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Medulloblastoma is a highly malignant brain tumor 
that occurs predominantly in children. The molecular 
pathogenesis of medulloblastoma is under investiga­
tion. Previously, we used complementary DNA micro­
array analysis to compare patterns of gene expression in 
medulloblastoma samples versus normal cerebellum. The 
cytoskeletal protein ezrin was found to be overexpressed 
in medulloblastoma compared with normal cerebellum, 
an observation that was further validated by immuno­
histochemistry and real-time PCR analysis. To assess the 
role of ezrin in medulloblastoma, we studied ezrin’s role 
in medulloblastoma migration, invasion, and adhesion. 
Western blotting and immunofluorescence showed high 
expression of ezrin in four medulloblastoma cell lines, 
and ezrin was primarily localized to filopodia. Ezrin-
specific small interfering RNA suppressed the formation 
of filopodia and in vitro migration, invasion, and adhe­
sion. We also used a stably transfected medulloblastoma 
cell line to study the effect of ezrin overexpression. We 
showed that high expression of ezrin promotes filopodia 
formation and in vitro invasion. Finally, athymic mice 
implanted with ezrin-overexpressing DAOY medullo­
blastoma cell clones in the cerebellum showed shortened 
survival compared with controls. These findings suggest 
that, in addition to other cytoskeletal proteins, ezrin 
plays an important role in medulloblastoma adhesion, 
migration, and invasion. Neuro-Oncology 11, 381–393, 
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Medulloblastoma (MB) is the most common 
malignant brain tumor to occur in children. 
Despite advances in surgery, radiation therapy, 

and chemotherapy, the long-term survival of children is 
approximately 60%, with significant cognitive and focal 
neurological deficits caused by both the disease and its 
treatments.1,2 The major barriers to effective therapy 
for MB include its invasive behavior and its propensity 
for cerebrospinal fluid (CSF) dissemination.3 CSF dis-
semination and leptomeningeal metastasis have been 
reported in approximately 10%–35% of the cases.4

The molecular biology of MB is beginning to be 
understood. Perturbed signaling of the central devel-
opmental signaling pathways sonic hedgehog homolog 
(SHH), wingless (WNT/WG), and receptor tyrosine 
kinase I family ErbB has been implicated in the forma-
tion of MB.5–7 Initial cytogenetic and molecular genetic 
studies of MB identified several nonrandom genetic 
aberrations that are found on chromosomes 1, 9, 10, 11, 
16, and 17 (reviewed by Pietsch et al.8). Loss of chromo-
some 17p is the most frequent aberration in MB, occur-
ring in up to 50% of the cases and correlating with the 
occurrence of an isochromosome 17q.9 This suggests the 
presence of one or more MB-related tumor suppressor 
gene(s) on chromosome 17p.10,11
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Transcriptional profiling of MB has revealed several 
interesting potential targets in numerous studies.6,12–14 
In a previous transcriptional profiling analysis, we 
identified several genes that were overexpressed in MB 
compared with normal cerebellum.6 We showed that the 
cytoskeletal cross-linking protein ezrin was one of the 
most highly expressed targets in the screen.6 Accord-
ingly, here we describe a study of the role of ezrin in 
MB.

Ezrin, one of the ERM (ezrin-radixin-moesin) pro-
teins, is involved in the formation of cell-surface pro-
cesses such as lamellipodia and filopodia and is expressed 
in a variety of tissues. Ezrin typically concentrates at 
the apical surface of polarized epithelia.15,16 ERM pro-
teins function to organize specialized cell-membrane 
domains by linking the actin cytoskeleton to multiple 
membrane-associated proteins, such as CD44 and 
adhesion molecules.17 Interestingly, ezrin upregulation 
has been associated with the proliferation and immor-
talization of fibroblasts,18 the acquisition of an invasive 
phenotype in transformed esophageal epithelial cells,19 
and endometrial cancer cells.20 In addition, ezrin over-
expression enhances the metastatic potential in various 
tumor types, including osteosarcoma,21,22 rhabdomyo-
sarcoma,23 and carcinomas of the pancreas,24 ovary,25 
and endometrium.26

To assess the involvement of ezrin expression in MB, 
we analyzed ezrin expression in untreated MB cell lines 
by Western blotting and immunofluorescence. More-
over, using small interfering RNAs (siRNAs) against 
ezrin, and ezrin-overexpressing MB cell clones, we con-
ducted cellular adhesion, migration, and invasion assays 
and immunofluorescence and Western blotting methods 
to elucidate the role of ezrin in MB. 

