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Abstract Medulloblastoma (MB) is the most common

brain malignancy in children. Whole neural axis irradiation

is the treatment of choice, but it often results in long-term

neurocognitive and developmental impairment. Only

insights into MB biology will lead to improved therapeutic

outcome. Wingless (WNT) signalling deregulation occurs

in up to 25% of sporadic tumors, but the specific role of

nuclear b-catenin and its involvement in the radioresponse

remains unsettled. Therefore we studied the c-radiation

response of two MB cell lines from cellular and molecular

points of view. Our data show that the p53 wild-type cell

line is more sensitive to ionizing radiations (IR) than the

p53 mutated line, but apoptosis is also induced in p53-

mutated cells, suggesting an alternative p53-independent

mechanism. In addition, this study is the first to demon-

strate that c-rays trigger the WNT system in our in vitro

models. Further studies are required to test if this could

explain the radiosensitivity of MB and the favorable

prognostic value of nuclear b-catenin in this tumor.
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Introduction

Medulloblastoma (MB) is the most common malignant brain

tumor in children [1–3]. The usual therapy for MB consists in

maximal tumor resection followed by whole neural axis irra-

diation and chemotherapy. Although advances in treatment

regimens have improved the 5-year survival rates to*70% for

average-risk and to 25% for high-risk patients, both groups are

still associated with substantial mortality. Radiation is a highly

effective therapy for MB, but it causes severe damage to the

developing brain. Therefore, further improving the outcome

for children with MB remains an important objective for

physicians and scientists. There is a general consensus that a

greater understanding of MB biology and the molecular

mechanisms underlying the cellular response to IR will

improve the way existing therapies are used [4]. Among the

various molecular pathways which appear to be involved in

MB pathogenesis, wingless (WNT) signalling seems to play an

important role, occurring in up to 25% of sporadic MB [5–9].

Canonical WNT signalling induces stabilization and nuclear

localization of b-catenin by compromising the ability of a

multiprotein complex containing axin, adenomatous polyposis

coli (APC) and glycogen synthase kinase 3b (GSK3b) to target

it for degradation and block its nuclear import [10]. Nuclear b-

catenin interacts with members of the Lymphoid Enhancer

Factor-T Cell Factor family of transcription factors, leading to

activation of various target genes [5, 11]. On the one hand, it is
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emerging that WNT pathway activation may exert disparate

effects on cells, potentially in a highly context- or cell-

dependent fashion. In fact nuclear b-catenin can promote

proliferation and aggressive behavior in some cell systems and

apoptosis and/or growth arrest in others [12]. On the other

hand, it is known that a range of stimuli can promote WNT

activation, but its involvement in the cancer cell response to IR

needs to be further investigated since only a few studies have

been done [13,14,16,17], and none on MB cell lines.

The purpose of this study was threefold: (1) to investi-

gate the cellular response to IR of MB cell lines, (2) to

determine whether IR can modulate the WNT/b-catenin

signalling pathway, and (3) to evaluate the existence of an

interplay between b-catenin and p53, a key regulator of

cellular radioresponse.

Materials and methods

Cell lines and culture conditions

Human MB cell lines (DAOY and D283MED) were

obtained from the American Type Culture Collection

(ATCC, Manassas, VA). These lines have no mutation of

the WNT pathway components but DAOY is p53 mutated,

whereas D283MED expresses cellular myelocytomatosis

oncogene (c-myc) at high levels, both mRNA and protein

[13–15]. The cell lines were maintained as exponentially

growing cultures in Eagle’s minimum essential medium

(EMEM) with Earle’s BSS (Invitrogen Corporation;

Frederick, MD) supplemented with 20% heat-inactivated

foetal bovine serum (FBS, Invitrogen Corporation; Fred-

erick, MD), 1% L-glutamine (Eurobio; Courtaboeuf Cedex,

France), 0.5% gentamycin (Euroclone; Life Sciences

Division, MI), 0.5% neomycin (Sigma-Aldrich; St. Louis,

MO), 1% nonessential amino acids (Eurobio; Courtaboeuf

Cedex, France), and 1% sodium pyruvate (Eurobio;

