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Purpose: Glioblastoma multiforme (GBM) is an aggressive brain tumor with a rather short 
survival time. Mutation of p53 has been observed and reported to play critical roles in the 
progression of GBM. However, the pathological mechanisms are still unclear. This study was 
designed to identify the role of miR-154 in mediating the biological functions of p53 in 
glioblastoma multiforme.
Methods: In the current study, the expression of miR-154 in GBM tissue samples and cell 
lines with wt-p53 or mutant p53 was evaluated. The functions of miR-154 in tumor migra
tion, invasion and epithelial-mesenchymal transition were analyzed in vitro. A luciferase 
reporter assay was used to identify the target of miR-154.
Results: We found that expression of miR-154 was much lower in patient tissues with 
mutant p53. Further study revealed that p53 was a transcription factor of miR-154 and that 
the R273H mutation led to its inactivation. In addition, overexpression of miR-154 remark
ably suppressed cell migration, invasion and EMT in vitro and tumor growth in vivo. 
Moreover, TCF12 was proven to be a direct target of miR-154, and the tumor suppressive 
effect of miR-154 was reversed by TCF12.
Conclusion: Overall, miR-154, which was regulated by wt-p53, inhibited migration, inva
sion and EMT of GBM cells by targeting TCF12, indicating that miR-154 may act as 
a biomarker and that the p53/miR-154/TCF12 pathway could be a potential therapeutic 
target for GBM.
Keywords: glioblastoma, p53, microRNA, EMT, TCF12

Introduction
Glioblastoma multiforme (GBM) is the most common and malignant primary brain 
tumor in adults and is classified as a grade IV glioma by the World Health Organization. 
Although significant advancements in studies on GBM have been achieved and multi
ple new therapeutic approaches have been introduced in the clinic, the median survival 
time of GBM patients is approximately 1 year after diagnosis.1 This is much shorter 
than the 6–8 years for low-grade (I and II) gliomas.2,3 The poor prognosis of GBM is 
mainly due to its highly invasive, chemotherapy resistant and genetically unstable cells, 
especially the epithelial-mesenchymal transition (EMT) of GBM cells, which gives it 
a more aggressive nature.4 Hence, finding an effective way to prevent EMT is essential 
to improve the poor prognosis of GBM patients.

MicroRNAs (miRNAs) are a class of 19 to 25 nucleotide noncoding RNAs that 
regulate gene expression at the posttranscriptional level by interacting with the 3’- 

Correspondence: Liang Wang; Shunnan Ge  
Department of Neurosurgery, Tangdu 
Hospital, The Fourth Military Medical 
University, Xinsi Road, Xi’an, 710038, 
People’s Republic of China  
Tel +86-29-84717851;  
Tel +86-29-84717824  
Email drwangliang@126.com; 
gesn8561@163.com

submit your manuscript | www.dovepress.com Neuropsychiatric Disease and Treatment 2021:17 681–693                                                 681

http://doi.org/10.2147/NDT.S273578 

DovePress © 2021 Zhu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Neuropsychiatric Disease and Treatment                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

N
eu

ro
ps

yc
hi

at
ric

 D
is

ea
se

 a
nd

 T
re

at
m

en
t d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0002-5247-6727
mailto:drwangliang@126.com
mailto:gesn8561@163.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


untranslated regions (3’-UTRs) of their target messenger (m) 
RNAs.5,6 Ongoing research on miRNAs in recent years has 
demonstrated that they are involved in many biological pro
cesses, including development, apoptosis, metabolism, 
immunity and tumor progression.7–10 In particular, miRNAs 
have been found to contribute to modulating the initiation, 
progression, invasion and metastasis of cancers, such as 
GBM.11,12

miRNA-154 (miR-154), which is located in the 
human imprinted 14q32 domain, has been identified 
as a tumor suppressor in various types of human can
cer, including lung cancer, colorectal cancer, melanoma 
and GBM.13–16 Previous studies revealed that miR-154 
expression is downregulated in human primary GBM 
tissues, and the overexpression of miR-154 can sup
press proliferation and metastasis and induce apoptosis 
of GBM.17 However, the molecular mechanisms by 
which it exerts its functions and how it is regulated 
remain largely unknown.

p53, a tumor suppressor, is well known for preser
ving genomic stability and preventing tumor formation. 
Mutations in p53 have been found in approximately 
60% of patients with secondary GBMs and 25% of 
patients with primary GBMs.18,19 For the GBM cell 
lines, U87 and A172 cells contain wild-type p53, 
while U251 and U373 are p53 mutants.20 The reactiva
tion of endogenous p53 function represents an impor
tant tool in GBM treatment.19,21 The p53 protein is 
a transcription factor, and several microRNAs are 
known to be controlled by p53. Previous research has 
shown that p53 is an activator of several microRNAs, 
including miR-21, miR-200a, miR-192, miR-215, miR- 
16-2 and miR-182.22–25 This suggests that miR-154 
might also be regulated by p53.

