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Abstract. Background: Glioblastoma multiforme (GBM) is
a malignant brain tumor with an extremely poor prognosis.
GBM tissues frequently express mesenchymal—epithelial
transition factor (MET), which induces cell division, growth
and migration. In addition, angiogenesis is a significant
feature of GBM, attributable to the overexpression of
vascular endothelial growth factor (VEGF). Although the
VEGF inhibitor bevacizumab was recently highlighted as the
second-line drug for GBM treatment, GBMs often recur even
with bevacizumab therapy. Based on these findings, we
hypothesized that inhibition of both MET and VEGF would
exhibit a synergistic effect on MET-overexpressing GBM.
Materials and Methods: As we observed MET expression at
high levels in some patients with GBM, we designed GL261
murine glioma-based experiments. GL261 cells were
transfected with siRNAs specific for MET and VEGF in vitro,
and the cell growth ratios were evaluated. Simultaneously,
transfected GL261 cells were transplanted into the brain of
C57BL/6 mice, and their survival was monitored. Results:
GBM tissues frequently overexpressed MET protein at high
levels compared with lower-grade gliomas. These GBMs at
first responded to bevacizumab, but often eventually
recurred. When GL261 cells were co-transfected with both
MET-specific siRNA and VEGF-specific siRNA, the in vitro
tumor cell growth significantly decelerated compared to
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single siRNA transfection. Consistently, when mice were
transplanted with co-transfected GL261 cells, their survival
was significantly prolonged compared to those given cells
transfected with single siRNA. Conclusion: The current data
indicate that the inhibition of both MET and VEGF exhibits
efficient therapeutic effects of GBM-bearing hosts.

Glioblastoma multiforme (GBM) is a malignant brain tumor
that is classified as grade IV by the World Health
Organization. The treatment strategy for GBM comprises
multimodalities that include surgical removal, radiotherapy,
and chemotherapy based on the alkylating agent
temozolomide (1). Nevertheless, complete recovery is
technically unachievable because of the invasive nature of
GBM. The presence of the blood—brain barrier in the brain
parenchyma also reduces the sensitivity of GBM to
chemoradiotherapy. These characteristics of GBM result in
an extremely poor prognosis compared to that of malignant
tumors in other organs, with median survival periods of 12-
15 months (1, 2).

Angiogenesis is a significant feature of GBM, and is
attributable to the overexpression of vascular endothelial
growth factor (VEGF) at tumor sites (3). A VEGF inhibitor,
bevacizumab, was recently highlighted as the second-line
drug for GBM treatment. Bevacizumab-based treatment for
recurrent GBM achieves rapid improvement of clinical signs,
including the reduction of cerebral edema and the contraction
of the area of contrast on imaging (4). Therapeutic outcome
is also favorable in those with recurrent GBM, with a 6-
month progression-free survival rate of 20-50% and a
median survival of 7-12 months (5). However, when patients
with newly diagnosed GBM are treated with bevacizumab
and temozolomide simultaneously, the therapeutic outcome
becomes unfavorable (6, 7). That is, although treatment with
bevacizumab initially reduces the tumor size, the tumors
eventually enlarge (8-10).
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Mesenchymal-epithelial transition factor (MET), also
known as hepatocyte growth factor receptor, functions as a
receptor for hepatocyte growth factor (HGF). It is a
membrane receptor tyrosine kinase and is expressed in
epithelial cells, liver, pancreas, prostate, kidney, and bone
marrow (11). The MET-HGF signal induces cell division,
growth, and cell migration (11). MET is also a known proto-
oncogene for a variety of malignant tumors, including small
cell lung cancer, breast carcinoma, prostatic carcinoma,
hepatocellular carcinoma, as well as GBM (12). We and
others have reported that MET-overexpressing GBMs are
resistant to chemotherapy and confer a poor prognosis (13)
and that MET can be a therapeutic target for GBM (14).

Nevertheless, from a viewpoint of targeting MET and
VEGF together, administration of VEGF inhibitors is known
to enhance MET gene expression in GBM (15). Based on the
above findings, we hypothesized that inhibition of both MET
and VEGF would exhibit a synergistic effect on MET-
overexpressing GBM (16).

