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Background. Medulloblastoma is the most common malignant brain tumor in children. Current standard treatments cure 40%–60%
of patients, while the majority of survivors suffer long-term neurological sequelae. The identification of 4 molecular groups of medul-
loblastoma improved the clinical management with the development of targeted therapies; however, the tumor acquires resistance
quickly. Mebendazole (MBZ) has a long safety record as antiparasitic in children and has been recently implicated in inhibition of various
tyrosine kinases in vitro. Here, we investigated the efficacy of MBZ in various medulloblastoma subtypes and MBZ’s impact on vascular
endothelial growth factor receptor 2 (VEGFR2) and tumor angiogenesis.

Methods. The inhibition of MBZ on VEGFR2 kinase was investigated in an autophosphorylation assay and a cell-free kinase assay. Mice
bearing orthotopic PTCH1-mutant medulloblastoma allografts, a group 3 medulloblastoma xenograft, and a PTCH1-mutant medul-
loblastoma with acquired resistance to the smoothened inhibitor vismodegib were treated with MBZ. The survival benefit and the im-
pact on tumor angiogenesis and VEGFR2 kinase function were analyzed.

Results. We determined that MBZ interferes with VEGFR2 kinase by competing with ATP. MBZ selectively inhibited tumor angiogenesis
but not the normal brain vasculatures in orthotopic medulloblastoma models and suppressed VEGFR2 kinase in vivo. MBZ significantly
extended the survival of medulloblastoma models derived from different molecular backgrounds.

Conclusion. Our findings support testing of MBZ as a possible low-toxicity therapy for medulloblastomas of various molecular subtypes,
including tumors with acquired vismodegib resistance. Its antitumor mechanism may be partially explained by inhibition of tumor
angiogenesis.
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Medulloblastoma, the most common type of pediatric brain ma-
lignancy, is an aggressive primitive neuroectodermal tumor aris-
ing from the cerebellum. The incidence peaks twice during
childhood: at 3–4 years of age and at 8–9 years of age. Despite
an increased molecular understanding and significant improve-
ments in therapy, only slightly more than half of children with
the diagnosis of medulloblastoma survive .10 years. Current
treatments combining surgery, radiotherapy, and antiproliferative
chemotherapy have been successful, but these treatments can
have long-lasting adverse effects, including impaired neural de-
velopment.1 In particular, radiation therapy causes late effects
such as neurocognitive deficiencies, hormone deficits, and
growth impairment.1 The most common chemotherapy-related
late effects are ototoxicity caused by platinum drugs, secondary

leukemia, and infertility following exposure to alkylating agents.1

Since the present therapy does not address about 40% of pa-
tients who still succumb to the disease,2 and the surviving pa-
tients risk severe side effects, less toxic and more efficacious
therapy is needed.

Recent studies have demonstrated that medulloblastoma
comprises several molecularly distinct groups based on the spe-
cific genetic alterations and on the gene expression profiles. The
Wnt group is typified by a gene expression signature of activated
Wnt signaling, and a sonic hedgehog (SHH) group is defined by
the expression of genes downstream of the hedgehog (Hh) path-
way, by mutations in PTCH1, the Hh pathway tumor suppressor,
and by mutations in p53. Group 3 has the worst prognosis and
is often associated with MYC amplification and overexpression,
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while group 4 medulloblastoma presents an intermediate prog-
nosis and sometimes is associated with cyclin-dependent kinase
(CDK)6 or MYCN amplifications.2,3

The molecular or genetic basis of certain medulloblastoma
groups may sensitize them to targeted therapy. This was demon-
strated by the effectiveness of the Hh-pathway inhibitor vismode-
gib (GDC-0449), an orally bioavailable small-molecule inhibitor of
smoothened (SMO), on a patient with a disseminated SHH group
medulloblastoma.4 Unfortunately, in this patient, prolonged
treatment with vismodegib eventually failed, as recurrent
tumor had acquired mutations in SMO.4,5 This case study illus-
trates the risk of targeting a mutable onco-pathway and a genet-
ically diverse tumor cell population.

Compared with other solid tumors, brain tumors are especially
difficult to treat, owing mainly to insufficient drug delivery to in-
tracranial tumors. Many chemotherapeutics that are effective
against brain tumor cells in vitro fail to reach effective concentra-
tions in the intracranial tumor.6 In the pediatric patient popula-
tion, drug-related neural toxicity to the developing brain further
limits options.