Materials and Methods

Cell Culture

We cultured the permanent human MB cell lines DAOY, 
ONS76, UW228, and MED8A in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% fetal 
bovine serum (FBS), and cell lines D425 and D458 in 
improved minimal essential medium containing 20% 
FBS, HEPES, and sodium bicarbonate, maintained at 
37ºC in a humidified atmosphere (95% air and 5% 
CO2). D425 and D458 cells were generously provided 
by Darell Bigner (Duke University, Durham, NC, USA). 
DAOY, ONS76, UW228, and MED8A cells were a gift 
of Dolores Dougherty (University of California, San 
Francisco, San Francisco, CA, USA).

Ezrin siRNA Preparation and Transfection

The ezrin1 siRNA sequences used correspond to 
bp 312–332 after the start codon of the ezrin gene 
(5'-AAGCTGGATAAGAAGGTGTCT); and the ezrin2 
siRNA sequences correspond to bp 457–477 after the 
start codon of ezrin (5'-AAGGAATCCTTAGCGAT-
GAGA). The 21-bp siRNAs were purchased from Euro-

gentec S.A. (San Diego, CA, USA). Ezrin siRNA pool 
(Ez3) was purchased from Dharmacon (Lafayette, CO, 
USA) and consists of four duplex siRNAs, each indepen-
dently verified to target the human ezrin open reading 
frame. Transient transfections of siRNA against ezrin 
were carried out using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) or DharmaFect transfection reagent 
(Dharmacon). Cells were plated at 50% confluency in 
DMEM containing 10% serum without antibiotics. 
Transfections were carried out 24 h later. The siRNA 
was diluted in serum-free DMEM. Lipofectamine 2000 
was also diluted in serum-free DMEM for 5 min. The 
two mixtures were combined and incubated for 20 min 
at room temperature to enable complex formation. Cells 
were assayed 2 or 3 days after transfection. As a con-
trol for off-target effects caused by RNA interference, 
nontargeting siRNA, designed to have at least four mis-
matches with human and mouse sequences, was used. 
Ezrin expression was determined by Western blot analy-
sis using a monoclonal antibody against ezrin.

Ezrin DNA Constructs and MB Cell Transfection

A wild-type human ezrin complementary DNA (cDNA) 
clone was purchased from the Hospital for Sick Children 
(Toronto, ON, Canada). The ezrin cDNA was amplified 
by PCR with the forward primer 5'-GCGGAATTCAC-
CGAAACCAATCAATGTC-3' and the reverse primer 
5'-GCGTCTAGATTACAGGGCCTCGAACTC-3' 
using Platinum Taq DNA Polymerase High Fidelity 
(Invitrogen). The fragment obtained was inserted into 
the plasmid pCRII (Invitrogen) using the TA cloning 
site and verified by double-strand DNA sequencing. The 
pFLAG-CMV-2 expression vector (Sigma, St. Louis, 
MO, USA) was cut at unique EcoRI and XbaI restric-
tion sites, and the cDNA obtained from plasmid pCRII 
was subcloned into pFLAG-CMV-2 by T4 DNA ligase 
(Invitrogen). The plasmid was transformed into compe-
tent Escherichia coli DH5a cells by heat shock (Invitro-
gen) before extraction with the Plasmid Midi Kit (Qia-
gen, Hilden, Germany).

For stable transfections, exponentially growing 
DAOY cells were seeded 24 h before DNA transfer onto 
10-cm2 tissue culture dishes. The cells were cotrans-
fected with pFLAG-CMV-2 with or without the ezrin 
construct, and with pGK-puro (gift of Jane McGlade, 
Hospital for Sick Children, Toronto, ON, Canada) using 
Lipofectamine 2000. Clones from the transfected cells 
were selected by growth in medium containing 1 mg/
ml puromycin (Sigma). Ezrin expression was determined 
by Western blotting using specific anti-FLAG and anti-
ezrin antibodies (see “Western Blotting,” below). The 
selected MB clones were maintained in DMEM contain-
ing 10% fetal bovine serum and 1 mg/ml puromycin for 
further study.

