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Background: Glioma is the most aggressive human brain tumor. Recent studies revealed 
that microRNAs play vital roles in glioma. However, the function of microRNA-525-5p 
(miR-525-5p) in glioma remains unclear.
Methods: qRT-PCR and Western blotting were used to evaluate mRNA and protein levels in 
glioma tissues and cells. Colony formation, CCK-8, and Edu assays evaluated the growth of 
glioma cells. Wound-healing, transwell, and 3D invasion assays examined the migration and 
invasion activities of glioma cells. Luciferase reporter assays assessed the regulatory relation-
ship interaction between miR-525-5p and Stat-1. A mouse xenograft model was used to 
examine the effect of miR-525-5p on glioma in vivo.
Results: miR-525-5p expression was downregulated in glioma tissues and cells. 
Overexpressing miR-525-5p decreased the growth of glioma cells and reduced the migration, 
invasion, and epithelial–mesenchymal transition of glioma cells. Bioinformatics analysis 
identified Stat-1 as a potential target of miR-525-5p, and dual luciferase reporter assays 
revealed that miR-525-5p negatively regulates Stat-1. Decreased Stat-1 led to the inhibition 
of FOXM1, affecting NF-κB signaling activity. Overexpressing miR-525-5p reduced tumor 
development in vivo.
Conclusion: miR-525-5p negatively regulates cell proliferation, migration, invasion, and 
epithelial–mesenchymal transition in glioma, and Stat 1 is a target of miR-525-5p. miR-525- 
5p may be a potential target for glioma treatment.
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Introduction
Glioma is the most aggressive human brain tumor, with high morbidity and 
mortality rates.1,2 Despite advances in the treatments for glioma, the prognosis is 
still poor.3 Therefore, it is vital to understand the mechanisms of the development 
of glioma, and to develop more effective therapeutic strategies.

MicroRNAs (miRNAs) are small noncoding RNAs 18 to 24 nucleotides in length 
that specifically bind to the 3′-untranslated region (3′- UTR) of target mRNAs.4–6 

miRNAs regulate gene expression through post-transcriptional degradation of mRNA 
to degradation or by otherwise leading mRNA to degradation.7,8 Aberrant expression 
of miRNAs is associated with different kinds of tumors, including glioma.9,10

Stat-1 promotes growth of tumor cells.11 Activation of Stat family can promote 
tumor invasion, angiogenesis, survival and proliferation.12–14 A previous study 
reported that Stat-1 induced poor survival in glioblastoma.15 Furthermore, inhibi-
tion of Stat-1 induced a mesenchymal phenotype and angiogenic factors above 
basal levels.16
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Here, we showed that microRNA-525-5p (miR-525- 
5p) expression was decreased in glioma cells and tissues. 
We found that miR-525-5p plays a vital role in regulating 
the proliferation, migration, invasion, and EMT of glioma 
cells via targeting Stat-1. Furthermore, decreasing Stat-1 
led to the inhibition of FOXM1, thus affecting NF-κB 
signaling activity. These findings indicate that miR-525- 
5p could be a promising therapeutic target for glioma.

Materials and Methods
Glioma Cells and Tissues
Glioma cell lines (U87, A172, U251 and T98) were pur-
chased from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). Normal human astrocytes 
(NHAs) were purchased from Lonza (Walkersville, MD, 
USA). Cells were maintained in Dulbecco’s Modified 
Eagle Medium (DMEM) or 1640 medium supplemented 
with 10% FBS (Invitrogen) in a humidified 37 °C incuba-
tor with 5% CO2.

A total of 26 nontumorous brain tissues (NBTs, 
obtained from the cortex of decompressive surgery 
patients with brain trauma or hypertensive intracerebral 
hemorrhage) and glioma tissues were obtained from the 
Department of Neurosurgery, Huai’an Hospital Affiliated 
to Xuzhou Medical University, Second People’s Hospital 
of Huai’an City. Of the 26 samples, 5 were NBTs, 9 
were low-grade glioma (LGG) samples (grade II) and 12 
were high-grade glioma (HGG) samples (grade III and 
IV). All patients were informed of the purpose of this 
study and signed written informed consent. This study 
was approved by the Ethics Committee of Xuzhou 
Medical University. miRNA expression data were 
obtained from the CGGA database (http://www.cgga. 
org.cn/portal.php), and gene expression data were 
obtained from the TCGA database (http://tcga-data.nci. 
nih.gov).

