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Abstract. Human glioblastoma is a malignant and aggressive 
primary human brain solid tumor characterized by severe 
hypoxia. Hypoxia can induce autophagy, which may result 
in chemoresistance and malignant progression of cancer 
cells. MicroRNAs (miRNAs) have been reported to modulate 
hypoxia-induced autophagy in various types of cancers. 
In the present study, we observed that hypoxia-inducible 
factor (HIF)-1α expression was increased while miR-224-3p 
expression was decreased under hypoxia in a time-dependent 
manner in glioma LN229 and astrocytoma U-251MG cell 
lines, as deteced by western blot analysis and real-time quanti-
tative polymerase chain reaction. In addition, HIF-1α knockout 
inhibited cell motility and chemosensitivity by negatively 
regulating the expression of miR-224-3p under a hypoxic 
condition by Transwell and MTT assay. Moreover, hypoxia 
increased the relative expression of ATG5 (autophagy-related 
gene 5) and LC3 II/I with a decreased level of p62. These 
results were correlated with autophagy in a time-dependent 
manner, suggesting that hypoxia induced autophagy in 
glioblastoma and astrocytoma cells. Through bioinformatic 
prediction and luciferase reporter assay, we confirmed that 
ATG5 is a target of miR-224-3p and ATG5 expression was 
negatively regulated by miR-224-3p. Knockdown of ATG5 
inhibited cell mobility with increased chemosensitivity of 
glioblastoma cells under hypoxia. Moreover, overexpression of 

miR-224-3p also inhibited cell mobility with increased chemo-
sensitivity of glioblastoma cells under hypoxia. However, 
activation of autophagy was able to counteract these effects 
of miR-224-3p. Furthermore, in vivo experiments indicated 
that the miR-224-3p mimic enhanced the chemosensitivity of 
LN229 cells to temozolomide by immunohistochemistry and 
TUNEL assay. In summary, our experiments elucidated that 
the HIF-1α/miR-224-3p/ATG5 axis affects cell mobility and 
chemosensitivity by regulating hypoxia-induced autophagy 
in glioblastoma and astrocytoma. Therefore, miR-224-3p 
could be a novel target against hypoxia-induced autophagy in 
glioblastoma and astrocytoma.

Introduction

Glioblastoma is the most malignant and aggressive primary 
human brain tumor of the central nervous system, with a 
high rate of recurrence and mortality (1). Although treatment 
including surgical resection combined with radiation and 
chemotherapy has been improved for glioblastoma therapy, 
the prognosis of glioblastoma patients is still very poor (2). 
Hypoxia is often observed in various types of solid tumors 
including glioblastoma, especially in the center of rapidly 
growing cancers with incomplete blood vessel networks (3). 
Hypoxia is considered as a main feature of the solid tumor 
microenvironment, playing an important role in tumor 
proliferation, metastasis and drug resistance (4). However, 
the molecular mechanism of how hypoxia regulates tumor 
progression in glioblastoma remains unknown and requires 
further research.

Hypoxia can induce the expression of hypoxia-inducible 
factor 1α (HIF-1α), which is an oxygen-dependent transcrip-
tional activator (5). Activation of HIF-1α during hypoxia 
can regulate a great number of HIF target genes involved in 
cell proliferation, energy metabolism and angiogenesis (6,7). 
Autophagy, which is a mechanism of cellular degradation 
through lysosomes, is also involved in a HIF-1α-mediated 
cell survival mechanism (8,9). Hypoxia-induced autophagy 
can lead to chemoresistance and malignant progression of 
cancer cells (10). Therefore, suppression of hypoxia-induced 
autophagy may help inhibit the tumorigenesis of glioblastoma.
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MicroRNAs (miRNAs) are a group of small non-coding 
RNAs with 17-22 nucleotides that regulate gene expres-
sion by blocking mRNA translation and/or mediating 
mRNA degradation (11). Under a hypoxic condition, a great 
number of miRNAs can regulate the expression of various 
autophagy-promoting genes and mediate autophagosome 
formation. For example, miR-101 was reported to be a potent 
inhibitor of autophagy and sensitize breast cancer cells to 
4-hydroxytamoxifen (4-OHT)-mediated cell death (12). 
miR-130a was found to inhibit autophagy through targeting 
ATG2B and DICER1 and triggering the killing of chronic 
lymphocytic leukemia cells (13). However, it is still unclear 
whether or not miRNAs modulate hypoxia-induced autophagy 
in glioblastoma cells. 