Microarray Analysis

The Affymetrix Human Genome U133 Plus 2.0 Arrays 
were used according to the Affymetrix GeneChip Expres-
sion Analysis technical manual (Affymetrix, Santa 
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in blocking buffer at the following concentrations: 
anti-phospho-, ezrin 1:200; antiezrin, 1:200; and anti-
CD44, 1:200. Following a 1-h incubation period with 
the primary antibody, the MB cells were rinsed with 
PBS and then incubated with fluorescein isothiocyanate–
labeled goat antimouse immunoglobulin antibodies or 
Alexa488 (Molecular Probes, Eugene, OR, USA) diluted 
1:200 as secondary antibodies for 30 min. The DNA 
was stained with 4',6-diamidino-2-phenylindole (DAPI; 
Promega, Madison, WI, USA), and filamentous actin 
was visualized with tetramethyl rhodamine isothiocya-
nate phalloidin in 1:50 dilution (Molecular Probes). A 
Zeiss Spinning Disk Confocal microscope (Carl Zeiss 
Inc., Thornwood, NY, USA) was used to visualize the 
fluorescence patterns.

Cell Viability

The viability of MB cell lines and clones was assessed 
using the MTS [3-(4,5-dimethylthiazol-2-yl)-5-
(carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- 
tetrazolium, inner salt; Promega] assay according to the 
manufacturer’s instructions. Briefly, 2 3 103 untreated 
MB cells and cells transfected with ezrin siRNA or 
controls were suspended in 100 μl culture medium and 
seeded onto 96-well plates. The MB cells were then 
incubated at 37ºC in a humidified atmosphere in 5% 
CO2 for 48 h. Each sample was tested in triplicate. MTS 
and the electron coupling reagent phenazine ethosulfate 
were then added to MB cells, which were incubated at 
37ºC for 1 h. The absorbance of the reaction was mea-
sured at 520 nm with a Spectrum MAX250 microtiter 
plate reader (Molecular Devices, Sunnyvale, CA, USA). 
The percent cell viability was then calculated as (exper-
iment – blank) / (control – blank) 3 100%, where the 
blank was a medium containing MTS solution without 
cells, and the control was the signal from the wells con-
taining cells with 0.1% ethanol but no serum medium.

Motility Assay

The motility assay was performed using the microliter 
scale radial monolayer assay as described previously.28 
Briefly, 10-well Teflon-coated slides (CSM Inc., Phoe-
nix, AZ, USA) were coated with 10 mg/ml laminin (LN; 
Sigma) and 0.1% BSA. Cells were then seeded through 
a cell sedimentation manifold (CSM Inc.) at 3,000 cells/
well to establish a circular confluent monolayer at the 
center of the substrate-coated well. Twenty-four hours 
after seeding, a circle of best fit that circumscribed the 
cells was drawn. The cells were allowed to migrate out 
over a 24-h period, and another circle circumscribing 
the cells was drawn. Motility results were reported as 
the change in the diameter of the circumscribed cell 
population over a 24-h period (mm/h). Measurements 
were performed using a Leica DM IRE2 inverted micro-
scope (Leica Microsystems, Bannokburn, IL, USA) and 
digitized using a Spot camera, and image analysis was 
performed (Scion Image, Frederick, MD, USA).

Clara, CA, USA). This platform contains approximately 
47,000 human genes. Results of the microarray analysis 
were scanned using the model 3000 Affymetrix Gene 
Chip Scanner. Expression analysis was performed using 
the GeneChip Operating Software according to manu-
facturer’s specifications. Hybridized Human Genome 
U133A 2.0 Arrays was scanned using the Affymetrix 
Microarray Analysis Suite software, version 5.0. Pair-
wise comparisons were conducted on MB cell lines and 
MB primary tumor specimens, both compared with nor-
mal cerebellum.

Cell Extractions

Cells were harvested and extracted with lysis buffer (50 
mM Tris-HCl [pH 7.4], 150 mM NaCl, 2 mM EDTA, 
1% Triton X-100), with Protease Inhibitor Cocktail 
tablets (Roche, Mannheim, Germany) and phosphatase 
inhibitor cocktail tablet II (Calbiochem, La Jolla, CA, 
USA). The extract was centrifuged, and the superna-
tant constituted the Triton-soluble fraction. Total cell 
aliquots were assayed for protein content using the Bio-
Rad DC protein assay (Bio-Rad Laboratories, Hercules, 
CA, USA). Pellets were extracted with sodium dodecyl 
sulfate (SDS) lysis buffer, boiled for 3 min after sonica-
tion, and centrifuged. The supernatant here constituted 
the Triton-insoluble fraction. To determine the total 
fraction of CD44 protein, cells were extracted with SDS 
sample buffer containing Tris (pH 6.8), 20% SDS, glyc-
erol, and b-mercaptoethanol. The extract was boiled for 
3 min after sonication. Total and insoluble fractions of 
cell extracts were used for the detection of CD44.