In the present study, we found that the expression of 
miR-154 was downregulated in GBM tissues and GBM 
cell lines and that wt-p53 overexpression led to an 
increase in miR-154 in the U251 cell line. 
Furthermore, we verified that transcription factor 12 
(TCF12, also known as HEB), which is overexpressed 
in certain tumor types and has been associated with the 
cancer EMT and stem cell proliferation,26,27 mediated 
the p53/miR-154-controlled tumorigenesis, invasion and 
EMT in GBM. Our study is the first to provide evidence 
that the p53/miR-154 network contributes to suppressing 
the progression of GBM and that TCF12 plays a role as 
the target of miR-154.

Materials and Methods
Ethics Statement
This study was performed in compliance with the ethical 
guidelines of the Declaration of Helsinki. The use of 
human samples was approved by the research ethics com
mittee of The Fourth Military Medical University. All 
animal experiments were approved by the Animal Care 
and Use Committee of The Fourth Military Medical 
University (approval number: 201903–141) and followed 
the National Guidelines for the Care and Use of 
Laboratory Animals. All efforts were made to minimize 
the number of animals and their suffering.

Cell Culture and Tissue Samples
Tumor cell lines U251, U373, U87, A172 and normal 
human astrocytes (NHAs) were obtained from the 
American Type Culture Collection (Manassas, VA, 
USA). Cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum and 1% antibiotics at 37°C in a humidified 
atmosphere containing 5% CO2. Human GBM tissues and 
adjacent normal brain tissues were obtained from patients 
with GBM without previous radiotherapy or chemotherapy 
at Tangdu Hospital affiliated with The Fourth Military 
Medical University. Immediately after surgery, samples 
were snap-frozen in liquid nitrogen and stored at −80°C. 
Prior to our research study, all patients gave informed 
written consent.

Cell Transfection and Transduction
Human wild-type p53 genes or mutant p53 genes 
(R273H) were inserted into pcDNA3 vectors (Invitrogen, 
Carlsbad, CA). The TCF12 plasmid was purchased from 
GeneChem (Shanghai, China). The miR-154 mimic and 
inhibitor were purchased from RiboBio (Guangzhou, 
China). The lentiviral lenti-pCMV-GFP-miR-154, lenti- 
pCMV-GFP-miR-154 inhibitor and empty lentivirus vec
tor (GeneChem, Shanghai, China) were prepared. Cells 
were infected with lentivirus, and 1 μg/mL puromycin was 
applied to purify stably expressing cells and control cells. 
For transfection, the indicated plasmids were transfected 
into cells with Lipofectamine 2000 (Invitrogen), and the 
following assays were conducted 24 h later. The 
sequences used for transfection were as follows: shRNA 
for p53: 5-AGUGUUUCUGUCAUCCAAAUACUC 
CAC-3’. miR-154 mimic: sense, 5’-UAGGUUAUCCG 
UGUUGCCUUCG-3’; antisense, 5’-AAGGCAACACGA 
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UAACCUAUU-3’, miR-154 inhibitor: 5’-CGAAGGG 
AACACGGAUAAC CUA-3’.

Western Blot
Total protein samples were separated by SDS-PAGE and 
transferred to polyvinylidene fluoride (PVDF) mem
branes (Millipore, Billerica, MA) as previously 
described.28 Then, membranes were blocked with 5% 
skim milk in TBST buffer for 2 h and incubated with 
primary antibodies (p53, 1:1000, 2524, Cell Signaling; 
TCF12, 1:1000, ab70746, Abcam; Vimentin, 1:800, 
ab24525, Abcam; E-cadherin, 1:1000, 3195, Cell 
Signaling; N-cadherin, 1:500, ab18203, Abcam; β-actin, 
1:1000, ab8227, Abcam) at 4°C overnight. After being 
washed three times in TBST for 5 min each, membranes 
were incubated with HRP-conjugated secondary antibo
dies (1:5000) and washed three times. Finally, blots were 
detected with enhanced chemiluminescence reagents by 
X-ray films. Band densities were quantified using ImageJ 
software (National Institutes of Health, Bethesda, MD). 
The blots were performed in three experiments with 
similar results.