Courtaboeuf Cedex, France). Two colon cancer cell lines

(from ATCC) were used as controls: RKO with wild-type

WNT pathway components and SW480 with a truncated

form of APC protein and subsequently an accumulation of

nuclear b-catenin [18, 19]. RKO cell line was grown on

DMEM (Eurobio; Courtaboeuf Cedex, France) supple-

mented with 10% heat-inactivated FBS (Invitrogen

Corporation; Frederick, MD), 1% L-glutamine (Eurobio;

Courtaboeuf Cedex, France), 0.5% gentamycin (Euroclone;

Life Sciences Division, MI), 0.5% neomycin (Sigma-

Aldrich; St. Louis, MO), and 0.5% nonessential amino

acids (Eurobio; Courtaboeuf Cedex, France). SW480 cell

line was grown in L15 (Leibovitz Medium, Eurobio;

Courtaboeuf Cedex, France) supplemented with 10% heat-

inactivated FBS (Invitrogen Corporation; Frederick, MD),

1% L-glutamine (Eurobio; Courtaboeuf Cedex, France),

0.5% gentamycin (Euroclone; Life Sciences Division, MI),

0.5% neomycin (Sigma-Aldrich; St. Louis, MO), and 0.5%

nonessential amino acids (Eurobio; Courtaboeuf Cedex,

France). Cell cultures were maintained at 37�C in 5% CO2.

IR treatment

The cells were plated 24 h prior to irradiation with an Irradia-

teur Biologique 437C (CIS-BIO; Cedex, France)c-ray machine

at a dose of 6 Gy and a dose rate of approximately 2 Gy/min.

Post irradiation, cells were analyzed at different time

points to evaluate growth rate, effects on the cell cycle, cell

viability, apoptosis induction, b-catenin, c-myc, and p53

expression and localization.

Cell growth analysis

Both treated and untreated cells were seeded in 25 cm2

flasks at a density of 2 9 105 cell/flask for 24 h; after that,

half of the samples were irradiated. Cells were harvested

by trypsinization every 24 h for 5 days and counted using a

Neubauer chamber. Each count was performed three times.

Cell cycle analysis

Flow cytometric analysis was performed to evaluate cell

cycle changes due to the IR treatment at different time

points (5, 16, 24, and 48 h). Cells were washed with

Phosphate Buffered Saline (PBS), collected after trypsin-

ization, and stained according to Nusse et al. [20]. Briefly,

they were centrifuged for 5 min at 233g, and then adjusted

to a density of 1.2 9 106 cell/ml for D283MED and

4 9 105 cell/ml for DAOY in Nusse lysis solutions.

Solution 1 (NaCl 584 mg/l, Na-citrate 1,000 mg/l, RNasi

10 mg/l, Nonidet P40 0.03%) was added and samples were

incubated at 4�C. After 30 min the same volume of solu-

tion 2 (citric acid 1.5%, sucrose 0.25 M) was added and the

samples were stored at 4�C until analysis. DNA staining

was carried out using a propidium iodide (PI) solution

50 lg/ml (Sigma-Aldrich; St. Louis, MO) for 30 min at

4�C. Samples were analyzed by means of a flow cytometer

(Bryte HS; Biorad, Munich, Germany): cell cycle changes,

identified and measured on the PI fluorescence histogram,

were evaluated by using ModFit software (Verity Software

House; Topsham, ME). The experiments were performed

in duplicate for each data point.

Cell viability analysis

The cells were seeded in 25 cm2 culture flasks and col-

lected 24, 48, and 72 h post IR. At the same time points,

untreated cells (controls) were harvested. For viability

analysis, cells were trypsinized and resuspended 1:1 in
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Trypan Blue solution (Sigma-Aldrich; St. Louis, MO) and

counted using a Neubauer chamber. At each time point

three flasks were counted to obtain an average value and

the experiments were performed in triplicate.

Apoptosis assay

After IR treatment, cells were collected and analyzed at

different time points (8, 24, 48, and 72 h) by flow cytom-

etry to evaluate the percentage of apoptotic cells using the

Vybrant apoptosis assay kit #4 (Molecular Probes, Invit-

rogen Corporation; Frederick, MD) according to the

manufacturer’s instructions. Flow cytometric analyses

were performed with a Coulter Epics XL/XL-MCL

(Beckman Coulter) equipped with an argon ion laser at

488 nm wavelength and using the System II software. The

experiments were performed in triplicate.

