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Abstract
Introduction  Runt-related transcription factor 3 (RUNX3) exerts a tumor suppressor gene associated with gastric and other 
cancers, including glioma. However, how its anti-tumor mechanism in functions glioma is unclear.
Methods  We assayed expression of RUNX3 with a tissue microarray (TMA), frozen cancer tissues and malignant glioma cell 
lines using immunohistochemistry, qRT-PCR and Western bolt analysis. Cell proliferation, invasion, cell cycle distribution 
and apoptosis were also examined to confirm the effect of RUNX3 medicated malignant phenotype. TOP/FOP experiment 
was used to detect the β-catenin/Tcf-4 transcription activity by RUNX3.
Results  Enforced RUNX3 expression inhibited proliferation and invasion, induced cell cycle arrest and promoted apoptosis 
in vitro and in vivo, Bim siRNA partically reversed the effect of RUNX3-induced apoptosis in LN229 and U87 cells, sug-
gesting a dependent role of Bim-caspase pathway. Moreover, Mechanism investigations revealed that restoration of RUNX3 
suppressed β-catenin/Tcf-4 transcription activity.
Conclusions  RUNX3 plays a pivotal role in glioma initiation and progression as a tumor suppressor via attenuation of Wnt 
signaling, highlighting it as a potential therapeutic target for glioma.
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Introduction

Gliomagenesis is a multifactorial and complicated patho-
logical process involved in multiple genetic alterations and 
complex signaling pathways. Gene instability, including 
activation of oncogenes, such as AKT, EGFR and K-ras, 

inactivation of tumor suppressors containing PTEN and 
P53 and enhanced signaling pathways, including the Wnt/
β-catenin and PI3K/AKT pathways, have been reported to 
contribute to this type of tumor [1, 2]. Although many stud-
ies have confirmed specific genes and signaling pathways, 
the underlying molecular mechanisms of glioma have not 
been fully elucidated. Thus, more research is required to 
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elucidate mechanisms related to gliomas to develop novel 
therapeutic strategies.

The RUNX3 gene is located at 1p36, a region of frequent 
genomic loss in a variety of human carcinomas, includ-
ing glioblastoma [3]. The functional relationship between 
RUNX and TGF-β is supported by a synergism between 
RUNX3 and Smads to regulate target gene transcription [4]. 
The gastric epithelium of RUNX3−/− mice were hyperplas-
tic due to increased proliferation and diminished apopto-
sis arising from insensitivity of gastric epithelia to TGF-β. 
This was evidence that RUNX3 was a tumor suppressor 
in gastric cancer [5]. Reports suggest that RUNX3 attenu-
ates β-catenin/T Cell Factors in Intestinal Tumorigenesis, 
but the function of RUNX3 and its relationship with the 
Wnt/β-catenin signaling pathway is not well understood in 
gliomagenesis.

Here, we report that RUNX3 is frequently downregulated 
in malignant glioma cell lines and tissue specimens. Restora-
tion of RUNX3 inhibits the proliferative, invasive ability of 
tumor cells and induces cell cycle arrest and the expression 
of proteins associated with these phenotypes in vitro and 
in vivo. Additionally, we confirmed that RUNX3 attenu-
ates the Wnt/β-catenin signaling pathway in gliomagenesis, 
suggesting a molecular mechanism of RUNX3 medicated 
inhibition of tumorgenesis. RUNX3 may be a biomarker for 
GBM and may hold promise for therapeutic approaches to 
GBM treatment.

Materials and methods

Tissue samples and microarray

A tissue microarray was prepared by the Chao Ying Bio-
technology Company (Shanxi, China) from archived paraf-
fin-embedded glioma specimens. The tissue microarray slide 
contained 59 glioma samples of different grades, including 
9 grade I samples, 20 grade II samples, 17 grade III samples 
and 13 grade IV samples. Each patient had three specimens 
and samples were classified according to the 2007 WHO 
Classification of Tumors of the Central Nervous System. 
Then, nine normal brain tissue samples were obtained from 
areas adjacent to the tumor and identified histopathologi-
cally. In addition, three fresh glioblastoma specimens and 
adjacent noncancerous tissues were prospectively collected 
from the Department of Neurosurgery at Affiliated Hospital 
of Taishan Medical University. This study was approved by 
the hospital institutional review board and written informed 
consent was obtained from all patients.

