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Abstract:

Malignant gliomas are the prototype of highly infiltrative tumors and this
characteristic is the main factor for the inevitable tumor recurrence and short
survival after most aggressive therapies. The aberrant communication between
glioma cells and tumor microenvironment represents one of the major factors
regulating brain tumor dispersal. Our group has previously reported that the
tyrosine kinase receptor Tie2/TEK is expressed in glioma cells and brain tumor
stem cells and is associated with the malignant progression of these tumors. In
this study, we sought to determine whether the angiopoietin 1 (Ang1)/Tie2 axis
regulates crosstalk between glioma cells and endothelial cells. We found that Ang1
enhanced the adhesion of Tie2-expressing glioma and brain tumor stem cells to
endothelial cells. Conversely, specific small interfering RNA (siRNA) knockdown of
Tie2 expression inhibited the adhesion capability of glioma cells. Tie2 activation
induced integrin β1 and N-cadherin upregulation, and neutralizing antibodies
against these molecules inhibited the adhesion of Tie2-positive glioma cells to
endothelial cells. In 2D and 3D cultures, we observed that Ang1/Tie2 axis activation
was related to increased glioma cell invasion, which was inhibited by using Tie2
siRNA. Importantly, intracranial co-implantation of Tie2-positive glioma cells and
endothelial cells in a mouse model resulted in diffusely invasive tumors with cell
clusters surrounding glomeruloid vessels mimicking a tumoral niche distribution.
Collectively, our results provide new information about the Tie2 signaling in glioma
cells that regulates the cross-talk between glioma cells and tumor microenvironment,
envisioning Tie2 as a multi-compartmental target for glioma therapy.

INTRODUCTION

gliomas are the most common type of primary brain tumor,
and the prognosis for patients with these tumors remains
dismal [2]. Diffuse, infiltrative invasion of glioma cells
into surrounding brain tissue results in tumor recurrence
and contributes to the poor prognosis of patients with
malignant gliomas [3]. Understanding the molecular
mechanisms that underlie tumor glioma progression

Tumor microenvironment plays an important role
in tumor progression and invasion. Interaction of tumor
cells with the extracellular matrix and stromal cells is
crucial for tumor formation including survival, invasion
and maintenance of tumor-initiating cells [1]. Malignant
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and local invasion of gliomas represents one of the great
challenges in exploratory cancer research.
The tyrosine kinase receptor Tie2/TEK was initially
reported as a specific vascular receptor present in both
normal and tumoral endothelial cells (EC), including
ECs in astrocytomas, and its levels correlate positively
with increasing malignancy [4-8]. In these processes,
Tie2 and its ligands, angiopoietins, are critical to
angiogenic remodeling [9]. In addition, Tie2 was found
in hematopoietic stem cells and its function was reported
as required for postnatal bone marrow hematopoiesis and
protecting the hematopoietic stem cell compartment from
myelosuppressive stress [10,11]. We previously showed
that Tie2 is expressed in glioma cells and brain tumor
stem cells present in malignant gliomas [12,13]. In the

RESULTS
Tie2 Activation Enhances the Adhesion of Glioma
Cells to Endothelial Cells
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current study, we investigated whether the Angiopoietin 1
(Ang1)/Tie2 axis regulates the crosstalk between glioma
cells and the tumor microenvironment. Examining in vitro
and in vivo models of gliomas, we found that glial Tie2
is involved in enhancing the adhesion of glioma cells to
ECs, and critically participates in the development of the

Con
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Figure 1: Tie2 activation increases the adhesion of glioma cells to ECs. (A) The adhesion of U251.Tie2 cells to HUVECs was

