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ABSTRACT

Medulloblastoma is frequently disseminated throughout the central
nervous system by the time of diagnosis. Conventional therapeutic ap-
proaches have not reduced the high mortality associated with metastatic
medulloblastoma and little is known regarding the molecular mechanisms
that promote tumor invasion. Previously, we reported that overexpression
of ERBB2 in medulloblastoma is associated with poor prognosis and
metastasis. Here, we demonstrate that ERBB2 overexpression increases
the migration of medulloblastoma cells across basement membranes in
vitro. Furthermore, using microarray expression profiling, we show that
ERBB2 up-regulates the expression of prometastatic genes in medullo-
blastoma cells. These include S100A4, which was previously shown to
promote metastasis of breast cancer. We demonstrate that S100A4 is a
direct target of ERBB2 signaling in medulloblastoma cells via a pathway
involving phosphatidylinositol 3-kinase, AKT1, and extracellular signal-
regulated kinase 1/2 and that levels of ERBB2 and S100A4 are tightly
correlated in samples of primary medulloblastoma. Finally, we show that
ERBB2-dependent medulloblastoma cell invasion in vitro and prometa-
static gene expression in vivo can be blocked using the ERBB tyrosine
kinase inhibitor OSI-774. These data identify an ERBB2 driven prometa-
static pathway that may provide a novel target for therapeutic interven-
tion in metastatic medulloblastoma.

INTRODUCTION

ERBB2 (HER-2/neu) signaling through the PI3k3/AKT pathway
deregulates proliferation (1, 2), impairs apoptosis (3, 4), and increases
the metastatic potential of cancer cells (5–15). For example, following
activation by ERBB2 and PI3k, AKT phosphorylates the cell cycle
inhibitor p21Cip/WAF1, which is then relocalized to the cytoplasm,
resulting in increased cell proliferation (2). Activated AKT may also
induce resistance to DNA-damaging agents in ERBB2 overexpressing
cells (3). This appears because of the phosphorylation of MDM2 by
AKT, which inhibits the MDM2-p19ARF interaction and promotes
p53 degradation. Furthermore, several targets of ERBB2/PI3k signal-
ing have been implicated in tumor angiogenesis and metastasis (12–
15). In mouse 3T3 and human MCF-7 breast cancer cells, signaling
through this pathway up-regulates expression of vascular endothelial
growth factor (15) and enhances cytoskeletal reorganization and tu-
mor cell motility (12–14). As a consequence, overexpression of
ERBB2 is associated with poor prognosis in a number of human
cancers (6–8, 16–18).

In addition to ERBB2, several other regulators of metastasis have
been proposed to alter the cytoskeleton of tumor cells. These include
the calcium binding protein S100A4 (19). Elevated S100A4 expres-
sion is correlated with the metastatic potential of tumor cells in vivo
(20, 21) and with poor clinical outcome in breast and bladder cancer
(22, 23). In addition, S100A4 accelerates metastasis in two independ-
ent transgenic models of breast cancer (24, 25).

Previously, we reported that ERBB2 overexpression is associated
with poor clinical outcome and advanced metastatic disease stage in
medulloblastoma (16, 18, 26, 27). Medulloblastoma is a highly inva-
sive pediatric brain tumor that is frequently disseminated throughout
the central nervous system at the time of diagnosis (28). Conventional
therapeutic approaches have not reduced the high mortality associated
with metastatic medulloblastoma and little is known regarding the
molecular mechanisms that promote invasion. Here, we demonstrate
that ERBB2 promotes a metastatic phenotype in medulloblastoma by
up-regulating a series of pro-metastatic genes, including S100A4, and
by enhancing tumor cell invasion. We show that ERBB2 directs
S100A4 expression via a signaling network that includes PI3k, AKT1,
and ERK1/2. Finally, we demonstrate that this prometastatic pheno-
type can be reversed in vitro and in vivo using OSI-774 (Erlotinib), a
small molecule inhibitor of ERBB2 signaling. Therefore, we identify
a new prometastatic pathway that may provide a target for therapeutic
intervention in medulloblastoma metastasis.

MATERIALS AND METHODS

Tumor Material. With Institutional Review Board approval, we obtained
51 samples of primary childhood (�19 years) medulloblastoma from the St.
Jude Children’s Research Hospital Tumor Bank. Samples were snap frozen at
the time of primary surgical resection and stored at �80°C until use. Frozen
sections from each sample were examined by light microscopy to ensure
�80% consisted of tumor. RNA was then extracted from samples by direct
homogenization in the TRIzol reagent (Life Technologies, Inc., Gaithers-
burg, MD).