In the present study, we found that the relative expres-
sion of miR-224-3p was significantly downregulated in 
glioblastoma cells LN229 and astrocytoma cell line U-251MG 
under a hypoxic condition. Overexpression of miR-224-3p 
inhibited hypoxia-induced autophagy through the 
HIF-1α/miR-224-3p/ATG5 (autophagy-related gene 5) axis. 
Our study highlights the relationship among hypoxia, miRNAs 
and autophagy in glioblastoma and astrocytoma and aids in 
the identification of a novel miRNA against glioblastoma and 
astrocytoma progression.

Materials and methods

Cell culture and treatment. Human glioblastoma cell line 
LN229 and astrocytoma cell line U-251MG (Cell Bank, 
Shanghai Institutes for Biological Sciences, Shanghai, China) 
were cultured in Gibco™ Dulbecco's modified Eagle's medium 
(DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% FBS (HyClone, GE Healthcare Life 
Science, Logan, UT, USA) in a humidified atmosphere of 
5% CO2 at 37˚C. Hypoxia treatment was performed using a 
tri‑gas incubator (37˚C, 5% CO2, 93% N2 and 2% O2; YCP-50S, 
Changsha Huaxi Electronic Technology Co., Ltd., Hunan, 
China) for different periods (6, 12 and 24 h).

Temozolomide (TMZ) is an effective primary therapy for 
high-grade glioma. TMZ is a novel oral chemotherapy drug that 
penetrates into the brain and purportedly has a low incidence of 
adverse events (14). Stock solution of TMZ (Schering-Plough, 
Kenilworth, NJ, USA) was prepared by dissolving the drug in 
DMSO. TMZ was used to treat cells at different concentra-
tions (0-80 µM). Rapamycin (Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany), an autophagy activator, was used to 
treat cells for 24 h at the concentration of 100 nM.

Western blot analysis. Cells were lysed in lysis buffer 
(Beyotime Institute of Biotechnolgy, Shanghai, China) and the 
concentrations of proteins were determined using a Pierce™ 
BCA protein assay kit (Thermo Fisher Scientific, Inc.). A total 
of 20 µg of protein was separated on 10% SDS-PAGE gel and 
then transferred into PVDF membranes (EMD Millipore, 
Billerica, MA, USA). After blocking with 5% BSA for 1 h at 
room temperature, the membranes were incubated with primary 
antibodies at 4˚C overnight. The following antibodies were 
used: anti-HIF-1α antibody (dilution 1:500; cat. no. ab51608; 
Abcam, Cambridge, UK), anti-ATG5 antibody (dilution 
1:2,000; cat. no. ab108327; Abcam), anti-LC3 I/II antibody 

(dilution 1:1,000; cat. no. 12741; Cell Signaling Technology, 
Danvers, MA, USA), anti-p-62 antibody (dilution 1:1,000; 
cat. no. 88588; Cell Signaling Technology) and anti-GAPDH 
antibody (1:1,000; cat. no. 5174; Cell Signaling Technology). 
After incubation with horseradish peroxidase-conjugated 
secondary antibodies (dilution 1:2,000; cat. no. 7056; Cell 
Signaling Technology), the protein bands were detected by 
ImageJ software (version 1.48; National Institutes of Health, 
Bethesda, MD, USA).

Real‑time quantitative polymerase chain reaction (RT‑qPCR). 
Total RNA was extracted from the cells using TRIzol reagent 
(Takara Biotechnology Co., Ltd., Dalian, China). To detect 
mRNA expression of miR-224-3p, extracted RNA (1 µg) was 
reversely transcribed into cDNA using a miScript reverse 
transcription kit (Qiagen, Dusseldorf, Germany). Primer 
sequences were as follows: Forward 5'-TGA TGT GGG TGC 
TGG TGT C-3' and reverse 5'-TTG TGT TGG GGC AGT ACT 
G-3'; for ATG5: Forward 5'-GCC GAA CCC TTT GCT CAA 
TG-3' and reverse 5'-TGG TCA CCT TAG GAA ATA CCC AC-3'. 
SYBR Green Master Mix (Life Technologies; Thermo Fisher 
Scientific, Inc.) was used for gene expression level measure-
ment. The expression levels were calculated using the ∆∆Cq 
method (15) with U6 used for the normalization of miRNA.

