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ABSTRACT
Purpose: The high-grade primary brain tumors, glio-

blastoma, of extremely bad prognosis contain large regions
of hypoxia known to be involved in the chemo- and radiore-
sistance. We demonstrated previously that radioresistant
human wild-type Ras U87 glioblastoma can be radiosensi-
tized in vitro by the specific farnesyltransferase inhibitor
R115777. The aim of this study was to analyze the effect of
this compound on the hypoxic status and the vascularization
of this tumor.

Experimental Design: U87 xenografts bearing mice
were treated with 100 mg/kg of R115777 bid during 4 days.
Hypoxia was assessed by measuring the binding of hypoxic
cell marker pentafluorinated 2-nitroimidazole. Immunohis-
tochemistry was performed to analyze angiogenesis and
metalloproteinase-2 expression.

Results: We demonstrated here that R115777 treatment
induced a significant oxygenation of U87 xenografts (P <
0.001) associated with a decrease of hypoxia-inducible factor
1� expression. This reduction of hypoxia was not due to a
decrease of tumor size after R115777 treatment. This oxy-
genation was associated with a change in vessel morphology
and with a significant decrease of the vessel density. More-
over, R115777 treatment reduced matrix metalloproteinase

2 expression in xenografts and inhibited matrix metallopro-
teinase 2 activity in vitro. These data strongly suggest that
R115777 could increase this tumor oxygenation at least by
interacting with angiogenesis.

Conclusion: Our results demonstrate that R115777
treatment inhibits different pathways leading to the radiore-
sistance of wild-type Ras expressing glioblastoma, including
intrinsic radioresistance, hypoxia, and angiogenesis. These
combined effects on glioblastoma underline the interest of
associating R115777 with radiotherapy as a new treatment
of these tumors of catastrophic prognosis.

INTRODUCTION
The high-grade primary brain tumors, glioblastoma, of

extremely bad prognosis despite surgery, radiotherapy, and
chemotherapy, are known to contain large regions of hypoxia.
The presence of these hypoxic regions is associated with a more
malignant tumor phenotype. These regions are resistant to the
different therapies used in clinical oncology, especially radio-
therapy, resulting in a worse prognosis (1–5). These data
strongly suggest that tumor hypoxia could be an important
therapeutic target.

The FTIs5 were initially synthesized to block the Ras
oncogenic processing by inhibiting the addition of a prenyl side
chain by farnesyltransferase, which is a requirement for Ras
activity (6–9). Several works have implicated Ras in radiore-
sistant phenotype (10–12). Bernhard et al. (13) have shown that
FTI treatment radiosensitizes H-ras-transformed rat embryo fi-
broblasts and human tumor cell lines expressing activated H-ras
in vitro (14). We have demonstrated a radiosensitization of
tumors with mutated H-Ras by FTI in vivo (12) and additionally
shown that part of this in vivo effect was due to a reduction of
hypoxia in tumors expressing H-ras mutation (15). However, the
FTI radiosensitizer effect is not limited to mutated Ras-express-
ing tumors. We have shown recently that the treatment of
radioresistant HeLa cells transfected by the cDNA encoding for
the Mr 24,000 isoform of the FGF-2 with FTI-277 induces a
radiosensitization, whereas these cells do not express a mutated
H-Ras (16). The same radiosensitizer effect was observed in the
radioresistant human U87 glioblastoma cell line that express
wild-type Ras and FGF-2 after treatment with the specific FTI
R115777 (17). Moreover, we have shown in these two cellular
models that Ras was not involved in the control of the radiore-
sistance pathway (18, 19). Taken together, these different data
suggested that FTI could modify the microenvironment in tu-
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mors that are radiosensitized by this class of compound, and
express wild-type Ras and FGF-2. The purpose of this study was
to examine the effect of R115777 treatment on hypoxia status
and angiogenesis of human radioresistant U87 glioblastoma
xenografts implanted in mice.

MATERIALS AND METHODS
Cell Culture. Human glioblastoma U87 cells were rou-

tinely maintained in DMEM supplemented with 10% calf serum
at 37°C in 5% CO2-humidified incubators and subcultured
weekly. Hypoxic conditions were obtained incubating U87 cells
in a sealed “Bug-Box” anaerobic workstation (Ruskinn Tech-
nologies, Leeds, United Kingdom/Jouan, St. Herblain, France).
The oxygen in the workstation is maintained at 1% with
the residual gas mixture being 94% nitrogen and 5% carbon
dioxide.