Cell Culture. We obtained the Daoy medulloblastoma cell line from the
American Type Culture Collection. Cells were maintained as monolayer cul-
tures in complete DMEM supplemented with 10% FBS. The effects of small
molecule inhibitors on protein expression and S100A4 promoter activity were
performed by culturing Daoy cells for the indicated times in the presence of the
appropriate inhibitor (or 0.1% DMSO control) followed by Western blotting
and luciferase analysis as described. PD158780, LY249002, and PD98059
were all from Calbiochem-Novabiochem (San Diego, CA). OSI-774 was
generously provided by OSI Pharmaceuticals (Melville, NY).

Plasmids. The complete human ERBB2 cDNA was inserted into the
HindIII site of pcDNA3.1 to generate the construct pcDNA3.1/ERBB2. The
first 1487, 1099, 697, and 322 bp of the human S100A4 promoter region,
immediately 5� of the transcriptional start site, were inserted into the pGL-
basic vector to generate plasmids pDA-L47, pDA-L49, pDA-L412, and pDA-
L413, respectively. We generated the WT-AKT1 retroviral vector by inserting
HA-tagged AKT1 into the EcoRI site of the MSCV retroviral vector.
DN-AKT1 vectors were similarly prepared using kinase dead K179M or
Myr�11-60 AKT1 sequences.

Stable Transfections and Retroviral Infections. Daoy cells were trans-
fected with 1 �g of pcDNA3.1 or pcDNA3.1/ERBB2 using the Lipofectamine
reagent (Invitrogen Corporation, Carlsbad, CA) and separate clones of ERBB2
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(designated Daoy.1–4), and empty vector-transfected (designated Daoy.V)
cells selected under G418. Daoy.2 cells were infected with WT-AKT1 or
DN-AKT1 retroviral vectors using standard procedures and expression con-
firmed by HA-specific Western blotting.

Tumor Cell Invasion. The metastatic activity of Daoy.V, Daoy.1, and
Daoy.2 cells was measured in vitro using the 24-well BD BioCoat FluoroBlok
Invasion System as recommended by the manufacturer (BD Biosciences,
Bedford, MA). Briefly, 3 � 104 cells were labeled for 20 min with 10 �M of
the fluorescent cell probe CellTracker Green (Molecular Probes, Eugene, OR)
in 10% FBS DMEM. Cells were then incubated for an additional 30 min in
fresh 10% FBS DMEM. Baseline fluorescence analysis confirmed equivalent
labeling of the three different Daoy-derived cell types. Ten percent FBS
DMEM was then added as a chemoattractant to the lower chambers of the
24-well plates, and cells were seeded into the prehydrated upper wells of the
BD BioCoat FluoroBlok chambers. Nonhydrated wells were included as con-
trols. Cells were then cultured under standard conditions for the indicated times
and invasion measured from below at excitation wavelength 485 nm and
emission wavelength 530 nm using a Fusion Universal Microplate Analyzer
(Perkin-Elmer Life Sciences, Boston, MA). The fluorescence of Daoy.1 and 2
cells that had invaded to the undersurface of the membrane was recorded
relative to that of Daoy.V cells. Assays were conducted in quadruplicate. The
influence of OSI-774 treatment on invasion was performed in an identical
fashion using Daoy.2 cells that were preincubated in 30 nM of drug (or 0.1%
DMSO only control) for 6 h before labeling with CellTracker Green.

Microarray Expression Analysis. We determined the gene expression
profiles of Daoy.V and Daoy.2 cells grown in vitro and in vivo using Af-
fymetrix microarray analysis. Briefly, first- and second-strand cDNA was
synthesized from 5–15 �g of total Daoy cell RNA using the SuperScript
Double-Stranded cDNA Synthesis Kit (Life Technologies, Inc., Rockville,
MD) and an oligo-dT24-T7 primer. This was then used to prepare cRNA that
was labeled with biotinylated UTP and CTP by in vitro transcription using a T7
promoter-coupled double-stranded cDNA as template and the T7 RNA Tran-
script Labeling Kit (ENZO Diagnostics, Inc., Farmingdale, NY). After purifi-
cation and precipitation at �20°C, 10 �g of this cRNA was fragmented by heat
and ion-mediated hydrolysis at 95°C [200 mM Tris-acetate (pH 8.1), 500 mM

KOAc, 150 mM MgOAc] and hybridized to the Human Genome U95Av2
oligonucleotide array chip (Affymetrix, Santa Clara, CA). U95Av2 contains
12,600 full-length annotated genes together with additional probe sets designed
to represent EST sequences. Arrays were washed at 25°C with 6 � saline-
sodium phosphate-EDTA (0.9 M NaCl, 60 mMNaH2PO4, 6 mM EDTA
�0.01% Tween 20) followed by a stringent wash at 50°C with 100 mM MES,
0.1 M [Na�], 0.01% Tween 20. We then stained arrays with phycoerythrin-
conjugated streptavidin (Molecular Probes), and the fluorescence intensities
were determined using a laser confocal scanner (Hewlett-Packard, Palo Alto,
CA). The scanned images were analyzed using Microarray software (Af-
fymetrix). We standardized for sample loading and variations in staining by
scaling the average of the fluorescent intensities of all genes on an array to a
constant target intensity (2500) for all arrays used. The expression data were
analyzed as described previously (29). The signal intensity for each gene was
calculated as the average intensity difference, represented by [� (PM � MM)/
(number of probe pairs)], where PM and MM denote perfect match and
mismatch probes. Separate microarray experiments were conducted for
Daoy.V and Daoy.2 clones. We constructed scatterplots comparing the average
intensity differences of expression profiles for the two cell types. Genes whose
expression significantly varied (positively or negatively �2-fold) in Daoy.2
versus Daoy.V cells were identified using Spotfire Decision Site 6.2 software
(Spotfire, Somerville, MA).

