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Abstract. Transcription factor 4 (TCF4) is a member of the
T-cell factor/lymphoid enhancer factor (TCF/LEF) transcrip-
tion factor family in the Wnt/B-catenin signaling pathway.
The alternative splicing of TCF4 has been reported to exhibit
potential carcinogenic properties in various cancer types. In
the present study, TCF4 isoforms were cloned and identified
in three human glioma cell lines, with the majority of splicing
regions being exons 4, 5, 14, 15, and 16. Using MTT assays, it
was demonstrated that the overexpression of TCF4 isoforms
inhibits the proliferation of U251 cells. Flow cytometry and
wound healing analyses revealed that the overexpression of
TCF4 isoforms induced cell apoptosis and migration. Taken
together, the f-catenin binding domain of the TCF4 isoforms
inhibited cell proliferation, and induced cell apoptosis and
migration in glioma. Furthermore, all the isoforms identified
contained the N-terminal part of TCF4 including the (3-catenin
binding domain. This implied that a high expression of TCF4
isoforms may lead to Wnt/B-catenin signal activation and
potentially promote malignant glioma development.

Introduction

Gliomas are the most common intrinsic brain tumors, which
make up ~30% of all brain and central nervous system tumors
and 80% of all malignant brain tumors (1). They are character-
ized by high morbidity, high recurrence rates, high mortality
and low cure rate (2). In recent years with the development
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of imaging diagnosis and microneurosurgery, diagnosis and
treatment of gliomas has made some progress but little break-
through in the treatment of malignant gliomas, most of patients
die within 1 year of diagnosis (3,4). Despite the frequency
of gliomas, the etiology that contributes to tumor initiation
remains to be elucidated. Previous studies revealed that aber-
rant regulation of the Wnt signaling pathway has a vital role in
the process of glioma and malignant progression (5-7).

Wnt/B-catenin signaling pathway has been reported to be
involved in the regulation of life processes, including cell prolif-
eration, cell apoptosis, organ growth and development, cancer
and inflammatory diseases (8,9). The canonical Wnt pathway
consists of Wnt protein, frizzled family receptor, dishevelled,
glycogen synthase kinase 3f, adenomatous polyposis coli,
axin, B-catenin and T cell transcriptional regulation factors
(TCF). It is activated by binding a Wnt-protein ligand to a
frizzled family receptor, which passes the biological signal to
the downstream pathway inside the cells. Following activation
by external stimulation, 3-catenin is translocated into nucleus
to combine with TCF, followed by initiation of transcription
regulation of target genes such as Myc proto-oncogene, bHLH
transcription factor, cyclin D1 and cytochrome ¢ oxidase
subunit II, which are involved in cell apoptosis and may have
carcinogenic effects (9,10).

TCF4 and B-catenin are upregulated in gliomas compared
with the normal brain, inhibiting cell proliferation and inducing
cell apoptosis (11). TCF4, one of TCFs factors, including
lymphoid enhancer-binding factor (LEF1), TCF1, TCF3 and
TCF4, has been previously reported to exhibit high expres-
sion in renal carcinoma, colorectal cancer, hepatocellular
carcinoma and brain tumors (11-16). Abnormal upregulation
of TCF4 stimulating downstream target genes is a common
early event in tumorigenesis.

The human TCF4 gene consists of 17 exons with several
alternatively splicing sites, including a C-terminal tail
(exon 13-17) and exon 4 (16). Previous studies revealed that TCF
mRNAs were subject to alternative splicing to form different
isoforms, which are also important in regulating transcription
in the Wnt signaling pathway and associated with tumorigen-
esis. Different TCF4 isoforms have been identified in various
types of cancer including renal carcinoma (14), colorectal
cancer (16) and brain tumor (17). However, the importance
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Table I. Sequences of primers used in the present study.
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Primer Exon Direction Sequence (5'-3")

H251 TCF4 10 Forward AGTGCACGTTGAAAGAAAGCGCG
H252 TCF4 17SR Reverse CTGCCTTCACCTTGTATGTAGAG
H557 TCF4 1 Forward CTTCCAAAATTGCTGCTGGTG
H558 TCF4 11 Reverse TCTCTGGACAGTGCATGCC

H559 TCF4 12 Forward CAAGCAGCCGGGAGAGAC

H562 TCF4 15 Forward ATGCAAATACTCCAAAGAAG
H563 TCF4 17LR Reverse TCAGCGAGCAGGAGGC

H580 TCF4 15 Reverse CTGCACGGTTTGCACCAT

TCF4, transcription factor 4.

of TCF4 isoforms in the process of gliomas remains to be
elucidated. The present study analyzed the alterative splicing
forms of TCF4 and characterized their biological functions in
three different glioma cell lines. The findings of the present
study provide evidence that TCF4 isoforms may contribute
to human gliomas, which lay the foundation for molecular
mechanisms of regulation of malignant biological behavior
of glioma.