Cell culture, adenovirus infection and gene 
transfection

Human U87, LN229, SNB19, U251, A172, and LN308 glio-
blastoma cells and low-grade glioma H4 cells were obtained 
from the China Academia Sinica Cell Repository, Shanghai, 
China. The TJ905 cell line was established and character-
ized by the Laboratory of Neuro-Oncology of the Tianjin 
Neurological Institute. Cells were maintained in Dulbecco’s 
modified Eagle’s medium (Gibco, Los Angeles, CA) sup-
plemented with 10% fetal bovine serum (Gibco) and were 
incubated at 37 °C in a 5% CO2 atmosphere.

Adenovirus containing a RUNX3 cDNA (rAD-RUNX3) 
and negative control (rAD-vector) were obtained from 
Genesil (Wuhan, China). TS-RUNX3 and goal vector 
PEC-IRES-EGFP were doubly digestion with BamHI and 
EcoRI and subcloned into PEC-IRES-EGFP. The RUNX3 
expression box was transferred to the pGSadeno adeno-
virus by in vitro homologous recombination of LR. The 
recombinant adenoviral plasmid was identified by restric-
tion analysis with PacI and PCR examination. The recom-
binant products were plague purified and expanded by 
transducing HEK293 cells. GBM cells were infected with 
adenoviruses at multiplicities of infection (MOI) of 5.

Human U87 and LN229 glioma cell lines were infected 
with viral suspension and then transfected using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) according to 
the manufacturer’s instructions. Bim siRNA (Cell Signal-
ing Technology, USA) was used to knock down the expres-
sion of Bim.

Real‑time PCR

Total RNA was extracted using Trizol Reagent (Invitrogen) 
according to a standard protocol. Total RNA (1 µg) was used 
for cDNA synthesis by reverse transcription with MMLV 
reverse transcriptase (Promega) according to the manufac-
turer’s protocol in a total volume of 10 µL. RT-PCR products 
were separated in a 2% agarose gel which was then stained 
with ethidium bromide, digitally photographed, and scanned 
with an UVI Gel Analyzing System (UVI Tech, Cambridge, 
UK). Quantitative analysis of expression was calculated 
using qRT-PCR (7500 ABI, USA). The TaqMan assay kit 
(Applied Biosystems) was used to measure gene expression. 
Relative quantification was conducted using amplification 
efficiencies derived from cDNA standard curves and relative 
gene expression. Data represented as fold change s(2 − ΔΔCt) 
and were initially analyzed using Opticon Monitor Analy-
sis Software V2.02 software (MJ Research, Waltham, MA). 
Specific RT-PCR primers were obtained from Fulen Gene 
BiolEngineering Inc., Guangdong, China.
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Western blot analysis

Total protein was extracted from cells, and 40 µg of pro-
tein lysate from each sample were resolved by SDS-PAGE 
and transferred to a PVDF membrane. Membranes were 
incubated with primary antibodies against RUNX3, Bim, 
cyclinD1, C-myc, β-catenin (1:1000, Abcam), caspases 
3 and 9, cleaved caspase 9, MMP2, MMP9, TIMP1 and 
TIMP3 (1:500, Santa Cruz), followed by an HRP-conju-
gated secondary protein (1:1000 Zymed, San Diego, 40 µg 
CA). Protein was quantified using a SuperSignal protein 
kit (Pierce). β-actin or GADPH primary antibody (1:1000, 
Santa Cruz) was used as the control.

Colony formation assay

Cells were seeded in 6-well plates (0.5 × 103 cells/well) and 
cultured for 2 weeks. Colonies were fixed with methanol for 
10 min and stained with 1% crystal violet (Sigma) for 1 min. 
Each group was measured in triplicate.