significantly higher than that of U251.vector cells to HUVECs. Data are presented as the relative ratio of the adhesion of glioma cells to ECs
(adhesion of U251.vector cells to ECs equals to 1). Fluorescence microphotographs of glioma-HUVEC co-cultures following the removal of
non-adherent glioma cells are also shown (PKH26 staining; x 50). (B and C) The adhesion of U-87 MG glioma cells (B) and GSC20 BTSCs (C)
to HUVECs after Ang1 or Ang2 treatment. Data are the relative ratio of the adhesion of glioma cells to ECs (adhesion of untreated glioma cells
to ECs equals to 1). Fluorescence microphotographs of glioma-HUVEC co-cultures taken following the removal of non-adherent glioma cells
are also shown (B; PKH26 staining;x 25). (D) Adhesion studies of Tie2-negative U-373 MG cells after Ang1 treatment. Data are the relative
ratio of the adhesion of glioma cells to ECs (adhesion of untreated glioma cells to ECs equals to 1). Data in each panel are the means ± SD
from three independent experiments performed in triplicate. *, P < .05; **, P < .001; #, P > .05. E, U-87 MG cells were transfected with Tie2
siRNA or control siRNA and exposed to Ang1 before adhesion assay. Data are the relative ratio of the adhesion of glioma cells to ECs (adhesion
of U-87 MG cells transfected with control siRNA and exposed to vehicle equals to 1). The means ± SD from three independent experiments
performed in triplicate are shown. *, P < 0.05. Fluorescence microphotographs show the adhesion of U-87 MG glioma cells to endothelial
cultures after the indicated treatments (PKH26 staining; original magnification x 100).
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To characterize the role of Tie2 activation in glioma
cell–EC interaction, we used a co-culture system in which
the adhesion of fluorescent dye–labeled glioma cells to
an EC monolayer was quantified by flow cytometry. We
found that the adhesion of U251.Tie2 cells to ECs was
more than two-fold higher than the adhesion of U251.
vector cells to ECs (Figure 1A). We further analyzed the
adhesion properties of endogenous Tie2-expressing cells,
U-87 MG glioma cells and GSC20 BTSCs [13]. Ang1
significantly stimulated adhesion of both Tie2-expressing
glioma cells and BTSCs to ECs (Figures 1B and C). Of
importance, similar experiment performed in the presence
of Ang2, a context-dependent Tie2 ligand, did not modify
the adhesive properties of glioma cells to ECs (Figure 1B).
We tested the specificity of action of Ang1 on Tie2
receptor by performing two different experiments. First,
treating Tie2-negative U-373 MG cells [13] with Ang1
did not modify their adhesion to ECs (Figure 1D). Second,

A

Tie2 Enhances Adhesion of Glioma Cells to
Endothelial Cells by upregulating integrin 1 and
N-Cadherin
To determine which molecules are involved in Tie2mediated adhesion of glioma cells to ECs, we performed
cell adhesion experiments in the presence of EDTA
and found a significant decrease in the number of Tie2positive glioma cells that adhered to EC monolayers,
suggesting the contribution of calcium-dependent
adhesion molecules (Figure 2A). Because cell-to-cell
adhesion involves the interaction of adhesion molecules
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treatment with Tie2 siRNA significantly abolished Ang1induced adhesion of U-87 MG cells to ECs (Figure 1E).
These results indicate that the Ang1/Tie2 axis plays a
major role in mediating the adhesion of glioma cells and
BTSCs to ECs.
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Figure 2: Tie2 activation results in upregulation of adhesion molecules in gliomas. (A) The adhesion of U251.vector and U251.

Tie2 cells to ECs was performed in the presence of EDTA. *, P < .05. (B) The Ang1/Tie2 axis regulates N-cadherin expression. U-87 MG
cells treated with Ang1, Ang2, or vehicle, and isogenic U251.vector and U251.Tie2 cells were immunostained with anti-human N-cadherin
antibody and analyzed with flow cytometry. The results from one of three independent experiments are shown. Leftmost diagram represents
cells stained with isotype immunoglobulin G (IgG). (C) The adhesion of U251.Tie2 cells or U251.vector cells to ECs was performed in the
presence of neutralizing antibodies against N-cadherin (C) or integrin β1 (D). IgG was used as a control, and antibodies against VEGF were
used for specificity. Data are the relative ratio of the adhesion of glioma cells to ECs (adhesion of U251.vector cells to ECs in the presence of
Mock (C) or IgG (D) equals to 1). The means ± SD from three independent experiments performed in triplicate are shown. *, P < .05, **; P <
.001; #, P > .05.
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before and during their co-culture with ECs. We found that
the adhesion of U251.Tie2 cells to ECs in the presence
of neutralizing antibodies against N-cadherin completely
abolished the Tie2-mediated adhesion to ECs (Figure 2C).
To determine whether the upregulation of integrin ß1 is
involved in Tie2-mediated glioma cell-to-EC adhesion,
we performed adhesion experiments in the presence of
an integrin ß1–neutralizing antibody. We observed a
significant decrease in the adhesion of U251.Tie2 glioma
cells to ECs. Suggesting specificity of these results, a
neutralizing antibody for VEGF, a molecule involved in
cell-to-cell interaction [14], did not modify the adhesive
properties of Tie2-expressing glioma cells (Figure 2D).
These data suggested that both N-cadherin and integrin ß1
play major roles in the Tie2-mediated adhesion of glioma
cells to ECs.