Mebendazole (MBZ) is an antiparasitic drug with a long history
of safe human use against helminthic infections, even at high
doses. Recently, we discovered MBZ as a potent drug in treating
orthotopic glioma in mice with low toxicity.7 GBM is a highly ag-
gressive brain tumor, and MBZ was able to significantly improve
the animals’ survival.

MBZ is a benzimidazole, with a low molecular weight of 295
daltons and a high degree of lipophilicity contributing to brain
permeability.8 MBZ binds to tubulin and disrupts the formation
of microtubules that are essential in a broad range of cellular
functions, such as the formation of mitotic spindle and cytoskel-
eton. In recent years, several mechanisms have been proposed
for MBZ’s antitumor activity, including B-cell lymphoma 2 inacti-
vation and downregulation of X-linked inhibitor of apoptosis pro-
tein.9,10 We have previously reported that MBZ disrupts
microtubules in glioma cells and MBZ can be efficacious in intra-
cranial gliomas with oral administration.7 Even though tubulin is a
well-known anticancer target, further details of the molecular
mechanism of MBZ’s antitumor activity in brain tumors have
not yet been determined. Recently, Dakshanamurthy and col-
leagues11 applied a computational proteo-chemometric method
with a library of FDA-approved compounds and identified MBZ as
one potential inhibitor of vascular endothelial growth factor re-
ceptor 2 (VEGFR2), which suggested a possible role of MBZ in in-
terfering with tumor angiogenesis.

In this study, we characterized the inhibition of VEGFR2 kinase
by MBZ and demonstrated that MBZ exhibited an anti-angiogenic
effect and interfered with VEGFR2 activity in multiple medullo-
blastoma models. We showed that MBZ extended survival
in intracranial models of the SHH group and group 3
medulloblastoma.

Materials and Methods

Cell Lines and Tissue Culture

Medulloblastoma cell line D425Med (D425) was obtained from
the Duke University Brain Tumor Center. UW228 was obtained
from Dr J. R. Silber at the University of Washington.12 Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum and antibiotics.
Cells were kept in frozen stocks upon reception and were not ad-
ditionally authenticated. Human umbilical vein endothelial cells
(HUVECs) obtained from American Type Culture Collection (pas-
sage 3) were maintained in DMEM supplemented with 10%
fetal bovine serum and antibiotics with the addition of 50 mg/mL
endothelial cell growth supplement from Sigma. Tissue culture
was maintained at 378C in humidified air containing 5% CO2.

Luciferase Expression by Lentivirus

The firefly luciferase cDNA from pGL3-basic (Promega) was subcl-
oned in pFUGW and transfected along with CMVDR8.91 and
pMD.G in 293T cells by Lipofectamine 2000 (Invitrogen). Virus
was harvested after 48 h, and D425 cells were infected by incu-
bating with 8 mg/mL polybrene (Sigma) in the growth medium.
The allograft tumor cells were infected by incubating with lucifer-
ase lentivirus at room temperature for 10 min.

Animal Experiments

All animal work was approved by the Animal Care and Use Com-
mittee of Johns Hopkins University.

The parental mouse medulloblastoma allograft model
was derived from spontaneous medulloblastoma in patched
(PTCH)+/2, p532/2 mice, and propagated as subcutaneous
allografts in athymic nude mice.13 Vismodegib (GDC-0449)-
resistant allografts expressing SMO-D477G (SG274) were derived
from parental allografts following the treatment of vismodegib as
previously described.5