qRT-PCR
qRT-PCR was performed as previously described.17

Lentivirus and Cell Transfection
T98 and U251 cells were infected with lentiviruses carry-
ing miR-525-5p or control, which were obtained from 
Genepharma (Shanghai, China). To overexpress Stat-1, 
T98 and U251 cells were transfected with Stat 1 over- 
expressing recombinant vector (GenePharma). After 48 h, 
cells were used for functional and mechanism assays.

Cell Growth Assays
Colony formation, CCK-8, and 5-ethynyl-2′-deoxyuridine 
(Edu) assays were performed as described previously.18

Flow Cytometry
Glioma cells were harvested, fixed with 70% alcohol and 
stored at −20 °C for several days. Cells were washed with 
PBS, treated with 50 mg/mL of propidium iodide and 
analyzed by flow cytometry.

Migration and Invasion Assays
For migration assays, infected cells were seeded in 6-well 
plates. A linear scratch was created in the cell monolayer 
using a pipette tip and then plates were cultured in an 
incubator. The cells were photographed under 
a microscope at 0 h and 48 h.

For invasion assays, cells were seeded in the upper 
chambers of Transwell plates pre-coated with 10 μg of 
Matrigel diluted with serum-free DMEM medium; med-
ium with 10% FBS was added to the lower chambers. 
After incubation for 36 h, cells were fixed with 4% for-
maldehyde, stained with 1% crystal violet and photo-
graphed using a microscope (200×).

3D invasion assay was performed as described 
previously.19

Luciferase Reporter Assay
The regulatory effects of miR-525-5p on Stat-1 were 
investigated by luciferase reporter assays. Wild-type and 
mutant 3′-UTR sequences of Stat-1 were cloned into the 
pGL-3M recombinant plasmid. U251 and T98 cells over-
expressing miR-525-5p or control were transfected with 
the luciferase reporters using Lipofectamine 3000. 
A plasmid expressing Renilla luciferase was co- 
transfected for normalization.

Subcutaneous Xenografts Models
Male nude mice were purchased from Beijing Vital River 
Laboratory Animal Technology. Fourteen mice were ran-
domly assigned into two groups. U251 cells overexpressing 
miR-525-5p or control were harvested and resuspended in 
PBS. Cells (1×106) were then inoculated into nude mice. 
Tumor growth was monitored and tumor volume was calcu-
lated using the formula: V = 0.5×length×width2. At 30 days 
after injection, the mice were sacrificed and the tumors were 
harvested. The study has been approved by the Ethics 
Committee of Huai’an Hospital Affiliated to Xuzhou 
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Medical University, Second People’s Hospital of Huai’an 
City, and is based on the National Institutes of Health’s 
Guide to the Care and Use of Laboratory Animals.

Western Blotting Assay
Western blot analysis was performed as described pre-
viously. Primary antibodies against cyclin D1 (ab40754), 
CDK2 (ab32147), CDK2 (ab108357), Stat1 (ab30645), 
Fibronectin (ab2413, Abcam); p65 (#8242), p-p65 
(#3033), E-cadherin (#3195), FOXM1 (#5436), 
N-cadherin (#13116), Vimentin (#5741, Cell Signaling 
Technology), and actin (Bethyl Laboratories) were used 
for Western blotting analysis.

Statistical Analysis
All experiments were performed at least three times. 
Statistical analyses were performed with GraphPad 
Prism 5. The results are expressed as mean ± SD. 
Statistical differences were analyzed by Student’s t-test 
or χ2 test. P<0.05 was considered to indicate statistical 
significance.

