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Recent data suggest that the b-catenin/Tcf-4 signaling
pathway plays an important role in human cancer
tumorigenesis. However, the mechanism of b-catenin/
Tcf-4 signaling in tumorigenesis is poorly understood.
In this study, we show that Tcf-4 protein levels were sig-
nificantly elevated in high-grade gliomas in comparison
with low-grade gliomas and that Tcf-4 levels correlated
with levels of AKT2. Reduction of b-catenin/Tcf-4
activity inhibited glioma cell proliferation and invasion
in vitro and tumor growth in vivo. This effect of b-
catenin/Tcf-4 activity was mediated by AKT2, and in
vivo binding of b-catenin/Tcf-4 to the AKT2 promoter
was validated using the chromatin immunoprecipitation
assay and luciferase reporter assays. Taken together, we
have demonstrated that Tcf-4 is associated with glioma
progression and that AKT2 is a new member of the
genes that are regulated by b-catenin/Tcf-4.
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G
liomas are the most frequent primary tumors
that arise in the brain. The most malignant
form of glioma, glioblastoma multiforme

(GBM, grade IV), is one of the most aggressive human
cancers and is a challenging disease to treat, with a
median survival of 1 year.1 Despite recent advances in
cancer treatment, this statistic has not changed signifi-
cantly over many years.2,3 Therefore, it is essential to
investigate the mechanisms underlying the development
and progression of gliomas.

The Wnt/b-catenin/Tcf signaling pathway is a
crucial factor in the development of many cancers.4–6

b-catenin and Tcf-4 are the core components of the
canonical Wnt/b-catenin/Tcf pathway.7 b-catenin
accumulates in the nucleus, where it interacts with core-
gulators of transcription, including Tcf-4 and Lef-1, to
form a b-catenin/Lef/Tcf complex. This complex regu-
lates the transcription of multiple genes involved in cel-
lular proliferation, differentiation, survival, and
apoptosis, such as Fra-1, c-myc, and Cyclin D.8–10

Recently, several reports have shown that aberrant acti-
vation of Wnt/b-catenin/Tcf signaling is an important
contributing factor in glioma development.11–13

b-catenin and Tcf-4 were upregulated in glioma tissues
in comparison with normal brain tissues, while knock-
down of b-catenin by small interfering RNA (siRNA)
in human glioma cells inhibited cell proliferation and
invasive ability, induced apoptotic cell death, and
delayed tumor growth. However, the mechanism of
b-catenin and Tcf-4 involvement in gliomagenesis is
poorly understood.

Previous studies in our laboratory have demonstrated
that downregulation of the Wnt/b-catenin signaling
pathway decreased PI3K expression and Akt phosphoryl-
ation, indicating an interplay between Wnt/b-catenin and
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Akt signaling cascades.12 In this study, we examined the
mechanism by which the Wnt/b-catenin/Tcf pathway
regulates Akt signaling. Tcf-4 levels increased signifi-
cantly with increased pathological grade of gliomas and
were positively correlated with AKT2 protein levels.
Moreover, reduction ofb-catenin/Tcf-4 activity inhibited
glioma growth in vitro and in vivo and repressed AKT2
expression by directly binding to the AKT2 promoter.

Materials and Methods

Patients and Samples

A glioma tissue microarray was obtained from Shanxi
Chaoying Biotechnology. Pathological grade tumors
were defined according to the 2000 WHO criteria as
follows: 15 cases with grade I, 15 cases with grade II,
15 cases with grade III, and 15 cases with grade IV.
The array dot diameter was 1.5 mm and each dot rep-
resented a tissue spot from 1 individual specimen that
was selected and pathologically confirmed. All microar-
rays were stored in the dark at 48C.

