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Object. Medulloblastomas are the most common malignant brain tumors in children. These tumors are highly
invasive, and patients harboring these lesions are frequently diagnosed with distant spread. In this study, the authors
investigated the role of Rac1, a member of the Rho family of small guanosine triphosphatases, in medulloblastoma
invasion.
Methods. Three established medulloblastoma cell lines were used: DAOY, UW-228, and ONS-76. Specific
depletion of Rac1 protein was accomplished by transient transfection of small interfering RNA. Cell invasion through
extracellular matrix (Matrigel) was quantified using a transwell migration assay. Mitogen activated protein kinase
activation was determined using phospho-MAP kinase–specific antibodies, and inhibition of MAP kinase pathways
was achieved by specific small molecule inhibitors. Localization of Rac1 and its expression levels were determined
by immunohistochemical analysis using a Rac1-specific antibody, and Rac1 activation was qualitatively assessed by
Rac1 plasma membrane association.
Results. Small interfering RNA–mediated depletion of Rac1 strongly inhibited medulloblastoma cell invasion.
Although depletion of Rac1 inhibited the proliferation of UW-228 cells, and of ONS-76 cells to a lesser extent, it
stimulated the proliferation of DAOY cells. Depletion of Rac1 also inhibited the activation of the ERK and JNK
MAP kinase pathways, and inhibition of either pathway diminished invasion and proliferation. Immunohistochemical analysis demonstrated that the Rac1 protein was overexpressed in all medulloblastoma tumors examined, and
indicated that Rac1 was hyperactive in 6 of 25 tumors.
Conclusions. The authors’ data show that Rac1 is necessary for the invasive behavior of medulloblastoma cells
in vitro, and plays a variable role in medulloblastoma cell proliferation. In addition, these results indicate that Rac1
stimulates medulloblastoma invasion by activating the ERK and JNK pathways. The authors suggest that Rac1 and
signaling elements controlled by this guanosine triphosphatase may serve as novel targets for therapeutic intervention
in malignant medulloblastomas. (DOI: 10.3171/2009.4.PEDS08322)
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edulloblastomas are highly cellular, primitive
neuroectodermal tumors of the posterior fossa.
They are the most common malignant brain tumor in children, representing up to 25% of all childhood
brain tumors, and 40% of all childhood posterior fossa tumors.14,28 The prognosis is largely dependent on age, extent

Abbreviations used in this paper: FBS = fetal bovine serum; GEF =
guanine nucleotide exchange factor; GTP = guanosine triphosphate;
MTS = 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)2-(4-sulfophenyl)-2H-tetrazolium; siRNA = small interfering RNA;
SRB = sulphorhodamine B.
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of disease spread (based on the presence of tumor cells in
the CSF and on pre- and postoperative neuroimaging), and
the extent of resection (< 1.5 cm3 of residual tumor).8,45
In children who undergo adequate resection followed by
aggressive adjunctive treatment consisting of radio- and
chemotherapy, 5-year overall survival rates as high as 85%
have been reported in those with focal tumors, and as high
as 70% in patients with invasive disease.18 Of patients who
do survive, however, many exhibit long-term neurocognitive and/or neuroendocrine sequelae. Metastatic spread
is present in 11–43% of patients with medulloblastomas,8
yet to date very little is understood concerning the genet97
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ics and biological mechanisms altered that allow invasion
and distant spread in patients with high-risk medulloblastomas.
Recent genomic analysis has revealed the existence
of 5 subtypes that have distinct genetic profiles and pathological features and appear to be driven by different signaling pathways.25,38 Notably, tumors characterized by
increased protein synthesis, cell cycle activity, and photoreceptor differentiation have a strong tendency to display metastatic disease.25 The mechanistic implications of
these findings still need to be determined, however.
Work from our laboratory and several others has
shown that the small GTPase Rac1 plays a critical role in
the invasive behavior of several tumor types.4,9,13,34 As do
other members of the Rho family of Ras-like small GTP
ases, Rac1 essentially functions as a switch: it is “on” in
the GTP-bound state, and “off” in the guanosine diphosphate–bound state.37 In the active state, Rac1 relays signals
from growth factors, cytokines, and adhesion molecules to
a large number of effector proteins. These effectors in turn
initiate distinct signaling cascades that work in concert to
regulate the organization of the actin cytoskeleton, and cell
adhesion, migration, invasion, and proliferation.24,33
In this study, we use RNA interference directed against
Rac1 and small molecule inhibitors of MAP kinase pathways to investigate the role of Rac1 and Rac1-controlled
signaling elements in the invasive behavior of medulloblastoma. We show that Rac1 is essential for medulloblastoma cell invasion and provide evidence that the ERK and
JNK pathways function downstream of Rac1 to stimulate
medulloblastoma invasion.
Reagents Used

