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next investigated the effect of irradiation on Wnt/β-catenin 
pathway activity using TOP/FOP flash luciferase assays and 
quantitative polymerase chain reaction analysis of β-catenin 
target genes. The expression levels and activities of two tar-
get genes, matrix metalloproteinase (MMP)-2 and MMP-9, 
were examined further by Western blotting and zymography.
Results  U87 cell invasiveness was increased significantly 
by ionizing radiation. Interestingly, ionizing radiation in-
duced nuclear translocation and accumulation of β-catenin. 
Moreover, we found increased β-catenin/TCF transcrip-
tional activities, followed by up-regulation of downstream 
genes in the Wnt/β-catenin pathway in irradiated U87 cells. 
Importantly, inhibition of the Wnt/β-catenin pathway by 
XAV 939, which promotes degradation of β-catenin, sig-
nificantly abrogated the pro-invasion effects of irradiation. 
Mechanistically, XAV 939 suppressed ionizing radiation-
triggered up-regulation of MMP-2 and MMP-9, and inhib-
ited the activities of these gelatinases.
Conclusion  Our data demonstrate a pivotal role of the Wnt/
β-catenin pathway in ionizing radiation-induced invasion 
of glioblastoma cells, and suggest that targeting β-catenin 
is a promising therapeutic approach to overcoming glioma 
radioresistance.
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Wnt/beta-catenin pathway · Radioresitance

Beteiligung des Wnt/β-Catenin-Signalwegs 
an der strahleninduzierten Invasion von  
U87-Glioblastomzellen

Zusammenfassung
Hintergrund  Studien haben gezeigt, dass eine Strahlenthe-
rapie die Invasivität von Glioblastomzellen erhöht. Zwar 

Abstract
Background  Radiotherapy has been reported to promote 
the invasion of glioblastoma cells; however, the underlying 
mechanisms remain unclear. Here, we investigated the role 
of the Wnt/β-catenin pathway in radiation-induced invasion 
of glioblastoma cells.
Methods  U87 cells were irradiated with 3 Gy or sham irra-
diated in the presence or absence of the Wnt/β-catenin path-
way inhibitor XAV 939. Cell invasion was determined by an 
xCELLigence real-time cell analyser and matrigel invasion 
assays. The intracellular distribution of β-catenin in U87 
cells with or without irradiation was examined by immuno-
fluorescence and Western blotting of nuclear fractions. We 
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wurden mehrere Signalwege mit diesem strahleninduzierten 
Eindringen in Zusammenhang gebracht, doch die genauen 
Mechanismen sind bisher unklar. In der vorliegenden Stu-
die wurden die proinvasive Wirkung einer Bestrahlung auf 
U87-Zellen überprüft und die Beteiligung des Wnt/ß-Cate-
nin-Signalwegs als möglicher zugrundeliegender Mecha-
nismus diskutiert.
Methoden  U87-Zellen wurden einer Strahlung von 3  Gy 
oder einer Scheinbestrahlung ausgesetzt, einige Zellen 
waren zuvor mit dem Wnt/ß-Catenin-Inhibitor XAV 939 
behandelt worden. Der Einfluss dieser verschiedenen Kon-
ditionen auf die Invasivität wurde anschließend mit dem 
xCELLigence Zellanalysesystems und einem Matrigel-In-
vasion-Assay überprüft. Die intrazelluläre ß-Catenin-Ver-
teilung mit bzw. ohne Bestrahlung wurde anhand von Wes-
tern-Blot-Analysen unterschiedlicher Kernfraktionen und 
Immunfluoreszenzanalysen untersucht, die Wirkung der 
Strahlung auf die Aktivität des Wnt/ß-Catenin-Signalwegs 
durch einen Luciferase-Assay. Die Expressionslevel und 
Aktivität von Zielgenen, wie MMP-2 und MMP-9, wurden 
durch eine Western-Blot-Analyse und einen Zymographie-
Assay determiniert.
Ergebnisse  Die Invasivität von U87-Zellen wurde durch 
ionisierende Strahlung signifikant erhöht. Immunfluo-
reszenzanalysen zeigten eine strahleninduzierte nukleäre 
Translokation und eine ß-Catenin-Akkumulation. Nach 
Bestrahlung zeigten sich im Luciferase-Assay zudem eine 
erhöhte ß-Catenin/TCF-Transkriptionsaktivität, gefolgt 
von einer Hochregulation der Downstream-Zielgene in den 
Wnt/ß-Catenin-Signalwegen in bestrahlten U87-Zellen. 
XV 939 unterdrückte die strahleninduzierte Hochregulie-
rung von MMP-2 und -9 und inhibierte die Aktivität dieser 
Gelatinasen.
Fazit  Die vorgestellten Daten zeigen die zentrale Rolle des 
Wnt/ß-Catenin-Signalwegs für die strahleninduzierte Erhö-
hung der Invasivität von Glioblastomzellen. In diesem Zu-
sammenhang könnte die Inhibierung von ß-Catenin einen 
viel versprechenden Ansatz in der Behandlung strahlenre-
sistenter Gliome darstellen.

