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Leptomeningeal metastasis is a cause of morbidity and mortality in medulloblastoma, but the under-
standing of molecular mechanisms driving this process is nascent. In this study, we examined the secre-
tory chemokine profile of medulloblastoma cells (DAOY) and a meningothelial cell line (BMENT1).
Conditioned media (CM) of meningothelial cells increased adhesion, spreading and migration of medul-

Keywords: loblastoma. VEGFA was identified at elevated levels in the CM from BMENT1 cells (as compared to DAOY
{\/Asg;l\l‘)blasmma CM); however, recombinant VEGFA alone was insufficient to enhance medulloblastoma cell migration. In

addition, bevacizumab, the VEGFA scavenging monoclonal antibody, did not block the migratory pheno-
type induced by the CM. These results reveal that paracrine factors secreted by meningothelial cells can
influence migration and adherence of medulloblastoma tumor cells, but VEGFA may not be a specific tar-

Leptomeningeal metastasis

get for therapeutic intervention in this context.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Medulloblastoma is the most common malignant primary brain
tumor in children [1,2]. Despite overall effectiveness of therapy,
metastasis to the leptomeninges represents a major treatment
challenge [3,4]. Thus, an improved biological basis for therapy is
needed to overcome this mortality and morbidity. The specialized
microenvironment of the brain, well-isolated from the systemic
circulation, presents a challenging yet interesting opportunity to
identify the microenvironment-specific cues such as cytokines
and growth factors stimulating active or passive movement of
tumor cells away from the primary site and subsequent tumor cell
adhesion to the leptomeninges [5,6].

Vascular endothelial growth factor (VEGF) is known to play
a pivotal role in embryonic hematopoiesis and vasculogenesis,
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proliferation, migration and adhesion of endothelial cells [7] and
is a mediator of tumor angiogenesis and metastasis in many malig-
nancies [8,9]. The best characterized VEGF ligand is VEGFA that
activates intracellular signaling via high affinity binding to cognate
receptors VEGFR1 and VEGFR2. The FDA has approved several anti-
angiogenic agents for use in combination with chemotherapy to
treat multiple adult solid tumors. These agents have shown effi-
cacy/equivocal efficacy for many adult cancers [10,11]; however,
the use of such drugs are still investigational for childhood tumors.
Medulloblastoma cells have been reported to express VEGF ligand
and cognate receptors, VEGFR1 and 2 [12]. Furthermore elevated
levels of VEGF in the cerebrospinal fluid (CSF) of medulloblastoma
patients whose tumors exhibit leptomeningeal metastasis (LM)
[13], as well as other brain tumors [14] and extra-axial tumors
with leptomeningeal trophism [15] has been reported.

Due to the high propensity of medulloblastoma tumors for
leptomeningeal dissemination, we tested the hypothesis that men-
ingothelial cells play an active role in the migration and attach-
ment of medulloblastoma cells. We investigated the extent to
which medulloblastoma cells respond to autocrine and paracrine
chemokine signals that may facilitate migration and attachment
to meningothelial cells of the leptomeninges. Results demonstrate
that chemokines and growth factors secreted by meningothelial
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cells robustly promote chemotactic migration and adhesion of the
TP53-mutated and SHH-pathway activated DAOY medulloblas-
toma cells more than that induced by autocrine factors from DAOY
cells [16]. Although VEGF was secreted at elevated level from the
meningothelial cells, recombinant VEGFA did not induce migration
in medulloblastoma cells; furthermore, the VEGFA neutralizing
antibody, bevacizumab, did not inhibit tumor cell migration
in vitro.

2. Materials and methods
2.1. Cell culture and conditioned media preparation

Human DAOY medulloblastoma cells harboring a C242F TP53
mutation was obtained from American Type Culture Collection
(Manassas, VA) were cultured in MEM media containing 10% fetal
bovine serum (FBS). Immortalized human benign meningothelial
meningioma cells (BMENT1) [17] used here as a model of normal
meningothelial cells were obtained from DSMZ (Braunschweig,
Germany) were cultured in DMEM containing 20% FBS. To prepare
the conditioned media (CM), 5 x 10° cells were grown until 75%
confluent in a 10 cm dish and after washing with phosphate buffer
saline (PBS), further incubated in 10 ml of serum free media. At
96 h, the culture supernatant was collected and centrifuged to
clear cellular debris and stored at —80 °C until further use.

