the manufacturer's protocol.

Statistical analysis. Data are presented as the mean ± standard 
deviation of three separate experiments. Comparisons were 
performed using a Student's t‑test and one‑way analysis of 
variance. Tukey's post hoc test was performed to compare the data 
of multiple groups with a normal distribution. The correlation 
between miR‑576‑3p expression and the mRNA levels of HIF‑1α 
in glioma tissues were analyzed using Pearson's correlation 
analysis. GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, 
CA, USA) was used to conduct the biostatistical analysis. P<0.05 
was considered to indicate a statistically significant difference.

Results

miR‑576‑3p is downregulated in glioma samples and 
hypoxia‑treated glioma cells. The data of 158 glioma samples 
were obtained from the CGGA in order to analyze the 
expression levels of miR‑576‑3p. The levels of miR‑576‑3p in 
the HGG samples (WHO grade III and IV) were significantly 
lower compared with the LGG samples (WHO class II), as 
presented in Fig.  1A (P<0.001). Furthermore, the levels 
of miR‑576‑3p in 19 clinical glioma tissues and 7  NBTs 
were evaluated. The experimental data demonstrated that 
miR‑576‑3p was significantly downregulated in glioma tissues 
compared with the NBTs (P<0.01), which was consistent with 
the CGGA data (Fig. 1B). Subsequently, using NHAs as a 
negative control, the expression levels of miR‑576‑3p in U87, 
U251, T98, LN229 and U118 cell lines were analyzed. The data 
revealed that miR‑576‑3p was significantly downregulated 
in these cell lines compared with the NHA cells (P<0.05) 
and this effect was most notable in U251 and U87 cells 
(Fig. 1C). In addition, the miR‑576‑3p levels in the glioma 
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cells significantly decreased subsequent to hypoxic exposure 
compared with unexposed cells, as determined by RT‑qPCR 
(P<0.05; Fig. 1D). Collectively, these results indicate that the 
glioma grade is negatively associated with the expression levels 
of miR‑576‑3p. Furthermore, there is a significant attenuation 
of miR‑576‑3p in hypoxia‑treated glioma cells.

Impact of miR‑576‑3p on hypoxia‑treated glioma cells. Glioma 
is a vascular‑rich solid tumor, with necrotic and histological 
properties that include capillary endothelial cell prolifera-
tion (23). Therefore, the function of miR‑576‑3p in regulating 
the migration and proangiogenic capacity of glioma cells in 
hypoxic conditions was investigated. Subsequent to hypoxia 
treatment for 24 h, U87 and U251 cells with stable expres-
sion of miR‑576‑3p or miR‑NC were established. Compared 
with those transfected with LV‑miR‑NC, the RT‑qPCR results 
confirmed a significant increase in the levels of miR‑576‑3p in 
the cells transfected with LV‑miR‑576‑3p (P<0.001; Fig. 2A). 
The wound healing and Transwell migration analyses revealed 
that the overexpression of miR‑576‑3p significantly attenuated 
the migration of hypoxia‑treated U87 and U251 cells compared 
with cells transfected with LV‑miR‑NC (P<0.01; Fig. 2B‑E). In 
addition, the impact of miR‑576‑3p on angiogenesis in glioma 
cells under hypoxic conditions was monitored using tube 
formation assays. The results demonstrated that the ability 

of U87 and U251 cells to promote angiogenesis was signifi-
cantly suppressed by LV‑miR‑576‑3p compared with cells 
transfected with LV‑miR‑NC (P<0.01; Fig. 2F and G). Overall, 
these results suggest that the dysregulation of miR‑576‑3p has 
a negative impact on the migration and angiogenesis of glioma 
cells under hypoxia in vitro.

miR‑576‑3p targets HIF1‑α. The targets of miR‑576‑3p were 
predicted using a number of algorithms, including miRanda, 
TargetScan and miRWalk. Among the candidates, HIF‑1α 
was selected as a potential target gene and the corresponding 
plasmid was constructed (Fig. 3A). The results revealed that 
there was a significant reduction in luciferase activity in the 
cells transfected with miR‑576‑3p and wild‑type HIF‑1α 
compared with those transfected with the mutated reporter 
gene of the HIF‑1α 3'‑UTR together with miR‑NC or 
miR‑576‑3p (P<0.01; Fig. 3B). Furthermore, the expression 
levels of HIF‑1α protein in the glioma cells overexpressing 
miR‑576‑3p following 24 h of hypoxic exposure were evalu-
ated. As presented in Fig. 3C, the expression of HIF‑1α protein 
was substantially reduced in the miR‑576‑3p‑transfected cells 
compared with the miR‑NC transfected cells. In addition, 
western blot analysis and RT‑qPCR were performed in order 
to determine the expression of HIF‑1α without miR‑576‑3p 
intervention in glioma cells under a hypoxic environment. The 