Cell transfection. The siRNA against HIF-1α (HIF-1α siRNA), 
miR-224-3p mimic, siRNA against ATG5 (ATG5 siRNA) and 
the corresponding negative control (siRNA NC, mimic NC) 
were synthesized by Shanghai GenePharma Co. The sequences 
of HIF-1α-siRNAs were as follows: siRNA NC, 5'-UUC UCC 
GAA CGU GUC ACG Utt-3', HIF-1α siRNA1, 5'-UCA CAG CAA 
UAC AGA UUC Att-3'; HIF-1α siRNA2, 5'-GCU CAC CAU 
CAG UUA UUU Att-3'; HIF-1α siRNA3, 5'-ACG CUC CUU 
GUC UUA UAC CAt t-3'. The sequences of ATG5-siRNAs were 
as follows: siRNA NC, 5'-TAT ATG AAG AAA GTT ATC TGG 
GTA T-3'; ATG5 siRNA1, 5'-ATT ATT TAA AAA TCT CTC 
ACT GTT G-3'; ATG5 siRNA2, 5'-TAT AAT ATG AAG AAA 
GTT ATC T GGTG-3'; ATG5 siRNA3, 5'-ATC TCA CTG TTC 
ATT ATC AAA GT-3'. Cells were seeded into 6-well plates and 
grown to reach 70% confluence for transfection. Transfection 
was performed with these molecular productions using 
Invitrogen™ Lipofectamine 2000 (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions.

Bioinformatic prediction and luciferase reporter assay. The 
targets of miR-224-3p were obtained from the following 
target prediction programs: PicTar (https://pictar.mdc-berlin 
.de/), miRDB (http://mirdb.org/miRDB/custom.html) and 
TargetScan (http://www.targetscan.org/vert_72/). The frag-
ment of ATG5 containing the target sequence of miR-224-3p 
was amplified by RT-PCR and then inserted into a 
pmirGlO Dual-luciferase miRNA Target Expression Vector 
(Promega, Madison, WI, USA) to form the reporter vector 
ATG5‑wild‑type (ATG5‑WT). Another expressing vector 
was also constructed by the insertion of a mutated binding 
site and was named as ATG5-mutated-type (ATG5-MUT). 
Cells were co‑transfected with ATG5‑WT or ATG5‑MUT 
and miR-224-3p mimic respectively, and the Dual-Luciferase 
Reporter Assay system (Promega) was used for testing the 
luciferase activity.
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Invasion assays. Invasion assays were analyzed using 
Transwell chambers coated with Matrigel (no. PIEP12R48, 
8.0 µm; Millipore, USA). Cells (1x105 in 100 µl serum-free 
medium) were seeded into the top chamber and allowed to 
invade through the filter into the lower chamber containing 
medium with serum. After 24 h, cells on the top of the filter 
were removed while cells on the bottom were fixed in 4% 
paraformaldehyde. After that, the chambers were stained by 
crystal violet at 4˚C for 2 h. The cell numbers were counted and 
images were captured under an inverted microscope (Olympus 
Corp., Tokyo, Japan) at x400 magnification on 5 randomly 
selected fields in each well.

Wound healing assay. Cells (5x105) were seeded into 6-well 
plates and incubated for 24 h to reach 90‑100% confluence. 
Then a sterile pipette tip (1-30 µl) was used to create a straight 
scratch to form a wound. After culturing for another 24 h, cells 
which migrated to the wounded area were visualized under a 
confocal microscope (Nikon A1; Nikon Corp., Tokyo, Japan; 
magnification, x200) at 0 and 24 h. Mitomycin C (10 µg/ml) 
was added to the cell culture medium to inhibit cell replication 
according to a previous report (16). 

Cell viability assay. MTT assay was conducted to detect cell 
viability. Different groups of cells were seeded into 96-well 
plates at the concentration of 5x104 cells/well. After incubating 
with different concentrations of temozolomide (TMZ) for 24 h, 
20 µl of 5 mg/ml MTT solution (Sigma Chemicals; Merck 
KGaA) was added into the medium and incubated for 4 h at 
37˚C in the dark. Then, the entire supernatant was replaced 
with 150 µl of dimethyl sulfoxide (DMSO; Sigma; Merck 
KGaA) to dissolve the formazan crystals for an additional 
30 min at 37˚C. A microplate reader (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA) was used to detect absorbance at 
490 nm of each well.