Methods

The following antibodies were used for Western blot
analysis: anti-Rac1 (Upstate Biotechnology), anti–phosphoERK1/2 (Thr202/Tyr204), anti–phospho-JNK 1/2 (Thr183/
Tyr 185), anti–phospho-p38 (Thr 180/Tyr 182), anti–phospho-p70S6 (Ser 389), and anti-tubulin, all purchased from
Cell Signaling Technology. Small molecule inhibitors
were purchased from Promega (U0126) and Calbiochem
(SP600125 and SB203580). Sulphorhodamine B was purchased from Sigma.

Cell Lines and Tissue Culture Conditions

The human medulloblastoma cell line DAOY was obtained from American Type Culture Collection, and the
UW-228 and ONS-76 medulloblastoma cell lines were
kindly provided by Dr. James Rutka (The Hospital for Sick
Children, University of Toronto Hospital). All 3 cell lines
grow as adherent monolayers and were cultured in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C in a humidified 5% CO2 incubator.

Small Interfering RNA and Transfection Conditions

All siRNA target sequences were purchased from
Dharmacon in deprotected and desalted form, and siRNA
oligonucleotide duplexes specific for Rac1 were designed
as previously described.4,12 We used the following siRNA
sequences: Rac1–1, corresponding to bp 439–459 after
98

the start codon of the Rac1 gene (5ʹAAGGAGATTGGTG
CTGTAAAA); Rac1–2, corresponding to bp 616–636 after the start codon of the Rac1 gene (5ʹAACCTTTGTA
CGCTTTGCTCA); and luciferase, corresponding to bp
291–309 after the start codon of the GL2 luciferase gene
(5ʹAACGTACGCGGAATACTTCGA). For siRNA transfection, cells were plated at a density of 105 cells per well
in a 6-well plate for 4 hours, and then transfected using 20
nM of the siRNA duplex with 2.2 µg/ml of lipofectamine
2000 (Invitrogen). Cells were transfected for 24 hours,
and then fresh DMEM supplemented with 10% FBS and
1% penicillin-streptomycin was added.
Western Blot Analysis

Three days posttransfection, cells were starved overnight in DMEM and 0.5% bovine serum albumin, and
subsequently stimulated with DMEM and 10% FBS for 5
minutes. Cells were rinsed with cold phosphate-buffered
saline and lysed in radioimmunoprecipitation assay buffer. Fifteen micrograms of proteins were resolved on 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose polyvinylidene fluoride membranes for Western blot analysis. Goat primary
phospho-specific antibodies were diluted 1:1000 in 5%
bovine serum albumin in Tris-buffered saline containing
0.1% Tween-20 (TBST) and mouse primary Rac1-specific
antibodies were diluted 1:2000 in 5% milk in TBST. Blots
were developed utilizing SuperSignal West Pico enhanced
chemiluminescence detection (Pierce), and scanned and
quantified using Image J software (National Institutes of
Health).

Invasion Assays

Invasion assays were performed essentially as previously described.39 Briefly, Matrigel invasion chambers
(BD Falcon or Chemicon/Millipore) were hydrated in serum-free DMEM for 2 hours and then placed in DMEM
with 10% FBS and 1% penicillin-streptomycin (bottom
compartment). Three days after siRNA transfection, the
cells were plated in the top well of prehydrated Matrigel
invasion chambers (BD Falcon or Chemicon/Millipore) at
a density of 2 × 104 cells. Both wells were provided with
DMEM and 10% FBS. Cells were allowed to invade for 24
hours. Filters were fixed in 3.7% formaldehyde (Sigma) in
phosphate-buffered saline for 15 minutes and subsequently
stained with 0.2% crystal violet in 2% ethanol for 10 minutes. Invasion was quantified by counting of the total cell
number on the underside of the filter using an objective
lens with a magnification of 10 on an IX70 Olympus inverted microscope equipped with a digital camera.
Immunohistochemical Analysis

