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miR‑296‑3p promotes the proliferation of glioblastoma cells
by targeting ICAT
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Abstract. MicroRNAs (miRNA/miRs) serve an important
function in the regulation of gene expression, and have been
indicated to mediate a number of cellular biological processes,
including cell proliferation, the cell cycle, cell apoptosis
and cell differentiation. The altered expression of miRNAs
has been revealed to result in a variety of human diseases,
including glioblastoma multiforme (GBM). The present study
indicated an increase in miR‑296‑3p in glioma tumor types
compared with normal brain, particularly in the samples from
patients with high grade GBM. Antagonizing miR‑296‑3p was
demonstrated to induce cell growth arrest and cell cycle redistribution in U251 cells. The miR‑296‑3p antagonist altered the
expression of a number of key genes that are involved in cell
cycle control, including cyclin D1 and p21. Additionally, the
decrease of miR‑296‑3p increased inhibitor of β‑catenin and
T cell factor (ICAT) expression, and increased miR‑296‑3p‑inhibited ICAT expression in U251 cells. Bioinformatics analysis
indicated that ICAT is a target gene of miR‑296‑3p, which
was further validated using a dual‑luciferase reporter assay.
Through the regulation of ICAT, the miR‑296‑3p antagonist
decreased β ‑catenin protein expression and increased the
expression of its target genes. Silencing ICAT was indicated to
reverse the miR‑296‑3p downregulation‑induced inactivation
of Wnt signaling and cell growth arrest in glioma cells. The
present study also indicated a negative correlation between
ICAT mRNA levels and miR‑296‑3p levels in glioma tumor
types. In conclusion, the present study identified an oncogenic
function of miR‑296‑3p in glioblastoma via the direct regulation of ICAT.
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Introduction
Glioma is the most common brain tumor type in humans,
results in a high mortality rate and is divided into either a low
grade (I and II) or high grade (II and IV) type, based on its
histological features (1). Glioblastoma multiforme (GBM) is
classified as a grade IV glioma according to the World Health
Organization (WHO) grading system (2). Despite advancement in treatment of GBM, the majority of patients continue to
succumb to the disease, which exhibits an overall survival rate
of <3 years (3). Following surgery, chemotherapy, including
DNA alkylating antineoplastic drug temozolomide (TMZ)
chemotherapy, is used as the first‑line treatment for patients
with GBM and successfully improves overall survival time (4).
However, acquired de novo resistance limits the efficacy of
TMZ for patients with GBM (5,6). The lack of knowledge
regarding the initiation and development of GBM results
in difficulty in treating patients with GBM. Therefore, an
investigation of the molecular mechanism regulating GBM is
urgently required.
MicroRNAs (miRNAs/miRs) are small, non‑coding, single
stranded RNA molecules that are ubiquitously expressed in
human cells (7). miRNAs function as negative regulators of
gene expression through binding to the complementary sites
on the 3'‑untranslated region (UTR) of target mRNAs, and
decrease target gene expression via the degradation of mRNA
or the inhibition of translation (8). The expression of miRNA is
controlled by DNA histone modification and other epigenetic
factors, and miRNAs serve an important function in a number of
biological processes, including cell differentiation, cell proliferation, the cell cycle and cell motility (9‑11). The initiation and
development of human cancer is frequently accompanied by
miRNA deregulation (12,13). In GBM, accumulating evidence
has demonstrated that the aberrant expression of miRNAs
contributes to cancer progression (12,14). The analysis of
gene expression and the matched miRNA profile in patients
with GBM has revealed a RNA‑RNA interaction network that
regulates GBM cell proliferation (14). miR‑296 expression has
been revealed to be increased in the primary tumor endothelial cells compared with normal brain endothelial cells (15).
Furthermore, the expression of miR‑296 has been indicated to
be associated with cell invasion and the multi‑drug resistance
of glioma cells (16,17). Further investigation is necessary to
determine the complexity of the miRNA network in GBM.