Western Blotting

Equivalent amounts of protein were loaded onto 8% or 
10% (wt/vol) SDS polyacrylamide gels in sample buf-
fer and subjected to electrophoresis. Proteins were then 
transferred to Immobilon-P polyvinylidene fluoride 
membranes (Millipore, Bedford, MA, USA), probed 
with first and second antibodies, and visualized using a 
chemiluminescence reagent (PerkinElmer Life Sciences 
Inc., Boston, MA, USA). Dilutions for the first antibod-
ies used in this study were anti-phospho-ezrin (1:500; 
Cell Signaling, Danvers, MA, USA), anti-ezrin (1:500; 
Cell Signaling), anti-FLAG (1:500; Sigma), anti-moesin 
(1:500; Cell Signaling), anti-Flotillin-2 (1:500; BD Bio-
sciences, San Jose, CA, USA), anti-b-actin (1:1,000; 
Sigma), and anti-CD44 (1:1,000; kindly provided by Dr. 
Michelle Letarte, the Research Institute, the Hospital 
for Sick Children, Toronto, ON Canada).27

Immunofluorescence and Confocal Microscopy

The MB cell lines and clones were grown on cover slips, 
washed three times with phosphate-buffered saline 
(PBS), and fixed for 10 min with 4% paraformaldehyde. 
Following three washes with PBS, cells were perme
abilized for 5 min with 0.5% Triton X-100. Nonspe-
cific binding was blocked by 1% BSA in PBS for 1 h at 
room temperature. The primary antibodies were diluted 
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Invasion Assay

The invasion assay was performed using 24-well BD Bio-
coat Matrigel invasion chambers with 8-mm polycarbon-
ate filters (Becton Dickinson, Bedford, MA, USA). The 
DAOY and ONS76 cell lines transfected with siRNA for 
ezrin or nontargeting siRNA were seeded onto Matrigel- 
coated filters, cultured in routine medium, and incu-
bated for 22 h at 37ºC in a humidified incubator with 
5% CO2. Nonmigratory cells on the upper surface of the 
filter were removed by wiping with a cotton swab. Inva-
sive cells that penetrated through the pores and migrated 
to the underside of the membrane were stained with 1% 
crystal violet solution after fixation with 4% paraform-
aldehyde in PBS. Cells were counted with a light micro-
scope, and the average cell number was determined.

Adhesion Assay

Adhesion assays were performed as described previ-
ously.29 Ninety-six–well plates were coated with 10 mg/
ml LN diluted with PBS and 0.1% BSA overnight at 4ºC. 
The unbound sites were then blocked with serum-free 
medium (PBS containing 0.1% BSA) by incubating the 
wells for 1 h at 37ºC. Single-cell suspensions of MB cells 
were washed in serum-free medium and resuspended 
at a concentration of 5 3 105 cells/ml, and 100 ml was 
added to each well. The plates were incubated for 3 h at 
37ºC. The plates were washed twice with PBS to remove 
unbound cells. Adherent cells were fixed with 4% para-
formaldehyde for 10 min and 0.5% crystal violet for 20 
min. The cells were gently washed, and adherent cells 
were quantified by measuring the absorbance at 595 nm 
on a microtiter plate reader.

Tumorigenicity in Athymic Mice

Six-week-old male nu/nu mice were purchased from 
Charles River Canada Labs (St. Constant, QC, Canada). 
The animals were housed in groups of five in a vivarium 
maintained on a light/dark schedule with a constant 
temperature and humidity. Food and water were avail-
able ad libitum. All procedures in mice were reviewed 
and approved by the Research Ethics Board of the Hos-
pital for Sick Children.

Approximately 1.0 3 105 ezrin-transfected DAOY 
cells or controls were stereotactically injected into the 
cerebellum of the athymic mice through a 0.5-mm burr 
hole in the midline 2 mm posterior to the lambdoid 
using a rodent head frame (Lab Standard Stereotaxic 
Instrument, Stoelting, Wood Dale, IL, USA). Mice 
demonstrating 20% body weight loss or that had diffi-
culty ambulating, feeding, or grooming were sacrificed. 
The mouse brains and spinal cords were then removed 
from the calvaria and spine and fixed in 10% forma-
lin before histological examination using hematoxylin 
and eosin and immunohistochemistry with ezrin anti
bodies.

Statistical Analysis

Survival curves were generated by the Kaplan-Meier 
method. The log-rank statistic was used to compare the 
distributions of survival times. All reported p-values 
were two-sided and were considered to be statistically 
significant at ,0.05.