Materials and methods

Cell culture. U251, A172 and U-87MG human glioma cell
lines (Type Culture Collection of the Chinese Academy of
Sciences, Shanghai, China) were maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) (both from Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and
100 pg/ml streptomycin and were maintained at 37°C and a
5% CO, humidified environment.

RNA extraction, reverse transcription-polymerase chain
reaction (RT-PCR) and sequence alignment. Total RNA
was isolated from cells using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), and cDNA was synthesized
using PrimeScript IT First-Strand cDNA Synthesis kit (Takara
Bio, Inc., Otsu, Japan) at 42°C for 60 min and 95°C for 5 min.
Subsequently, cDNA sequences were amplified by Premix Taq
(Takara Bio, Inc.) with specific primers presented in Table I at
98°C for 10 sec, 58°C for 30 sec, 72°C for 3 min and 72°C for
5 min. DNA fragments were isolated from the agarose gels
with Minibest Agarose Gel Extraction kit (Takara Bio, Inc.).
PCR products were then subcloned into T-vector PMD19-T
(Takara Bio, Inc.) and an individual clone was selected for
sequencing by Sangon Biotech Co., Ltd., (Shanghai, China).
Sequence alignments were performed with TCF4 genome
(gene ID: 6934) deposited in Genbank by BLAST (blast.ncbi.
nlm.nhi.gov/Blast.cgi).

Construction of expression vectors and cell transfection. Three
TCF4 isoforms (TCF4VX35, TCF4VX18 and TCF4V7) were
inserted into the corresponding site of the pVITRO2-neo-mcs
vector (Takara Bio, Inc.) site. Cells (2x10° cells/ml) were seeded
in 24-well plates and cultured until the cells were at 70-80%

confluence, subsequently the cells were transfected with
800 ng/well of expression plasmids using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) as specified by
the manufacturer's protocol. After 48 h, green fluorescence
was examined under a fluorescence microscope (Olympus
Corporation, Tokyo, Japan).

MTT assay. Cell proliferation was determined using an MTT
assay. U251 cells (4x10* cells/ml) were seeded in 96-well
plates and transfected with expression vectors or empty vector
(Takara Bio, Inc.). At 48 h following transfection, 20 ul MTT
(5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
was added to each culture and incubated for 4-6 h. At the end
of the incubation period the medium were removed and 150 p1
DMSO was added to each well. After agitation at a low speed
for 10 min, absorbance of converted dye was measured at a
wavelength of 490 nm.

Flow cytometry. Apoptosis analysis was performed with the
Annexin V-PE/7-AAD flow cytometry kit (BD Biosciences,
Franklin Lakes, NJ, USA) according to the manufacturer's
protocol. U251 cells (1.5x10° cells/ml) in 6-well plate were
transfected with expression vectors or empty vector of
TCF4 isoforms using Lipofectamine 2000. After 48 h, cells
were washed twice with ice-cold PBS and resuspended in
1X binding buffer at a concentration of 1x10° cells/ml. The
solution (100 ul) was transferred to a 5 ml culture tube. PE
Annexin V (5 pl) and 5 ul 7-AAD was added and cells were
incubated for 15 min at 25°C in the dark. Finally, 400 pl 1X
binding buffer was added to each tube and was analyzed by
FC500MCL flow cytometry using CXP (version 2.2; Beckman
Coulter, Inc., Brea, CA, USA) within 1 h.

Wound healing assay. Cell migration was assessed using a
scratch wound assay. U251 cells (1x10° cells/ml) were grown
to 60-70% confluence and transfected with expression vectors
of TCF4 isoforms using Lipofectamine 2000. After 24 h, a
linear wound was made by scraping a sterile micropipette tip
across the confluent cell layer. Cells were washed three times
with PBS to remove detached cells and debris. Subsequently
the size of wounds was observed and measured on a TS100-F
inverted-phase contrast microscope (Nikon Corporation,
Tokyo, Japan) at 0 and 48 h.
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Figure 1. Overexpression of TCF4 isoforms inhibited cell proliferation. Each
TCF4 isoform expression plasmid was transiently transfected into U251 cells
and an OD value was determined for 60 h. Blank cells and an empty vector
were used as controls. Cells transfected with TCF4 isoforms had a reduced
growth rate. “P<0.001 vs. control (n=3). OD, optical density; TCF4, transcrip-
tion factor 4.