Materials and Methods

Patients and immunohistochemistry (IHC). GBM patient-relevant data
presentation was approved by the Institutional Review Board of Kindai
University (Approval Number: 26-079) (13). The procedure of IHC
was described previously (13). Briefly, surgical specimens were fixed
with formalin and embedded in paraffin. The tissue samples were then
cut into slices of 7 um thick. The tissue sections were then heated three
times for 5 min in target-retrieval solution (Aligent Technologies,
Santa Clara, CA, USA) and stained with monoclonal antibody to total
MET (Clone D1C2; Cell Signaling Technology, Danvers, MA, USA)
or normal rabbit IgG antibody followed by biotin-labeled goat anti-
rabbit IgG antibody and Vectastain staining kit (Vector Laboratories,
Burlingame, CA, USA). After enzymatic development, the sections
were counterstained with Gill’s hematoxylin. Two pathologists
independently evaluated the expression levels of MET.

Reagents and cell culture. The procedure used here has been
described previously (17, 18). Briefly, RPMI1640, fetal bovine
serum (FBS), L-glutamine, sodium pyruvate, f-mercaptoethanol,
nonessential amino acids and antibiotics were obtained from Sigma-
Aldrich (Grand Island, NY, USA). GL261 mouse glioma cell line
was kindly provided from Aichi Cancer Center Research Institute,
where GL261 cells were from C57BL/6 mouse background (17-19).
The cells were maintained in mouse complete medium (RPMI-1640
supplemented with 10% heat-inactivated FBS, 100 units/ml
penicillin, 100 mg/ml streptomycin, and 10 uM L-glutamine) in a
humidified incubator in 5% CO, at 37°C.

Small interfering RNA. The procedure used here has been described
previously (20). Briefly, GL261 cells were transfected with siRNA
against MET, VEGF, or control siRNA (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) using Lipofectamine RNAi MAX (Life
Technologies, Waltham, MA, USA) per the manufacturer’s instructions
with minor modifications. In some experiments, cell viability was
assessed after 72 h of treatment using the Cell Counting Kit 8 (CCKS;
Wako, Tokyo, Japan) per the manufacturer’s instructions.
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GBM-bearing mouse model. The procedure has been described
previously (17, 18, 20). Briefly, wild-type C57BL/6 mice were
obtained from CLEA (Tokyo, Japan) and maintained under specific
pathogen-free conditions at the Animal Research Center of Kindai
University Faculty of Medicine. On day 0, using a Hamilton syringe
(Hamilton Company, NV, USA), 1x105 GL261 cells in 2 pl PBS
were stereotactically injected through an entry site at the bregma,
3 mm to the right of sagittal suture, and 4 mm below the surface of
the skull of anesthetized mice by using a stereotactic frame
(Stolting, Wood Dale, IL, USA). Symptom-free survival was
monitored. All procedures were approved by the Institutional
Animal Care and Use Committee.

Statistical analyses. The procedure has been described previously (13,
21). Briefly, one-way analysis of variance with Holm’s post-hoc test
was used for multiple group comparison, and log-rank test was
performed to analyze survival. All data were analyzed using R
Environment (R Development Core Team, Vienna, Austria) with EZR
plugin (22). A value of p<0.05 was considered statistically significant.

Results

MET-overexpressing  GBMs  frequently  recur  after
bevacizumab-based VEGF inhibition. Consistent with previous
reports (8-10), we also recorded GBM recurrence in patients
after treatment with bevacizumab. As we previously showed
(13), GBM tissues frequently overexpressed MET protein at
high levels compared to lower-grade gliomas (Figure 1A).
These GBMs responded to bevacizumab at first (Figure 1B),
but most of the tumors recurred eventually. These observations
suggest that MET and VEGF are functionally associated with
each other and that inhibition of MET and VEGF would be
beneficial in controlling the growth of GBM cells.

Inhibition of MET and VEGF synergistically inhibits GBM
cell growth in vitro. Cultured GL261 glioma cells express
high levels of MET (23) and VEGF (24). In order to confirm
the impact of MET inhibition on tumor cell growth, we used
siRNA specific for MET in this study (Figure 2). In addition,
to address whether VEGF inhibition would enhance the
therapeutic impact of MET inhibition, we simultaneously
used siRNA specific for VEGF. MET-specific siRNA
significantly inhibited the growth of GL261 cells compared
with the control siRNA (p<0.001). Similarly, VEGF-specific
siRNA also significantly inhibited tumor growth (p<0.001).
When the cells were co-transfected with both MET-specific
and VEGF-specific siRNA, the tumor growth significantly
decelerated compared with single siRNA transfection
(p=0.00432). These data indicate that inhibition of both
MET and VEGF synergistically inhibits the growth of
GL261 murine glioma cells.