Female athymic nude mice, 5 –6 weeks of age, were pur-
chased from the National Cancer Institute. For the implantation
procedure, female athymic nude mice were anesthetized via
intraperitoneal injection of 60 mL of a stock solution containing
ketamine hydrochloride (75 mg/kg) (100 mg/mL; Abbot Labora-
tories), xylazine (7.5 mg/kg) (100 mg/mL; Xyla-ject, Phoenix Phar-
maceutical), and ethanol (14.25%) in a sterile 0.9% NaCl solution.
D425 cells infected with luciferase lentivirus were prepared by
centrifugation at 125 g for 6 min at 48C. Allograft tumors were
first implanted subcutaneously in a nude mouse. When the
tumor reached 300– 1000 mm3, the mouse was euthanized
and the tumor was processed by first mincing and then incubat-
ing with 2.5 mg/mL collagenase and 500 unit/mL hyaluronidase
(Sigma) at 378C and 200 rpm for 15 min. The tissues were then
passed through a 70-mm cell strainer and washed with phos-
phate buffered saline (PBS) 3 times before the implantation.
Using a stereotactic frame, 500 000 D425 cells or 100 000
PTCH+/2, p532/2 allograft cells were injected through a burr
hole drilled 1 mm right of the midline and 1 mm posterior to
the lambdoid suture, at a depth of 2.5 mm below the dura at a
rate of 1 mL/min.

At day 5 post-implantation of the tumor cells, MBZ was admin-
istered by daily oral gavage as described previously.7 MBZ tablets
(Aurochem) were ground, resuspended in PBS, and mixed with
50% sesame oil (Sigma) to achieve better gastrointestinal ab-
sorption of the drug.14 Control animals were fed with PBS mixed
with 50% sesame oil. Animals were observed daily for any signs of
deterioration, neurotoxicity, or movement disorders as well as
weight loss. They were inspected for signs of pain and distress,
as per the Johns Hopkins Animal Care and Use Guidelines. If the
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symptoms persisted and resulted in debilitation, the moribund
animals were euthanized according to protocol. The brain and
other organs were dissected and placed in formalin for further
pathological studies.

Intracranial luciferase activity was determined by a Xenogen
instrument (IVIS 200) with intraperitoneal injection of 2 mg/
mouse D-luciferin potassium salt solution (Gold Biotechnology).
After 15 min following the injection, the animals were scanned
for 1 min at a distance of 20 cm.

Vascular Endothelial Growth Factor Receptor 2 Kinase
Assay

The VEGFR2 kinase activity with MBZ was measured with the
VEGFR2 (kinase insert domain receptor) Kinase Enzyme System

in combination with the ADP-Glo Kinase Assay (Promega).
A purified fragment of human VEGFR2 (aa789-1356) containing
the intracellular part including the kinase domains of VEGFR2
was used in the assay. In the half-maximal inhibitory concentra-
tion (IC50) assay and time course, 20 ng VEGFR2 kinase, 1 mg poly
(Glu4,Tyr1) peptide, 50 mM ATP, and 50 mM dithiothreitol were
used in a reaction volume of 25 mL at room temperature for
60 min with various concentrations of MBZ. MBZ was dissolved
in dimethyl sulfoxide, and 2.5 mL MBZ or dimethyl sulfoxide was
added to each reaction. In the ATP gradient assays, 0, 2, 3, 5,
10, 50, 500 mM, or 2 or 4 mM ATP was used with 1 mg poly
(Glu4,Tyr1) peptide in the same reaction condition. In the poly
(Glu4,Tyr1) peptide gradient assays, 0, 0.0025, 0.005, 0.01, 0.04,
or 0.4 mg/mL peptide was used with 50 mM ATP. Following the
reaction, a stop solution was added to terminate the reaction

