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Imatinib blocks migration and invasion of medulloblastoma
cells by concurrently inhibiting activation of platelet-derived
growth factor receptor and transactivation of epidermal
growth factor receptor
Thamara J. Abouantoun and Tobey J. MacDonald
The George Washington University and Center for Cancer and
Immunology Research, Children's Research Institute,
Washington, District of Columbia

Abstract
Platelet-derived growth factor (PDGF) receptor (PDGFR)
expression correlates with metastatic medulloblastoma.
PDGF stimulation of medulloblastoma cells phosphorylates extracellular signal-regulated kinase (ERK) and promotes migration. We sought to determine whether
blocking PDGFR activity effectively inhibits signaling required for medulloblastoma cell migration and invasion.
DAOY and D556 human medulloblastoma cells were treated with imatinib mesylate (Gleevec), a PDGFR tyrosine
kinase inhibitor, or transfected with small interfering
RNA (siRNA) to PDGFRB to test the effects of blocking
PDGFR phosphorylation and expression, respectively.
PDGFR cell signaling, migration, invasion, survival, and
proliferation following PDGF-BB stimulation, with and
without PDGFR inhibition, were measured. PDGF-BB treatment of cells increased PDGFRB, Akt and ERK phosphorylation, and transactivated epidermal growth factor
receptor (EGFR), which correlated with enhanced migration, survival, and proliferation. Imatinib (1 μmol/L) treatment of DAOY and D556 cells inhibited PDGF-BB- and
serum-mediated migration and invasion at 24 and 48 h,
respectively, and concomitantly inhibited PDGF-BB activation of PDGFRB, Akt, and ERK but increased PTEN expression and activity. Imatinib treatment also induced DAOY
cell apoptosis at 72 h and inhibited DAOY and D556 cell
proliferation at 48 h. siRNA silencing of PDGFRB similarly
inhibited signaling, migration, and survival and both siRNA
and imatinib treatment inhibited PDGF-BB-mediated EGFR
transactivation, indicating that the effects of imatinib
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treatment are specific to PDGFRB target inhibition. These
results indicate that PDGFRB tyrosine kinase activity is
critical for migration and invasion of medulloblastoma
cells possibly by transactivating EGFR; thus, imatinib
may represent an important novel therapeutic agent for
the treatment of medulloblastoma. [Mol Cancer Ther
2009;8(5):1137–47]

Introduction
Medulloblastoma has a tendency to disseminate throughout
the central nervous system early in the course of illness (1).
Because of this risk, treatment for medulloblastoma involves prophylactic craniospinal irradiation, except in very
young children, and chemotherapy, which together are responsible for significant long-term morbidity, including
severe neurocognitive impairment (1–4). Less toxic tumortargeting treatment strategies designed to prevent metastases are thus imperative.
We previously reported that the platelet-derived growth
factor (PDGF) receptor (PDGFR) and PDGFR downstream
effectors within the Ras-extracellular signal-regulated kinase (ERK) signal transduction pathways are significantly
up-regulated in metastatic medulloblastoma, suggesting
that PDGFR may be a therapeutic target (5, 6). PDGFR
has been implicated in the metastasis of a variety of cancers
(7–13). Imatinib mesylate (Gleevec or STI-571) is an inhibitor
of the receptor tyrosine kinases Bcr-Abl, PDGFR, and c-Kit,
a proto-oncogene expressed by medulloblastomas that has
also been associated with metastasis (14). Matei et al.
showed that imatinib inhibits ovarian cancer cell growth
in a PDGFR-specific manner at clinically relevant concentrations (IC50 < 1 μmol/L; ref. 15). Imatinib treatment of glioblastoma cells (U343 and U87), which exhibit PDGFR
autocrine signaling, inhibited tumor cell growth in vitro as
well as in mice bearing intracranial xenografts (16).
Whether imatinib similarly inhibits PDGFR signaling and
cellular functions relevant to the promotion of medulloblastoma metastasis is unknown. Because of the association of
the PDGFR pathway with medulloblastoma metastasis coupled to the critical need for tumor-specific therapeutics
against this disease in children, we investigated the effects
of imatinib on PDGFR-mediated medulloblastoma cell
migration, invasion, and growth.

