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Mediators of Glioblastoma Resistance and Invasion during
Antivascular Endothelial Growth FactorTherapy
Agda K. Lucio-Eterovic,Yuji Piao, and John F. de Groot

Abstract

Purpose: Vascular endothelial growth factor (VEGF) has been identified as a critical regulator of
angiogenesis. Currently, several different strategies are being used to target the VEGF-VEGF
receptor signal transduction pathway in glioblastoma. Although anti-VEGF therapy seems be
effective in normalizing abnormal tumor vasculature, leading to an enhanced response to radiation
and chemotherapy, tumors eventually become resistant to the therapy and adopt a highly infiltrative and invasive phenotype.
Experimental Design: In the present study, we evaluated the effects of anti-VEGF therapy
(bevacizumab) on glioblastoma invasion both in vitro and in vivo and evaluated the angiogenesisand invasion-related mediators of developed resistance to this therapy.
Results: We found that glioblastoma tumors escaped from antiangiogenic treatment by (a) reactivating angiogenesis through up-regulation of other proangiogenic factors and (b) invading
normal brain areas, which was seen in association with up-regulation of matrix metalloproteinase
(MMP)-2, MMP-9, and MMP-12; secreted protein, acidic, cysteine-rich; and tissue inhibitor of
metalloproteinase 1. In addition to the paracrine effects of VEGF on endothelial cells, autocrine
VEGF signaling seemed to regulate glioblastoma invasion because anti-VEGF therapy increased
tumor invasiveness in vitro.
Conclusions: Collectively, these findings reinforce the importance of VEGF in regulating tumor
invasion and identify potential mediators of resistance to targetedVEGF therapy.These results will
be important for developing novel combination therapies to overcome this resistance phenotype.

Angiogenesis

is one pathologic hallmark of glioblastoma
tumors, the most aggressive and lethal form of brain cancer.
This process consists of the formation of new blood vessels
from preexisting ones, and it is a crucial step in the progression
of cancer from a small and localized neoplasm to a highly
aggressive tumor. Angiogenesis is regulated by the balance
between many proangiogenic and antiangiogenic factors.
Among them, vascular endothelial growth factor (VEGF) has
been identified as the most critical molecule involved. VEGF
ligands (VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placenta
growth factor) bind to and activate the VEGF receptor (VEGFR)
tyrosine kinases [VEGFR-1 (also called Flt-1) and VEGFR-2
(also called Flk-1 or KDR)] expressed by endothelial cells in a
paracrine manner. VEGF also interacts with the coreceptors
neurophilin-1 and neurophilin-2. Binding of VEGF to VEGFR-2
receptors on endothelial cells initiates a signaling cascade that
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leads to proliferation, survival, and migration of endothelial
cells (1, 2). In addition, the existence of autocrine VEGF
signaling in cancer has been previously shown (3 – 5). VEGF
stimulation of VEGFRs on glioma cells has been shown to be
important for cell survival and proliferation (4).
Several studies have shown that the interaction between
VEGF and its receptors can be antagonized by monoclonal
antibodies to VEGF and small-molecule inhibitors of the
VEGFR (6 – 8). It has been hypothesized that these agents are
effective because the anti-VEGF treatment transiently normalizes abnormal tumor blood vessels (which leads to improved
tumor oxygenation, enhancing response to radiotherapy ref. 9)
and improves the delivery of chemotherapeutic drugs (10, 11).
The most developed and successful treatment to date for
recurrent glioblastoma is the VEGF-neutralizing antibody
bevacizumab. In combination with chemotherapy, bevacizumab improves the progression-free survival or prolongs the
survival of patients with lung, colon, or breast cancer (12). This
combination of bevacizumab and irinotecan has recently been
shown to improve the progression-free survival rate of patients
with recurrent malignant gliomas (13) and also increase
median survival (14).
Antiangiogenic therapy is effective in blocking vascular
permeability, inhibiting vascular proliferation, and slowing
tumor growth, but studies in multiple cancer types, including
breast cancer (15), colorectal cancer (16), and pancreatic cancer
(17), have shown that resistance to anti-VEGF therapy is the
rule. The mechanisms by which this resistance occurs are not
well understood but are thought to relate to alternative pathway
activation. Several studies have shown that glioma xenografts
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Translational Relevance
Antiangiogenic therapy is commonly being used for the
treatment of recurrent glioblastoma. Although there is
strong evidence supporting the efficacy of this approach,
tumors eventually acquire resistance to continuous blockade of blood vessel growth. We show that anti ^ vascular
endothelial growth factor (VEGF) therapy promotes the expression of multiple proangiogenic and proinvasive factors
that mediate glioma tumor escape. In particular, we show
that anti-VEGF therapy significantly increases the expression of metalloproteinases, which are known to be important for the degradation of tumor stroma, for the release of
VEGF and other proangiogenic factors bound to the extracellular matrix, and for facilitating tumor invasion. Inhibition
of matrix metalloproteinases together with anti-VEGF therapy prolonged animal survival in an orthotopic glioma model but did not inhibit tumor invasion. These studies provide
important information about the effect of anti-VEGF therapy on tumor evasion and resistance and help inform future
clinical trials using novel drug combinations.

adopt a more invasive pattern of tumor growth via host vessel
co-option when treated with anti-VEGF or anti-VEGFR antibodies (18, 19). Recently, the same pattern of tumor infiltration
has been described in patients (20), although no pathologic
evidence of vessel co-option has been reported. The mediators
of this tumor invasion are currently unknown.
In the present study, we used a monoclonal antibody against
VEGF (bevacizumab) to investigate the effects of antiangiogenic
treatment on glioblastoma proliferation and invasion in vitro
and in vivo. Secreted proteins and cellular changes were
measured before and after anti-VEGF therapy in two cell lines
and an orthotopic mouse model to determine mediators of
resistance and invasion promoted by this treatment.