Sections (4-μm thick) were quenched with 3% hydrogen peroxide in methanol for 20 minutes, treated in a microwave oven for 3 minutes at 500 W using a citrate buffer (pH
6.0). After blocking nonspecific binding with 10% horse serum, they were incubated with mouse monoclonal antibodies against Rac1 (1:200) or nonimmune mouse IgG (30 μg/
ml) overnight at 4°C. After reactions with biotinylated horse
IgG to mouse IgG and an avidin-biotin-peroxidase complex
(Vector Laboratories), the color was developed with 3,3'-diJ Neurosurg: Pediatrics / Volume 4 / August 2009
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aminobenzidine tetrahydrochloride (Vector Laboratories).
Counterstaining was performed with hematoxylin.
Sulphorhodamine B and MTS Assays

Cell proliferation was measured using the SRB colorimetric assay.36 Briefly, 1 day after siRNA transfection, cells
were seeded at 2 × 103 cells/well in 6 wells of a 96-well
plate. At various times, cells were fixed in 10% trichloroacetic acid for 1 hour at 4°C, rinsed, and subsequently
stained for 30 minutes at room temperature with 0.2% SRB
dissolved in 1% acetic acid, followed by air drying. The
bound dye was solubilized in 100 µl of 10-mM unbuffered
Tris base for 30 minutes, and absorbance was read at 490
nm in an enzyme-linked immunosorbent plate reader. The
MTS assay was performed on Day 3 after transfection with
siRNA, targeting either Rac1 or luciferase using CellTiter
96 (Promega) following the manufacturer’s protocol.

Results

To study the role of Rac1 in medulloblastoma invasion,
we depleted Rac1 using transient transfection of siRNA11,12
and determined the effect of Rac1 depletion on cell invasion
through a thin layer of reconstituted extracellular matrix
(Matrigel), a standard assay for quantifying the invasive
behavior of a large variety of cancer cells.39 We also note
that the major components of Matrigel are laminin and collagen IV, both of which are enriched in the leptomeningeal
extracellular matrix.41 Depletion of Rac1 strongly inhibits
the invasive behavior of all 3 medulloblastoma cell lines
we examined, DAOY, UW-228, and ONS-76 (Fig. 1). We
obtained similar inhibition of cell invasion with 2 independent siRNA oligonucleotides that we previously characterized,4 confirming the specificity of these reagents.
We used the colorimetric MTS assay to examine
whether depletion of Rac1 has an effect on the survival of
medulloblastoma cells, thereby indirectly affecting their
invasive behavior. Three days after siRNA transfection,
the time when optimal depletion is achieved, the MTS assay values for Rac1-depleted medulloblastoma cells were
virtually identical to those of control cells: 99 ± 3% for
Rac1-depleted DAOY cells compared to control transfected DAOY cells, and 101 ± 2% for Rac1-depleted UW-228
cells compared to control transfected UW-228 cells. Thus,
depletion of Rac1 did not have any effect on medulloblastoma cell survival. We also examined the effect of Rac1
depletion on cell proliferation using the colorimetric SRB
assay.36 Surprisingly, the role of Rac1 in medulloblastoma
cell proliferation qualitatively depends on the cell line
studied. Although depletion of Rac1 inhibits the proliferation of UW-228 cells and to a lesser extent that of ONS76 cells, it has a stimulatory effect on the proliferation
of DAOY cells (Fig. 2). No significant proliferation was
observed, however, over the first day of plating, which
corresponds to the time period during which the invasion
assay took place; this rules out the possibility that the role
of Rac1 in the proliferative behavior of the respective cell
lines significantly modulates the observed effect of Rac1
depletion on the extent of invasion of these cells.
The role of Rac1 in medulloblastoma invasion raised
the question of whether there is an increase in Rac1 proJ Neurosurg: Pediatrics / Volume 4 / August 2009

Fig. 1. The presence of Rac1 is necessary for medulloblastoma
cell invasion. Upper: Graph showing Matrigel invasion assay. The
DAOY, UW-228, and ONS-76 medulloblastoma cells were transfected
with siRNAs targeting 2 different regions of the Rac1 gene (Rac1–1 and
Rac1–2) or luciferase (control [ctrl]). Three days after transfection, cells
were seeded onto Matrigel-coated filters and allowed to invade for 24
hours against a gradient of 10% FBS. Subsequently, cells were fixed,
stained, and the total number of invaded cells was determined using
digital microscopy. Invaded cells were normalized to invaded control
cells. Data shown are the means of 3–6 independent experiments ±
SEMs, using triplicate wells each. *p < 0.001, 2-tailed t-test, compared
to control. Lower: Western blot analysis verifying depletion of Rac1 in
the 3 cell lines. a.u. = arbitrary units.

