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Abstract: Glioma is one of the most prevalent primary malignant brain tumours among adults, and accumulating 
evidence has shown that dysregulation of microRNAs (miRNAs) is associated with various types of cancers, includ-
ing glioma. It is necessary to gain a better understanding of the roles and mechanisms of action of miRNAs in WNT-
driven glioblastoma multiforme (GBM). Here, we report that miR-206 inhibits the WNT/β-catenin pathway by directly 
targeting Frizzled 7 (FZD7) mRNA and functions as a tumour suppressor in glioma. The expression of miR-206 in 
human glioma samples and glioma cells was assessed by reverse-transcription quantitative PCR, fluorescence in 
situ hybridisation, and histological analysis. Cell Counting Kit-8, colony formation, 5-ethynyl-2’-deoxyuridine incorpo-
ration, flow-cytometric, wound healing, Transwell invasion, and three-dimensional migration assays were performed 
to examine glioma cell proliferation, migration, and invasion in vitro. The effects of miR-206 in vivo were investigated 
in a xenograft nude-mouse model. MiR-206 expression was significantly lower in glioma specimens than in normal 
control samples. FZD7 was confirmed as a direct target gene of miR-206. GBM cell proliferation, migration, and 
invasion were blocked after restoration of miR-206 expression. Moreover, intracranial glioma models revealed an 
inhibitory effect of miR-206 on intracranial glioma tumour growth. Our results suggest that miR-206 plays a key role 
in the blockade of the WNT/β-catenin signalling pathway by down-regulating FZD7 and may be a promising thera-
peutic agent against malignant glioma and other WNT-driven tumours. 
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Introduction

Glioma, one of the most prevalent primary ma- 
lignant tumours of the nervous system in ad- 
ults, arises in glial tissue [1]. Gliomas have a 
fatal prognosis in most patients and significant-
ly affect the physical and mental health of the 
patients [2]. Glioblastoma multiforme (GBM), 
the most malignant form of glioma, is one of 
the deadliest human cancers [3]. Although th- 
ere have been improvements in standard ther-
apeutic strategies, glioma treatment remains 
inadequate, with a median survival time of only 
15 months for patients with GBM [4, 5]. Thus, 
the molecular mechanisms of glioma progres-
sion should be further explored and novel ther-
apies-that can improve patient outcomes-sh- 
ould be developed.

MicroRNAs (miRNAs) are short non-coding RNA 
molecules that perform key functions in the 
progression of GBM. They bind to the 3’ untrans-
lated region (3’-UTR) of their target messenger 
RNA (mRNA) to down-regulate gene expression 
[6, 7]. MiRNAs probably regulate approximately 
30% of all human oncogenes and tumour sup-
pressors [8, 9]. In recent years, accumulating 
evidence revealed that miRNA dysregulation 
affects a variety of cellular phenomena, such as 
proliferation, cell cycle progression, invasion, 
migration, apoptosis, metabolism, differentia-
tion, and stress responses [10]. In particular, 
miR-206 is down-regulated in multiple tumour 
types, such as hepatocellular carcinoma, osteo-
sarcoma, prostate cancer, breast cancer, and 
cervical cancer [11-15]. Our preliminary experi-
ments showed that miR-206 is down-regulated 
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in glioma and that miR-206 expression signifi-
cantly negatively correlates with histopatholog-
ical grade. However, the exact involvement of 
miR-206 in GBM is unclear.

The WNT/β-catenin signalling pathway is a high-
ly conserved cascade that has been reported 
to participate in malignant progression and is 
significantly associated with the poor prognosis 
of malignant tumours by modulating multiple 
parameters of tumour initiation, growth, and 
metastasis [16]. It has also been demonstrated 
that the WNT/β-catenin signalling pathway pl- 
ays a vital part in the regulation of glioma fate 
determination [17]. When the seven-pass trans-
membrane receptor called Frizzled binds to its 
ligand (WNT), the WNT/β-catenin signalling pa- 
thway is activated and unphosphorylated β-ca- 
tenin enters the nucleus. There, it forms multi-
meric complexes by binding to a transcription 
factor (T-cell factor or lymphoid-enhancing fac-
tor (TCF or LEF, respectively) to regulate the 
expression of multiple downstream β-catenin-
dependent genes involved in various cellular 
functions, e.g. c-Myc, cyclin D1, CD44, and ma- 
trix metalloproteinases (MMPs) [18, 19]. Hu- 
man frizzled 7 (FZD7), which is located in chro-
mosomal region 8q22.3-q23.1 [20], is expre- 
ssed in various tissues, including skeletal mus-
cle, the heart, brain, placenta, kidneys, and lu- 
ngs [21]. Lately, an increasing number of stud-
ies has been showing that FZD7 activates the 
WNT/β-catenin signalling pathway in several 
cancers, such as hepatocellular carcinoma, co- 
lon cancer, gastric cancer, and triple-negative 
breast cancer [22-26]. WNT3 serves as a ligand 
of FZD7. It was recently discovered that FZD7 
acts as an oncogene. 

In the present study, miR-206 expression was 
found to be significantly inversely associated 
with the World Health Organization (WHO) tu- 
mour grade and was lower in clinical GBM spec-
imens than in non-cancerous brain tissue (NBT) 
samples. Furthermore, we provided evidence 
that miR-206 regulates the progression of glio-
ma by directly targeting FZD7 mRNA thereby 
blocking the WNT/β-catenin signalling pathway. 
Generally speaking, the miR-206/FZD7/WNT 
axis plays an important role in the progression 
of GBM; therefore, a greater understanding of 
this axis may point to a novel clinically effective 
therapy for malignant glioma.