Materials and Methods
Cell lines, reagents, and treatment. Human glioblastoma cell line
U87 was obtained from American Type Culture Collection. Glioma stem
cell line NSC23 was obtained from Dr. Howard Colman (Department of
Neuro-Oncology, M.D. Anderson Cancer Center, Houston, TX). U87
cells were maintained in DMEM containing 10% fetal bovine serum, and
NSC23 cells were maintained in suspension in DMEM containing
epidermal growth factor, basic fibroblast growth factor (bFGF), and B27
(Invitrogen) at 37jC in 5% CO2 atmosphere. For cell treatment, human
IgG was used as a control for all experiments, and bevacizumab was
added at the concentrations indicated (see figures).
The primary antibodies used in this study were matrix metalloproteinase (MMP) 2; hypoxia inducible factor (HIF)-2a (ChemiconMillipore); tissue inhibitor of MMP (TIMP)-1 (R&D Systems); MMP-9
(R&D Systems); MMP-12 (Abcam); secreted protein, acidic, cysteinerich (SPARC; Zymed-Invitrogen); carbonic anhydrase IX (CA IX; Novus
Biological); factor VIII (DAKO); Ki-67 (Santa Cruz Biotechnology); and
bFGF (Calbiochem). VEGF levels were evaluated using the colorimetric
sandwich ELISA method (R&D Systems). Free VEGF was measured
using an immunodepletion method as previously described (21).
Invasion assay. Matrigel Basement Membrane Matrix (BD Labware)
was used to perform the in vitro cell invasion assays. Cells were
pretreated with bevacizumab for 72 h. Transwell inserts for 24-well
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plates were coated with diluted Matrigel, and cells were added in
triplicate to the transwells. Serum-free medium was added to the
bottom of the plate. Bevacizumab, at indicated concentrations, was
added to both the upper and bottom chambers of the Matrigel system.
Cells were allowed to invade for 24 h at 37jC. The filters were then
fixed and stained with 0.1% crystal violet in 20% methanol. The
invasive cells were visualized using bright-field microscopy. Transwell
membranes were incubated with 2% deoxycholic acid for 20 min, and
the absorbance at 595 nm was recorded.
Antibody and real-time PCR arrays. For the analysis of secreted
proteins, we used the angiogenesis antibody array (Panomics)
following the manufacturer’s protocol. Two-milliliter aliquots of
conditioned media were used for control and treated membranes. To
verify changes in gene expression of control and treated cells,
angiogenesis and extracellular matrix (ECM) real-time PCR arrays
(SABiosciences) were carried out according to the manufacturer’s
protocol. Total cellular RNA was extracted using Trizol reagent
(Invitrogen), and RNA was reverse transcribed to single-stranded cDNA
using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) according to the manufacturer’s protocol. The experiment
was carried out using Chromo4 (Bio-Rad) real-time PCR equipment.
The extent of change in expression of each gene was calculated using the
DC t method.
Gelatin zymography. SDS-PAGE was done using 8% total acrylamide under reducing or nonreducing conditions, as previously described
(22). For zymography analysis, aliquots of the conditioned media in 4
SDS loading buffer were loaded without reduction in 0.1% gelatin in
8% acrylamide gels. After electrophoresis, gels were washed with 2.5%
Triton X-100 to remove SDS and renature the MMPs. Then the gels were
incubated in developing buffer [2.5% Triton X-100 in 50 mmol/L Tris
(pH 7.5), 150 mmol/L NaCl, and 10 mmol/L CaCl2] overnight at 37jC
to induce gelatin lysis by renatured MMPs. Gels were stained in a
Coomassie brilliant blue solution and then destained with 30%
methanol and 10% acetic acid.
Western blotting. For protein analysis by Western blotting, 30 Ag of
protein for each sample were loaded and separated by SDS-PAGE (22).
Proteins were transferred onto nitrocellulose membranes, and the
membranes were blocked in 5% bovine serum albumin. The primary
antibodies were diluted in TBS with Tween 20 (TBST) containing 5%
bovine serum albumin, and the membranes were incubated for 1 h at
room temperature. The membranes were then washed thrice with TBST,
incubated with the respective secondary antibody, and washed thrice
with TBST. The secondary antibody was visualized using electron
chemiluminescent reagent (Pierce).
Immunofluorescence. Immunofluorescence analysis was done as
previously described with minor modifications (23). Briefly, formaldehyde-fixed cells were permeabilized with Triton X-100 0.3% in PBS,
treated with Image-iT FX signal enhancer (Invitrogen) for 30 min, and
blocked with 5% serum diluted in PBS-gel (0.2% gelatin in PBS) for
30 min. The primary antibodies were incubated in blocking solution
for 1 h at room temperature. Alexa Fluor 488 – labeled goat anti-mouse
MMP-2 and Alexa Fluor 594 – labeled donkey anti-goat MMP-9
antibodies (Molecular Probes, Invitrogen) were used to detect
fluorescence. The coverslips were mounted using ProLong antifade
reagent (Invitrogen). The images were acquired with an inverted
deconvolution microscope. Images were taken with a Zeiss Axioskop 40
microscope equipped with AxioVision Rel.4.2 software.
Animal xenografts. For in vivo experiments, U87 glioblastoma cells
(5  105) were implanted intracranially into nude mice (six mice per
group). Beginning 4 d after implantation, animals were treated with
bevacizumab (10-20 mg/kg i.p.) twice weekly. One group was treated
for 4 wk (short-term treatment), and another group was treated until
they required euthanasia, at f7 wk (long-term treatment). In a separate
experiment, after injection of U87 glioblastoma cells, animals were
treated with bevacizumab alone or bevacizumab in combination with
MMP inhibitors doxycycline (10 mg in the form of a slow-release
s.c. pellet implant; Innovative Research of America) or GM 6001
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(100 mg/kg i.p. thrice a week; Chemicon). Control animals were treated
with PBS. When the mice developed signs and symptoms of advanced
tumors, they were euthanized, and their brains were removed and
processed for analysis. All experiments were approved by the
Institutional Animal Care and Use Committee of The University of
Texas M. D. Anderson Cancer Center. Survival analysis was done using
the Kaplan-Meier method and groups were compared using the logrank test. P < 0.05 was determined to be significant.
Immunohistochemistry. Paraffin sections from xenografts were used
for immunohistochemical analysis. The slides were deparaffinized and
subjected to graded rehydration. After blocking in 5% serum and an
antigen retrieval step (citrate buffer, pH 6.0), the slides were incubated
with the primary antibodies for 1 h at room temperature. After washing
in PBS with Tween 20, primary antibody reactions were detected using
the Vectastain ABC kit (Vector Laboratories) with the respective
secondary antibody.