Reverse Transcription and Quantitative 
Real-Time PCR (RT-qPCR)
For gene expression analysis, TRIzol (Invitrogen; Thermo 
Fisher Scientific, Inc.) was used to isolate total RNA from 
tissues and cells according to the manufacturer’s protocol. 
cDNA was synthesized from 10 ng of total RNA using the 
TaqMan MicroRNA Reverse Transcription Kit (Applied 
Biosystems, Foster City, CA, USA). Quantitative real-time 
reverse transcription–polymerase chain reaction (qRT– 
PCR) was performed on an ABI 7900 Fast System with 
a TaqMan MicroRNA Assay kit (both from Applied 
Biosystems). Small nuclear RNA U6 was used as an 
endogenous control for miR-154 expression analysis. The 
thermocycling conditions were as follows: 95°C for 10 
min, 40 cycles of denaturation at 95°C for 15 sec, anneal
ing at 60°C for 1 min, and a final elongation step at 72°C 
for 10 min. Each sample was examined in triplicate. The 
cycle threshold (CT) was recorded, and the amount of 
miR-154 relative to RNA U6 was calculated. The primer 
sequences used were as follows: miR-154, 5’- 
CGCGAATTCGCATCTAGGACCTCCATCAC-3’ (for
ward) and 5’ - ACGGGATCCGAACCATCCCTTCACTT 
ACC-3’ (reverse); U6, 5’ - CTCGCTTCGGCAGCACA-3’ 

(forward) and 5’ - AACGCTTCA CGAATTTGCGT-3’ 
(reverse).

Transwell Invasion Assay
The Transwell invasion assay was performed using 24- 
well Transwell permeable inserts containing polycarbonate 
membranes with 8 μm pore size, which were coated with 
25 μg of Matrigel (BD Biosciences). U251 or U87 cells 
(1 × 105) were added to each well in serum-free medium, 
and medium containing 5% FBS was added to the bottom 
chamber as a chemoattractant. The Transwell plates were 
then incubated at 37°C for 24 h. Then, the membranes 
were fixed in methanol and stained with crystal violet 
solution. Noninvasive cells on the top side of the mem
branes were gently removed using a cotton swab, and 
invading cells on the underside of the membranes were 
counted using an inverted microscope.

Wound Healing Assay
U251 and U87 cells were seeded into a 6-well plate at 2 ×  
104 cells/cm2 in DMEM supplemented with 10% FBS. 
Each confluent monolayer was scraped by a 200 μL plastic 
pipette tip to make a cell-free area, and then detached cells 
were washed off with DMEM. The cells were incubated at 
37 °C in DMEM supplemented with 10% FBS for 24 h. The 
cells were observed at 0 and 24 h using a Nikon Ti2 micro
scope, and the distance between the edges of the cell-free 
areas was measured using ImageJ software.

Immunohistochemistry
The fresh-frozen tissue samples were fixed with 4% par
aformaldehyde and dehydrated in graded sucrose. Then, 
the frozen sections were blocked in 1% goat serum in PBS 
and 0.5% Triton X-100 for 30 min prior to incubation with 
an anti-TCF12 antibody (1:200, ab70746, Abcam). The 
sections were then washed with PBS three times and 
then incubated with system-labeled HRP anti-mouse sec
ondary antibody at room temperature for 2 h. Next, the 
sections were incubated in DAB, counterstained in 
Mayer’s hematoxylin, and dehydrated in alcohol and 
xylene. A Nikon Ti2 microscope was used to observe the 
positive cells.

Luciferase Reporter Assay
A luciferase reporter assay was performed as previously 
described.29 Briefly, TargetScan software was applied to 
predict the potential binding site of miR-154 at the 3’- 
UTR of TCF12 mRNA. The 3’-UTR sequences of TCF12 
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containing wild-type (wt) or mutant (mut) miR-154 bind
ing sites were cloned into the pGL-3 luciferase reporter 
vector. Cells (4 × 104) were seeded in 24-well plates and 
cultured for 24 h before cotransfection with luciferase 
reporter vectors and miR-154 (GeneChem, Shanghai, 
China) or NC vector using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s instructions. 
Luciferase and Renilla signals were measured 36 h after 
transfection using a Dual Luciferase Reporter Assay Kit 
(Promega) according to the manufacturer’s protocol. The 
activity of firefly luciferase was normalized to that of 
Renilla luciferase.