Results
MiR-525-5p Expression is Decreased in 
Glioma Cells and Tissues
We first analyzed the expression of miR-525-5p in the 
CGGA database. We found that miR-525-5p expression 
level was higher in LGGs compared with that in HGGs 
(Figure 1A). We next detected miR-525-5p expression in 
26 samples (5 NBTs, 9 LGGs, and 12 HGGs) via qRT- 
PCR. miR-525-5p level was decreased in LGGs and 
HGGs compared with NBTs (Figure 1B). The level of 
miR-525-5p was markedly decreased to 56.6% in LGGs 
and 18.9% in HGGs compared with levels in NBTs. We 
then investigated miR-525-5p expression in glioma cell 
lines (U87, A172, U251, and T98) and NHAs. miR-525- 

5p expression was decreased in glioma cells compared 
with NHAs: miR-525-5p level was decreased to 60.6% 
in U87 cells, 59.0% in A172 cells, 37.3% in U251 cells, 
and 32.0% in T98 cells (Figure 1C).

Overexpressing miR-525-5p Decreases 
the Growth of Glioma Cells
We transfected miR-525-5p or the negative control into 
U251 and T98 glioma cells and confirmed miR-525-5p 
expression in the cell lines by qRT-PCR (Figure 2A). To 
determine the effect of miR-525-5p on the growth of 
glioma cells, we performed colony formation, CCK8, 
and Edu assays. Colony formation assays indicated that 
overexpressing miR-525-5p decreased the proliferation 
of U251 and T98 cells compared with controls (Figure 
2B and C). CCK8 assay showed that overexpressing 
miR-525-5p inhibited the growth of both U251 and 
T98 cells (Figure 2D). EdU revealed similar results 
(Figure 2E).

We further found that overexpressing miR-525-5p 
induced cell cycle arrest in glioma cells at G1 (Figure 
2F and G). The altered expressions of cell cycle-related 
proteins CDK2, CDK4 and cyclin D1 were consistent 
with this result (Figure 2H). These results indicate 
that overexpression of miR-525-5p decreases the pro-
liferation of glioma cells and inducing a G1 cell cycle 
arrest.

Overexpressing miR-525-5p Reduces 
EMT in Glioma Cells
We next examined the effects of miR-525-5p on EMT. The 
levels of mesenchymal markers vimentin, fibronectin, and 
N-cadherin were downregulated, while E-cadherin levels 
were upregulated in U251 and T98 cells overexpressing 
miR-525-5p (Figure 3A). Wound healing assays demon-
strated that overexpressing miR-525-5p reduced the 

Figure 1 miR-525-5p is downregulated in glioma tissues and cells. (A) CGGA database showing reduced miR-525-5p expression in LGGs and HGGs. (B) The expression of 
miR-525-5p in clinical samples (NBTs: 5, LGGs: 9, and HGGs: 12). *P < 0.05. (C) qRT-PCR analysis of miR-525-5p expression in NHAs and glioma cell lines U87, A172, U251, 
and T98. Data were expressed as the mean ± SEM from three independent experiments. *P < 0.05.
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Figure 2 Overexpressing miR-525-5p inhibits glioma cell proliferation and induces cell cycle arrest. (A) The mRNA expression level of miR-525-5p in U251 and T98 cells 
was analyzed by qRT-PCR after transfection. *P < 0.05. (B and C) Cell viability of miR-525-5p was evaluated using the colony formation assay. Data were expressed as the 
mean ± SEM from three independent experiments. *P < 0.05. (D) Overexpressing miR-525-5p inhibited cell proliferation detected by CCK8 assay. Data were expressed as 
the mean ± SEM from three independent experiments. *P < 0.05. (E) Overexpressing miR-525-5p on the growth of U251 and T98 cells was examined by EdU assay (original 
magnification 200 X). Data were expressed as the mean ± SEM from three independent experiments. *P < 0.05. (F and G) Effect of miR-525-5p on cell cycle distribution in 
U251 and T98 cells. Data were expressed as the mean ± SEM from three independent experiments. *P < 0.05. (H) Western blot analysis of CDK2, CDK4, and cyclin D1 
protein levels in U251 and T98 cells after overexpressing miR-525-5p and miR-NC. β-Actin was used as control.
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migration ability of glioma cells (Figure 3B–D). 
Furthermore, transwell and 3D-invasion assays showed 
that overexpressing miR-525-5p reduced the invasion 

ability of glioma cells (Figure 3E–G). Together these 
results indicate that overexpression of miR-525-5p reduces 
EMT, migration, and invasion in glioma cells.