Results
Immunodepletion of VEGF increased invasion of glioblastoma
cells in vitro. Because antiangiogenic therapy has been shown
to increase glioblastoma invasion in vivo (18, 19), we first
isolated the impact of blocking the autocrine VEGF effect on
tumor cell invasion. Two glioma cell lines (U87 glioblastoma
cells and NSC23 glioma stem cells), which both release high

levels of VEGF and have minimal or no in vitro or in vivo
invasion, were selected for treatment with bevacizumab. To
confirm the sequestration of soluble free VEGF after bevacizumab treatment, free VEGF levels were measured in the
conditioned media following immunodepletion of VEGF
bound to bevacizumab. A concentration of 5 mg/mL bevacizumab sequestered 98% of free VEGF in U87 cells and 90% of
free VEGF in NSC23 cells at 72 hours (Fig. 1A).
To determine the baseline expression of VEGFRs available for
autocrine stimulation on glioma cells, we measured the mRNA
and protein levels of VEGFRs VEGFR-1 and VEGFR-2 by realtime PCR and Western blotting, respectively, in U87 and
NSC23 cells. Figure 1B and Table 1 shows the protein and
mRNA levels for these receptors. At the protein level, we
detected high levels of VEGFR-1 and very low levels of VEGFR-2
in both cell lines. Interestingly, a clear down-regulation of
VEGFR-1 was found in NSC23 cells after bevacizumab
treatment. mRNA levels for VEGFR-1 and VEGFR-2 were not
significantly different before and after anti-VEGF treatment.
We then investigated the effect of anti-VEGF treatment on the
ability of glioblastoma cells to invade. A Matrigel transwell
assay showed increased transwell migration/invasion for both
treated U87 cells and treated NSC23 cells in a concentrationdependent manner. Compared with the numbers of invasive

Fig. 1. Invasion increases in vitro following VEGF sequestration with bevacizumab. A, secreted VEGF levels measured by ELISA using conditioned media from control and
bevacizumab-treated (5 mg/mL for 72 h) U87 and NSC23 cells after immunodepletion. Columns, average from three independent measurements. B, mRNA (DC t) and
protein levels of VEGFR-1and VEGFR-2 in U87 and NSC23 cells. C, control cells; T, treated (5 mg/mL for 72 h) cells. C, Matrigel invasion assay for U87 (top row) and
NSC23 (bottom row) cells. After 72 h of treatment with the indicated drug concentrations, cells (2.5  105) were allowed to invade for 24 h in serum-free medium. Graphs
represent absorbance at 595 nm after incubation of the membranes with deoxycholic acid. Pictures shown are the most representative from three independent experiments.
*, P < 0.05; **, P < 0.01, compared with control (Student’s t test).
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Table 1. VEGFR-1 and VEGFR-2 levels in U87 and
NSC23 cells
U87

VEGFR-1
VEGFR-2

NSC23

C

T

C

T

9.09
8.12

12.7
9.49

3.54
5.61

4.82
3.46

Abbreviations: C, control cells; T, treated cells.

