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Angiogenesis inhibitors appear to be promising thera-
pies for highly vascularized tumors such as glioblastoma 
multiforme (GBM). Sunitinib is an oral multitargeted 
tyrosine kinase inhibitor with both antiangiogenic and 
antitumor activities due to selective inhibition of various 
receptor tyrosine kinases, including those important for 
angiogenesis (vascular endothelial growth factor recep-
tors and platelet-derived growth factor receptors). Here 
we evaluated the antitumor activities of sunitinib on 
orthotopic models of GBM in vitro and in vivo. Sunitinib 
potently inhibited angiogenesis that was stimulated by 
implantation of U87MG and GL15 cells into organotypic 
brain slices at concentrations as low as 10 nM. At high 
dose (10 mM), sunitinib induced direct antiproliferative 
and proapoptotic effects on GL15 cells and decreased 
invasion of these cells implanted into brain slices by 49% 
(p , 0.001). Treatment was associated with decreases in 
Src (35%) and focal adhesion kinase (44%) phosphoryla-
tion. However, anti-invasive activity was not observed 
in vivo at the highest dose level utilized (80 mg/kg per 
day). Survival experiments involving athymic mice bear-
ing intracerebral U87MG GBM demonstrated that oral 
administration of 80 mg/kg sunitinib (five days on, two 
days off) improved median survival by 36% (p , 0.0001). 
Sunitinib treatment caused a 74% reduction in microves-

Antiangiogenic and anti-invasive  
effects of sunitinib on experimental  
human glioblastoma

Sophie de Boüard, Paulette Herlin, James G. Christensen, Edwige Lemoisson,  
Pascal Gauduchon, Eric Raymond, and Jean-Sébastien Guillamo
GRECAN, Centre François Baclesse, Université de Caen Basse-Normandie, 14076 Caen, France (S.D.B., P.H., 
E.L., P.G., J.-S.G.); Pfizer Inc., San Diego, CA 92121 USA (J.G.C.); Hôpital Beaujon, 92118 Clichy, France 
(E.R.); CHU Côte de Nacre, Département de Neurologie, 14033 Caen, France (J.-S.G.)

Received July 13, 2006; accepted January 4, 2007.

Address correspondence to Sophie de Boüard, GRECAN, Centre 
François Baclesse, Avenue du Général Harris, 14076 Caen, France 
(sophie.debouard@free.fr).

sel density (p , 0.05), an increase in tumor necrosis, and 
a decrease in number of GBM cells positive for MIB anti-
body. Sunitinib exhibited potent antiangiogenic activity 
that was associated with a meaningful prolongation 
of survival of mice bearing intracerebral GBM. These 
data support the potential utility of sunitinib in the 
treatment of GBM. Neuro-Oncology 9, 412–423, 2007 
(Posted to Neuro-Oncology [serial online], Doc. D06-
00109, July 10, 2007. URL http://neuro-oncology.duke 
journals.org; DOI: 10.1215/15228517-2007-024)

Keywords: angiogenesis, antiangiogenic therapy, glio-
blastoma, invasion, sunitinib

Glioblastoma multiforme (GBM), the most frequent 
and aggressive type of primary brain tumor,1 is 
associated with a high degree of vasculariza-

tion.2 This profuse angiogenesis, together with tumor 
cell dissemination in the brain,3  is largely responsible 
for tumor recurrence and poor prognosis despite treat-
ment. The median survival time for patients with GBM 
is about one year, emphasizing the need for development 
of novel therapeutic strategies for this challenging tumor. 
Depriving tumor cells of oxygen and nutrients by pre-
venting angiogenesis appears to be a promising therapy 
for highly vascularized tumors such as GBM.4,5

Angiogenesis is characterized by a cascade of events 
that includes endothelial cell proliferation and migra-
tion, vessel sprouting, vascular permeability, and the 
remodeling of emerging vessels.6 During tumorigenesis, 
an “angiogenic switch” is triggered by tumor expression 
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of various proangiogenic factors.7 The production of 
proangiogenic factors is induced by physiological stim-
uli such as hypoxia, caused by increased tissue mass, 
and subsequent activation of hypoxia-inducible factor-1 
(HIF-1).8 Moreover, evidence suggests that genetic alter-
ations in GBM cells lead to both an up-regulation of 
proangiogenic factors and a down-regulation of antian-
giogenic factors, further tipping the balance in favor of 
angiogenesis and tumor progression.8 Vascular endothe-
lial growth factor (VEGF), the ligand for VEGF recep-
tor (VEGFR), is the most potent of the myriad angio-
genic factors described to date9 and appears to play a 
major role in tumor- and hypoxia-induced angiogenesis 
in malignant glioma.10 Its biological effects are elicited 
through two high-affinity receptor tyrosine kinases 
(RTKs), flt-1/VEGFR-1 and KDR/VEGFR-2, which are 
coexpressed on endothelial cells.10 VEGF is up-regulated  
in GBM cells, and its main receptor, VEGFR-2, is 
expressed in the vascular endothelia of GBM.11–13