Fig. 1. MBZ inhibits VEGFR2 kinase activity and competes with ATP. (A) MBZ inhibited the autophosphorylation of VEGFR2-Y1175 in HUVECs. HUVECs
were starved and treated with MBZ 30 min prior to the stimulation of 50 ng/mL VEGF. Western blot of anti-pVEGFR2-Y1175 antibody indicated the
autophosphorylation of tyrosine 1175, and the levels of VEGFR2 were reflected by the anti-VEGFR2 western blot. (B) Cell-free kinase assay with a
purified VEGFR2 (aa789-1356) revealed an IC50 of MBZ at 4.3 mM. Three measurements were performed. KD, kinase domain; Y1054/Y1059/Y1175: 3
of the major autophosphorylation sites of VEGFR2. (C, D) Effect of MBZ on the kinetics of VEGFR2 kinase activity with the ATP gradient. Kinase assays
were performed with 1 mg poly (Glu4,Tyr1) peptide and 0, 2, 3, 5, 10, 50, 500, 2000, or 4000 mM ATP. The reactions with 0 mM ATP served as background.
On the V21 and ATP21 plot (D), the linear regressions of the reactions with Con, 3, 10, and 30 mM MBZ converge closely within the statistic deviations at
the intersection with the y-axis at 0.013, 0.024, 0.045, and 0.028 (×1027), respectively. (E, F) Effect of MBZ on the kinetics of VEGFR2 kinase activity with
the poly (Glu4,Tyr1) peptide gradient. Kinase assays were performed with 50 mM ATP and 0, 0.0025, 0.005, 0.01, 0.04, or 0.4 mg/mL poly (Glu4,Tyr1)
peptide. The activities at 0 mg/mL poly (Glu4,Tyr1) peptide presumably reflected the autophosphorylation of VEGFR2. The reactions without VEGFR2
kinase with 50 mM ATP, peptide, and MBZ (0, 3, 10, or 30 mM) were used as the background controls.
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and deplete the remaining ATP. The subsequent ADP-Glo kinase
assay detected the ADP created by the kinase reaction via a lumi-
nescence plate reader (PerkinElmer VICTOR3) on a 96-well plate
with white bottoms. In the ATP gradient assay, the reactions with
0 mM ATP at various concentrations of MBZ were used as back-
ground. The kinase activities at 0 mg/mL peptide presumably re-
flected the autophosphorylation of VEGFR2. Enzyme kinetic
data were analyzed by GraphPad Prism 5 using linear regression
or nonlinear regression of Michaelis–Menten kinetics. IC50 data
were analyzed by the same program following a procedure of
transformation, normalization, and nonlinear fitting.

Western Blots

Cells were lysed in the lysis buffer as described previously.15

HUVECs were starved in media without endothelial cell growth
supplement for 5–6 h and incubated with MBZ for 30 min before
being treated with 50 ng/mL recombinant human VEGF165

(PeproTech) for 5 min at 378C. Cell lysates were heated at 958C
for 5 min with LDS Sample Buffer (Invitrogen) supplemented
with 100 mm dithiothreitol before loading onto a 4% –12%

NuPAGE Bis-Tris gel (Invitrogen). After the transfer to a polyviny-
lidene difluoride membrane (Bio-Rad), immunostaining was per-
formed according to standard procedure. Signals were visualized
by the SuperSignal chemiluminescent system (Pierce).

Antibodies

The following antibodies were used in this study: rabbit anti-VEGF
antibody (ABS82, Millipore), rabbit anti-VEGFR2 antibody (#2479,
Cell Signaling Technology), mouse anti-VEGFR2 antibody (clone
CH-11, Millipore), rabbit anti-pVEGFR2-Y1175 antibody (#2478,
Cell Signaling Technology), rabbit anti-pVEGFR2-Y1054/1059 anti-
body (AB5473, Abcam), and hamster anti-CD31 antibody
(MAB1398Z, Millipore).

Immunofluorescence Staining

Staining followed the procedure previously described.16 The
paraffin-embedded slides were deparrafinized using a standard
procedure and treated with antigen retrieval citra solution (BioGe-
nex). The sections were incubated with the primary antibodies as

Fig. 2. MBZ inhibited the orthotopic PTCH+/2, p532/2 allograft and the vismodegib-resistant SMO-D477G medulloblastoma in mice. (A) The PTCH+/2,
p532/2 allograft tumor was implanted in the right vermis of the cerebellum of nude mice. An H&E slide shows a fully grown medulloblastoma (MB) that
broke into the fourth ventricle (black arrowhead). (B) Treatment with 50 mg/kg MBZ via oral gavage starting from day 5 after tumor implantation
improved the median (m) survival by 150% vs the control group. (C) Xenogen scan demonstrated that the tumor growth was significantly inhibited
by MBZ treatment. The tumor load in a set of representative mice after 6 days of MBZ treatment is displayed in the left picture. The right graph
shows the average xenogen counts before and after the MBZ treatment. (D) D477G mutant allograft derived from a PTCH+/2, p532/2
medulloblastoma-bearing mouse treated with the Hh inhibitor vismodegib was implanted in the cerebellum of nude mice. The H&E slide shows the
tumor growth in the right vermis of the cerebellum. (E) Daily treatment of mice with MBZ extended the median (m) survival from 12 days to 30 days. (F)
Xenogen scan shows the inhibition of tumor growth following 6 days of MBZ treatment. The right graph shows the average xenogen counts without
(Con) and with MBZ treatment.
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described above and subsequently with Alexa Fluor 488 (green) or
594 (red) secondary antibodies (Invitrogen) in 10% goat serum in
PBS at the room temperature, and washed 3 times in PBS
in-between and after. Following the staining, the slides were cov-
ered with mounting medium containing 4′,6′-diamidino-2-
phenylindole (DAPI; Vector Laboratories) and examined on a
Zeiss Observer.Z1 fluorescence microscope equipped with an Axi-
oCam MRm charge-coupled device camera. Scale bars were cal-
culated by Adobe Photoshop CS5.5.