Tumor Xenograft Generation. Pathogen-free NMRi
nu/nu mice (Janvier, Le Genest-St-L’Isle, France) were housed
aseptically. At 5–7 weeks of age, mice were inoculated by s.c.
injection into the hind flank with 1 � 106 U87 cells resuspended
in serum-free DMEM. Once the U87 xenografts generated, mice
were treated with R115777 delivered by gavage at a concentra-
tion of 100 mg/kg bid in 20% � hydroxypropyl cyclodextrine
(Sigma, St. Quentin Fallavier, France) diluted in HCl 0.1 N,
during 4 days.

Analysis of Farnesylation Inhibition by R115777. Tu-
mor xenografts treated or not with R115777 (Johnson and
Johnson Pharmaceutical Research, Spring House, PA) were
lysed by Polytron (Luzern, Switzerland). Cells were harvested
from monolayer cultures by rinsing with cold PBS twice, fol-
lowed by scraping with a rubber policeman. Tumor extracts or
cells were then incubated on ice in iced 50 mM Tris (pH 8.0), 1
mM EDTA, 250 mM NaCl, 0.5% (v/v) Triton X-100, 10 mM

sodium orthovanadate, 50 mM sodium fluoride, 10 mM parani-
trophenylphosphate, 1 mM dithiothreitol, 1 mM phenylmethyl-
sulfonyl fluoride, and 1 �g/ml of leupeptin and pepstatine
followed by incubation for 30 min on ice. After centrifugation at
10,000 rpm for 10 min at 4°C, protein concentration was quan-
tified in the supernatant. Proteins (40 �g) were separated on
12% SDS-PAGE. The proteins were then transferred to nitro-
cellulose (0.22 �m) under 250mA for 1 h. Blots were blocked
with TBST buffer [10 mM Tris (pH 8.0), 150 mM NaCl, and
0.1% Tween 20] containing 5% of nonfat dried milk protein for
1 h at room temperature, then probed with a rabbit polyclonal
anti-Ha Ras antibody (Santa-Cruz Technology, Santa Cruz, CA;
1:1,000) or a monoclonal HDJ-2 antibody (Neomarker, Montlu-
con, France; 1:10,000) overnight at 4°C, washed three times for
10 min at room temperature with TBST. For staining of the
protein bands, horseradish peroxidase-labeled goat antirabbit
IgG or antimouse IgG antibodies were respectively used at
1:10,000 and 1:5,000 dilutions in TBST containing 4% nonfat
dried milk protein for 1 h at room temperature, then washed
again three times with TBST. After incubation in the enhanced
chemiluminescence system, the membranes were exposed to
Hyperfilm MP.

EF5 Detection of Hypoxia and Vessels Detection. Af-
ter completion of the 4 days of R115777 or vehicle administra-
tion, mice were injected with 10 mM EF5 in 0.9% saline i.v.

(0.01 ml/g body weight), followed by an equal volume i.p.
injection 30 min later. Tumors were then immediately frozen
after sacrifice. Frozen tissue sections (5 �m) were cut from the
tumor onto poly-L-lysine coated slides, fixed in 4% paraform-
aldehyde for 1 h, and then rinsed. For hypoxia detection, slides
were stained after fixation and rinsing with Cy3-conjugated
ELK-51 (75 �g/ml), a mouse monoclonal antibody to EF5 (14).
Stained sections were then mounted with Vectashield (Vector
Laboratories Inc., Burlingame, CA), viewed on a Zeiss micro-
scope through immersion lens and then photographed.

For the vessel detection, the sections were incubated for 90
min with rat antimouse CD31 (platelet/endothelial cell adhesion
molecule 1) monoclonal antibody (1:100; Becton Dickinson, Le
Pont de Claix, France). Secondary polymer from the Envision
kit (Dako, Trappes, France) was applied for 30 min at room
temperature. Visualization of CD31 was realized by diamino-
benzidine substrate. After rinsing in water, slides were lightly
counterstained with hematoxylin. Stained sections were then
mounted with Vectashield (Vector Laboratories Inc., Burl-
ingame, CA), viewed on a Zeiss microscope through immersion
lens and then photographed. The density of the vessel staining
was determined using the Qwin software (Leica, Rueil-Malmai-
son, France) by quantifying the ratio of the anti-CD31 stained
surface versus the total surface of the slice. Quantification was
performed on at least three different xenografts in each group of
treatment. Five fields were randomly chosen in each slice.

Analysis of HIF-1� Expression. Immunohistochemistry
was performed on frozen tissue sections (5 �m) using Dako Ark
animal research kit (Dako, Trappes, France) following manu-
facturer’s instructions and by using a mouse antihuman HIF-1 �
antibody (Becton Dickinson, Le Pont de Claix, France) at 2.5
�g/ml. The staining intensity was performed using the Qwin
software by quantifying the ratio of the anti-HIF-1� stained
surface versus the total surface of the slice after having chosen
a threshold. Quantification was performed on at least three
different xenografts in each group of treatment. Five fields were
randomly chosen in each slice.