Figure 1. miR‑576‑3p is downregulated in glioma samples and hypoxia‑treated glioma cells. (A) A total of 158 glioma samples from the Chinese Glioma 
Genome Atlas database were used to determine the expression of miR‑576‑3p. (B) A total of 19 glioma specimens and 7 NBTs were used to determine the 
expression levels of miR‑576‑3p. (C) Expression levels of miR‑576‑3p in the indicated cell lines (NHA, T98, U118, U87, LN229 and U251). (D) Alteration in 
the levels of miR‑576‑3p in hypoxia‑treated glioblastoma multiforme cells. *P<0.05, **P<0.01 and ***P<0.001 with comparisons shown by lines. miR/miRNA, 
microRNA; NBTs, non‑neoplastic brain tissues; LGG, low‑grade glioma; HGG, high‑grade glioma; NHAs, normal human astrocytes.
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results demonstrated that the expression levels were signifi-
cantly elevated in glioma cells subsequent to hypoxic exposure 
compared with non‑exposed cells (P<0.01; Fig. 3D and E). 
HIF‑1α expression levels at different clinical stages of glioma 
and NBTs were investigated using RT‑qPCR. The results 
indicated that HIF‑1α expression was significantly positively 
associated with glioma malignancy and there were higher 
levels of HIF‑1α expression in the glioma samples compared 
with the NBTs (P<0.01; Fig. 3F). In order to investigate the 
mechanism, the correlation between the expression levels of 
HIF‑1α and miR‑576‑3p were determined using a Pearson's 
correlation test. The data revealed that there was a significant 
negative correlation between the expression levels of HIF‑1α 
and miR‑576‑3p (P<0.01; Fig. 3G). These results strongly indi-
cate that HIF‑1α is a direct target of miR‑576‑3p, which may 
be a suppressor of glioma under hypoxia.

Downregulation of HIF‑1α exerts similar effects to miR‑576‑3p 
in hypoxia‑treated glioma cells. The present study aimed to 
validate that the malignant progression of glioma subsequent 
to the knockdown of HIF‑1α alone is consistent with the 
intervention of miR‑576‑3p. In the present study, U87 and U251 

cells were infected with three separate luciferase‑encoding 
HIF‑1α shRNAs or control shRNA. Detected using western 
blotting, the expression of HIF‑1α was substantially decreased 
in the U87 and U251 cells compared with that in the scramble 
(non‑targeting) group and the shControl groups  (Fig.  4A). 
shHIF‑1α‑1‑3 was selected for subsequent experiments based 
on its knockdown efficiency in the glioma cells. As expected, 
shHIF‑1α‑1‑3 inhibited the expression of HIF‑1α protein in 
the U87 and U251 cells following 24 h of hypoxia treatment 
compared with the scramble and shControl groups (Fig. 4B). 
No significant difference in the expression of HIF‑1α protein 
was observed between the scramble group and the shControl 
group (P>0.05). In addition, compared with the scramble 
group and the shControl group, the expression of MMP‑2, 
which is associated with tumor migration, and the expression 
of angiogenesis‑associated VEGF were substantially reduced 
following HIF‑1α silencing compared with the scramble and 
shControl groups  (Fig. 4B). In order to evaluate the VEGF 
expression levels in the culture medium of these cells, an ELISA 
was performed and the results revealed that the expression 
levels of VEGF were significantly downregulated in the culture 
medium of the glioma cells following HIF‑1α silencing compared 