Schlüsselwörter  Ionisierende Strahlung · Glioblastom · 
Invasion · Wnt/ß-Catenin-Signalweg · Strahlenresistenz

Glioblastoma multiforme (GBM) is the most aggressive 
and devastating disease in the central nervous system [1]. 
Despite continuous advances in new clinical therapies, the 
prognosis and survival of GBM patients remain dismal with 
a median survival of 9–12 months. The diffusely infiltrative 
nature of GBM is the main obstacle for the development of 
effective treatments [2].

The standard therapy for glioblastoma is complete mac-
roscopic resection and adjuvant irradiation of the tumour 

bed, which can be combined with adjuvant chemotherapy 
[3]. In the clinic, radiation treatment schemes are often 
fractionated (54–60 Gy at a daily fraction of 1.8–3 Gy) in 
which a small fraction of the radiation is delivered at regular 
intervals over a large time frame. However, sublethal doses 
of radiation can increase the aggressiveness of the cancer 
because each exposure may increase the migratory and 
invasive capacities of the tumour cells [4].

Radiotherapy has been found to promote the invasion 
of various kinds of cancer cells including GBM [5–9]. Ion-
izing radiation (IR) activates multiple signalling pathways 
in tumour cells, which modulate several cellular functions 
and induce the secretion of growth factors and chemokines, 
resulting in increased migration and invasiveness of can-
cer cells [10–12]. A better understanding of the molecular 
mechanisms that underlie IR-induced invasion and radiation 
resistance of GBM may provide new possibilities in terms 
of targeted therapeutic strategies. In this study, we examine 
the pro-invasive effects of irradiation on U87 cells and the 
involvement of the Wnt/β-catenin pathway, and discuss the 
possible underlying mechanism.

Methods

Cell culture and treatment

The GBM cell line U-87MG was obtained from the Ameri-
can Type Culture Collection (Manassas, VA) and cultured 
according to the supplier’s recommendations. At 70 % 
confluency, the cells were irradiated with 3 Gy in a Gam-
macell 40 exactor (Best Theratronics, Ontario, Canada). 
Control cells received a sham irradiation. At 30 min before 
irradiation or sham irradiation, XAV 939 (3,5,7,8-tetra-
hydro-2-[4-(trifluoromethyl)phenyl]-4H-thiopyrano[4,3-d]
pyrimidin-4-one) (S1180; Selleckchem, Houston, TX) was 
added to the culture medium as a Wnt/β-catenin pathway 
inhibitor at a final concentration of 5 μM. For the control 
cells, dimethylsulfoxide was added to the medium.

Real-time cell analysis of invasion

Real-time cell analysis (RTCA) of invasion was performed 
using an xCELLigence DP device (Roche Diagnostics, 
Mannheim, Germany) according to the manufacturer’s 
instructions [13]. Briefly, the bottoms of the upper wells 
of a CIM-plate 16 were coated with 400  µg/ml collagen 
I (Sigma, Deisenhofen, Germany) and 5 % (v/v) growth 
factor-reduced matrigel (diluted at 1:20 in basal medium; 
BD Biosciences, Heidelberg, Germany). After irradiation 
(or sham irradiation), the cells were harvested and added 
in quadruplet to the upper chamber at 2.5 × 104 cells/well 
in serum-free culture medium, whereas the lower chambers 
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Transfection and reporter assays

A total of 1.5 × 104U87  cells/well were seeded in 96-well 
plates. After overnight culture, the cells were transfected 
with 100  ng TOP-FLASH plasmid (Millipore), which 
contains six TCF-binding motifs, or 100  ng FOP-FLASH 
control plasmid (Millipore) containing six mutated TCF-
binding motifs and 1 ng pRLSV40 vector (Promega, Madi-
son, WI) in Opti-MEM using 0.25 μl Lipofectamine 2000 
per well according to the manufacturer’s protocol (Invit-
rogen). After 6 h, the transfection solution was changed to 
serum-containing medium. Eighteen hours later, the cells 
were treated as indicated above. At 24 h after treatment, the 
cells were lysed and the luciferase activity was determined 
using a Dual Luciferase kit (Promega). The relative fire-
fly luciferase activity was normalized to Renilla luciferase 
activity.