2152

ZHOU et al: miR-296-3p PROMOTES GLIOBLASTOMA PROGRESSION

Inhibitor of β ‑catenin and T cell factor (TCF) (ICAT)
is a well‑characterized negative regulator of Wnt signaling
activity, which functions by blocking the binding of TCF to
β‑catenin (18). ICAT is reported to be deregulated in a number
of human tumor types, while its function in carcinogenesis
remains yet to be determined (19,20). In hepatocellular
carcinoma, ICAT promotes the epithelial‑to‑mesenchymal
transition, and is targeted and inhibited by miR‑424‑5p (21).
In GBM, ICAT is downregulated and has been indicated to
inhibit cell proliferation, migration and invasion, and induce
cell apoptosis in GBM cells (22). ICAT expression is regulated
by miRNAs in a number of different cancer types, including
hepatocellular carcinoma and breast cancer (21,23). The
mechanisms by which ICAT is regulated by miRNAs has, to
the best of our knowledge, not yet been determined in GBM.
Materials and methods
Patients. Glioma tissues and normal brain tissues were collected
from the Affiliated Hospital of North Sichuan Medical College
(Sichuan, China) between June 2014 and July 2018. GBM tissues
from patients with WHO grade II, III and IV tumor types were
obtained during standard surgery, and 10 patients were included
for each grade. The 10 normal brain tissues were obtained during
surgery in patients with intractable epilepsy. All participants
provided written informed consent prior to tissue sampling.
The present study was ethically approved and conducted under
the supervision of the Ethics Committee of North Sichuan
Medical College (approval no. NSREC20140622H). Patients
were enrolled in the study if their diagnosis was histologically
confirmed by two neuropathologists based on the 2007 WHO
classification guidelines (24).
Cell lines. 293 cells and human GBM cell lines U251 and
U138MG were purchased from the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China). Cell
lines were maintained in Dulbecco's modified Eagle's medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
containing 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin/streptomycin (Invitrogen;
Thermo Fisher Scientific, Inc.) and incubated at 37˚C in a
humidified incubator with 5% CO2.
miR‑296‑3p mimics and miR‑296‑3p antagonist transfection.
miR‑negative control (NC) mimics (5'‑UUCUCCGAACGU
GUCACGUTT‑3'), miR‑296‑3p mimics (5'‑AGGG CCCCC
CCUCAAUCCUGU‑3'), miR‑NC antagonist (5'‑CAGUAC
UUUUGUGUAGUACAA‑3') and miR‑296‑3p antagonist
(5'‑ACAGGAUUGAGGG GGG GCCCU‑3') were purchased
from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). For
miR‑296‑3p antagonization or miR‑296‑3p overexpression,
200 nM miR‑296‑3p antagonist or miR‑296‑3p mimics were
mixed with Lipofectamine 2000® (Invitrogen; Thermo Fisher
Scientific, Inc.), sustained for 15 min at room temperature then
added to 1x106 cells which were seeded into six‑well plates.
The efficiency of the miR‑296‑3p antagonist and miR‑296‑3p
mimics was detected at 48 h following transfection.
Silencing of ICAT in cells. ICAT siRNA (5'‑GAUGGGAUC
AAACCUGACA‑3') and control siRNA (5'‑AAUUCUCCG