tein expression in medulloblastoma tissues. We therefore
performed immunohistochemical analysis on a panel of 25
medulloblastoma cases, including specimens from 6 patients in whom CNS dissemination was displayed at diagnosis. All tumor samples stained positively for Rac1, while
normal cerebellum showed no significant staining (Fig. 3).
Notably, whereas Rac1 staining was predominantly cytoplasmic in the majority of the cases, in 6 specimens, there
was marked plasma membrane staining in addition to cytosolic staining of Rac1. This finding is significant in that
inactive Rac1 resides in the cytoplasm, where it is bound
to guanosine diphosphate dissociation inhibitors, whereas
activated Rac1 localizes to the plasma membrane.29 Thus,
these observations indicate a high level of Rac1 activation
in a subset of medulloblastoma samples. No correlation be99
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Fig. 3. Photomicrographs showing the immunolocalization of Rac1
in medulloblastoma cells. Paraffin sections were immunostained with
monoclonal antibodies against Rac1 (A and B). Note the Rac1 immunostaining on the cell membrane of medulloblastoma cells (arrows). No
significant staining is observed in medulloblastoma sections stained
with nonimmune IgG (C) and normal cerebellum (granular layer [left]
and molecular layer [right]) with anti-Rac1 antibody (D). Hematoxylin
counterstain. Bar = 100 µm.

Fig. 2. Graphs showing the role of Rac1 in the proliferative behavior
of medulloblastoma cells. The DAOY (A), UW-228 (B), and ONS-76 cells
(C) were transfected with siRNAs targeting either Rac1 or luciferase
(control). One day after transfection, cells were seeded in 96-well plates
in serum-containing medium. Cells were fixed 8 hours after seeding
(Day 1) to allow cells to adhere, and subsequently at 24-hour intervals.
The SRB staining and readings were performed as described in Methods. Values for Days 2–5 were normalized to those obtained on Day 1
after transfection. Data shown are the means of 6 wells ± SEMs and are
representative of 5 independent experiments.

tween Rac1 plasma membrane staining and CNS dissemination was observed, however.
To begin elucidating the signal transduction mechanisms that underlie the role of Rac1 in medulloblastoma
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invasion, we first examined the roles of the 3 MAP kinase
signaling cascades (ERK, JNK, and p38) in this process,
because Rac1 has been shown to contribute to their activation.7,17,26,27 To inhibit the respective MAP kinases, we used
chemical inhibitors that specifically interfered either with
the kinases themselves or with upstream elements. Inhibition of either MEK1/2, the kinases that phosphorylate and
activate ERK by U012615 or of JNK by SP60012522 significantly inhibited the invasive behavior of both DAOY and
UW-228 cells (Fig. 4). Inhibition of p38α/β by SB20358044
at a concentration that strongly inhibits these kinases6 had
no significant effect on the invasiveness of the medulloblastoma cells (Fig. 4). These results indicate that both the
ERK and JNK kinases are necessary for medulloblastoma
invasion.
We also examined the role of these signaling pathways in medulloblastoma cell proliferation. As is the case
for cell invasion, inhibition of either the ERK or JNK
pathways significantly inhibited the invasive behavior of
both DAOY and UW-228 cells, whereas inhibition of p38
had only a minor inhibitory effect (Fig. 5).
We next investigated the extent to which Rac1 contributes to the activity of the ERK, JNK, and p38 kinases in
medulloblastoma cells. To accomplish this, we determined
whether siRNA-mediated depletion of Rac1 inhibits the
activation of these MAP kinases by serum stimulation, using Western blot analysis with antibodies specific for the
activated state of these kinases. We observed that depletion
of Rac1 significantly inhibits serum-stimulated activation
of ERK and JNK in both DAOY and UW-228 cells (Figs.
6 and 7). Surprisingly, however, inhibition of Rac1 expression enhanced serum-stimulated activation of p38 in the
medulloblastoma cells (Fig. 8). Thus, taken together, our
observations indicate that Rac1 regulates medulloblastoma
invasion by stimulating the ERK and JNK pathways.
J Neurosurg: Pediatrics / Volume 4 / August 2009
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Fig. 4. Graphs showing that activation of the ERK and JNK pathways is necessary for medulloblastoma cell invasion in DAOY cells
(upper) and UW-228 cells (lower). Invasion assays were performed as
described in Fig. 1. Small molecule inhibitors of MEK (U0126, 2 µM),
JNK (SP600125, 20 µM), or p38 (SB203580, 2 µM) were added to both
top and bottom wells. Control cells were treated with the equivalent
volume of DMSO. Data shown are the means ± SEMs of 4 experiments
using triplicate wells each. *p < 0.001, 2-tailed t-test.