Cell apoptosis assay. The cells (2x105 per well) were washed 
with phosphate-buffered saline (PBS) twice. Cell apoptosis 
was analyzed after appropriate plasmid transfection using 
staining with Annexin V and PI (BD Bioscience, San Jose, 
CA, USA) according to the manufacturer's instructions. After 
incubation for 15 min at room temperature in the dark, the cells 
were analyzed by using flow cytometry. Annexin V‑positive 
and PI-negative/positive staining cells represented apoptotic 
cells. 

In vivo animal study. All animal experiments were performed 
in accordance with the NIH Guide for the Care and Use of 
Laboratory Animals and were approved by the Medical 
Ethics Committee of Xi'an Jiaotong University. A total of 
20 BALB/c nude mice (male, 4-weeks old) were obtained 
from the Animal Center of Xi'an Jiaotong University and 
housed in a controlled environment at 25±3˚C, humidity 60%, 
in a 12-h light/dark cycle with free access to food and water. 
LN229 cells (2x105) transfected with miR-224-3p mimic lenti-
virus (LV-miR-224-3p mimic) or negative control lentivirus 
(LV-mimic NC) or untreated LN229 cells were subcutaneously 
injected into the flank area of mice to form tumors. The mice 
were divided into 4 groups with 5 in each group: control group, 
mice injected with LN229 cells without TMZ treatment; TMZ 

group, mice injected with LN229 cells and received TMZ 
treatment by oral gavage (100 µM daily for 5 days per week 
for three cycles); TMZ+LV-mimic NC group, mice injected 
with LV-mimic NC transfected LN229 cells and received 
TMZ treatment; TMZ+LV-miR-224-3p mimic group, mice 
injected with LV-miR-224-3p mimic transfected LN229 cells 
and received TMZ treatment. Tumor volume and tumor weight 
were measured every 5 days post injection. Tumor volume (V) 
was calculated as follows: V (mm3) = length x width2/2. After 
25 days post-injection, rats were euthanized by intraperitoneal 
injection of pentobarbital sodium (200 mg/kg body weight). 
Tumors were collected for the following experiments.

Immunohistochemistry. Immunohistochemical staining of 
nude mouse xenograft tumor tissues was performed with 
antibodies against VEGF (dilution 1:1,600; cat. no. 9698; Cell 
Signaling Technology) as previously described (17). 

TUNEL assay. TUNEL assay was performed using Colori-
metric TUNEL Apoptosis assay kit (Beyotime Institute of 
Biotechnology, Jiangsu, China) according to the manufac-
turer's instructions. Tumor sections were incubated with 3% 
H2O2 and then the TUNEL reaction mixture. The sections 
were rinsed and visualized using DAB. Hematoxylin was used 
for counter-staining. The numbers of TUNEL-positive cells 
from 6 random fields were counted under light microscopy 
Olympus Corp.) at x400 magnification. The cell apoptosis rate 
was calculated as the percent of TUNEL-positive cells relative 
to the total cells.

Statistical analysis. All experiments were performed in 
triplicate and the results in our present study are presented 
as mean ± standard deviation (SD). Statistical differences 
between experimental groups were analyzed with the SPSS 
version 20.0 (IBM Corp., Armonk, NY, USA) by utilizing 
one-way or two-way ANOVA followed by Bonferroni's post 
hoc test. A P-value <0.05 was considered to be statistically 
significant.

Results

Effect of hypoxia on the expression of HIF‑1α and miR‑224‑3p. 
Firstly, we measured the expression of HIF-1α and miR-224-3p 
in LN229 and U-251MG cells under a hypoxic condition. The 
results showed that the expression of HIF-1α was increased 
in LN229 and U-251MG cells under hypoxia. The longer 
the duration of hypoxia, the higher the expression of HIF-1α 
(Fig. 1A and B, P<0.05 at 6 and 12 h, P<0.01 at 24 h). On 
the contrary, the expression of miR-224-3p was decreased 
under hypoxia condition in a time-dependent manner (Fig. 1C, 
P<0.05, P<0.01 at 12 and 24 h, respectively). Then, three 
different siRNA sequences were synthesized and transfected 
into LN229 and U‑251MG cells. The highest knockout effi-
ciency was detected by HIF-1α siRNA2 treatment in both 
LN229 and U-251MG cells (Fig. 1D, P<0.01). Thus, HIF-1α 
siRNA2 was selected for the following experiments. The trans-
fection efficiency was further measured through western blot 
analysis (Fig. 1E, P<0.01). Moreover, we observed that knock-
down of HIF-1α had no significant effect on the expression of 
miR-224-3p under a hypoxic condition (Fig. 1F). In addition, 
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the number of invasive cells was significantly decreased in 
the HIF-1α-knockout cells with increased chemosensitivity 
(Fig. 1G and H, P<0.05, P<0.01). These results indicated 
that HIF-1α influenced cell motility and chemosensitivity by 
negatively regulating the expression of miR-224-3p under a 
hypoxic condition.