AACGUGUCACGU‑3') were purchased from GenePharma
(Suzhou, China). In total, 50 nM ICAT siRNA or control
siRNA was transfected into 2x106 U251 cells in six‑well plates
with Lipofectamine RNAiMax (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. The
transfection efficiency was detected by western blotting 72 h
after transfection.
Cell proliferation assay. Cell proliferation was detected using
a Cell Counting Kit‑8 (CCK‑8) assay (Dojindo Molecular
Technologies, Inc.). A total of 2x104 cells were plated into 96‑well
plates. At 0, 24, 48 and 96 h, a total of 10 µl CCK‑8 solution was
added into the culture medium and maintained for 2 h. Culture
medium containing CCK‑8 solution was subsequently transferred to a 96‑well plate. Absorbance was measured at 450 nm
and each well was analyzed using a microplate reader (Bio‑Rad
Laboratories, Inc.) to determine cell number.
Cell cycle analysis. Cell cycle distribution was analyzed using
flow cytometry. A cell cycle assay was performed according
to the manufacturers protocol of the Cell Cycle Analysis kit
(Beyotime Institute of Biotechnology, Haimen, China). A total
of 1x106 cells were collected, washed with cold phosphate
buffered saline (PBS; Invitrogen; Thermo Fisher Scientific,
Inc.) and fixed in 70% ethanol at 4˚C for 24 h. Cells were
subsequently washed with cold PBS and stained in a propidium
iodide/RNase A mixture at room temperature for 30 min.
Subsequent to incubation for 30 min at room temperature, the
cells were analyzed using a fluorescence‑activated cell sorting
Caliber system (BD Biosciences). The data were analyzed with
the FlowJo software V 10.0.7 (BD Biosciences).
Western blotting. Lysates were prepared from 1x106 cells using
RIPA lysis buffer (Sigma Aldrich; Merck KGaA). The concentration of each sample was determined with a bicinchoninic acid
Protein Assay Kit (Thermo Fisher Scientific, Inc.). Antibodies
for GAPDH (mouse; G8795; 1:10,000) were purchased from
Sigma Aldrich (Merck KGaA). P21 (rabbit; 2947; 1:2,000),
cyclin D1 (rabbit; 2978; 1:2,000), c‑Myc (rabbit; 5605;
1:2,000), AKT (rabbit; 4691; 1:2,000), phosphorylated (p‑)
AKT (rabbit; 4060; 1:2,000), ERK1/2 (rabbit; 4695; 1:2,000),
p‑ERK1/2 (rabbit; 9101; 1:2,000) antibodies were bought from
Cell Signaling Technology. ICAT (rabbit; ab129011; 1:1,000)
and β‑catenin (rabbit, ab16051, 1:1,000) antibody was obtained
from Abcam. Horseradish peroxidase‑conjugated secondary
antibodies against mouse (SA00001‑1; 1:100,000) and rabbit
(SA00001‑2; 1:100,000) were obtained from Proteintech
Group. Western blot was conducted following a standard procedure. 20 µg protein lysate was loaded into an 8% SDS gel and
separated via electrophoresis. Proteins on gel were transferred
into a PVDF membrane. The membrane was blocked using 5%
non‑fat milk at room temperature for 1 h and then incubated
with the indicated primary antibody overnight at 4˚C. On the
next day, the membrane was washed and incubated with the
appropriate secondary antibody for 1 h at room temperature.
Finally, membrane was developed using ECL western blotting
substrate (Thermo Fisher Scientific, Inc.) and images were
obtained using ImageQuant LAS 4000 (GE Healthcare Life
Sciences). Western blotting data were quantified with Image J
software Version.1.6.0 (National Institute of Science).
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RNA extraction and reverse transcription‑quantitative PCR
(RT‑qPCR). Total RNA from tissues and 1x10 6 cells was
extracted using TRIzol Reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
The quality and concentration of RNA was detected with
NanoDrop 2000 (Thermo Fisher Scientific, Inc.). For detection
of miR‑296‑3p expression, RNA was reverse transcribed to
cDNA using a stem‑loop primer with RevertAid First Strand
cDNA kit (Thermo Fisher Scientific, Inc.). For mRNA expression analysis, RNA was reverse transcribed to first‑strand
cDNA using PrimeScript RT Master Mix (Takara Bio, Inc.).
qPCR was performed using SYBR Premix Ex Taq kit (Takara
Bio, Inc.). U6 and GAPDH served as internal controls for
the semi‑quantification of miR‑296‑3p and genes expression,
respectively. The relative miR‑296‑3p and genes expression
was calculated by the 2‑ΔΔCq method (25). qPCR thermocycling conditions were as follows: Initial denaturation at 95˚C
for 30 sec, followed by 35 cycles of 95˚C for 15 sec and 60˚C
for 30 sec. The primer sequences were as follows: Stem‑loop
primer, 5'‑CTCAACTGGTGTCGTGGAGTCGGCAATTCA
GTTGAGG GAGAG‑3'; miR‑296‑3p‑forward, 5'‑GCCGAG
GAG  G GT  T GG  GTG  GA‑3'; miR‑296‑3p‑reverse, 5'‑CTC
AACTGGTGTCGTG GA‑3'; U6‑forward, 5'‑CTCGCT TCG
GCAGCACA‑3'; U6‑reverse, 5'‑AACGCTT CACGAATT
TGCGT‑3'; ICAT‑forward, 5'‑CCTATGCAGG GGTGGTCA
AC‑3'; ICAT‑reverse, 5'‑CGACCTGGAAAACGCCATCA‑3';
GAPDH‑forward, 5'‑AACGTGTCAGTGGTGGACC TG‑3';
GAPDH‑reverse, 5'‑AGTGGGTGTCGCTGTTGAAGT‑3'.
Bioinformatic analysis. The potential target genes of
miR‑296‑3p were predicted using the online software miRanda
V 2010 (http://www.microrna.org/microrna/home.do) (26).
The target site prediction of all conserved miRNAs was downloaded from the software. Then, the Database for Annotation,
Visualization and Integrated Discovery (https://david.ncifcrf.
gov/) was used to screen for Wnt signaling related genes (27,28).
Dual luciferase reporter assay. The 3'UTR of ICAT mRNA
was amplified from cDNA of 293 cells followed by insertion
into pmirGLO plasmid (Promega Corporation) to construct
pmirGLO‑ICAT 3'UTR‑wild‑type (WT). pmirGLO‑ICAT
3'UTR‑Mutant (Mut) with mutation of predicted miR‑296‑3p
binding sites was created by introducing site mutations
of pmirGLO‑ICAT 3'UTR‑WT using Quick site‑directed
mutagenesis kit (Agilent Technologies, Inc.). For dual luciferase assay, 1x10 6 U251 cells were transfected with 2 µg
pmirGLO‑ICAT 3'UTR‑WT or pmirGLO‑ICAT 3'UTR‑Mut
accompanied with miR‑296‑3p mimics or miR‑NC mimics and
an internal control Renilla plasmid (hRluc‑neo). After 24 h,
the relative luciferase activity of each well was measured using
a Dual‑Glo luciferase Assay System (Promega Corporation)
following the manufacture's protocol. The firefly luciferase
activity was normalized to Renilla luciferase activity.
Immunofluorescence. In total, 1x105 U251 cells were grown
on glass slides in 24‑well plates, transfected with miR‑NC
antagonist or miR‑296‑3p antagonist and incubated for 48 h at
37˚C. Wells were then washed with PBS and treated with 4%
paraformaldehyde for 30 min at room temperature. Cells were
subsequently permeabilized and blocked using PBS containing
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0.1% Triton X‑100, in 1% bovine serum albumin, for 1 h at
room temperature. A β‑catenin (rabbit; 1:100; cat. no. ab16051;
Abcam) antibody was used as the primary antibody to
incubate the glass slides for 2 h at room temperature, and
Alexa Fluor 594‑conjugated secondary antibody (1:50,000;
cat. no. R37117; Invitrogen; Thermo Fisher Scientific, Inc.) was
applied to detect fluorescence (1 h at room temperature). DAPI
(Vector Laboratories, Inc.) was finally added into the glass
slides to stain cell nuclei. The slides were observed and the
representative images were captured using the Leica DM5000
B microscope (Leica Microsystems, Inc.).
Statistical analysis. All data were statistically analyzed using
GraphPad Prism 7 (GraphPad Software, Inc.) and presented
as the mean ± standard deviation. Differences between two
groups were compared using a paired Student's t‑test. All
experiments were repeated at least three times. For comparison among three groups, the data were firstly analyzed using
a one‑way analysis of variance, followed by a Newman Keul's
test. Pearson's correlation analysis was used for the analysis
of the correlation between miR‑296‑3p expression and ICAT
mRNA levels in GBM tissues. P<0.05 was considered to indicate a statistically significant result.
Results
miR‑296‑3p is upregulated in GBM tissues. To determine
the expression of miR‑296‑3p in GBM tissues, a total of 10
normal brain tissues and 40 GBM tissues (10 grade I, 10
grade II, 10 grade III and 10 grade IV) were collected, and
miR‑296‑3p expression was determined using a reverse transcription‑quantitative polymerase chain reaction (RT‑qPCR).
miR‑296‑3p expression was demonstrated to be significantly
increased in GBM tissues compared with normal tissues
(P<0.01; Fig. 1A). Additionally, miR‑296‑3p was indicated
not to be overexpressed in GBM tissues from patients at
grade II, but significantly increased in GBM tissues from
patients at grade III and grade IV compared with normal
tissues (P<0.01; Fig. 1B).
Antagonization of miR‑296‑3p suppresses cell proliferation
and alters cell cycle distribution in U251 cells. To study
the function of miR‑296‑3p in GBM cells, miR‑296‑3p
expression was downregulated, using transfection with a
miR‑296‑3p antagonist, in U251 cells. Cells transfected with
the miR‑296‑3p antagonist demonstrated a significant 4‑fold
decrease in miR‑296‑3p expression compared with those transfected with the negative control (P<0.001; Fig. 2A). The results
of the CCK‑8 assay indicated that miR‑296‑3p downregulation
significantly inhibited U251 cell growth (P<0.01; Fig. 2B).
Additionally, flow cytometry revealed that the miR‑296‑3p
antagonist induced a significant increase of cells enriched in
the G0/G1 phase compared with the control cells, indicating
the redistribution of the cell cycle (P<0.001; Fig. 2C and D).
Western blot analysis was performed to detect a number of
key genes that have been indicated to be associated with the
G1/S checkpoint. The expression levels of p21, an inhibitor of
cell cycle progression, were demonstrated to be significantly
increased following transfection with the miR‑296‑3p antagonist compared with the negative control (P<0.01). Furthermore,
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Figure 1. miR‑296‑3p was overexpressed in GBM tissues. (A) Compared with 10 human normal brain tissues, miR‑296‑3p levels were elevated in 30 GBM
tissues. (B) In comparison with 10 normal brain tissues, miR‑296‑3p levels were increased in GBM tissues from patients at grade III and IV but not grade II.
**
P<0.01 with comparisons shown by lines. GBM, glioblastoma multiforme; miR, microRNA; n.s., non‑significant; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.