The microvessel density of CD31-stained slides was counted in
5 independent samples of each group as described before.17

Briefly, each slide was viewed with ×40 magnification to identify
the “hotspots” of vessels. The microvessels were counted within
each area at×200 magnification. In addition to the morphologi-
cally identifiable vessels, each immunoreactive endothelial cell
cluster within the selected field was counted as one vessel. The
microvessel density in normal brain tissues was counted similarly
as described above, except that no “hotspot” but normal brain
tissues in anatomically comparable sites distant from the
tumor were selected in the treated and untreated tumor sections.

Statistical Analysis

The results are presented as a mean value plus or minus the stan-
dard deviation. Data were analyzed by GraphPad Prism 5.0. The

P-values were determined by a Mantel–Cox test. P , .05 was ac-
cepted as statistically significant.

Results

MBZ Inhibits VEGFR2 Activity in a Kinase Assay
and Competes With ATP

VEGFR2 is the predominant functional receptor mediating most of
the cellular responses of VEGF.18 Upon VEGF binding, VEGFR2
undergoes autophosphorylation and activates downstream sig-
naling pathways. In HUVECs upon VEGF stimulation, the auto-
phosphorylation of VEGFR2-Y1175 was inhibited starting with
1 mM MBZ and significantly reduced at 10 mM (Fig. 1A). Y1175 is
a major autophosphorylation site of VEGFR2, which provides a
binding site for the p85 subunit of phosphatidylinositol-3 kinase
(PI3K) and phospholipase C gamma (PLCg), as well as Shb.19,20

In order to study the kinetics of this inhibition, we examined the
interference of MBZ with the kinase activity of purified VEGFR2
(aa789-1356) that contains the intracellular domain. In this ki-
nase reaction, ATP and poly (Glu4,Tyr1) peptide were provided as
substrates. The inhibitory IC50 was determined at 4.3 mM (Fig. 1B),
which is consistent with the inhibition of VEGFR2-Y1175 auto-
phosphorylation at 1 –10 mM MBZ detected in HUVECs. The

Fig. 3. MBZ markedly extended the survival of D425 xenograft medulloblastoma of group 3. (A) D425 medulloblastoma (MB) cells belong to group 3 of
molecular classification and carry c-MYC and OTX2 genomic amplification. The cells were implanted into the right vermis of the cerebellum of nude mice.
H&E staining demonstrated the fully grown cerebellar tumor. (B) Treatment by MBZ starting from day 5 of tumor implantation improved the median (m)
survival from 21 to 48 days by 129%. (C) Xenogen scan demonstrated the inhibition of tumor growth after 12 days of MBZ treatment. The right graph
shows the average xenogen counts without (Con) and with MBZ treatment.
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reaction occurred at a linear rate up to 60 min with or without
MBZ (Supplementary Fig. S1). The kinetic study revealed that
MBZ competes with ATP (Fig. 1C and D), but not with poly (Glu4,
Tyr1) peptide in this tyrosine kinase reaction (Fig. 1E and F).