Discussion

Our data in the present study demonstrate an essential
role for the small GTPase Rac1 in the invasive behavior of
medulloblastoma cells. Our data further suggest that the
ERK and JNK pathways act downstream of Rac1 to stimulate medulloblastoma invasion. Importantly, immunohistochemical analysis also demonstrated that Rac1 is overexpressed and hyperactive in medulloblastoma tissue in situ.
Overexpression of Rac1 protein has been observed
in a large number of different tumors.20 However, knowledge about the activation state of Rac1 in tumors is still
lacking, although this information is highly relevant to
clinical treatment in patients with cancer. Thus, our data
suggesting that Rac1 is hyperactive in a subset of medulloblastoma cases is very significant; we recently made similar observations in glioblastomas.35
Medulloblastoma cells display deregulation of a numJ Neurosurg: Pediatrics / Volume 4 / August 2009

Fig. 5. Graphs showing that activation of the ERK and JNK pathways is necessary for medulloblastoma cell proliferation in DAOY cells
(upper) and UW-228 cells (lower). Cells were plated as described in Fig.
2 in the presence of U0126 (2 µM), SP600125 (20 µM), or SB203580 (2
µM). Control cells were treated with the equivalent volume of DMSO; inhibitors were replenished every other day. Data shown are the means of
6 wells ± SEMs and are representative of 3 independent experiments.

ber of tyrosine kinase receptors, and in some instances of
their cognate ligands, which could lead to constitutive activation of Rac1, including c-Met, ErbB2, IGF receptor, and
PDGF receptor β.19,21 All these tyrosine kinase receptors
have been shown to cause Rac1 activation in other cell systems2,3,43 and therefore probably also in medulloblastoma
cells.
Our data also show, for the first time, that both the
ERK and JNK pathways contribute to the invasive behavior of medulloblastoma cells. Notably, the ERK pathway
is upregulated in a large fraction of medulloblastoma tumors.42 It will therefore also be of interest to investigate
whether JNK is upregulated in medulloblastoma cells.
The role of the ERK pathway in tumor cell invasion
is well documented, and is mediated by directly modulating the function of cytosolic proteins such as MLCK, and
stimulating the expression of many genes, including matrix metalloproteases.31 The JNK pathway has also been
implicated in the control of cell migration, and similar to
ERK, phosphorylates cytosolic substrates such as the focal adhesion protein paxillin and stimulates the transcription of metalloproteases.23
101
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Fig. 6. The presence of Rac1 is necessary for efficient ERK activation in medulloblastoma cells. Upper: Western blots
showing serum-induced ERK activation (phospho-ERK [p-ERK]) in Rac1-depleted and control cells. Lower: Bar graphs showing quantification of the Western blots. Data shown are the means ± SEMs of 3 experiments. *p < 0.001, 2-tailed t-test.

It is likely, however, that in addition to mediating the
activation of the ERK and JNK pathways, Rac1 stimulates
additional signaling pathways to promote cell invasion.
In line with this, we found that the phosphatidylinositol
phosphatase synaptojanin 2, an effector of Rac1 that is essential for tumor cell invasion (including in glioblastoma
cells5) is also necessary for invasion of medulloblastoma
cells (data not shown).