Quantitative reverse-transcription PCR

Total RNA was extracted using an RNeasy RNA isolation 
kit (Qiagen, Hilden, Germany). cDNA was prepared from 
the RNA using a High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Darmstadt, Germany). 
Gene expression analysis was performed in triplicate in 
an ABI Prism 7000 Sequence Detection System (Applied 
Biosystems) using SYBR Green Master Mix (Eurogentec, 
Cologne, Germany). Standard curves were generated for 
each transcript demonstrating 90–100 % amplification effi-
ciency, and relative quantification of gene expression was 
determined by comparing the threshold values. Primers 
were purchased from Sigma-Aldrich (Taufkirchen, Ger-
many). Primer sequences are provided in Table 1.

Zymography

Cells were treated as indicated in the previous section and 
cultured in serum-free medium for 24  h. The supernatant 
was harvested and the soluble proteins were concentrated. 
Then, 20-µg samples of the proteins were separated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) in 10 % gels containing 0.1 % gelatine without 
denaturing agents. To allow digestion of the gelatine struc-
ture by gelatinases, the gels were washed twice for 30 min 
in 50 mM Tris-HCl (pH 7.5) and 2.5 % Triton X-100, and 
then incubated overnight at 37 °C in 50 mM Tris-HCl (pH 
7.6), 10 mM CaCl2, 150 mM NaCl, and 0.05 % NaN3. The 
gels were stained with Coomassie Brilliant Blue R-250 and 
then destained with 90 % methanol/H2O (1:1) and 10 % gla-
cial acetic acid. Because of the gelatinolytic activity, bright 
bands were visible at Mr 92,000 for matrix metalloprotein-
ase (MMP)-9 and Mr 72,000 for MMP-2.

were filled with complete medium containing FBS. Cells 
attach to the bottom, followed by initial invasion through a 
solid matrix, which leads to an increase in electrical imped-
ance of the integrated gold microelectrodes. The dimension-
less cell index, calculated as the relative change in measured 
electrical impedance caused by migrated cells, reflects the 
invasive behaviour of the cells.

Matrigel invasion assay

Invasion of GBM cells in vitro was assessed using Boyden 
chambers (BD Biosciences) in which the upper and lower 
wells are separated by a porous membrane (8-µm pore size) 
coated with matrigel. Following pre-treatment as indicated, 
subconfluent GBM cells were harvested in enzyme-free cell 
dissociation buffer (Gibco Life Technologies, Darmstadt, 
Germany) and added in triplicate at 4 × 104 cells in culture 
medium to each upper chamber. NIH 3T3 cell-conditioned 
medium (500 μl) was used as a chemoattractant in the bot-
tom wells. Cell invasion was evaluated by counting the 
number of cells that had migrated across the membrane 
within 20 h. Cells on the lower side of the membrane were 
fixed with ice-cold methanol for 10 min and stained with 
4′6-diamidino-2-phenylindole [10  mg/ml in phosphate-
buffered saline (PBS), 1:500 dilution] for 10  min in the 
dark. Images were obtained by scanning the chamber bot-
toms with a Cell Observer (Zeiss, Oberkochen, Germany), 
and cell numbers were counted using the ImageJ software 
(http://rsb.info.nih.gov/ij/). The relative invasion was plot-
ted as the mean ± standard error of the mean against the 
non-irradiated and un-treated control cells.