MBZ Is Highly Efficacious in PTCH+/2, p532/2 Allograft
and the Vismodegib-Resistant Model

The parental PTCH+/2, p532/2 allograft was originated from a
spontaneous intracranial medulloblastoma that carries the mo-
lecular and pathological features of human medulloblastoma
with a mutated PTCH and aberrant Hh pathway (SHH subtype).21

This tumor has a wild-type SMO and is initially responsive to vis-
modegib, a SMO inhibitor. Upon prolonged treatment of serially
passaged tumor with vismodegib, a resistant population with
mutated SMO-D477G emerged, closely resembling molecularly
and clinically the acquired vismodegib resistance in a medullo-
blastoma patient.4,5 Parental allografts and SMO-D477G mutant
allografts were implanted in the mouse cerebellum, where the tu-
mors grew in a confined manner with occasional breakout into
the fourth ventricle as shown in Fig. 2A, a close resemblance to
the common progression of human medulloblastoma. Five days
after implantation, mice were treated with 50 mg/kg MBZ by daily
gavage. This dose was selected based on our prior study that
identified 50 mg/kg as the maximal tolerated dose of daily

gavage.7 The treatment improved the survival of the mice by
150% and 100% in the parental and SMO-D477G allografts, re-
spectively (Fig. 2B and E). Luminescence images after 6 days of
treatment confirmed that the tumor growth in the brain was sig-
nificantly slowed by MBZ (Fig. 2C and F). These findings indicate
that MBZ can be effective in the SHH group of medulloblastoma,
and potentially in patients with recurrent disease following the
targeted therapy.

MBZ Is Efficacious in D425 Medulloblastoma

D425 is a human medulloblastoma cell line that carries the geno-
mic amplification of c-MYC and OTX2, and therefore belongs to
group 3.3,16,22,23 Previous studies have demonstrated that OTX2
mediates tumorigenicity of D425 in vitro and in vivo.16,23,24 In
this study, orthotopic D425 xenograft represents a medulloblas-
toma model distinct from the SHH group. MBZ was able to prolong
the median survival of D425 xenograft mice from 21 days to 48
days, a 129% increase (Fig. 3B). At day 12 of the treatment, mice
displayed significantly less tumor burden than the control ani-
mals, as reflected by the luciferase signals (Fig. 3C). In the control
group, tumor cells appeared to have spread into the ventricles
during the terminal stage, which gave luciferase signals in the
frontal brain of the three mice on the left side (Fig. 3C, Control
[Con], left panel).

Fig. 4. MBZ reduced the formation of tumor vessels in the PTCH mutant allograft and D425 xenograft medulloblastoma. (A) The sections of PTCH
mutant allograft (PTCH+/2, p532/2) medulloblastoma (MB) were stained with anti-CD31 antibody and green fluorescent secondary antibody.
Nuclei were stained with DAPI (blue). Microvessel density was counted on 200× fields (“hotspot”) in 5 independent slides in each group, graphed in
(B). The same frames of green fluorescence pictures were observed with the Texas Red fluorescence filter, in order to rule out possible
autofluorescence. All pictures were taken with the setting of 800 msec exposure to green fluorescence and 200 msec to DAPI channel. All scale
bars are 30 mm. (C, D) Similar staining and measurement were performed with D425 medulloblastoma xenografts.
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MBZ Impaired Tumor Angiogenesis in Medulloblastoma
Models

By comparing the mouse tumor sections, untreated and treated
by MBZ, obtained at the similar terminal stage of the tumor
growth, we observed a lack of tumor hemorrhages and vascula-
tures in the MBZ-treated tumors. This feature is particularly strik-
ing in the PTCH mutant allograft, where the untreated tumors
usually showed hypervasculature and widespread hemorrhage
at the terminal stage, whereas the MBZ-treated tumors lacked
such appearance in the hematoxylin and eosin (H&E)–stained
sections (Supplementary Fig. S2). Tumor blood vessels are mostly
deficient in maturation and structural integrity, and spontaneous
intratumoral hemorrhages often occur in brain and other hyper-
vasculated tumors.25 – 28

In order to quantify the tumor vasculatures, we measured
microvessel density on sections stained with the anti-CD31 anti-
body. CD31 (platelet endothelial cell adhesion molecule 1) is a
pan-endothelial marker useful for immunohistochemical assess-
ment of vasculature.29 PTCH+/2, p532/2 allograft medulloblas-
toma exhibited intense staining with the CD31 antibody (Fig. 4A).
The pronounced tumor vasculatures were greatly reduced by MBZ
treatment (Fig. 4A and B). The neovasculature of D425 medullo-
blastoma was also significantly decreased by MBZ treatment
(Fig. 4C and D). In contrast, the normal blood microvessels in
the distant brain parenchyma appeared to be unaffected by
MBZ, as indicated by the similar microvessel density in both ani-
mal models (Fig. 5).