cyclin D1 expression levels were revealed to be significantly
decreased following transfection with miR‑296‑3p antagonist
compared with the negative control (P<0.001; Fig. 2E and F).
These results suggested that miR‑296‑3p may promote cell
cycle progression to facilitate GBM cell proliferation.
miR‑296‑3p negatively regulates ICAT expression in GBM
cells. To investigate the mechanism of miR‑296‑3p in GBM
cells, miRanda was used to predict the potential target genes
of miR‑296‑3p. Among these target genes, Database for
Annotation, Visualization and Integrated Discovery software
was used and the results demonstrated that the 3'UTR of ICAT,
a key regulator of Wnt signaling, could complementary bind
to miR‑296‑3p (data not shown). ICAT is a negative regulator
of the Wnt signaling pathway and is considered to be a tumor
suppressor in GBM cells (20). With similar results observed
in U251 cells, the transfection of miR‑296‑3p antagonist
also significantly decreased miR‑296‑3p expression levels in
U138MG cells (P<0.001; Fig. 3A). miR‑296‑3p downregulation was also indicated to significantly increase ICAT mRNA
expression levels in U251 and U138MG cells (P<0.001;
Fig. 3B). Additionally, ICAT protein expression levels were
also significantly increased following transfection with an
miR‑296‑3p antagonist (P<0.01; Fig. 3C and D). miRNA
mimics are chemically synthesized miRNAs, and following
transfection into cells, miRNA mimics have been revealed to
mimic the function of a miRNA (12). Therefore, miR‑296‑3p
mimics were used to overexpress miR‑296‑3p in U251 and
U138MG cells. Transfection of miR‑296‑3p mimics resulted in
a 2‑fold increase in miR‑296‑3p expression levels in U251 and
U138MG cells (P<0.01; Fig. 3E). In contrast, the overexpression of miR‑296‑3p significantly decreased ICAT expression at
the mRNA and protein levels (P<0.05; Fig. 3F‑H).
miR‑296‑3p regulates the ICAT‑regulated signaling network
in GBM cells. The overactivation of phosphoinositide‑3‑kinase
(PI3K)‑protein kinase B (AKT), mitogen‑activated protein
kinase‑extracellular signal‑regulated kinase (ERK) and Wnt
signaling pathways serves an important function in cell proliferation and cell cycle regulation in GBM cells (29‑31). Using