Results

Ezrin Is Overexpressed in MB Cell Lines

Previously, a transcriptional profiling analysis of pedi-
atric MBs revealed high ezrin expression; therefore, we 
measured ezrin expression in the normal cerebellum 
and in multiple MB cell lines (Fig. 1A). Western blot-
ting showed higher expression of ezrin in all MB cell 
lines than in samples of normal cerebellum. In addition, 
we compared the ezrin gene expression profile between 
primary MB samples, MB cell lines, and normal human 
cerebellum by microarray. We found that ezrin RNA 
expression was increased relative to normal cerebellum 
in a subset of primary patient MB samples and in MB 
cell lines (Fig. 1B). By immunofluorescence confocal 
microscopy, ezrin (Fig. 1C) is localized to cell-surface 
membrane extensions and filopodia in MB cells. Pre-
viously, ezrin was shown to colocalize with F-actin at 
filopodia16; although we observed a partial overlap of 
ezrin and F-actin in MB cells, we found a significant 
amount of ezrin that did not colocalize with F-actin. We 
believe this may be due to the aberrant overexpression 
of ezrin in MB cells, which results in a widespread ubiq-
uitous expression pattern.

Ezrin siRNA Inhibits Filopodia Formation

Because ezrin localizes to filopodia and plasma mem-
brane extensions, suggesting a role for ezrin in MB 
migration, we assessed the effect of ezrin knockdown on 
MB cell lines. DAOY and ONS76 cell lines were treated 
with distinct ezrin siRNAs, and Western blot analysis 
revealed significant reduction of ezrin protein levels (Fig. 
2A). By immunofluorescence, both DAOY and ONS76 
siRNA-transfected cells showed decreased filopodia for-
mation (arrows, Fig. 2B). Ezrin siRNA treatment of MB 
cell lines did not substantially alter cell viability com-
pared with controls (see supplementary material, Fig. 
1S, A). In addition we assessed whether ezrin siRNA 
was specific for ezrin by analyzing the expression of the 
ERM family member moesin by Western blot analysis 
and found no difference in moesin expression following 
ezrin knockdown (see supplementary Fig. 2S).

Ezrin siRNA Alters MB Adhesion, Migration,  
and Invasion

The changes in filopodia formation following siRNA 
knockdown of ezrin suggest that cell motility functions 
such as migration and invasion may be affected. There-
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Fig. 1. Ezrin expression in medulloblastoma (MB) cell lines. (A) Top: Ezrin in normal cerebellum and MB cell lines revealed by Western blot-
ting. b-actin was used as a loading control. Ezrin is overexpressed in all MB cell lines compared with normal cerebellum. Bottom: Quanti-
fication by densitometry of a representative experiment. (B) Ezrin gene expression analysis of primary patient MB samples (right) and MB 
cell lines (left) compared with normal human cerebellum using the Affymetrix Human Genome U133 Plus 2.0 Arrays. (C) Distribution of 
ezrin in DAOY, ONS76, UW228, and MED8A cells. Cells were immunolabeled for ezrin (green) and F-actin (red) to localize endogenous 
proteins by immunofluorescence. Yellow indicates colocalization of both proteins at filopodia and membrane extensions (arrows). Nuclei 
were stained using 4’,6-diamidino-2-phenylindole staining (blue). Scale bar, 25 mm.
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fore, MB migration was examined using the radial mono-
layer assay. We show that ezrin knockdown markedly 
attenuates cell motility in DAOY (Fig. 3A) and ONS76 
(Fig. 3B) MB cell lines. In addition, MB cells seeded onto 
LN as a substrate had slightly higher motility rates than 
did MB cells seeded onto BSA. Next, we used Boyden 
chambers to assess in vitro invasion. We observed that 
ezrin siRNA mediated knockdown reduces MB cell 
invasion by 60%–80% (Fig. 3C, D). In addition, ezrin 

knockdown reduces MB cell adhesion of DAOY cells 
(Fig. 3E). The effect of ezrin knockdown with siRNA-2 
(Ez2) on ONS76 adhesion was not as great as that with 
siRNA-1 (Ez1), likely due to differences in knockdown 
levels in this cell line (Fig. 2A).