Immunohistochemistry

Immunostaining was performed on 6-mm paraffin sec-
tions of tumor specimens by the avidin-biotin-complex
(ABC) method, as previously described.14 Briefly, sec-
tions were incubated with primary antibody (1:100
dilution) overnight at 48C, then incubated with a bioti-
nylated secondary antibody (1:200 dilution) at room
temperature for 1 h, followed by incubation with
ABC-peroxidase reagent for an additional 1 h. After
washing with Tris-buffer, the sections were stained
with DAB (30 mg 3,3 diaminobenzidine dissolved in
100 mL Tris-buffer containing 0.03% H2O2) for
5 min, rinsed in water and counterstained with hematox-
ylin. The antibodies used in this study were Tcf-4 and
AKT2 (Santa Cruz Biotechnology).

Negative controls were obtained by substituting
primary antibodies with non-immune serum. Sections
with no labeling or with fewer than 5% labeled cells
were scored as 0. Sections with 5%–30% of
cells labeled were scored as 1, with 31%–70% of cells
labeled as 2, and with labeling of ≥71% as 3. The stain-
ing intensity was scored similarly, with 0 used for nega-
tive staining, 1 for weakly positive, 2 for moderately
positive, and 3 for strongly positive. The scores for the
percentage of positive tumor cells and for the staining
intensity were added to generate an immunoreactive
score for each specimen. The product of the quantity
and intensity scores were calculated such that a final
score of 0–1 indicated negative expression (2), 2–3
indicated weak expression (+), 4–5 indicated moderate
expression (++), and 6 indicated strong expression
(+++). Each sample was examined separately and
scored by 2 pathologists. Cases with discrepancies in
the scores were discussed to reach a consensus.

Cell Culture, Transfection, and Aspirin Treatment

Human glioblastoma cell lines (LN229, U251, SNB19,
and A172) were obtained from China Academia Sinica
cell repository, Shanghai, China. Human glioblastoma
cell lines (TJ899 and TJ905) were established in our lab-
oratory.15 Cells were maintained in Dulbecco’s modified
Eagle’s medium ( Gibco) supplemented with 10% fetal
bovine serum (FBS) and incubated at 378C with 5%
CO2. Tcf-4 siRNA and nonsense siRNA were both syn-
thesized by Shanghai Genepharma; Tcf-4 siRNA
directed sequence: 5′-TTCTCCGAACGTGTCACGT-
3′, nonsense siRNA directed sequence: 5′-AGACGA
GGGCGAACAGGAG-3′. The vectors expressing
human b-catenin and Tcf-4 were both kind gifts from
Jinquan Cheng (H. Lee Moffitt Cancer Center and
Research Institute), and the recombinant adenoviruses
Ad.CMV-b-catenin and Ad.CMV-Tcf-4 were generated
using the Adxsi system (Sinogenomax). Antisense AKT2
plasmid, pLXSN-As-AKT2, was also kindly provided by
Jinquan Cheng. Aspirin (acetylsalicylic acid) was pur-
chased from Sigma. A 1-M stock solution was prepared
in acetone. Cells were cultured in the presence or the
absence of increasing concentrations (0.5, 1, 5, 10, or
20 mM) of aspirin for 1, 2, 6, 12, or 24 h.

Western Blot Analysis

Parental and transfected cells were washed with pre-
chilled phosphate buffered saline (PBS) 3 times. The
cells were then solubilized in 1% Nonidet P-40 lysis
buffer (20-mM Tris, pH 8.0, 137-mM NaCl, 1%
Nonidet P-40, 10% glycerol, 1-mM CaCl2, 1-mM
MgCl2, 1-mM phenylmethylsulfonyl fluoride, 1-mM
sodium fluoride, 1-mM sodium orthovanadate, and a
protease inhibitor mixture). Total protein lysates were
separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). The separated proteins
were transferred to polyvinylidene fluoride (PVDF)
membranes. Blots were incubated with Tcf-4 (Santa
Cruz Biotechnology), b-catenin (Cell Signaling),
p-b-catenin (Santa Cruz Biotechnology), AKT2 (Cell
Signaling), p-AKT (Santa Cruz Biotechnology) or Fra-1
(Santa Cruz Biotechnology) primary antibodies, fol-
lowed by incubation with a horseradish peroxidase–
conjugated secondary antibody. The specific protein
was detected using a super signal protein detection kit
(Pierce). After washing with stripping buffer, PVDF
membranes were reprobed with antibody against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
(Santa Cruz Biotechnology).