on the cell surface, we then used flow cytometry to analyze
the cell-surface expression of N-cadherin. U251.Tie2
cells expressed significantly higher levels of N-cadherin
than U251.vector cells (Figure 2B). Similarly, U-87 MG
cells expressed higher levels of surface N-cadherin after
Ang1 treatment (Figure 2B), as confirmed by Western blot
analysis (Supplementary Figure 1). However, treating
U-87 cells with Ang2 did not significantly modify the
expression of cell-surface N-cadherin (Figure 2B). We
used quantitative RT-PCR to compare the mRNA levels of
N-cadherin, E-cadherin, α-catenin, and β-catenin in U251.
vector versus U251.Tie2 cells and U-87 MG cells after
treatment with Ang1 or vehicle. We did not observe any
significant modification in the mRNA levels of N-cadherin,
α-catenin, or β-catenin (E-cadherin expression was not
detectable) in relation to Tie2 activation, suggesting
a post-transcriptional regulation of these molecules
(Supplementary Figure 2).
To determine whether N-cadherin is involved in
Tie2-mediated glioma cell adhesion, we incubated U251.
Tie2 cells with a neutralizing antibody against N-cadherin

A

Tie2 Activation Stimulates Glioma Cell Invasion
in Vitro
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Figure 3: Tie2 activation enhanced the invasive properties of glioma cells. (A-C) Invasion assays were performed in Tie2-

expressing U-87 MG cells (A) and NSC20 BTSCs upon Ang1 exposure (C) and in isogenic-derived U-251 MG cells (B). Data are the relative
ratio of invasive glioma cells with active Tie2 compared to invasive vehicle-treated glioma cells (A and C) or U251.vector cells (B) (equal to 1).
The means ± SD from three independent experiments performed in triplicate are shown. Representative microphotographs show glioma cells
invading Matrigel under the indicated culture conditions (original magnification x 50). Tie2 expression was downregulated by transfecting the
cells with Tie2 siRNA before invasion assay. *, P < .05, **, P < .01.
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To further clarify the role of Tie2 in the invasive
phenotype, we used specific siRNA to knock down Tie2
expression. Tie2 downmodulation resulted in the partial
rescue of the invasive phenotype in both Ang1-treated
U-87 MG cells (Figure 3D) and U251.Tie2 cells (Figure
3E). Moreover, neutralizing antibodies against integrin β1
inhibited the Tie2-mediated invasion of both glioma cell
lines. These data suggest that the Ang1/Tie2/integrin β1
axis contributes to glioma cell invasion in vitro.
To better mimic the in situ tumor confining and allow
the contact with 3D matrix, we generated 3D cultures of
U251.vector and U251.Tie2 cells in an enriched collagen
I matrix since collagen I is one of the major components
of the extracellular matrix of gliomas and the activation
of Tie2 resulted in increased adhesion to this extracellular
component [12]. We observed that the 3D U251.Tie2
spheroids acquired an invasive phenotype consisting
on a single-cell migration pattern from the periphery of
the spheroids. This characteristic pattern was observed