Proliferation assay

U87 and LN229 cells were seeded into 96-well plates (4000 
cells/well). After transfection, on each day for 7 consecutive 
days, 20 mL MTT (5 mg/mL) was added to each well, and 
the cells were incubated at 37 °C for an additional 4 h. Then, 
the supernatant was discarded. The reaction was terminated 
by lysing the cells with 200 mL of DMSO. The optical 
density was measured at 570 nm and expressed as a per-
centage of the control. Data are presented as means ± SEM 
derived from triplicate samples of at least three independent 
experiments.

Cell‑cycle analysis

For cell-cycle analysis by flow cytometry, transfected and 
control cells in the log phase of growth were harvested by 
trypsinization, washed with PBS, fixed with 75% ethanol 
overnight at 4 °C and then incubated with RNase at 37 °C 
for 30 min. A total of 104 nuclei were assessed with a FACS 
Calibur Flow Cytometer (Becton Dickinson, Franklin Lakes, 
NJ), and DNA histograms were analyzed using Modifit soft-
ware (Becton Dickinson). Experiments were performed in 
triplicate.

Cell invasion assays

Transwell membranes coated with Matrigel (BD Bio-
sciences, San Jose, CA) were used to quantify glioma cell 
invasion. Transfected cells were plated at 5 × 104 per well in 
the upper chamber in serum-free medium. U87 and LN229 
cells (200 µL) was used as chemoattractant and placed in 

the bottom chamber. After a 24 h incubation, the filters were 
gently taken out, the medium was removed from the upper 
chamber. The noninvaded cells on the upper surface of the 
inserted filter were scraped off with a cotton swab. The cells 
that had migrated into the lower surface of the inserted filter 
were fixed with methanol. Data are presented as means ± SE 
of three independent experiments.

Apoptosis assays

Apoptosis was quantified 48 h after transfection, using 
Annexin-V labeling with an an Annexin-V-FITC-labeled 
Apoptosis Detection Kit (Abcam) according to the manu-
facturer’s protocol and a TUNEL assay was used to measure 
apoptosis in tumor specimens [6].

Luciferase reporter assay

To evaluate β-catenin/Tcf-4 transcriptional activity, we 
used TOP-FLASH and FOP-FLASH (Upstate) luciferase 
reporter constructs. TOP-FLASH (with three repeats of the 
Tcf-binding site) or FOP-FLASH (with three repeats of a 
mutated Tcf-binding site) plasmids were transfected into 
cells treated with Ad-RUNX3. After a 48-h incubation, lucif-
erase activity was measured using a dual luciferase reporter 
system (Promega). Luciferase activity was measured 48 h 
after transfection. Renilla luciferase activity was used as an 
internal control.

Immunofluorescence and immunohistochemical 
staining

Immunofluorescence and IHC assays were performed as pre-
viously described. Immunofluorescence was measured using 
an antibody against β-catenin (1:1000 dilution; Abcam). IHC 
scores were performed using a semi-quantitative 5-category 
grading system [7, 8].

Intracranial nude mouse models

ALL animal protocols were performed in line with an 
approved Institutional Animal care and Committee proto-
col. BALB/c-A nude mice at 4 weeks old were purchased 
from the Animal Center at the Cancer Institute at the Chi-
nese Academy of Medical Science. To establish intracranial 
gliomas, 5 × 105 U87 glioblastoma cells pretreated with Ad-
RUNX3 or vector were implanted stereotactically [9]. Bio-
luminescent imaging was used to confirm intracranial tumor 
growth or tumorigenicity using an IVIS Imaging System 
(caliper Life Sciences) for determining the integrated flux of 
photons within each region of interest. The overall survival 
was analyzed according to the Kaplan–Meier method.
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Statistical analysis

Statistics were performed using SPSS Graduate Pack, statis-
tical software, version 16.0. Descriptive statistics, including 
means and SEs and 1-way analysis of variance, were used 
to determine statistically significant differences. Overall 
survival curves were plotted according to a Kaplan–Meier 
method, with the log-rank test applied for comparisons 
(P < 0.05 was considered to be statistically significant).