Luciferase Reporter Assay

To evaluate b-catenin/Tcf-4 transcriptional activity, we
used a pair of luciferase reporter constructs, TOP-
FLASH and FOP-FLASH (Upstate Biotechnology).
Plasmids of TOP-FLASH (with 3 repeats of the
Tcf-binding site) or FOP-FLASH (with 3 repeats of a
mutated Tcf-binding site) were transfected into cells
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treated with aspirin, as instructed by the suppliers.
Luciferase activity was measured with the dual-luciferase
reporter assay system, with Renilla luciferase activity as
an internal control, 48 h after transfection. In addition,
pGL3-WT1-AKT2-promoter and pGL3-WT2-AKT2-
promoter reporters were created by ligation ofb-catenin/
Tcf-4 – t binding sites in the AKT2 promoter into the
BglII site of the pGL3 control vector (Promega). pGL3-
MUT1-AKT2-promoter and pGL3-MUT2-AKT2-pro-
moter reporters were generated from the wild-type
AKT2-promoter reporters by deleting the binding sites.

Cell Cycle Analysis

Cells were harvested, washed with PBS, fixed with 75%
ethanol overnight at 48C, and then incubated with
RNase at 378C for 30 min. Cell nuclei were stained
with propidium iodide for 30 min. A total of 104

nuclei were examined in a FACSCalibur flow cytometer
(Becton-Dickinson), and DNA histograms were ana-
lyzed by Modifit software. Results are presented as the
percentage of cells in each phase.

Transwell Invasion Assay

Transwell membranes coated with Matrigel
(Becton-Dickinson) were used to assay invasion of
glioma cells in vitro. Cells were plated at 5 × 104 per
well in the upper chamber in serum-free medium; 20%
FBS was added to the medium in the lower chamber.
After incubating for 24 h, non-invading cells were
removed from the top well with a cotton swab, while
the bottom cells were fixed in 95% ethanol, stained
with hematoxylin, and photographed in 3 independent
fields for each well. Three independent experiments
were done and used to calculate fold migration relative
to blank control.

Chromatin Immunoprecipitation

The assays for chromatin immunoprecipitation (ChIP)
were performed using reagents commercially obtained
from Upstate Biotechnology and conducted essentially
according to the manufacturer’s instructions. Briefly,
cells were maintained in 100-mm cell culture plates
and were then fixed with formaldehyde for 10 min.
Cells were lysed in SDS lysis buffer, and the chromatin
DNA was extracted and sonicated into 200–1000 bp
fragments. Immunoprecipitation was performed with
anti-Tcf-4 (Upstate Biotechnology), anti-RNA polymer-
ase II (positive control), and immunoglobulin G (IgG;
negative control). Purified DNA was used for PCR
amplification, and primer sets were designed flanking
the putative b-catenin/Tcf-4–binding sites. Binding
site 1: forward, 5′-TAACTCCCGCTCCGGGGTCC-3′,
and reverse, 5′-GGCTACGCAGGCGCACTAGG-3′.
Binding site 2: forward, 5′- TCTCGCTGTGTTGCC
CTGCC-3′, and reverse, 5′- TGGCCCTACTTTTGTG
CCCTATGT-3′.

Subcutaneous Tumor Assay

BALB/c-A nude mice at 6 weeks of age were purchased
from the animal center of the Cancer Institute of the
Chinese Academy of Medical Science. All experimental
procedures were carried out according to the regulations
and internal biosafety and bioethics guidelines of Tianjin
Medical University and the Tianjin Municipal Science
and Technology Commission. An LN229 glioma subcu-
taneous model was established, as previously described,9