Luciferase Reporter Assay. Daoy.V and Daoy.2 cells were grown to
60–80% confluency and transfected with a 20:1 mix of the pDA S100A4 and
pRL Renilla control luciferase reporter constructs using the Lipofectamine
reagent (Invitrogen Corporation). After 48 h, cells were lysed in Passive Lysis
Buffer (Promega, Madison, WI) and the firefly (pDA reporter plasmids)
relative to Renilla (control) luciferase activity determined using the Dual-
Luciferase reporter assay (Promega). We assessed the impact of ERBB2, PI3k,
and MEK inhibition on the activity of the S100A4 promoter by repeating these
assays in the presence of 5 �M PD158780, 50 �M LY249002, or 50 �M

PD98059, respectively.
Western Blotting. Expression of phospho-Y1248 ERBB2 (Upstate Bio-

technology, Waltham, MA), phospho-Y204 ERK1/2 (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA), phospho-Ser473 of AKT1 (New England Biolabs,
Beverly, MA), ERBB2 (Novacastra Ltd., Newcastle, United Kingdom), ERK1
(Santa Cruz Biotechnology), AKT1 (New England Biolabs), and S100A4
(Dako, Carpinteria, CA) was performed by Western blotting as previously
described (16) using commercially available primary antibodies (companies
shown in parentheses). All blots were reprobed with an antibody for �-actin
(Sigma Chemicals, St. Louis, MO) to control for protein loading and transfer.
We determined the expression level of each protein by densitometric analysis.
Expression levels of phospho-specific proteins were normalized to those of the
respective total protein.

Northern Blotting. Northern blotting was performed using standard tech-
niques. Briefly, 10 �g of total RNA was separated by formaldehyde gel
electrophoresis and transferred to nylon membrane by capillary blotting. Mem-
branes were then probed with a 500-bp, [�32P]dCTP-labeled PCR fragment
generated from the COOH-terminal region of the ERBB2 cDNA. We then
stripped and reanalyzed membranes using a probe generated from the entire
S100A4 coding region. Finally, we probed membranes with a PCR-generated
fragment of r18S to control for RNA loading and transfer. Expression level of
each RNA transcript was determined using Phosphorimaging.

Xenografts and Animal Treatment Protocols. A total of 1 � 107 Daoy.V
or Daoy.2 cells was grown as s.c. xenografts in female CD-1 nu/nu mice.
When tumors were �900 mm3, we euthanized animals and resected tumors.
We fixed half of the tumors in 10% buffered formalin and snap froze half in
liquid nitrogen. We processed fixed tissue and performed IHC analysis as
described previously (16). We extracted total RNA and protein from frozen
tissue and performed Western blotting analysis as described above. For ther-
apeutic studies, we treated tumor-bearing mice p.o. with 100 mg/kg (0.1 ml/10
g body weight) of the ERBB tyrosine kinase inhibitor OSI-774 or vehicle only
twice daily for 5 days followed by tumor excision and analysis.

RESULTS

ERBB2 Overexpression Up-Regulates the Metastatic Pheno-
type of Medulloblastoma Cells in Vitro. To study the impact of
ERBB2 overexpression on the metastatic phenotype of medulloblas-
toma, we generated clonal derivatives of the Daoy medulloblastoma
cell line that express elevated levels of exogenous ERBB2 (Fig. 1). As
previously reported in other cell line systems (30–32), overexpression
of ERBB2 in Daoy cells resulted in spontaneous receptor activation
and signaling, secondary to receptor homodimerization (Fig. 1 and
data not shown).

First, we measured the impact of ERBB2 expression level on Daoy
cell migration through basement membranes in vitro. Migration of
control cells transfected with empty vector alone was readily detected
using the BioCoat FluoroBlok Invasion System (BD Biosciences).
This is compatible with a recent report that the Daoy cell line is
derived from metastatic medulloblastoma (33). However, transfection
with ERBB2 moderately but significantly increased the rate of Daoy
cell migration through basement membranes relative to empty vector
control cells (P � 0.05, Fig. 1A).