For the in vitro analysis of R115777 effect on HIF-1�
expression, cells were submitted to hypoxic conditions for 4 h
then treated with various concentrations of R115777 (from 0 to
7 nM) or vehicle for 4 days while maintained in hypoxic con-
ditions. Western blotting was realized as already described (17)
by using a polyclonal antihuman HIF-1� antibody (Santa-Cruz
Technology; 1:500).

Analysis of MMP2 Expression and Activity. Immuno-
histochemistry was performed on frozen tissue sections (5 �m)
fixed in 4% paraformaldehyde for 1 h and then rinsed. An
endogenous peroxidase block was applied for 15 min. For
MMP2 staining, the sections were incubated for 90 min at room
temperature with 2 �g/ml of anti MMP2 monoclonal antibody
(R&D Systems, Abingdon, United Kingdom). Secondary poly-
mer from the Envision kit was applied for 30 min at room
temperature. Visualization of MMP2 was realized by diamino-
benzidine substrate. Slices were lightly counterstained with he-
matoxylin. Stained sections were then mounted with Vecta-
shield (Vector Laboratories Inc.).

To perform gelatin zymography, fibronectin (Sigma) was
diluted in PBS at 100 �g/ml plated, then incubated overnight at
4°C. U87 cells resuspended in serum-free DMEM, were plated
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at 107 cells in 100-mm diameter dishes coated with fibronectin
and treated during 48 h with 2 nM R115777 or vehicle and
returned to the incubator. The conditioned medium was obtained
from 107 cells, and zymography was performed as already
described (20).

Statistical Analysis. Student’s t test was used to compare
the different means.

RESULTS
R115777 Induces an Oxygenation of U87 Xenografts.

We analyzed the effect of R115777 on oxygenation status on
wild-type ras expressing U87 glioblastoma xenografts. For this,
we first determined the conditions of in vivo R115777 treatment
to inhibit protein farnesylation in human glioma xenografts from
U87 cells. H-Ras farnesylation was followed by analyzing the
appearance of the unprocessed slowly migrating H-Ras form in
xenografts using Western blot. As shown on Fig. 1A, the in vivo
inhibition of H-Ras farnesylation was obtained after 4 days of
treatment with 100 mg/kg bid R115777 administered by gavage.
Therefore, this treatment protocol was used as the basis for
additional in vivo studies.

One of the most sensitive methods to detect hypoxia is
based on the observation that binding of nitroimidazole to
cellular macromolecules occurs as a result of hypoxia-depen-
dent bioreduction by cellular nitroreductases. In particular, EF5
immunofluorescence from tumor sections has been shown to
correlate well with other established indicators of tumor oxy-
genation such as in situ pO2 measurements (1). We first com-
pared the oxygenation status of U87 xenografts in R115777-
treated mice by fluorescent antibody staining for EF5 bound to
tumor cells. Whereas U87 xenografts presented large regions of
hypoxia in absence of treatment, the treated tumors showed little
evidence of hypoxia (Fig. 1B). Quantitative analysis of the
hypoxia was performed by determining the exposure time nec-
essary for obtaining the same intensity of EF5 signal on photo-
graph. The exposure time presented a 6.84 � 1.00 fold increase
after R115777 treatment (P � 0.001). No significant decrease of

tumor size was obtained in these conditions of treatment (mean
size � 957 � 111 mm3 for vehicle-treated mice; 745 � 262
mm3 for R115777-treated mice), showing that this oxygenation
effect was not due to an antiproliferative effect of R115777.
Taken together, these results demonstrate that R115777 treat-
ment decreases hypoxia of U87 xenografts.

R115777 Reduces HIF1� Intracellular Level. Because
HIF-1 is an essential regulator of oxygen homeostasis, we then
determined whether the R115777 oxygenation effect could be
related to a regulation of HIF-1� stability. For this, we analyzed
the effect of R115777 on HIF-1� level in U87 xenografts by
immunohistochemistry. Treating U87 xenografts with R115777
induced a significant decrease of the HIF-1� signal (m �
8.95 � 1.08 for the control group versus m � 0.83 � 0.05 for
the group treated with R155777; P � 0.05; Fig. 2A). To deter-
mine whether R115777 might directly control the HIF-1� in-
tracellular level, we analyzed the effect of R115777 treatment
on HIF-1� level in U87 cells in hypoxic conditions in vitro.
Cells were submitted to hypoxia for 4 h to induce HIF-1�
expression (data not shown), then treated with various concen-
trations of R115777 (from 2 nM to 7 nM, the maximum drug
concentration that does not inhibit cell growth) for 4 days while
maintained in a environment, as done previously for the in vivo
experiments. As shown in Fig. 2B, these conditions allowed
farnesylation inhibition. A decrease of HIF1-� level was ob-
tained starting at 5 nM of R115777 (Fig. 2B). These results
demonstrate that R115777 treatment is able to modify the reg-
ulation of HIF-1� intracellular level.