Materials and Methods
Cells
DAOY and D556 human medulloblastoma cells were
investigated. DAOY expresses moderate levels of ERBB2
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(17) and PDGFRB protein, whereas D556 expresses high levels of PDGFRB. Both cells are considered highly migratory
in that DAOY closely resembles metastatic tumors by RNA
profiling (5) and is metastatic in vivo (18), whereas D556 is
amplified for MYCC and is derived from an anaplastic medulloblastoma, a clinically aggressive tumor subtype with
higher frequency of metastases. Neither cell has known
p53 gene mutations or expression of Bcr-Abl (19). Cells were
grown in T-75 cm flasks in Eagle's MEM (Biowhittaker) containing 10% fetal bovine serum at 37°C with 5% CO2 according to the specifications of the American Type Culture
Collection.
Small Interfering RNA Transfection
Cells were grown until 50% to 60% confluence, washed
with PBS, and grown in serum-free medium overnight.
Cells were then washed with Opti-MEM and transfected
with PDGFRB or negative control small interfering RNA
(siRNA) oligonucleotides (Dharmacon) in serum-free OptiMEM to a final concentration of 100 nmol. Lipofectamine
2000 was used at 0.1% final volume in serum-free OptiMEM. siRNA/Opti-MEM and Lipofectamine 2000/OptiMEM dilutions were mixed together by gentle inversion
and incubated at room temperature for 25 min before adding to the cells. After 24 h, cells were washed with PBS and
cultured in serum-free medium for 24 h before PDGF stimulation and Western blot analysis.
Imatinib Treatment
The aim of these experiments was to determine (a) the
magnitude of the effect of PDGF on downstream signaling
and resultant cellular events and (b) the efficacy of imatinib
in blocking these specific PDGF-induced events. The latter
experiment was done by treatment with imatinib first and
then PDGF stimulation to more precisely measure the efficacy of imatinib. Because imatinib acts by preventing
PDGF-induced PDGFR autophosphorylation, if cells are
stimulated with PDGF first, then the PDGFR signal transduction cascade will be initiated and some of the downstream cellular events will occur as a result of this
propagated signal despite subsequent imatinib treatment.
Although there may still be an effect of imatinib on PDGFR
due to unbound PDGF (autocrine activation), it would be
difficult to interpret the precise effect of imatinib inhibition
of PDGF-induced events at this point.
Cells were cultured until 80% confluence, washed with
serum-free medium, and serum-starved overnight. Cells
were treated with either vehicle (sterile H2O) control or imatinib (Novartis). For the dose-curve studies, cells were treated with increasing amounts of imatinib (0-2 μmol/L) for
1 h and then stimulated with PDGF-BB (10 ng/mL) for
12 min. For the time-curve studies, cells were treated with
1 μmol/L imatinib for specific time points. Cells were maintained in serum-free medium and imatinib was not replenished after the initial dose before lysing cells for Western
blot analysis of PDGFR pathway activation.
PDGF and Epidermal Growth Factor Stimulation
Cells (1 × 106) were serum starved for 24 h, washed with
serum-free medium to remove endogenous growth factors,
replenished with serum-free medium, and then treated with

PDGF-BB (10 ng/mL); the amount of PDGF was determined for maintaining maximum PDGFR phosphorylation
over 24 h or control PBS for 12 min before lysing cells for
Western blot analysis of PDGFR pathway activation. The
amount of PDGF-BB was doubled (20 ng/mL) for assays requiring at least 48 h incubation (invasion and proliferation)
to ensure that receptors remained maximally saturated with
ligand for the entire period of the experiment. For epidermal
growth factor (EGF) receptor (EGFR) direct activation studies, 50 ng/mL EGF (R&D Systems) was used in place of
PDGF.
Western Blot
Whole-cell lysates were prepared from cells lysed in
500 μL of 1× Cell Lysis Buffer (Cell Signaling Technology).
Protein concentration was determined using the Bradford
dye-binding assay (Bio-Rad Laboratories). An aliquot of
the lysate was mixed with an equal volume of 2× Laemmli
sample buffer and heated at 97°C for 10 min. Total protein
(40-80 μg) was electrophoresed on a 7.5% SDS-PAGE
and transferred onto polyvinylidene fluoride membrane
(Perkin-Elmer). Target proteins were detected using primary
antibodies for total or phosphorylated forms of PDGFRB
(1:500 and 1:250 dilution, respectively), phosphatidylinositol 3-kinase (1:500 and 1:250 dilution, respectively), PTEN
(1:500 dilution), Akt (1:500 and 1:250 dilution, respectively),
ERK1/2 (1:500 and 1:250 dilution, respectively), and EGFR
(1:500 and 1:250 dilution, respectively; Cell Signaling Technology). The blots were incubated with primary antibody
overnight at 4°C, washed, and incubated with anti-rabbit
IgG horseradish peroxidase-conjugated secondary antibody
(Cell Signaling Technology) diluted 1:2,000 for 1 h at room
temperature. Blots were washed with 1× TBS-Tween 20
(0.1%) and incubated with SuperSignal Dura chemiluminescent substrate (Pierce) for ∼2 min and then exposed. To control for protein loading, primary antibodies for actin (Santa
Cruz Biotechnology) or GAPDH (Cell Signaling Technology) were used, whereas the total protein for PDGFRB,
EGFR, phosphatidylinositol 3-kinase, Akt, and ERK1/2
was used to measure the total protein to phosphorylated
protein ratio quantitated by densitometric analysis using
software from Scion. Because PDGF-BB and imatinib treatment altered total PTEN expression, GAPDH, which was
not altered by either treatment, was used to normalize
changes in PTEN phosphorylation.
PDGFRB-EGFR Coimmunoprecipitation
Imatinib-treated cells stimulated with PDGF-BB were
cross-linked and lysed, and PDGFRB was coimmunoprecipitated with EGFR using a rabbit polyclonal anti-human
PDGFRB antibody (Santa Cruz Biotechnology). Immunoprecipitates were run on an SDS-PAGE and transferred onto
a polyvinylidene fluoride membrane. The blot was blocked
for 1 h in 5% bovine serum albumin (BSA) and probed with
a rabbit polyclonal anti-human phosphospecific EGFR antibody (Cell Signaling Technology). After overnight incubation with the primary antibody, the blot was washed and
incubated with anti-rabbit IgG horseradish peroxidaseconjugated secondary antibody (Cell Signaling Technology)
diluted 1:2,000 for 1 h at room temperature. The blot was
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washed with 1× TBS-Tween 20 (0.1%) and incubated with
SuperSignal Dura chemiluminescent substrate for ∼2 min
and exposed for PDGFRB-EGFR heterodimer detection.
Ras Activation Assay
Ras-GTP was precipitated from total cell lysates using a
Ras activation assay kit (Millipore) according to the manufacturer's manual. Briefly, 500 μL total cell lysate was incubated with 20 μL Ras assay reagent (Raf-1 RBD, agarose) for
45 min at 4°C with gentle agitation. The agarose beads were
pelleted by brief centrifugation and supernatant was discarded. Beads were washed (3×) with 500 μL wash buffer,
taking care to minimize loss of beads during removal of the
wash buffer. Agarose beads were resuspended in 40 μL of
2× Laemmli reducing sample buffer, boiled for 5 min, and
pelleted by brief centrifugation. The supernatant (20 μL)
was electrophoresed on a SDS-PAGE and transferred to a
polyvinylidene fluoride membrane. The membrane was
blocked with 5% milk and 3% BSA in 0.1% TBS-Tween 20
(1×) and incubated overnight with anti-Ras (clone Ras10)
at 4°C. The membrane was washed with 0.1% TBS-Tween
20 and incubated 1 h with anti-mouse secondary antibody
(1:1,000; Santa Cruz Biotechnology). The membrane
was washed with 0.1% TBS-Tween 20 and protein was detected using SuperSignal Dura chemiluminescent substrate
(Pierce).
Migration Assays
Transwell migration assays were used to assess the
short-term effects of PDGF and imatinib on cell migration.
Serum-deprived DAOY and D556 cells were treated with
1 μmol/L imatinib or vehicle control for 1 h, harvested,
and resuspended to 1 × 106 cells in the top well of a
fibronectin-coated Transwell migration chamber (Millipore). The bottom well of the chamber contained serumfree medium or serum-free medium supplemented with
20 ng/mL PDGF-BB. After 4 h incubation, nonmigrating
cells were removed with a cotton swab and migrating
cells on the underside of the membrane were stained with
cell stain solution (Millipore) for 10 min. The stain was
removed with extraction buffer (Millipore) and 100 μL
of the dye were quantitated using a colorimetric microplate reader (A570 nm).
Wound migration assays were used to assess the longerterm effects of PDGF and imatinib on cell migration, which
compared with the Transwell assay are potentially more
physiologically relevant and allow for testing of more durable effects of imatinib on migration. DAOY and D556 cells
were grown in a Petri dish to 70% to 80% confluence,
washed, and serum-starved overnight and then treated with
either vehicle control or 1 μmol/L imatinib for 1 h. After
treatment, cells were scraped using a 1 mL pipette to induce
a “wound.” The scraped off cells were washed out using serum-free medium and fresh medium was replenished containing 10 ng/mL PDGF-BB supplemented with the same
concentration of imatinib. Images of 10 to 12 random fields
in the scraped wound were taken at the time of wound induction (0 h) and 24 h after. The area of the wound was
traced and measured in square microns using Axiovision
systems. The average area in square microns of the wound