MBZ Inhibits VEGFR2 Kinase Activity in Mouse
Medulloblastoma

VEGF can be expressed by tumor and stromal cells and has mul-
tiple functions in tumorigenesis, including tumor angiogenesis,
vascular permeability, and maintenance of cancer stem cells.18

VEGFR2 is the predominant functional receptor mediating most
of the cellular responses of VEGF.18 Upon VEGF stimulation,
VEGFR2 undergoes autophosphorylation and phosphorylates
downstream signaling partners, in which Y1175 provides a bind-
ing site for PLCg and the p85 subunit of PI3K, whereas Y1054 and
Y1059 are major autophosphorylation sites in the tyrosine kinase
catalytic domain that are important for the activation of
VEGFR2.19,20 We found that PTCH+/2, p532/2 allograft medul-
loblastoma expressed VEGF regardless of MBZ treatment, as
shown by immunohistochemical staining (Fig. 6A). Despite the
presence of VEGF ligand, MBZ-treated allografts displayed
marked decrease of VEGFR2 activity in comparison with the
control, as shown by the immunofluorescent staining of
VEGFR2-Y1175 and -Y1054/1059 autophosphorylation (Fig. 6B
and C). This result indicates that the tyrosine kinase function of
VEGFR2 was indeed inhibited by MBZ in the treated tumors.
Among the other possible antitumor mechanisms of MBZ, tubu-
lin targeting was evident in some medulloblastoma cells, but not
in D425 cells. Tubulin polymerization assays showed no interfer-
ence of tubulin polymerization in D425 cells by MBZ at 1 mM, a
concentration where polymerized tubulin was reduced in
UW228 medulloblastoma cells (Supplementary Fig. S3A and B)

Fig. 5. MBZ did not affect the normal vasculature in the brain tissues. The sections of mouse cerebellum bearing the PTCH mutant allograft (A) or D425
xenograft tumor (C) were stained with anti-CD31 antibody and green fluorescent secondary antibody, with DAPI staining the nuclei. All scale bars are
30 mm. The microvessels in the normal brain tissues on anatomically comparable sites distant from the respective tumors are counted and graphed in
(B) and (D). The microvessel density was not affected by MBZ treatment. Five independent sections were used for each group.
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and in the 060919 glioblastoma cell line as previously reported.7

Higher concentration of MBZ over the incubation time of 24 h
could complicate the assay due to the excessive cell death.
IC50 values of MBZ with a panel of medulloblastoma cells were
determined to be between 0.13 and 1 mM (Supplementary
Table S1), comparable to those with the glioblastoma cells.7 A re-
cent study by Nygren et al30 demonstrated the inhibition of a
number of tyrosine kinases by MBZ in vitro, which prompted us
to examine MBZ’s interference with other kinases, such as plate-
let derived growth factor receptor alpha (PDGFRa), in medullo-
blastoma. In vitro assay in NIH3T3 cells stimulated by PDGF-AA
revealed the inhibition of PDGFRa-Y754 autophosphorylation by
MBZ (Supplementary Fig. S4A). However, among the cells ex-
pressing it, PDGFRa was rarely autophosphorylated in PTCH+/2,
p532/2 allograft medulloblastoma (Supplementary Fig. S4B).
The impact of MBZ’s inhibition on other tyrosine kinases, includ-
ing PDGFRs on medulloblastoma growth, could be the subject of
future studies.

Discussion
Group 3 medulloblastoma has frequent c-MYC amplification and
overexpression, is most likely to present with metastasis, and ul-
timately half of the patients die from recurrent disease.22 In con-
trast, the rare Wnt subgroup presents a 5-year survival rate of
95%, while the SHH group and group 4 have 5-year survival
rates of about 75%.22 MBZ is a drug with a safe record in the pe-
diatric population. We previously demonstrated the efficacy of
MBZ in glioblastoma models, and this study indicates that MBZ
is effective in models of 2 different molecular subtypes, including
group 3, which is responsible for most patient deaths, and a
vismodegib-resistant model. This is in line with the notion that
the generally proposed cytotoxicity and anti-angiogenesis effect
of MBZ is not restricted to a specific molecular group.