Overexpression of ERBB2 in human and mouse mammary cancer
has been shown to up-regulate a number of important prometastatic
genes (34–36). Therefore, we next investigated whether ERBB2
overexpression similarly alters gene expression patterns in Daoy cells.
The Daoy cell line is a valid model for studying gene expression in
medulloblastoma because the global DNA methylation pattern (37)
and basal gene expression profile (33) of this cell line are closely
related to those of primary medulloblastoma. Paired expression pro-
files from four independent cultures of Daoy.2 and Daoy.V cells were
compared using the Human Genome U95Av2 Affymetrix microarray
containing 12,600 probe sets (Fig. 1B). Using scatter plot analysis, we
identified 11 genes that significantly differed (� or �2-fold) in all
four comparisons (Fig. 1B). As expected, ERBB2 was among the
up-regulated genes. The remaining 10 genes have previously been
associated with tumor progression and metastasis (Fig. 1B). In a
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recent Affymetrix array study of primary medulloblastoma, Mac-
Donald et al. (33) reported increased expression of several RAS/
MAPK and cytokine signal pathway members and the metallothionein
family to predict for metastatic medulloblastoma. Interestingly, six of
the genes up-regulated by ERBB2 in Daoy cells are also members of
these three groups of genes. The three remaining up-regulated genes
included S100A4 (19), osteoblastic specific factor-2 (also known as
Periostin; Ref. 38), and Proto-cadherin-7 (39). Each of these has
previously been implicated in controlling cell adhesion and invasion
in adult cancers. Finally, one gene, IGFBP5, was reproducibly down-
regulated by ERBB2 overexpression in Daoy cells. High concentra-
tions of IGFBP5 have been reported to inhibit proliferation of neuro-
blastoma cells in culture (40).

The novel finding that S100A4 is up-regulated by ERBB2 in Daoy
cells is of particular interest because this gene has been suggested to
function as a regulator of metastasis of human tumors in which
ERBB2 plays a prominent role (19). Therefore, we further investi-
gated the relationship between ERBB2 and S100A4 in Daoy cells

(Fig. 1C). In agreement with the results of expression profiling, both
S100A4 protein and mRNA levels were higher in Daoy cells trans-
fected with ERBB2 relative to empty vector. Taken together, these
data indicate that overexpression of ERBB2 increases the metastatic
phenotype of medulloblastoma cells by increasing invasion and spe-
cifically up-regulating the expression of prometastatic genes that
include S100A4.

High Levels of ERBB2 Correlate with Metastasis and with the
Level of S100A4 in Primary Human Medulloblastoma. To estab-
lish whether expression levels of ERBB2 and S100A4 are correlated
in clinical medulloblastoma, we studied a large cohort of primary
tumors using northern blotting (Fig. 2, A and B). In keeping with our
observations in the Daoy cell line, expression levels of ERBB2 and
S100A4 were closely correlated in patient samples (r2 	 0.67,
P � 0.0001). Furthermore, in agreement with our previous studies (9),
significantly higher levels of ERBB2 were expressed in metastatic
(M3) compared with localized medulloblastoma (Fig. 2C, P � 0.05).
Together with our in vitro studies, these data support the hypothesis

Fig. 1. ERBB2 accelerates the metastatic phe-
notype in Daoy medulloblastoma cells. A, the met-
astatic phenotype of Daoy cells transfected with
empty vector (Daoy.V) or ERBB2 (Daoy.1 and
Daoy.2) was assessed in vitro using the BD Bio-
Coat FluoroBlok Invasion System (see “Materials
and Methods”). Note ERBB2 overexpression sig-
nificantly increased Daoy cell invasion and migra-
tion relative to empty vector control cells.
(P � 0.05 for both Daoy.1 and 2 relative to Daoy.V
at all time points from 2 to 8 h). B, gene expression
profiles for Daoy.2 and Daoy.V cells were deter-
mined using the Affymetrix U95Av2 microarray.
Average intensity difference expression scores for
each sequence were compared for the two cell
types by scatterplot analysis. The results of one
representative comparison are shown in the figure.
Assays were conducted in quadruplicate. Genes
that were reproducibly and significantly (�2-fold)
up-regulated in Daoy.2 relative to Daoy.V cells are
shown as blue boxes above the dotted line. These
genes are identified on the right of the scatterplot.
Note, six genes belong to three groups previously
implicated in medulloblastoma metastasis. C,
ERBB2 and S100A4 mRNA and protein expres-
sion are correlated in Daoy cells. The figure shows
the results of Western blotting (WB) analyses of
total and phospho(Y1248)-ERBB2 and S100A4 ex-
pression in Daoy.V, Daoy.1, and Daoy.2 cells.
Northern blotting (NB) analysis of S100A4 tran-
script levels in these cells is shown beneath. Graphs
on the right hand side of the figure show the ex-
pression of phosphorylated-(p) ERBB2 (top) and
S100A4 (bottom) in four ERBB2-transfected Daoy
clones (Daoy.1–4) relative to empty vector control
cells. Note the correlation between clone expres-
sion level of ERBB2 and S100A4 protein.
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that ERBB2 signaling is prometastatic in primary human medullo-
blastoma and up-regulates expression of S100A4.