Immunofluorescence

For immunofluorescence of β-catenin, cells were cultured 
on glass coverslips for 24  h before irradiation and then 
fixed at 12 h post-IR with 2 % paraformaldehyde in PBS. 
The cells were permeabilized with 0.3 % Triton-X 100 in 
PBS for 5 min and then incubated for 4 h at room tempera-
ture with rabbit anti-human β-catenin IgG (ab6302; Abcam, 
USA) diluted at 1:100 in 5 mg/ml bovine serum albumin 
(BSA)/PBS. Subsequently, the cells were washed with 
PBS plus Tween-20 (PBST), incubated with Alexa Fluor 
488 goat anti-rabbit IgG (H+L; 1:1000; Life Technologies, 
Darmstadt, Germany) in 1 % BSA/PBST for 1  h at room 
temperature in the dark, and then washed three times with 
PBST in the dark. Finally, the cells were counterstained with 
500 nM propidium iodide (Life Technologies) for 5 min at 
room temperature and mounted with mounting medium. 
Images were acquired with the Cell Observer and analysed 
by Image-Pro® Plus software (version 6.0.0.260).

http://rsb.info.nih.gov/ij/
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As shown in Fig. 1, irradiated cells were significantly more 
invasive than the non-irradiated control, indicating a pro-
invasive effect of irradiation. Surprisingly, pre-treatment 
with XAV 939, an inhibitor of Wnt/β-catenin signalling, 
reversed the pro-invasive effect of irradiation. By contrast, 
inhibition of non-irradiated U87 cell invasion by XAV 939 
was not significant (Fig. 1).

IR alters the distribution pattern of β-catenin

β-Catenin is a key component of the Wnt/β-catenin signal-
ling pathway. Therefore, we next examined the activity of 
β-catenin in irradiated GBM cells. U87 cells were irradi-
ated or sham irradiated for 12 h. Then, immunofluorescence 
was used to detect the content and distribution of cellular 
β-catenin. As shown in Fig. 2, β-catenin was mainly located 
on the cell membrane of non-irradiated cells, especially at 
adherens junctions. After irradiation, we observed eleva-
tions in the fluorescence signals of β-catenin. Moreover, 
colocalization analysis showed that more β-catenin was 
localized to the nucleus in irradiated U87 cells compared 
with the non-irradiated control, indicating that the distribu-
tion of β-catenin was mainly in the cytoplasm and nucleus 
of irradiated U87 cells. Consistent with these data, whole 
cell and nuclear β-catenin protein levels were increased 
significantly after irradiation, indicating accumulation of 
β-catenin in the nucleus after irradiation. In addition, XAV 
939, which is known to promote β-catenin degradation, 
abrogated the up-regulation and nuclear accumulation of 
β-catenin in irradiated GBM cells (Fig. 3).

IR increases the mRNA levels of β-catenin target genes

Up-regulation and nuclear translocation of β-catenin are 
known to indicate activation of the Wnt/β-catenin signalling 
pathway. To further evaluate the effects of irradiation on 
Wnt/β-catenin signalling in U87 cells, we employed TOP/
FOP Flash dual reporter assays. Significantly higher rela-
tive TOP/FOP luciferase activities were observed in irradi-
ated U87 cells compared with control U87 cells, indicating 
enhancement of β-catenin/TCF transcriptional activity by 

Western blot analysis

To determine the levels of protein expression in whole cells, 
cell pellets were harvested and mechanically homogenized 
in lysis buffer [50  mM Tris-HCl (pH  7.4), 50  mM NaCl, 
1 % Triton X-100, 1 mM ethylene diamine tetra-acetic acid, 
20 mM NaF, 2 mM Na3VO4, 1 mM phenylmethanesulfonyl 
fluoride, 1 μg/ml aprotinin, 1 μg/ml leupeptin, and 1 μg/ml 
pepstatin]. Homogenates were clarified by centrifugation at 
14,000 g for 15 min at 4 °C, and total protein extracts were 
obtained from the supernatants. Nuclear proteins from U87 
cells were extracted using NE-PER Nuclear and Cytoplasmic 
Extraction Reagents (Thermo Scientific, Rockford, USA) 
according to the manufacturer’s instructions. Protein con-
centrations were measured by the bicinchoninic acid method. 
Proteins were fractionated by 10 % SDS-PAGE (100  μg 
total protein per lane). After electrophoresis, the proteins 
were electrotransferred to nitrocellulose membranes. The 
membranes were then blocked in 5 % fat-free dry milk with 
0.05 % Tween 20 for 1 h at room temperature with constant 
agitation, followed by overnight incubation with the primary 
antibody at 4 °C. Peroxidase-conjugated secondary antibod-
ies were used to detect the labelled proteins, and visualiza-
tion was performed by enhanced chemiluminescence and 
exposure to Hyperfilm ECL film (both from Amersham Bio-
sciences, USA). Primary antibodies were purchased from 
Abcam as follows: anti-β-catenin (ab6302), anti-MMP2 
(ab37150), and anti-MMP9 (ab38898) antibodies.