Results

RUNX3 is frequently downregulated in glioma 
and is correlated with tumor grade

To further study the role of RUNX3 related with the 
development and progression in glioma, we first examine 
its expression in seven Glioblastoma derived cell lines. 
Real-time PCR analysis and Western blot showed that all 
seven malignant cell lines had significantly less RUNX3 
gene expression compared with low-grade cell lines H4 
(p < 0.001; Fig. 1a). The protein levels were consistent with 
the mRNA expression and significantly evident in LN229 
and U87 cells (Fig. 1b). In addition, three human glioblas-
toma tissues and matched adjacent noncancerous tissues, 
western blot results showed RUNX3 was significantly loss 

Fig. 1   RUNX3 is downregulated in GBM cell lines and human gli-
oma tissues with various grades according to WHO. a and b Real-
time PCR and Western blot analysis from the low grade H4 cell line 
and GBM derived cell lines (A172, SNB19, U251, U87, TJ905, 
LN229, LN308). c Expression protein levels of RUNX3 in three 
GBM and the matched adjacent noncancerous tissues by western blot. 
d Immunohistochemical staining of 9 normal brain tissues and 59 pri-

mary human gliomas tissues, WHO grades I, II, III, IV (TMA) using 
anti-REUNX3 antibody. RUNX3 protein expression reduced mark-
edly in high grade gliomas (WHO III and IV) compared to low grade 
gliomas (WHO I and II). Heat map representing its expression level is 
determined in a linear scale with a maximum value of 6 immunore-
active score to highlight differences within this range. Staining score 
described in “Materials and methods”
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or lower expressed compared with adjacent noncancerous 
tissues (Fig. 1c). Immunohistochemical staining scores used 
to study the tissue microarray (TMA, Normal, grades I–IV) 
confirmed that RUNX3 is significantly overexpressed in nor-
mal brain tissues and inversely associated with WHO grade 
by staining score evaluation (p < 0.01; Fig. 1d). Moreover, 
RUNX3 expression decreased markedly in high-grade gli-
omas (grade III or IV) compared with low-grade gliomas 
(grade I or II). The clinicopathological characteristics of 58 
glioma specimens are summarized in Table 1 and there was 
no correlation between RUNX3 expression with other clin-
icopathologic variables, including gender and age except for 
the relationship with WHO grade.

Restoration of RUNX3 expression inhibits glioma 
cell proliferation and induces cell cycle G0/G1 arrest

To know the effect of RUNX3 restoration expression on 
glioma, we stably transfected LN229 and U87 cells with 
recombinant adenoviruses harboring RUNX3 (Ad-RUNX3) 
and control vectors. The mRNA and protein expression iden-
tification of RUNX3 were determined by Real-time PCR, 
western blot. RUNX3 was significantly up-regulated in these 
cell lines that showed evidently lower expression (Fig. 2a, 
b). To evaluate the effect of the reintroduction of RUNX3 on 
LN229 and U87 cell proliferation, we used an MTT assay. 
The growth curve showed re-introduction of RUNX3 gene 
inhibited cell growth. A evident difference was observed 
after 3 days of culture in these two cells (Fig. 2c). Moreover, 
overexpression of RUNX3 caused decreased colony forma-
tion (Fig. 2d, 21 days after infection). Cell-cycle analysis 
data showed that a significant increase in the proportion of 
cells in G0/G1 transfected with Ad-RUNX3 in comparison 
with control and control vectors (Fig. 2e). Thus, restoration 

of RUNX3 expression induces cell arrest at the G0/G1 
phase, delays cell cycle progression and suppresses cell 
proliferation.

RUNX3 induces glioma apoptosis 
via the Bim‑caspase pathway

Previous reports implicated Bim in medicating apoptotic 
effects of RUNX3 in the TGF-β signaling pathway. Re-
introduction of RUNX3 gene led to overexpression of 
Bim according to real-time PCR and Western blot in the 
absence of TGF-β (Fig. 3a, c). In cell lines, average apop-
totic fractions (early apoptotic + apoptotic) were signifi-
cantly increased with Ad-RUNX3 upregulation compared 
with control and control vectors (p < 0.05) as detected by 
Annexin-V assay (Fig. 3b).