2.2. Immunohistochemistry

VEGFR2 (FIk-1) immunohistochemistry was detected by VEGF
Receptor 2 mAb (#2479 Cell Signaling Technology, MA) on medul-
loblastoma tissue microarrays (block series 30000-30-P8156) from
the Pediatric Cooperative Human Tissue Network/Children’s
Oncology Group Biorepository (Columbus, OH). VEGFR1 (Flt-1)
staining was performed with a rabbit mAb (#1303-1, Epitomics,
CA). P14ARF staining was performed with a rabbit polyclonal anti-
body (#NB100-57549, Novus Biologics, CO). TP53 immunohisto-
chemistry was performed on 4 pm thick paraffin-embedded
sections using a Discovery XT (Ventana Medical Systems, AZ) auto-
mated instrument with a biotin-free, multimer technology detec-
tion kit and conjugate (ChromoMap DAB Kit (760-159)/OmniMap
anti-Ms HRP (760-4310), Ventana). For antigen retrieval, CC1
(950-124, Ventana) was used. The antibody was incubated for
1h at room temperature. The primary TP53 antibody was from
Dako (clone DO-7, dilution 1:20). TP53 expression was scored
based on percentage of positive lesional nuclei: 0=0%, 1+=
1-25%, 2+=26-50%, and 3+=>50%. Only nuclear staining was
scored as positive.

2.3. Migration assay

DAOQY cells, pre-stained with 5 pM Calcein-AM, were suspended
in serum free media and 2 x 10* cells added to the upper chamber
of HTS FluoroBlok® transwell permeable inserts (Becton Dickinson,
NJ). DAOY CM, BMEN1 CM and serum free media (SFM) or where
indicated recombinant human VEGFA ligand (Human Vascular
Endothelial Growth Factor-165 (hVEGF165, #8065, Cell Signaling
Technology, MA) were used in the lower wells as chemoattractant.
For blocking antibody experiments, bevacizumab or control
humanized IgG were added to the BMEN1 CM at indicated concen-
trations and incubated at 37 °C for 15 min prior to the transwell
migration assay. After 18 h, the migrated cells were imaged using
EVOS™(] inverted fluorescence microscope (Advanced Microscopy
Group, Bothell, WA). Twenty fields of view were randomly imaged
from each transwell using 10x objective magnification and the

number of migrated cells were counted using Image] software
(NIH).

2.4. DAOY spreading assay

Glass coverslips were coated overnight with the SFM, BMENT1 or
DAOQY CM. Calcein-AM-labeled DAOY cells were harvested, washed
and resuspended in SFM and 2 x 10* cells were seeded on the cov-
erslips for 30 min at 37 °C. The unattached cells were removed by
aspiration and after washing with PBS, adhered cells were fixed
with 4% paraformaldehyde and permeabilized with 0.2%
Triton-X-100. Polymerized actin filaments were stained with
Rhodamine-Phalloidin (1:1000). Stained cells were mounted on
microscope slides with Prolong Gold® antifade reagent containing
DAPI (Life Technologies, CA) and imaged using EVOS™f] micro-
scope (Advanced Microscopy Group).

2.5. RACT activation assay

The GTP-RAC1 assay was performed as previously described
[18] using a GST fusion protein of the CRIB domain of PAK1
(GST-PAK-CRIB) as bait to enrich activated GTP-bound RACI.
RAC1 was detected by immunoblotting with a monoclonal anti-
RAC1 antibody (BD Transduction lab, CA).

2.6. Angiogenesis array and ELISA for VEGFA

The expression profiling of angiogenesis-related proteins in the
BMEN1 CM and DAOY CM, using 1 ml of CM, was performed
according to the manufacturer’s protocol (Human Angiogenesis
Array Kit, R&D Systems, MN). Chemiluminescence was detected
using IVIS Lumina II imaging system (Caliper Life Sciences,
Hopkinton, MA). The level of VEGFA in BMEN1 CM or DAOY CM
was quantitatively determined using a VEGFA ELISA kit from
Thermo-Fisher (#EH2VEGF).