P53 Mutation Identification
DNA was extracted from freshly frozen tissue using 
DNeasy blood and tissue kits (QIAGEN) and quantified 
using a Qubit 2.0 Fluorometer (Invitrogen). DNA quality 
was assessed by absorptiometric analyses. Coding 
sequences of the p53 gene (exons 2–11) were PCR- 
amplified using primers and conditions as described 
previously30 and sequenced using an ABI 3730 DNA 
Analyzer (Applied Biosystems). Mutational analysis was 
performed using Mutation Surveyor software version 3.97 
(Soft Genetics), and sequence data were aligned to the p53 
reference sequence NC_000017.10.

CCK-8 Assay
The CCK8 assay was used to measure proliferation of 
U251 and U87 cells after miR-154 overexpression. 1000 
cells per well were cultured in five replicate wells in a 96- 
well plate in medium containing 10% FBS. CCK-8 reagent 
(beyotime, Beijing, China) was added to each well accord
ing to the manufacturer’s instructions at the indicated time. 
The absorbance at 450 nm was measured.

Tumor Model in Nude Mice
Five-week-old male nude mice were housed in a temperature- 
and light-controlled environment with a 14/10 h light/dark 
cycle. U251 cells were transduced with negative control lenti
virus or lenti-miR-154. Cells were harvested and suspended at 
1×107 cells per mL before subcutaneous injection into the 
flanks. The mice were sacrificed, and the tumors were isolated 
4 weeks after injection. The size of the tumor was calculated as 
0.5×length×width2.

For intracranial transplantation, the mice were anesthe
tized with 10% chloral hydrate. Then, a small hole was 
drilled 2 mm forward from bregma and 2 mm lateral from 
the midline at the right side of the cranium with an electric 

drill. U251 cells (1x 105) stably expressing miR-154 or 
control cells suspended in 10 μL PBS were transplanted 
into the forebrain at a depth of 3 mm with a Hamilton 
syringe. The mice were carefully observed every day for 
60 d to record the survival curves. Brain specimens were 
harvested from mice 60 d after transplantation. The brain 
slices were subjected to DYPI staining and observed by 
Nikon A1 confocal microscopy.

Statistical Analysis
One-way ANOVA or t-test was used to assess significant 
differences among the experimental groups. All cellular 
experiments were performed at least three times. Data are 
presented as the mean ± SEM. Statistical differences were 
determined by a two-tailed t test. The Prism5 software 
package was used for data analysis. For all comparisons, 
a P-value<0.05 was considered significant.

Results
MiR-154 Expression Decreases in 
Glioblastoma Tissues and Cell Lines, 
Especially in P53 Mutant Tissues and Cell 
Lines
Previous studies demonstrated that the expression of miR- 
154 is downregulated in human GBM tissues.17 We mea
sured the relative levels of miR-154 in 21 paired GBM 
tissues and adjacent normal tissues by qRT-PCR analysis. 
The results showed that the expression of miR-154 in 
tumor tissues was lower than that in adjacent normal 
tissues in 18 paired tissues (Figure 1A). We then separated 
the tissues into two groups depending on whether the 
expression of miR-154 in tumor tissues decreased more 
than 50% compared to that in normal tissues. 
Interestingly, DNA sequencing assays revealed that 6 out 
of 7 tissues in the lower miR-154 group were p53 mutant 
and 11 out of 14 in the other group were p53 wild-type 
tissues (Figure 1B). This suggested that the function of 
p53 might be associated with the regulation of miR-154. 
Another 48 GBM tissues were taken to assess miR-154 
expression after p53 gene sequencing. The miR-154 level 
was much lower in the p53 mutant group than in the p53 
wild-type group (Figure 1C). Furthermore, this finding 
was confirmed in glioma cell lines. U251 and U373 
cells, which are p53 mutant cell lines, expressed less 
miR-154 than A172 and U87 cells, which are p53 wild- 
type cell lines. The miR-154 levels were all decreased 
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compared to those in NHAs, except in U87 cells 
(Figure 1D).
To investigate the regulatory role of p53 on miR-154, we 
searched for transcription factor binding sites of putative 
promoters upstream of miR-154 using the Footer algorithm. 
Three p53 binding elements were found within 1.5 kb 
upstream of miR-154, as we hypothesized (Figure 2A). 
U251 and U87 cell lines were used to detect the effect of 
p53 on miR-154. We prepared a wt-p53 DNA plasmid and 
transfected it into p53 mutant U251 cells. In addition, the sh 
p53 plasmid was transfected into p53 wild-type U87 cells 
(Figure 2B). The expression of miR-154 was detected by 
qRT-PCR 36 h after transfection. Exogenous wt-p53 dra
matically upregulated the transcription of miR-154 in U251 
cells. Conversely, miR-154 was downregulated after trans
fection with the sh p53 plasmid in U87 cells (Figure 2C). 
Then, a mut-p53 (p53-R273H) plasmid was transfected into 
U251 and U373 cells. We found no significant difference in 
miR-154 expression between mut-P53 and NC cells in 
either cell line. (Figure 2D).