Increased expression of platelet-derived growth fac-
tor (PDGF) and PDGF receptor (PDGFR), frequently 
observed in malignant gliomas,14–16 has also been 
implicated in GBM angiogenesis. Although glioma 
cells express PDGF ligands A and B and PDGFR-a, 
PDGFR-b is expressed only on tumor vasculature, par-
ticularly in the hyperplastic endothelium of GBM.15,16 
PDGF ligands enhance angiogenesis, at least in part, 
by stimulating VEGF expression in tumor endothelium 
expressing PDGFR-b17 and by recruiting pericytes to 
neovessels.18 These observations suggest both autocrine 
and paracrine actions of PDGF in tumor and particu-
larly glioma angiogenesis. Moreover, the establishment 
of an autocrine loop attributable to the coexpression of 
PDGF and PDGFR also plays a role in GBM growth.19,20 
Thus, the biological effects mediated either directly or 
indirectly by the VEGFR and PDGFR RTKs are impli-
cated in GBM angiogenesis. Preclinical studies indicate 
that dual inhibition of PDGFRs and VEGFRs produces 
robust antiangiogenic effects that may be superior to 
single-target inhibition.21–23 Hence, inhibiting these 
targets in concert might be expected to result in broad 
antitumor efficacy.

Sunitinib malate (Sutent, SU11248) is a small, orally 
bioavailable molecule that has been identified as a low-
nanomolar inhibitor of the angiogenic RTKs PDGFR-a  
and PDGFR-b, as well as VEGFR-1 and -2, KIT (stem 
cell factor receptor), and FLT3 (Fms-like tyrosine 
kinase-3 receptor).24 This multitargeted RTK inhibitor 
has demonstrated broad and potent antiangiogenic and/
or antitumor activity in preclinical studies, including 
tumor regression in murine models of human epidermal 
(A431), colon (Colo205 and HT-29), lung (NCI-H226 
and H460), breast (MDA-MB-435), prostate (PC3-
3M-luc), and renal (786-O) cancers, and suppression or 
delay in growth of many other tumor models, including 
subcutaneous C6, GL261, and SF763T glioma xeno-
grafts.25,26 More recently, sunitinib has demonstrated 
efficacy with acceptable tolerability in a phase III clini-
cal trial involving patients with gastrointestinal stromal 
tumor and two phase II trials involving patients with 
metastatic renal cell carcinoma,24,27,28 and it is under-

going earlier stage clinical trials for various other can-
cers, including breast and non-small-cell lung tumors.24 
Promising sunitinib clinical results to date support the 
hypothesis that targeting VEGF- and PDGFR-mediated 
signaling is an effective approach in the treatment of 
human cancers.

With respect to GBM, to date sunitinib has been 
studied only in subcutaneous GBM models.25,26 There-
fore, it is unknown whether sunitinib is also effective 
in treating GBM grown in an orthotopic microenviron-
ment, and whether it can improve survival in animals 
with intracerebrally growing GBM tumors. One aim of 
the present study was to investigate the antitumor and 
anti-invasive activities and potential survival benefits 
of sunitinib using orthotopic experimental models of 
human GBM in vitro and in vivo.

Materials and Methods

Drugs

Sunitinib (Pfizer Inc., New York, NY, USA) was sus-
pended in dimethyl sulfoxide (DMSO) for in vitro stud-
ies and in carboxymethylcellulose (CMC) solution (CMC 
0.5%, NaCl 1.8%, Tween 80 0.4%, and benzyl alcohol 
0.9% in distillated water) for in vivo experiments (all 
solvents from Sigma, Saint-Quentin, France).

Cell Lines and Human Tumor Samples

The two human GBM cell lines used in the study, GL15 
and U87MG, were cultured as previously described.29 In 
addition, we used six fresh human specimens obtained 
from malignant glioma resection. After surgery, samples 
were immediately transferred to glioma-cell medium 
and prepared for implantation into brain slices obtained 
from young mice (see below). These tumors were classi-
fied according to the WHO 2000 classification.

Cell Count

GL15 and U87MG cells were plated in six-well plates 
at a density of 5 3 105 cells/well. After two days, cells 
were treated with DMSO alone or 100 nM, 1 mM, or 10 
mM of sunitinib in DMSO. Each assay was performed 
in triplicate. One, two, three, four, and five days after 
treatment, cells were trypsinized, centrifuged at 300g for 
6 min, and resuspended in 1 ml of phosphate-buffered  
saline (PBS). Viable cells were counted using Vi-cell 
(Beckman Coulter, Villepinte, France). Two independent 
experiments were performed.

Flow Cytometric Analysis

After treatment (see above), detached GL15 cells were 
collected separately, and adherent cells were dissoci-
ated using trypsin/EDTA. Adherent and detached cells 
were then pooled and centrifuged at 1,500g for 5 min 
before being fixed in 70% ethanol. Cells were centri-
fuged at 4,000g for 5 min and incubated for 30 min at 
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Invasion Spheroid Assay

On reaching confluence, GBM cells were trypsinized, 
centrifuged at 300g for 10 min, and resuspended in 1 ml 
of glioma-cell medium. To obtain GL15 and U87MG 
spheroids, 5 3 105 cells were seeded in 1.5% agar-
coated flasks for 7–10 days. Glioma-cell medium con-
taining 100 nM, 1 mM, 5 mM, or 10 mM sunitinib in 
DMSO or DMSO alone was added to spheroids cultured 
in Matrigel (BD Biosciences, Le Pont de Claix, France). 
Tumor cell invasion was evaluated 24, 48, and 72 h after 
a single treatment with sunitinib or DMSO as described 
above (n 5 13–24 spheroids in each group).