In LN229 and U87 cell lines, co-transfected with Ad-
RUNX3 and Bim siRNA, Bim disruption reduced RUNX3-
induced apoptosis in RUNX3-overexpressing cell lines. 
Western blotting confirmed that the pro-apoptotic factors 
caspase 9 and 3 and cleaved-caspase 3 expression were 
associated with reintroduction of RUNX3 and downregu-
lation of Bim. Apoptotic-inhibitory factor BCL2 exhibited 
the contrast change compared to the Bim and caspase 9 
(Fig. 3c). Thus, RUNX3 overexpression promotes apopto-
sis in the absence of TGF-β in glioma cells and the effect 
was achieved by Bim-caspase signaling at least in LN229 
and U87 cell lines.

RUNX3 restoration inhibits glioma cell invasion 
in vitro

To assess the role of RUNX3 in invasion, we took transwell 
assay. The transfection of RUNX3 reduced the number of 

Table 1   RUNX3 staining and 
clinicopathological parameters

Pearson’s χ2 test to determine the statistical significance of relationship of RUNX3 expression with differ-
ent variables

Clinicopathological parameters N RUNX3 expression P value

− + ++ +++

Gender 0.514
 Female 21 12 3 4 2
 Male 37 15 9 6 7

Age (years) 0.388
 < 45 31 15 6 4 6
 ≥ 45 28 12 6 7 3

Grade (WHO) P < 0.01
 Ι/II 29 3 8 9 9
 III/IV 30 24 4 2 0

Histology P < 0.01
 Astrocytoma 29 3 8 9 9
 Glioblastoma (GBM) 30 24 4 2 0
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Fig. 2   RUNX3 suppresses glioma proliferation and induces cell cycle 
arrest at the G0/G1. a and b Restoration expression identification 
of RUNX3 after transfacted with recombinant adenoviruses harbor-
ing RUNX3 by real-time PCR and Western blot. c Proliferation rate 
of LN229 and U87 cells transfected with Ad-RUNX3 determined 

by MTT assay. d Colony formation assay of LN229 and U87 cells 
expressing Control vector, Ad-RUNX3 after 21  days. Cells stained 
with 0.005% crystal violet solution. e Flow cytometry data represents 
more cells were arrested in G0/G1 phase of cell cycle in the Ad-
RUNX3 group compared with control and vector groups
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invasion U87 and LN229 cells, compared with control and 
vector group (Fig. 4a). In addition, western blot analysis 
showed that the invasive relative factor MMP2, MMP9 
expression decreased and TIMP1, TIMP3 expression 
increased after RUNX3 restoration (Fig. 4b). Thus, these 
data demonstrate that RUNX3 plays a role in glioma cell 
invasion.

Restoration of RUNX3 attenuates the β‑catenin/
Tcf‑4 signaling pathway

To investigate the downstream effectors of RUNX3 and the 
effective mechanism of β-catenin transcriptional activity, 
TOP/FOP FLASH luciferase assay was used after RUNX3 
gene re-introduction. In LN229 and U87 cells, restoration 
of RUNX3 reduced Top with no change in FOP-FLASH 
luciferase activity (Fig. 5a). To determine whether decreased 

transcriptional activity was accompanied by reduced expres-
sion, Western blot and immunofluorescence assay recealed 
that ectopic expression of RUNX3 reduced the expression 
of β-catenin in the cytoplasm and nucleus (Fig. 5b, c). This 
confirmed a role for the β-catenin/Tcf-4 pathway as a medi-
ator of RUNX3 activity. Western blot analysis indicated 
reduced relative expression of downstream targets cyclinD1 
and c-Myc in cells with high RUNX3 expression (Fig. 5d). 
Therefore, RUNX3 regulates β-catenin/Tcf-4 transcriptional 
activity.