and the mice were randomly divided into 3 groups (6 sub-
cutaneous tumors per group). Tcf-4 siRNA group: A
mixture of 20-mL Lipofectamine and Tcf-4 siRNA
(50 nmol/L × 10 mL) mixture was injected into the xeno-
graft tumor model in a multisite injection manner.
Nonsense group: A mixture of 20-mL Lipofectamine and
nonsense siRNA (50 nmol/L × 10 mL) mixture was
injected into the xenograft tumor model in a multisite injec-
tion manner. Control group: 20 mL PBS was injected into
the xenograft tumor model in a multisite injection
manner. Treatment was conducted every 2 days, and the
tumor volume was measured with a caliper every 2 days,
using the formula volume¼ length × width2/2.16 After
being observed for 20 days, the mice bearing xenograft
tumors were sacrificed and the tumor tissues were
removed for formalin fixation and the preparation of paraf-
fin embedded sections for immunohistochemical analysis.

Statistical Analysis

Data were analyzed with SPSS 10.0. Analysis of var-
iance, t-test, chi square test, and Pearson correlation
were used to analyze the significance between groups.
Statistical significance was assigned to P values ,0.05.

Results

Tcf-4 Expression and its Association with the
Pathological Grade of Gliomas

Immunostaining analysis revealed the presence of Tcf-4
protein in gliomas, and the overall positive rate was 60%
(36/60). The levels of Tcf-4 protein were markedly
higher in high-grade gliomas (WHO grades III and IV) in
comparison with low-grade gliomas (WHO grades I and
II). Indeed, 23/30 high-grade gliomas exhibited detectable
levels of Tcf-4, while 17/30 low-grade gliomas exhibited
undetectable levels of the protein (P , .05) (Fig. 1A and
B). There were no significant differences between Tcf-4
protein levels in grade III and grade IV gliomas.

Positive Correlation Between Levels of Tcf-4 and AKT2
in Gliomas

To explore the relationship between levels of Tcf-4 and
AKT2 in gliomas, AKT2 was evaluated by immunostain-
ing (Fig. 1A). Levels of AKT2 were significantly elevated
in high-grade gliomas compared with low-grade
gliomas. A heat map representing protein levels is
shown in Fig. 1B. Pearson correlation showed that a
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significant positive correlation existed between levels of
Tcf-4 and AKT2 (R ¼ 0.8260, P , .0001) (Fig. 1C).
We also detected Tcf-4 and AKT2 in 6 glioma cell
lines by Western blot analysis. A similar trend between
levels of Tcf-4 and AKT2 was observed (Fig. 1D).

Effect of b-Catenin/Tcf-4 Activity on Glioma Cell
Proliferation and Invasion

Previous studies in colorectal cancer cells have demon-
strated that b-catenin/Tcf-4 transcription is downregu-
lated by aspirin through an increased stabilization of
b-catenin phosphorylation.17 Thus, we assessed whether
b-catenin/Tcf-4 transcription is also repressed by
aspirin in glioma cells using a b-catenin/Tcf-4–respon-
sive luciferase reporter (TOP-FLASH/FOP-FLASH
reporter assays). In LN229 cells, activation of the reporter
gene was reduced by about 20% within 6 h of exposure to

aspirin compared with untreated cells harvested at the
same time points (Fig. 2A). After 24 h, aspirin treatment
resulted in a 60% inhibition of luciferase activation. To
confirm these data, we determined luciferase activation
after aspirin treatment in U251 cells, and similar results
were obtained. Western blot analysis showed that
aspirin did not have an effect on levels of b-catenin and
Tcf-4 at any time and dose points in U251 cells;
however, a small reduction of b-catenin levels in LN229
cells was observed. Notably, aspirin led to an increase
of phosphorylated b-catenin in glioma cells. In addition,
a reduction in the level of the b-catenin/Tcf-4 transcrip-
tion target gene, Fra-1, was found (Fig. 2B). Together,
these data indicate that aspirin can inhibit the transcrip-
tion status of b-catenin/Tcf-4 in glioma cells, which is
consistent with previous data.17

To investigate the effects of low b-catenin/Tcf-4 tran-
scriptional activity on glioma cell proliferation and