The S100A4 Promoter Contains an ERBB2 Response Element.
Although synergism between ERBB2 and S100A4 has been shown to
promote metastasis of mammary cancer (24), it is not known whether
ERBB2 signaling controls S100A4 expression. Therefore, we linked
sequences from the first 1487 bp of the human S100A4 promoter to
the pGL luciferase reporter construct to determine whether ERBB2
directly affects S100A4 transcription in Daoy cells (Fig. 3A). The
pDA-L47 construct, which includes the first 1487 bp 5� of the S100A4
transcription start site, demonstrated 40-fold greater activity in Daoy.2
compared with empty vector control cells (Fig. 3B). In contrast,
significantly reduced activity was associated with constructs in which
bp �1487 to �1099 were deleted (Fig. 3B). Therefore, the human
S100A4 promoter likely contains an ERBB2 response element 1099–
1487 bp upstream of the transcription start site. Additional studies are
under way to identify potential transcription factor binding sites
within this region.

ERBB2 Controls S100A4 Expression through a Signaling Path-
way Involving PI3K, AKT1, and ERK. Overexpression of ERBB2
in Daoy cells enhances ERK1/2 and AKT1, but not c-Jun NH2-

terminal kinase, p38, STAT3 or STAT5 signaling.4 Therefore, we
assessed the impact of augmenting or inhibiting ERK1/2 and AKT1
activity on the expression and promoter activity of S100A4 in Daoy.2
cells (Fig. 4). As expected, treatment with the ERBB tyrosine kinase
inhibitor PD158780 significantly reduced the phosphorylation of
ERBB2, AKT1, and ERK1/2 and inhibited both S100A4 expression
and promoter activity (Fig. 4, A and B). We next treated Daoy.2 cells
with specific inhibitors of MEK1 (PD98059) and PI3k (LY249002)
activity. These also abrogated S100A4 expression and promoter ac-
tivity. In addition to decreasing AKT1 phosphorylation, PI3k block-
ade also significantly reduced ERK1/2 phosphorylation. This obser-
vation was confirmed using Wortmannin, a second inhibitor of PI3k
(data not shown). These data are in agreement with previously pub-
lished reports that the RAF/MEK/ERK signal cassette is regulated by
PI3k/AKT (41, 42).

Finally, to address the role of AKT1 signaling in the control of
S100A4 expression, we augmented or reduced its activity in Daoy.2
cells by overexpressing WT-AKT1 and DN-AKT1 constructs, respec-
tively, by transduction with retroviruses overexpressing these pro-
teins. WT-AKT1 markedly decreased ERK1/2 phosphorylation,
S100A4 expression, and S100A4 promoter activity (Fig. 4, A and B).
In contrast, kinase dead K179M-AKT1 significantly increased
S100A4 promoter activity and expression. Infection of cells with
Myr�11-60 AKT1 also significantly up-regulated S100A4 expression
and promoter activity (data not shown).

4 C. Calabrese, A. Frank, K. Maclean, Richard Gilbertson. Medulloblastoma sensitivity to
17-allylamino 17-demethoxygeldanamycin requires MEK/ERK, submitted for publication.

Fig. 2. ERBB2 expression level is correlated with S100A4 expression level and
metastatic disease stage in samples of primary human medulloblastoma. A, Northern blot
analysis of ERBB2 and S100A4 expression in 15 representative samples from a total of
51 analyzed primary medulloblastoma. r18S loading and transfer control blot is shown
below. B, graph depicts the significant correlation between ERBB2 and S100A4 transcript
levels determined by Northern blot analysis in all 51 medulloblastoma samples. Levels
were determined by phosphorimager analysis and normalized to r18S control. C, graph
showing the mean (
SE) ERBB2 transcript expression level for the 51 patient samples
grouped by metastatic stage. The mean ERBB2 expression levels for patients with M0,
M1, and M3 disease were 20.7 
 2.7 (n 	 28), 27.4 
 7.8 (n 	 9), and 38.1 
 10.1
(n 	 14), respectively. The difference in expression level between M0 and M3 disease was
statistically significant (�P � 0.05).

Fig. 3. The human S100A4 promoter region contains an ERBB2 signal response
element. A, reporter plasmids used to assay S100A4 promoter activity in Daoy cells.
Cartoon depicting the promoter region of human S100A4 and restriction sites (top) used
to generate the four pDA luciferase reporter plasmids (bottom). B, fold luciferase activity
driven by the pDA S100A4 reporter plasmids in Daoy.2 relative to Daoy.V cells. Assays
were conducted in quadruplicate.
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Taken together, these data indicate that ERBB2 signaling via PI3k
and ERK1/2 increases expression of S100A4 in Daoy medulloblas-
toma cells (Fig. 4C). Conversely, AKT1 appears to negatively regu-
late this signal, possibly by inhibiting ERK1/2 activation.