western blot analysis, β‑catenin, a signal transducer of the Wnt
signaling pathway, was indicated to be significantly decreased
following the downregulation of miR‑296‑3p compared with
the negative control (P<0.01), while p‑AKT and p‑ERK1/2
expression did not differ (Fig. 4A and B). Additionally, the
expression of Wnt signaling target gene c‑Myc was also
significantly decreased in cells transfected with miR‑296‑3p
antagonist compared with the negative control (P<0.01;
Fig. 4A and B). Furthermore, using immunofluorescence, it
was observed that β ‑catenin was located in the nucleus of
U251 cells (Fig. 4C). Transfection of a miR‑296‑3p antagonist
resulted in the translocation of β‑catenin from the nucleus to
the cytoplasm of cells (Fig. 4C). These results suggested that
miR‑296‑3p may activate the Wnt signaling pathway via the
regulation of ICAT.
miR‑296‑3p directly binds to the 3'UTR of ICAT mRNA. To
assess whether miR‑296‑3p directly regulated ICAT expression, miRanda was used to align the sequences of miR‑296‑3p
and ICAT 3'UTR. A complementary site was observed
between miR‑296‑3p and ICAT 3'UTR (Fig. 5A). Luciferase
reporter assays were performed to functionally verify whether
miR‑296‑3p directly targets ICAT in U251 cells. Wild type
ICAT‑3'UTR resulted in significantly decreased luciferase
activity relative to mutated ICAT‑3'UTR in U251 cells
co‑transfected with miR‑296‑3p mimics compared with the
negative control (P<0.01; Fig. 5B), indicating that ICAT was a
target gene of miR‑296‑3p in U251 cells. Similar results were
also observed in U138MG cells (P<0.01; Fig. 5C).
miR‑296‑3p regulates Wnt signaling via ICAT to control
glioma cell proliferation. ICAT small‑interfering RNA was
transfected into U251 cells to significantly downregulate
ICAT expression compared with the control (P<0.0001;
Fig. 6A and B). Silencing ICAT significantly reversed the
downregulation of β‑catenin and c‑Myc that was induced by
miR‑296‑3p antagonist (P<0.01; Fig. 6C and D). Furthermore,
miR‑296‑3p downregulation‑induced cell growth arrest was
also demonstrated to be significantly reversed upon ICAT
silencing in U251 cells (P<0.0001; Fig. 6E).
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Figure 2. miR‑296‑3p regulated cell growth and cell cycle in U251 cells. (A) Transfection of miR‑296‑3p antagonist reduced miR‑296‑3p expression in U251
cells. (B) Transfection of miR‑296‑3p antagonist inhibited cell proliferation in U251 cells. (C) miR‑296‑3p antagonist induced the redistribution of cell cycle of
U251 cells. (D) Quantification analysis of cells accumulated in G1, S and G2 phases. (E) Western blot analysis revealed that p21 expression was elevated and
cyclin D1 was decreased in response to miR‑296‑3p downregulation. (F) Quantification of p21 and cyclin D1 protein expression shown in. (E) **P<0.01 and
***
P<0.001 vs. miR‑NC antagonist; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; NC, negative control; miR, microRNA.