Statistical analysis

Statistical analysis was performed using the Student’s t test. 
A p value of less than 0.05 was considered significant.

Results

IR induces invasion of U87 cells

First, we evaluated the effect of IR on the invasion of GBM 
cells by RTCA of invasion and matrigel invasion assays. 

Table 1  Primers used in quantitative reverse transcription PCR
Target Forward primer Reverse primer
AXIN2 5′-TTATGCTTTGCACTACGTCCCTCCA-3′ 5′-CGCAACATGGTCAACCCTCAGAC-3′
CCND1 5′-GAGGAAGAGGAGGAGGAGGA-3′ 5′-GAGATGGAAGGGGGAAAGAG-3′
CD44 5′-TTTGCATTGCAGTCAACAGTC-3′ 5′-GTTACACCCCAATCTTCATGTCCAC-3′
FZD7 5′-CAGACGTGCAAGAGCTATGC-3′ 5′- ACGATCATGGTCATCAGGTACT-3′
GAPDH 5′- TGAGCGATGTGGCTCGGCT-3′ 5′-CTCTCTGCTCCTCCTGTTCGAC-3′
MMP2 5′-TCTCCTGACATTGACCTTGGC-3′ 5′-CAAGGTGCTGGCTGAGTAGATC-3′
MMP9 5′-TTGACAGCGACAAGAAGTGG-3′ 5′-GCCATTCACGTCGTCCTTAT-3′
TCF1 5′-CAGAGGAGAGGAACCAAGCTA-3′ 5′-GCAACTCGGGACATAAAGCC-3′
VEGF 5′-CTACCTCCACCATGCCAAGT-3′ 5′-GCAGTAGCTGCGCTGATAGA-3′
PCR polymerase chain reaction
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IR alters MMP expression and activity

Among β-catenin target genes, MMP-2 and MMP-9 have 
been reported to be major contributors to GBM invasion. 
Consistent with the mRNA levels, the results of West-
ern blotting showed that the protein levels of MMP-2 and 
MMP-9 were increased significantly after 3Gy irradiation 
(Fig. 5a). To determine whether the activities of MMP-2 and 
MMP-9 were also elevated by irradiation, we employed gel-

radiation, which could be suppressed by XVA 939 (Fig. 4a). 
Next, we screened the expression of several β-catenin tar-
get genes in non-irradiated U87 cells at 12 and 24 h post-
irradiation. Quantitative polymerase chain reaction (PCR) 
analyses showed that the mRNA levels of β-catenin target 
genes were significantly up-regulated after 3-Gy irradiation, 
and the up-regulation could be suppressed by XAV 939 
(Fig. 4b). These results demonstrate that the Wnt/β-catenin 
pathway is activated in U87 cells by irradiation.

Fig.  2  Ionizing radiation alters the cytoplasmic/nuclear distribution 
of β catenin. Immunofluorescence demonstrating translocation of β 
catenin to nuclei. Five fields of non-irradiated and irradiated U87 cells 
were chosen randomly. All images were acquired using the same set-
tings. Neither autofluorescence nor saturation was detected. Red repre-
sents nuclei, while green represents β-catenin. The colocalization area 
was analysed and indicated as white. The upper images are non-irra-
diated U87 cells. β-Catenin was mainly located in the cell membrane, 
while very little β-catenin was in the nuclei (indicated by white dots). 

The lower images are irradiated U87 cells. The cytoplasmic/nuclear 
distribution of β-catenin changed in irradiated U87 cells with much 
more β-catenin accumulating in the nuclei. The colocalization Mend-
er’s coefficients for β-catenin overlapping with the nuclei of irradaited-
U87 cells (0.0858 ± 0.0313) were significantly higher compared with 
non-irradiated U87 cells (0.00298 ± 0.00181. Data represent the mean 
Mender’s coefficient and standard error of the mean; n = 5, p < 0.05, t 
test

 