Figure 2. Effect of miR‑576‑3p on hypoxic‑treated glioma cells in vitro. (A) Reverse transcription‑quantitative polymerase chain reaction was used to detect the 
relative expression levels of the transfected LV‑miR‑576‑3p in the indicated cells (U87 and U251). Effect of LV‑miR‑576‑3p or LV‑miR‑NC on the (B) migration 
of U87 and U251 cells subsequent to hypoxic incubation for 24 h were determined using a wound healing assay (scale bar, 200 µm), which was then (C) quanti-
fied. Effect of LV‑miR‑576‑3p or LV‑miR‑NC on the proangiogenic abilities of glioma cells subsequent to hypoxic incubation for 24 h were determined using 
(D) a Transwell migration assay (scale bar, 100 µm) and (E) quantified, and (F) tube formation assays (scale bar, 300 µm) which were then (G) quantified. 
All experiments were repeated three times. **P<0.01 and ***P<0.001 with comparisons shown by lines. miR, microRNA; LV, lentivirus; NC, negative control.
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with the scramble and shControl groups, whereas there were no 
significant difference between the scramble group and shControl 
group (P<0.05; Fig. 4C). The impact of HIF‑1α knockdown on 
the migration and pro‑angiogenesis of hypoxia‑treated glioma 
cells was analyzed using wound healing, Transwell invasion 

and tube formation assays (Fig. 4D‑I). As expected, the results 
demonstrated that HIF‑1α knockdown exerted the same effect 
as miR‑576‑3p overexpression. This suggests that inhibition 
of HIF‑1α may be a key mechanism by which miR‑576‑3p 
attenuates glioma cell migration and pro‑angiogenic capacity.

Figure 3. HIF‑1α is a direct target of miR‑576‑3p in glioma cells. (A) Predicted miR‑576‑3p binding sites in the 3'‑UTR of HIF‑1α mRNA. (B) Luciferase 
activities in HIF‑1α‑wild‑type or HIF‑1α‑mut‑type U251 and U87 cells transfected with miR‑576‑3p or miR‑NC. **P<0.01 and ***P<0.001 vs. miR‑NC. 
(C) miR‑576‑3p overexpression attenuated the protein expression of HIF‑1α in the glioma cells following hypoxic exposure for 24 h. (D) Protein expression 
of HIF‑1α was elevated in the glioma cells under hypoxic conditions. (E) Reverse transcription‑quantitative polymerase chain reaction was performed to 
determine the expression of HIF‑1α in the indicated cells. (F) HIF‑1α was expressed in the indicated clinical brain tissue samples. (G) Pearson's correlation 
analysis revealed the correlation between the expression of miR‑576‑3p and mRNA levels of HIF‑1α in 19 clinical glioma tissues. Data are presented as 
the mean ± standard deviation of three independent experiments. **P<0.01 and ***P<0.001 with comparisons shown by lines. HIF‑1α, hypoxia‑inducible 
factor‑1α; 3'‑UTR, 3'‑untranslated region; miR, microRNA; NC, negative control; LV, lentivirus; NBTs, non‑neoplastic brain tissues; LGG, low‑grade glioma; 
HGG, high‑grade glioma.



INTERNATIONAL JOURNAL OF MOlecular medicine  43:  2387-2397,  2019 2393

Reintroduction of HIF‑1α attenuates miR‑576‑3p‑induced 
inhibition of cell migration and angiogenesis. As presented in 
Fig. 5A, compared with the scramble group, the LV‑miR‑NC 
group, the control group or the co‑transfection group by trans-
fection of LV‑miR‑NC + control, a reduction of the HIF‑1α 

expression in the co‑transfection of LV‑miR‑576‑3p and 
control group was rescued by HIF‑1α overexpression in the 
co‑transfection of LV‑miR‑576‑3p and HIF‑1α group. Notably, 
the expression of MMP‑2 and VEGF (Fig. 5A), in addition to 
the corresponding VEGF expression levels in the conditioned 