at 24 h was subtracted from the area at 0 h and graphed
using Microsoft excel.
Invasion Assay
Extracellular matrix-coated invasion chambers (24-well;
Millipore) were used according to the manufacturer's directions. Serum-starved cells (1 × 105) were plated in the top
well of an extracellular matrix-coated invasion chamber.
The bottom chamber contained PDGF-BB (20 ng/mL) or
PBS negative control as chemoattractant. Cells were incubated for 48 h to allow sufficient time for invasion. After
48 h incubation, noninvading cells were removed with a
cotton swab and the invading cells that had crossed the extracellular matrix to the underside of the membrane were
stained with cell stain solution. The stain was removed with
extraction buffer and 100 μL of the dye solution were quantitated using a colorimetric microplate reader (A570 nm).
Apoptosis Analysis
Imatinib-treated cells were trypsinized, washed with 1%
PBS-BSA, and incubated in 100 μL of 1× Annexin V staining
buffer, 7-AAD, and Annexin V-APC diluted 1:40 for 15 min.
After incubation, 250 μL Annexin V buffer was added to
each tube and cells were acquired within 1 h. The following
control conditions were analyzed: (a) unstained cells, (b)
cells + 7-AAD, (c) cells + Annexin V, (d) unstained imatinibtreated cells, (e) imatinib-treated cells + 7-AAD, and (f)
imatinib-treated cells + Annexin V.
Caspase-3 and -8 Assays
Serum-deprived DAOY and D556 cells were treated with
1 μmol/L imatinib and cultured for 48 h. Caspase-3 and
-8 cellular activity was detected at 24 and 48 h after treatment. For caspase-3 assessment, cells were trypsinized,
counted, and resuspended in 80 μL of 1× Lysis Buffer
(0.5 × 106 cells) for 10 min and centrifuged at 10,000 × g
for 5 min, supernatants were transferred to fresh tubes,
and protein concentration was determined. Total protein
lysates(100 μg) were incubated with caspase-3 substrate
(Millipore) for 1 h in a 96-well plate. For negative control,
a portion of the cell lysate was incubated with caspase-3
inhibitor for 10 min before adding the caspase-3 substrate.
For positive control, caspase-3 human recombinant enzyme
was used at 2, 1, 0.5, and 0.25 units with or without the inhibitor. After incubation with the caspase-3 substrate, a colorimetric microplate reader was used to detect the presence
of caspase-3 (A405 nm).
For caspase-8 assessment, cells were stained with FLICA
reagent and Hoechst stain (Millipore) and examined under
an inverted fluorescence microscope.
Proliferation Assays
Fluorescence-activated cell sorting analysis of Ki-67 immunostaining was used to assess the effects of PDGF and
imatinib treatment on proliferation over 48 h. After PDGFBB (20 ng/mL) stimulation of 1 μmol/L imatinib-treated or
vehicle control-treated serum-depleted cells for 1 h, cells
were harvested at specific time points, washed with 1%
PBS-BSA, resuspended in 200 μL PBS then slowly added
to ice-cold 70% to 80% ethanol while vortexing, and
incubated at -20°C for 2 h. Cells were washed with 1%
PBS-BSA, centrifuged at 5°C for 10 min, resuspended in
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200 μL of 1% PBS-BSA containing Ki-67 antibody (1:40; BD
Biosciences), and incubated at room temperature for 30 min.
Cells were washed with PBS and centrifuged at 500 × g for
10 min, supernatant was discarded, and cells were resuspended in 200 μL of 1% PBS-BSA containing propidium iodide (1:40) before acquiring cells in FACSCalibur. Controls
used were (a) unstained cells, (b) cells stained with Ki-67
only, and (c) cells stained with propidium iodide only.
Direct cell counting was used as an alternative method to
validate the effects of PDGF and imatinib treatment on cell
viability and proliferation and to assess these effects over a
longer period. After imatinib treatment and PDGF-BB stimulation as described, cells were harvested at specific time
points and resuspended in serum-free medium, 10 μL of
the cell suspension were stained with 10 μL trypan blue
(Lonza), and viable cells were counted on a hemocytometer.
Viable cells were counted at 0, 24, 48, and 72 h after imatinib
treatment.
Statistical Analysis
Experiments were conducted in triplicates and the mean
± SE of all three experiments was calculated and plotted.
A two-sided Student's t test was used to determine statistical significance between groups. One-way ANOVA test
was used to test for significant differences among means
of multiple groups obtained from three or more independent experiments. The mean ± SE of three or more independent experiments was derived and graphed using
Microsoft Excel.