Fig. 1  IR-induced invasion of U87 cells is reversed by XAV 939. a 
RTCA of invasion. Invasion was monitored in real time by the RTCA 
system for 24 h, and growth curves were plotted and analysed. The nor-
malized cell index reflects the invasive capacity of tumour cells. For 
example, invasion by highly aggressive cells leads to large changes in 
cell impedance. Data represent the mean cell index and standard error 
of the mean; n = 4, *p < 0.05, t test, compared with non-irradiated cells; 
#p < 0.05, t test, presence vs. absence of XAV 939, b Matrigel inva-

sion assay. Irradiated and non-irradiated U87 cells treated with/without 
XAV 939 were analysed for invasiveness in a matrigel invasion assay. 
Invaded cells were counted in five independent fields. Fifteen wells 
per condition were counted in three independent experiments. Data are 
expressed as the mean percentage of invasion relative to non-irradiated 
U87 cells without XAV 939 treatment and the standard error of mean; 
n = 3, *p < 0.05, t test, compared with non-irradiated cells; #p < 0.05, t 
test, presence vs. absence of XAV 939. RTCA real-time cell analysis
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onstrated to be involved in IR-induced cell invasion [11, 
22–24]. For example, epidermal growth factor (EGF)/EGF 
receptor signalling activates extracellular signal-regulated 
kinases 1/2 and casein kinase-2 in glioma cells, resulting in 
phosphorylation of α-catenin at serine 641, which correlates 
with glioma malignancy. Interestingly, α-catenin phosphor-
ylation promotes β-catenin transactivation and glioma cell 
invasion [25]. Furthermore, the phosphoinositide 3-kinase/
Akt signalling pathway stabilizes β-catenin by blocking the 
activation of glycogen synthase kinase 3 (GSK3) [26].

To examine the activation of the Wnt/β-catenin path-
way by irradiation, we evaluated intracellular translocation 
of β-catenin, which is regarded as a characteristic event of 
Wnt/β-catenin pathway activation. β-Catenin has dual func-
tions by performing a crucial role in cell–cell adhesion and 
participating in the Wnt/Wingless signalling pathway [27], 
corresponding to its localization in the cell membrane and 
nucleus, respectively. Immunofluorescence showed that the 
majority of β-catenin was present in the cell–cell junctions 
of non-irradiated cells with very little β-catenin in cyto-
plasmic or nuclear fractions because of the rapid turnover 
of β-catenin promoted by the APC/GSK3β/axin complex. 

atine zymography and densitometric analysis. As demon-
strated in Fig. 5b, samples from irradiated cells had brighter 
bands than the control cells at both 72  kDa and 92  kDa, 
and densitometric analysis showed statistical significance. 
Importantly, XAV 939 treatment suppressed the up-regula-
tion of MMP-2 and MMP-9 induced by IR and inhibited the 
activities of these gelatinases.

Discussion

Wnt/β-catenin signalling plays important roles in maintain-
ing the stemness of cancer stem cells in various types of 
cancer [14–17] and is considered to be an important regu-
lator that promotes cellular invasiveness through regula-
tion of epithelial–mesenchymal transition (EMT) in many 
neoplasms [18]. More importantly, accumulated evidence 
suggests that Wnt/β-catenin signalling contributes to the 
acquisition of radioresistance and the development of an 
invasive phenotype [19–21]. In the context of radiation-
induced EMT, there is crosstalk between the Wnt/β-catenin 
pathway and several other pathways, which has been dem-

Fig. 3  Irradiation alters the 
expression levels of β-catenin. 
After irradiation, cytoplasmic 
and nuclear protein fractions 
were separated and immunoblot-
ted with antibodies as indicated. 
*p < 0.05, t test, compared with 
non-irradiated cells; #p < 0.05, t 
test, presence vs. absence of XAV 
939
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demonstrated that IR significantly increased β-catenin/
TCF transcriptional activity in U87 cells, followed by 
up-regulation of downstream genes [19, 28–30] such as 
AXIN2, FZD 7, TCF 1, CCND1, CD44, VEGF, MMP-2, 
and MMP-9. MMPs, especially MMP-2 and MMP-9, are 
greatly involved in cell invasion and metastasis. Increased 
enzymatic degradation of extracellular matrix components 
by MMPs induces cell invasion and tumour spreading [31, 
32]. As demonstrated in our study, IR increased the expres-
sion of gelatinases (MMP-2 and MMP-9) through activation 
of the Wnt/β-catenin pathway, resulting in enhancement of 
the invasive potential of U87 cells.

However, GSK3β activity is inactivated in Wnt canoni-
cal signalling, leading to translocation of β-catenin from 
the cytoplasm to the nucleus and accumulation of nuclear 
β-catenin, which was observed in irradiated U87 cells.