RUNX3 inhibits tumor growth in vivo

Since re-introduction of RUNX3 represses the prolifera-
tion and invasion of gliomas cells and pro-apoptotic effect 
in vitro, we further assess its effect on tumor growth in vivo. 
The effect of RUNX3 on an intracranial U87 xenograft 

Fig. 3   Upregulation of RUNX3 increase the expression of Bim and 
induce cell apoptosis dependent on Bim/caspase pathway. a Bim 
expression level detection after transfected with Ad-RUNX3 for 48 h 
in LN229 and U87 cells. Compared with control and vector group, 
Bim expression was increased markedly in Ad-RUNX3 group. 
b After transfected Ad-RUNX3 and co-transfected Bim siRNA, 
Annexin V-PI apoptosis detection assay were performed. Compared 
with control and vector group, RUNX3 resulted in a significant 

increase of apoptotic cells in both cell lines, while siRNA against 
Bim reduced RUNX3-induced apoptosis in co-transfected group. 
All data represented mean ± SD of three individual experiments per-
formed in triplicate for each treatment. P < 0.05 compared with con-
trol and vector groups. c Western blot assay was performed to analyse 
the expression apoptosis-related signaling molecules using antibodies 
against Bim, Bcl2, caspase 3, 9, cleaved caspase 3 and GAPDH
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model was studied by implanting U87 cells conditionally 
expressing luciferase lentiviruses and Ad-RUNX3 or con-
trol vectors, xenograft growth was monitored by biolumines-
cence imaging. Results from Kaplan–Meier analyses showed 
that re-introduction of RUNX3 correlated with significantly 
longer survival (Fig. 6a). U87 cells stably transfected with 
Ad-RUNX3 had slight ability for tumorigenesis. Figure 6b 
demonstrated representative animal BLI images of RUNX3-
expressing xenografts and vector-expressing xenograft indi-
cating a markedly reduction of the tumor (Fig. 6c). Tumor 
samples were dissected from mice, and paraffin-embedded 
sections were prepared for immunohistopathological exami-
nation and TUNEL assay. The overexpression of RUNX3 
in U87 cells transfected with Ad-RUNX3 was confirmed 
by immunohistopathological assay in tumor (Fig. 6d). Con-
sistent with the in vitro results, expression of Bim, TIMP1, 
caspase 3 were significantly increased and the expression 

of β-catenin, CyclinD1, MMP2 were decreased in speci-
mens from Ad-RUNX3 samples (Fig. 6f). Compared with 
vector controls, the Ad-RUNX3 group had more apoptotic 
nuclei, as verified by TUNEL analysis (Fig. 6e). Therefore, 
restoration of RUNX3 in vivo had functions similar to those 
in vitro.

Discussion

Glioblastoma multiforme (GBM) is the most common 
malignant primary brain tumor of adults, accounting for 
> 50% of all primary brain gliomas. Because GBM is com-
plex and heterogeneous, current therapies, including sur-
gery, radiotherapy, and chemotherapy are only modestly 
effective and represent poor prognosis. Thus, personal-
ized treatment may be used to target aberrant genes and 

Fig. 4   Effects of RUNX3 on the abilities of invasion in vitro. a Cell 
invasion assays using transwell coated with Matrigel. Significant 
reduction of invasion was observed after increased RUNX3 expres-

sion in LN229 and U87 cells. b Western blot analysis of MMP2/9, 
TIMP1/3 expression associated with invasion ability
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oncogeneic signaling pathways, such as P53, PTEN, Rb, 
PI3K/AKT/mTOR, Wnt/β-catenin and the Notch path-
way involved in the molecular pathogenesis of malignant 
gliomas [1]. To this end, we studied the anti-tumor gene 
RUNX3 on proliferation, invasion, apoptosis, cell cycle 
distribution and the correlation with the Wnt signaling 
pathway. We hypothesize RUNX3 may be a tumor sup-
pressor at least partly through inactivation of the Wnt 
pathway in gliomas.

Evidences suggest that RUNX3 expression is the lost or 
downregulated in numerous malignant tumors, including 
gastric, breast and colorectal cancers, renal cell carcinoma 
and hepatocellular cancer. Previous work suggests that 
RUNX3 frequently is inactivated due to hemizygous dele-
tion of the Runx3 gene, hypermethylation of the promoter, 
or cytoplasmic sequestration of the RUNX3 protein. RUNX3 
downregulation reported to be medicated by microRNA 
such as microRNA130b and microRNA-148a [10, 11]. We 
verified reduced expression or loss of RUNX3 in malignant 
glioma cell lines and tissue specimens, suggesting that it 
has potential anti-tumor activity. Then, we used functional 
analyses to examine glioma malignancy and underlying 
anti-tumor mechanisms induced by inhibition of the Wnt/β-
catenin pathway.