Results
Imatinib Inhibits PDGFR Activation and Signal
Transduction in Medulloblastoma Cells
One-hour imatinib treatment of serum-starved DAOY
(Fig. 1A) and D556 (Supplementary Fig. S1A)1 human medulloblastoma cells stimulated with PDGF-BB resulted in a
concentration-dependent inhibition of PDGFRB phosphorylation. PDGFRB phosphorylation was abolished in both
cells with 1 μmol/L imatinib. In a time-course study, a single dose of imatinib (1 μmol/L) inhibited PDGFR phosphorylation in both cells for 144 h after treatment (data not
shown). Imatinib treatment also inhibited PDGFR downstream signal transduction of DAOY (Fig. 1A) and D556
(Supplementary Fig. S1A) cells, which lasted up to 48 h (data
not shown) after a single 1 μmol/L dose. PDGFRB phosphorylation was also inhibited in medulloblastoma cells
grown in 10% serum (Supplementary Fig. S1B).1 Imatinib
similarly inhibited PDGF-BB activation of Akt and ERK;
however, activation of these downstream effectors could
not be abolished, suggesting that Akt and ERK activation
is not PDGF dependent in DAOY (Fig. 1A and B) and
D556 (Supplementary Fig. S1C)1 cells. DAOY and D556 cells
treated with 1 μmol/L imatinib for 1 h showed no significant difference in total or active Ras protein expression com-