2.7. Western blotting

Immunoblotting was performed as previously described [19].
The following antibodies were used to detect VEGF receptors in
human medulloblastoma cell lysates: VEGF Receptor 2 (Flk-1)
(#2479, Cell Signaling Technology, MA); VEGFR1 (Flt-1) (#1303-
1, Epitomics, CA); Neuropilin-2 (AP11578b, Abgent, CA).

2.8. Statistical analysis

Where indicated non-parametric t-test or one-way ANOVA
analysis (Microsoft Excel or GraphPad Prism) was used to deter-
mine the statistical significance and p < 0.05 was deemed signifi-
cant. Asterisks in figures and the description of asterisks in figure
legends indicate level of statistical significance.

3. Results

3.1. Secretory proteins from the benign meningioma and DAOY cells
increase migration of medulloblastoma cells

Tumor macro- and microenvironment can play important role
in regulating multiple aspects of tumor progression [20]. Using
conditioned media (CM) from the BMEN1 and DAOY cells, we
observed that the migration of DAQY cells significantly increased
(8-12 fold) when compared with basal migration in serum-free
medium (SFM) (Fig. 1A and B). Notably, the secreted chemokines
in the BMEN1 CM stimulated an additional 4-fold increase in cell
migration compared to the autocrine signals from DAOY CM.
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Fig. 1. Secretory proteins from BMEN1 meningothelial and DAOY medulloblastoma cells increase migration of DAQY cells. (A) Representative images showing Calcein-AM-
labeled migrated DAOY cells in response to BMEN1 and DAOY CM and SFM used as chemoattractant. N = 4. (B) Number of migrated cells from twenty non-overlapping fields
quantified using Image ] software. Bars show average + SEM. N = 4, *p < 0.05. (C) The proliferation of BMEN1 and DAOY cells was assessed with Cell-Titer-Glo® reagent. Solid

line - BMENT1, dashed line - DAOY cells. Bars show average + SEM. N = 3, *p < 0.05.

However, no difference was observed in the growth rates of
BMENT1 or DAOY cells eliminating any influence of the CM on cell
proliferation (Fig. 1C).

3.2. Conditioned media increases adhesion of medulloblastoma cells

The RHO-family GTPases are small G-proteins that are essential
modulators of cellular cytoskeletal networks. The overexpression
of RAC1, a member of the RHO protein super-family, has been pre-
viously shown in DAOY cells and in medulloblastoma tumors and
RAC1 activity is known to functionally regulate DAOY cell migra-
tion [21,22]. Our result shows significant activation of RAC1 when
DAOQY cells are stimulated with BMEN1 CM and to a lesser degree
with DAOY CM (Fig. 2A and B).

Next, we observed that increased number of DAOY cells
adhered to coverslips coated with BMEN1 or DAOY CM as com-
pared to serum free medium (Fig. 2C). Consistent with the migra-
tion assay, a modest increase in cell adhesion was present with
BMEN1 CM than DAOY CM. Further; DAQY cells that were plated
on glass surface coated with BMEN1 and DAOY CM exhibited
highly prominent lamellipodial extensions that are enriched in sta-
ble polymerized actin filaments. In contrast, the number of
adhered DAOY cells, the extent of cell spreading and lamellipodial
extensions were minimal in SFM (Fig. 2D).

3.3. Comparative screening of growth factors secreted from DAOY or
BMENT cells

To determine the identity of the secreted factors in the BMEN1
and DAOY CM, we examined the relative level of 55 angiogenesis-
related proteins using hybridization array panels. As shown in
Fig. 3A, although the level of selective proteins such as insulin-like
growth factor binding proteins-1,-2, and -3, TIMP-1 and SerpinE1 is
elevated in both BMEN1 and DAOY CM, a striking increase in VEG-
FA was found in BMEN1 CM compared to DAOY CM. Using an ELISA
assay, we quantitatively assessed the level of VEGFA in both