Overexpressing miR-154 Inhibit the 
Migration, Invasion and EMT of GBM in 
the P53 Mutant Cell Line (U251) and P53 
Wild-Type Cell Line (U87)
To validate the effect of miR-154 on the progression of GBM, 
wound healing, Transwell assays and EMT detection were 
performed on U251 and U87 cell lines. We stably transduced 
the cell lines using lentivirus that carries a negative control 
vector or a miR-154 overexpression vector. miR-154 expres
sion was determined by qRT-PCR assay (Figure 3A). In the 
Transwell assay, increased miR-154 significantly decreased 
the invading cells (Figure 3B). The wound healing assay 
showed that miR-154 inhibited cell migration in U251 and 
U87 cells (Figure 3C). Then, we detected the EMT markers 
E-cadherin, N-cadherin and vimentin by Western blot. 
Overexpressed miR-154 increased the level of E-cadherin 
and decreased the levels of N-cadherin and vimentin, which 
indicated that the EMT was inhibited by miR-154 (Figure 3D). 
Interestingly, despite the different p53 backgrounds, the 

Figure 1 The level of miR-154 was decreased in GBM tissue, especially in p53 mutant tissue. (A) Twenty-one paired GBM and adjacent normal tissues were collected, and 
a decrease in miR-154 was found in 18 GBM tissues. Eight representative paired tissues are shown. (B) P53 DNA sequencing analysis was performed in the 21 GBM tissues 
that were divided into groups according to the degree of miR-154 decline. (C) MiR-154 was detected in 48 other GBM tissues with different p53 backgrounds. (D) The miR- 
154 level is shown in NHA and GBM cell lines. *Compared with NHA, #compared with A172 (*, #p<0.05, **p<0.01, ***, ###p<0.001, ns: no significance).
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overexpressed miR-154 weakened the malignancy of both the 
U251 and U87 cell lines. Moreover, we generated tumor 
xenograft models using nude mice. Before the experiment, 
a CCK-8 assay was applied to show that miR-154 could not 
affect the proliferation of U251 and U87 cells (Figure 4A). 
Our data showed that miR-154-overexpressing U251 cells 
developed much smaller tumors than NC cells in either sub
cutaneous models or intracranial models (Figure 4B and C). 
Furthermore, mice transplanted with miR-154-overexpressing 
U251 cells showed a much longer life span than the control 
animals (Figure 4D).

TCF12 is Expressed at a High Level in 
GBM Tissues and Can Be Regulated by 
miR-154
TCF12 has been reported to be overexpressed in several 
cancers. We detected the expression of TCF12 in GBM 

tissues using Western blot analysis and observed that the 
expression of TCF12 protein was greatly upregulated 
(Figure 5A). Immunohistochemistry staining showed that 
TCF12 was greatly increased in the nucleus and cytoplasm 
in GBM tissues compared with adjacent normal tissues 
(Figure 5B). Moreover, it was indicated that TCF12 might 
be a binding target of miR-154 by searching TargetScan. 
Then, we performed a luciferase reporter assay and found 
that miR-154 mimic significantly suppressed the luciferase 
activity of the wild-type 3’-UTR of TCF12 in U251 cells, 
while the luciferase activity of the mutant 3’-UTR of TCF12 
was not affected (Figure 5C). Furthermore, we detected the 
TCF12 protein level in U251 and U373 MG cells stably 
overexpressing miR-154, and the TCF12 level was much 
lower than that in negative control (NC) cells (Figure 5D). 
Taken together, these findings suggest that miR-154 directly 
targets TCF12 by binding to its 3’UTR in GBM cells and 
suppresses the protein expression of TCF12.