Hypoxia induces autophagy in LN229 and U‑251MG cells. 
Hypoxia was reported to induce autophagy of tumor cells. 
Here we detected the expression of autophagy-related proteins 
ATG5, LC3 I/II, p62 and found that the expression of these 
proteins in LN229 and U-251MG cells was significantly 
upregulated under hypoxia in a time-dependent manner. 
In addition, decreased level of autophagy substrate, p62, 
was observed in LN229 and U-251MG cells under hypoxia 
(Fig. 2A and B, P<0.05, P<0.01). Our data suggested that 
hypoxia induced autophagy in LN229 and U-251MG cells.

ATG5 is a target of miR‑224‑3p. Putative miR-224-3p 
targets were predicted through bioinformatic analysis and 
the results indicated that ATG5 was one of the potential 
targets of miR-224-3p (Fig. 3A). miR-224-3p mimic/inhibitor 
was transfected into LN229 cells to increase/decrease the 
expression of miR-224-3p (Fig. 3B, P<0.01). Overexpression 

of miR-224-3p significantly suppressed the expression of 
ATG5, while miR-224-3p inhibitor elevated the level of ATG5 
(Fig. 3C and D, P<0.01). Results from the luciferase reporter 
assay showed that overexpression of miR‑224‑3p significantly 
inhibited luciferase activity in the wild-type ATG5 3'UTRs 
but not in the mutated 3'UTR plasmids (Fig. 3E, P<0.01), 
demonstrating the specificity of the miR‑224‑3p binding sites 
in 3'UTR of ATG5. These results demonstrated that ATG5 is a 
target of miR-224-3p.

ATG5 siRNA inhibits cell metastasis and increases 
chemosensitivity of LN229 cells under a hypoxic condition. 
To explore the regulating role of ATG5 in tumor progression 
of glioblastoma under hypoxia, three types of siRNAs were 
transfected into LN229 cells. ATG5 siRNA1 with the most 
effective inhibitory effect was selected to decrease the expres-
sion of ATG5 under a hypoxic condition (Fig. 4A and B, 
P<0.01). Knockdown of ATG5 inhibited cell invasion ability 
and migration ability of LN229 cells under hypoxia compared 
with the hypoxia (24 h)+siRNA NC group (Fig. 4C and D, 
P<0.01, P<0.001). In addition, the half maximal inhibitory 
concentration (IC50) values of TMZ were approximately 
20 and 50 µM in the hypoxia (24 h)+ATG5 siRNA group and 
hypoxia (24 h)+siRNA NC group, respectively, suggesting that 

Figure 1. Effect of hypoxia on the expression of HIF-1α and miR-224-3p. (A) The expression level of HIF-1α in LN229 and U-251MG cells was detected 
by western blot analysis under a hypoxic condition for 6, 12 and 24 h. (B) Relative expression of HIF-1α in LN229 cells and U-251MG cells was analyzed 
and shown as a bar graph. (C) Relative level of miR-224-3p was detected by qRT-PCR in LN229 and U-251MG cells. *P<0.05, **P<0.01 compared with the 
normoxia group. (D) Three types of siRNAs specific for HIF‑1α were transfected into LN229 and U-251MG cells, respectively. The mRNA expression level 
of HIF-1α was measured by qRT-PCR. (E) HIF-1α siRNA or siRNA NC transfected cells were cultured in a hypoxic condition. Relative expression of HIF-1α 
was detected through western blot analysis. (F) Relative expression of miR-224-3p was detected by qRT-PCR in LN229 and U-251MG cells. (G) The number 
of invasive LN229 and U-251MG cells was detected by Transwell assay. (H) The cell viability of LN229 and U-251MG cells was measured by MTT assay 
at different concentrations of TMZ. All data are represented as the mean ± SD from three independent experiments. *P<0.05, **P<0.01 vs. the control group.
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ATG5 siRNA increased the chemosensitivity of LN229 cells 
under a hypoxic condition (Fig. 4E, P<0.05). Moreover, ATG5 

siRNA increased cell apoptosis rates of TMZ-treated LN229 
cells under a hypoxic condition (Fig. 4F, P<0.05). The above 