miR‑296‑3p level is negatively correlated with ICAT levels
in GBM tissues. Subsequently, the association between
miR‑296‑3p and ICAT expression was assessed in the present
study. RT‑qPCR indicated that ICAT mRNA levels were
significantly increased in GBM tissues compared with normal
brain tissues (P<0.0001; Fig. 7A). Additionally, significantly
decreased ICAT expression was observed in GBM tissues
from patients at all grades in comparison with normal brain
tissues (P<0.05; Fig. 7B). Pearson correlation analysis indicated a strong and significant negative correlation between
miR‑296‑3p expression and ICAT mRNA levels in GBM
tissues (r=‑0.478, P=0.007; Fig. 7C).

Discussion
Accumulating evidence has suggested that miRNAs are associated with the initiation and development of GBM (32‑34). A
number of miRNAs have been demonstrated to be aberrantly
expressed, and are indicated to be promising biomarkers for
patients with GBM (35,36). miR‑296‑3p was reported to be
downregulated in GBM tissues from 30 patients compared
with 12 normal brains, and the downregulation of miR‑296‑3p
was indicated to promote the development of multi‑drug
resistance (17). However, one other study indicated that
miR‑296‑3p is negatively regulated by neurofibromatosis 2 in
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Figure 3. miR‑296‑3p negatively regulated ICAT expression in U251 and U138MG cells. (A) Transfection of miR‑296‑3p antagonist decreased miR‑296‑3p
mRNA expression levels in U138MG cells. (B) Transfection of miR‑296‑3p antagonist increased ICAT mRNA levels in U251 and U138MG cells. (C) Transfection
of miR‑296‑3p antagonist increased ICAT protein expression in U251 and U138MG cells. (D) Quantification of ICAT protein expression levels shown in (C).
(E) Transfection of miR‑296‑3p mimics increased miR‑296‑3p levels in U251 and U138MG cells. (F) Transfection of miR‑296‑3p mimics decreased ICAT
mRNA levels in U251 and U138MG cells. (G) miR‑296‑3p mimics decreased ICAT protein expression in U251 and U138MG cells. (H) Quantification of ICAT
protein expression levels in (G). *P<0.05, **P<0.01 and ***P<0.001 with comparisons shown by lines. miR, microRNA; ICAT, inhibitor of β‑catenin and T cell
factor; NC, negative control; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.