Although Rac1 is critical to the invasive behavior of the
3 medulloblastoma cell lines tested, we found that it had a
variable role in medulloblastoma cell proliferation, as the
effects of Rac1 depletion on cell proliferation qualitatively
depended on the cell line used. The stimulatory effect of
depleting Rac1 in DAOY cells is surprising, as inhibition
of Rac1 activity generally leads to a decrease in cell proliferation.20,40 Interestingly, our analysis of Rac1-controlled

Fig. 7. The presence of Rac1 is necessary for efficient JNK activation in medulloblastoma cells. Upper: Western blots
showing serum-induced JNK activation (phospho-JNK [p-JNK]) in Rac1-depleted and control cells. Lower: Bar graphs showing
quantification of the Western blots. Data shown are the means ± SEMs of 3 experiments. *p < 0.001, 2-tailed t-test.
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Fig. 8. Depletion of Rac1 enhances p38 activation in medulloblastoma cells. Upper: Western blots showing serum-induced
p38 activation (phospho-p38 [p-p38]) in Rac1-depleted and control cells. Lower: Bar graphs showing quantification of Western
blots. Data shown are the means ± SEMs of 3 experiments. *p < 0.001, 2-tailed t-test.

signaling pathways demonstrated that Rac1 is necessary
for serum-stimulated activation of the ERK and JNK pathways, both in DAOY and UW-228 cells. Moreover, we
found that interference with the ERK and JNK pathways
strongly diminished cell proliferation in both DAOY and
UW-228 cells, in accordance with the proproliferative roles
of these pathways in other cells.30 Therefore, the signaling
mechanisms responsible for the inhibitory effect of Rac1
on DAOY cell proliferation are not mediated by either the
ERK or JNK pathway, and remain to be elucidated.

Conclusions

Our results indicate the critical role of Rac1 in the invasive behavior of medulloblastoma cells. Whether Rac1
represents a novel potential therapeutic target for medulloblastoma remains to be critically evaluated.16 An important caveat is that Rac1 controls a large number of cellular
functions.24 In particular, Rac1 plays a critical role in the
migratory properties of a number of normal cell types, including neurons and leukocytes.1,10 However, our findings
strongly suggest that further molecular dissection of Rac1controlled signaling mechanisms may yield additional drug
targets for medulloblastoma therapy. For instance, there are
a large number of GEFs that have been shown to activate
Rac132 and are likely to offer a larger therapeutic window.
Indeed, a number of these GEFs are expressed in a tissueor cell type–specific manner, and/or may be hyperactive
in medulloblastoma. Thus, we recently demonstrated that
Ect2, Vav3, and Trio—3 GEFs that can activate Rac1—are
necessary for glioblastoma cell invasion and are overexJ Neurosurg: Pediatrics / Volume 4 / August 2009

pressed in glioblastoma tissue versus low-grade glioma or
nonneoplastic brain cells.35 It would therefore be of great
interest to perform similar studies in medulloblastomas.
Disclosure
This work was supported by funding from the Project To Cure
Foundation and the Little Louie Foundation to Marc Symons, Ph.D.
Acknowledgments
The authors thank Dr. James Rutka (The Hospital for Sick
Children, University of Toronto Hospital) for the kind gift of UW-228
and ONS-76 cells, and A. Imamura (Kanazawa University) for technical assistance.
References
1. Benard V, Bokoch GM, Diebold BA: Potential drug targets:
small GTPases that regulate leukocyte function. Trends Phar
macol Sci 20:365–370, 1999
2. Bosse T, Ehinger J, Czuchra A, Benesch S, Steffen A, Wu X, et
al: Cdc42 and phosphoinositide 3-kinase drive Rac-mediated
actin polymerization downstream of c-Met in distinct and
common pathways. Mol Cell Biol 27:6615–6628, 2007
3. Ceacareanu AC, Ceacareanu B, Zhuang D, Chang Y, Ray RM,
Desai L, et al: Nitric oxide attenuates IGF-I-induced aortic
smooth muscle cell motility by decreasing Rac1 activity: essential role of PTP-PEST and p130cas. Am J Physiol Cell
Physiol 290:C1263–C1270, 2006
4. Chan AY, Coniglio SJ, Chuang YY, Michaelson D, Knaus UG,
Philips MR, et al: Roles of the Rac1 and Rac3 GTPases in human tumor cell invasion. Oncogene 24:7821–7829, 2005
5. Chuang YY, Tran NL, Rusk N, Nakada M, Berens ME, Symons M: Role of synaptojanin 2 in glioma cell migration and
invasion. Cancer Res 64:8271–8275, 2004