One proposed mechanism of MBZ-mediated cytotoxicity in
parasites and tumor cells is the binding to tubulin and prevention
of the formation of microtubule.7,31 This has been the focus of our

Fig. 6. MBZ inhibits VEGFR2 kinase activity in vivo. (A) Anti-VEGF immunohistochemistry staining of PTCH+/2, p532/2 medulloblastoma allografts
treated or untreated with MBZ. VEGF was visualized by diaminobenzidine (brown), and the tissues were counterstained by hematoxylin (blue). All
scale bars are 30 mm. (B, C) Anti-VEGFR2 (left panels, green) and anti-pVEGFR2-Y1175 (B) or anti-pVEGFR2-Y1054/1059 (C) (middle panels, red)
staining of PTCH+/2, p532/2 medulloblastoma allografts untreated or treated with MBZ. The nuclei were visualized by DAPI staining (blue). MBZ
treatment markedly reduced the autophosphorylation of VEGFR2-Y1175 and -Y1054/1059. The yellow color in the merged picture indicates the
strong costaining of both antibodies in the control allografts. All pictures were taken with the setting of 800 msec exposure to green fluorescence,
1500 msec to Texas Red, and 200 msec to DAPI channel. All scale bars are 30 mm.
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previous work, in which we primarily investigated the cytotoxic ef-
fect of MBZ in glioblastoma cells.7 In this study, tubulin targeting
of MBZ was evident in some of the medulloblastoma cells. In ad-
dition, a number of other mechanisms have been suggested for
MBZ’s antitumor activity. Recently, MBZ was investigated for its in-
hibition in a panel of tyrosine kinases relevant for tumorigenesis.30

One group identified that MBZ was capable of inhibiting VEGFR2 in
vitro.11 This provided the hypothesis that VEGFR2 inhibition was
perhaps contributing to the apparent lack of intratumoral bleeding
and vasculature in MBZ-treated medulloblastoma allograft tumor,
as we observed in Supplementary Fig. S2.

In this study, MBZ inhibited VEGFR2 autophosphorylation in
medulloblastoma xenografts, in cultured HUVECs, and in a cell-
free kinase assay with purified protein by competing with ATP
binding. Consistent with VEGF-mediated angiogenesis, VEGF
was expressed in the tumor tissue of the medulloblastoma
model. The MBZ-treated medulloblastoma allografts and xeno-
grafts demonstrated significant reduction of tumor angiogenesis,
while the microvessel density in the normal brain parenchyma
was not noticeably affected. This is in line with the notion that
VEGF is essential for tumor angiogenesis but less critical in main-
tenance of established normal blood vessels.18,32,33 Bevacizu-
mab, a monoclonal anti-VEGF antibody, has been widely used
in glioblastoma and other cancers. Bevacizumab is able to reduce
tumor vessel formation and brain edema, with relatively limited
side effects and survival benefit as a single drug.34,35 Therefore,
clinical trials have been initiated in medulloblastoma patients
with combined drug regimens, such as with bevacizumab and
temsirolimus.36 As such, one would suggest that drugs specifi-
cally targeting angiogenesis will have a better chance of success
in combination with other therapeutics that are deliverable to the
brain tumor.

In this context, MBZ holds the promise of attacking the brain
tumor by multiple mechanisms as a single agent. Besides disrupt-
ing cellular structure by binding to tubulin,7,37 MBZ also blocks
VEGFR2 autophosphorylation and apparently inhibits tumor an-
giogenesis, and could also be inhibitory against other receptor
or nonreceptor tyrosine kinases, which could significantly impair
tumorigenic pathways.30 In addition, it is likely that MBZ has mul-
tiple and complex antitumor effects. MBZ’s medicinal benefits
were first appreciated as a tubulin-binding agent, which affects
directly cell proliferation and indirectly cellular signaling and
could also further enhance the destruction of the proliferating en-
dothelial cells in the neovasculatures. With several clinical trials of
MBZ in adult high-grade glioma already establishing safe adult
human dosing, MBZ is a promising candidate for a clinical trial
in medulloblastoma patients. Given the high recurrence rate of
medulloblastomas, MBZ’s apparent ability to reach effective con-
centration in brain tumors, and its established safety in children, a
reasonable starting point for clinical investigation would be pa-
tients with recurrent and treatment-refractory medulloblastoma.
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