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Abstract. A growing body of evidence implicates aberrant 
expression of microRNAs (miRNAs) and dysregulation of 
mRNA translation in the development and growth of cancer 
cells. However, little is known about the mechanisms of action 
of miRNAs in glioma, the most common form of adult‑onset 
malignant brain tumor. In the present study, the expression 
and function of miR‑767‑5p were examined in human glio-
blastoma multiforme (GBM) tissue specimens and cell lines. 
miR‑767‑5p expression levels were analyzed by quantitative 
reverse‑transcription PCR; cell proliferation was assessed 
by CCK‑8, colony formation and 5‑ethynyl‑2'‑deoxyuridine 
(EDU) assays; the cell cycle phase and apoptosis were detected 
by flow cytometry; and cell invasiveness was analyzed using 
wound healing and Transwell invasion assays. It was revealed 
found that miR‑767‑5p was significantly upregulated in GBM 
tissues (n=18) compared with normal brain tissues (n=8) and 
in 6 GBM cell lines compared with normal human astrocytes. 
Ectopic expression of miR‑767‑5p suppressed proliferation, 
colony formation, and migration, and promoted cell cycle arrest 
and apoptosis in GBM cell lines in vitro, and inhibited GBM 
tumor growth in a mouse xenograft model. Bioinformatics 
analysis identified the PRC2 component suppressor of zeste‑12 
(SUZ12) as a putative target of miR‑767‑5p. Co‑transfection 
of miR‑767‑5p inhibited the activity of a luciferase reporter 
construct driven by the wild‑type 3' untranslated region of 
SUZ12 mRNA, but this was abolished by mutation of the puta-
tive miR‑767‑5p‑binding sites. Consistent with the possibility 
that miR‑767‑5p acts by regulating SUZ12 expression, it was 

revealed that the inhibitory effects of miR‑767‑5p on GBM cell 
phenotypes were reversed by overexpression of SUZ12. Our 
results indicated that forced upregulation of miR‑767‑5p may 
represent a novel therapeutic strategy for glioma patients by 
targeting SUZ12.

Introduction

Glioma, the most common malignant primary brain tumor 
in adults, is highly invasive and has a poor prognosis  (1). 
Of the 4 classes of glioma classified by the World Health 
Organization (WHO), the highest grade (grade IV) is glioblas-
toma multiforme (GBM) (2). Despite recent advances in our 
understanding of the biology of GBM and extensive efforts 
to develop new therapeutic options (3), the prognosis is dire, 
and the median survival time of 15 months has not changed 
over the last 20 years (4). Therefore, there is an urgent need to 
identify novel diagnostic biomarkers and potential therapeutic 
targets for this devastating disease.

MicroRNAs (miRNAs) are a class of small (~18‑25 nucle-
otides) non‑coding single‑stranded RNAs  (5), and are 
increasingly recognized to play key regulatory roles in 
numerous physiological processes in plants and animals (6). 
miRNAs are crucial regulators of gene expression, and 
function by binding to partially complementary sequences 
in the 3' untranslated region (3'UTR) of mRNAs, thereby 
preventing their translation and/or degradation  (7‑10). 
Substantial evidence implicates dysregulated expression 
and/or function of miRNAs in promoting or inhibiting the 
development and progression of cancer, suggesting they 
can act as tumor suppressors or oncogenes (11‑13). Among 
the cancer‑related processes influenced by aberrant miRNA 
expression are cell apoptosis, proliferation, invasion, and 
resistance to chemotherapeutic agents (14‑17). One of the first 
miRNAs to be described was miR‑21 originally discovered 
in Caenorhabditis elegans, which is aberrantly expressed 
in many human cancers and contributes to the malignant 
phenotype by targeting critical tumor suppressor genes (18). 
Although there is increasing recognition of the potential diag-
nostic and therapeutic utility of miRNAs in cancer (19,20), 
relatively little is known about the role of miRNAs in glioma 
development and progression.
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Suppressor of zeste‑12 (SUZ12) is a core protein of the 
Polycomb repressive complex 2 (PRC2), which also includes 
EED, EZH2, and RBBP4 and RBBP7 proteins. PRC2 cata-
lyzes the trimethylation of histone H3 lysine 27 (H3K27me3), 
which is associated with repression of gene transcription (21). 
In human embryonic fibroblasts, >1,000 genes are silenced by 
PRC2 activity (22). Moreover, aberrant expression of PRC2 
has been revealed to contribute to various human diseases and 
disorders, particularly cancer. In fact, many recent studies have 
demonstrated that PRC2 is overexpressed in a variety of cancers, 
where it plays a key role in preventing the expression of tumor 
suppressor genes during cell transformation (23‑25). SUZ12 
has been revealed to be aberrantly expressed in many types of 
cancer, including bladder cancer (26), gastric carcinoma (27) 
and mantle cell lymphoma (28). However, the precise expres-
sion pattern and function of SUZ12 in glioma remains unclear.