control cells, the numbers of invasive cells were six times
(U87) and four times (NSC23) higher when the cells were
treated with 5 mg/mL bevacizumab (Fig. 1C), suggesting
that autocrine VEGF signaling blockade plays an important
role in glioma invasion. To ensure that changes in invasiveness were not a result of an imbalance in cell viability
induced by bevacizumab treatment, cell viability was measured before each invasion experiment. Control and treated
cells exhibited similar levels of viability after 72 hours,
indicating that the treatment had not promoted the

selection of resistant and invasive populations (data not
shown).
Angiogenesis treatment alters the expression of multiple
angiogenesis- and invasion-related genes. To identify potential
mediators involved in the more invasive pattern shown
in vitro (and in vivo, as described below) after antiangiogenic
treatment, we used a quantitative real-time reverse transcription PCR array to screen for changes in mRNA levels of
angiogenesis- and invasion-related genes. Table 2 shows the
genes that are up-regulated and down-regulated after
bevacizumab treatment. MMP-12 , collagen type IV,
a3 (COL4-A3), and chemokine-9 (CXCL9) were the most
up-regulated genes (changes from 38- to 78-fold). MMP-9,
another important angiogenesis- and invasion-related gene,
was found to be expressed at a level f11 times higher in the
treated cells than in the control cells. On the other hand,
laminin a1 (LAMA1), integrin h2 (ITGB2), MMP-1, and
hyaluronan synthase 1 (HAS1 ) were found to be
down-regulated after bevacizumab treatment (changes from
19- to 54-fold).
To validate the higher mRNA levels shown by real-time PCR,
we used immunofluorescence and Western blotting to analyze

Table 2. mRNA changes after anti-VEGF treatment in U87 glioblastoma cell line
Unigene

Symbol

Description

Genes up-regulated
Hs.369675
Hs.553484
Hs.209153
Hs.194654
Hs.632586
Hs.89714
Hs.164021
Hs.77367
Hs.419815
Hs.81071
Hs.483635
Hs.284244
Hs.1420
Hs.160562
Hs.1695
Hs.513617

ANGPT1
ANGPT2
ANGPTL3
BAI1
CXCL10
CXCL5
CXCL6
CXCL9
EGF
ECM1
FGF1
FGF2
FGFR3
IGF1
MMP-12
MMP-2

Angiopoietin 1
Angiopoietin 2
Angiopoietin-like 3
Brain-specific angiogenesis inhibitor 1
Chemokine (C-X-C motif) ligand 10
Chemokine (C-X-C motif) ligand 5
Chemokine (C-X-C motif) ligand 6
Chemokine (C-X-C motif) ligand 9
Epidermal growth factor (h-urogastrone)
Extracellular matrix protein 1
Fibroblast growth factor 1 (acidic)
Fibroblast growth factor 2 (basic)
Fibroblast growth factor receptor 3
Insulin-like growth factor 1 (somatomedin C)
Matrix metallopeptidase 12 (macrophage elastase)
Matrix metallopeptidase 2
(gelatinase A, 72-kDa type IV collagenase)
Matrix metallopeptidase 9
(gelatinase B, 92-kDa type IV collagenase)
Plasminogen
Secreted protein, acidic, cysteine-rich (osteonectin)
TIMP metallopeptidase inhibitor 1
TIMP metallopeptidase inhibitor 2

7.96
5.34
14.25
26.58
18.47
7.22
15.22
37.60
10.04
4.28
1.81
2.10
18.22
12.53
77.89
2.36

Chemokine (C-X-C motif) ligand 1
(melanoma growth stimulating activity, a)
Chemokine (C-X-C motif) ligand 3
Hyaluronan synthase 1
Integrin a2 (CD49B, a2 subunit of VLA-2 receptor)
Integrin h2 (complement component 3
receptor 3 and 4 subunit)
Interleukin-1h
Laminin a1
Matrix metallopeptidase 1 (interstitial collagenase)

2.74

Hs.297413

MMP-9

Hs.143436
Hs.111779
Hs.522632
Hs.633514

PLG
SPARC
TIMP-1
TIMP-2

Genes down-regulated
Hs.789

CXCL1

Hs.89690
Hs.57697
Hs.482077
Hs.375957

CXCL3
HAS1
ITGA2
ITGB2

Hs.126256
Hs.270364
Hs.83169

IL1B
LAMA1
MMP-1

Fold change (treated/control)

11.15
20.79
5.04
6.08
2.24

4.68
19.58
2.61
31.16
10.21
54.82
25.22

NOTE: U87 cells were treated with 5 mg/mL bevacizumab for 72 h. Treated cells represent cells that invaded across the transwell after
treatment. mRNA and cDNA were obtained as described in Materials and Methods. Template cDNA (25 ng) was loaded in each real-time PCR
reaction. Five housekeeping genes were used as controls for each gene expression calculation.
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Fig. 2. Endogenous and secreted levels of invasion-related proteins are up-regulated after treatment with bevacizumab. A, immunofluorescence for MMP-2 and MMP-9 for
control and bevacizumab-treated (5 mg/mL for 72 h) U87 cells. Primary antibody dilutions were 1:200 for MMP-2 and 1:300 for MMP-9. Pictures shown are the most
representative from three independent experiments. B, Western blotting analyses of secreted proteins using conditioned media from U87 control and bevacizumab-treated
cells. Primary antibody dilutions were, for MMP-2, 1:500; MMP-9, 1:400; MMP-12, 1:400; SPARC, 1:500; and TIMP-1, 1:400. C, gelatin zymography for MMP-2 and MMP-9
using conditioned media from control and bevacizumab-treated U87 cells. The loading amounts of proteins in B and C were normalized by the number of cells in each plate
and also by protein quantification.