1

Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

pared with untreated PDGF-stimulated control cells, indicating that the inhibitory effect of imatinib on PDGFinduced Akt and ERK activation is Ras independent
(Fig. 1C and D).
Imatinib Increases PTEN Activity in PDGF-Stimulated
Medulloblastoma Cells
PTEN, a downstream effector of PDGFR, is a negative
regulator of phosphatidylinositol 3-kinase activation of
Akt. PTEN is overexpressed in DAOY cells relative to
D556 cells (Supplementary Fig. S2)1. To determine whether
PTEN activity changes in accordance with imatinib-mediated inhibition of Akt, we examined PTEN expression and
phosphorylation after 1 μmol/L imatinib treatment for
1 h. Imatinib treatment resulted in increased PTEN expression and phosphorylation but only in PDGF-stimulated
DAOY cells (Fig. 2).
Imatinib Inhibits PDGFR-Mediated EGFR Transactivation
in Medulloblastoma Cells
Saito et al. previously showed that the EGFR can be transactivated by PDGF stimulation in rat aortic vascular smooth
muscle cells and that EGFR transactivation is necessary for
PDGF-mediated migration of these cells (19). To test whether PDGF similarly transactivates EGFR in medulloblastoma
cells, cells were stimulated with PDGF-BB and probed for
phosphorylated EGFR. PDGF-BB stimulation significantly
transactivated EGFR in DAOY (Fig. 3A) and D556 (Supplementary Fig. S3B)1 cells. In the study by Saito et al., it was
concluded that PDGFRB tyrosine kinase activity was not required for EGFR transactivation because inhibition of
PDGFRB phosphorylation by AG1295 did not affect
PDGF-mediated EGFR activation but instead was blocked
by disruption of PDGFR-EGFR formed heterodimers. We
found by coimmunoprecipitation that PDGF-BB-stimulated
cells formed PDGFRB-EGFR heterodimers, more so than
that observed in unstimulated cells; however, in contrast
to the study by Saito et al., EGFR transactivation and
PDGF-induced heterodimers were abolished in a dose-dependent manner after imatinib treatment, suggesting that
PDGFR autophosphorylation is necessary for heterodimerization with EGFR and EGFR transactivation in medulloblastoma cells (Fig. 3A and B). To ensure that imatinib
was not directly affecting EGFR activation, cells were treated for 1 h with imatinib and stimulated with EGF. We show
that imatinib treatment does not inhibit EGF-mediated
EGFR phosphorylation, confirming PDGFRB-mediated
transactivation of EGFR in DAOY (Fig. 3A and C) and
D556 (Fig. 3D) cells.
siRNA to PDGFRB Inhibits PDGF-Mediated Signal
Transduction in Medulloblastoma Cells
To confirm that the imatinib effects are directly attributable to PDGFRB inhibition rather than to inhibition of
PDGFRA or c-Kit, another specific target of imatinib, or other off-target drug effects, DAOY and D556 cells were transfected with siRNA specifically targeting PDGFRB.
Transfectants showed significant knockdown in total
PDGFRB protein expression compared with cells transfected with a negative control, scrambled siRNA (Supplementary Fig. S4A and C)1, and, similar to imatinib-treated
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Figure 1. Imatinib inhibits medulloblastoma cell Akt and ERK1/2 activation in a Ras-independent manner. Serum-starved medulloblastoma cells were
first treated with increasing concentrations of imatinib or vehicle control (0) for 1 h before stimulation with PDFG-BB (10 ng/mL). After an optimal dose of
imatinib was identified, cells were treated with (+) or without (−) imatinib and PDGF-BB. Changes in target proteins and phosphorylation were detected by
Western blot. A, representative Western blot of imatinib-treated DAOY cells shows reduced activation (phosphorylation) of PDGFRB and the downstream
signal transduction effectors Akt and ERK in a dose-dependent manner compared with control cells stimulated with PDGF-BB. B, densitometry of multiple
corresponding Western blots confirms significant inhibition (P < 0.005) of Akt and ERK phosphorylation in PDGF-BB-stimulated DAOY cells treated with
1 μmol/L imatinib. C, representative Western blot of total Ras in DAOY cells treated with increasing concentrations of imatinib. D, densitometry of multiple
corresponding Western blots for GTP-Ras (DAOY and D556) following 1 μmol/L imatinib treatment shows that Ras expression and activity is not significantly changed following imatinib treatment and PDGF-BB stimulation. *, statistically significant decrease in PDGF-BB-mediated Akt and ERK1/2 phosphorylation after imatinib treatment compared with untreated control cells. Mean ± SE of multiple experiments.

cells, showed complete inhibition of PDGFRB phosphorylation (Supplementary Fig. S4B and C).1 PDGFRB knockdown
was more effective in DAOY cells compared with D556 cells
(Supplementary Fig. S4A, C, and D),1 which express higher
levels of endogenous PDGFRB relative to DAOY cells. Concomitant decrease in PDGF-BB-induced Akt and ERK phosphorylation was observed at 48 and 72 h after siRNA
transfection of DAOY cells, yet similar to imatinib treatment, Akt and ERK activation could not be abolished
(Fig. 4A). In siRNA-treated D556 cells, which exhibited less
PDGFRB knockdown, Akt and ERK phosphorylation

was unaffected, indicating the siRNA effects appear to
be specific and PDGFRB dose-dependent (data not shown).
Total Ras expression in DAOY cells was decreased after
siRNA treatment compared with cells transfected with a
negative control siRNA (Fig. 4B). However, active GTPRas induction by PDGF, while relatively reduced in both
DAOY and D556 cells with PDGFRB knockdown, did not
reach statistical significance compared with negative control
siRNA-transfected cells (Fig. 4B). Thus, the effect of siRNA
knockdown of PDGFRB on cellular function is believed to
occur in a Ras-independent manner.
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siRNA knockdown of PDGFRB in PDGF-stimulated
DAOY cells, but not D556, maintained expression and activation of PTEN and was increased relative to stimulated
cells transfected with negative control siRNA (Fig. 4C),
similar to the changes observed following imatinib treatment. PDGFRB knockdown in both DAOY (Fig. 4D) and
D556 did not affect EGF-induced EGFR activation (Supplementary Fig. S3B)1 but significantly reduced PDGF-BBmediated transactivation of EGFR similar to imatinib
(P < 0.05; Fig. 4D).
Imatinib Inhibits Medulloblastoma Cell Migration and
Invasion
To determine whether imatinib affects medulloblastoma
early cell migration, we used a haptotaxis cell migration assay. Cell migration after 4 h incubation with imatinib was
significantly decreased (P < 0.05) in DAOY cells. D556 cells
also exhibited a decrease in cell migration that reached near
significance (P = 0.06; Fig. 5A). We further used an in vitro
“wound healing assay” to determine the effect of imatinib
treatment on the migration of DAOY and D556 cells over
a longer time interval (24 h) and in the presence of PDGFBB alone or 10% serum. Imatinib treatment significantly
decreased PDGF-BB-mediated migration of both DAOY
(P = 0.0005) and D556 (P = 0.01) cells (Fig. 5B). Importantly,
imatinib also significantly decreased migration of DAOY
(P = 0.0001) and D556 (P = 0.0004) cells cultured in 10%
serum (Fig. 5B), indicating that PDGFR plays a significant
role overall in growth factor-mediated migration of medulloblastoma cells and that imatinib treatment is effective in
preventing migration under more physiologic conditions
of full serum.
Similar to imatinib t reatment, PDGFRB siRNAtransfected DAOY and D556 cells exhibited significantly decreased migration (P < 0.01; Fig. 5C). Likewise, invasion