Figure 2 Wt-p53 regulated the transcription of miR-154. (A) Three putative p53 binding sites were predicted upstream of the miR-154 gene. (B) We overexpressed wt-p53 
in U251 cells and knocked it down in U87 cells, and the p53 level was detected by Western blot. (C) MiR-154 expression in U251 cells and U87 cells after transfection is 
shown. (D) Mut-p53 (p53-R273H) was transfected into U251 and U373 cells, and miR-154 was not affected (**p<0.01, ns: no significance).
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P53 Regulates the Expression of TCF12 in 
an miR-154-Dependent Manner
Our study revealed that TCF12 was a target of miR-154, 
but whether p53 regulates TCF12 by miR-154 is still 
unknown. We assessed the expression of TCF12 in U251 
cells transfected with wt-p53 or mut-p53 and in U87 cells 
transfected with p53 knockdown plasmid. Western blot 
analysis showed that wt-P53, not mut-P53, downregulated 
the expression of TCF12, and sh p53 led to increased 
TCF12 (Figure 6A and B). Furthermore, if U251 cells 
were cotransfected with wt-p53 and miR-154 inhibitor, 
the decrease in TCF12 was absent (Figure 6C). 
Correspondingly, TCF12 levels were not increased in 
U87 cells cotransfected with the sh p53 plasmid and 
miR-154 mimic (Figure 6D). Together, this result indicates 
that p53 is negatively correlated with the expression of 
TCF12. MiR-154 played a critical role in this process due 

to its inhibitory effect on TCF12. The novel P53/miR-154/ 
TCF12 pathway is important in the progression of GBM.

Overexpressed TCF12 Blocks the 
miR-154-Induced Inhibition of Migration, 
Invasion and EMT in GBM Cells
Although TCF12 was suggested to be regulated by 
miR-154, whether it mediates the effects of miR-154 
on GBM still needs further investigation. We trans
fected TCF12 into Lenti-miR-154 transduced U251 
cells. Western blot analysis showed that the protein 
level of TCF12 was higher in the co-overexpressed 
cells than in the cells transduced with lenti-miR-154 
only, and TCF12 overexpression did not affect the 
level of miR-154 (Figure 7A and B). We conducted 
wound healing and Transwell assays in the above 
cells. We discovered that exogenously introduced 

Figure 3 MiR-154 suppressed the migration, invasion and EMT in GBM in vitro. (A) MiR-154 was detected in U251 and U87 cells stably expressing miR-154. (B) Transwell 
assays indicated that miR-154 inhibited the invasion of GBM cells. (C) Wound healing assays showed a decreased migration distance of miR-154-overexpressing cells. (D) 
EMT markers were detected, and miR-154 reduced the expression of vimentin and N-cadherin and increased E-cadherin (*p<0.05, **p<0.01, ***p<0.001, Bar=100 μm).
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Figure 4 MiR-154 promoted the growth of GBM in mouse tumor transplantation models. (A) CCK-8 assay showed no influence on the proliferation of miR-154 in either U251 or 
U87 cells. (B) U251 cells were transduced with NC vector lentivirus or miR-154 lentivirus and then were subcutaneously injected into nude mice. The tumors were harvested 6 
weeks later. Representative tumors are shown, and the size was calculated. MiR-154 significantly suppressed the tumor formation of U251 cells. n=8 per group. (C) U251 cells stably 
expressing miR-154 and control cells were used as an intracranial tumor model. Representative images of the tumor-transplanted cerebral hemisphere are shown, and the 
maximum tumor areas were calculated. (D) The survival curve of the intracranial tumor-transplanted mice was recorded (n=16 for NC and n=15 for miR-154 mi) (**p<0.01).