Because our data suggest that Tie2 activation
increased cell adhesion properties and N-cadherin and
integrin ß1 expression, and alterations in these two
molecules have been implicated in the invasive phenotype
of malignant gliomas [15,16], we next sought to determine
whether Tie2 activation modulates glioma cell invasion.
Invasion assay revealed that the number of U251.Tie2 cells
that migrated through the Matrigel was more than 3-fold
the number of U251.vector cells that migrated through
the Matrigel (Figure 3A). Similarly, cells expressing
endogenous Tie2 showed a higher degree of invasion
when treated with Ang1. Thus, Ang1-treated U-87 MG
cells invaded the basement membrane about three-fold
more than vehicle-treated U-87 MG cells. These results
were confirmed by studying the role of Tie2-positive
BTSCs, GSC20, in invasion. Thus, the number of GSC20
cells migrated was two-fold higher when the cultures were
exposed to Ang1 than to the vehicle. Together these data
suggested a role of Ang1/Tie2 in invasion of glioma cells.
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cells invaded collagen-enriched Matrigel after 11 days of culture. Phase contrast pictures showed the invasive front of these spheroids (closeup of the boxed areas). (B) U-87 MG cell spheroids were cultured in 3D collagen gel with or without incubation of 500ng/ml Ang1 (upper
panel). U-87 MG cell were also treated with control or Tie2 siRNA before incorporated into 3D collagen gel and incubation of Ang1 (lower
panel). Phase contrast pictures showed cell invasion of collagen matrix on day 3. The distance from invasive front to the edge of U-87 MG cell
spheroids was measured and compared in different treatment groups (C).
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as soon as 72 hrs of the initiation of the 3D culture and
was maintained by 11 days, the last time point examined.
However, cells from 3D U251.vector spheroids did not
displayed significant migration through the matrix (Figure
4A). Confirmatory experiments were performed using
U-87 MG-derived spheroids. U-87 MG cells were preincubated with Ang1 and then spheroids were cultured in a
collagen I-enriched matrix containing Ang1. We observed
an accelerated rate of migration of Ang1-stimulated U-87
MG cells through the matrix. This response was partially

abrogated by knocking-down Tie2 expression (Figures
4B and C). These results corroborated an essential role of
Tie2 in brain tumor dispersal in vitro.

Glioma Tie2 Expression Increases Tumorigenesis
Characterized by an Invasive Phenotype in Vivo
To determine whether Tie2-mediated changes in
glioma phenotype modulates the neoplastic characteristics
of these tumors in vivo, we injected U251.vector or U251.
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systems [19, 26]. These cellular interactions should occur
following a temporal and spatial regulation of cell-to-cell
and cell-to-substrate adhesion properties. The fact that
Tie2 activation results in cell-to-cell, as well as cell-tosubstrate adhesion, strongly suggests that Tie2 signaling
is one of the key interactors in the tight and coordinated
regulation of these two processes.
Implications of the existence of BTSCs [17, 27]
include that these cells are associated with the vasculature
in brain tumors constituting the so-called perivascular
niche [28]. A corollary of this tenet is the hypothesis that
interaction of BTSCs with ECs mediates chemoresistance
of cancer cells. Although the interaction of BTSCs with
ECs has been implicated in maintaining the self-renewing
and undifferentiated state of BTSCs [28], little is known
about the mechanism of this critical crosstalk. In the
current study, we found that Ang1 significantly enhanced
the adhesion of Tie2-positive BTSCs to ECs. These
results together with our earlier findings regarding the
contribution of Tie2 signaling to the chemoresistance of
BTSCs [13, 29] might indicate that Tie2 interacts with
BTSCs and contributes to the perivascular, chemoresistant
niche. Further studies should ascertain to which extent
the roles of Tie2 in mediating BTSC adhesion to ECs
and increasing chemoresistance are independent or
interdependent signaling pathways.
Preventing gliomas from developing an invasive
phenotype is one of the main challenges involved in
blocking glioma recurrence and improving outcome.
In the current study, we observed that injecting Tie2positive glioma cells together with ECs resulted in the
formation of more tumors that, in turn, tended to be more
aggressive than Tie2-negative tumors. Thus, although the
role of the tumor microenvironment in modulating the
neoplastic phenotype has been previously reported [28],
the molecular mechanisms regulating this relationship
are still under investigation. The work presented here
demonstrates the key role of Tie2 in the influence of the
tumor/microenvironment cross-talking on the malignant
phenotype of gliomas.
In the fullness of time, our data may have important
overtones for the therapy of malignant gliomas. Placing
Tie2 as a landscape regulator and therefore, as one
of the main interactor in the complexity of the tumor
microenvironment regulation, suggests that therapeutic
targeting of Tie2 would be a potent anti-multicompartment
approach.