Organotypic Brain Slice Cultures

The organotypic assay was carried out as described pre-
viously,30,31 using brain slices obtained from C57/BL6 
mice (Charles River, Lyon, France) on postnatal day 6. 
GL15 or U87MG cells (5 3 103 in 0.1 ml) were injected 
into the cortex of brain slices 24 h after brain slice prepa-
ration using a 0.5-ml Hamilton syringe fixed on the arm 
of a micromanipulator (Narashige Inc., Tokyo, Japan). 
For freshly biopsied specimens, small fragments were 
deposited onto the slice surface and gently pushed with 
the tip of a needle until the tumor tissue was well envel-
oped by the parenchyma of the slice. Media containing 
1 nM, 10 nM, 100 nM, 1 mM, or 10 mM sunitinib in 
DMSO or DMSO alone were changed three times per 
week (first medium change two days after slice prepara-
tion). Cultures were maintained for eight days and then 
fixed in 4% paraformaldehyde (PFA) at 4°C for 4 h. 
Tumor invasion and angiogenesis were evaluated at day 
8 on 10–47 slices in each control or treated group, as 
described below. At least two independent experiments 
were performed.

Mouse Intracerebral Xenograft Models

The in vivo efficacy of sunitinib was studied in intra-
cerebral xenograft models using the GL15 cell line for 
invasion32 and the U87MG cell line for angiogenesis, 
tumor growth, and survival. Only GL15 cells exhibited 
high invasive capacities in the mouse brain;32 in this con-
text, this cell line was used to evaluate the effect of suni-
tinib on GBM invasion in vivo. Athymic mice (Charles 
River) received sterile rodent chow and water ad libi-
tum. Treated mice were monitored twice daily. GL15 
and U87MG cells were implanted into the striatum of 
the mice (2 3 105 cells in 2 ml), as previously described.29 
Animals were treated by oral administration of sunitinib 
in a CMC solution four days after stereotaxic glioma 
cell implantations. Mice bearing GL15 tumors were 
treated daily with an 80-mg/kg dose of sunitinib and 
sacrificed 25 days after implantation for postmortem 
analysis of glioma invasion, growth, and angiogenesis  
(n 5 5 in each sample). Mice bearing U87MG tumors 
were treated with sunitinib 80 mg/kg per day using a 
five-day-on/two-day-off treatment cycle (5/2 schedule), 
or 80 mg/kg per day without treatment breaks (con-
tinuous administration). These animals were then either 

37°C in PBS. After centrifugation at 4,000g for 5 min, 
the cell pellets were resuspended at a final concentration 
of 106 cells/ml and stained with propidium iodide using 
the DNA Prep Coulter Reagent Kit (Beckman Coul-
ter). Samples were analyzed at 15 mW using an EPICS 
XL flow cytometer (Beckman Coulter) equipped with 
a 488-nm argon laser. EXPO 32 Acquisition Software 
(Beckman Coulter) was used for data acquisition. Two 
independent experiments were performed.

Immunoprecipitation and Western Blot Analysis

GL15 and U87MG cells were treated with sunitinib (100 
nM, 1 mM, or 10 mM) in DMSO or DMSO alone for 2 
h. Two independent experiments were performed. After 
treatment, detached GL15 and U87MG cells were col-
lected and adherent cells were dissociated using trypsin/
EDTA. Adherent and detached cells were then pooled, 
centrifuged at 1,500g for 5 min, and lysed as previously 
described.29 Protein concentrations were determined 
using the Bradford assay (Bio-Rad, Hercules, CA, 
USA).

Total phosphotyrosine-containing protein was im-
munoprecipitated from cell lysates (4G10 antibody; 
Upstate, Mundolsheim, France), and the amount of 
phosphorylated PDGFR-b and epidermal growth fac-
tor receptor (EGFR) in each sample was determined by 
Western blot analysis. The amount of total PDGFR-b 
and EGFR in each sample was determined by Western 
blot analysis without immunoprecipitation. Src and fo-
cal adhesion kinase (FAK) phosphorylation were studied 
by Western blot analysis without immunoprecipitation. 
Proteins were separated on a 4%–12% polyacrylamide 
gel (NuPAGE Novex 4%–12% Bis-Tris Gel; Invitrogen, 
Cergy Pontoise, France) and electrophoretically trans-
ferred onto a polyvinyl difluoride membrane (Millipore, 
Saint-Quentin-en-Yvelines, France). Membranes were 
blocked for 1 h at room temperature in Tween–Tris- 
buffered saline (T-TBS; 132 mM NaCl, 20 mM Tris-
HCl pH 7.6, 0.5% Tween 20) supplemented with 5% 
nonfat dry milk and immunoblotted overnight at 4°C 
in T-TBS–milk 5% with the following primary anti-
bodies: anti-PDGFR (1:1,000; Upstate), anti-EGFR 
(1:500; Santa Cruz, Le Perray en Yvelines, France), 
anti-pY418–Src (1:1,000; Biosource, Cliniscience, Mon-
trouge, France), anti-Src (1:50; Oncogene Research, 
La Jolla, CA, USA), anti-pY397–FAK (1:1,000; Bio-
source), anti-FAK (1:1,000; Upstate), and anti–a-tubu-
lin (1:3,000; Sigma). After three washes with T-TBS, the 
membrane was incubated for 1 h at room temperature 
in T-TBS–milk with the appropriate peroxidase-conju-
gated secondary antibody (antirabbit or antimouse im-
munglobulin G; Amersham, Orsay, France). After three 
washes with T‑TBS, immunoreactivity was detected by 
enhanced chemiluminescence (ECL kit, Amersham). The 
extent of phosphorylation in sunitinib-treated cells was 
compared with that of untreated cells based on blot den-
sitometry analysis using Scion Images software (Scion 
Corporation, Frederick, MD, USA).
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maintained until death for determination of Kaplan-
Meyer survival curves (n 5 9 or 10 in each sample) or 
sacrificed 22 days after implantation and perfused for 
postmortem analysis of glioma invasion, growth, and 
angiogenesis (n 5 3 in each sample). Survival analysis 
was performed in two independent experiments. Brains 
were sectioned serially on a cryostat at 20 mm thickness, 
and immunohistochemistry was performed as described 
below. The brains of dead mice were studied using histo-
chemical and immunohistochemical analysis of forma-
lin-fixed, paraffin-embedded 5-mm-thick sections.