Figure 2. Hypoxia induced autophagy in LN229 and U-251MG cells. Cells were cultured in a normoxic or hypoxic condition for different times (6, 12, 24 h). 
(A) Relative expression of ATG5, LC3 I/II and p62 was detected through western blot analysis in LN229 cells. (B) Relative expression of ATG5, LC3 I/II 
and p62 was measured by western blot analysis in U-251MG cells. All data are represented as the mean ± SD from three independent experiments. *P<0.05, 
**P<0.01 compared with the normoxia group.

Figure 3. ATG5 is a target of miR-224-3p. LN229 cells were transfected with miR-224-3p mimic, inhibitor or mimic NC, respectively. (A) Target sequences of 
miR-224-3p in ATG5 mRNA were analyzed through bioinformatics. (B) Relative expression of miR-224-3p was detected through RT-qPCR. (C and D) Relative 
expression of ATG5 was detected through western blot analysis. **P<0.01 vs. the Control group. (E) The interaction between ATG5 and miR-224-3p was 
confirmed by luciferase reporter assay (**P<0.01 compared with the ATG5 WT group). All data are represented as the mean ± SD from three independent 
experiments. 
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Figure 4. ATG5 siRNA inhibits cell metastasis and increases chemosensitivity of LN229 cells under a hypoxic condition. (A) Three types of siRNAs specific 
for ATG5 were transfected into LN229 cells. The mRNA expression level of ATG5 was measured by qRT-PCR. *P<0.05, **P<0.01 vs. the control group. 
(B) Relative expression of ATG5 was detected by western blot analysis. (C) The number of invasive cells was measured through Transwell assay. (D) Cell 
migration ability was measured through wound healing assay. (E) Cell viability was measured by MTT assay at different concentrations of TMZ. (F) Cell 
apoptosis rate was measured through flow cytometry analysis. All data are represented as the mean ± SD from three independent experiments. **P<0.01, 
***P<0.001 compared with the hypoxia 24 h group; #P<0.05 compared with the hypoxia+TMZ+siRNA NC group.
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results indicated that ATG5 siRNA inhibited cell metastasis 
and increased chemosensitivity of LN229 cells under a 
hypoxic condition.

miR‑224‑3p mimic inhibits cell metastasis and increases 
chemosensitivity of LN229 cells under a hypoxic condition 
by suppressing autophagy. We then set to explore the role of 
miR-224-3p in tumor progression under hypoxia. Our data 
showed that the miR‑224‑3p mimic significantly suppressed 
the invasion and migration abilities of the LN229 cells 
under hypoxia. However, treatment with Rapa, an autophagy 
activator significantly counteracted the inhibitory role of 
the miR-224-3p mimic on cell metastasis of LN229 cells 
(Fig. 5A and B, P<0.01 for invasion; P<0.05, for wound closure). 
In addition, the IC50 values of TMZ were approximately 28 and 
50 µM in the hypoxia (24 h)+miR-224-3p mimic group and 
hypoxia (24 h)+mimic NC group, respectively. miR-224-3p 
mimic increased the cell apoptosis rates of the TMZ-treated 
LN229 cells under hypoxia. The above results showed that 
miR-224-3p increased the chemosensitivity of LN229 cells 
under a hypoxic condition. However, Rapa treatment increased 
the IC50 values of TMZ while suppressing the cell apoptosis 
rate of the TMZ-treated LN229 cells under hypoxia compared 

with the hypoxia+miR-224-3p mimic group, indicating that 
activation of autophagy abolished the promoting role of 
miR-224-3p mimic on the chemosensitivity of LN229 cells 
under hypoxia (Fig. 5C and D, P<0.05, for both cell viability 
and apoptosis). These results elucidated that the miR-224-3p 
mimic inhibited cell metastasis and increased the chemosensi-
tivity of LN229 cells under a hypoxic condition by suppressing 
autophagy.