Tie2 cells into the brains of immunodeficient mice, and
then we sacrificed the animals approximately 20 days
after cell implantation, and analyzed their brains for the
presence of tumors. Although we observed an increase of
tumor formation with co-injection of U251.vector cells
with ECs (33%), this number was significantly higher
when we co-injected the mice with U251.Tie2 cells and
ECs: 11 of 14 (79%) animals developed intracranial tumors
(Figure 5A). Intriguingly, U251.Tie2 and EC–derived
tumors had different features than U251.vector and EC–
derived tumors (Figure 5B). Thus, glioma cells migrated
farther from the site of injection, resulting in multifocal
tumors that surrounded vascular structures. Furthermore,
and as a novel finding, this pro-tumorigenic force is
enhanced and modulated towards an invasive phenotype
in the presence of neoplastic glial cells expressing
Tie2. To further characterize the glioma Tie2+ cells, we
analyzed a BTSC-derived intracranial xenografts. In this
animal model, Tie2 positive cells co-stained positive for
Nestin expression (30% ± 8% of Nestin+ cells) suggesting
a precursor origin (Figure 5C) [17]. Together our data
suggest that Tie2 plays a non-previously described key
role in the crosstalk between the neoplastic glial cells and
the vascular compartment that, ultimately, modulates the
invasive properties of those tumors.

DISCUSSION
In this report we provide new information on the
role of Tie2 in glioma and brain tumor stem cells. Our
data showed that Tie2 activity in glioma cells and BTSCs
was related to enhanced adhesion to the endothelial
compartment with subsequent increase of their invasion
capability. We also found that injecting Tie2-positive cells
together with ECs into the brains of immunocompromised
animals resulted in the development of invasive, multifocal
tumors that surrounded vascular structures. These data are
relevant because the invasive phenotype of GBMs is one
of the main underlying cause of their refractoriness to
conventional treatment and responsible for the invariable
recurrence after therapy [18].
Our study is continuation of our previous work
on the Tie2-mediated regulation of integrin β1 and the
adhesion to several components of the extracellular
matrix [12]. Integrin-mediated cell substratum adhesion
and migration often occur simultaneously with cadherinbased cell-to-cell adhesion [19-22]. In gliomas, integrin 1
has been reported to be involved in adhesion, migration,
and invasion [23, 24]. Moreover, N-cadherin expression
levels have been reported to be related to the progression
of the malignant phenotype [25]. Here we found that
Tie2 activity upregulates N-cadherin in the membrane
of glioma cells that function to effectively mediate the
cellular interactions with the tumor microenvironment.
Several lines of evidence support an orchestrated
regulation between cadherin- and integrin-mediated
www.impactjournals.com/oncotarget
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as previously described [12]. Human Umbilical Vein
Endothelial Cells (HUVECs; Clonetics) were used before
passage 10 and maintained according to the provider’s
instructions. NSC20/GSC20 neurospheroid cultures were
established from a human glioblastoma multiforme (GBM)
surgical specimen and maintained as described previously
[17]. Tie2-overexpressing U-251 MG (U251.Tie2) cells
and vector-transfected U-251 MG (U251.vector) cells
were previously generated [12]. We purchased Ang1 and
Ang2 from R&D Systems.

Small
Interfering
Transfection

RNA

with mouse anti-human N-cadherin antibody (clone GC4;
1:900 dilution; Sigma), or the same amount of mouse IgG1
(R&D Systems) as negative control at 4°C for 1 hour and
with Alexa 488–conjugated anti-mouse antibody (1:100
dilution; Invitrogen) for 15 minutes at room temperature.

Matrigel Invasion Assay
For invasion assay, we coated transwells (ThinCert
TC Inserts, 8.0-µm pore size; USA Scientific) in 24-well
plates with 0.3 mg/ml Matrigel (BD Biosciences) and
allowed them to adjust to room temperature for 2 hours.
Glioma cells (1 x 105) were washed with serum-free
medium, suspended in 250 µl serum-free medium, and
seeded onto the Matrigel-coated transwells. 600 µl DMEM/
F12 supplemented with 2% fetal bovine serum was added
to the lower chambers. When indicated, cells were preincubated with a neutralizing antibody against integrin ß1
(clone 6S6; 10 µg/ml; Chemicon International), or IgG1
as isotype control (R&D System) for 20 minutes at 37ºC.
Cells were then plated in the transwells in the presence of
anti-integrin ß1 antibody. After incubating overnight, cells
on the top of the inserts were removed. Inserts were then
fixed with methanol and stained with 0.5% crystal violet
(Sigma-Aldrich) for 10 minutes, and relative number of
cells was quantified by measuring absorbance at 570 nm.

Oligonucleotide

Human glioma cells were plated in 60-mm dishes (3 x
105 cells per dish). After 18 hours, we used Lipofectamine
2000 (Invitrogen) to transfect the cells with 40 nM Tie2
small interfering RNA (siRNA) or scrambled siRNA
oligonucleotides (Santa Cruz Biotechnology) according
to Invitrogen’s instructions as previously reported and
validated [12-13].