Fig. 1. Expression of Tcf-4 and AKT2 in glioma. (A) Levels of Tcf-4 and AKT2 were detected in glioma tissues by immunostaining. The levels

of Tcf-4 and AKT2 protein were markedly higher in high-grade gliomas (WHO grade III and IV) in comparison with low-grade gliomas

(WHO grade I and II). (B) Heat map representing protein levels is depicted on a linear scale with a maximum value of 6 to highlight

differences within this range. (C) Positive correlation of Tcf-4 expression with AKT2 expression by Pearson correlation analysis. A trend

line is provided in each plot, which represents a “best fit,” as determined by simple linear regression. (D) The levels of Tcf-4 and AKT2

were measured in glioma cell lines by Western blot analysis. The quantitative data under the bands show the relative protein levels

(normalized to the level of GAPDH).
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invasion, cell cycle and in vitro Matrigel invasion assays
were performed after aspirin treatment. As shown in
Fig. 2C, the percentages of LN229 cells in G0/G1
phase for control, acetone, and aspirin groups were
52.6%, 53.3%, and 68.9%, respectively. The S phase
fractions in control, acetone, and aspirin groups were
30.9%, 29.0%, and 20.3%, respectively. In addition,
the percentages of cells in G2/M phase in control,
acetone, and aspirin groups were 16.5%, 17.7%, and
10.8%, respectively. A similar cell cycle distribution
trend was detected in U251 cells. As observed in the
Matrigel invasion assay, the number of LN229 cells

that had penetrated the Matrigel were 81.4+9.6,
79.9+6.8, and 24.6+7.5, respectively, for control,
acetone, and aspirin groups (P , .05). Significant
numbers of U251 cells that penetrated the Matrigel
were also observed (Fig. 2D). These results suggest that
b-catenin/Tcf-4 activity is critical for glioma cell prolifer-
ation and invasion.

AKT2 Levels are Regulated by b-Catenin/Tcf-4 Activity

We have previously shown interplay between Wnt/
b-catenin and PI3K/Akt signaling cascades in gliomas.

Fig. 2. Effect of b-catenin/Tcf-4 activity on glioma cell proliferation and invasion. (A) 24 h after transfection with TOP or FOP luciferase

reporter constructs, the cells were treated with 10-mM aspirin for the indicated times. b-catenin/Tcf-4–dependent transcription was

analyzed by measuring luciferase activity. Inhibition of b-catenin/Tcf-4–dependent transcription in response to aspirin treatment was the

strongest at the 24 h time point in both LN229 and U251 cells. (B) Cells were treated with increasing concentrations of aspirin for

different time periods and levels of b-catenin, p-b-catenin, Tcf-4, and Fra-1 were observed by Western blot analysis. The quantitative

data under the bands show protein levels (normalized to levels of GAPDH) relative to the control group. (C) Aspirin induced cell cycle

G0/G1 arrest. Cells were treated with 10-mM aspirin for 72 h and subjected to cell cycle analyses by fluorescence-activated cell sorting.

(D) In vitro transwell invasion assay, the proportion of penetrating cells was significantly decreased in the aspirin group. Data are

presented as the means of triplicate experiments. *P , .05 compared with the control group.
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To investigate in detail the PI3K/Akt pathway affected
by b-catenin/Tcf-4 activity, we employed Western blot
analysis. Figure 3A depicts the time- and dose-dependent
effects of aspirin on AKT2 levels and on Akt phosphoryl-
ation in LN229 and U251 cells. Interestingly, the time
and dose dependency of AKT2 downregulation in
glioma cells was the same as for the b-catenin/Tcf-4
target gene, Fra-1. We also downregulated b-catenin/
Tcf-4 activity using Tcf-4 siRNA. Indeed, a significant
reduction of AKT2 levels and phosphorylation of Akt
was detected after knockdown of Tcf-4, while Fra-1
expression was also repressed (Fig. 3B). In addition,
SNB19 cells, which have low levels of b-catenin and
Tcf-4, were transfected with Ad.b-catenin and/or
Ad.Tcf-4 recombinant adenovirus. Overexpression of
b-catenin and Tcf-4 in SNB19 cells induced an increase
in the levels of AKT2 and Fra-1 and an increase in phos-
phorylation of Akt (Fig. 3C). Therefore, we hypoth-
esized that AKT2 transcription might be a direct target
of the b-catenin/Tcf-4 complex in glioma cells.