Materials and methods

Human tissue samples

Thirty-three human glioma samples were ob- 
tained post-operatively from the Department of 
Neurosurgery at the First Affiliated Hospital of 
Nanjing Medical University (Nanjing, China). In 
addition, six NBT samples were collected as 
negative controls from patients who underwent 
decompressive craniotomy for severe traumat-
ic brain injury. All the resected tissue samples 
were frozen in liquid nitrogen immediately. Both 
glioma and NBT samples were confirmed histo-
logically. Our study protocol was approved by 
the Research Ethics Committee of Nanjing Me- 
dical University (Nanjing, Jiangsu, China), and 
written informed consent was obtained from 
each enrolled patient. Public datasets are des- 
cribed in the Supplementary Materials and in 
the Methods section.

Public datasets

A total of 158 gliomas with microarray miRNA 
expression data were downloaded from the 
Chinese Glioma Genome Atlas (CGGA) data 
portal (http://www.cgga.org.cn/portal.phpg). 
Gene expression data were downloaded from 
The Cancer Genome Atlas (TCGA) database 
(http://tcga-data.nci.nih.gov/) and the GSE4- 
290 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE4290) and GSE16011 (htt- 
ps://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? 
acc=+GSE16011) data sets. Six processed im- 
munohistochemical staining of glioma patie- 
nts were downloaded from Human Protein At- 
las database (http://www.proteinatlas.org/).

Cell culture, transfection, and establishment of 
stably virus-transduced cell lines

Six human glioblastoma (GBM) cell lines (U87, 
LN229, U251, T98G, A172, and U118) were 
purchased from the Chinese Cell Repository 
(Shanghai, China). Normal human astrocytes 
(NHAs) were obtained from ScienCell Research 
Laboratories (Carlsbad, CA, USA). All cells were 
grown at 37°C in a 5% CO2 incubator. Small 
interfering (si) FZD7 and control si-non-coding 
(siNC) oligonucleotides were purchased from 
GenePharma (Shanghai, China). The FZD7-tar- 
geting sequence of the siRNA was 5’-GCACC- 
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ATCATGAACACGACG-3’ and 5’-ACCTGATGACC- 
ATGATCGTC-3’. An FZD7-overexpression plas-
mid was generated by inserting the FZD7 cod-
ing region into a pcDNA3.1 vector. An Has-
miR-206 mimic and has-miR-ctrl were obtained 
from RiboBio (Guangzhou, China). All oligonu-
cleotides and plasmids were transfected using 
Lipofectamine 2000 Transfection Reagent 
(Invitrogen, Carlsbad, CA, USA). Lentivirus vec-
tors with has-miR-206 or has-miR-control (miR-
ctrl) were purchased from Genechem (Shang- 
hai, China). Lentiviruses were packaged in the 
human embryonic kidney cell line, 293T, and 
virions were collected according to the manu-
facturer’s instructions. Stable U87 and LN229 
cell lines were established by lentiviral infec-
tion and puromycin selection following the man-
ufacturer’s instructions.

RNA extraction and reverse-transcription quan-
titative PCR (RT-qPCR)

Total RNA was extracted from harvested cells 
or human tissues with TRIzol reagent according 
to the manufacturer’s instructions (Life Tech- 
nologies, Carlsbad, CA, USA). The stem-loop-
specific primer method was used to quantify 
the expression levels of miR-206. miRNA-spe-
cific reverse transcription primers and quantita-
tive PCR primers were purchased form RiboBio. 
U6 small nuclear RNA levels served as an inter-
nal control. cDNA was amplified by qRT-PCR 
using SYBR Premix ExTaq (Takara, Kusatsu, 
Japan) on a 7900HT system (Applied Biosys- 
tems, Foster City, CA, USA). Primers for qRT-
PCR were purchased from Genepharma. All 
experiments were performed in triplicate and 
repeated three times. Fold changes were cal- 
culated by relative quantification (2-ΔΔCt), See 
Table 1 for details on primer sequences for 
RT-qPCR.

Western blotting and antibodies

Proteins were extracted from cells and tissues 
with RIPA lysis buffer (KeyGEN, Nanjing, China). 
Equal amounts of protein from each lysate 
were separated by SDS-PAGE and then trans-
ferred to polyvinylidene difluoride membranes 
(Thermo Fisher Scientific, Waltham, MA, USA). 
The following primary antibodies were pur-
chased from Abcam (Cambridge, UK) for immu-
noblotting: anti-FZD7 (cat. #ab64636), anti-
cyclin D1 (ab40754), anti-CDK2 (ab32147), 
anti-Slug (ab27568), anti-N-cadherin (ab182- 
03), anti-vimentin (ab92547), anti-β-catenin 
(ab32572), anti-c-Myc (ab32072), and anti-
tubulin (ab7291). Anti-MMP9 (#13667S) and 
anti-MMP2 (#40994S) antibodies were acq- 
uired from Cell Signaling Technology (Danvers, 
MA, USA).

Cell proliferation assays

After transfection, cell growth was analysed by 
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan), 
according to the manufacturers protocol. For 
the colony formation assay, stably transfected 
U87 and LN229 cells were independently seed-
ed onto a six-well plate (200 cells per well). 
Cells were incubated for approximately 2 weeks 
at 37°C in a 5% CO2 incubator. After colony for-
mation was observed, colonies were fixed with 
4% paraformaldehyde and stained with 1% 
crystal violet (Sigma, St Louis, MO, USA) for 30 
min. A Click-iT EdU Alexa Fluor 594 Imaging Kit 
(Thermo Fisher Scientific, Waltham, MA, USA) 
was used following the manufacturer’s instruc-
tions and samples were imaged under a fluo-
rescence microscope.