BMEN1 CM and DAOY CM as compared to 10% FBS containing
growth medium and SFM. In accordance with the qualitative data
from the angiogenesis array, we found the levels of VEGFA to be
higher in BMENT1 cells (875.8 £ 97.1 pg/ml) as compared to DAOY
CM (28 pg/ml). Growth media (with 10% FBS) and SFM had no
detectable VEGFA (assay sensitivity range of 32.5-2000 pg/ml).
The role of VEGF in the proliferation and angiogenesis of many
tumor cell types has been well studied; however, the role of VEGF
as a chemoattractant in the leptomeningeal metastasis of medullo-
blastoma is not known. Therefore, we focused on the role of VEGF
in chemotaxis and adhesion of medulloblastoma cells. We exam-
ined the expression of VEGFR2, VEGFR1 or the VEGFR co-receptor
Neuropilin2, receptors for the ligand VEGF, in DAOY and BMEN1
cells (Fig. 3B). The DAQOY as well as BMEN1 cells expressed both
receptors for the VEGFA ligand, VEGFR1 and VEGFR2 as well as
the VEGFR co-receptor, neuropillin2. To determine the clinical rel-
evance of VEGFR expression, we next examined the prevalence of
VEGFR2 and VEGFR1 expression in human medulloblastoma by
immunohistochemistry of tissue microarrays. VEGFR1 was more
strongly expressed in the human medulloblastoma tumor samples
with 41 out of 45 medulloblastoma sections staining strongly
for VEGFR1 but only 3 cases staining weakly for VEGFR2 with
no apparent relationship to p14ARF/P53 status (Fig. 3C,
Supplementary Fig. D, and Supplementary Table 1).

3.4. Recombinant vascular endothelial growth factor activity alone
does not regulate the migration of DAOY cells

Since VEGFA ligand expression is higher in BMEN1 CM com-
pared to DAOY CM and both VEGFR1 and VEGFR2 are expressed
in DAOQY cells, we postulated that VEGFA might be a functionally
relevant chemoattractant for medulloblastoma cells. We tested
this hypothesis by examining the relative migration of DAQY cells
in response to recombinant human VEGFA (hVEGF-165) as com-
pared with BMEN1 CM. In contrast to our hypothesis, no detectable
increase in cell migration was observed when DAOY cells were
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Fig. 2. Conditioned media from BMENT1 cells enhances DAOY cell adhesion (A) Representative immunoblot showing RAC1 immunoreactivity. Activated RAC1 (GTP-RAC1) and
the total RAC1 are shown in the top and bottom blots respectively. (B) Quantification of relative RAC1 activity in DAOY cells after stimulation with BMEN1 CM and DAOY CM.
The ratio of GTP-RAC1 and total RAC1 immunoreactivity from cells treated with SFM was set to 1. The remaining data were normalized to SFM. N = 4, *p < 0.05; Bars show
average + SEM. (C) Quantification of DAQY cell adhesion is described in Results and Methods. N = 4, *p < 0.05; Bars show average + SEM. (D) Representative images of Calcein-
AM labeled-DAOY cells stained with Alexa Fluor® 546 Phalloidin to label the polymerized actin cytoskeleton (63x magnification). Scale bar = 40 pum.

incubated with increasing concentration of recombinant hVEGF-
165 (Fig. 4A; Supplementary Fig. B). As observed before, DAOY cells
exhibited significant cell migration when incubated with BMEN1
CM or 10% fetal bovine serum-containing growth media that serve
as an internal positive control, confirming that the DAOY cells were
viable and responsive to chemokines. Additionally, recombinant
hVEGF-165 did not significantly increase DAOY cell proliferation
as measured by mean calcein AM fluorescence intensity (Supple-
mentary Fig. C). To further examine the role of VEGFA in inducing
migration of DAOY cells in response to the BMEN1 CM, we used
bevacizumab, a selective VEGFA-binding antibody, to sequester
bioavailable VEGFA from the CM in the transwell migration
assays. Bevacizumab doses ranging from 100 ng/ml (0.66 nM) to
500 ng/ml (3.3 nM) had no significant inhibitory effect on the abil-
ity of BMEN1 CM to induce DAOY cells migration (Fig. 4B). Based
on quantitative ELISA, the BMEN1 CM contained 1100 pg/ml VEG-
FA (0.026 nM). The amounts of bevacizumab used (100, 225 or
500 ng/ml) were 25- to 125-fold in excess of VEGFA, hence the lack
of suppression of DAOY cell migration by bevacizumab is unlikely
to be due to inefficient ligand-sequestration. Therefore, these data
conclusively demonstrate that the ligand VEGF alone is insufficient
to account for the pronounced effects on DAOY cell migration and
growth that are observed when these cells are incubated with
BMEN1 CM.