In the present study, it was revealed that the expression of 
miR‑767‑5p was significantly downregulated in GBM tissue 
samples and cell lines compared with their normal counter-
parts. It was determined that ectopic expression of miR‑767‑5p 
inhibited many cancer‑related phenotypes of GBM cells. In 
addition, SUZ12 was identified as a direct target of miR‑767‑5p, 
and SUZ12 expression in GBM tissue was revealed to be 
negatively correlated with miR‑767‑5p levels. Finally, it was 
determined that miR‑767‑5p overexpression significantly 
suppressed tumor growth in a mouse xenograft model of 
GBM. Collectively, our findings indicate a crucial potential 
role for miR‑767‑5p in GBM.

Materials and methods

Human tissue samples. Human GBM samples (n=18) and 
normal brain tissues (NBTs; n=8) were collected from patients 
at the Department of Neurosurgery at the First Affiliated 
Hospital of Nanjing Medical University, China. Fresh speci-
mens were immediately frozen in liquid nitrogen and stored at 
‑80˚C until analyzed. Histopathological grading was based on 
the WHO criteria. None of the GBM patients had undergone 
chemotherapy or radiotherapy prior to surgery. The present 
study was approved by the Research Ethics Committee of 
Nanjing Medical University, and written informed consent 
was obtained from all patients.

Cell culture. The human GBM cell lines T98, A172, U87 (glio-
blastoma of unknown origin; STR profiling was performed), 
LN229, U251 and U118 (derived from the U138MG astrocy-
toma cell line; STR profiling was performed) were obtained 
from the Chinese Academy of Sciences Cell Bank (Shanghai, 
China). All cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM) with high glucose and sodium pyruvate, 
supplemented with 10% fetal bovine serum (FBS) and antibiotics 
(100 U/ml penicillin and 100 ng/ml streptomycin). Cells were 
maintained in a 5% CO2 atmosphere at 37˚C. Normal human 
astrocytes (NHAs) were purchased from Lonza (Walkersville, 
MD, USA) and cultured according to the supplier's instructions. 
Human 293T cell lines were purchased from the American Type 
Culture Collection (ATCC; Rockville, MD, USA).

Lentiviral packaging and generation of stable cell lines. 
A lentiviral packaging kit was purchased from Shanghai 

GeneChem Co., Ltd. (Shanghai, China). The hsa‑miR‑767‑5p 
mimic and hsa‑miR‑negative control (miR‑NC) sequences 
were chemically synthesized by Guangzhou RiboBio Co., 
Ltd., Guangzhou, China). Next, 293T  cells were infected 
with the vectors, and lentiviruses were collected from the 
supernatant according to the manufacturer's instructions. U87 
and U251 cells were infected with lentiviruses for 24 h and 
selected with puromycin (1 µg/ml) to establish stable cell lines. 
For SUZ12 overexpression, human SUZ12 cDNA was cloned 
into pcDNA3.1 to generate pCDNA3.1‑SUZ12. Cells were 
transfected with miR‑767‑5p, miR‑NC, empty pCDNA3.1, 
or pCNDA‑SUZ12 using Lipofectamine 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) according 
to the manufacturer's protocol. Cells were used for experi-
ments at 48 h after transfection as indicated.

RNA extraction and quantitative reverse‑transcription PCR 
(RT‑qPCR). Total RNA was extracted from cells or tissues using 
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), following 
the manufacturer's protocol. miR‑767‑5p levels were assessed 
by RT‑qPCR was performed using an ABI  StepOne  Plus 
System (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
with a Bulge‑Loop™ miRNA RT‑qPCR Primer Kit 
(Guangzhou RiboBio Co., Ltd.) and primers purchased from 
Guangzhou RiboBio Co., Ltd. miRNA levels were normalized 
to U6 mRNA and quantified using the 2ΔΔCq method (29).