Figure 5 TCF12 was highly expressed in GBM tissues and could be regulated by miR-154. (A) Western blot analysis showed increased expression of TCF12 in mut-p53 
GBM tissues compared with adjacent normal tissues. (B) TCF12-positive cells were increased and highly expressed in both the nucleus and cytoplasm of mut-p53 GBM 
tissues. (C) The luciferase reporter activity was decreased when cells were cotransfected with miR-154 mi and wt-TCF12 3’-UTR. (D) TCF12 protein levels were detected 
in U251 and U373 cells after transduction with miR-154 lentivirus (*p<0.05, **p<0.01, ns: no significance).
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TCF12 reversed the tumor suppressive effects of miR- 
154 on GBM cell lines. The migration distance and the 
number of invading cells all recovered to the control 
level (Figure 7C and D). We then detected the expres
sion of EMT markers, including E-cadherin, 
N-cadherin and vimentin, in the cells. The increase 
in E-cadherin and the decrease in N-cadherin and 
vimentin induced by miR-154 were all reversed after 
TCF12 transfection. TCF12 blocked the inhibitory 
effect of miR-154 on EMT in GBM (Figure 7E).

Discussion
In the current study, we identified the critical role of miR- 
154 in GBM and revealed its regulatory mechanisms. 
Aberrantly expressed miR-154 has been reported in sev
eral diseases and exerts different influences. miR-154 acts 
as a molecular marker to predict poor prognosis in renal 
cell carcinoma.31 In a rat model study, miR-154 promoted 
myocardial apoptosis in acute myocardial infarction.32 

However, there is currently no clear understanding of the 
complex regulatory mechanisms of miR-154 in GBM. The 

Figure 6 The regulation of TCF12 by p53 was mediated by miR-154. (A) TCF12 was detected in U251 cells after transfection with wt-p53 or mut-p53. (B) TCF12 was 
detected in U87 cells after transfection with sh p53. (C) MiR-154 inhibitor blocked the p53-induced decrease in TCF12 in U251 cells. (D) The miR-154 mimic reduced the sh 
p53-induced increase in TCF12 in U87 cells (*p<0.05, **p<0.01, ns: no significance).
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important finding in our work was that wild-type p53 was 
indicated to be upstream of miR-154, and the mutation of 
p53 resulted in a decrease in miR-154 in GBM. 
Furthermore, TCF12 was identified as the direct target of 
miR-154, and miR-154 suppressed the progression of 
GBM by downregulating TCF12.

The tumor suppressor role of miR-154 has been 
reported in several cancers, but why its decrease occurs 
in GBM is still under investigation. Many miRNAs are 
reported to be regulated by proteins, especially some tran
scription factors. For instance, Twist1 regulates miR-148a, 
TGF-β1 promotes the expression of miR-205 and MYB 
controls miR-486-3p transcription.33–35 A previous study 
reported that SMAD3 can bind to the putative promoter of 
miR-154 in human lung fibroblasts.36 In our study, a p53 
binding site-enriched region was detected within 1.5 kD 

upstream of the miR-154 gene, which was regarded as the 
promoter region. The deregulation of p53 has been widely 
described, and its mutations are widely observed in GBM 
tissues. The reactivation of endogenous p53 function has 
been explored in the treatment of GBM.37,38 Hence, we 
hypothesized that p53 acts as a promotive factor of miR- 
154, and its mutation leads to the loss of this function. 
Interestingly, miR-154 expression was found to be much 
lower in p53 mutant GBM tissues than in wt-p53 tissues. 
The same results were observed in GBM cell lines that 
contain different p53 gene backgrounds. We transfected 
p53 mutant U251 cells with the wt-p53 plasmid and found 
a great increase in miR-154. The expression of miR-154 
was significantly decreased in wt-p53 U87 cells after 
knockdown of wt-p53. It can be assumed that mutant 
p53 loses its binding capacity or is inactivated to promote 

Figure 7 MiR-154 inhibited the malignancy of GBM cells by downregulating TCF12. (A) MiR-154 levels were analyzed in miR-154 stably expressed U251 cells after 
transfected with TCF12. (B) TCF12 protein levels were analyzed by Western blot in miR-154 stably expressed U251 cells after transfection. (C) Transwell assays showed 
that TCF12 increased the number of invasive cells compared with the number when overexpressing miR-154 alone. The experiment was conducted 24 h after transfection. 
(D) The migration distance of TCF12 transfected miR-154 stably expressed cells was longer than witch of the miR-154 only overexpressed cells. The experiment was 
conducted 24 h after transfection. (E) TCF12 prevented the miR-154-induced reduction in vimentin and N-cadherin and the increase in E-cadherin. *: compared with miR- 
154, ns: compared with NC (*p<0.05, **p<0.01, ***p<0.001, ns: no significance, Bar=100 μm).
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the expression of miR-154. As a great oncosuppressive 
transcription factor, p53 inhibits the progression of various 
tumors by regulating a set of downstream tumor- 
associated proteins, including p21, cdc2, survivin, cyclin 
G, and Bax.39–41 Our data reveal that miR-154 is also 
a target of wt-p53. Moreover, increased miR-154 inhibited 
the EMT in GBM and thereby decreased the migration and 
invasion of GBM cells. The in vivo tumor formation 
assays also confirm that miR-154 suppresses the growth 
of GBM. This indicates that the p53/miR-154 pathway 
plays an important role in the progression of GBM.