miR‑224‑3p mimic enhances chemosensitivity of LN229 cells 
in vivo. A mouse xenograft model was constructed for our 
in vivo experiments. We found that tumor volume and tumor 
weight were both lower in the TMZ+LV-miR-224-3p mimic 
group compared with that in the TMZ+LV-mimic NC group, 
suggesting that the miR-224-3p mimic enhanced the chemo-
sensitivity of LN229 cells to TMZ in vivo (Fig. 6A and B, 
P<0.05). Relative expression of HIF-1α and ATG5 were 
both down-regulated in the TMZ+LV-miR-224-3p mimic 
group compared with that noted in the TMZ+LV-mimic NC 
group (Fig. 6C, P<0.05). In addition, the miR-224-3p mimic 
suppressed the expression of VEGF with increased cell 
apoptosis rate compared with the TMZ+LV-mimic NC group 
(Fig. 6D and E, P<0.05). Taken together, our data indicated that 

Figure 5. miR-224-3p mimic inhibits cell metastasis and increases chemosensitivity of LN229 cells under a hypoxic condition by suppressing autophagy. 
miR-224-3p mimic or mimic NC transfected LN229 cells were cultured in hypoxia condition for 24 h and received TMZ treatment with or without Rapa 
treatment. (A) Cell invasion ability was measured through Transwell assay. (B) Cell migration ability was measured through wound healing assay. (C) Cell 
viability was measured by MTT assay. (D) Cell apoptosis rate was measured through Hoechst 33258 staining analysis. All data are represented as the 
mean ± SD from three independent experiments. *P<0.05, **P<0.01 compared with the hypoxia 24 h+mimic NC group; #P<0.05, ##P<0.01 compared with the 
hypoxia+miR-224-3p mimic group.
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the HIF-1α/miR-224-3p/ATG5 axis regulated chemosensitivity 
of LN229 cells in vivo. 

Discussion

Autophagy is a common cellular process that eliminates 
intracellular damaged organelles through the lysosomal 
pathway to sustain cell viability (18,19). Previous studies have 

reported that autophagy can induce resistance to radiotherapy 
or chemotherapy in various types of cancers, including 
breast, ovarian, head and neck cancers (20-23). Hypoxia, a 
well-known inducer of autophagy, is often observed in solid 
tumors due to inadequate blood supply, especially in rapid 
growing tumors such as glioblastoma (24,25). Recently, the 
regulating roles of miRNAs in hypoxia-induced autophagy 
have attracted attention. In our present study, we identified 

Figure 6. miR-224-3p mimic enhances the chemosensitivity of LN229 cells in vivo. LN229 cells transfected with miR-224-3p mimic lentivirus (LV-miR-224-3p 
mimic) or negative control lentivirus (LV‑mimic NC) or untreated LN229 cells were subcutaneously injected into the flank area of mice to form tumors. 
TMZ was used to treat mice in these group apart from the control group. (A) Tumor volume was measured every 5 days. (B) Tumor weight was calculated. 
(C) Relative expression of HIF-1α and ATG5 was detected through western blot analysis. (D) Relative expression of VEGF was measured through immunohis-
tochemistry (scale bar, 20 µm). (E) Apoptosis index was measured by TUNEL assay (scale bar, 20 µm). All data are represented as the mean ± SD from three 
independent experiments. #P<0.05 compared with the TMZ+LV-mimic NC group.
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hypoxia-mediated downregulation of miR-224-3p as a novel 
inhibitor of hypoxia-induced autophagy in glioblastoma and 
astrocytoma. The HIF-1α/miR-224-3p/ATG5 axis affected 
cell mobility and chemosensitivity in glioblastoma and 
astrocytoma by regulating hypoxia-induced autophagy both 
in vitro and in vivo.

Hypoxia induced the expression of HIF-1α, which plays 
a crucial role in various cellular processes during hypoxia. 
HIF-1α can induce cell cycle arrest (26), increase angiogen-
esis (27) and influence cell metabolism (28). Previous research 
reported that HIF-1α can regulate transcription of multiple 
miRNAs in hypoxia (29). The study by Silakit et al indicated 
that miR-210 acted as downstream of HIF-1α and was upregu-
lated in various cancer cells under hypoxia condition (30). 
The research by Guo et al demonstrated that miR-224-3p 
was one of the downregulated miRNAs in glioblastoma cells 
under hypoxia (31). Similarly, in the present study, we found 
that the expression of HIF-1α was upregulated while the 
expression of miR-224-3p was downregulated under hypoxia 
in a time-dependent manner. Knockdown of HIF-1α signifi-
cantly increased the expression of miR-224-3p, indicating 
that miR-224-3p acted as a downstream miRNA of HIF-1α 
under hypoxia. Moreover, we also demonstrated that hypoxia 
increased the relative expression of ATG5, LC3 II/I with 
decreased level of p62 which were correlated with autophagy 
in a time-dependent manner, suggesting that hypoxia induced 
autophagy in glioblastoma and astrocytoma cells. However, the 
role of the downregulation of miR-224-3p in hypoxia-induced 
autophagy warrants further investigation.