Glioma-to-Endothelial Cell Adhesion Assay
HUVECs were seeded onto 24-well plates (1 x
105 cells/well) 48 hours before adhesion assay. Glioma
cells were labeled with PKH26 red dye (2 x 10–6 M;
Sigma) according to the manufacturer’s instructions,
resuspended in serum-free medium, and seeded onto
HUVEC monolayers at a 5:1 glioma cell–to–EC ratio, and
incubated at 37ºC. After 15 minutes, we removed nonadherent glioma cells and used fluorescence microscopy
(Axiovert 200; Carl Zeiss MicroImaging Inc) to visualize
the adhesion of glioma cells to ECs. We then used a 0.05%
trypsin/0.02% EDTA (w/v) solution to disrupt aggregates
and provide a single-cell suspension for glioma cell
quantification by flow cytometry (FACS Calibur; Becton
Dickinson). Data were processed using CellQuest Pro
software (BD Biosciences).
For calcium-chelating experiments, we preincubated glioma cells with 1 mM EDTA for 20 minutes
and we added 1mM neutralizing antibodies for 15 minutes
before and during co-culture with ECs: anti-N-cadherin
(clone GC4; 1:30 dilution; Sigma), anti-integrin ß1
antibody (clone 6S6; 10 µg/ml; Chemicon International),
and anti-human VEGF antibody (MAB293; 1µg/ml;
R&D Systems). Mouse IgG1 (MAB002) or IgG2B isotypes
(MAB004; R&D Systems) were used as controls.

3D glioma cultures and invasion assay
To generate glioma cell spheres, 1×104 glioma cells
suspended in 100µl DMEM/F12 medium were seeded
into a 96-well plate coated with 1% agarose gel and
incubated overnight. 96-well plates were coated with
collagen-enriched Matrigel, which consisted on mixing
on ice the neutralized collagen I (R&D systems) and
growth factor reduced Matrigel (BD Bioscience) such that
the final collagen concentration was 1.6 mg/ml. Then, the
wells were incubated for 20 minutes in 37°C for gelling.
Glioma cell spheres were transferred into these collagenenriched Matrigel-coated 96-well plates, and subsequently
overlaid with another layer of 50µl neutralized collagen.
After solidification of the upper layer for 15 minutes, 3D
cultures were incubated with 150µl serum-free DMEM/
F12 medium. When indicated, 500ng/ml Ang1 was both
incorporated into the collagen solution before gelling and
supplemented into the culture medium. For assessment
of invasion, we periodically analyzed by microscopy the
presence of invading individual cells and we measured
the major invasive front from the spheroid (completely
surrounded by the matrix and not in contact with the walls
of the well at any point).

Flow Cytometric Analysis
We used flow cytometry (FACSCalibur) to measure
cell-surface N-cadherin expression. We used 5 mM EDTA
to detach 1 x 106 glioma cells and incubated the cells
www.impactjournals.com/oncotarget
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Animal Studies
Animal studies were performed in veterinary
facilities at The University of Texas M. D. Anderson
Cancer Center in accordance with institutional guidelines.
To study whether Tie2 activation in crosstalk with the ECs
impacts tumorigenicity, we injected 1 x 106 U251.vector
or U251.Tie2 cells alone or in a suspension containing 2
x 105 HUVECs into the caudate nuclei of 4- to 6-weekold female athymic mice (Harlan-Sprague Dawley, Inc.)
as previously described [30]. To study Tie2 expression
in brain tumor stem cell (BTSC)-derived intracranial
xenografts, we implanted 5 x 105 GSC20 cells into the
caudate nuclei of 4- to 6-week-old female athymic mice
and sacrificed the animals when showing generalized
or localized symptoms of toxicity were sacrificed. We
removed the brains, fixed in 4% formalin, and embedded
them in paraffin. Hematoxylin and eosin–stained coronal
sections were evaluated for evidence and characterization
tumors.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest

REFERENCES

Immunohistochemistry and Immunofluorescence
Studies
For double immunofluorescence studies, tissue
sections were blocked with 10% goat serum following
heat-induced antigen retrieval and then incubated with antiTie2 antibody (C-20; 1:50; Santa Cruz Biotechnology) and
anti-Nestin (MAB5326; 1:200, Chemicon International).
Texas red– and fluorescein isothiocyanate–conjugated
secondary antibodies (Santa Cruz Biotechnology),
respectively, were used for 1 hour at room temperature.