Protein extraction and immunoblotting. Cells were 
harvested from 6‑well plates and lysed in RIPA lysis buffer 
(Shanghai Beyotime Biotechnology China, Shanghai, 
China). Protein concentrations were determined using the 
bicinchoninic acid assay (KenGen, Jiangsu, China). Western 
blotting was performed as previously described  (30). 
SUZ12 (cat. no. ab126577) were purchased from obtained 
from Abcam (Cambridge, UK). p‑ERK1/2 (cat. no. 4370), 
total‑ERK1/2 (cat. no. 4695), p‑AKT (cat. no. 4060), total‑AKT 
(cat. no. 4691), were purchased from Cell Signaling Technology 
(Beverly, MA, USA). β‑actin (AA128) were obtained from 
Beyotime Institute of Biotechnology. Secondary antibody 
mouse (cat. no. A1902) and rabbit (cat. no. A0208) came from 
Beyotime Institute of Biotechnology. In brief, proteins were 
separated by 10% SDS‑PAGE and transferred to nitrocellulose 
membranes (Thermo Fisher Scientific, Inc.). After blocking 
in 5% non‑fat milk for 2 h, the membranes were incubated 
with primary antibodies against SUZ12 (dilution 1:100), 
p‑ERK1/2 (dilution 1:2,000), total‑ERK1/2 (dilution 1:1,000), 
p‑AKT (dilution 1:2,000), total‑AKT (dilution 1:1,000), and 
β‑actin (1:1,000) overnight under 4˚C. They were then incu-
bated with secondary antibodies for 2 h at room temperature. 
Electrochemiluminescence detection system (Thermo Fisher 
Scientific) was used for signal detection. Signals were examined 
by densitometric scans using ImageJ software (version 1.51; 
available at http://rsb.info.nih.gov/ij/) for Pearson's correlation 
analysis.

miRNA target prediction. Potential miR‑767‑5p targets were 
identified using the online predictive program miRBase Targets 
(http://www.diana.pcbi.upenn.edu/cgi‑bin/miRGen/v3/Targets.
cgi #Results), TargetScan Release 7.0 (http://www.targetscan. 
org/).
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Dual‑luciferase reporter assay. The 3'UTR of SUZ12 mRNA 
containing the wild‑type sequence  (WT) or containing 
mutations in the putative miR‑767‑5p binding site  (Mut) 
were amplified and cloned into the pmiRNA‑Report lucif-
erase expression reporter vector (Shanghai GeneChem Co., 
Ltd.). Luciferase reporter assays were performed as previ-
ously described  (31). In brief, U87 and U251  cells were 
seeded into 24‑well plates for 24 h and then co‑transfected 
with SUZ12‑WT or SUZ12‑Mut luciferase vectors along 
with miR‑767‑5p or miR‑NC using Lipofectamine  2000 
(Invitrogen; Thermo Fisher Scientific, Inc.). Luciferase 
activities were quantified at 24 h after transfection using the 
Promega Dual‑Luciferase Reporter Assay System (Promega 
Corp., Madison, WI, USA).

Wound healing assay. Cell migration was examined using 
wound healing assays conducted as previously described (32). 
Briefly, U87 and U251 glioma cells were co‑transfected 
with a SUZ12‑pCDNA3.1 overexpression vector and either 
miR‑767‑5p or miR‑NC. After plating, the cell layer was 
scratched and the cells were incubated for a further 24 h. 
Cells were examined under a Leica light microscope (Leica 
Microsystems GmbH, Wetzlar, Germany) and images of the 
wound area were captured at 0 and 24 h after injury.

Invasion assay. Cell invasion was assessed using 24‑well 
BD Matrigel invasion chambers (BD Biosciences, Franklin 
Lakes, NJ, USA) according to the manufacturer's instructions. 
Briefly, 3x104 cells in serum‑free DMEM were added to the 
upper chamber, and DMEM supplemented with 15% FBS 
was added to the lower chamber as a chemoattractant. After 
24 h, non‑invading cells were removed from the top well by 
scraping, and invaded cells in the lower chamber were fixed 
with 4% paraformaldehyde for 15 min and then stained with 
0.1% crystal violet for 2 h. The wells were photographed and 
the number of cells in 3 independent x10 magnification fields 
was counted.

Cell proliferation and colony formation assays. Cells in 
logarithmic growth phase were seeded at 5x103 cells/well 
in 96‑well plates and cultured for the indicated time‑points. 
Cell proliferation was quantified using the Cell Counting 
Kit‑8 (CCK‑8; Dojindo Laborator ies,  Kumamoto, 
Japan) according to the manufacturer's instructions. For 
colony‑forming assays, cells were seeded at 2x102 cells/well 
in 6‑well plates and cultured for ~10 days. Cells were then 
fixed with 100% methanol and stained with 0.1% crystal 
violet for 20 min. The number of colonies with a diameter 
>0.5 mm was counted.