The AKT2 Promoter is Directly Regulated by
b-Catenin/Tcf-4

To investigate the functional interaction between
b-catenin/Tcf-4 signaling and AKT2 gene expression,
we scanned the AKT2 gene promoter region for

regulatory DNA-binding elements. Searching the
GenBank nucleotide database revealed the presence of
12 putative b-catenin/Tcf-4–binding sites in the AKT2
gene (Fig. 4A) that showed a high degree of homology
to the core consensus sequence (CTTTG or CAAAG).
To determine in vivo binding of b-catenin/Tcf-4 to the
AKT2 promoter we performed ChIP assays in LN229
cells. In vivo cross-linked DNA-protein complexes were
immunoprecipitated with appropriate antibodies.
Cross-linking was then reversed and PCR amplification
was performed using primers flanking the consensus
binding sites at 2349/2343 bp and 23491/23497 bp
in the AKT2 promoter. Agarose gel electrophoresis of
PCR products showed that AKT2 promoter DNA was
immunoprecipitated by an anti-Tcf-4 antibody
(Fig. 4B). Moreover, we created pGL3-WT1-AKT2-pro-
moter, pGL3-MUT1-AKT2-promoter, pGL3-WT2-
AKT2-promoter, and pGL3-MUT2-AKT2-promoter
plasmids for the AKT2 promoter consensus binding
sites located at 2349/2343 bp and
23491/23497 bp, respectively. Both of the wild-type
AKT2 promoters demonstrated low activity after
reduction of Tcf-4. However, only mutations on the
binding site located at 23491/23497 bp could abolish
the inhibitory effect of Tcf-4 siRNA on luciferase activity
(Fig. 4C). In addition, reduction of Tcf-4 inhibited AKT2
mRNA expression (Fig. 4D). These data indicate that

Fig. 3. AKT2 expression is regulated by b-catenin/Tcf-4 activity. (A) Cells were treated with increasing concentrations of aspirin for different

time periods. Western blot analysis showed a clear reduction of AKT2 levels and of Akt phosphorylation in a time- and dose-dependent

manner. (B) Tcf-4 downregulation by siRNA triggered a significant repression of AKT2 levels in LN229 and U251 cells. (C)

Overexpression of b-catenin and/or Tcf-4 induced an increase of AKT2 levels. The quantitative data under the bands show protein

levels (normalized to levels of GAPDH) relative to the control group. Data are presented as the means of triplicate experiments.
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b-catenin/Tcf-4 regulates AKT2 through binding AKT2
promoter at 23491/23497 bp at the transcriptional
level.

Reduction of AKT2 Inhibits Glioma Cell Proliferation
and Invasion

To verify an AKT2-mediated effect of b-catenin/Tcf-4
activity on glioma cell proliferation and invasion, the
biological function of AKT2 was evaluated. Reduction

of AKT2 by antisense AKT2 caused a cell cycle defect
in LN229 and U251 cells with a significant increase in
the percentage of cells in the G0/G1 phase (Fig. 5A
and B). Furthermore, an in vitro transwell invasion
assay showed that an average of 60% of cells in the anti-
sense AKT2 group were defective in migrating through
Matrigel compared with cells in control groups
(Fig. 5C). The results suggest that the b-catenin/Tcf-4
activity that regulates glioma cell proliferation and inva-
sion is, in part, mediated by AKT2.