1.

Joyce JA. Therapeutic targeting of the
microenvironment. Cancer Cell. 2005; 7: 513-20.

2.

Martin V, Liu D, Gomez-Manzano C. Encountering and
advancing through antiangiogenesis therapy for gliomas.
Curr Pharm Des. 2009; 15: 353-64.

3.

Hoelzinger DB, Demuth T, Berens ME. Autocrine factors
that sustain glioma invasion and paracrine biology in the
brain microenvironment. J Natl Cancer Inst. 2007; 99:
1583-93.

4.

Brown LF, Dezube BJ, Tognazzi K, Dvorak HF,
Yancopoulos GD. Expression of Tie1, Tie2, and
angiopoietins 1, 2, and 4 in Kaposi’s sarcoma and cutaneous
angiosarcoma. Am J Pathol. 2000; 156: 2179-83.

5.

Peters KG, Coogan A, Berry D, Marks J, Iglehart JD,
Kontos CD, Rao P, Sankar S, Trogan E. Expression of Tie2/
Tek in breast tumour vasculature provides a new marker for
evaluation of tumour angiogenesis. Br J Cancer. 1998; 77:
51-6.

6.

Stratmann A, Risau W, Plate KH. Cell type-specific
expression of angiopoietin-1 and angiopoietin-2 suggests a
role in glioblastoma angiogenesis. Am J Pathol. 1998; 153:
1459-66.

7.

Takahama M, Tsutsumi M, Tsujiuchi T, Nezu K, Kushibe
K, Taniguchi S, Kotake Y, Konishi Y. Enhanced expression
of Tie2, its ligand angiopoietin-1, vascular endothelial
growth factor, and CD31 in human non-small cell lung
carcinomas. Clin Cancer Res. 1999; 5: 2506-10.

8.

Yu Y, Varughese J, Brown LF, Mulliken JB, Bischoff
J. Increased Tie2 expression, enhanced response to
angiopoietin-1, and dysregulated angiopoietin-2 expression
in hemangioma-derived endothelial cells. Am J Pathol.
2001; 159: 2271-80.

9.

Jones N, Voskas D, Master Z, Sarao R, Jones J, Dumont
DJ. Rescue of the early vascular defects in Tek/Tie2 null
mice reveals an essential survival function. EMBO Rep.
2001; 2: 438-45.

Statistical Analyses
For quantitative data analysis, the results were
plotted as the mean ± SEM. Statistical analysis was
performed using GraphPad Prism version 3.0a (GraphPad
Software Inc.). Statistical significance was determined
using Student’s t tests, or for multiple comparisons using
two-way analysis of variance (ANOVA). For enumeration
data analysis, the results were plotted as the frequencies.
Statistical significance between groups was determined
using chi-square analysis.

ACKNOWLEDGEMENTS
We thank Joe Munch (Department of Scientific
Publications, University of Texas M. D. Anderson Cancer
Center) for editing. We also thank Verlene Henry and
Lindsay Holmes in M. D. Anderson’s Brain Tumor Center
for providing technical assistance in animal experiments.
www.impactjournals.com/oncotarget

tumor

10. Puri MC, Bernstein A. Requirement for the TIE family of
receptor tyrosine kinases in adult but not fetal hematopoiesis.
Proc Natl Acad Sci U S A. 2003; 100: 12753-8.
708

Oncotarget 2010; 1: 700 - 709

Invest. 1996; 75: 819-26.

11. Arai F, Hirao A, Ohmura M, Sato H, Matsuoka S, Takubo
K, Ito K, Koh GY, Suda T. Tie2/angiopoietin-1 signaling
regulates hematopoietic stem cell quiescence in the bone
marrow niche. Cell. 2004; 118: 149-61.

25. Utsuki S, Sato Y, Oka H, Tsuchiya B, Suzuki S, Fujii K.
Relationship between the expression of E-, N-cadherins
and beta-catenin and tumor grade in astrocytomas. J
Neurooncol. 2002; 57: 187-92.