Cell cycle analysis

At 48 h post-transfection, cells were collected 
by centrifugation, washed with phosphate-buff-
ered saline (PBS), and ruptured in 70% ice-cold 
ethanol overnight. After centrifuging, the super-
natant was discarded. Before analysis with a 
flow cytometer, the cells were washed twice 
with PBS, resuspended using a Cell Cycle St- 
aining Kit (Multi Sciences, Hangzhou, China), 
and incubated in the dark for 30 min.

Cell migration and invasion experiments

For the wound healing scratch assay, a uniform 
wound was made by scratching with a pipette 
tip (standard 200 µL) when the stably transfect-

Table 1. Primer sequences for RT-qPCR
Gene Primer sequence (5’-3’)
miR-206 Forward: 5’-GCGTCTGGAATGTAAGGAAGTG-3’

Reverse: 5’-GTGCAGGGTCCGAGGT-3’
FZD7 Forward: 5’-TTCGTCCCTGGGCCTCT-3’

Reverse: 5’-TGGTCTGGTTGTAGGCGATG-3’
GAPDH Forward: 5’-GAGTCAACGGATTTGGTCGT-3’

Reverse: 5’-TTGATTTTGGAGGGATCTCG-3’
U6 Forward: 5’-TTGGTCTGATCTGGCACATATAC-3’

Reverse: 5’-AAAAATATGGAGCGCTTCACG-3’
Note: miR-206, microRNA-206; FZD7, Frizzled7; RT-qPCR, 
reverse transcription quantitative polymerase chain reaction.
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ed U87 and LN229 cells reached 100% conflu-
ence in 6-well plates. Cells were maintained in 
serum-free DMEM after been washed thrice 
with PBS. After 24 h, each well was photo-
graphed under an inverted microscope (Nikon, 
Tokyo, Japan) and the cells protruding from the 
border of the scratches were counted.

To test cell invasion, plates with transwell in- 
serts (Corning, New York, NY, USA) that were 
pre-coated with 20 μg/μL of Matrigel (BD 
Biosciences, San Jose, CA, USA) were used. 
Stably transfected U87 and LN229 cells at a 
density of 3×104 cells/ml in serum-free DMEM 
were transferred to the upper chambers. In par-
allel, DMEM containing 10% FBS was added to 
the lower chamber of each well. After incuba-
tion for 24 h at 37°C and removal of non-invad-
ing cells, the invading cells were fixed with 4% 
paraformaldehyde for 15 min and then stained 
with 0.1% crystal violet for 30 min. Six fields of 
invading cells in each well were captured and 
counted randomly under a microscope at ×100 
magnification. 

For 3D spheroid assays, transfected cells were 
grown to 70% confluence and were then seed-
ed in 96-well ultra-low adherence plates 
(#7007, Costar) at a density of 0.2×105 cells/
mL. After 96 h, these cells were induced to 
aggregate into a multicellular spheroid and 
then Matrigel was added into each well. At 48 
h, fluorescence microscopy was used to anal-
yse cell motion.

Fluorescent staining

Cells fixed by 4% formalin were incubated with 
rabbit monoclonal anti-FZD7 (Abcam Cambri- 
dge, UK, cat. #ab64636) and mouse monoclo-
nal anti-β-catenin (Abcam Cambridge, UK, cat. 
#2677) overnight at 4°C and then with Alexa 
488- or 568-labeled anti-mouse or anti-rabbit 
IgG antibody (Thermo Fisher Scientific, Massa- 
chusetts, USA) 2 h at room temperature. After 
treated with DAPI (Beyotime Biotechnology, 
Jiangsu, China) for 10 min, cells were examined 
with Zeiss axiophot photomicroscope (Carl Ze- 
iss AG, Jena, Germany).

A dual-luciferase reporter assay

For reporter assays, U87 and LN229 cells were 
seeded in 24-well plates and transfected (using 
Lipofectamine 2000) with wild-type or mutated 
plasmid pGL3-FZD7, together with pRL-SV40 
(Promega, Madison, WI, USA) expressing Ren- 
illa luciferase and an miR-206 mimic (RiboBio, 

Guangzhou, China). After 48 h of incubation, 
the cells were harvested, and luciferase activity 
was measured using the Dual-Luciferase Re- 
porter Assay Kit (Promega). 

Immunohistochemistry

Fresh mouse brain tissue was fixed in 4% para-
formaldehyde, embedded in paraffin, and five-
micron-thick sections were prepared. Sections 
were stained with Mayr’s haematoxylin and 
subsequently with eosin (Biogenex Laborato- 
ries, Fremont, CA, USA) or an antibody against 
FZD7, MMP2, or Ki-67. Brown staining in cells 
was considered as positive signal.

A murine intracranial glioma model and immu-
nohistochemical (IHC) analysis

Eighteen male Bagg albino (BALB)/c nude mice 
(4 weeks old) were purchased from the Sh- 
anghai Experimental Animal Center of the 
Chinese Academy of Sciences. U87 cells stably 
expressing luciferase were transfected with 
lentiviral vector LV-miR-206 or LV-miR-Ctrl (ex- 
pressing miR-206 or negative control miRNA, 
respectively), and then mice were subdivided 
randomly into an miR-206 over-expression 
group and control group. To establish the intra-
cranial GBM model, each mouse was implant- 
ed stereotactically with U87luciferase+miR-206 or 
U87luciferase+miR-ctrl cells (5×105) in each group. 
Intracranial tumour growth was measured by 
bioluminescence imaging. Each mouse was 
anesthetised and then given an intraperitoneal 
injection of d-luciferin (50 mg/mL). Tumours 
were imaged by means of the Living Image soft-
ware package (Caliper Life Science, Waltham, 
MA, USA). Mouse survival time was monitored 
until the final mouse died. IHC analysis was per-
formed to quantify proteins FZD7, MMP2, and 
Ki-67 in each brain tissue section. All the ani-
mal experiments were approved in accordance 
with the Animal Use Guidelines of the Chinese 
Ministry of Health (documentation 55,2001).