CD44 has previously been identified as an ezrin-
interacting protein. It is known that the CD44–ezrin 
complex regulates interactions between the extracellular 
matrix and cytoskeleton.30–32 Therefore, we examined 

Fig. 2. Ezrin small interfering RNA (siRNA) depletes endogenous ezrin expression in medulloblastoma cells. (A) Top: Immunoblot analysis of 
ezrin protein expression in DAOY (left) and ONS76 (right) after ezrin knockdown by siRNA. Bottom: Quantification by densitometry of a 
representative experiment. Abbreviations: UN, untreated; NT, nontargeting siRNA; Ez1 and Ez2, two different ezrin knockdown sequences 
used. (B) Morphological change of DAOY and ONS76 cells after transfection with siRNA. After ezrin knockdown, cells were plated on cover 
slips for immunofluorescence. Cells were labeled with phalloidin for F-actin, and ezrin was labeled with antiezrin antibody by Alexa488-
conjugated antimouse antibody. Arrows show filopodia bundles. Scale bar, 25 mm. 
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Fig. 3. Effects of ezrin depletion on medulloblastoma (MB) cell migration, invasion, and adhesion. (A and B) MB cells transfected with ezrin 
small interfering RNA (siRNA) were seeded through a cell sedimentation manifold to establish a circular confluent monolayer on substrate-
coated wells (bovine serum albumin [BSA] or laminin [LN]). DAOY (A) and ONS76 (B) cells were incubated for 24 h, and images were used 
to measure migration. The average (AVG) migration rate was calculated as the change in the diameter of the circle circumscribing the cell 
population for a 24-h period. (C) Modified Boyden chamber invasion assay after transfection with ezrin siRNA in DAOY and ONS76 MB 
cell lines. After incubation for 24 h, the cells that migrated through the membrane were stained and representative fields were imaged. 
Abbreviations: NT, nontargeting siRNA; Ez1 and Ez2, two different ezrin knockdown sequences used. Magnification, 3200. (D) Invasion 
was quantified by counting cells. Ezrin siRNA significantly inhibited the invasion of MB cell lines. Columns represent the average (AVG)  
1 SEM invasion rate (cells/fields). (E) Adhesion assay for MB cells tested on BSA and LN. Cells were seeded on 96-well plates coated with 
BSA or LN, incubated for 3 h, fixed with 4% paraformaldehyde, and then stained with crystal violet. The absorbance was measured at 595 
nm (mean 1 SEM). *p , 0.05, **p , 0.01, versus control. 
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the effects of ezrin knockdown on CD44 expression and 
localization. By immunofluorescence, after ezrin siRNA 
treatment, the localization of CD44 to the filopodia and 
plasma membrane was diminished compared with con-
trols (Fig. 4A). We then conducted a Western blot analy-
sis using Triton-insoluble and -soluble MB cell lysates 
to examine the effects of ezrin knockdown on CD44 
expression levels. Following ezrin knockdown by siRNA, 
CD44 levels were decreased in the Triton-insoluble  

fractions but were unchanged in the soluble fraction 
compared with controls (Fig. 4B).

Ezrin Overexpression Increases MB Invasion

We selected three colonies of ezrin-overexpressing 
DAOY MB clones based on their expression levels: 
EzH, high protein expression; EzM, intermediate pro-
tein expression; and EzL, low protein expression (Fig. 

Fig. 4. CD44 expression after transfection with ezrin small interfering RNA (siRNA). (A) Cells were seeded onto bovine serum albumin–
coated or laminin-coated cover slips. After fixation, Texas red-X phalloidin and CD44 antibody were used to localize endogenous actin and 
CD44 by immunofluorescence. Images were acquired by serial focal planes to examine CD44 expression at the plasma membrane (PM, 
left) or a plane in the middle of the cell (Mid, right). Compared with control cells, ezrin knockdown reduced CD44 expression at filopodia 
and the plasma membrane in DAOY cells (arrows). Scale bars, 25 mm. (B) Top: Whole-cell lysates and Triton-soluble and -insoluble protein 
fractions were extracted from DAOY and ONS76 after transfection with ezrin siRNA. Protein (20 mg) was separated with sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis and blotted onto an Immobilon-P polyvinyl difluoride membrane. CD44 protein was detected 
using an anti-CD44 antibody in each sample. Flotillin-2, a marker of the insoluble fraction, was used as a loading control. Bottom: Quanti-
fication by densitometry of a representative experiment. Abbreviations: NT, nontargeting siRNA; Ez3, ezrin siRNA.
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Fig. 5. Analysis of ezrin overexpression in medulloblastoma (MB) cell invasion. (A) DAOY cells stably expressing full-length FLAG–ezrin 
(Flag) or empty vector control (EV) were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis to assess expression lev-
els. The membranes were probed with anti-ezrin, anti-FLAG, and anti-b-actin and developed with chemiluminescence. Clones identified 
show high (EzH), intermediate (EzM), or low (EzL) expression of FLAG–ezrin. (B) Empty vector (EV) or FLAG–EzH stable cell lines were 
immunostained for ezrin (green) and phalloidin (red) and with 4’,6-diamidino-2-phenylindole (blue). The far right panels are enlargements 
shown by squares in the panels to the left. Scale bars, 25 mm. (C) DAOY cell clones described above were examined by Boyden chamber 
invasion assay. After a 22-h incubation, the cells that migrated through the membrane were stained and representative fields were imaged. 
Magnification, 3200. (D) Invasion was quantified by counting cells. Ezrin overexpression correlated with MB invasion rate and is statistically 
significant. Columns represent the average (AVG) 1 SEM invasion rate (cells/fields). **p , 0.01, versus control. 