miRNAs can bind to their target genes and participate in 
multiple pathophysiologic processes by regulating their target 
gene expression (32). Through bioinformatic prediction and 
luciferase reporter assay, we confirmed that ATG5 was a target 
of miR-224-3p in our study. Overexpression of miR-224-3p 
significantly reduced the protein expression of ATG5, suggesting 
that the miR-224-3p mimic inhibits hypoxia-induced autophagy 
by suppressing ATG5 expression in glioblastoma.

ATG5 is a crucial molecular machinery component 
involved in autophagosome formation (33). Extensive research 
has demonstrated that ATG5 is a target of different miRNAs 
to adjust autophagy. For instance, miR-181a was reported to 
inhibit autophagy of cancer cells through targeting ATG5 (34). 
miR-216b was also found to attenuate autophagy in melanoma 
by targeting ATG5 (35). Moreover, up regulation of ATG5 
was correlated with tumorigenesis of prostate cancer (36). In 
agreement with previous studies, we found that knockdown 
of ATG5 expression in transfected LN229 cells with ATG5 
siRNA remarkably suppressed the invasive and migration 
abilities of LN229 cells under a hypoxic condition. In addi-
tion, knockdown of ATG5 increased the chemosensitivity 
of LN229 cells to TMZ and promoted cell apoptosis under 
TMZ treatment. These results demonstrated that knockdown 
of ATG5 suppressed cell mobility and chemoresistance of 
glioblastoma cells.

According to our results, knockdown of ATG5 suppressed 
cell mobility and chemoresistance of glioblastoma cells. The 
expression of ATG5 was inhibited by the miR-224-3p mimic; 
thus, we hypothesized that the miR-224-3p mimic inhibited 
cell mobility and chemoresistance of glioblastoma cells via 
suppressing ATG5-mediated autophagy under hypoxia. To 

verify our hypothesis, miR-224-3p was transfected into LN229 
cells. Our data showed that overexpression of miR-224-3p 
inhibited cell mobility while increased chemosensitivity of 
glioblastoma cells under hypoxia. However, activation of 
autophagy was able to counteract these effects of miR-224-3p. 
In summary, our in vitro experiments elucidated that the 
HIF-1α/miR-224-3p/ATG5 axis affects cell mobility and 
chemosensitivity by regulating hypoxia-induced autophagy in 
glioblastoma cells.

Having elucidated the regulatory role of the HIF-1α/miR- 
224-3p/ATG5 axis in cell mobility and chemosensitivity 
in vitro, we then explored the effects of this axis using in vivo 
experiments. Previous research showed that overexpression of 
miR-224-3p suppressed tumor growth in a mouse xenograft 
model (31). Similarly, we observed that tumor volume and 
tumor weight were both smaller in the TMZ+LV-miR-224-3p 
mimic group, suggesting that the miR-224-3p mimic enhanced 
chemosensitivity of the LN229 cells to TMZ in vivo. In addition, 
the miR-224-3p mimic decreased HIF-1α, ATG5 and VEGF 
expression while promoting apoptosis of tumor cells under 
TMZ treatment, suggesting that the HIF-1α/miR-224-3p/ATG5 
axis regulated chemosensitivity of LN229 cells in vivo. 

Taken together, we identified miR‑224‑3p as a novel inhib-
itor of hypoxia-induced autophagy by directly targeting ATG5 
in glioblastoma and astrocytoma cells. HIF-1α influenced 
cell motility and chemosensitivity by negatively regulating 
the expression of miR-224-3p under hypoxia. Additionally, 
overexpression of miR-224-3p inhibited cell mobility and 
chemoresistance of glioblastoma cells via suppressing ATG5 
mediated autophagy under hypoxia. Therefore, miR-224-3p 
could be a novel target against hypoxia-induced autophagy in 
glioblastoma and astrocytoma.
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