GBM cells, and analysis of The Cancer Genome Atlas GBM
dataset demonstrated that a high expression of miR‑296‑3p was
associated with the short overall survival time of patients with
GBM, in a large cohort (16). In the present study, an elevation

of miR‑296‑3p was observed in GBM tissues, particularly
in GBM tissues from patients at late grades compared with
normal brain tissues, which supports the oncogenic function of
miR‑296‑3p, as a high expression of miR‑296‑3p predicts poor
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Figure 4. miR‑296‑3p regulated Wnt signaling activity in U251 cells. (A) Western blot analysis indicated that p‑AKT and p‑ERK1/2 expression was not
changed, while β ‑catenin and its target gene c‑Myc was downregulated following miR‑296‑3p downregulation. (B) Quantification of protein expression
levels shown in (A). (C) Immunofluorescence was used to detect the subcellular location of β‑catenin in U251 cells. Scale bar, 20 µm. **P<0.01 vs. miR‑NC.
p‑, phosphorylated; AKT, protein kinase B; ERK1/2, extracellular signal‑regulated kinase 1/2; NC, negative control; miR, microRNA.

survival in GBM. The downregulation of miR‑296‑3p levels in
U251 cells was also indicated to inhibit cell proliferation and
alter the cell cycle distribution. Additionally, the expression of
p21 and cyclin D1 differed following the downregulation of
miR‑296‑3p. The results of the present study suggested that
miR‑296‑3p may promote the proliferation of GBM cells via
the regulation of cell cycle progression.
The Wnt/β ‑catenin signaling pathway is an important
pathway in the maintenance of stem cells, and has been indicated to be aberrantly activated in a number of cancer types,
including in GBM (37‑39). Through blocking the binding of
TCF to β‑catenin, ICAT has been observed to function as an
inhibitor of the Wnt signaling pathway (18). However, the function of ICAT in carcinogenesis remains to be controversial.

A previous study demonstrated decreased ICAT expression
in GBM tissues and a tumor suppressor function of ICAT
in GBM cells (22). In the present study, through the analysis
of ICAT mRNA expression in GBM tissues and normal
tissues, the downregulation of ICAT in GBM tissues was also
observed, particularly in tissues from patients at grade III
and IV. The expression of ICAT was negatively correlated with
miR‑296‑3p in GBM tissues. Inconsistently, ICAT expression
was decreased in grade II glioma, whereas miR‑296‑3p levels
were not increased, which may reflect the complexity of ICAT
regulation in GBM, suggesting that ICAT may be regulated by
other mechanisms in patients with grade II GBM. In cells, the
deregulation of a number of miRNAs was reported to promote
the aberrant expression of ICAT (21,23,40). miR‑296‑3p was
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Figure 5. ICAT was a target gene of miR‑296‑3p in U251 cells. (A) Sequence alignment of ICAT 3'UTR and miR‑296‑3p indicated a potential complementary
binding site. (B) A dual luciferase reporter assay indicated that miR‑296‑3p mimics decreased the luciferase activity of U251 cells transfected with ICAT
3'UTR‑WT but not ICAT 3'UTR mutant. (C) A dual luciferase reporter assay indicated that miR‑296‑3p mimics decreased the luciferase activity of U138MG
cells transfected with ICAT 3'UTR‑WT but not ICAT 3'UTR mutant. **P<0.01 vs. miR‑NC. miR, microRNA; ICAT, inhibitor of β‑catenin and T cell factor;
NC, negative control; WT, wild type; Mut, mutated type; 3'UTR, 3'untranslated region.