was significantly decreased by imatinib treatment of DAOY
and D556 (P = 0.0001 each) cells compared with controls
(Fig. 5D), suggesting that PDGFR is similarly important
for cell invasion.
Imatinib Does Not Induce Early Apoptosis in
Medulloblastoma Cells
To determine whether the inhibitory effect of imatinib on
medulloblastoma migration at 4 and 24 h was due in part to
an effect on survival, DAOY and D556 cells were analyzed
for apoptosis at 24, 48, and 72 h after a single dose of imatinib. Imatinib induced a significant increase in apoptosis
only at 72 h in DAOY cells compared with controls (28%
and 12%, respectively; P < 0.05) and had no effect on
D556 cells (Fig. 6A).
To assess whether DAOY cell apoptosis observed at
72 h was mediated via the caspase-3 or -8 pathway, imatinib-treated cells were lysed at 24 and 48 h after treatment
(before detectable apoptosis by immunostaining) and compared with controls. There was no detectable change in
caspase-3 activity in either DAOY or D556 cells at 24 and
48 h after imatinib treatment (Supplementary Fig. S5)1.
DAOY cells were found to have inherently higher expression
of caspase-8 compared with D556 cells; however, imatinib
treatment also did not significantly alter caspase-8 activity
in either cell at either 24 or 48 h after a single dose of imatinib
(Supplementary Fig. S6)1. Similarly, PDGFRB knockdown
resulted in a significant increase in DAOY cell apoptosis at
48 h following transfection compared with control cells (45%
and 20%, respectively; P = 0.002), whereas D556 cells did not
exhibit any change (Fig. 6B). Together, these experiments
confirm that the effect of imatinib on medulloblastoma cell
migration is not due to induction of early apoptosis and that
the mechanism of imatinib-induced delayed apoptosis in
DAOY is caspase-3 and -8 independent.

Figure 2. Imatinib treatment increases PTEN expression and activity in DAOY medulloblastoma
cells stimulated with PDGF-BB. Serum-deprived DAOY cells were
treated with (+) 1 μmol/L imatinib
or vehicle control (−) for 1 h before
stimulation with (+) or without (−)
PDFG-BB (10 ng/mL). Changes in
PTEN protein and phosphorylation
were detected by Western blot.
Representative Western blots
show that ( A ) PTEN expression
and ( B) PTEN phosphorylation is
increased in imatinib-treated cells
stimulated with PDGF-BB compared with untreated control cells.
C and D, densitometric analysis of
multiple corresponding Western
blots confirms significantly higher
levels (*, P < 0.05) of total and
phosphorylated PTEN, respectively, in imatinib-treated cells stimulated with PDGF-BB compared
with untreated control cells. Mean
± SE of multiple experiments.
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Figure 3. Imatinib abolishes PDGF-BB-mediated EGFR transactivation in medulloblastoma cells in a dose-dependent manner. Serum-starved DAOY cells
were treated with increasing doses of imatinib or vehicle control (0) for 1 h before stimulation with (+) or without (−) PDFG-BB (10 ng/mL) or EGF (50 ng/
mL). Changes in target proteins and phosphorylation were detected by Western blot and coimmunoprecipitation was used to detect PDGFR-EGFR heterodimers. Representative Western blots show that (A) imatinib treatment inhibits PDGF-mediated transactivation of EGFR in a dose-dependent manner but
has no effect on EGF-mediated activation of EGFR and (B) imatinib (1 μmol/L) treatment of PDGF-stimulated DAOY cells abolished the PDGFRB-phosphorylated EGFR association compared with untreated (-) control cells as detected by coimmunoprecipitation (blot was cropped to improve clarity; full-length
blot is provided in Supplementary Fig. S3A). C and D, densitometry of multiple corresponding Western blots confirms that DAOY and D556 cells, respectively, have significantly reduced levels of PDGF-BB-mediated EGFR transactivation (P < 0.0005) following 1 μmol/L imatinib treatment compared with
untreated (−) control cells. #, statistically significant increase in EGFR activation in cells stimulated with PDGF-BB compared with unstimulated cells; *,
statistically significant decrease in PDGF-mediated EGFR transactivation in imatinib-treated cells compared with untreated control cells. Mean ± SE of
multiple experiments.