Fig. 4. AKT2 is a direct target of b-catenin/Tcf-4. (A) The promoter region of the AKT2 gene was analyzed for consensus b-catenin/Tcf-4–

binding sites. Diagram of the AKT2 promoter showing the location of b-catenin/Tcf-4–binding sites. (B) Untreated LN229 cells were grown

to confluency and lysed. ChIP was performed on cell lysates using equal portions of anti-Tcf-4, anti-RNA polymerase II (positive control),

and IgG (negative control) as described in Materials and Methods. Input samples are DNAs amplified from lysates before

immunoprecipitation. Results for binding site 1 and 2 (located at 2349/2343 bp and 23491/23497 bp in the AKT2 promoter,

respectively) are shown. (C) pGL3-WT1-AKT2-promoter, pGL3-MUT1-AKT2-promoter, pGL3-WT2-AKT2-promoter, and

pGL3-MUT2-AKT2-promoter reporters were transfected into LN229 cells, which were then treated with Tcf-4 siRNA. Luciferase activity

was determined 48 h after transfection. Luciferase activity of control group was normalized as 1 in WT group and MUT group,

respectively. (D) LN229 and U251 cells were transfected with Tcf-4 siRNA, and AKT2 mRNA levels were detected by RT-PCR assay.

GAPDH was regarded as an endogenous normalizer. Error bars represent standard deviation and were obtained from 3 independent

experiments. *P , .05 compared with the control group.
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Reduction of Tcf-4 inhibits glioma growth in vivo

To explore the effect of b-catenin/Tcf-4 activity on
tumor growth in vivo, we employed a xenograft mouse
model using LN229 glioma cells treated with Tcf-4
siRNA. On day 8, the tumor size of the Tcf-4 siRNA
group started to reach statistical significance compared
with control groups (P , .05). At the termination of
the study, there was a marked reduction in tumor mass
between the Tcf-4 siRNA group and the control
groups (Fig. 6). After observation for 20 days, tumor
samples were dissected from mice, and
paraffin-embedded sections were prepared for immuno-
histopathological examination. Similar to the results
obtained from the in vitro study, the expression of
Tcf-4 and AKT2 in tumor specimens of the Tcf-4
siRNA group was highly downregulated (Fig. 7).

Discussion

We have shown that the level of Tcf-4 significantly
increases with increased pathological grade of gliomas
and that it correlates positively with AKT2 expression.
Reduction of b-catenin/Tcf-4 activity inhibited glioma
growth in vitro and in vivo. Moreover, levels of AKT2
were regulated by b-catenin/Tcf-4 activity and the
b-catenin/Tcf-4 complex bound directly to the AKT2
promoter.

High-grade gliomas are the most common human
brain tumors and are essentially incurable. Thus,
advances on all scientific and clinical fronts are
needed. In an attempt to better understand gliomas,
many groups have turned to high-dimensional profiling
studies. The Cancer Genome Atlas Network catalogs
recurrent genomic abnormalities in GBM and describes
a robust gene expression-based molecular classification
of GBM into proneural, neural, classical, and

mesenchymal subtypes and integrates multidimensional
genomic data to establish patterns of somatic mutations
and DNA copy number.18,19 Their analysis illustrates
that a survival advantage in patients treated heavily
with temozolomide and radiation varies by subtype,
with classical or mesenchymal subtypes having signifi-
cantly delayed mortality that was not observed in the
proneural subtype. The proneural signature contains
several proneural developmental genes, such as SOX
genes, as well as Tcf-4. It has been reported that Tcf-4,
the oligodendrocyte-related transcription factor, is
required for maturation of oligodendrocyte progeni-
tors.20 In addition, Tcf-4 interacts with b-catenin in

Fig. 5. Reduction of AKT2 decreases glioma cell proliferation and invasion. (A) LN229 and U251 cells were transfected with antisense AKT2,

and AKT2 expression was detected by Western blot analysis. GAPDH was regarded as an endogenous normalizer. (B) Cells were treated with

antisense AKT2 for 72 h, and subjected to cell cycle analyses by fluorescence-activated cell sorting. Reduction of AKT2 induced cell cycle

arrest in G0/G1. (C) Downregulation of AKT2 expression caused a substantial reduction in the proportion of penetrating cells in the in

vitro transwell invasion assay. Data are presented as the means of triplicate experiments. *P , .05 compared with the control group.