the endogenous and secreted protein levels, respectively, of MMP-2
and MMP-9. Figure 2A shows the immunofluorescence for MMP-2
and MMP-9 in U87 glioblastoma cell lines before and after
bevacizumab treatment. We observed higher levels of endogenous
MMP-2 and especially MMP-9 in the treated cells than in the
control cells. The same result was obtained by Western blotting
using conditioned media; thus, the secreted levels of MMP-2 and
MMP-9 also were higher after bevacizumab treatment. In addition,
secreted levels of invasion-related proteins MMP-12, SPARC, and
TIMP-1 were also confirmed to be increased (Fig. 2B). These results
validated the mRNA up-regulation shown by quantitative PCR.
As shown by Winkler et al. (9), besides its fundamental role
in degrading ECM proteins, MMP-9 activity surrounding
endothelial cells seems to be important for the normalization
of abnormal tumor vasculature (through collagen degradation)
during antiangiogenic treatment. To evaluate whether enzymatic activity of MMP-2 and MMP-9 was also increased with
anti-VEGF treatment, we performed gelatin zymography using
conditioned media from control and treated U87 and NSC23
cells. As expected, bevacizumab treatment increased the activity
of both MMP-2 and MMP-9 (Fig. 2C).
Anti-VEGF treatment promoted up-regulation of proangiogenic
factors in vitro. To evaluate whether anti-VEGF treatment

www.aacrjournals.org

could lead to secretion of other proangiogenic factors as a
compensatory mechanism of overcoming VEGF blockade, we
analyzed the levels of multiple angiogenesis-related molecules
secreted during anti-VEGF treatment in U87 and NSC23 cells.
Figure 3 shows the results of angiogenesis antibody arrays using
conditioned media. In U87 cells, after bevacizumab treatment,
angiogenesis stimulators including angiogenin, interleukin-1a,
and bFGF were up-regulated, whereas acidic FGF was downregulated. Angiogenin and bFGF were also up-regulated in
NSC23 cells after bevacizumab treatment, as were other
proangiogenic molecules including acidic FGF, transforming
growth factor a, and tumor necrosis factor a. Of all the proteins
analyzed, angiogenin was the protein most up-regulated in U87
and NSC23 cells. Interestingly, for both cell lines, we also
observed increased levels of the MMP inhibitors TIMP-1
(modest increase for U87 and significant increase for NSC23)
and TIMP-2 (Fig. 3), which agreed with the data obtained by
real-time PCR.
VEGF blockade increased survival but leads to invasion
in vivo. Because an increase in progression-free survival rates
after antiangiogenic treatment has been shown in glioblastoma
patients, we next examined the survival of nude mice with
glioma xenografts after bevacizumab treatment. We observed
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Fig. 3. Secreted proangiogenic factors are up-regulated following anti-VEGF treatment. Conditioned media (2 mL) from control and bevacizumab-treated (72 h) cells were
incubated with Panomics angiogenesis antibody arrays for 2 h. Results are the most representative from three independent experiments. Highlighted proteins are angiogenin
(Ang), interleukin-1a (IL-1a), interleukin-1h (IL-1b), acidic FGF (FGFa), bFGF (FGFb), tumor necrosis factor a (TNFa), transforming growth factor a (TGFa),TIMP-1, and
TIMP-2. Square shapes, up-regulation; oval shapes, down-regulation. Graphs represent quantification of antibody array results using Image J software. *, P < 0.05, compared
with control (Student’s t test).

significant prolongation in animal survival after bevacizumab
treatment (Fig. 4A). The median survival durations were 14
days for control mice treated with PBS/IgG and 47 days for
mice treated with bevacizumab (P < 0.004). Not surprisingly,
we observed a more invasive pattern of tumor growth after
prolonged VEGF blockade than we did in control mice, echoing
the results seen in our in vitro model. Whereas control tumors
were circumscribed with well-defined edges, tumors in bevacizumab-treated animals displayed undefined edges and
perivascular invasion, and satellite tumors were present far
from the principal mass. Moreover, tumor cells and fingerlike
extensions could be observed in the subpial surface of the brain
in the treated xenografts (Fig. 4B, bottom). Another phenotypic
alteration observed as a result of antiangiogenic treatment was a
significantly higher number of necrotic regions than were seen
in the control tumors, as shown in Fig. 4B (top right, black arrow).
To validate the increase in invasion-related proteins observed
in vitro, we evaluated the levels of MMP-2, MMP-9, MMP-12,
SPARC, and TIMP-1 in control and treated mice. Figure 4C