Western blot (WB) analysis

Cells were harvested at specific time points (1–6, 8, 16, and

24 h), washed with PBS, and total protein extracts were

prepared by dissolving the cell pellets in the following

extraction buffer: Triton 1%, glycerol 10%, Tris 50 mM

pH 7.4, NaCl 150 mM, ethylene diamine tetraacetic acid

(EDTA) 2 mM pH 8.0, MgCl2 2 mM, and Complete

EDTA-Free (Roche Diagnostic, Indianapolis, IN) 29.

After incubation (20 min on ice), cell debris was cleared by

centrifugation (13,225g, 30 min, 4�C) and the supernatant

protein concentration was assessed with Bradford reagent

(Biorad Laboratories GmbH; Munich, Germany).

Nuclear proteins were extracted at 5, 8, 16, and 24 h

after irradiation. To isolate the nuclear proteins, cells were

washed with PBS, collected, and then incubated with five

volumes of hypotonic buffer (HEPES 10 mM pH 7.9,

MgCl2 1.5 mM, KCl 10 mM, and Complete EDTA-Free

29) to remove salts and PBS. The cells were then incu-

bated with two volumes of hypotonic buffer for 10 min on

ice. The nuclear pellets were isolated by centrifugation at

827g for 15 min at 4�C. The nuclei obtained were rinsed

with � volume of LOW buffer (HEPES 20 mM pH 7.9,

Glycerol 25%, KCl 20 mM, MgCl2 1.5 mM, EDTA

0.2 mM, Complete EDTA-Free 29) and � volume of

HIGH buffer (HEPES 20 mM pH 7.9, glycerol 25%, KCl

1.2 M, MgCl2 1.5 mM, EDTA 0.2 mM, Complete EDTA-

Free 29) and incubated on ice for 30 min. The protein

suspension was centrifuged at 13,225g for 30 min at 4�C

and the protein concentration of supernatant was deter-

mined as described.

Aliquots of nuclear pellets were stained with hematox-

ylin-eosin (HE) stain and observed under a light

microscope (Carl Zeiss GmbH; Germany) to verify the lack

of cytoplasmic contamination.

The same amount of proteins was subjected to 10%

sodium dodecyl sulfate–polyacrylamide gel electrophoresis

(SDS–PAGE) and transferred onto a nitrocellulose mem-

brane (Hybond-C Extra, Amersham Biosciences; Little

Chalfont, UK), blocked with blocking solution (5% nonfat

dry milk in TBS, 20 mM Tris–HCl, 137 mM NaCl,

pH 7.6; 0.1% Tween-20) and incubated in blocking solu-

tion containing primary antibodies: rabbit polyclonal anti-

b-catenin (H-102, Santa Cruz Biotechnology; Santa Cruz,

CA) 1:600, mouse monoclonal anti-p53 (1C12, Cell Sig-

nalling Technology; Danvers MA) 1:2,000, mouse

monoclonal antibody anti-c-myc (9E10, Santa Cruz Bio-

technology; Santa Cruz, CA) 1:100, goat polyclonal anti-b-

actin (I-19, Santa Cruz Biotechnology; Santa Cruz CA)

1:1,000, and goat polyclonal anti-Lamin B (C-20, Santa

Cruz Biotechnology; Santa Cruz CA) 1:1,000. Membranes

were washed to remove unbound antibodies and then

probed with horseradish peroxidase (HRP)-labeled sec-

ondary antibodies diluted in blocking solution: anti-goat

(Santa Cruz Biotechnology; Santa Cruz CA) 1:1,000, anti-

rabbit and anti-mouse (Amersham Biosciences; Europe

GmbH) 1:10,000. After washing, the HRP activity was

detected using an Enhanced chemiluminescence kit (ECL-

PLUS, Amersham Biosciences; Europe GmbH) and

revealed with Hyperfilm ECL (Amersham Biosciences;

Europe GmbH). For all the experiments, b-actin- or Lamin

B-normalized immunoblotting data were quantified by

densitometry using specific software (Gel-Pro Analyzer,

version 3.0; Media Cybernetics, Silver Spring, MD). The

experiments were performed in duplicate.