The Wnt/β-catenin signaling pathway is a crucial onco-
genic pathway essential for glioma cell survival and nuclear 
accumulation of β-catenin for malignant progression and 
poor patient prognosis [8]. Our work confirmed that over-
expression of RUNX3 repressed the nuclear transcription 
of β-catenin and downstream targets, such as cyclinD1 and 
c-myc, indicating that RUNX3-mediated tumor inhibitory 
effects occur via suppression of Wnt/β-catenin signaling 
pathway. Moreover, MTT and flow cytometry data show 
that reintroduction of RUNX3 inhibited glioma cell prolif-
eration and induced cell cycle arrest at the GO/G1 phase. 
CyclinD1 is a downstream effector of the Wnt/β-catenin 
signaling pathway and preferentially binds to and activates 
CDK4 and CDK6 at the G1 phase to initiate cell cycle pro-
gression. Lin’s group reported that RUNX3, acts as a key 
transcriptional factor, directly binds to the AKT1 promoter 
and inhibits oncogenic factor AKT1 expression, subsequent 
β-catenin protein degradation and cyclinD1 downregula-
tion [12]. This, and our data, suggest cyclinD1 is a target 
of RUNX3-induced cell proliferation and cell cycle arrest. 
However, RUNX3-mediated suppression of the Akt1/
GSK-3β/β-catenin/cyclinD1 pathway reported by Lin sug-
gest that RUNX3 forms a complex with β-catenin/TCFs 
by preventingβ-catenin/TCF DNA-binding to targets but 

Fig. 5   RUNX3 restoration suppresses β-catenin/TCF-4 transcrip-
tional activity. a U87 and LN229 cells were cotransfected with Top/
Fop, Ad-RUNX3. And luciferase reporter assays were performed. b 
and c Immunofluorescence and Western blot detection of β-catenin 

48  h following transfection of U87 and LN229 cells with Ad-
RUNX3. d Western blot detection of cyclinD1, c-myc 48 h following 
transfection of U87 and LN229 cells with Ad-RUNX3
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does not change the β-catenin protein in intestinal tumori-
genesis [13]. Thus, RUNX3 regulation of β-catenin differs 
with tissue type. Our data show that β-catenin expression 
was reduced in the nucleus and cytoplasm, indicating that 
RUNX3-mediated inhibition of the Wnt/β-catenin signaling 
pathway is complex. More work is required to investigate 
correlations between RUNX3 and the Wnt/β-catenin path-
way in glioma initiation and progression.

The TGF-β signaling pathway plays a role in tumor sup-
pressor mechanisms and has been studied in colon, gas-
tric and pancreatic cancers [14]. RUNX3 is considered to 
be a key component of the TGF-β signaling pathway and 
has been shown to interact with TGF-β-activated Smads 

to regulate relevant target gene expression and the sub-
sequent inhibition of tumor progression. Bim is a BCL2 
family member that induces apoptosis via counteracting 
functions of anti-apoptotic members of BCL2 family [15]. 
Previous studies show that Bim is a target of RUNX3 in 
TGF-β-induced apoptosis in gastric epithelial cells [16]. 
Therefore, increased RUNX3 expression induced apopto-
sis in the presence of TGF-β [5]. In esophageal cancer cell 
lines, overexpression of RUNX3 sensitized the cancer cells 
to TGF-β-induced apoptosis, but RUNX3 did not induce 
apoptosis in the absence of TGF-β stimulation [17]. These 
data suggest that TGF-β is responsible for RUNX3-medi-
ated apoptosis. However, Nakanishi reported that ectopic 