Statistical analysis. Data are expressed as the mean + standard
error of the mean. Statistical analysis was performed using a
one-way analysis of variance followed by Duncan's multiple
range test as a post-hoc test. P<0.05 was considered to indicate
a statistically significant difference.

Results

Determination of TCF4 isoforms in human glioma cell lines.
TCF4 isoforms have been identified in various tumor cells in
the majority of body systems and organs (14,15,18). In order to
determine whether there are TCF4 isoforms in human glioma
cells, nest PCR analysis using specific primers of human TCF4
in three cell lines (U251, A172 and U-87MG) was performed.
PCR products were inserted into a PMDI19-T vector and an
individual clone was selected to be sequenced. A total of 13
different TCF isoforms were expressed in U251 cells in the
present study, including 3 isoforms (vx35, vx18 and v7), which
had high scores after blasting the TCF genome in the NCBI
database. A total of 19 different TCF isoforms were expressed
in A172 cells and 3 isoforms (18, 27 and vx21) gained top
scores. In the U-87MG cells 12 different TCF isoforms were
expressed and 3 isoforms (27, 18 and vx21) had the highest
scores. They had several distinct features: v7 was found to lack
exon 4, 6, whereas vx18 lacked exon 4, 6, 14, 15, vx21 lacked
part of exon 17 and had an additional amino acid, vx27 lacked
exon 14 and part of exon 17 and vx35 lacked exon 4, 6, 15
and 16. The present study selected vx35, vx18 and v7 found
in U251 cells for further study. The three TCF4 isoforms
(TCF4VX35, TCF4VX18 and TCF4V7) were inserted into the
pVITRO2-neo-mcs vectors. The eukaryotic expression plas-
mids pVITRO-neo-TCF4vx35, pVITRO-neo-TCF4vx18 and
pVITRO-neo-TCF4vx7 were successfully expressed in U215
cells.

Effect of TCF4 isoforms on cell proliferation. TCF4 may
serve different roles in different tumor cells. Overexpression
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Figure 2. Overexpression of TCF4 isoforms induced cell apoptosis. (A) Cell
apoptosis was measured by staining with Annexin V/7-AAD using flow
cytometry. Cells were incubated with PE Annexin V in a buffer containing
7-AAD and analyzed by flow cytometry. Untreated cells were primarily
PE Annexin V and 7-AAD negative, indicating that they were viable
and not undergoing apoptosis. (B) Apoptosis of cells transfected with
pVITRO-neo-TCF4vx35, pVITRO-neo-TCF4vx18 or pVITRO-neo-TCF4vx7
compared to empty vector control was significant. "P<0.001 vs. empty vector
control. 7-AAD, 7-amino-actinomycin D; P3-Ql, dead cells; P3-Q2, late
stage apoptosis; P3-Q3, early stage apoptosis; P3-Q4, viable cells; TCF4,
transcription factor 4.

of the TCF4 isoforms has been previously associated with
oncogenesis and development of malignant tumors (11,18,19).
In order to investigate the effect of TCF4 isoforms on
U251 cell proliferation, each TCF4 isoform expression
plasmid was transiently transfected into cells and growth
rate was measured from 12 to 60 h. As presented in Fig. 1,
pVITRO-neo-TCF4vx35, pVITRO-neo-TCF4vx18 and
pVITRO-neo-TCF4vx7 groups had reduced cell prolifera-
tion compared with the empty vector control at 48 and 60 h
(P<0.001).

Effect of TCF4 isoforms on cell apoptosis. Following the
observation that TCF4 isoforms inhibited cell growth rate,
the present study aimed to determine whether TCF4 isoforms
induced cell apoptosis. The Annexin V-PE/7-AAD flow
cytometry was performed for apoptosis analysis. As presented
in Fig. 2, U251 cells transfected with pVITRO-neo-TCF4vx35,
pVITRO-neo-TCF4vx18 and pVITRO-neo-TCF4vx7 had
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Figure 3. Overexpression of TCF4 isoforms induced cell migration. A wound healing assay was performed to analyze migration. Cells transfected with
pVITRO-neo-TCF4vx35, pVITRO-neo-TCF4vx18 or pVITRO-neo-TCF4vx7 were compared with the empty vector at 48 h after transfection. TCF4, transcrip-

tion factor 4.