Figure 3 miR-525-5p decreased glioma migration, invasion, and EMT. (A) EMT-associated proteins in indicated glioma cells were determined by Western blotting. β-Actin 
was used as the loading control. (B–D) Wound-healing assay of the migration ability of overexpressing miR-525-5p or miR-NC glioma cells. Data were expressed as the 
mean ± SEM from three independent experiments. *P < 0.05. (E and F) Transwell invasion assay of the invasive ability of the of overexpressing miR-525-5p or miR-NC 
glioma cells. Data were expressed as the mean ± SEM from three independent experiments. *P < 0.05. (G) 3D invasion assay of the invasion ability of overexpressing miR- 
525-5p or miR-NC glioma cells.
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Stat 1 is a Direct Target of miR-525-5p
To search for the molecular mechanism underlying the 
inhibitory effect of miR-525-5p on proliferation, migra-
tion, invasion, and EMT in glioma, we used TargetScan 
and miRanda algorithms to identify potential targets of 
miR-525-5p.20,21 Bioinformatics analysis identified bind-
ing sites for miR-525-5p in Stat 1 mRNA (Figure 4A). 
Luciferase reporter assay was used to examine the effect of 
miR-525-5p on Stat-1. Decreased luciferase activity of 
reporter vector containing the wild-type 3′-UTR of Stat-1 
was observed after transfection with miR-525-5p, whereas 
no effects were observed with the mutant 3′-UTR reporter 
vector in which the putative miR-525-5p binding sites 
were mutated (Figure 4B). We further found that miR- 
525-5p downregulated the mRNA and protein levels of 
Stat-1 (Figure 4C and D). Reduction of Stat-1 led to the 
inhibition of FOXM1, affecting NF-κB signaling activity 
(Figure 4D). Pearson’s correlation analysis showed 
a negative correlation between miR-525-5p and Stat-1 in 
glioma (Figure 4E).

Stat 1 Attenuates the Effects of miR-525- 
5p on Glioma Cell Proliferation, 
Migration, Invasion, and EMT
We co-overexpressed Stat-1 together with miR-525-5p 
in U251 and T98 cells and confirmed that co- 
overexpressing Stat-1 restored the miR-525-5p- 
mediated effects on Stat-1 protein levels in U251 and 
T98 cells (Figure 5A). Cell proliferation, migration, and 
invasion assays showed that co-overexpressing Stat-1 
attenuated the inhibitory effects of miR-525-5p on 
glioma proliferation, migration, and invasion (Figure 
5B–H). These results indicated that Stat-1 is 
a functional target of miR-525-5p in glioma.

miR-525-5p Exhibits a Tumor Suppressor 
Role in vivo
We next explored the function of miR-525-5p in glioma 
development in vivo using subcutaneous xenografts. Nude 
mice were inoculated with U251 cells overexpressing 

Figure 4 Stat-1 is direct target of miR-525-5p in glioma. (A) The miR-525- 5p binding sites in the 3ʹUTR of Stat-1 with the wild type (WT) and mutated (Mut) sequences. (B) 
Overexpressing miR-525-5p or miR-NC U251 and T98 cells were transfected with luciferase reporter constructs containing either pGL3- Stat-1-3ʹ-UTR-WT or pGL3- Stat 1–3ʹ- 
UTR-Mut. Data were expressed as the mean ± SEM from three independent experiments. *P < 0.05. (C) Stat-1 mRNA levels in Overexpressing miR-525-5p or miR-NC U251 and 
T98 cells. Data were expressed as the mean ± SEM from three independent experiments. *P < 0.05. (D) Stat-1, FOXM1, p65, and p-p65 protein levels in overexpressing miR-525-5p 
or miR-NC U251 and T98 cells. (E) Pearson’s correlation analysis of the relative expression levels of miR-525-5p and the relative Stat-1 mRNA levels in glioma.
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control miRNA or miR-525-5p. Mice injected with cells 
overexpressing miR-525-5p showed inhibited tumor 
growth in vivo compared with controls (Figure 6A–C). 
We also observed downregulated protein levels of Stat-1, 
FOXM1, and p-p65 in tumors derived from miR-525-5p- 
overexpressing cells (Figure 6D), which is consistent with 
the in vitro results. Taken together, our results suggest that 
miR-525-5p inhibits the development of glioma both 
in vitro and in vivo.