Clin Cancer Res 2009;15(14) July 15, 2009

shows the immunohistochemical results for these proteins in
specimens obtained from our xenograft model. Notably, we
observed higher levels of all of the invasion-related proteins in
bevacizumab-treated animals than in control animals. These
higher levels were detected not only in the principal tumor
mass but also in the satellite and fingerlike invasive tumor cells.
Evasion of anti-VEGF treatment in vivo through alternate
proangiogenic growth factors. bFGF has recently been shown to
increase over time in patients with recurrent glioblastoma
during treatment with the VEGFR inhibitor cediranib (24). To
determine if evasion of bevacizumab therapy may also be
mediated by bFGF, we analyzed by immunohistochemistry the
levels of bFGF in specimens obtained from the U87 xenografts.
Interestingly, although higher levels of bFGF were not observed
after short-term VEGF blockade, at the time of tumor
progression and animal death (7 weeks), a significant increase
in this proangiogenic protein was observed (Fig. 5A). This result
paralleled our in vitro findings and indicates the existence of a
compensatory mechanism of enhancing angiogenesis, as
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suggested by correlative observations in patients with glioblastoma (10).
To evaluate whether the tumor cells were, in fact, escaping
from antiangiogenic treatment, we treated mice with bevacizumab for different times (4 and 7 weeks) and analyzed their tumor
cell microvessel density compared with that in control animals.
Immunostaining for factor VIII, a vessel density marker, showed
that after 4 weeks of treatment, intratumoral microvessel density
was significantly reduced (by 80%) in treated animals compared
with that of the controls, an expected effect of antiangiogenic
therapy. However, after 7 weeks of treatment, the pattern of
microvessel density increased to levels higher than that observed
in the control mice, clearly indicating that tumors could
reactivate angiogenesis after long-term exposure to anti-VEGF
therapy (Fig. 5B, top). The evasion of antiangiogenic treatment
was also reflected by the levels of tumor cell proliferation.
Although we observed a decrease (by 47%) in cell proliferation
after short-term treatment, after 7 weeks, the proliferation
increased to levels that were twice as high as that of the controls,
as shown by Ki-67 staining (Fig. 5B, bottom).

Anti-VEGF treatment induced hypoxia in vivo. The correlation between hypoxia and angiogenesis is well established; hypoxia can trigger angiogenesis by up-regulating VEGF expression
(25 – 27). We evaluated the levels of hypoxia by immunohistochemical analysis using the hypoxia markers HIF-2a and CA IX
in our xenograft model. Both proteins were up-regulated in
short-term-treated tumors. At 7 weeks, there was a dramatic
increase in levels of both HIF-2a and CA IX (Fig. 5C and D). We
clearly observed these hypoxia-related proteins in and around
necrotic tumor cells adjacent to areas of necrosis, suggesting that
their up-regulation might be modulated, at least partially, by the
deprivation of oxygenation and/or nutrients to the tumor. Interestingly, HIF-2a (Fig. 5C) and CA IX (Fig. 5D) staining in
nonnecrotic regions and at earlier time points (at 4 weeks) was
also observed, suggesting more widespread hypoxia in tissues
without frank necrosis. Alternatively, an endogenous response to
VEGF blockade could be to up-regulate these proteins.
MMP inhibitors prolonged the survival of bevacizumab-treated
animals. To test whether the invasiveness caused by antiangiogenic treatment could be prevented, we tested combinations of

Fig. 4. VEGF blockade prolongs survival but increases invasion. A, Kaplan-Meier survival curves for control versus treated animals. B, top left, tumors in control animals with
well-delineated margins; top right, tumors in bevacizumab-treated animals had numerous necrotic areas (black arrow) and were surrounded by multiple smaller satellite
tumors. Bottom, higher magnification of bevacizumab-treated tumors showing the satellite tumors and tumor cells at the brain surface, some of them forming finger-like
protrusions. C, immunohistochemical analysis of invasion-related proteins. Primary antibody dilutions were, for MMP-2, 1:50; MMP-9, 1:50; MMP-12, 1:200; SPARC, 1:100;
and TIMP-1, 1:100.
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Fig. 5. Long-term VEGF blockade increases hypoxia and promotes escape from antiangiogenic treatment. A, immunostaining for bFGF in slides obtained from the
glioblastoma xenografts. B, immunohistochemical detection of microvessel density (factor VIII) and proliferation (Ki-67) in glioblastoma xenografts. Microvascular density
was quantified by counting the number of stained vessels per field (five fields were counted per sample at 200 magnification) and are presented as percentage of control.
Labeling index for Ki-67 was established as positively stained cancer cells that showed nuclear staining among 3,000 cancer cells counted in five fields at 200 magnification.
*, P < 0.05, compared with control; **, P < 0.01, compared with 4-wk treatment (Student’s t test). C and D, immunohistochemical detection of hypoxic markers
(HIF-2a and CA IX, respectively) in glioblastoma xenografts. Sections show stained cells adjacent to necrotic areas and also in perinecrotic regions after long-term
bevacizumab treatment. Positive but less intense staining for HIF-2a and strong staining for CA IX were observed in both short-term and long-term bevacizumab-treated
animals. Insets, pictures taken at 100 magnification showing necrotic areas of the tumors.