4. Discussion

Micro-metastatic seeding of medulloblastoma tumor cells on
the leptomeninges significantly worsens patient prognosis and is
a primary reason for the use of craniospinal radiation that fre-
quently leaves surviving patients with life-long neurocognitive
sequelae. We aimed to inform adjuvant targeted therapy selection
by identifying chemokines that augment the migration and
adhesion of tumor cells to the leptomeninges.

The robust increase in the DAOY cell migration in response to
BMEN1 CM suggests a potential mechanism wherein chemokines
or growth factors secreted by meningothelial cells stimulate the
migration of medulloblastoma cells in a paracrine manner whereas
tumor cells can respond to secretory proteins in both autocrine and
paracrine fashion to complement survival as well as migration.
These data suggest that both autocrine (DAOY CM) and paracrine
(BMEN1 CM) secreted factors may stabilize DAOY cells adhesion
to novel attachment sites. Additionally, the rare population of
medulloblastoma cells that may escape tumor niche due to intrin-
sic genetic propensity for metastatic dissemination will be subject
to a very low concentration of autocrine secreted factors due to the
substantial dilution in CSF. In contrast, the metastatic tumor cells
in the CSF may encounter the meningeal microenvironment
wherein the relative concentration of the cytokine or growth fac-
tor(s) secreted by the meningeal cells is likely to induce robust
chemoattraction and adhesion.

Using an antibody array and quantitative ELISA assay, we iden-
tified significantly higher level of VEGFA secreted from the BMEN1
cells, a model for the meningothelial cells, than from DAOY medul-
loblastoma cells, which express both VEGFR1 and VEGFR2. These
results suggested a role for VEGFA in facilitating a paracrine rela-
tionship between meningothelial cells and metastatic medullo-
blastoma cells. However, functional reconstitution as well as
blocking experiments reveals that recombinant VEGFA alone does
not stimulate the chemotactic migration of medulloblastoma cells
as compared to BMEN1 CM. These data suggest that VEGFA is not a
predominant or required growth factor regulating the migration to
or stable adhesion of medulloblastoma cells to the meningeal cell
layer.

In light of these observations, the use of the VEGF signaling
antagonist, bevacizumab, as a clinical agent to prevent
establishment or progression of leptomeningeal metastasis of
Shh+ medulloblastoma might be called into question. Despite the
intermittent compassionate use of bevacizumab in progressive
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metastatic medulloblastoma, few clinical case histories appear in
the literature. In one report, however, a patient with established
(M3) medulloblastoma treated with bevacizumab and irinotecan
for 6 months experienced new thoracic and thecal sac LM metasta-
ses [23]. Since this patient’s disease progressed latently, it is diffi-
cult to classify this case as either a success or a failure. Similarly,
the value of VEGF inhibition to decrease tumor progression once
metastases are established is yet to be determined in a clinical trial
setting.

Our results cannot rule out that bevacizumab may still have a
role in metastatic medulloblastoma if tumors are already estab-
lished on the leptomeninges. This hypothesis is based on the
assumption that VEGFR2 or VEGFR1 may have roles in medullo-
blastoma cell growth that are independent of angiogenesis, given
that VEGFR inhibition using a multikinase small molecule has been
previously shown to inhibit DAQY proliferation [12].

Recent complementary studies implicate the Neuropilin-1
receptor, but not VEGFR1, as the receptor for placental growth



560 M.A. Davare et al./Biochemical and Biophysical Research Communications 450 (2014) 555-560

factor (PLGF) and as a determinant of medulloblastoma tumor
growth and metastasis in human and murine medulloblastoma
[24]. PLGF was not present at a detectable level in our experiments.
However, both studies observe robust expression of VEGFR1, and
the functional role of prevalent VEGFR1 expression in medulloblas-
toma remains to be determined.
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