103

S. Zavarella et al.
6. Coniglio SJ, Jou TS, Symons M: Rac1 protects epithelial cells
against anoikis. J Biol Chem 276:28113–28120, 2001
7. Coso OA, Chiariello M, Yu JC, Teramoto H, Crespo P, Xu N,
et al: The small GTP-binding proteins Rac1 and Cdc42 regulate the activity of the JNK/SAPK signaling pathway. Cell
81:1137–1146, 1995
8. Crawford JR, MacDonald TJ, Packer RJ: Medulloblastoma in
childhood: new biological advances. Lancet Neurol 6:1073–
1085, 2007
9. Cruz-Monserrate Z, O’Connor KL: Integrin alpha 6 beta 4
promotes migration, invasion through Tiam1 upregulation,
and subsequent Rac activation. Neoplasia 10:408–417, 2008
10. de Curtis I: Functions of Rac GTPases during neuronal development. Dev Neurosci 30:47–58, 2008
11. Dykxhoorn DM, Novina CD, Sharp PA: Killing the messenger: short RNAs that silence gene expression. Nat Rev Mol
Cell Biol 4:457–467, 2003
12. Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K,
Tuschl T: Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature 411:494–498,
2001
13. Espina C, Cespedes MV, Garcia-Cabezas MA, del Pulgar MT,
Boluda A, Oroz GL, et al: A critical role for Rac1 in tumor
progression of human colorectal adenocarcinoma cells. Am J
Pathol 172:156–166, 2008
14. Farwell JR, Dohrmann GJ, Flannery JT: Medulloblastoma in
childhood: an epidemiological study. J Neurosurg 61:657–
664, 1984
15. Favata MF, Horiuchi KY, Manos EJ, Daulerio AJ, Stradley
DA, Feeser WS, et al: Identification of a novel inhibitor of
mitogen-activated protein kinase kinase. J Biol Chem 273:
18623–18632, 1998
16. Fritz G, Kaina B: Rho GTPases: promising cellular targets for
novel anticancer drugs. Curr Cancer Drug Targets 6:1–14,
2006
17. Frost JA, Steen H, Shapiro P, Lewis T, Ahn N, Shaw PE, et al:
Cross-cascade activation of ERKs and ternary complex factors by Rho family proteins. EMBO J 16:6426–6438, 1997
18. Gajjar A, Chintagumpala M, Ashley D, Kellie S, Kun LE,
Merchant TE, et al: Risk-adapted craniospinal radiotherapy
followed by high-dose chemotherapy and stem-cell rescue
in children with newly diagnosed medulloblastoma (St Jude
Medulloblastoma-96): long-term results from a prospective,
multicentre trial. Lancet Oncol 7:813–820, 2006
19. Gilbertson RJ, Clifford SC: PDGFRB is overexpressed in metastatic medulloblastoma. Nat Genet 35:197–198, 2003
20. Gómez del Pulgar T, Benitah SA, Valerón PF, Espina C, Lacal
JC: Rho GTPase expression in tumourigenesis: evidence for a
significant link. Bioessays 27:602–613, 2005
21. Guessous F, Li Y, Abounader R: Signaling pathways in medulloblastoma. J Cell Physiol 217:577–583, 2008
22. Han Z, Boyle DL, Chang L, Bennett B, Karin M, Yang L, et
al: c-Jun N-terminal kinase is required for metalloproteinase
expression and joint destruction in inflammatory arthritis. J
Clin Invest 108:73–81, 2001
23. Huang C, Jacobson K, Schaller MD: MAP kinases and cell
migration. J Cell Sci 117:4619–4628, 2004
24. Jaffe AB, Hall A: Rho GTPases: biochemistry and biology.
Annu Rev Cell Dev Biol 21:247–269, 2005
25. Kool M, Koster J, Bunt J, Hasselt NE, Lakeman A, van Sluis
P, et al: Integrated genomics identifies five medulloblastoma
subtypes with distinct genetic profiles, pathway signatures
and clinicopathological features. PLoS One 3:e3088, 2008
26. Leng J, Klemke RL, Reddy AC, Cheresh DA: Potentiation
of cell migration by adhesion-dependent cooperative signals
from the GTPase Rac and Raf kinase. J Biol Chem 274:
37855–37861, 1999
27. Minden A, Lin A, Claret FX, Abo A, Karin M: Selective activation of the JNK signaling cascade and c-Jun transcriptional
activity by the small GTPases Rac and Cdc42Hs. Cell 81:
1147–1157, 1995
28. Packer RJ, Cogen P, Vezina G, Rorke LB: Medulloblastoma:
clinical and biologic aspects. Neuro Oncol 1:232–250, 1999