The ERBB Tyrosine Kinase Inhibitor OSI-774 Inhibits the
Metastatic Phenotype in Daoy Cells in Vitro and in Vivo. ERBB2
is central to the pathogenesis of a number of human cancers, therefore
many novel agents that target this receptor are currently under devel-

opment (8, 43). These include small molecule inhibitors of the ERBB
TKIs. The ERBB TKIs that are most advanced in clinical develop-
ment are designed to target ERBB1, e.g., ZD1839 (Iressa) and OSI-
774 (Erlotinib). However, there is increasing evidence that these
agents may also inhibit ERBB2 signaling (44). Therefore, we inves-
tigated the ability of OSI-774 to inhibit ERBB2-directed medulloblas-
toma cell migration and prometastatic gene expression.

OSI-774 significantly inhibited ERBB2 phosphorylation and
S100A4 expression in Daoy cells a time- and dose-dependent manner
(Fig. 5A). No apparent effect of OSI-774 treatment on ERBB2 acti-
vation or S100A4 expression was seen before 4 h. Subsequently, a
gradual decrease in the level of phosphorylated ERBB2 was observed
in a dose-dependent fashion. This effect was maximal at 8 h. As
expected, the inhibition and recovery of ERBB2 phosphorylation was
paralleled by changes in S100A4 expression (Fig. 5A). We next
investigated the ability of OSI-774 to inhibit ERBB2-directed tumor
cell invasion. To ensure that ERBB2 receptor signaling was effec-

Fig. 4. ERBB2/PI3k signaling controls expression of S100A4 by positively and
negatively regulating ERK. A, Daoy.2 cells were treated with DMSO only (control),
pharmacological inhibitors of the ERBB tyrosine kinase (PD158780), PI3k (LY249002),
MEK1 (PD98059), or infected with WT-AKT1 or kinase dead K179M-AKT1 constructs.
The impact of these treatments on ERBB2 receptor and second messenger activation
status and S100A4 protein expression were determined by phospho-specific and total
protein Western blots, respectively. Expression from retroviral infections was confirmed
using a HA-specific antibody. B, S100A4 reporter activity parallels the response of total
S100A4 protein expression after second messenger inhibitor treatment or AKT1 retroviral
infection of Daoy.2 cells. S100A4 promoter activity was assessed by dual luciferase
analysis. Fold promoter activity is shown for each treatment relative to vehicle only-
treated Daoy.2 cells. Bars denote mean 
 SE for triplicate experiments. C, cartoon
illustrating the proposed interaction between PI3k, AKT1, and ERK1/2 in the control of
ERBB2-mediated S100A4 expression. The inhibition of RAF-1 by AKT1 was reported
elsewhere (41, 42). Sites of action of chemical and genetic reagents used to elucidate the
pathway are shown.

Fig. 5. The ERBB tyrosine kinase inhibitor OSI-774 inhibits ERBB2 phosphorylation,
S100A4 expression, and Daoy cell invasion and migration in vitro. A, Daoy.2 cells were
cultured for the times indicated in the presence of DMSO (vehicle) or increasing
concentrations of OSI-774. Cells were lysed, and the phosphorylation of ERBB2 deter-
mined by Western blotting (WB; top of each panel). The same blots were reprobed for
S100A4 (bottom panels). The actin blot corresponding to 8-h treatment is shown at the
bottom of the figure. B, Daoy.2 cells were preincubated for 6 h with 30 nM OSI-774 or
vehicle only and in vitro migration measured using the BD BioCoat FluoroBlok Invasion
System (see “Materials and Methods”). Note, OSI-774 significantly decreased Daoy.2 cell
invasion and migration relative to vehicle-treated control cells (P � 0.005).
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tively but specifically inhibited, we preincubated Daoy.2 cells for 6 h
with the minimum concentration of drug required to generate receptor
blockade (30 nM). This treatment significantly inhibited the migration
of Daoy.2 cells in vitro (Fig. 5B).

Finally, we investigated the ability of OSI-774 to inhibit ERBB2
directed prometastatic gene expression in Daoy.2 cells grown as s.c.
xenografts in nude mice. On the basis of our in vitro data, we dosed
animals every 12 h for 5 days to ensure constant ERBB2 receptor
blockade. Western blot and IHC analysis confirmed that Daoy.2
xenografts express much higher levels of total and phospho-ERBB2
and S100A4 than Daoy control tumors (Fig. 6A). However, oral
dosing of Daoy.2 tumor-bearing animals with OSI-774 markedly
reduced the level of phospho-ERBB2 and S100A4 expression by
xenografts (Fig. 6, A and B). Therefore, the control of S100A4
expression by ERBB2 is functionally active in vivo and can
be effectively targeted with small molecule inhibitors of ERBB2
signaling.