Immunofluorescence

The cells were cultured on glass coverslips for 24 h before

irradiation, then fixed at different time points (5, 8, 16, and

24 h) post IR with 2% paraformaldehyde in PBS for

immunofluorescence (IF) staining of b-catenin as previ-

ously described [21]. The experiments were performed in

duplicate.

Statistical analysis

Data were analyzed using the Dunnett test on a graphpad

software package for Windows (PRISM). A P value\0.05

was considered as statistically significant.

Results

IR cellular effects

IR treatment induced slightly different responses in

D283MED and DAOY cell lines. D283MED cells showed
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growth arrest for at least 72 h after IR, while in DAOY the

growth rate was noticeably slower than in untreated cells.

The doubling time of untreated D283MED and DAOY

cells was 37 and 26.5 h, respectively. After irradiation both

cell lines showed a doubling time greater than 72 h

(Fig. 1). Figure 2 describes the cell cycle progress of

D283MED and DAOY cells post IR. At 24 h post IR,

D283MED showed a decrease of the S phase with a

simultaneous accumulation of cells in G0/G1 and G2/M,

whereas after 48 h the cell cycle was re-established. On the

contrary, at 16 h post IR, DAOY cells showed arrest only

in the G2/M phase. The cell cycle was re-established 24 h

post IR. In D283MED cellular viability was significantly

decreased, compared with untreated cells, at 48 and 72 h

post IR, whereas in DAOY cellular viability was much

higher as demonstrated by Trypan blue exclusion assay

(Fig. 3a).

Figure 3b shows the fraction of apoptotic cells in both

cell lines after the IR treatment. In comparison with

untreated cells, D283MED demonstrated a significant

percentage of apoptotic cells at 48 and 72 h post IR, while

the proportion of apoptotic DAOY cells was statistically

significant only at 48 h: an early, but not significant

increase in the apoptotic fraction at 24 h post IR can be

appreciated.

IR molecular effects

WB analysis of b-catenin and p53 in D283MED cells

demonstrated that radiation induced an increase in total b-

catenin expression with the highest level observed at 3 h

post IR followed by a sharp decrease until steady-state

levels. The p53 trend was similar, but with a maximum

value observed 5 h post IR. On the contrary, total b-catenin

protein levels were only moderately increased compared

with untreated cells in DAOY, while p53 levels were

Fig. 1 Cell growth of D283MED (a) and DAOY (b): IR-treated

(dotted line) and control (continuous line). Cells were plated 24 h

prior to irradiation. D283MED cells showed growth arrest for 72 h

after IR, while in DAOY the growth rate was noticeably slower than

in untreated cells

Fig. 2 Cell cycle of D283MED (a) and DAOY (b) at 5, 16, 24, and

48 h post IR and control (C). Bar charts shows the means of

percentages of cells in different cycle phases obtained in two

independent experiments. At 24 h post IR D283MED showed a

decrease of S phase and accumulation of cells in G2/M; the cell cycle

was re-established 24 h after these arrests. DAOY cells showed an

arrest only in the G2/M phase 16 h post IR; just 8 h after the cell

cycle was re-established. *P \ 0.05
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characterized by a very irregular trend (Fig. 4). A nuclear

upregulation of b-catenin protein levels was observed in

D283MED at 5 and 16 h post IR, while in DAOY this

increase was detectable only at 5 h post IR (Fig. 5).

Subcellular localization of b-catenin was determined by

IF analysis, to verify whether the nuclear increase in the b-

catenin level after IR corresponded to its translocation.

Untreated D283MED cells showed that the cell membranes

were strongly reactive for b-catenin mainly at the level of

intercellular junctions. No differences were detectable in

the D283MED post IR, probably due to the basal low level

of b-catenin [21]. Untreated DAOY showed both diffuse

membrane and cytoplasmic immunopositivity for b-cate-

nin; b-catenin was evident in the cell nuclei 5, 8, and 24 h

post IR (Fig. 6). To examine whether nuclear translocation

of b-catenin implied activation of WNT signalling a WB

analysis of expression levels of c-myc was performed:

there was a large increase in protein expression in each cell

line running parallel to increased nuclear b-catenin fol-

lowing IR treatment (Fig. 7).