Inhibition of MET and VEGF synergistically inhibits GBM
cell growth in vivo. These results led us to hypothesize that
MET/VEGF-targeting therapy would also exhibit therapeutic
efficacy for GBM-bearing hosts in vivo. In order to address
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Figure 1. Immunohistochemistry of mesenchymal—epithelial transition factor (MET) expressed in recurrent glioblastoma multiforme (GBM). A,
representative images of MET-negative and MET-positive GBM cases. Original magnification: 200-fold. B, Magnetic resonance images of the patient
with MET-positive GBM. The tumor responded to bevacizumab treatment.
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Figure 2. Inhibition of mesenchymal—epithelial transition factor (MET)
and vascular endothelial growth factor (VEGF) synergistically inhibits
GL261 murine glioma cell growth in vitro. GL261 cells were transfected
with siRNAs specific for MET or VEGF or both. Cell growth ratios were
calculated relative to growth of the control groups. p-Values were based
on Holm’ s post-hoc test and are shown for comparison with the
Control. p<0.05 was considered statistically significant.

this question, we established intracerebral GBM mouse
models using GL261 cells that were treated with MET-
specific siRNA with/without VEGF-specific siRNA prior to
cell transplantation and then monitored the survival of the
GBM-bearing mice (Figure 3). Consistent with the in vitro
data, the mice with GL261 treated with MET-specific siRNA
exhibited prolonged survival compared with those with
untreated GL261 cells (p=0.0281). The mice with GL261
treated with VEGF-specific siRNA also exhibited prolonged
survival, which was almost equivalent to that of those with
MET-specific siRNA treatment (p=0.0325). When the cells
were co-transfected with both MET-specific and VEGF-
specific siRNA, the mice with co-transfected GL261 cells
survived significantly longer compared with those
transplanted with single siRNA transfected GL261 cells
(»<0.001). Taken together, these data indicate that the
inhibition of both MET and VEGF exhibits more efficient
therapeutic effects on GBM-bearing mice.

Discussion

Our data demonstrated that the combination therapy with
both MET and VEGF inhibition promoted favorable
therapeutic effects on MET-overexpressing GBMs. MET
expression in GBM is associated with tumor resistance to
radiation and chemotherapy. VEGF inhibitors suppress
angiogenesis at tumor sites. As a result, tumor cells are
exposed to a hypoxic microenvironment. This hypoxic
microenvironment further enhances MET gene expression
and promotes tumor growth (11). It is therefore important to
inhibit both MET and VEGEF in order to control the growth
of GBM.
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Figure 3. Inhibition of mesenchymal—epithelial transition factor (MET)
and vascular endothelial growth factor (VEGF) synergistically inhibits
glioblastoma multiforme (GBM) cell growth in vivo. GL261 murine
glioma cells were transfected with siRNAs specific for MET or VEGF,
or both and the cells were transplanted into the brain of C57BL/6 mice.
Survival of the GBM-bearing mice was monitored. p-Values were based
on log-rank test and are shown for comparison with the Control. p<0.05
was considered statistically significant.

We used GL261 murine glioma cell line (Figure 2).
GL261 has often been used for C57BL/6-based animal
models for preclinical studies (17-19, 23, 24). Most
importantly, this system allows us to use immunocompetent
animals and therefore to evaluate immune reactions in GBM-
bearing hosts. Moreover, this cell line is easy to maintain and
handle. This cell line is known to expresses GP100 as a
glioma-associated antigen. In parallel with the direct effects
of MET/VEGF inhibition on GBM growth, we address the
immunological aspects using this system in response to
MET/VEGEF inhibition.

We observed favorable therapeutic effects of the combined
therapy on GBM in C57BL/6 wild-type mice (Figure 3). In
this regard, we recently developed a new animal model of
GBM in which spontaneous GBM formation can be induced
(25-27). This system mimics human GBM well but the
disadvantage of the new system is that tumor-inducible rate
is still unstable. In parallel with this new system, we used
human-derived GBM cells in immune-deficient mice (13,
20). With this system, however, we are unable to address the
immunological responses in the GBM microenvironment.
Based on these findings, we chose to use the GL261-based
cell transplantation model in this study to gain stability of
tumor formation in the immunocompetent animals.

Previous studies have shown that bevacizumab exerts
short-term effects on glioblastoma (8-10). In this regard, our
data and others (28) suggest that this phenomenon is
attributable to MET overexpression mediated by VEGF
inhibition. We will continue to investigate the effects of
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combination therapy with VEGF inhibitor and MET inhibitor
for GBM as has been conducted in melanoma (16).
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