104

29. Quinn MT, Evans T, Loetterle LR, Jesaitis AJ, Bokoch GM:
Translocation of Rac correlates with NADPH oxidase activation. Evidence for equimolar translocation of oxidase components. J Biol Chem 268:20983–20987, 1993
30. Raman M, Chen W, Cobb MH: Differential regulation and
properties of MAPKs. Oncogene 26:3100–3112, 2007
31. Reddy KB, Nabha SM, Atanaskova N: Role of MAP kinase in
tumor progression and invasion. Cancer Metastasis Rev 22:
395–403, 2003
32. Rossman KL, Der CJ, Sondek J: GEF means go: turning on
RHO GTPases with guanine nucleotide-exchange factors. Nat
Rev Mol Cell Biol 6:167–180, 2005
33. Sahai E, Marshall CJ: Rho GTPases and cancer. Nat Rev Can
cer 2:133–142, 2002
34. Salhia B, Rutten F, Nakada M, Beaudry C, Berens M, Kwan
A, et al: Inhibition of Rho-kinase affects astrocytoma morphology, motility, and invasion through activation of Rac1.
Cancer Res 65:8792–8800, 2005
35. Salhia B, Tran NL, Wolf A, Nakada M, McDonough WS, Chan
A, et al: The guanine nucleotide exchange factors Trio, Ect2,
and Vav3 mediate the invasive behavior of glioblastoma. Am
J Pathol 173:1828–1838, 2008
36. Skehan P, Storeng R, Scudiero D, Monks A, McMahon J, Vistica D: New colorimetric cytotoxicity assay for anticancerdrug screening. J Natl Cancer Inst 82:1107–1112, 1990
37. Symons M, Settleman J: Rho family GTPases: more than simple switches. Trends Cell Biol 10:415–419, 2000
38. Thompson MC, Fuller C, Hogg TL, Dalton J, Finkelstein D,
Lau CC, et al: Genomics identifies medulloblastoma subgroups
that are enriched for specific genetic alterations. J Clin Oncol
24:1924–1931, 2006
39. Valster A, Tran NL, Nakada M, Berens ME, Chan AY, Symons
M: Cell migration and invasion assays. Methods 37:208–215,
2005
40. Welsh CF: Rho GTPases as key transducers of proliferative
signals in G1 cell cycle regulation. Breast Cancer Res Treat
84:33–42, 2004
41. Wikstrand CJ, Friedman HS, Bigner DD: Medulloblastoma
cell-substrate interaction in vitro. Invasion Metastasis 11:
310–324, 1991
42. Wlodarski P, Grajkowska W, Lojek M, Rainko K, Jozwiak J:
Activation of Akt and Erk pathways in medulloblastoma. Fo
lia Neuropathol 44:214–220, 2006
43. Yang C, Liu Y, Lemmon MA, Kazanietz MG: Essential role
for Rac in heregulin beta1 mitogenic signaling: a mechanism
that involves epidermal growth factor receptor and is independent of ErbB4. Mol Cell Biol 26:831–842, 2006
44. Young PR, McLaughlin MM, Kumar S, Kassis S, Doyle ML,
McNulty D, et al: Pyridinyl imidazole inhibitors of p38 mitogen-activated protein kinase bind in the ATP site. J Biol
Chem 272:12116–12121, 1997
45. Zeltzer PM, Boyett JM, Finlay JL, Albright AL, Rorke LB,
Milstein JM, et al: Metastasis stage, adjuvant treatment, and
residual tumor are prognostic factors for medulloblastoma in
children: conclusions from the Children’s Cancer Group 921
randomized phase III study. J Clin Oncol 17:832–845, 1999

Manuscript submitted October 6, 2008.
Accepted April 3, 2009.
Portions of this work have been presented as oral presentations at
the following meetings: Annual Meeting, Congress of Neurological
Surgeons, San Diego, California, September 15, 2007 (Dr. Zavarella);
the Annual Meeting, American Society of Pediatric Neurosurgeons,
Cabo San Lucas, Mexico, February 3, 2008 (Dr. Schneider); and
Annual Meeting, American Association of Neurological Surgeons,
Chicago, Illinois, April 26, 2008 (Dr. Zavarella).
Address correspondence to: Marc Symons, Ph.D., The Feinstein
Institute for Medical Research, 350 Community Drive, Manhasset,
New York 11030. email: msymons@nshs.edu.

J Neurosurg: Pediatrics / Volume 4 / August 2009