Discussion

Radiation therapy is commonly accepted as being the

cornerstone of successful treatment of MB [3, 4, 22, 23].

For MB patients, whole neural axis radiotherapy can

improve survival and reduce recurrence and metastases

[24, 25]. However, radiotherapy has considerable side-

effects on children’s growth, brain development, and

behavior [26, 27]. To improve therapeutic outcomes and

reduce the toxicity of current treatments a greater under-

standing of MB biology and of tumor response to IR is

needed.

Over the past 15 years, major efforts by many labora-

tories have focused on the cellular and molecular biology

of stress induced by IR [28]. Many of these studies have

also attempted to elucidate the transcription factors acti-

vated by IR, but only a few researches on MB cell lines’

radioresponse have been performed, and none of them have

been focused on WNT signalling. We therefore investi-

gated the c-radiation response of two MB cell lines at both

the cellular and molecular level. Cellular radioresponse

involves a complex and active process, dependent on

numerous genes whose combination determines the final

outcome [29–38]. Among these, the tumor suppressor

protein p53 is the key determinant of the genotoxic stress

response in mammalian cells [30, 31, 34, 39–42]. So we

chose the p53-mutated DAOY and the wild-type p53

D283MED as an in vitro model of MB.

After IR treatment, both cell lines showed alterations

in cell proliferation, cell cycle, viability, and apoptotic

cell death. In particular, D283MED proliferation was

inhibited with a growth rate arrest at least for 72 h and

viability strongly decreased with statistically significant

values at 48 and 72 h, whereas DAOY cells suffered only

a slower growth rate without a significant decrease of

survival. These effects correlated with an induced p53-

dependent arrest of D283MED cells in both G1/S and G2/

M at 16 and 24 h post IR. On the contrary, the DAOY

cell line showed an early arrest only at G2/M at 16 h post

IR with a restart of cell cycling at 24 h. Since apoptosis is

an important response to radiation we also analyzed the

contribution of apoptotic death to the global IR-induced

mortality. The highest percentage of apoptotic cells was

Fig. 3 (a) Cell viability of D283MED and DAOY at 24, 48, and 72 h

post IR. Percentage of viable cells: 102.88%, 79.66%, 57.63%

(D283MED) and 84.95%, 95.88%, 90.46% (DAOY). In D283MED

cellular viability was significantly decreased at 48 and 72 h post IR,

whereas in DAOY cells viability was not significantly decreased. (b)

Apoptosis of D283MED and DAOY at 8, 24, 48, and 72 h post IR.

Percentage of apoptotic cells: 117%, 115%, 426%, 302%

(D283MED) and 77%, 198%, 256%, 137% (DAOY). D283MED

demonstrated a significant percentage of apoptotic cells at 48 and

72 h post IR, whereas the proportion of apoptotic DAOY cells was

statistically significant only at 48 h. Bar charts show the means of the

ratio between treated (T) and relative control (C) samples obtained in

three independent experiments. *P \ 0.05
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Fig. 4 Total levels of b-catenin and p53 in D283MED (a, c) and in

DAOY (b, d) at 1–6, 8, 16, and 24 h post-IR. Each sample was

normalized with b-actin. Bar charts show the means of the ratios

between treated and relative control (C) samples obtained in two

independent experiments (fold increase). (e, f) Representative

Western blots. In D283MED we observed an increase in total b-

catenin and p53 expression with the highest level of the first one at

3 h post IR and the maximum level of the second one at 5 h post IR;

afterwards the two protein levels decreased until steady state. Total b-

catenin protein levels were moderately increased compared with

untreated cells in DAOY, whereas p53 levels were characterized by a

very irregular trend

Fig. 5 Nuclear levels of b-

catenin in D283MED (a) and in

DAOY (c) at 1–6, 8, 16, and

24 h post IR. Each sample was

normalized with Lamin B. Bar

charts show the means of ratios

between treated and relative

control (C) samples obtained in

two independent experiments

(fold increase). (b, d)

Representative Western blots.