Cell cycle analysis and apoptosis assay. For cell cycle anal-
ysis, cells were harvested, centrifuged at 360 x g for 5 min, 
washed with phosphate‑buffered saline (PBS), and fixed in 
75% ethanol at ‑20˚C overnight. Fixed cells were washed twice 
with PBS, stained as described for the Cell Cycle Staining 
Kit (Hangzhou MultiSciences Biotech, Co., Ltd., (Hangzhou, 
China), incubated for 25 min in the dark, and analyzed on a 
flow cytometer (Beckman Coulter, Inc., Brea, CA, USA). 
Apoptosis was measured using an Apoptosis Detection Kit 
(BD Biosciences) according to the manufacturer's protocol. 

Cells were analyzed on a Gallios flow cytometer (Beckman 
Coulter, Inc.).

Xenograft experiments in  vivo. Male BALB/c nude mice 
(n=12) at 4 weeks of age (weighing ~20 g) were obtained 
from the Shanghai Laboratory Animal Center (Shanghai, 
China). All mice were housed and maintained under specific 
pathogen‑free conditions in laminar flow cabinets. U87 cells 
transfected with lentiviruses encoding miR‑767‑5p or miR‑NC 
(5x105) were injected subcutaneously into the posterior flanks 
of the mice (n=6/group) and tumor growth was monitored 
for 30 days. Tumor sizes were measured every 3 days using 
calipers, and the volume (mm3) was calculated as (lengthx-
width2)/2. The mice were sacrificed 30 days after injection, and 
the tumors were excised, weighed and photographed. Tumor 
samples were fixed with 4% paraformaldehyde, embedded 
in paraffin, and processed for immunohistochemical (IHC) 
staining as described below. All animal experiments were 
approved by the Animal Management Rule of the Chinese 
Ministry of Health (Document 55, 2001) and were conducted 
in accordance with the approved guidelines and experimental 
protocols of Nanjing Medical University.

Immunohistochemistry. IHC analysis of fresh brain tissue 
or excised tumor xenografts was performed as previously 
described  (33) using anti‑SUZ12 (dilution 1:500) and 
anti‑Ki‑67 (dilution 1:150; cat. no. ab156956) purchased form 
Abcam (Cambridge, MA, USA).

Fluorescence in  situ hybridization (FISH). miR‑767‑5p 
expression in GBM and NBT samples was detected by 
FISH. A 5'‑FAM‑labeled miR‑767‑5p sequence (5'‑CATGCT 
CAGACAACCATGGTGCA‑3') was synthesized by GoodBio 
Technology Co., Ltd. (Wuhan, China). FISH was performed 
according to a protocol provided by BioSense (Guangzhou, 
China). In brief, frozen tissues were fixed in 4% formaldehyde 
for 20 min, washed twice for 3 min each with PBS, digested 
with proteinase K for 5 min, and washed twice again with PBS. 
After eliminating auto‑fluorescence and blocking endogenous 
biotin, the sections were hybridized with the probes overnight 
at 42˚C in a humid chamber. The sections were then washed 
with 2X saline‑sodium citrate (SSC) for 10 min, 1X SSC for 
10 min, and 0.5X SSC for 10 min at room temperature. Finally, 
the sections were stained with 4',6‑diamidino‑2‑phenylindole 
(DAPI) for 15 min and examined with a ZEISS LSM 700 Meta 
confocal microscope (Zeiss AG, Oberkochen, Germany).

Statistical analysis. Data are presented as the mean ± standard 
deviation (SD). Associations between miR‑767‑5p and SUZ12 
levels in glioma tissues were analyzed using Pearson's corre-
lation analysis. For the remaining experiments, and all data 
were analyzed by the Student's t‑test for pairwise comparison 
or one‑way analysis of variance (ANOVA) followed by 
Bonferroni test for multivariate analysis. Differences were 
considered statistically significant at P<0.05.