12. Lee OH, Xu J, Fueyo J, Fuller GN, Aldape KD, Alonso
MM, Piao Y, Liu TJ, Lang FF, Bekele BN, GomezManzano C. Expression of the receptor tyrosine kinase
Tie2 in neoplastic glial cells is associated with integrin
beta1-dependent adhesion to the extracellular matrix. Mol
Cancer Res. 2006; 4: 915-26.

26. Arregui C, Pathre P, Lilien J, Balsamo J. The nonreceptor
tyrosine kinase fer mediates cross-talk between N-cadherin
and beta1-integrins. J Cell Biol. 2000; 149: 1263-74.
27. Singh SK, Clarke ID, Hide T, Dirks PB. Cancer stem cells
in nervous system tumors. Oncogene. 2004; 23: 7267-73.

13. Martin V, Xu J, Pabbisetty SK, Alonso MM, Liu D, Lee
OH, Gumin J, Bhat KP, Colman H, Lang FF, Fueyo J,
Gomez-Manzano C. Tie2-mediated multidrug resistance in
malignant gliomas is associated with upregulation of ABC
transporters. Oncogene. 2009; 28: 2358-63.

28. Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C,
Hamner B, Oh EY, Gaber MW, Finklestein D, Allen M,
Frank A, Bayazitov IT, Zakharenko SS, Gajjar A, Davidoff
A, Gilbertson RJ. A perivascular niche for brain tumor stem
cells. Cancer Cell. 2007; 11: 69-82.

14. Fong GH, Rossant J, Gertsenstein M, Breitman ML. Role of
the Flt-1 receptor tyrosine kinase in regulating the assembly
of vascular endothelium. Nature. 1995; 376: 66-70.

29. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland
AB, Dewhirst MW, Bigner DD, Rich JN. Glioma stem cells
promote radioresistance by preferential activation of the
DNA damage response. Nature. 2006; 444: 756-60.

15. Asano K, Duntsch CD, Zhou Q, Weimar JD, Bordelon D,
Robertson JH, Pourmotabbed T. Correlation of N-cadherin
expression in high grade gliomas with tissue invasion. J
Neurooncol. 2004; 70: 3-15.

30. Gomez-Manzano C, Holash J, Fueyo J, Xu J, Conrad CA,
Aldape KD, de Groot JF, Bekele BN, Yung WK. VEGF
Trap induces antiglioma effect at different stages of disease.
Neuro Oncol. 2008; 10: 940-5.

16. D’Abaco GM, Kaye AH. Integrins: molecular determinants
of glioma invasion. J Clin Neurosci. 2007; 14: 1041-8.
17. Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A, De
Vitis S, Fiocco R, Foroni C, Dimeco F, Vescovi A.
Isolation and characterization of tumorigenic, stem-like
neural precursors from human glioblastoma. Cancer Res.
2004; 64: 7011-21.
18. Giese A, Bjerkvig R, Berens ME, Westphal M. Cost of
migration: invasion of malignant gliomas and implications
for treatment. J Clin Oncol. 2003; 21: 1624-36.
19. Yano H, Mazaki Y, Kurokawa K, Hanks SK, Matsuda
M, Sabe H. Roles played by a subset of integrin signaling
molecules in cadherin-based cell-cell adhesion. J Cell Biol.
2004; 166: 283-95.
20. Monier-Gavelle F, Duband JL. Cross talk between adhesion
molecules: control of N-cadherin activity by intracellular
signals elicited by beta1 and beta3 integrins in migrating
neural crest cells. J Cell Biol. 1997; 137: 1663-81.
21. Alexander NR, Tran NL, Rekapally H, Summers CE,
Glackin C, Heimark RL. N-cadherin gene expression in
prostate carcinoma is modulated by integrin-dependent
nuclear translocation of Twist1. Cancer Res. 2006; 66:
3365-9.
22. Avizienyte E, Wyke AW, Jones RJ, McLean GW, Westhoff
MA, Brunton VG, Frame MC. Src-induced de-regulation of
E-cadherin in colon cancer cells requires integrin signalling.
Nat Cell Biol. 2002; 4: 632-8.
23. Giese A, Rief MD, Loo MA, Berens ME. Determinants
of human astrocytoma migration. Cancer Res. 1994; 54:
3897-904.
24. Paulus W, Baur I, Beutler AS, Reeves SA. Diffuse brain
invasion of glioma cells requires beta 1 integrins. Lab
www.impactjournals.com/oncotarget

709

Oncotarget 2010; 1: 700 - 709