We next extended these analyses to investigate the impact of
ERBB2 signaling and blockade on the expression of all nine prometa-
static genes that were up-regulated by ERBB2 in culture (Fig. 1B).
Affymetrix gene expression profiling of xenografts demonstrated that
five of these nine genes were also up-regulated by ERBB2 in vivo
(Table 1). In agreement with our IHC and Western blotting studies

(Fig. 6), these included S100A4. We next compared the gene expres-
sion-profiles of Daoy.2 tumors derived from mice treated with OSI-
774 or vehicle alone (Table 1). Only the five genes that were up-
regulated by ERBB2 in xenografts were significantly down-regulated
by treating host animals with OSI-774. Therefore, up-regulation of
prometastatic genes by ERBB2 in vivo can be selectively inhibited
using an oral small molecule inhibitor of ERBB2 signaling.

DISCUSSION

Metastasis is the leading cause of treatment failure and the most
significant predictor of poor clinical outcome in children with medul-
loblastoma (28, 45). Previously, we reported a significant association
between elevated expression of the ERBB2 oncogene and metastasis
in medulloblastoma. Here, we confirmed this association in a separate
cohort of 51 pediatric medulloblastomas and demonstrate that ERBB2
signaling increases the metastatic phenotype of medulloblastoma cells
by up-regulating expression of prometastatic genes and by increasing
tumor cell invasion. Furthermore, we show that this phenotype can be
reversed using a small molecule inhibitor of the ERBB2 tyrosine
kinase. Therefore, we identify a new prometastatic signaling pathway
that may provide a novel target for therapeutic intervention in meta-
static medulloblastoma.

Fig. 6. The oral ERBB TKI OSI-774 selectively inhibits ERBB2 driven gene expression in vivo. A, IHC analysis of total and phospho-ERBB2 and S100A4 expression by Daoy.V
and Daoy.2 xenografts in animals treated with vehicle only or the oral ERBB TKI OSI-774. Treatment with the inhibitor significantly reduced both the phosphorylation status of ERBB2
within xenografts and their expression of S100A4. B, Western blot analysis of S100A4 expression by Daoy.V and Daoy.2 xenografts in animals treated with vehicle only (�) or the
oral ERBB TKI OSI-774 (�).
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The molecular mechanisms responsible for metastasis of medullo-
blastoma are largely unknown. Recently, members of the RAS/MAPK
and cytokine signal pathways and the metallothionein family were
identified as predictors of medulloblastoma metastasis (33). In this
study, we demonstrate that 6 of 10 genes identified as up-regulated by
ERBB2 in cultured medulloblastoma cells also belong to these three
groups of genes. Therefore, we propose that these genes are key
regulators of medulloblastoma metastasis and that ERBB2 signaling
promotes their expression during metastasis.

There is increasing evidence that the cytokine network, includ-
ing the chemokine group of chemoattractant cytokines, contributes
to human tumor growth and progression (46 – 48). Chemokines
released by solid tumors recruit monocytes and macrophages,
which in turn secrete a number of tumor cell growth factors,
angiogenic growth factors, and extracellular matrix-degrading en-
zymes (47, 48). Tumor infiltration by monocytes and macrophages
is frequently seen in solid tumors, including medulloblastoma (49),
and is associated with a poor clinical outcome in certain adult
cancers (47, 48). In this study, we show that expression of the CC
chemokine RANTES and the IFN-inducible genes p56 and p78 are
up-regulated by ERBB2 in Daoy cells. RANTES is a T cell and
monocyte attractant that is produced by several tumors, including
carcinomas of the breast and ovary (50, 51). Recent evidence was
presented implicating RANTES in promoting angiogenesis and the
production of matrix metalloproteinase 9 by monocytes (50). Ad-
ditional analyses will be required to establish the precise role of
cytokine signaling in medulloblastoma metastasis and whether this
may be targeted therapeutically.

Metallothionein If was also up-regulated by ERBB2 overexpres-
sion in Daoy cells. The metallothioneins, which are preferentially
overexpressed in metastatic medulloblastoma and other poor prog-
nosis human tumors (33, 52), are involved in many cellular pro-
cesses, including metal homeostasis and detoxification, cell pro-
liferation, and apoptosis (53, 54). The metallothioneins may play a
permissive role in metastasis by promoting tumor cell resistance to
chemotherapeutic agents (53, 54). However, it remains to be de-
termined whether they play a more direct role in invasion and
migration.