By altering the expression level of miR-154 in GBM 
cells, we proved that overexpressed miR-154 inhibits the 
growth of tumors and blocks the epithelial-mesenchymal 
transition of GBM cells. However, miRNAs must bind to 
the 3’-UTRs of their target mRNAs to come into play. 
Previous studies have reported some different targets of 
miR-154. For example, miR-154 functions as a tumor 
suppressor in non-small cell lung cancer by directly 
targeting BMI-1.42 Xu et al reported that miR-154 inhi
bits the growth and invasion of breast cancer cells by 
targeting E2F5.43 It was also reported that ZEB2 and 
RUNX2 act as targets of miR-154 in non-small cell 
lung cancer.13 In the current study, we found that highly 
expressed miR-154 prevented the EMT in GBM cells by 
increasing E-cadherin and decreasing N-cadherin and 
vimentin. By searching on TargetScan, TCT12, which 
was recently reported to be highly associated with 
EMT, was assumed to be a novel target of miR-154. 
TCF12 is a transcription factor because of its ability to 
recognize the DNA E-box motif as a member of the basic 
helix-loop-helix family.44,45 This protein is widely 
expressed in many tissues, and its level is elevated in 
several kinds of cancers.46,47 TCF12 was found to act as 
a transcriptional repressor of E-cadherin, and its over
expression was significantly correlated with the occur
rence of colorectal cancer metastasis.48 Another study 
revealed that TCF12 targets HDAC1 to downregulate 
EMT markers, by which it influences the invasion of 
gallbladder cancer cells.27 The expression of TCF12 
was increased in GBM tissues and negatively related to 
miR-154 in our study, which suggests that miR-154 sup
presses the expression of TCF12. Further investigation 
revealed that miR-154 significantly suppresses the luci
ferase activity of the wild-type 3’-UTR of TCF12 in 
U251 cells but not that of the mutant 3’-UTR of 
TCF12. Moreover, when TCF12 was overexpressed in 
GBM cells, the increased miR-154 did not prevent the 

EMT or decrease the migration and invasion ability of 
GBM cells. Overall, TCF12 was proven to be the target 
of miR-154, and the tumor suppression function of miR- 
154 was shown to depend on the downregulation of 
TCF12.

The role of miR-154 in the development of glioma has 
been concerned in the recent years. Several studies have 
been conducted trying to illustrate the specific function of 
miR-154 in glioma. Although the tumor suppressive role 
of miR-154 has been reported in majority of the investiga
tions, how miR-154 is downregulated in GBM is still 
controversial. Our study is the first to find that classical 
transcription factor p53 could regulate the expression of 
miR-154. Importantly, we discovered the relationship 
between the status of p53 mutation and the expression of 
miR-154. This novel p53/ miR-154/ TCF12 pathway 
offers possible therapeutic target for GBM, especially the 
p53 mutated subgroup of GBM.

Conclusion
In conclusion, microRNAs have emerged as key regulators 
of tumorigenesis and tumor progression. In this study, we 
provide evidence for the tumor suppressor role of miR-154 
in GBM and provide novel insights into the mechanism by 
which miR-154 affects the development of GBM. Our 
results suggest that wt-p53 promotes the expression of 
miR-154, while miR-154 is downregulated in mutant p53 
GBM tissues. Furthermore, TCF12 acts as a direct target 
of miR-154, and increased miR-154 contributes to the 
inhibition of EMT, migration, invasion and growth in 
GBM by downregulating TCF12. The present data high
light the important role of a novel p53/miR-154/TCF12 
pathway in GBM. These findings provide potential clinical 
application of the p53/miR-154/TCF12 pathway in the 
treatment of GBM.
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