Results

miR‑767‑5p expression is decreased in human glioma speci‑
mens and cell lines. To determine whether miR‑767‑5p may 
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play a role in the development and/or progression of glioma, 
we first analyzed its expression in 8 NBT samples and 18 histo-
logically confirmed GBM samples by RT‑qPCR. The analysis 
revealed that miR‑767‑5p levels were significantly lower in 
GBM tissues compared with NBTs (Fig. 1A). To validate this 
finding, miR‑767‑5p expression was evaluated in 158 glioma 
tissues of different grades, based on data obtained from the 
Chinese Glioma Genome Atlas (CGGA) database. Similarly, it 
was revealed that miR‑767‑5p was significantly lower in GBM 
tissue compared with low‑grade glioma (grade  II and  III) 
(Fig. 1B). Next, the expression of miR‑767‑5p was assessed in 
a panel of 6 glioma cell lines (T98, A172, U87, LN229, U251 
and U118) and normal human astrocytes (NHAs). Consistent 
with the results of the tissue analyses, miR‑767‑5p levels were 
significantly lower in all 6 glioma cell lines compared with 
NHAs (Fig. 1C). Finally, FISH was performed on sections of 
GBM and NBTs, which confirmed the marked downregulation 
of miR‑767‑5p in GBM compared with normal brain samples 

(Fig. 1D). Collectively, these data raise the possibility that the 
loss of miR‑767‑5p expression in GBM may be involved in the 
development and/or progression of glioma.

Overexpression of miR‑767‑5p suppresses glioma cell prolif‑
eration and invasiveness and induces apoptosis. To investigate 
the potential biological functions of miR‑767‑5p in  vitro, 
U87 and U251 cells were transfected with lentiviral vectors 
encoding miR‑767‑5p or a control miRNA sequence (miR‑NC), 
and then the effects on various cancer‑related behaviors were 
analyzed. A specially constructed lentivirus for miR‑767‑5p 
was transfected into U87 and U251 cells to alter the expression 
level of miR‑767‑5p. RT‑qPCR revealed that miR‑767‑5p was 
significantly increased compared to negative control groups 
(Fig. 2A). As revealed in Fig. 2B and C, the expression of the 
miR‑767‑5p mimic significantly reduced a wide range of func-
tions compared with untransfected or miR‑NC‑transfected 
cells, including proliferation (Fig. 2B) and colony formation 

Figure 1. miR‑767‑5p is downregulated in GBM specimens and cell lines compared with normal brain tissues and NHAs. (A) RT‑qPCR analysis of miR‑767‑5p 
expression in 8 normal brain specimens and 18 GBM tissue specimens. (B) miR‑767‑5p expression in GBM tissues (n=94) and (LGG n=64) based on data 
from the CGGA database. (C) RT‑qPCR analysis of miR‑767‑5p levels in NHAs and 6 glioma cell lines. (D) Representative images revealing FISH analysis 
of miR‑767‑5p expression in GBM and NBT. Nuclei were stained with DAPI. Data are presented as the means ± SD. *P<0.05, **P<0.01 compared to NHAs. 
GBM, glioblastoma multiforme; NHAs, normal human astrocytes; LGG, low‑grade glioma; CGGA, Chinese Glioma Genome Atlas; FISH, fluorescence in situ 
hybridization; NBT, normal brain tissue; SD, standard deviation.
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(Fig. 2C). In addition, wound healing and Transwell inva-
sion assays were performed to evaluate GBM cell migration 
and invasion, respectively. Cells overexpressing miR‑767‑5p 
revealed significantly reduced migratory and invasive behav-
iors compared with un‑transfected or miR‑NC‑transfected 
cells (Fig.  2D and  E). Finally, the effects of miR‑767‑5p 

overexpression on GBM cell cycle progression and apoptosis 
were evaluated. The proportion of cells in G1  phase and 
G2/S phases was increased and decreased, respectively, by 
expression of miR‑767‑5p compared with miR‑NC (Fig. 2F). 
Consistent with this result, miR‑767‑5p overexpression resulted 
in an increase in the number of apoptotic U87 and U251 cells 

Figure 2. Overexpression of miR‑767‑5p affects cancer‑related behaviors of GBM cells. (A‑G) For all assays, U87 and U251 cells were untransfected (blank) 
or transfected with a miR‑767‑5p mimic or a negative control sequence (miR‑NC). (A) The relative expression of miR‑767‑5p in U87 and U251 cells was 
analyzed by RT‑qPCR after transfection. (B) CCK‑8 proliferation assay. (C) Representative images (left) and quantification (right) of colony formation assays 
performed after 10 days in culture. (D) Representative images (left) and quantification (right) of wound healing assays performed in U87 and U251 cells. 
(E) Representative images (left) and quantification (right) of Transwell migration assays.
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compared with the control cells (Fig. 2G). Furthermore, it was 
revealed that miR‑767‑5p mainly affected early apoptosis of 
cells, thus we primarily studied early apoptosis of cells in 
this experiment. Collectively, these findings indicated that 
miR‑767‑5p played a crucial role in regulating cell prolifera-
tion, colony formation, migration, and survival of glioma cell 
lines.