31.59, 19.60 and 38.43% more apoptotic cells compared with
the empty vector control (6.67%; P<0.001; Fig. 2B).

Effect of TCF4 isoforms on cell migration. To determine
if the TCF isoforms have a function in cell migration, a
wound healing assay was performed. As presented in Fig. 3,
U251 cells overexpressing pVITRO-neo-TCF4vx35,
pVITRO-neo-TCF4vx18 and pVITRO-neo-TCF4vx7 had
increased cell migration; however, this was decreased
compared with the control.

Discussion

The Wnt signaling pathway is involved in the development and
homeostasis of cells and tissues, and aberrant regulation Wnt
signal frequently occurs during the initiation of various tumor
types (8). TCF proteins may act as transcriptional activators or
repressors in nucleus in the downstream in Wnt signaling. It
has been previously reported that TCF4 and its splice variants
are critical determinants of context-dependent Wnt signaling
responses, including physiological development or oncogen-
esis (20,21). Previous studies revealed that human TCF4 gene
was alternatively spliced in various types of cancers, including
brain tumors (17). The present study aimed to determine the
TCF4 isoforms that may be associated with biological prop-
erties of glioma cells and the development of the malignant
phenotype.

Differential expression and splicing isoform analysis
of TCF4 has been previously reported in the tissue of brain
tumors (17). However, to the best of our knowledge, there is no
report on gliomas regarding the TCF4 isoform and its signifi-
cance in tumorigenesis. The present study analyzed TCF4
isoforms in three human glioma cell lines. In the TCF4 gene,
three major domains are present: 3-catenin-binding domain in
exon 1, the DNA-binding HMG boxes in exons 10 and 11, and
the COOH-terminal-binding domain in exon 17 (22,23). The
current study identified 13 different TCF4 isoforms in U251
cells, 19 different TCF isoforms in A172 cells and 12 different
TCF isoforms in U-87MG cells. It was previously demon-
strated that the majority of alternative splicing occurred within
exon 12-17 in brain tumor (17). The present study revealed that
the majority of alternative spliced regions were exon 4, 5, 14,

15 and 16 in glioma cells. However, in colorectal cancer cell
lines various splicing isoforms of TCF4 mRNA were present
in the COOH-terminal region (exon 17) (16). In renal cell
carcinomas, four splicing isoforms of the TCF4 were present in
the region between exon 12 and exon 17 (14). All the isoforms
the current study identified contained the N-terminal part of
TCF4 including the (-catenin binding domain; therefore, they
may not lack the transcriptional activity and Wnt/B-catenin
was activated in glioma cells to contribute to tumorigenesis.
However, the specific molecular mechanism remains to be
elucidated.

To evaluate the functional properties of TCF4 isoforms
in U251 cells, TCF4 isoform expression plasmid was trans-
fected and cell proliferation, apoptosis and migration were
quantified. The findings of the current study revealed that the
isoforms may inhibit the proliferation and induce the apoptosis
and migration of U251 cells. After Wnt signaling transduc-
tion cascade is triggered, cytoplasmic (3-catenin translocates
to nucleus to bind TCF and modulates expression of target
genes critical for cell proliferation, differentiation, survival
and apoptosis (24). It is possible that overexpression of TCF
isoforms may lead to activation of (-catenin/TCF transcrip-
tion for target genes associated with cell proliferation and
apoptosis. Conversely, cells lose cell polarity and cell-cell
adhesion, and gain migratory and invasive properties during
the epithelial-mesenchymal transition, which is induced by
Whnt/f-catenin (25,26). Overexpression of TCF isoforms
appears to be sufficient to induce cell migration via the
Wnt/B-catenin pathway. However, the function and malig-
nant biological behaviors of TCF4 isoforms require further
investigation.

In conclusion, the TCF4 isoforms in three human glioma
cells lines were cloned and identified in the present study. The
functions and properties of TCF4 isoforms were analyzed
in U251 cells. The findings of the present study revealed
that TCF4 isoforms inhibited cell proliferation and induced
the cell apoptosis and migration. Therefore, this mechanism
of Wnt/p-catenin-mediated TCF isoforms transcription may
regulate the target genes that contribute to the tumorigenesis
of glioma. Due to the carcinogenic properties of the TCF
isoforms, the interaction between Wnt/p3-catenin and the TCF
isoforms should be assessed in future studies.
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