Fluorescence in situ hybridisation (FISH)

FISH was used to detect the expression of miR-
206 in GBM and NBT samples. The mature 
human miR-206 sequence is 3’-UGGAAUGU- 
AAGGAAGUGUGUGG-5’. Locked nucleic acid 
(LNA)-based probes directed against the full-
length mature miRNA sequence were used. The 
5’-FAM-labelled miR-206 probe sequence was: 
5’-ACCTTACATTCCTTCACACACC-3’ and was ob- 
tained from BioSense (Guangzhou, China). The 
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FISH procedure was performed according to 
the instructions provided by BioSense. Briefly, 
fresh tissues were fixed in 4% formaldehyde for 
1 h and then dehydrated in 15% sucrose for 8 
h. Tissues were fixed in 4% formaldehyde for 10 
min, washed in PBS (pH 7.4) three times for 5 
min each, digested with proteinase K for 2 min, 
and then washed with PBS again three times 
for another 5 min each. After eliminating auto-
fluorescence and blocking endogenous biotin, 
the sections were hybridized with probes over-
night in a humid chamber. The next day, tissues 
sections were washed with warmed 2×SSC, 
1×SSC, and 0.5×SSC at 37°C for 10 min each 
in sequence. After incubation in BSA for 30 min 
at room temperature, tissue sections were 
treated with Alexa Fluor 488-avidin (1:400), 
incubated at room temperature for 50 min, and 
washed three times for 5 min each using PBS. 
Tissue sections were incubated with primary 

antibody overnight and then the species-specif-
ic secondary antibody for 50 min. Sections 
were then stained with DAPI (Sigma) for 10 min 
and examined under an LSM 700 Meta confo-
cal microscope (Zeiss, Oberkochen, Germany). 

Statistical analysis

All the experiments were conducted in tripli-
cate. All statistical analyses and Kaplan-Meier 
survival analysis were performed in GraphPad 
Prism 7.0 (GraphPad Software Inc., San Diego, 
CA, USA). The correlation between miR-206 ex- 
pression and FZD7 levels in glioma tissues was 
evaluated by Pearson’s correlation analysis. 
Two-tailed Student’s t test was performed for 
other comparisons, and the results are ex- 
pressed as the mean ± standard deviation. 
Data with P < 0.05 were considered statistical-
ly significant.

Figure 1. MiR-206 is under-expressed in glioma tissue and glioma cell lines. A. Relative expression of miR-206, ac-
cording to the CGGA database (low-grade [LGG] vs. high-grade [HGG] gliomas). B. The expression of miR-206 was 
analysed in normal human astrocytes (NHAs) and six glioma cell lines (U251, T98G, A172, U118, U87, and LN229). 
C. Expression levels of miR-206 in six non-cancerous brain tissue (NBT) samples and eight tissue samples of grade 
II-IV glioma. D. Relative expression of miR-206 in NBT and GBM samples was assessed by FISH (scale bars are 50 
μm). #P < 0.0001.
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Results

MiR-206 is down-regulated in glioma

To investigate the role of miR-206 in the pro-
gression of GBM, Chinese Glioma Genome 
Atlas (CGGA) data were studied to determine 
the expression of miR-206 in 158 glioma tissue 
samples. The results indicated that miR-206 
was significantly down-regulated in high-grade 
gliomas (HGGs) as compared with that in low-
grade gliomas (LGGs; Figure 1A). Compared to 
that in normal human astrocytes, miR-206 
expression was lower in GBM cell lines (Figure 
1B). We then carried out RT-qPCR to evaluate 
miR-206 expression in 33 glioma samples and 
six NBT samples. Compared to that in NBT sam-
ples, miR-206 expression was significantly lo- 
wer in glioma tissues, especially in HGGs (Fi- 
gure 1C). Furthermore, by FISH analysis, we 
uncovered significantly higher miR-206 expres-
sion in GBM tissue samples than in NBT sam-
ples (Figure 1D). Overall, these results led to 
the conclusion that miR-206 expression is low 
in glioma.

Over-expression of miR-206 attenuates GBM 
cell proliferation

To determine the participation of miR-206 in 
the progression of glioma, we transfected the 
GBM cell lines, U87 and LN229, with miR-ctrl- 
or miR-206-expressing lentiviral vectors. After 
transfection, RT-qPCR was carried out to con-
firm that miR-206 expression was significantly 
increased as compared with that in the nega-
tive control group (Figure 2A). After confirma-
tion of the successful transfection, proliferation 
of the transfected GBM cells was measured in 
vitro. CCK-8 and colony formation assays re- 
vealed that over-expression of miR-206 re- 
duced the proliferation rate of (and colony for-
mation by) the lentiviral-vector-transduced U87 
and LN229 cells (Figure 2B and 2C). Consis- 
tently with the results of the CCK-8 and colony 
formation assays, the EdU assay indicated that 
the percentage of EdU-positive U87 and LN229 
cells dramatically decreased with miR-206 up-
regulation (Figure 2D). Because GBM cell gr- 
owth is often associated with cell cycle dys-
function, we next studied cell cycle features of 
the cells with abnormal miR-206 expression. 
Flow-cytometric analysis was conducted to 
prove that over-expression of miR-206 incr- 
eased the percentage of cells at the G0-G1 

transition and decreased the percentage of 
cells in the S phase and at the G2-M transition, 
as compared with the that in the miR-ctrl group 
(Figure 2E and 2F). Additionally, we performed 
western blotting to demonstrate that the G1 
phase-related proteins CDK2 and cyclin D1 
were significantly down-regulated in miR-206- 
over-expressing U87 and LN229 cells (Figure 
2G). Taken together, these data suggested that 
miR-206 suppressed glioma cell growth in vitro.