Fig. 6   Increased RUNX3 expression in U87 cells in vivo significantly 
inhibited intracranial tumor growth in a mice xenograft model. a 
Improved survival was observed in mice that were treated with Ad-
RUNX3 transfection. b Luminescence images from Ad-RUNX3-
treated U87 animals at 10, 17 after implantation compared with 

vector-treated group. c Tumor growth curves were analyzed. The data 
are described as mean ± SD. *p < 0.05. d and f Representative photo-
micrographs of immunohistochemistry of tumor sections for RUNX3, 
β-catenin, cyclinD1, Bim, Timp1, MMP2 and caspase 3. e TUNEL 
analysis on xenograft tumor sections
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RUNX3 expression enhanced serum starvation-induced 
hepatocellular carcinoma cell apoptosis via the Bim-caspase 
pathway in the absence of TGF-β [18]. Moreover, RUNX3 
cooperates with FOXO3A/FKHRL1 to activate Bim expres-
sion and induces apoptosis independently of TGF-β [19]. We 
found restoration of RUNX3 induced Bim expression and 
promoted apoptosis in the absence of TGF-β in glioma cell 
lines. Bim siRNA was used to evaluate whether Bim expres-
sion regulates RUNX3-induced apoptosis, and Bim siRNA 
partly reversed the effect of RUNX3-induced apoptosis in 
LN229 and U87 cells co-transfected with AD-RUNX3 and 
Bim siRNA. Thus, RUNX3 may induce glioma apoptosis via 
the Bim-caspase pathway in the absence of TGF-β.

MMPs and tissue inhibitors such as TIMPs participate 
in tumor metastasis [20] but few reports are available to 
describe relationship between RUNX3 and MMPs or TIMPs. 
A study of invasive mechanisms of gliomas by RUNX3 
showed that RUNX3 inhibits glioma invasion and migration 
by regulating MMP2 protein expression and enzyme activity 
[21]. Consistent with this study, He’ group confirmed that 
RUNX3 repressed renal cancer cells metastasis by upregu-
lation of TIMP1 rather than MMP2 and MMP9 [22]. How-
ever, Chen et al. confirmed that RUNX3 directly binds to the 
TIMP1 promoter and enhances its transcription activity to 
inactivate MMP9 in gastric cancer cells [23]. This suggests 
RUNX3 inhibits tumors in a tissue specific manner.

We verified that restoration of RUNX3 causes re-upreg-
ulation of TIMP1 and reduced expression of MMP2 and 
MMP9 but no significant change in TIMP3 expression in 
LN229 and U87 cells. This indicates a potential regula-
tory correlation between RUNX3 and TIMPS and MMPs 
in glioma cell lines. Previous data suggest that MMPs are 
key to tumor invasion and angiogenesis by cleaving extra-
cellular matrix components [24]. VEGF, a major promoter 
of angiogenesis, is directly regulated by RUNX3 in gastric 
cancer cells via repression of VEGF promoter activity [25]. 
Additionally, because VEGF is a downstream target of the 
Wnt/β-catenin pathway, which is regulated by RUNX3, the 
invasive mechanism is complex and how RUNX3 modulates 
TIMP1, VEGF and their signaling pathways is unclear.

Our in vitro study showed that reintroduction of RUNX3 
was therapeutically beneficial inhibited glioma cell prolifera-
tion and induced apoptosis. Expression of relevant molecules 
related to malignancy confirmed that the Wnt/β-catenin 
pathway was inhibited by RUNX3. Chi’ group reported that 
RUNX3 synergistically activates the p21 promoter and sup-
presses Gastric Epithelial Cell Growth in Cooperation with 
Transforming Growth Factor -Activated SMAD [26]. MIN’ 
group identified RUNX3 as a component of the MST/Hpo 
signaling pathway which deregulation leads to tumorigen-
esis [27]. These data and our work suggest that RUNX3 
may be a promising diagnostic and therapeutic marker for 
glioblastoma.

In summary, in vitro and in vivo data show that restora-
tion of RUNX3 suppresses tumor growth and tumorigenic 
potential and prolonged survival in a xenograft model, also 
RUNX3 inhibits Wnt/β-catenin signaling pathway, but the 
underlying mechanisms require additional study.
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