Imatinib Inhibits Late, But Not Early, Proliferation of
Medulloblastoma Cells
To assess whether the effect of imatinib on medulloblastoma migration was in part due to inhibition of proliferation,
we performed Ki-67 staining and direct cell counting of imatinib-treated DAOY and D556 cells. Imatinib treatment did
not significantly decrease proliferation as indicated by Ki-67
staining in either cell at 24 and 48 h after treatment (data not
shown). To validate the results of the Ki-67 proliferation assay, a cell viability assay was conducted. The cell viability
assay showed similar results as the Ki-67 assay at 24 and
48 h after treatment; however, by 72 h after imatinib treatment, cell viability counts were significantly lower in both
DAOY (P = 0.01) and D556 (P = 0.001) cells, indicating a delayed effect on viability with prolonged duration of inhibition (Fig. 6C). Despite higher levels of PDGFRB expression
by D556 cells, imatinib treatment of both cells at the same
concentration eliminated PDGFRB phosphorylation, suggesting that the concentration of imatinib used was likely
in excess to occupy all the PDGFRB surface molecules
(although not directly measured) in DAOY cells and suffi-

cient to occupy enough of the PDGFRB molecules in both
cells such that a phosphorylated PDGFRB signal was undetectable. The absence of detectable PDGFRB phosphorylation
by imatinib in both cells allows for the accurate comparison
of the relative changes in cellular functions (migration and
proliferation) between cells stimulated with PDGF.

Discussion
We show that imatinib inhibition of PDGFR markedly impairs medulloblastoma cell migration and invasion in response to either PDGF or serum. The similar results
observed between imatinib treatment and siRNA to PDGFRB
confirms that the imatinib-induced effects are mediated specifically through PDGFRB inactivation, as opposed to
PDGFRA inhibition, other known targets of imatinib, or
off-target drug effects, and that PDGFRB plays a critical role
in medulloblastoma migration overall. Furthermore, we
show that the mechanism of inhibition is Ras independent
although likely mediated through Akt and ERK inactivation.
Differences in the survival responses to imatinib are
likely due to underlying critical differences in the molecular
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genetic makeup of the two cell types. For instance, DAOY
cells have high PTEN and p53 expression with no MYCC
amplification, whereas D556 cells have low to absent PTEN
and p53 expression with MYCC amplification. These effectors play important roles in the regulation of cell growth
and survival and likely interact with PDGFR pathway signaling (20). Thus, the finding that imatinib treatment of

DAOY and D556 cells significantly decreased migration
and invasion of both cell types but induced apoptosis only
of DAOY cells further supports that PDGFRB likely plays a
more vital role in the regulation of medulloblastoma migration irrespective of genetic predispositions.
Importantly, cell migration was also inhibited under
more “physiologically relevant” conditions of full serum

Figure 4. PDGFRB silencing
by siRNA significantly reduces
Akt and ERK1/2 activation in a
Ras-independent manner, maintains PTEN, and abolishes
PDGF-BB-mediated EGFR transactivation in medulloblastoma
cells. Medulloblastoma cells
transfected with either PDGFRB
siRNA (+) or negative control
siRNA (−) were stimulated with
(+) or without (−) PDGF-BB (10
ng/mL) or EGF (50 ng/mL).
Changes in target proteins and
phosphorylation were detected
by Western blot. DAOY and
D556 cells transfected with
PDGFRB siRNA showed significant knockdown of PDGFRB protein expression and activation
(phosphorylation; Supplementary Fig. S4); Representative Western blots (top) and densitometry
of multiple corresponding Western blots (bottom) show that
( A ) DAOY cells with PDGFRB
siRNA knockdown have significantly reduced levels of PDGFactivated ERK (P < 0.0005)
and Akt (P < 0.005); (B) total
Ras and GTP-Ras (active) expression levels were not significantly
altered by PDGFRB siRNA knockdown (P > 0.05) in DAOY and
D556 cells stimulated with
PDGF-BB compared with control
cells (−); ( C ) DAOY cells with
PDGFRB siRNA knockdown
maintained basal levels of total
and phosphorylated PTEN, which
were significantly higher compared with control siRNA-transfected cells stimulated with
PDGF-BB (P < 0.05); and ( D )
DAOY (top and bottom) and
D556 (bottom) cells have significantly lower levels of PDGF-BBmediated EGFR transactivation
(P < 0.01) compared with negative control cells (−). Mean ± SE
of multiple experiments. *, statistically significant lower levels
of PDGF-BB-mediated activation
of Akt, ERK, and EGFR transactivation but higher levels of total
and activated PTEN in PDGFRB
siRNA-knockdown cells compared with negative control cells.
#, statistically significant increase in PDGF-mediated EGFR
transactivation in cells stimulated with PDGF-BB compared with
unstimulated controls. Mean ±
SE of multiple experiments.
Mol Cancer Ther 2009;8(5). May 2009

Downloaded from mct.aacrjournals.org on September 25, 2020. © 2009 American Association for Cancer
Research.