Over-expression miR-206 suppresses GBM cell 
migration and invasion

Next, to identify the role of abnormal miR-206 
expression in the regulation of glioma cell 
migration and invasion, in vitro analyses we- 
re performed on LV-miR-206- or LV-miR-ctrl-
transduced U87 and LN229 cells. First, the 
wound-healing scratch assay showed that the 
migratory ability of the cells over-expressing 
miR-206 was significantly lower than that of 
their corresponding controls (Figure 3A). Tra- 
nswell assays then revealed that the invasive 
ability of U87 and LN229 cells was significantly 
diminished by miR-206 up-regulation (Figure 
3B). The invasive ability of the transduced cell 
lines was also determined in 3D spheroid as- 
says. These results suggested that cells with 
miR-206 up-regulation had a weaker invasive 
ability than control cells did (Figure 3C). Fur- 
thermore, the expression of MMP9 and MMP2, 
two cancer invasion-associated proteins, was 
measured by western blotting. MMP9 and 
MMP2 expression clearly diminished after miR-
206 over-expression. Because epithelial-to-
mesenchymal transition (EMT) is a critical pro-
cess in cancer progression and affects cell 
migration and invasion, the expression levels of 
the mesenchymal markers (Slug, N-cadherin, 
and vimentin) were assessed by western blot-
ting. All these markers were down-regulated in 
miR-206-over-expressing U87 and LN229 cells 
(Figure 3D). Thus, over-expression of miR-206 
inhibited the migration and invasiveness of the 
human GBM cell lines. 

MiR-206 directly targets FZD7 mRNA and sup-
presses the WNT pathway activity

Activation of the WNT pathway has been stud-
ied in various tumour types. It is widely accept-
ed that β-catenin is an important downstream 
effector of WNT/β-catenin signalling for the 
regulation of cell proliferation, migration, and 
invasion. Bioinformatics tools TargetScan, miR-
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Figure 2. Over-expression of miR-206 attenuates GBM cell proliferation. A. MiR-206 expression was quantified by 
RT-qPCR in U87 and LN229 cells after transfection. B. Their proliferative ability was determined in the CCK-8 assay 
after cultivation for 96 h. C. The colony formation assay confirmed prolonged cell viability. D. Cell proliferation was 
also examined by the EdU incorporation assay. (Representative images are shown; the scale bar is 200 μm.) E, F. 
The cell cycle distribution of U87 and LN229 cells that were transduced with an miR-206-expressing or negative 
control (miR-ctrl)-expressing lentivirus was analysed by flow cytometry. G. Western blotting of CDK2 and cyclin D1 
in U87 and LN229 cells 48 h after transfection. Tubulin served as the loading control. (Data are presented as the 
means of triplicate experiments; #P < 0.0001, ***P < 0.001).

Figure 3. Over-expression of miR-206 suppresses GBM cell invasion and migration. A. Migration of GBM cells was 
assessed by a wound-healing scratch assay. Respective images of GBM cells transfected with either miR-ctrl or miR-
206 (original magnification, 200×). B. Matrigel invasion assays uncovered the impact of miR-206 over-expression 
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NAWaklk 2.0, DIANAmT, and PITA were em- 
ployed to identify potential targets of miR-206 
(Figure 4A). FZD7 was identified as one of the 
potential target genes of miR-206. In The 
Cancer Genome Atlas (TCGA) databases GSE- 
4290 and GSE16011, FZD7 expression was 
found to be significantly lower in all GBM sub-
types than in NBT samples (Figure S1). Western 
blotting analysis showed that the expression 
levels of FZD7, β-catenin, and c-Myc were lower 
in miR-206-transfected U87 and LN229 cells 
(Figure 4B). Hence, we concluded that the WNT 
pathway was inhibited by miR-206. Next, we 
executed miRNA-related algorithms to identify 
the miR-206-binding sites in the 3’UTR of FZD7 
mRNA (Figure 4C). We also performed immuno-
fluorescence analysis of FZD7 and β-catenin in 
glioma cells. We observed that the decrease of 
β-catenin was accompanied by the decline of 
FZD7 in cells transfected with miR-206 (Figure 
4D). To further investigate the correlation be- 
tween miR-206 and FZD7, the levels of the 
FZD7 protein in glioma tissue samples and NBT 
samples were examined. As the results indicat-
ed, FZD7 was over-expressed in glioma tissue 
samples, and its expression level positively cor-
related with the WHO grade of the glioma 
(Figure 4E). We next assessed the correlation 
between FZD7 and miR-206 in the GBM sam-
ples. Spearman’s correlation analysis suggest-
ed that FZD7 levels in GBM tissue samples 
inversely correlated with miR-206 levels (r = 
-0.42, Figure 4F and 4G). To confirm that FZD7 
is a direct target of miR-206, luciferase report-
er assays were performed. U87 and LN229 
cells were co-transfected with vectors harbour-
ing a wild-type or mutant FZD7 3’-UTR (Figure 
4H) and the miR-206 mimic. After transfection, 
ectopic miR-206 expression significantly sup-
pressed luciferase activity resulting from the 
WT reporter but not from the mutant reporter. 
This finding suggested that miR-206 directly 
targeted the 3’-UTR of FZD7 mRNA and that 
point mutations in this sequence abrogated 
this interaction (Figure 4I). Human Protein Atlas 
database was used to investigate the expres-
sion level of FZD7 protein. In this database, six 
processed immunohistochemical staining of 
glioma patients were chosen (three of HGG, 