SUZ12 is a specific target gene of miR‑767‑5p and its expres‑
sion is negatively correlated with miR‑767‑5p levels in GBM 
tissue. To elucidate the mechanisms by which miR‑767‑5p 
may inhibit GBM behavior, the bioinformatics analytical tool 
TargetScan was used to identify mRNAs containing 3'UTR 
sequences complementary to miR‑767‑5p. Of the potential 
targets identified, SUZ12 were selected for further analysis. 
SUZ12 is a component of the PRC2 complex, which controls 
gene expression through its histone methyltransferase activity 
and plays crucial roles in promoting cancer cell growth and 

invasion. To determine whether miR‑767‑5p does indeed 
interact with SUZ12 mRNA, we cloned the 3'UTR of SUZ12, 
either WT or mutated in the putative miR‑767‑5p binding site 
(Mut) into a luciferase reporter vector (Fig. 3A), which was 
transfected into U87 and U251 cells together with miR‑767‑5p 
or miR‑NC. The results revealed that co‑transfection with 
miR‑767‑5p significantly inhibited luciferase activity driven 
by SUZ12‑WT, but not by SUZ12‑Mut (Fig. 3B), indicating 
that miR‑767‑5p may regulate SUZ12 expression in GBM 
cells. Consistent with this, IHC staining revealed strong 
expression of SUZ12 and the proliferation marker Ki‑67 in 
GBM tissues compared with NBTs (Fig. 3C). Furthermore, 
western blot analysis revealed that SUZ12 expression in the 
GBM cell lines was downregulated by overexpression of 
miR‑767‑5p (Fig. 3D) Notably, SUZ12 mRNA levels were 
much higher in GBM tissues than NBTs (Fig. 3E), which was 
in contrast with the pattern of miR‑767‑5p expression. In fact, 
Pearson's analysis revealed a significant negative correlation 

Figure 2. Continued. (F) Flow cytometric analysis of the cell cycle by staining with PI (DNA content). Representative histograms (left) and quantification 
(right) of cells in G1, G2, and S phases of the cell cycle. (G) Representative dot plots (left) and quantification (right) of an Annexin V‑FITC/PI apoptosis assay 
performed 48 h after transfection. Data are presented as the mean ± SD of n=3. *P<0.05, **P<0.01, vs. miR‑NC. GBM, glioblastoma multiforme; CCK‑8, Cell 
Counting Kit‑8; PI, propidium iodide; SD, standard deviation.
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between miR‑767‑5p and SUZ12 mRNA levels in GBM 
tissues (Fig. 3F; r=‑0.5847, P=0.0108). Collectively, these data 
indicated that SUZ12 mRNA is a direct target of miR‑767‑5p 
in GBM.

Exogenous expression of SUZ12 overcomes the inhibitory 
effects of miR‑767‑5p on GBM cells. Previous research has 
revealed that SUZ12 plays a pivotal role in the proliferation 
and migration of many types of human cancers. To determine 
whether SUZ12 may mediate the effects of miR‑767‑5p on 
GBM cells, we assessed whether ectopic expression of SUZ12 
could reverse the effects of miR‑767‑5p overexpression in 
U87 and U251  cells. RT‑qPCR demonstrated that SUZ12 
was increased compared to negative control groups (Fig. 4A). 
As revealed in Fig. 4, overexpression of SUZ12 partially or 
completely reversed the miR‑767‑5p‑induced effects on cell 
proliferation (Fig. 4B), colony formation (Fig. 4C), migration 

(Fig. 4D), invasion (Fig. 4E), cell cycle arrest (Fig. 4F), and 
apoptosis (Fig. 4G). Immunofluorescence staining of U87 and 
U251 cells confirmed that SUZ12 protein levels were markedly 
downregulated by transfection with miR‑767‑5p compared 
with miR‑NC (Fig. 4H). Finally, whether miR‑767‑5p and 
SUZ12 modulation affected two major signaling pathways in 
GBM cells was examined. In fact, ERK1/2 and AKT pathway 
activation was suppressed by the miR‑767‑5p mimic, as 
demonstrated by a specific reduction of the phosphorylated 
(activated) forms of ERK1/2 and AKT (Fig.  4I). Notably, 
these miR‑767‑5p effects could be rescued by co‑expression 
of SUZ12 (Fig. 4I). Thus, our data revealed that SUZ12 medi-
ated the effects of miR‑767‑5p, at least in part, on glioma cell 
cancer‑related behaviors.