two broad-spectrum MMP inhibitors (doxycycline and GM 6001)
with bevacizumab both in vitro and in vivo. The Matrigel invasion
assay in U87 cells showed a decrease in cellular invasion by 87%
with the addition of doxycycline and by 68% with the addition
of GM 6001, compared with invasion after bevacizumab alone
(Fig. 6A). The cell viability for the control and bevacizumabtreated cells was very similar (not shown), indicating that the drug
combinations had not had cytotoxic effects on the cells. In
animals, the combination of bevacizumab with MMP inhibitors
resulted in a longer median survival duration (39 days for
doxycycline and 41.5 days for GM 6001) compared with that for
bevacizumab alone [33.5 days; P trend < 0.05, log-rank (Mantel
Cox) test; Fig. 6B]. However, neither MMP inhibitor was effective
in preventing tumor invasion in vivo (not shown), suggesting
that the invasive process in vivo is highly complex and is difficult
to block using inhibitors to one set of proteins. SPARC, TIMP-1,
or other proteins (as shown previously) could play an important
role in the invasiveness induced by anti-VEGF treatment in vivo.
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Discussion
In the present study, we analyzed the effects of antiangiogenic therapy on tumor invasion, hypoxia, and evasion of
anti-VEGF treatment in two glioblastoma cell lines. Using the
anti-VEGF antibody bevacizumab, we first showed that
bevacizumab was able to sequester the majority of secreted
VEGF in U87 glioblastoma cells and in NSC23 glioma stem
cells. This blockade increased invasion in glioblastoma cells
in a concentration-dependent manner in vitro, suggesting that
disruption of an autocrine loop may be important for the
phenotypic change seen after antiangiogenic therapy. Moreover, we showed in vitro the up-regulation (mRNA and
protein levels) of several important molecules related to
angiogenesis (FGFs, interleukins, and angiogenin) and
invasion (MMP-2, MMP-9, MMP-12, SPARC, and TIMPs).
Collectively, these in vitro findings support the idea that
glioblastoma cells can escape from antiangiogenic treatment
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by up-regulating molecules that allow them to invade into
surrounding brain areas.
Surprisingly, we showed a robust increase in invasion in the
in vitro model due to the effects of anti-VEGF therapy as a result
of the autocrine VEGF signaling blockade. Our data represent a
clear indication that VEGF can influence glioblastoma cells
directly and that the effects are not restricted to their influence
on endothelial cells. The autocrine function of VEGF in cancer
invasion was first shown in invasive breast carcinoma cell lines
(3, 5). The authors of those studies proposed that this autocrine
signaling contributes to tumor progression and motility by
inducing chemokine receptor expression. While this article was
in preparation, a study showing a correlation between the VEGF
autocrine loop and malignant glioma viability and radioresistance was published (4), emphasizing the significance of
this autocrine signaling loop in glioblastomas.
Using a glioblastoma xenograft model, we showed high levels of tumor invasion with multiple satellite tumors and fingerlike tumor cells far from the principal mass after prolonged
antiangiogenic treatment, although animal survival was up to 3.5
times longer in the treated group than in the control group. Higher
levels of invasion-related proteins such as MMP-2, MMP-9, MMP12, SPARC, and TIMPs were also observed in the treated tumors
compared with levels in the controls, confirming the in vitro data.
Although the stimulus for this increased invasiveness in vitro
and in vivo is still unknown, it is tempting to speculate that the
decreased supply of oxygen and nutrients caused by prolonged

antiangiogenic treatment may act as a stimulus for tumor cell
migration. MMPs and other molecules could play an important
role in promoting cell invasion into the surrounding brain. Our
results show in different ways the overexpression of MMP-2 and
MMP-9 both in vitro and in vivo, as well as their higher activity
after bevacizumab treatment. MMPs may play other roles in
glioblastoma resistance to antiangiogenic treatment. In addition to
being implicated in degradation of ECM leading to cell invasion,
MMPs can cleave protein substrates such as growth factors and their
receptors, chemokines, and other MMPs, controlling cell proliferation. Moreover, MMPs can regulate angiogenesis by releasing
VEGF and other growth factors from the ECM (28–34). MMP-9 has
also been shown to be potentially important for reversing the
abnormal vascular basement membrane thickness of glioblastoma vasculature, thus cooperating with anti-VEGF therapy in the
process of vascular normalization (9). In that study, the activation of MMP-9 was achieved by the use of an antiangiogenic
inhibitor (anti-VEGFR-2), a finding that is supported by our data.
In addition to showing that MMP-2 and MMP-9 were upregulated in response to anti-VEGF therapy, we showed that
other MMPs were increased. Although MMP-2 and MMP-9 are
the most common metalloproteinases associated with neovascularization of tumors (29), our study showed that MMP-12
was highly up-regulated (mRNA levels of treated cells were 78
times higher than those of control cells), suggesting that this
metalloproteinase could also play an important role in
glioma invasion. MMP-12, also known as human macrophage