three of LGG). The the results indicated FZD7 
was up-expressed in HGG samples compared 
with LGG samples (Figure 4J). The above find-
ings indicated that miR-206 directly regulated 
FZD7 expression by binding to a site (nt posi-
tions 485-491) in the 3’-UTR of FZD7 mRNA 
and subsequently suppressed the WNT path-
way activity.

Down-regulation of FZD7 promotes GBM cell 
proliferation, migration, and invasion

Our experiments confirmed that FZD7 is a 
direct target gene of miR-206 in gliomas. We 
then focused on whether FZD7 can regulate the 
progression of GBM. To test this notion, we 
knocked down endogenous FZD7 expression in 
U87 and LN229 cells with a specific small inter-
fering RNA (siRNA). Western blotting analysis 
confirmed that FZD7 protein expression was 
successfully suppressed by the FZD7 siRNA, 
and the activity of the WNT pathway was inhib-
ited too (Figure 5A). CCK-8, EdU (Figure 5B and 
5D), and colony formation assays (Figure 5C) 
were conducted to evaluate the effects of the 
FZD7 knockdown on cell viability and growth. 
We found that the proliferation of GBM cells 
was significantly inhibited by the knockdown of 
FZD7. Additionally, we carried out flow-cytomet-
ric analysis to examine cell cycle distribution 
after transfection. As compared with the results 
obtained from si-NC cells, we noted that the 
subpopulation of cells at the G0-G1 transition 
increased, whereas the numbers of cells in the 
S phase and at the G2-M transition decreased 
after the siRNA silencing of FZD7 (Figure 5G 
and 5H). To confirm that the depletion of FZD7 
significantly inhibited glioma cell migration and 
invasion, a wound-healing scratch assay (Figure 
5E), Transwell assay, and 3D spheroid assay 
(Figure 5F and 5I) were performed. Furthermore, 
the expression of MMP9 and MMP2 was mea-
sured by western blotting. MMP9 and MMP2 
expression was clearly diminished in si-FZD7 
cells. (Figure 5J) Their results showed that the 
silencing of FZD7 suppressed the migration 
and invasion abilities of human glioma cells 
compared with the control groups. This result is 
consistent with the observed effects of miR-
206 over-expression. 

on GBM cell invasion. C. GBM cell migration was monitored in a 3D spheroid migration assay (scale bar, 100 μm). 
D. Invasion-associated proteins and EMT-associated proteins in U87 and LN229 cells after transfection with miR-ctrl 
or miR-206 were quantified by western blotting. Tubulin served as the loading control. (Data are presented as the 
means of triplicate experiments; ***P < 0.001).
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Re-introduction of FZD7 attenuates the anti-
cancer effects of miR-206 on glioblastoma 
cells in vitro

Having demonstrated that FZD7 is a direct tar-
get gene of miR-206 and that over-expression 
of miR-206 inhibited the proliferation, migra-
tion, and invasiveness of GBM cells, we then 
tested whether FZD7 is a functional target of 
miR-206. Plasmid pcDNA3-FZD7 was transfect-
ed into U87 and LN229 cells stably expressing 
either miR-206 or miR-ctrl. Western blotting 
analysis confirmed that FZD7 was significantly 
down-regulated in the miR-206-transfected gr- 
oup but up-regulated in the FZD7-transfected 
group, compared to the control groups. Of note, 
the level of β-catenin and c-Myc correlated with 
the expression level of FZD7, suggesting that 
FZD7 reintroduction rescued the blocked WNT/
β-catenin signalling pathway (Figure 6A). Ex- 
periments were then performed to assess pro-
liferation and cell cycle progression. Both cell 
proliferation and cell cycle assay data indicated 
that the restoration of FZD7 expression partial-
ly antagonised the anti-cancer effects of miR-
206 (Figure 6B-D and 6F). Next, a wound-heal-
ing assay, Transwell assay, (Figure 6E, 6G and 
6H) and 3D spheroid assay (Figure 6I) were 
performed to examine migratory and invasive 

abilities of glioma cells. The results of these 
analyses showed that forced expression of 
FZD7 reversed the effects of miR-206 on the 
migration and invasiveness of glioma cells. 
Meanwhile, western blotting suggested that 
the decrease in the expression levels of the  
G1 phase-related proteins, invasion-associated 
proteins, and mesenchymal markers in miR-
206-transfected cells was reversed by forced 
FZD7 expression (Figure 6J-L). These findings 
strongly indicated that FZD7 is a functional tar-
get of miR-206 in GBM cells.