Fig. 6. Reduction of Tcf-4 inhibits glioma growth in vivo. After

establishment of subcutaneous tumors, Tcf-4 siRNA was injected

in a multisite injection manner. Tumor volumes were measured

every 2 days during treatment. Downregulation of Tcf-4

expression efficiently decreased tumor growth in vivo. *P , .05

compared with the control group.
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the nucleus and forms a b-catenin/Tcf-4 complex,
thereby regulating transcription of multiple genes
involved in cell proliferation, metastatic potential, and
tumorigenesis. These data suggest that b-catenin
and Tcf-4 play an important role in glioma progression
and prognosis or prediction of response to therapy. In
our study, reduction of b-catenin/Tcf-4 activity inhib-
ited glioma cell proliferation and invasion in vitro and
glioma growth in vivo.

Akt, a serine/threonine kinase, also known as protein
kinase B, functions as a key mediator of the PI3K/Akt
pathway. Activated Akt is phosphorylated at Thr308
and Ser473 and subsequently regulates b-catenin by
inducing phosphorylation of GSK3b at Ser9.21,22 In
addition, Akt can regulate b-catenin directly by inducing
phosphorylation at Ser552, resulting in b-catenin trans-
location from the cytosol into the nucleus, increasing
Tcf-4 transcriptional activity.23 In turn, AKT1, an
isoform of Akt, is regulated by the b-catenin/Tcf-4
complex at the transcriptional level. Aspirin induces a
decrease of AKT1 expression, which is regulated by
the b-catenin/Tcf-4 complex as revealed by a reporter
assay.24 AKT2 and AKT3 are closely related and
highly conserved homologs of AKT1; therefore,
whether AKT2 and AKT3 are targets of Wnt/
b-catenin signaling awaits further investigation. In our
study, aspirin inhibited AKT2 expression by the modu-
lation of b-catenin/Tcf-4 activity in a time- and
concentration- dependent manner. Downregulation of
Tcf-4 expression decreased levels of AKT2, whereas
upregulation of b-catenin and/or Tcf-4 expression
increased AKT2 levels. Furthermore, 12 putative
b-catenin/Tcf binding sites were identified in the promo-
ter region of the AKT2 gene, and in vivo binding of
b-catenin/Tcf-4 to the AKT2 promoter was validated
by ChIP and luciferase reporter assays. These data indi-
cate that Akt activation increases the nuclear accumu-
lation of b-catenin, while Akt is regulated by
b-catenin/Tcf-4 at the transcriptional level, leading to
a positive feedback loop between b-catenin/Tcf-4 sig-
naling and Akt signaling.

AKT2 expression is associated with more advanced
and highly aggressive gliomas.25–27 Our previous data
have revealed that levels of AKT2 are greatly increased

with ascending tumor grade and correlated positively
with the proliferation activity of gliomas, in contrast to
normal brain tissues.14,28 Reduction of AKT2 by anti-
sense AKT2 inhibits C6 glioma cell growth in vitro
and in vivo.29 In addition, AKT2 contributes to glioma
cell migration and invasion by regulating the formation
of cytoskeleton, influencing adhesion, and increasing
expression of MMP9.30 In this study, downregulation
of AKT2 in LN229 and U251 glioma cells induced cell
cycle G0/G1 phase arrest and inhibited cell invasion.
These results suggest that b-catenin/Tcf-4 activity can
regulate glioma cell proliferation and invasion, in part,
mediated by AKT2.

In conclusion, the results of the present study indicate
that Tcf-4 is associated with the progression of glioma
malignancy. Levels of Tcf-4 increase significantly with
the ascending pathological grade of gliomas and correlate
positively with levels of AKT2. Moreover, b-catenin/
Tcf-4 activity regulates expression of AKT2 by binding
to the AKT2 promoter, thereby modulating glioma cell
growth. To our knowledge, this is the first demonstration
that AKT2 is regulated by b-catenin/Tcf-4 at the tran-
scriptional level. In summary, our data add AKT2 to
the list of b-catenin/Tcf-4 target genes and propose a
model by which aberrant Wnt/b-catenin/Tcf-4 signaling
is involved in glioma progression.
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