An upregulation of nuclear b-

catenin was observed in

D283MED at 5 and 16 h post IR

and in DAOY at 5 h post IR
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observed at 48 h post IR in both DAOY and D283MED

cells with the apoptosis values three times higher in

D283MED cells. Altogether these data confirm that the

p53 wild-type cell line is more sensitive to c-rays than the

p53 mutated line and support evidence that p53 mutations

contribute to the development of aggressive forms of MB

[43].

From the molecular point of view we observed a total b-

catenin increase following irradiation that is mild and

prolonged in time in DAOY, whereas in D283MED it is

higher and short-lasting. These differences might be related

to a different basal level of b-catenin in MB cell lines (high

in DAOY and very low in D283MED) [21] and to the

possible absence of a p53-mediated mechanism of b-

Fig. 6 Localization of b-

catenin in untreated (a) and

treated DAOY (b) 5 h post IR.

b-catenin was evident in the cell

nuclei after treatment. Untreated

RKO (c) and SW480 (d) were

used as control cell lines: RKO

showed faint membrane

immunopositivity while SW480

showed strong nuclear b-catenin

reaction. (40,6-diamino-2-

phenylindole-counterstained

cell nuclei). 409

Fig. 7 Levels of c-myc in

D283MED (a) and in DAOY (c)

at 1–6, 8, 16, and 24 h post-IR.

Each sample was normalized

with b-actin. Bar charts show

the means of ratios between

treated and relative control (C)

samples obtained in two

independent experiments (fold

increase). (b, d) Representative

Western blots. C-myc

expression increased in each

cell lines after IR treatment,

mainly at 16 and 24 h in DAOY

and at 5 and 6 h in D283MED
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catenin degradation in p53-mutated DAOY cells. In this

connection, deregulation of b-catenin is known to lead to

p53 activation through ARF in many cell lines [39, 44]. On

the other hand, accumulation of p53 results in downregu-

lation of b-catenin by enhancing its degradation through

GSK3b or the SIAH1 pathway [45, 46]. However, it has

not been investigated whether this cross-talk exists in MB

cells. In D283MED cells top levels of total b-catenin can

be seen before the increase in p53 levels, then both b-

catenin and p53 return to basal levels. This could suggest

that such a rise in b-catenin levels is sufficient to induce a

marked increase in the steady-state levels of p53 and seems

to confirm the interplay between the two proteins in our

MB cell line. Very interestingly, IR increased nuclear b-

catenin levels in both cell lines. IF disclosed that DAOY

treated cells had markedly elevated levels of b-catenin in

the cell nuclei, whereas control cells retained the typical

membranous staining pattern of the protein. This was not

observed in D283MED, probably because the low basal

levels of b-catenin and the particular morphology of this

cell line make this phenomenon difficult to visualize. The

increased expression levels of c-myc, a target gene of the

TCF-b-catenin pathway, shows that accumulation of b-

catenin in the nuclei is accompanied by enhanced tran-

scriptional activity. It has recently emerged that b-catenin

may exert disparate effects on cell viability, potentially in a

highly context- or cell-dependent fashion. Although b-

catenin nuclear accumulation is often associated with

enhanced proliferation, several reports link stabilization of

b-catenin to apoptosis or to growth arrest [47–53]. Specific

experimental models are needed to demonstrate an

unequivocal correlation between the cellular response of

our MB cell lines and nuclear accumulation of b-catenin.

However, these findings are in accordance with previous

observations of the involvement of b-catenin in both G2/M

and G1/S cell cycle arrest and apoptosis [47–53]. It is

noteworthy that c-radiation induced apoptosis in the p53-

mutated cell line, suggesting an alternative signalling

pathway. One such pathway could be mediated by the

regulation of cellular b-catenin levels.

In conclusion, this is the first study demonstrating that

IR triggers activation of WNT signalling in MB cell lines.

Further study are however required to verify if this event is

associated with the selection of a less aggressive phenotype

or a phenotype more sensitive to IR and to explain why MB

is considered a radiosensitive tumor. This could also

account for the favorable prognostic value of nuclear b-

catenin from a molecular point of view [12].
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