MiR-206 over-expression attenuates tumour 
growth in vivo

Considering the significant effects of miR-206 
on GBM cells in vitro, we extended our study to 
a nude-mouse model of an intracranial tumour 
to test whether the GBM growth in vivo could be 
retarded by over-expression of miR-206. Before 
implantation, U87 cells were co-transfected wi- 
th a lentivirus expressing luciferase together 
with miR-206 or miR-ctrl. The growth of intra-
cranial tumours was significantly impeded by 
miR-206 over-expression, as determined on 
days 14, 21, and 28 after implantation (Figure 
7A). Kaplan-Meier survival curves also suggest-
ed that the survival of nude mice injected with 

Figure 4. MiR-206 directly targets FZD7 mRNA and inhibits the WNT pathway. A. The Venn diagram computationally 
predicting that miR-206 targets FZD7 mRNA according to five prediction algorithms: TargetScan, miRwalk, DIANAmT, 
miRanda, and PITA. B. After transfection with miR-ctrl or miR-206, the expression levels of FZD7, β-catenin, and c-
Myc were determined by western blotting. Tubulin served as the loading control. C. The predicted miR-206-binding 
sequence in the FZD7 3’-UTR. D. Immunofluorescence staining of FZD7 (green) and β-catenin (red) in U87 and 
LN229 cells after transfection with miR-ctrl or miR-206. E, F. The expression levels of FZD7 in NBT and glioma sam-
ples were determined by western blotting. The fold changes were normalised to tubulin. NBT samples (n = 6) were 
collected from patients undergoing brain trauma surgery. Low-grade samples (n = 15) were derived from grade I and 
II gliomas, whereas high-grade samples (n = 18) were derived from grade III and IV gliomas. G. Pearson’s correlation 
analysis of the relative expression levels of miR-206 and relative protein levels of FZD7. H. MiR-206-binding sites 
in the 3’-UTR of FZD7 with wild-type (WT) or mutated (MUT) sequences highlighted. I. The dual-luciferase reporter 
assay was performed on U87 and LN229 cells, which were co-transfected with the indicated WT or mutant 3’-UTR 
construct and the miR-206 mimic. J. FZD7 protein expression level was elevated in primary glioma patient samples 
as indicated by the Human Protein Atlas database (http://www.proteinatlas.org/) (The data shown are representa-
tive of three independent experiments, #P < 0.0001, **P < 0.01, *P < 0.5).
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Figure 5. Down-regulation of FZD7 had an effect similar to that of the over-expression of miR-206 in glioma cells. A. Western blotting analysis of FZD7, β-catenin, 
and c-Myc expression in U87 and LN229 cells after a knockdown of FZD7. B. The CCK-8 assay after cultivation for 96 h evaluated the proliferative ability of U87 and 
LN229 cells. C. Long-term cell viability was evaluated using a colony formation assay. D. Proliferation of cells was examined by the EdU incorporation assay. Repre-
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sentative images are shown (original magnification 200×). E. Migration of GBM cells was monitored using a wound-healing assay. (original magnification, 200×). 
F. Matrigel invasion assays uncovered the impact of the knockdown of FZD7 on GBM cell invasion. G, H. The cell cycle distribution of U87 and LN229 cells after a 
knockdown of FZD7 was analysed by flow cytometry. I. Migration of U87 and LN229 cells was monitored in a 3D spheroid migration assay. J. Invasion-associated 
proteins MMP9 and MMP2 in U87 and LN229 cells after a knockdown of FZD7 were quantified by western blotting. Tubulin served as the loading control. (Three 
independent experiments per group. Scale bar, 100 μm. ***P < 0.001).
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Figure 6. FZD7 re-introduction reverses the tumour-suppressive effect of miR-206 on GBM cells. A. A rescue experiment was conducted by introducing pcDNA3.1-
FZD7 or pcDNA3.1 (in the presence or absence of ectopic miR-206 or miR-ctrl expression) into U87 and LN229 cells. Western blotting analysis of FZD7, β-catenin, 
and c-Myc in the indicated cells. Tubulin served as the loading control. B. The viability of glioma cells transfected with pcDNA3.1-FZD7 and miR-206 separately or 
together was evaluated in the CCK-8 assay. C. The cell proliferative potential was evaluated by the EdU assay, 48 h after co-transfection. D. A colony formation as-
say was performed to evaluate the long-term cell viability of GBM cells after co-transfection. E. Migration of GBM cells was monitored using a wound-healing assay. 
Respective images of GBM cells after co-transfection (original magnification, 200×). F. The cell cycle distribution of U87 and LN229 cells after co-transfection was 
analysed by flow cytometry. G, H. Matrigel invasion assays were performed to evaluate the invasive ability of GBM cells after co-transfection. I. 3D spheroid assays 
were performed on the indicated cells. J, K. Western blotting analysis illustrates the regulation of Invasion-associated proteins and EMT-associated proteins in the 
indicated cells. L. Western blotting analysis uncovered the effects on cell cycle-regulatory proteins in the indicated cells. (All experiments were performed in tripli-
cate; ***P < 0.001, **P < 0.01, *P < 0.5).
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miR-206-over-expressing cells was significantly 
longer (Figure 7B). Furthermore, IHC experi-
ments implied that the tumours derived from 
miR-206-over-expressing U87 cells had low- 
er FZD7 levels and significantly lower levels  
of β-catenin, Ki-67 and MMP2 (Figure 7C), in 
agreement with our in vitro results. In conclu-
sion, these findings suggested that miR-206 
exerted an obvious inhibitory effect on the 
tumorigenesis of GBM in vivo by repressing 
FZD7 expression.