Published OnlineFirst May 5, 2009; DOI: 10.1158/1535-7163.MCT-08-0889

Molecular Cancer Therapeutics

Figure 5. Imatinib inhibits medulloblastoma cell migration and invasion. For short-term assessment of migration, serum-starved medulloblastoma cells
were treated with either 1 μmol/L imatinib (+) or vehicle control (−) for 1 h and then seeded into the top well of a Transwell chamber with (+) or without
(−) PDGF-BB (10 ng/mL)-containing medium in the bottom chamber as chemoattractant and cell migration quantified after 4 h incubation. For longer-term
assessment of migration, cells grown in culture dish were scraped and washed and imatinib-containing medium was replenished with PDGF-BB (10 ng/mL)
or 10% FCS and cells were allowed to fill in the wound over 24 h. Photomicrographs of the wound were taken at time of scraping and 24 h after. Invasion
over 48 h was measured in a similar fashion to Transwell migration, except that extracellular matrix chambers were used. A, imatinib significantly inhibited
PDGF-BB-mediated short-term cell migration of DAOY cells and nearly significant for D556 (P = 0.05; P = 0.06, respectively) compared with control cells.
B, representative photomicrographs (×10; top) and sum of calculated areas of corresponding wound closure from photomicrographs (bottom) show that
imatinib significantly inhibited PDGF-BB-mediated longer-term migration of DAOY and D556 cells (P < 0.01 each; bottom left) and significantly inhibited
serum-mediated migration of DAOY and D556 cells compared with control cells (P < 0.005 each; bottom right). C, DAOY and D556 cells transfected with
PDGFRB siRNA (+) showed significantly inhibited longer-term PDGF-mediated migration compared with cells transfected with negative control siRNA
(-; P < 0.05 each). D, treatment with imatinib significantly inhibited the invasion of DAOY and D556 cells compared with negative control treated cells
(P < 0.001 each). Mean ± SE of multiple experiments. *, statistically significant decrease in cell migration or invasion of imatinib-treated cells compared
with untreated control cells.
Mol Cancer Ther 2009;8(5). May 2009

Downloaded from mct.aacrjournals.org on September 25, 2020. © 2009 American Association for Cancer
Research.

1145

Published OnlineFirst May 5, 2009; DOI: 10.1158/1535-7163.MCT-08-0889

1146 Imatinib Inhibits Medulloblastoma Cell Migration

stimulation followed by imatinib treatment. In this setting,
not only is the PDGFR pathway already activated, but also
other potentially compensatory growth factor pathways are
activated. Although our results are similar to the findings of
others, such as Servidei et al. and McGary et al. that showed
an inhibitory effect of imatinib on glioma and osteosarcoma
growth, respectively (21, 22), we chose to focus on the effect
of imatinib on migration because the critical clinical problem
with medulloblastoma is control of metastasis. PDGFR signaling and the resultant cellular events are cell type specific
and both prometastatic and antimetastatic effects of PDGFR
signaling have previously been described in differing malignant cells (23). Thomson et al. also showed that kinase inhibitors can have differing effects on different cell types
(mesenchymal versus epithelial; ref. 24). Our results are thus
specific to medulloblastoma and are novel in showing that
imatinib inhibits medulloblastoma cell migration and invasion, the primary cellular events necessary for metastasis.

Our results are further novel in showing that imatinib
treatment prevents PDGF-induced EGFR transactivation
while inducing relatively increased levels of PTEN expression and activity in medulloblastoma cells. The precise
mechanism by which PDGF-BB induces EGFR transactivation in medulloblastoma cells remains to be determined, but
it appears from our results that PDGFRB tyrosine kinase activity is required given that imatinib had no effect on EGFmediated EGFR phosphorylation. The first study to show a
functional cooperation between EGFR and PDGFRB for cell
migration was conducted in murine fibroblasts (25). PDGFinduced migration correlated with EGFR phosphorylation
and was abolished after expression of a catalytically inactive
or truncated EGFR (25, 26). In our study, we detected
PDGFRB-EGFR heterodimers and PDGFRB-phosphorylated
EGFR heterodimers after PDGF-BB stimulation that were reduced after imatinib treatment. Previous reports have
shown that PDGF can inhibit high-affinity binding of EGF

Figure 6. Imatinib induces delayed apoptosis and inhibits medulloblastoma cell proliferation. Serum-starved medulloblastoma cells were treated with
1 μmol/L imatinib (+) or vehicle control (−). Apoptosis was determined by 7-AAD/Annexin V immunostaining and detection by fluorescence-activated cell
sorting at 24, 48, and 72 h after a single dose of imatinib or 48 h after transfection with PDGFRB siRNA (+) or negative control siRNA (−). Cell proliferation
was determined by the number of viable cells counted at 0, 24, 48, and 72 h after a single dose of imatinib. A, imatinib treatment induced a significant
increase in apoptosis only at 72 h after treatment in DAOY (*, P = 0.006) but not D556 cells compared with untreated control cells. B, PDGFRB siRNA
transfection resulted in a significant increase in apoptosis of DAOY (*, P = 0.002) but not D556 cells compared with negative control transfected cells. C,
imatinib treatment of DAOY and D556 cells significantly reduced cell proliferation (*, P < 0.005 each) only at 72 h after treatment compared with untreated control cells. Mean ± SE of multiple experiments.
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to EGFR in fibroblast cells and that EGFR and PDGFRB can
be isolated together from caveolae-containing membrane
fractions (27–29).
Together, our studies provide novel insight into the mechanisms of medulloblastoma migration and invasion and
provide important preclinical evidence for the efficacy of imatinib to inhibit these functions. Further studies are required
to confirm the entry of imatinib across the blood-brain barrier and its antitumor activity in vivo. In studies of patients
and in vivo models with an intact blood-brain barrier, the
penetration of imatinib across the blood-brain barrier has
been shown to be relatively low; however, it is believed that,
in conditions in which the blood-brain barrier is leaky (central nervous system tumors), the penetration of the drug is
likely to be much greater. A report by Geng et al. showing
that imatinib treatment of mouse GBM brain tumor models
resulted in reduced phosphorylated PDGFR levels in GBM
cells provides preclinical evidence in support of this hypothesis (30). In addition, several clinical reports showing the efficacy of imatinib in brain tumor patients similarly support
this argument (31, 32), indicating that further preclinical testing of imatinib treatment of medulloblastoma is warranted.
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