Overexpression of miR‑767‑5p suppresses tumor growth 
in  vivo. Having established the pivotal role played by 

Figure 3. miR‑767‑5p regulates the expression of SUZ12 in GBM. (A) Predicted miR‑767‑5p binding site in the 3'UTR of SUZ12 mRNA indicating the residues 
changed in the mutant construct. (B) Relative luciferase activity driven by the WT or Mut SUZ12 3'UTR in U87 and U251 cells co‑transfected with miR‑767‑5p 
mimic or a control sequence (miR‑NC). Firefly luciferase activity was normalized to Renilla luciferase. (C) Representative IHC staining of SUZ12 and Ki‑67 in 
GBM and NBT. (D) Western blot analysis of SUZ12 protein levels in U87 and U251 cells expressing miR‑767‑5p or miR‑NC. β‑actin was probed as a loading 
control. (E) Relative expression of SUZ12 determined by western blot analysis of 18 GBM and 8 NBT specimens. SUZ12 levels were normalized to β‑actin. 
(F) Pearson's correlation analysis of SUZ12 and miR‑767‑5p expression in 18 GBM tissues (Spearman correlation analysis, r=‑0.5847, P=0.0108). Data are 
presented as the mean ± SD of three independent experiments. *P<0.05. SUZ12, suppressor of zeste‑12; GBM, glioblastoma multiforme; 3'UTR, 3' untranslated 
region; WT, wild‑type; Mut, mutated; IHC, immunohistochemistry; NBT, normal brain tissue; SD, standard deviation.
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Figure 4. SUZ12 reverses the inhibitory effects of miR‑767‑5p on GBM cell lines. (A) The expression of SUZ12 in U87 and U251 cells was calculated by 
RT‑qPCR after transfection. (B‑I) For all assays, U87 and U251 cells were transfected with miR‑767‑5p mimic, negative control sequence (miR‑NC), or 
miR‑767‑5p and a SUZ12 overexpression plasmid. (B) CCK‑8 cell proliferation assay. (C and D) Representative images (left) and quantification (right) of 
(C) colony‑forming assays, (D) wound healing assays, and (E) Transwell invasion assays.
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miR‑767‑5p in regulating GBM functions in vitro, its effects on 
tumor growth in vivo were next examined, using a mouse xeno-
graft model. For this, U87 cells stably expressing miR‑767‑5p 
or miR‑NC were injected subcutaneously into nude mice, 
and tumor growth was monitored over the next 30 days. As 
revealed in Fig. 5A‑C, tumors derived from miR‑767‑5p‑ex-
pressing U87  cells grew significantly slower and formed 
significantly smaller tumors than the miR‑NC‑expressing 
cells. miR‑767‑5p‑overexpressing tumors excised after 30 days 
contained markedly reduced levels of SUZ12 and Ki‑67 
proteins compared with the miR‑NC‑expressing tumors, as 
determined by both IHC (Fig. 5D) and immunofluorescence 

(Fig. 5E) staining. These results indicated that overexpression 
of miR‑767‑5p suppressed GBM growth in vivo, potentially via 
the effects on SUZ12.

Discussion

The miRNA class of small non‑coding RNAs is increasingly 
recognized to play important roles in tumor activation or 
suppression via regulation of many genes involved in cancer 
progression and metastasis  (34,35). Deregulated miRNA 
expression has been revealed in many tumors, including the 
most common and malignant glioblastoma subtypes  (36). 

Figure 4. Continued. (F) Flow cytometric analysis of the cell cycle analyzed 48 h after transfection representative histograms (left) and quantification (right) of 
the percentage of cells in G1, G2, and S phases of the cell cycle. (G) Representative dot plots (left) and quantification (right) of an Annexin V‑FITC/PI apoptosis 
assay. (H) Representative images of immunofluorescence staining of SUZ12 in U87 and U251 cells. Nuclei were stained with DAPI.
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Figure 5. miR‑767‑5p overexpression suppresses tumor growth in a mouse xenograft model of GBM. (A) Representative images of tumors formed in nude 
mice 30 days after subcutaneous injection of U87 cells expressing miR‑767‑5p or a negative control sequence (miR‑NC). (B) Tumor volumes. (C) Mean 
tumor weights at 30 days after inoculation. (D) Representative images of IHC staining of SUZ12 and Ki‑67 proteins in tumor. (E) Representative images of 
immunofluorescence staining of SUZ12 in sections of tumors excised at 30 days. Nuclei were stained with DAPI. Data are presented as the mean ± SD of three 
independent experiments. **P<0.01, ***P<0.001. GBM, glioblastoma multiforme; SUZ12, suppressor of zeste‑12; IHC, immunohistochemistry.