Figure 4. Knockdown of HIF‑1α inhibits the migration and pro‑angiogenesis of hypoxia‑treated glioma cells in vitro. (A) Western blotting of the HIF‑1α 
protein expression in glioblastoma multiforme cells. (B) Western blotting determined the expression of HIF‑1α, MMP‑2 and VEGF in each group following 
hypoxia exposure for 24 h. (C) Expression levels of VEGF in the conditioned medium of the indicated cells (U87 and U251) treated with hypoxia for 24 h, as 
determined by an ELISA. Effect of shHIF‑1α‑1‑3 and shControl on the migration and pro‑angiogenesis of glioma cells following hypoxic incubation for 24 h 
were determined using (D) a wound healing assay (scale bar, 200 µm) and (E) quantified, (F) a Transwell invasion assay (scale bar, 100 µm) and (G) quantified 
and (H) a tube formation assay (scale bar, 300 µm) and (I) quantified. Data are presented as the mean ± standard deviation of three independent experiments. 
*P<0.05 vs. scramble group and shControl group. HIF‑1α, hypoxia‑inducible factor‑1α; MMP, matrix metalloproteinase; VEGF, vascular endothelial growth 
factor; shRNA, short hairpin RNA.
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Figure 5. HIF‑1α overexpression rescues the effects of miR‑576‑3p in vitro. (A) Western blotting of HIF‑1α, MMP‑2 and VEGF in the indicated cells (U87 
and U251) under hypoxic conditions subsequent to the corresponding transfection. (B) Expression of VEGF in the conditioned medium of U87 and U251 
cells treated with hypoxia for 24 h was determined using an enzyme‑linked immunosorbent assay. Effect of HIF‑1α or control in the presence or absence of 
miR‑576‑3p overexpression or miR‑NC expression on the migration and pro‑angiogenesis of glioma cells after hypoxic incubation for 24 h, as determined 
using (C) a wound healing (scale bar, 200 µm) and (D) quantified, (E) a Transwell invasion (scale bar, 100 µm) and (F) quantified.
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media (P<0.05; Fig. 5B), also changed in a similar manner 
to the HIF‑1α expression levels. Therefore, the reduction in 
MMP‑2 and VEGF expression caused by the overexpression 
of miR‑576‑3p may be abolished by upregulating HIF‑1α. 
Wound healing, Transwell invasion and tube formation assays 
were performed to validate whether HIF‑1α is a pivotal target 
of miR‑576‑3p in U87 and U251 cells subsequent to hypoxia 
treatment for 24 h. As presented in Fig. 5C‑H, HIF‑1α was 
reintroduced into the hypoxia‑treated glioma cells following 
transfection with miR‑576‑3p and it significantly abolished 
miR‑576‑3p inhibition of cell migration and proangiogenic 
effects compared with the scramble group, the LV‑miR‑NC 
group, the control group or the co‑transfection group by 
transfection of LV‑miR‑NC + control (P<0.05). No significant 
difference in the cell migration and proangiogenic effects were 
detected between the scramble group, the LV‑miR‑NC group, 
the control group and the co‑transfection group by transfection 
of LV‑miR‑NC + control. The results of the present study indi-
cate that the malignant progression of glioma cells is affected 
by miR‑576‑3p through its regulation of HIF‑1α.

Discussion

An increasing number of studies have reported the presence of 
deregulated miRNA in various human cancer types (24‑26), 
including in glioblastoma (27,28). Furthermore, studies have 
demonstrated that miRNA‑576‑3p is an inhibitor of bladder 

cancer through reducing cyclin D1 (29) and may be a prognostic 
biomarker for breast cancer subsequent to the development of 
chemotherapy resistance (30). However, the functional impact 
of miR‑576‑3p on glioma has not yet been reported to the best 
of our knowledge.

In the present study, the expression of miR‑576‑3p in glioma 
was investigated using 19 glioma specimens and 7 NBTs, and 
a number of glioma cell lines. RT‑qPCR was used to detect the 
levels of miR‑576‑3p in glioma tissues and NBTs; miR‑576‑3p 
was significantly elevated in the non‑cancerous brain tissue 
compared with in glioma specimens, and the downregulation of 
miR‑576‑3p was observed in the hypoxia‑induced glioma cells. 
Previous studies have revealed that glioma, a solid tumor that is 
rich in blood vessels, has the histological properties of necrosis 
and capillary endothelial cell proliferation, which affect 
multiple processes including cell proliferation and invasion and 
angiogenesis (8,31). The present study investigated the effect 
of miR‑576‑3p on the migration and proangiogenic abilities of 
hypoxia‑treated glioma cells and the results revealed that the 
overexpression of miR‑576‑3p results in the notable inhibition 
of these abilities compared with the control cells.