Immunohistochemistry

Immunohistochemical analyses were carried out on cells, 
slice cultures, and selected sections from in vivo experi-
ments following fixation with 4% PFA in PBS at 4°C 
(30 min for cell cultures, 4 h for brain slices) or in vivo 
after intracardiac perfusion as previously described.29 
Samples were incubated overnight at 4°C with mono-
clonal antibodies against human vimentin (1:400; Neo 
Markers; Interchim, Montluçon, France) and FAK 
(1:100; Upstate) or polyclonal antibodies against von 
Willebrand factor (factor VIII; 1:200; Dako, Glostrup, 
Denmark) and laminin (1:400; Sigma). Human vimen-
tin antibody, used to detect GBM cells, does not cross-
react with mouse antigen. After three washes in PBS, 
samples were incubated with a PBS solution containing 
antirabbit or antimouse immunoglobulin conjugated 
to cyamidine-Cy3 (1:500; Jackson Immuno Research, 
West Grove, PA, USA). The slices were mounted in  
Vectashield-containing DAPI. Some selected sections 
from in vivo experiments were incubated with anti–Ki-67 
(MIB-1 antibody; 1:50; Immunotech, Marseilles, France) 
for quantification of proliferation in situ. Bound primary 
antibodies were detected using a Vector Elite ABC kit 
(Vector Laboratories, Burlingame, CA, USA) following 
the manufacturer’s instructions and with diaminoben-
zidine as chromogen. Cell nuclei were counterstained 
with Mayer hematoxylin. In addition, Perl’s staining 
with Kernechtrot counterstain was used to identify  
hemorrhages.

Quantification of Tumor Growth Parameters

Fluorescent microscopy (Olympus microscope BX51 
equipped with a DP70 CCD camera) and fully auto-
matic image processing routines (based on Aphelion 
software; ADCIS, Herouville Saint-Clair, France) were 
used to quantify tumor invasion and angiogenesis. Gray-
level images of systematically sampled microscopic fields  
(n 5 5) containing tumor vessels, immunostained for von 
Willebrand factor (in vitro) or laminin (in vivo), were 
collected at a magnification of 203 and a resolution of 
0.78 mm. A fully automatic image processing routine 
was developed to measure the blood vessel density (mm2 
laminin per 105-mm2 tumor), the total area of vessels, 
and the blood vessel length (mm2 by optical field). The 
first two measures were obtained after a three-step seg-
mentation procedure (3 3 3 modal filtering, mathemati-

cal morphology top hat transform using a 5 3 5 square 
structuring element and seeded region growing, 20 gray 
levels high). The blood vessel length was estimated as 
the area of the vessel after applying a skeleton operator 
followed by a four-connected pruning. A single gray-
level image was collected at a magnification of 43 and a 
resolution of 3.10 mm to evaluate two invasion param-
eters: the tumor invasion area and the maximal distance 
of invasion. The tumor invasion area was defined as the 
ratio (A–A0)/A0, where A is the maximum area contain-
ing migrating glioma cells and A0 is the initial tumoral 
mass area; this ratio compensates for the heterogeneous 
sizes of implanted tumors, spheroids, and tumor frag-
ments. The tumor invasion area of control tumors was 
considered as 100% of invasion; results are expressed 
as relative tumor invasion area (%). In addition, the 
maximal distance of invasion was assessed by the 80th 
percentile (P80) calculated from the distribution of all 
invasive cells. Then, P80 of each tumor was calculated 
in arbitrary units. The image processing algorithms used 
were similar to the method previously described to ana-
lyze blood vessel sprouting in an aortic ring model.33 
Briefly, the maximum distance of invasion was automat-
ically estimated using successive mathematical morphol-
ogy dilations of the initial tumor mass (20 3 20 square 
structuring element corresponding to 127.1 3 127.1 mm) 
and intersections with the binary image of the migrat-
ing glioma cells. To measure tumor volumes in vivo, we 
applied Cavalieri’s principle on systematically sampled 
equidistant coronal sections.34

Statistical Analysis

Data in the text are presented as mean 6 SEM. Mann-
Whitney tests were used to compare groups of two. For 
analysis of differences between more than two groups, 
the post hoc unpaired Bonferroni t-test was used follow-
ing a one-way analysis of variance. Survival data are pre-
sented as Kaplan-Meyer survival curves, using logrank 
analysis to determine statistical significance. The overall 
level of significance was set at 0.05 for all comparisons.