Figure 4. Continued. (H) Representative images of immunofluorescence staining of SUZ12 in U87 and U251 cells. Nuclei were stained with DAPI. (I) Western 
blot analysis of SUZ12, phosphorylated (p)‑ERK1/2, total ERK1/2, p‑AKT, and total AKT levels (left) and quantification of relative p‑AKT and p‑ERK levels 
(right). β‑actin was probed as an internal control. Data are presented as the mean ± SD of n=3. *P<0.05, **P<0.01, miR‑767‑5p vs. miR‑767‑5p+SUZ12. SUZ12, 
suppressor of zeste‑12; GBM, glioblastoma multiforme; CCK‑8, Cell Counting Kit‑8.
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Notably, the aberrant expression of a single miRNA can 
have profound implications for the expression of various 
transcripts that play an important role in human disease. 
Multiple miRNAs have been implicated in several crucial 
processes in glioma, such as cell proliferation, apoptosis, 
and invasion (37‑39). In the present study, the biological role 
of miR‑767‑5p and its target gene SUZ12 were explored in 
glioma biology.

The present study revealed that miR‑767‑5p levels were 
significantly reduced in glioma compared with NBT based 
on data from the CGGA database and direct analysis of tissue 
samples. It was also revealed that miR‑767‑5p expression was 
significantly lower in glioma cell lines than in NHAs, and 
forced expression of miR‑767‑5p significantly inhibited cell 
growth, migration, and invasion, and induced cell cycle arrest 
and apoptosis. Notably, the inhibitory effect of miR‑767‑5p 
was partially or completely abolished by ectopic expression 
of its target gene SUZ12. Western blot analysis and luciferase 
reporter assays confirmed that miR‑767‑5p negatively regu-
lates the expression of SUZ12 by binding to the SUZ12 3'UTR 
in glioma cells, leading to downregulation of SUZ12 protein. 
Our study thus describes the first experimental validation 
of a miR‑767‑5p target gene. The clinical relevance of our 
findings was also confirmed by demonstrating the ability of 
miR‑767‑5p overexpression to suppress the growth of human 
GBM tumors in nude mice. To the best of our knowledge, this 
is the first evidence that miR‑767‑5p is a tumor suppressive 
miRNA.

SUZ12 is a component of PRC2, a crucial regulator of 
multiple cellular functions. A recent study revealed that 
SUZ12 protein is overexpressed in a variety of cancers, 
including ovarian (40) and colorectal cancer (41), and mantle 
cell lymphoma (28). PRC2 is known to regulate the expres-
sion of various oncogenes. While the molecular mechanism 
of SUZ12 upregulation observed in glioma was previously 
unclear, there is growing evidence that miRNAs may be 
involved, consistent with our findings in the present study. For 
example, SUZ12 expression was regulated by miR‑200b/c, and 
overexpression of this miRNA inhibited cholangiocarcinoma 
tumorigenesis and metastasis (42). Our data in the present 
study are the first to reveal that miR‑767‑5p specifically targets 
SUZ12 in glioma. SUZ12 levels were correlated inversely with 
miR‑767‑5p in glioma tumor tissues, and forced SUZ12 over-
expression overcame the inhibitory effects of miR‑767‑5p in 
GBM cells. Finally, downregulation of SUZ12 by miR‑767‑5p 
inhibited the phosphorylation of ERK1/2 and AKT, suggesting 
a potential molecular mechanism for its activity. Collectively, 
our data provide the first evidence that miR‑767‑5p suppresses 
glioma cell growth and metastasis by inhibiting SUZ12 trans-
lation.

We propose that miR‑767‑5p and SUZ12 could be useful 
novel prognostic markers as well as potential therapeutic 
targets for GBM. Collectively, these findings provide impor-
tant new insights into the molecular mechanisms underlying 
glioma development and reveal potential new approaches to 
its treatment.
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