Figure 6. miR‑296‑3p regulated glioma cell proliferation via targeting ICAT. (A) Western blot analysis revealed that the transfection of ICAT siRNA decreased
ICAT protein expression in U251 cells. (B) Quantification analysis of ICAT protein expression levels shown in (A). (C) Western blot analysis revealed that the
silencing of ICAT reversed the downregulation of β‑catenin and c‑Myc protein expression induced by the miR‑296‑3p antagonist. (D) Quantification analysis
of β‑catenin and c‑Myc protein expression levels shown in (C).
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Figure 6. Continued. (E) A cell proliferation assay revealed that miR‑296‑3p antagonist induced cell growth arrest in U251 cells which was reversed with ICAT
silencing. **P<0.01 and ***P<0.001 with comparisons shown by lines. siRNA, small interfering RNA; miR, microRNA; ICAT, inhibitor of β‑catenin and T cell
factor; NC, negative control.

Figure 7. ICAT mRNA levels negatively correlated with miR‑296‑3p expression in GBM tissues (A) Compared with 10 human normal brain tissues, ICAT
levels were decreased in 30 GBM tissues. (B) In comparison with 10 normal brain tissues, ICAT levels were decreased in GBM tissues from patients at grade II,
III and IV. (C) Pearson analysis indicated that miR‑296‑3p expression was negatively correlated with ICAT mRNA levels in GBM tissues. *P<0.05, **P<0.01
and ***P<0.001 with comparisons shown by lines. ICAT, inhibitor of β‑catenin and T cell factor; GBM, glioblastoma multiforme; miR, microRNA; RT‑qPCR,
reverse transcription‑quantitative polymerase chain reaction.

revealed to negatively regulate ICAT expression in U251
cells. Using miRanda, ICAT was predicted as a potential
target gene of miR‑296‑3p, which was further verified using
a dual luciferase reporter assay in two glioblastoma cell lines.
Additionally, miR‑296‑3p downregulation was observed to
result in the decreased expression of β‑catenin and its target
genes (cyclin D1 and c‑Myc) in U251 cells, suggesting that
miR‑296‑3p may activate the Wnt signaling pathway via the
repression of ICAT expression. The cyclin D1‑cyclin‑dependent
kinase 4/6 complex is important for cell cycle progression in

the G1 phase (41). The overexpression of cyclin D1 has been
observed in a number of cancer types and has been indicated
to promote cell proliferation (42). Cyclin D1 protein expression decreases as cells enter the S phase, but the expression
of cyclin D1 is still important for passing the G0/G1 phase,
and the low expression of cyclin D1 will result in cell accumulation in the G1 phase (41). The results of the present study
suggested that miR‑296‑3p may positively regulate cyclin
D1 expression via Wnt signaling to control GBM cell cycle
progression and promote GBM cell growth. miR‑296‑3p has
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been suggested to target MK2 and PRKCA in nasopharyngeal
carcinoma and lung adenocarcinoma, respectively (43,44).
The downregulation of MAPK activated protein kinase 2 and
protein kinase Cα was observed to inhibit PI3K/AKT and Ras
signaling, resulting in the downregulation of c‑Myc (43,44). In
the present study, the expression of key proteins of PI3K/AKT,
Ras and Wnt signaling was determined following the downregulation of miR‑296‑3p in GBM. The downregulation of
Wnt signaling was only observed in GBM cells (43,44), but
the observation excluded the previously reported regulatory
association between miR‑296‑3p and c‑Myc. The results of
the present study indicated that miR‑296‑3p promoted c‑Myc
expression via activating the Wnt signaling. However, the
association between miR‑296‑3p and Wnt, PI3K/AKT and
Ras signaling was only assessed in U251 cells. Due to the
complexity of the signaling network in glioblastoma, further
studies should investigate the potential function of miR‑296‑3p
on the signaling network in two glioblastoma cell lines.
In conclusion, the present study revealed that miR‑296‑3p
was elevated in GBM tissues and promoted cell proliferation in
GBM cells by suppressing ICAT. Therefore, the results of the
present study identified a novel molecular mechanism in which
miR‑296‑3p was overexpressed in GBM tissues to activate the
Wnt signaling pathway and indicated that miR‑296‑3p may be a
novel biomarker and therapeutic target that can be used in GBM.
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