Results

Antiangiogenic Activity of Sunitinib in  
Organotypic Brain Slice Cultures

The in vitro activity of sunitinib on GL15 angiogenesis 
was evaluated using the organotypic brain slice model.29 
Modifications of the vascular network of the slice were 
observed around tumors in cultured brain slices treated 
with DMSO alone, with an increase of blood vessel 
density and a conspicuous preferential orientation of 
capillaries toward the implanted tumor. In contrast, a 
potent antiangiogenic effect was observed in human 
GBM tumors implanted in brain slices and treated with 
doses of sunitinib as low as 10 nM. Compared with con-
trol tumors, microvessel density (MVD) was reduced by 
44% with 10 nM sunitinib and by 100% with sunitinib 
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concentrations of 100 nM or greater (p , 0.001 for 
sunitinib- vs. vehicle-treated tumors; Fig. 1). Moreover, 
sunitinib treatment induced a decrease of already exist-
ing blood vessels in brain slice tissue. These observations 
suggest that sunitinib exhibited antiangiogenic activity 
against both developing and established vasculature in 
the brain slice model.

Sunitinib Induces Direct Antitumor Effects  
on GL15 Cells

To determine whether sunitinib induces direct cytostatic 
or cytotoxic effects on GBM cells, sunitinib (100 nM to 
10 mM) was added to monolayer GL15 cultures, and 
cell cycle distribution and viability were monitored. At 
high concentration (10 mM), sunitinib inhibited GL15 
cell growth by inducing G2/M growth arrest 24 h after 
a single treatment (Fig. 2A). In addition, 72 h after 
treatment with 10 mM sunitinib, about 40% of GL15 
cell were apoptotic (Fig. 2A). Sunitinib enhancement of 
GBM cell apoptosis was further demonstrated by DAPI 
staining and caspase-3 cleavage 24 and 48 h after expo-
sure to a single 10-mM dose of the drug (Fig. 2B).

Sunitinib Treatment Reduces GL15 Cell Invasion  
In Vitro and Decreases Src and FAK Phosphorylation  
at High Concentration

Because sunitinib is a multitargeted tyrosine kinase 
inhibitor, we also evaluated its effect on GBM cell inva-
sion by inhibiting phosphorylation of kinases implicated 
in regulation of cell migration process.25 To determine 
whether sunitinib reduces GBM invasion in vitro, GL15 
and U87MG spheroids in Matrigel were treated with 
100 nM, 1 mM, 5 mM, or 10 mM of sunitinib or DMSO 
alone. Tumor invasion parameters (relative tumor inva-
sion area and maximal distance of cell invasion) were 
quantified 72 h after single-dose treatment. Sunitinib 
treatment caused a decrease in tumor invasion of GL15 
and U87MG spheroids in Matrigel, as demonstrated by 
36% and 46% (p , 0.01) reductions in the maximal dis-
tance of cell invasion, respectively, with 5 mM sunitinib 
and by 69% and 73% (p , 0.001) with 10 mM sunitinib. 
In addition, the 10-mM dose reduced the relative tumor 
invasion area of GL15 spheroids by 28% (p , 0.01) and 
of U87MG spheroids by 87% (p , 0.001).

To determine whether sunitinib is also effective in 
reducing GBM invasion in an orthotopic environment, 
GL15 cells were implanted into brain slice cultures and 
allowed to grow for eight days with DMSO vehicle or 
100 nM, 1 mM, or 10 mM sunitinib before tumor inva-
sion analysis. Sunitinib treatment resulted in a decrease 
in invasion by GL15 cells, as demonstrated by 18% (p , 
0.01) and 42% (p , 0.001) reductions in maximal dis-
tances of cell invasion with the 1-mM and 10-mM doses, 
respectively (Fig. 3A). At 10 mM, sunitinib inhibited 
relative tumor invasion area by 49% (p , 0.001).

In experiments examining kinase phosphorylation in 
sunitinib- or vehicle-treated GL15 cells, inhibition of GBM 
invasion with high-dose sunitinib (10 mM) was associated 
with a decrease of Src Tyr418 (35%) and FAK Tyr397 
(44%) phosphorylation 2 h after sunitinib treatment (Fig. 
3B), whereas EGFR kinase was not inhibited at this con-
centration. We did not observe any apoptotic effects 2 
h after sunitinib treatment. Treated cells also exhibited 
extensive morphological changes and a decrease of focal 
adhesion staining (Fig. 3C). Because of the dramatic dif-
ference in sunitinib concentration required to completely 
inhibit angiogenesis and PDGFR-b phosphorylation (100 
nM) compared with cell invasion (5–10 mM) in vitro, the 
relevance of this finding is uncertain.

Antitumor Activities of Sunitinib on Fresh Human 
Malignant Gliomas in Brain Slice Cultures

The antiangiogenic and anti-invasive effects of high-
dose sunitinib (10 mM) obtained with GBM cell lines 
were confirmed using fragments of six fresh human 
glioma biopsy specimens implanted into brain slice cul-
tures. These tumors were classified as GBMs in three 
cases, anaplastic astrocytoma grade III in two, and oli-
goastrocytoma grade III in one, using the WHO 2000 
classification. We observed a total inhibition of angio-
genesis in all human gliomas tested and a reduction of 

Fig. 1. Sunitinib inhibited tumor-related angiogenesis in mouse 
brain slices implanted with GL15 glioblastoma multiforme cells, as 
illustrated by representative photomicrographs of tumor vascula-
ture (von Willebrand factor immunostaining) from untreated (left) 
and sunitinib-treated (right) slices bearing GL15 tumors. The bar 
graph shows the mean microvessel density percent change 1 SEM 
for sunitinib-treated slices compared with untreated control slices. 
The microvessel density was quantified at eight days. Scale bar 5 
200 mm. ***p , 0.001.
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cell invasion by 38%–75% in four of six gliomas (Fig. 4). 
These results suggest that the antiangiogenic activity of 
sunitinib is mediated through its action on neovascular 
endothelial cells, independent of the tumor type.