Next, we employed a dual luciferase (TOF/HOP) 
reporter system and quantitative PCR to evaluate whether 
IR-induced nuclear accumulation of β-catenin would result 
in activation of typical β-catenin target genes. In the absence 
of Wnt signals, TCF/LEF acts as a repressor of β-catenin 
target genes in a complex with Groucho. β-Catenin con-
verts TCF/LEF into a transcriptional activator of the same 
genes that are repressed by TCF/LEF alone. Our results 

Fig.  4  Irradiation promotes β-catenin/TCF transcriptional activities 
and up-regulates β-catenin target genes in U87 cells. a Luciferase re-
porter assays in U87 cells. Prior to irradiation, U87 cells were treated 
with or without the Wnt/β-catenin inhibitor XAV 939 as indicated. 
Data represent the relative TopFlash luciferase activity (means ± stan-
dard error) of three independent experiments, indicating the transcrip-
tional activity of the β-catenin/TCF complex. *p < 0.05, t test, com-
pared with non-irradiated cells; #p < 0.05, t test, presence vs. absence 

of XAV 939. b Quantitative PCR analysis of β-catenin target genes. 
Non-irradiated U87 cells and cells at 12 and 24 h post-irradiation (with 
or without XAV 939 treatment) were harvested in triplicate for quan-
titative PCR analysis. Data are expressed as the mean fold change of 
the mRNA level relative to non-irradiated U87 cells without XAV 939 
treatment and the standard error of the mean; n = 3, *p < 0.05, t test, 
compared with non-irradiated cells; #p < 0.05, t test, presence vs. ab-
sence of XAV 939
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Conclusion

Our results have demonstrated a pivotal role of the Wnt/β-
catenin signalling pathway in IR-induced invasion of U87 
GBM cells, indicating that β-catenin is a potential therapeu-
tic target for overcoming evasive radioresistance. Because 
targeted inhibition of canonical Wnt signalling has long 
been complicated by the lack of pathway components that 
are amenable to pharmacological inhibition [36], the avail-
ability of XAV 939 as a potent and selective inhibitor may 
assist drug discovery and provide a radiosensitizer for more 
effective radiotherapy of GBM. Thus, further in vivo exper-
iments and pre-clinical trials are warranted.
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Considering the strong pro-invasive effects of canonical 
Wnt signalling upon IR, β-catenin might be a potential tar-
get to abrogate the unwanted pro-invasive effects of irradia-
tion. Therefore, we investigated the Wnt/β-catenin pathway 
using a specific pathway inhibitor. XAV 939 is a potent 
inhibitor of tankyrases. Tankyrases 1 and 2 stimulate protea-
somal degradation of axin, thereby inhibiting the degrada-
tion of β-catenin. Thus, pharmacological inhibition of both 
tankyrases by XAV 939 stabilizes the β-catenin destruction 
complex, decreases the levels of β-catenin, and selectively 
and efficiently inhibits canonical Wnt signalling [33]. In 
our study, application of XAV 939 to irradiated U87 cells 
promoted the degradation of β-catenin, inhibited activation 
of the Wnt/β-catenin pathway induced by IR, decreased the 
expression levels and activities of MMP-2 and MMP-9, 
and resulted in abrogation of radiation-induced cell inva-
sion. These in vitro results suggest the feasibility of XAV 
939 for use in GBM radiotherapy. Although some in vivo 
studies have demonstrated certain effective administration 
approaches, such as targeted injection in the spinal cord [34] 
and nanoparticle constructs to deliver XAV 939 [35], there 
are still a few technical challenges for the in vivo appli-
cation of XAV 939. Therefore, further study of systemic 
administration is needed to determine any possible toxicity 
and the efficacy of XAV 939 in the treatment of neurological 
conditions.

Fig.  5  Ionizing radiation increases MMP-2 and MMP-9 expression 
and activity. a Immunoblot analysis of MMP-2 and MMP-9. α-Tubulin 
served as a loading control. b. Zymography of gelatinases. Unstained 
bright bands indicate gelatine digestion by MMPs at their respective 

molecular weights. Data are expressed as the mean and standard error 
of the mean; n = 3, *p < 0.05, t test, compared with non-irradiated cells; 
#p < 0.05, t test, presence vs. absence of XAV 939
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