Discussion

Mounting evidence indicates that miRNAs are 
closely related to the tumorigenesis of human 
cancers, including gliomas, and can serve as 
molecular biomarkers for tumour diagnosis and 
prognosis [9]. Some studies suggest that miR-
206 dysregulation is associated with hepato-
cellular carcinoma, osteosarcoma, prostate 
cancer, breast cancer, and cervical cancer [11-
14]. However, the expression pattern of miR-

Figure 7. MiR-206 attenuated tumour growth in a murine intracranial xenograft model. A. U87 cells pre-treated with 
a miR-ctrl-expressing or miR-206-expressing lentivirus (and a lentivirus expressing luciferase) were implanted into 
the brain of nude mice, and tumour formation was assessed by means of a non-invasive bioluminescence imaging 
system. Bioluminescent images were captured on days 0, 7, 14, 21, and 28 after the implantation. B. Overall sur-
vival was determined via Kaplan-Meier survival curves, and a log-rank test was conducted to assess the statistical 
significance of survival differences. C. After euthanasia, mouse brain tissues were collected, embedded into paraf-
fin, and cut into thin sections for IHC analysis. The expression of FZD7, β-catenin, MMP2, and Ki-67 significantly 
diminished in the LV-miR-206 group.
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206 in glioma is largely unknown. In this study, 
we investigated the biological roles of miR-206 
and of its target gene, FZD7, in glioma cell pro-
liferation, migration, and invasion. By searching 
the CGGA database, we found that miR-206 
expression is significantly decreased in gliomas 
and negatively correlates with glioma grade. 
We then randomly selected 33 glioma tissue 
samples of different grades and six NBT sam-
ples to confirm the expression level of miR-206 
in glioma tissue. RT-qPCR results implied that 
miR-206 expression was significantly lower in 
glioma tissue samples than in NBT samples. 
Furthermore, we found that miR-206 expres-
sion negatively correlates with glioma grade.

There is emerging evidence that the abnormal 
expression of miRNAs is associated with malig-
nant biological behaviours, such as cell inva-
sion, apoptosis, angiogenesis, and excessive 
cell proliferation [27-29]. To investigate these 
phenomena in glioma cells, we over-expressed 
miR-206 by means of a lentiviral vector. CCK-8, 
colony formation, and EdU incorporation assays 
were then conducted to assess the influence of 
miR-206 over-expression on the proliferation 
capacity of glioma cells. We also noted that 
miR-206 attenuates the migration and inva-
siveness of glioma cells. EMT has been identi-
fied as a vital regulatory process facilitating 
GBM cell invasion and migration [30]. The over-
expression of miR-206 inhibits EMT signalling 
pathways in GBM cells [31]. Transwell invasion, 
wound healing, and in vitro 3D migration assays 
were carried out to investigate the migratory 
and invasive abilities of the transduced glioma 
cells. The results uncovered significantly de- 
creased cell migration and invasion, both short- 
and long-term, after over-expression of miR-
206. Furthermore, flow-cytometric assays indi-
cated that miR-206 arrested cells at the G1-S 
transition and therefore suppressed prolifera-
tion. It is universally acknowledged that a pro-
tein kinase complex regulates the cell cycle. 
The cyclin E-CDK2 complex has been reported 
to perform a key function in the exit from G0-G1 
transition and entry into the S phase [32, 33]. 
Our western blotting analysis showed that 
CDK2 and cyclin D1 were significantly down-
regulated upon over-expression of miR-206 or 
knockdown of FZD7. Therefore, we propose 
that the cell cycle can be arrested at the G0-G1 
transition by miR-206 over-expression.

The WNT/β-catenin pathway has been report- 
ed to often participate in the progression of 

various types of cancers, including lung cancer, 
breast cancer, and prostate cancer. Further- 
more, there is growing interest in potentially 
crucial participation of the WNT/β-catenin pa- 
thway in the pathogenesis of malignant glio- 
ma as well as in therapeutic targeting of this 
pathway [18]. FZD7 belongs to the FZD family 
of receptors and serves as a WNT protein 
receptor [34]. It is a crucial receptor in the 
WNT/β-catenin pathway. For instance, over-
expression of microRNA-485-5p reduces mi- 
gration and invasiveness of melanoma cells  
via down-regulation of FZD7 [27]. However,  
the relation between FZD7 and the clinical fea-
tures of glioma remains unknown. In this stu- 
dy, we demonstrated that the FZD7 protein is 
over-expressed in glioma tissue samples and 
cell lines. Its expression was found to negative-
ly correlate with miR-206 expression among 
clinical glioma specimens. Meanwhile, by lucif-
erase reporter assays, we proved that onco-
gene FZD7 is a direct target of miR-206. 
Furthermore, the knockdown of FZD7 had an 
effect similar to that of miR-206 up-regulation 
in GBM cells. By contrast, subsequent re-intro-
duction of FZD7 reversed the inhibition of gl- 
ioma cell proliferation, migration, and invasion 
and changes in the cell cycle of glioma that 
were caused by up-regulated miR-206. In con-
clusion, our findings provide the first evidence 
that miR-206 significantly inhibits glioma cell 
progression by targeting FZD7 mRNA and 
thereby blocking the WNT/β-catenin pathway.

In summary, our current data clearly provide 
novel evidence of a crucial link between miR-
206 and the tumorigenesis of human glioma. 
These results suggest that miR-206 plays a key 
inhibitory role in the progression of GBM and 
functions as a tumour suppressor by down-reg-
ulating FZD7. The formation and progression of 
glioma are impaired by the miR-206/FZD7-
mediated blockage of the WNT/β-catenin path-
way. Given that miRNA-based therapeutics are 
still in the initial stages of development, this 
novel finding not only improves our knowledge 
of the molecular mechanisms underlying glio-
ma cell proliferation, migration, and invasion 
but also points to a promising therapeutic strat-
egy against glioma.
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Figure S1. A-C. The transcriptional levels of FZD7 were analysed in non-brain tissues (NBT), low-grade gliomas (LGG) 
and high-grade gliomas (HGG) from the TCGA, GSE4290, and GSE16011 databases.