Sunitinib Does Not Reduce GL15 Cell Invasion  
in the Mouse Intracerebral Model

In order to determine whether sunitinib is potent enough 
to reduce cell invasion in vivo, the highly invasive GL15 
cells were implanted into the striatum of athymic mice 
and allowed to grow for four days prior to initiating 
sunitinib treatment. Athymic mice bearing GL15 tumors 
were orally administered sunitinib at 80 mg/kg per day 
and sacrificed 25 days after tumor cell implantation for 
postmortem analysis of GBM invasion. Despite use of 

the maximum tolerated dose, there was no evidence of 
a direct anti-invasive effect (invasion area: 1.18 6 0.16 
3 106 for control vs. 1.51 6 0.09 3 106 mm2 for treated 
mice, p 5 0.45).

Antiangiogenic Efficacy of Sunitinib in a  
Mouse Model of Intracerebral GBM

The antiangiogenic activity of sunitinib in vivo was 
studied using the intracerebral U87MG xenograft 
model. Athymic mice bearing four-day-old U87MG 
tumors received oral treatment with 80 mg/kg sunitinib 
(schedule 5/2), in order to mimic the human schedule, 
and were sacrificed 22 days after implantation for post-
mortem analysis of GBM angiogenesis and growth. At 
22 days, a dense network of blood vessels was observed 

Fig. 2. (A) Direct antitumor effects of sunitinib (100 nM to 10 mM) on GL15 cells were evaluated using cell count (1–5 days) and flow 
cytometry analysis (24 and 72 h). High-dose sunitinib (10 mM) produced direct antitumor effects after a single-dose exposure. Abbrevia-
tions: ap, apoptosis; Endo R, endoreplication. (B) Treatment with high-dose sunitinib also induced GL15 apoptosis, as demonstrated by 
DAPI staining and caspase-3 cleavage, 24 and 48 h after single-dose exposure.
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in the control tumor mass and at its margin. In sharp 
contrast, the density of blood vessels was drastically 
reduced in tumors from sunitinib-treated mice (Fig. 
5A). Sunitinib treatment produced a 74% reduction in 
tumor MVD (18,267 6 1,244 vs. 4,702 6 568 mm2 per 
105-mm2 tumor, p , 0.05) and in average blood vessel 

length (18,105 6 1,419 vs. 4,712 6 599 mm by optical 
field, p , 0.05; Fig. 5A). As a consequence of vascular 
changes, volumes of tumors resected from treated mice 
were smaller than those from control mice. The control 
tumor volume was 3.8 6 1.4 3 108 versus 2 6 0.4 3 108 
mm3 for sunitinib-treated tumors.

Fig. 3. (A) Representative photomicrographs of GL15 tumors from untreated (left) and sunitinib-treated (right) brain slices show that high-
dose sunitinib (10 mM) decreased tumor invasion. Sunitinib treatment induced a dose-dependent decrease in tumor invasion, with a 49% 
reduction in relative tumor invasion area at 10 mM and with 18% and 42% reductions in maximal distance of cell invasion at 1 mM and 
10 mM, respectively. Abbreviations: P80, 80th percentile; AU, arbitrary units; C, control. Scale bar 5 400 mm. *p , 0.05; ***p , 0.001.  
(B) High-dose sunitinib treatment was associated with a 44% and 35% decrease in Src and focal adhesion kinase phosphorylation, 
respectively, as demonstrated by Western blot analysis. (C) Cells treated with a 10-mM dose of sunitinib exhibited extensive morphological 
changes that included decreases in focal adhesion staining (arrows). Scale bar 5 50 mm.
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In addition, the antitumor effects of sunitinib treat-
ment were evaluated by histological and immunohisto-
chemical analysis of tumors from treated and untreated 
animals. The absence of a regular network of vessels 
capable of bringing oxygen and nutrients to the treated 
tumor cells was associated with massive necrosis in 
the central portions of these tumors as well as areas 
of micronecrosis in the periphery of the tumor tissue 
(Fig. 5B). In contrast, necrotic areas were not observed 
in control tumors (Fig. 5B). Histological studies also 
showed that sunitinib treatment was associated with a 
decrease in MIB-1–positive U87MG cells, indicating a 
decrease in cell proliferation (Fig. 5B).