In order to investigate how miR‑576‑3p exerts its effects 
on glioma, an in‑depth analysis of miR‑576‑3p targets 
was performed using a number of computational methods. 
miRWalk, miRanda and TargetScan online tools were used to 
predict candidate targets for miR‑576‑3p. Using a luciferase 
reporter assay and western blotting analysis, it was demon-

Figure 5. Continued. Effect of HIF‑1α or control in the presence or absence of miR‑576‑3p overexpression or miR‑NC expression on the migration and 
pro‑angiogenesis of glioma cells after hypoxic incubation for 24 h, as determined using (G) a tube formation assay (scale bar, 300 µm) and (H) quantified. Data 
are presented as the mean ± standard deviation of three replicates. *P<0.05 vs. compared with the scramble group, the LV‑miR‑NC group, the control group or 
the co‑transfection group by transfection of LV‑miR‑NC + control. miR, microRNA; NC, negative control; LV, lentivirus; HIF‑1α, hypoxia‑inducible factor‑1α; 
MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor.
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strated that the protein expression of HIF‑1α in glioma cells 
under hypoxia may be reduced through miR‑576‑3p overex-
pression by directly targeting its 3'‑UTR.

A previous study confirmed that hypoxia‑induced 
angiogenesis serves a notable function in the prognosis of 
patients with cancer (32). The mechanism has been investigated 
extensively in previous years and HIF‑1α is a necessary 
regulator. HIF‑1 is a heterodimeric protein composed of 
HIF‑1α and HIF‑1β subunits (33). Under normoxic conditions, 
the HIF‑1α protein is ubiquitinated and quickly degraded by 
the proteasome pathway (34). In a low‑oxygen environment, 
the HIF‑1α protein accumulates and then is translocated 
to the nucleus, constructs a heterodimeric protein complex 
with HIF‑1β and activates a variety of notable genes (35,36). 
HIF‑1α has been reported to be involved in numerous types 
of tumor (37,38), including glioma, and is closely associated 
with tumor invasion and metastasis (39,40). HIF‑1α expression 
has been demonstrated to be involved in the invasiveness 
of glioblastoma and is closely associated with grade and 
vascular density (8). To validate whether miR‑576‑3p affects 
hypoxia‑treated glioma by regulating the levels of HIF‑1α, 
lentiviruses carrying shRNA‑HIF‑1α were applied to 
knockdown the expression of HIF‑1α in the present study. The 
results demonstrated that HIF‑1α knockdown under hypoxic 
conditions is as effective as miR‑576‑3p overexpression in 
inhibiting the migration and angiogenesis of hypoxia‑induced 
glioma cells. Notably, hypoxia‑induced VEGF expression is 
the main driving force behind neovascular maturation during 
tumor progression and embryonic development  (41,42). 
VEGF may be produced in the cystic fluid of patients with 
GBM, where the levels of VEGF are higher compared with 
those in the serum (43). As one of the main mediators of 
tumor angiogenesis, VEGF may be stimulated by hypoxia 
through the major hypoxia‑responsive transcriptional 
activator HIF‑1α (44). In addition, MMPs are necessary for 
ECM degradation. MMP‑mediated ECM digestion lays the 
foundation for the migration of proliferating endothelial cells 
and their invasion of the matrix, which is a necessary step 
in neovascular maturation  (45). Furthermore, MMPs may 
degrade ECM macromolecules, which enables cell infiltration 
and invasion and results in the failure of conventional 
treatment of brain tumor types (46). In glial brain tumor types, 
MMP‑2 has been demonstrated to be a downstream regulator 
of HIF‑1α (47). In the present study, western blot analysis and 
an ELISA revealed that the downregulation of HIF‑1α results 
in a substantial reduction in the expression of MMP‑2 and 
VEGF compared with control cells. Conversely, the restored 
expression of HIF‑1α in LV‑miR‑576‑3p‑transfected glioma 
cells abolished the effect of miR‑576‑3p on cell migration 
and angiogenesis under hypoxia. The western blotting 
results additionally revealed the corresponding activation 
of VEGF and MMP‑2. Therefore, these results confirm that 
miR‑576‑3p‑induced resistance to glioma cell migration and 
angiogenesis may be achieved by targeting HIF‑1α and may 
result in the decline of VEGF and MMP‑2 expression.

In conclusion, the present study demonstrates that 
miR‑576‑3p is markedly downregulated in hypoxia‑induced 
glioma cells compared with those in a normoxic environment, 
and that the overexpression of miR‑576‑3p in turn reduces 
the migration and proangiogenic abilities of hypoxia‑treated 

glioma cells by attenuating HIF‑1α expression. Based on these 
results, the targeting of miR‑576‑3p is a novel therapeutic 
strategy for patients with glioma. However, in vivo studies 
should be performed to confirm that miR‑576‑3p is a promising 
candidate for the treatment of gliomas. In addition, further 
studies are required to determine the detailed mechanism of 
miR‑576‑3p downregulation during glioma progression.
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