Osawa et al.: Role of ezrin in medulloblastoma

390      Neuro-Oncology  •  august       2 0 0 9

5A). DAOY cells with high expression of FLAG–ezrin 
exhibited strong cytoplasmic expression of ezrin and 
long filopodia extensions (Fig. 5B, magnifications at far 
right). When examined with an in vitro invasion assay 
described above, DAOY cell clones with high expression 
of ezrin showed greater invasiveness than did empty vec-
tor controls (Fig. 5C, D). These effects were not caused 
by a change in proliferation (see supplementary Fig.  
1S, B).

Transfecting DAOY Cells with Ezrin Shortens Survival 
and Increases Invasiveness

Given that ezrin knockdown reduced the in vitro migra-
tion and invasion of MB cells, whereas overexpression 
of ezrin increased MB invasion, we were interested in 
examining the in vivo invasiveness of ezrin-overexpress-
ing cells. Inoculating FLAG–EzH DAOY MB cell clones 
and empty vector controls into the cerebellum of athy-
mic mice resulted in a statistically significant increase 
in survival among mice with tumor cells injected with 
empty vector control (median survival, 83 days, vs. 
68.5 days with EzH MB cells, p , 0.05; Fig. 6A). Histo-
pathological analysis of the brains of mice with MB cells 
transfected with empty vector control or EzH showed 
intracerebellar tumors in both cases; however, only the 
EzH-derived tumor overexpressed ezrin (Fig. 6B, c and 
d). Interestingly, five of eight mice (62.7%) in the ezrin 
high-expressing group (EzH) exhibited leptomeningeal 
metastasis, compared with one of eight (12.5%) for the 
empty vector control cells (Fig. 6C).

Discussion

Previous studies have shown that ezrin is expressed 
in a variety of epithelial and neuroepithelial neo-
plasms.24,26,33–35 In human brain tumors, ezrin expres-
sion has been reported in astrocytomas but not in oli-
godendrogliomas.34 Tynninen et al.36 studied a series of 
human gliomas of varying grades of malignancy using 
tissue microarray profiling and showed that high ezrin 
expression correlates with shorter recurrence period and 
shorter overall patient survival. Similarly, Park et al.,6 
using transcriptional profiling of human MB cell lines 
and specimens, have shown that ezrin is one of several 
genes upregulated in MB compared with its expression in 
the normal cerebellum.6 This finding, together with our 
previous interest in cytoskeletal protein–matrix inter
actions in human brain tumors, encouraged us to exam-
ine the role of ezrin in MB. Here, we show that ezrin 
is expressed in a series of MB cell lines. Furthermore, 
in MB cells, ezrin is phosphorylated at threonine 567, 
a phosphorylation site that is required for cytoskeletal 
rearrangement and oncogene-induced transformation.37 
Finally, in the present study, we have manipulated ezrin 
expression by siRNA knockdown and by overexpression 
using gene transfection techniques and identified a role 
for ezrin in filopodial formation, invasion, and lepto
meningeal dissemination.

Experimental models have shown a direct relation-
ship between ezrin expression and tumor migration. In 
an endometrial cancer model, Ohtani et al.20 demon-
strated that neoplastic cell migration was inhibited by 
ezrin antisense oligonucleotides. Wick et al.38 showed 
that glioma cell invasion could be blocked using domi-
nant negative ezrin expression constructs. Our data 
support these studies in that siRNA for ezrin blocked 
migration and invasion of MB cells. The mechanism 
by which ezrin exerts its effects on cell adhesion is not 
entirely clear. However, Poullet et al.39 showed that ezrin 
interacts with focal adhesion kinase and induces its acti-
vation independently of cell–matrix adhesion.