Effects of Sunitinib on Survival in Mice Bearing 
Intracerebral GBM Tumors

To determine whether sunitinib is sufficiently potent to 
prolong survival in animals with GBM tumors, athymic 
mice bearing intracerebral U87MG tumors were treated 

with 80 mg/kg per day sunitinib (5/2 schedule [discon-
tinuous, as in humans] or continuous treatment protocol 
[maximal tolerated dose]) and maintained until death 
for Kaplan-Meyer analysis. Sunitinib administered 
using the 5/2 schedule enhanced mouse survival by 36% 
(median survival, 34 days vs. 25 days; p 5 0.0001; Fig. 
6). The continuous treatment schedule did not provide 
additional survival benefits (median survival, 27 days vs. 
24 days; p 5 0.012) compared with the discontinuous 
(5/2 schedule) treatment protocol. Sunitinib treatment 
was not curative in any mice in the present study. After 
two weeks of treatment, paralysis (hemiplegia contra-
lateral to tumor) was observed in 4 of the 12 mice in the 
continuous treatment group, 1 of the 10 mice in the 5/2 
schedule group, and 1 of the 10 mice in the control group. 
Postmortem analysis of symptomatic mice revealed 
large tumors with necrotic microhemorrhages. Positive 
Perl’s staining allowing detection of heme deposits was 
observed in only one of the six autopsies, suggesting that 
microhemorrhages were late events. Microhemorrhages 
were not detected in the GL15 intracranial GBM model. 
Further studies in larger cohorts are warranted to evalu-
ate the relevance of this finding and relationship to suni-
tinib administration schedule.

Discussion

Antiangiogenic therapy shows promise as a treatment 
strategy for highly vascularized tumors such as GBM.2,4,5 
Sunitinib is a multitargeted kinase inhibitor that selec-
tively inhibits various RTKs, including those playing key 
roles in angiogenesis, such as VEGFRs and PDGFRs.24 
The present study evaluated the antiangiogenic and anti-
tumor activities of sunitinib on experimental orthotopic 
GBM examined both in vitro and in vivo. The main find-
ing of the present study is that oral sunitinib treatment 
results in a potent inhibition of angiogenesis, leading to 
a meaningful prolongation of survival of mice bearing 
intracerebral GBM.

Because sunitinib inhibits both VEGFRs and  
PDGFRs, it is expected to simultaneously target endothe-
lial cells, pericytes, and GBM cells expressing PDGFR.20 
Thus, in addition to antiangiogenic effects, sunitinib 
should be able to exert direct antitumor activity against 
glioma cells that rely on PDGFR for proliferation and 
survival. In this context, the present study examined 
the effects of sunitinib treatment on PDGFR-expressing 
GBM cells in vitro and showed that antiproliferative and 
proapoptotic effects were limited to high-dose (10 mM) 
sunitinib. This sunitinib concentration did not exhibit 
any toxic effects on fetal rat astrocytes or neurons in 
primary cultures (data not shown).

Interestingly, sunitinib treatment also produced an 
anti-invasive effect on GBM cells in the two in vitro 
experimental models used: GBM spheroids in Matri-
gel and GBM cells in brain slice cultures. We explored 
whether this effect of sunitinib might be mediated, at 
least in part, through inhibition of kinases implicated 
in regulation of GBM cell migration processes, such as 
FAK and Src.35–37 Mendel et al.25 have shown that suni-

Fig. 4. The anti-invasive and antiangiogenic effects of high-dose 
sunitinib (10 mM) on tumor cells were confirmed using fragments 
of six fresh human malignant glioma specimens implanted into 
brain slice cultures. Representative photomicrographs of untreated 
(left) and sunitinib-treated (right) GBM3 show a decrease in GBM3 
cell invasion (human vimentin staining; scale bar 5 400 mm) and 
inhibition of angiogenesis (von Willebrand factor staining; scale bar 
5 200 mm). The table summarizes the anti-invasive effect of suni-
tinib on six different human malignant gliomas. Abbreviations: AA, 
anaplastic astrocytoma; AOA, anaplastic oligoastrocytoma.
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tinib competes with ATP for binding in the ATP-binding  
pocket of Src (half-maximal inhibitory concentration 
[IC50] 5 0.6 mM). In our experimental conditions, the 
anti-invasive activity of sunitinib was associated with 
partial inhibition of Src Tyr418 and FAK Tyr397 phos-
phorylation 2 h after administration of a single dose of 
sunitinib to GBM cells. Interestingly, another recent 
study demonstrated up-regulation of cadherin-11 in 

Fig. 5. Sunitinib reduces angiogenesis of intracranial U87MG tumors. Athymic mice bearing U87MG tumors were treated with an 80 mg/kg  
per day dose of sunitinib (schedule 5/2) and sacrificed 22 days after implantation. Brain sections 20 mm thick were subjected to von Wil-
lebrand factor immunohistochemistry and hematoxylin staining. (A) Representative photomicrographs from U87MG untreated (left) and 
sunitinib-treated (right) tumors, and accompanying graphs, show that sunitinib treatment produced 74% reductions in tumor microvessel 
density (18,267 6 1,244 mm2 vs. 4,702 6 568 mm2 per 105-mm2 tumor; p , 0.05). (B) Hematoxylin staining of sections shows that suni-
tinib treatment was associated with tumor necrosis (panel I vs. III) and decreases in U87MG proliferation, as demonstrated by reduced 
MIB-1 (Ki-67) immunostaining (panel II vs. IV).

xenograft tumors (including subcutaneous C6 rat gli-
oma) and in some human tumor biopsies in response to 
sunitinib treatment in vivo.38 Functionally, expression 
of wild-type cadherin-11 increases the adhesive nature 
and decreases the invasive capacity of various tumor 
cells.39,40 Therefore, sunitinib-induced up-regulation 
of cadherin-11 levels might alter the adhesive nature of 
treated tumor cells. The mechanism by which sunitinib 
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inhibition of angiogenic RTKs, Src, or FAK leads to 
increased expression of cadherin-11 is unknown.38