Fig. 6. MMP inhibitors prolong survival of bevacizumab-treated animals. A, Matrigel invasion assay for U87 glioblastoma cells treated with bevacizumab alone, bevacizumab
plus doxycycline, and bevacizumab plus GM 6001. Cells (2.5  105) were allowed to invade for 24 h in serum-free medium. Pictures shown are the most representative
from three independent experiments. The graph represents absorbance at 595 nm after incubation of the membranes with deoxycholic acid. *, P < 0.01, compared with
control; **, P < 0.01, compared with bevacizumab alone (Student’s t test). B, Kaplan-Meier survival curves for control versus treated mice. Numbers represent median survival
(in days) for each animal group. The combination of bevacizumab with GM 6001resulted in a longer median survival duration compared with control and bevacizumab alone
[P trend = 0.004, log-rank (Mantel Cox) test].
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metalloelastase, is generally expressed by macrophages and is
known to degrade multiple ECM substrates, including type IV
collagen and myelin proteins such as myelin basic protein (35,
36). Anti-VEGF therapy is known to attract bone marrow –
derived cells such as monocytes and macrophages to tumors
(37), and it is interesting to speculate that MMP-12 release
from tumor or tumor-associated macrophages might play an
important role in this process. This is the first study showing a
possible association between MMP-12 and antiangiogenesis
treatment in glioblastoma.
Surprisingly, there was up-regulation of many other proangiogenic factors in vitro, and importantly, we show the upregulation of bFGF in vivo after VEGF blockade. This observation confirms the suspicion that tumors are simultaneously
developing mechanisms to escape from anti-VEGF agents via
release of proangiogenic molecules as well as proinvasion
mediators. We show the increase in blood vessel formation after
long-term suppression of VEGF, although bevacizumab was able
to decrease microvessel density in the short-term-treated tumors.
The rapid increase in vascularity was shown to be associated with
increased bFGF expression by immunohistochemistry. In the
same way, a higher level of cellular proliferation after long-term
antiangiogenic treatment was observed, another indication that
the tumor cells had developed resistance to the treatment.
We propose that one mechanism by which tumor cells
reactivate angiogenesis could be mediated by an increase in
hypoxia, as shown by the up-regulation of hypoxia-associated
markers HIF-2a and CA IX in this study. It has been suggested
that pancreatic islet tumors escape from antiangiogenic
treatment by this same mechanism (17). Hypoxia-triggered
up-regulation of other proangiogenic factors may restimulate
tumor angiogenesis. In accordance with their model, we
showed that anti-VEGF therapy can increase hypoxia in vivo,
which may be one trigger for the secretion of other proangiogenic factors (such as bFGF) that lead to evasion of antiVEGF treatment.
It is important to emphasize that in vitro, our work showed
that, besides bFGF, angiogenin seems to be the one of the most
up-regulated secreted proteins after bevacizumab treatment,
which might indicate an important function for this protein
under autocrine VEGF blockade. Recent publications have
shown that angiogenin can predict treatment response in stage
IV melanoma patients (38) and also can be a prognostic factor
for B-cell chronic lymphocytic leukemia (39). Other studies
have shown the association between hypoxia and up-regulation
of angiogenin in several types of cancer (40 – 43). The possible
association between angiogenin and angiogenesis-triggered
hypoxia and tumor escape from anti-VEGF therapy has never
been shown in glioblastoma, revealing an interesting area for
future investigation using angiogenin as a potential biomarker
for glioblastoma escape from treatment.

Interestingly, we observed the up-regulation of both mRNA
and protein levels of TIMPs during anti-VEGF therapy. These
proteins have been described for many years as inhibitors of
tumor growth, invasion, and metastasis through their role in
inhibiting MMPs. However, recent publications have emphasized new important functions for TIMPs, describing them as
multifunctional proteins (reviewed in refs. 44, 45). In addition,
it has been postulated that increased TIMP-1 expression could
be a response to (but not limited to) increased MMP levels in
cancer cells (46). It should also be noted that increased TIMP-1
levels are associated with a poor prognosis in multiple cancer
types (47). The up-regulation of TIMPs in the setting of antiVEGF therapy may show an association with an increase in
MMP secretion and could be a marker of the phenotypic change
in tumor behavior toward a more aggressive and invasive
tumor.
Finally, we showed that the concomitant use of broadspectrum MMP inhibitors with bevacizumab significantly
increased the median survival of animals with tumors and
decreased glioblastoma invasion in vitro. However, this combination therapy did not prevent increased invasion in vivo.
Obviously, tumor invasion in vivo involves multiple complicated and overlapping mechanisms, including cell detachment,
anchorage to ECM, remodeling of the ECM, the multiple steps
in cell migration (reviewed in ref. 48). Therefore, the use of
MMP inhibitors as a purely anti-invasive therapy might not be
enough to prevent anti-VEGF – driven invasion. Importantly,
MMPs have a clearly defined role in promoting angiogenesis by
releasing proangiogenic factors from ECM. Thus, our results
indicate that the combination of anti-VEGF therapy with
inhibitors of MMP is a reasonable approach to the treatment
of glioblastoma and may represent dual inhibition of angiogenesis rather than a combination that blocks tumor invasion.
The use of doxycycline as an antiangiogenesis treatment was
corroborated by the recent report by Fainaru et al. (49), who
showed that doxycycline prevents vascular hyperpermeability in
tumors and can decrease tumor volume in vivo.
In conclusion, this work shows the importance of both
autocrine and paracrine VEGF signaling in mediating tumor
evasion of anti-VEGF therapy. Our identification of potential
mediators of the mechanisms of escape from anti-VEGF therapy
is a first step in developing novel combination therapies to
overcome the resistance phenotype. The long-term success of
antiangiogenic agents in the clinic will depend on our ability to
control tumor migration. Clinical trials designed to block both
VEGF and tumor invasion are currently under development for
recurrent glioblastoma.
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