Discussion
miRNAs play important roles in the development of can-
cers, including glioma, and can function as tumor suppres-
sors or oncogenes by regulating the target genes.22,23 

Therefore, miRNAs may be potential diagnostic and ther-
apeutic targets in glioma.24

Dysregulated miRNAs are important for the pathology 
of glioma.25,26 Here, we found that miR-525-5p was 
downregulated in both glioma tissues and human glioma 
cells. We observed a significant decrease of glioma cell 
growth when miR-525-5p was overexpressed, and over-
expressing miR-525-5p induced cell cycle arrest in G1. We 
further showed that miR-525-5p promoted EMT, migra-
tion, and invasion of glioma cells. Additionally, we con-
firmed a tumor inhibitory role of miR-525-5p in 
a xenograft tumor model.

Stat-1 closely involved in several biological functions, 
including cell proliferation, differentiation, migration, inva-
sion, and apoptosis.27 Previous studies have reported that 

Figure 5 Stat-1 reintroduction reverses the inhibitory effect of miR-525-5p. (A) Western blot analysis of Stat-1, FOXM1, and p-p65 protein levels in overexpressing miR- 
525-5p or miR-NC U251 and T98 cells. (B and C) Effect of Stat-1 reintroduction on overexpressing miR-525-5p or miR-NC U251 and T98 cells growth rates as measured 
by CCK-8 assay. Data were expressed as the mean ± SEM from three independent experiments. *, #P < 0.05. (D–H) Effect of Stat 1 reintroduction on overexpressing miR- 
525-5p or miR-NC U251 and T98 cells invasion and migration ability as determined by wound-healing transwell assays. Data were expressed as the mean ± SEM from three 
independent experiments. *, #P < 0.05.
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Stat-1 is upregulated in different types of tumors, including 
glioma.28–30 Stat-1 is regulated by IGFBP-3 and is a predictor 
for poor survival in glioblastoma.31 Moreover, Stat-1 is down-
regulated in gastric cancer tissue and involved in cell 
metastasis.32 We investigated the mechanisms underlying the 
inhibitory effect of miR-525-5p on glioma cell proliferation 
and EMT using bioinformatics analysis, and the results identi-
fied Stat-1 as a predicted target molecule of miR-525-5p. 
Overexpressing miR-525-5p reduced the protein and mRNA 
levels of Stat-1. Stat-1 inhibited NF-κB signaling through 
FOXM1.28 Additionally, restoration of Stat-1 expression 
could rescue the inhibition of cell proliferation and EMT that 
resulted from miR-525-5p overexpression. Together these data 
indicate that Stat-1 is a direct target gene of miR-525-5p and 
that Stat-1 attenuates the effects of miR-525-5p on the prolif-
eration and EMT of glioma cells.

Conclusions
In this study, we investigated the effects of miR-525-5p on 
glioma. miR-525-5p was downregulated in glioma cells 
and tissues. Functional experiments indicated that miR- 
525-5p inhibits the proliferation, migration, invasion, and 

EMT of glioma and targets Stat-1. These findings suggest 
that miR-525-5p may be a potential target for glioma.

Data Sharing Statement
The datasets used and analyzed during the current study 
are available from the corresponding author (Xiaohua 
Zuo) on reasonable request.

Ethics Approval and Consent to 
Participate
The study protocol was designed and approved by the ethi-
cal committee of the Affiliated Huai’an Hospital of Xuzhou 
Medical University, the Second People’s Hospital of 
Huai’an. All animal experiments were conducted under the 
approval of the Affiliated Huai’an Hospital of Xuzhou 
Medical University, the Second People’s Hospital of 
Huai’an, and is based on the National Institutes of Health’s 
Guide to the Care and Use of Laboratory Animals.

Consent for Publication
All authors agree on publication of the results of the 
present manuscript.
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Overexpressing miR-525-5p inhibited the glioma progression in vivo, as revealed by measuring the tumors volume and tumors weight. (D) Stat-1, FOXM1, and p-p65 protein 
levels in tumor of miR-NC and miR-525-5p group. *P < 0.05.
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