We also identified four ERBB2-regulated genes that have pre-
viously been implicated in controlling cell adhesion and invasion
but not medulloblastoma metastasis. These include osteoblastic

specific factor-2 (55) and PCDH7 (39) that encode cell adhesion
molecules, IGFBP5 (40) and S100A4 (19). Although S100A4 has
been shown to synergize with ERBB2 in the development of
metastatic breast cancer (19, 22, 24, 25), it was not know whether
ERBB2 signaling directly controls the expression of S100A4. Our
data show that ERBB2 signaling via PI3k and ERK1/2 does
activate S100A4 expression, at least in part, by enhancing tran-
scription. We also show that the expression of ERBB2 and S100A4
are strictly concordant in primary human medulloblastoma samples
and medulloblastoma xenografts, demonstrating that this pathway
is active in vivo. The observation that ERBB2 up-regulates the
expression of two members of the RAS/MAPK pathway (MAPK
KKK4 and MEK5) as well as directing S100A4 expression via this
pathway is intriguing. These data suggest that ERBB2 may pro-
mote the metastasis of medulloblastoma through a complex series
of collaborating events in which this receptor up-regulates both the
expression of prometastatic genes, e.g., S100A4, and the signal
pathways required to do this. Our analyses of the S100A4 promoter
region indicate that ERBB2 signaling controls the expression of
this gene via a response element located between bp �1487 and
�1099. Cis-acting response elements have been identified within
the S100A4 gene. These include a composite enhancer element
within the first intron (56) and a GC-factor recognition sequence
located 1300 bp upstream of the rodent S100A4 transcriptional start
site (57). We are therefore investigating whether this later se-
quence coordinates the ERBB2 signaling response. Our data also
show that ERBB2/PI3k signaling may abrogate S100A4 expression
through interaction between AKT1 and the MEK/ERK pathway.
Interaction between these pathways has been described in a num-
ber of cell signal systems, including the glial cell line-derived
neurotrophic factor signaling system in neuroectodermal cells (42).
Therefore, interplay between the ERK1/2 and PI3k systems may be
of general importance in neuroectodermal cell growth factor sig-
naling.

Selective targeting of the molecular abnormalities responsible
for medulloblastoma metastasis may represent a more effective and
less toxic means of treatment than conventional chemo- and radio-
therapies. Here, we provide proof of principal that small molecule
inhibitors of ERBB2 tyrosine kinase activity may be used to inhibit
the prometastatic phenotype in medulloblastoma. Furthermore, our
comparative expression profile analyses of tumors resected from
OSI-774 and vehicle only-treated animals provide the first evi-
dence to date that these inhibitors selectively reduce the expression
of ERBB2 up-regulated genes. Therefore, we propose ERBB2 to
be a new therapeutic target for metastatic medulloblastoma. We are
currently conducting additional preclinical studies of the antitumor
and antimetastatic properties of ERBB2 inhibitors against medul-
loblastoma. Additional analysis of the other prometastatic genes
and pathways identified in this study may also provide additional
targets for the development of novel therapeutic approaches. In
this regard, MacDonald et al. (33) recently reported the platelet-
derived growth factor receptor signaling system to be up-regulated
in metastatic medulloblastoma and demonstrated the ability of
selective inhibitors of this pathway to prevent Daoy tumor cell
invasion in vitro. Combined ERBB2 and platelet-derived growth
factor receptor blockade may therefore prove a particularly effec-
tive therapeutic strategy for metastatic medulloblastoma. Finally, it
will also be important to determine whether ERBB2 signaling
controls S100A4 expression in other human cancers, particularly
breast cancer, given the significant role identified for both of these
proteins in this disease.

Table 1 Impact of ERBB2 expression and inhibition on the gene expression profile of
Daoy xenografts

The expression of the 10 genes deregulated by ERBB2 overexpression in Daoy cells
in culture was investigated in vivo using Affymetrix array analysis of Daoy.V and Daoy.2
xenografts. The first column lists the gene names. The second column indicates the mean
(
SE) fold difference in expression of each gene between Daoy.2 versus Daoy.V
xenografts from three independent experiments. Genes whose expression was signifi-
cantly up-regulated by ERBB2 overexpression are shown above the dotted line. The third
column compares the expression of each gene in Daoy.2 xenografts taken from animals
treated with oral OSI-774 (100 mg/kg/twice a day) versus vehicle only. Note, only genes
whose expression was significantly up-regulated by ERBB2 overexpression were down-
regulated by the ERBB2 inhibitor.

Daoy.2:Daoy.V Daoy.2 � OSI-774:Daoy.2

Fold (
SE) P Fold (
SE) P

Gene
OSF-2 224.6 (
1.1) �0.0001 0.66 (
0.04) 0.001
S100A4 3.11 (
0.14) 0.006 0.75 (
0.01) 0.008
RANTES 2.10 (
0.27) 0.01 0.46 (
0.06) 0.02
p78 1.36 (
0.06) 0.02 0.38 (
0.11) 0.01
p56 1.26 (
0.01) �0.0001 0.55 (
0.04) 0.005
Metallothionein If 1.01 (
0.6) NS 1.38 (
0.26) NS
MAPK KKK4 1.10 (
0.12) NS 1.14 (
0.16) NS
MEK5 0.97 (
0.35) NS 0.94 (
0.10) NS
PCDH7 0.82 (
0.08) NS 0.91 (
0.06) NS
IGFBP5 0.88 (
0.03) NS 0.99 (
0.20) NS
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