The immunocytochemical localization of ezrin has 
been the subject of several studies. A cytoplasmic local-
ization of ezrin occurs in a variety of human tumors, 
including anaplastic astrocytomas34 and carcinoma of 
the ovary,40 prostate,41 and lung,35 but not in the nor-
mal tissues from which these tumors originate. A redis-
tribution of ezrin from the cytosol to microvilli and 
membrane ruffles has been demonstrated in a variety 
of cancer cell lines in response to various growth fac-
tors, including epidermal growth factor and hepatocyte 
growth factor/scatter factor.42,43 The redistribution of 
ezrin into cell membrane structures such as cell ruffles 
and filopodia has been implicated as a possible mecha-
nism for enhanced tumor invasion and migration in 
vitro.25 Our data show that in MB cells ezrin localizes 
to both filopodia and cytoplasm. Furthermore, siRNA 
for ezrin decreased the number of filopodia in DAOY 
and ONS76 MB cells.

Ezrin likely exerts its cellular effects through its inter-
action with several protein-binding partners. As one 
example, CD44 was the first cell-surface protein to be 
identified with which ezrin and the ERM proteins inter-
act. Hyaluronan (HA) is the principal ligand of CD44, 
but other CD44 ligands include collagen, fibronectin, 
LN, and chondroitin sulfate.30,44 Annabi et al.45 sug-
gested that membrane type 1 matrix metalloproteinase 
(MT1-MMP)-mediated CD44 cell-surface cleavage may 
play a critical role in efficient cell detachment from HA 
and could consequently promote glioma cell migration 
and invasion. Moreover, CD44 is a multifunctional cell-
surface adhesion molecule involved in cell–cell and cell–
matrix interactions, as well as cell migration.30–32 It has 
been shown that the cytoplasmic domain of CD44 binds 
directly to the amino terminal of ERM proteins.46,47 
Parker et al.48 reported that 93.5% MB tumors are posi-
tive for CD44 using flow cytometry. To elucidate the 
relationship between CD44 and ezrin expression in MB, 
we used Triton X-100–extracted MB lysates from ezrin 
siRNA–treated MB cultures to examine CD44 protein 
levels and found a decrease in the insoluble lysate frac-
tion, but not in the soluble fraction. These findings sug-
gest that treatment of MB cells with ezrin siRNA desta-
bilizes the interaction of CD44 and ezrin and modulates 
CD44 protein stability and/or localization, which may 
affect cytoskeletal structure and the invasiveness of MB 
cells.

In addition to ezrin knockdown by siRNA, we were 
interested in examining the effects of ezrin overexpres-
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sion in MB cell lines stably transfected with a full-length 
ezrin cDNA. Prior reports have shown that overexpres-
sion of ezrin increased carcinoma cell invasion in vitro.49 
Our present studies showed that MB cells stably over-
expressing ezrin expression had higher invasion rates 
than did controls. While the mechanism by which ezrin 

overexpression leads to enhanced invasion and migra-
tion is not understood, a previous study by MacDonald 
et al.50 has shown that activation of the Ras/mitogen- 
activated protein (MAP) kinase pathway may be involved 
in MB dissemination. Our data are of interest because 
they show that athymic mice implanted in the cerebel-

Fig. 6. (A) Kaplan-Meier survival analysis for nude mice with intracerebellar human medulloblastoma (MB) cells transfected with either 
empty vector (EV) or a vector encoding full-length ezrin (EzH). The EV control mice lived longer than did the EzH mice (log-rank test, p , 
0.05). The median survival of the EV group was 83 days, compared with 68.5 days in the EzH group. (B) Whole-mount photomicrographs 
from mouse brains depicting size and dissemination of MB cells. Mice were injected with empty vector (EV) or full-length ezrin (EzH), and 
the sections were stained with hematoxylin and eosin (a and b) and processed for immunohistochemistry with antiezrin (c and d). EzH-
expressing MB cells showed greater leptomeningeal dissemination (b and c) than did EV controls. Original magnifications: 31 for a and c; 
310 for b; 340 for d. (C) Analysis of in vivo xenograft implant localization and invasion.
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lum with ezrin-overexpressing MB cells have shortened 
survivals and exhibit a propensity to leptomeningeal dis-
semination compared with controls. However, our data 
are in contrast to the work of Elliott et al.,49 who showed 
that overexpression of ezrin per se is not sufficient to 
induce metastasis of breast cancer in a subcutaneous 
tumor model, although a dominant-negative amino- 
terminal ezrin mutant diminished breast cancer metasta-
sis, suggesting that multiple pathways are likely involved 
in the metastatic cascade.

In conclusion, we show for the first time that ezrin 
plays a role in MB motility, invasion, and dissemination. 
Therefore, ezrin may be considered along with other 
cytoskeletal proteins, such as actin, fascin, tubulin, 

and rho-GTPases, that are becoming increasingly more 
important to study, analyze, and target in the context of 
the invasiveness of human brain tumors.
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