However, in relation to interpreting the relevance 
of effects observed in vitro at high concentrations of 
sunitinib, a concentration of 10 mM is likely to have an 
insufficient degree of potency based on the following 
pharmacological observations: (1) the minimum plasma 
concentration (sunitinib and its active metabolite) 
required to completely inhibit phosphorylation of criti-
cal sunitinib RTK targets in vivo is approximately 50–
100 ng/ml (free plasma concentration of 2.5–5 ng/ml or 
0.005–0.01 mM),25 and (2) minimal evidence of inhibi-
tion of fibroblast growth factor receptor-1 (an RTK with 
an IC50 of 0.8 mM, which is 50- to 100-fold greater than 
that of intended sunitinib RTK targets) was observed 
at plasma concentrations 10-fold higher than the mini-
mum plasma concentration required to inhibit sunitinib 
RTK targets in tumors in vivo.25 In addition, the median 
plasma levels observed in human studies (~0.1 mM) are 
500- to 1,000-fold below plasma levels predicted to be 
required for pharmacologically relevant inhibition of 
kinase targets in the 10-mM range.41 As a consequence, 
the anti-invasive activity of sunitinib observed in vitro 
was not similarly observed in vivo. Invasive capacities of 
GL15 cells in the sunitinib-treated brain were similar to 
those observed in the untreated brain. Alternatively, this 
failure of anti-invasive effect may be due to a parallel 
increase in glioma invasion during antiangiogenic ther-
apy.29,42,43 Instead, it has been recently suggested that 
antiangiogenic therapy, which increases tumor hypoxia, 
may increase cell invasion by activating proinvasive sig-
naling pathways.44

The ability of sunitinib to exert antiangiogenic effects 
in an intracranial GBM model is a new and important 
finding. Previous studies demonstrating antiangiogenic 
effects of sunitinib on gliomas were restricted to sub-
cutaneous GBM models.25,26 The results of the pres-
ent study indicate that sunitinib may exert important 
antiangiogenic and antitumor effects on GBM tumors 
growing in their natural environment. Of note, the sur-
vival experiments demonstrated that the antiangiogenic 
effects of sunitinib in this intracranial GBM model were 

associated with significant prolongation of survival. 
This suggests that the antiangiogenic effects of sunitinib 
may translate into improved outcomes for mice bear-
ing these intracranial tumors, although the results have 
also shown that a sunitinib monotherapy fails to cure 
animals.

A comparison of continuous versus discontinuous 
(5/2 schedule) administration of 80 mg/kg sunitinib to 
mice bearing intracranial U87MG tumors showed that 
the continuous treatment regimen was associated with a 
higher incidence of side effects. For example, hemiple-
gia contralateral to tumor appeared in 33% of mice in 
the continuous treatment group after at least two weeks 
of sunitinib treatment, compared with an incidence rate 
of only 10% in the discontinuous sunitinib and con-
trol groups. Postmortem analysis of symptomatic mice 
revealed large tumors with necrotic microhemorrhages. 
Of interest, hemorrhages were not found in the GL15 
intracranial GBM model or in other experimental stud-
ies using sunitinib,25,26 suggesting that symptomatic 
hemorrhages may be related to the U87MG experimen-
tal model. However, we could not exclude the possibil-
ity that hemorrhages may also be related to the high 
and continuous dose of sunitinib. The acute and rapid 
destabilization of blood vessels and necrosis of tumors 
deprived of oxygen provide the basis for intratumoral 
hemorrhages. Bleeding (including minor mucocutaneous 
hemorrhage, major hemoptysis, and tumor hemorrhage) 
is the most prominent adverse effect observed in clinical 
trials with other antiangiogenic drugs45 and may explain 
intratumoral hemorrhage observed with the continuous 
treatment protocol used in the present study. Clearly, 
bleeding event is an important caveat to using antian-
giogenic inhibitors in treating patients with large brain 
tumors, especially when this treatment is associated 
with radiation therapy, which already leads to transient 
vessel destabilization per se. However, it is worth noting 
that the continuous dosing regimen used in this study is 
quite different from the discontinuous dosing regimen of 
sunitinib that has been used in cancer patients (50 mg/
day administered in cycles of four weeks on, two weeks 
off treatment) and that has been shown to produce effi-

Fig. 6. Orally administered sunitinib increased survival of mice bearing intracranial U87MG glioma. Analysis of Kaplan-Meyer survival curves 
(n 5 10 in each sample) showed that sunitinib 80 mg/kg per day (5/2 schedule) enhanced survival by 36% compared with control (median 
survival, 34 days vs. 25 days; p , 0.0001).
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cacy with manageable toxicity.27 Given the fact that high 
dosage and continuous regimen did not result in a better 
efficacy, we suggest that lower dose and discontinuous 
regimen should be used in future clinical trials. More-
over, intratumoral hemorrhage should be closely moni-
tored with radiological imagery.

Taken together, these findings suggest that sunitinib 
may have utility in clinical applications, such as prevent-
ing tumor recurrence after surgery, in association with 
radiotherapy and chemotherapy. Further evaluation of 
sunitinib dosing regimens, of conditions that are asso-
ciated with microhemorrhages, and of combined treat-
ment with alkylating drugs are warranted.
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