R115777 Treatment Induces a Change in the Vessel
Morphology and Density. Because in vivo oxygenation sta-
tus has been related to the distance between tumor cells and the
vessels, we then compared the tissue organization in U87 xe-
nografts after treatment with R115777 or vehicle. As shown in
Fig. 3A, tumors cells were dispersed homogeneously in the
untreated xenografts. In contrast, important pauci cellular areas
and a migration of the tumor cells along the vessels were
observed in U87 xenografts after R155777 treatment.

Fig. 1 In vivo R115777 treatment reduces hy-
poxia in U87 xenografts. A, mice bearing U87
tumors were treated with R115777 100 mg/kg
bid (three different mice �) or vehicle (	)
during 4 days. Western blot was performed to
detect H-Ras farnesylation inhibition as de-
scribed in “Materials and Methods.” Arrows
indicate the migrating position of unprocessed
(U) and farnesylated (P) H-Ras forms. B, U87
tumor-bearing mice were treated as described
in “Materials and Methods” with vehicle or
with R115777. Animals were injected with
EF5, euthanized, and the study of EF5 binding
was performed by immunohistochemical anal-
ysis. Binding of EF5 appears in red. Exposure
duration for each frame is: 11 s for U87 control
and 15 s for U87 after R115777 treatment.
Tumor sizes: 801 mm3 for U87 control and
917 mm3 for U87 xenografts treated with
R115777. Magnification: �630. Data repre-
sent at least five independent experiments.
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We then examined the vessel morphology by immunohis-
tochemistry using anti-CD31 antibody in all of the tumors that
were examined for the oxygenation status. U87 tumors showed
a more heterogeneously distributed vascular network with more
elongated and branched vessel structures. However, after
R115777 treatment, vessel structures were more homogeneously
distributed in the tumors, and the vessels appeared smaller than
the vessels in the control tumors (Fig. 3B). Moreover, the vessel
density was significantly reduced in R115777-treated xenografts
compared with control xenografts (P � 0.01; Fig. 3C). These
modifications in the vessel structure and the significant decrease
in the vessel density strongly suggest that R115777 acts as an
antiangiogenic treatment in human glioblastoma xenografts ex-
pressing wild-type ras.

R115777 Treatment Decreases MMP2 Expression and
Activity. Tumor angiogenesis is regulated by different factors
including enzymes implicated in proteolytic modifications of

extracellular matrix, like MMPs. In human glioma, the angio-
genesis and invasiveness are largely described to be linked to
MMP-2 (5, 21, 22). This suggests that the antiangiogenic effect
of R115777 might be mediated by MMP-2 regulation. To test
whether R115777 treatment could control this pathway, we
analyzed the expression of MMP2 using immunohistochemistry
in U87 xenografts after treatment of the mice with R115777 or
vehicle. As shown in Fig. 4A, the treatment of mice with
R115777 induced an evident decrease of MMP2 expression in
U87 xenografts. Moreover, in vitro study of MMP2 activity in
U87 cells revealed that R115777 treatment induced a decrease
of MMP2 activity (Fig. 4B). These data strongly suggest that a
farnesylated protein regulates angiogenesis at least through the

Fig. 3 R115777 treatment induces change in tumor cell organization,
vessel morphology, and decreases the vessel density. A, cells were
labeled by henalun and eosine to analyze the cell organization in U87
xenografts from mice treated or not with R115777. Magnification:
�200. Data represent at least three independent experiments B,. U87
tumor-bearing mice were treated as described in “Materials and Meth-
ods” by vehicle or R115777. Immunohistochemistry using anti-CD31
was performed as described in “Materials and Methods.” Magnification:
�100. Data represent at least three independent experiments. C, The
vessel density was analyzed as described in “Materials and Methods.”
Data represents the mean of the percentage of CD-31 stained surface in
five fields from three different xenografts in each group of treatment;
bars, �SD. Star, P � 0.01.

Fig. 2 R115777 treatment regulates HIF-1� intracellular level. A, im-
munohistochemistry analysis of HIF-1� was performed as described in
“Materials and Methods” for U87 xenografts after treatment with vehi-
cle or R115777. Magnification: �400. Data represent at least three
independent experiments. B, the amount of HIF-1� in U87 cells was
analyzed by Western Blot as described in “Materials and Methods.” The
cells were submitted to hypoxia for 4 h, then treated with various
concentrations of R115777 or vehicle for 4 days in the hypoxic condi-
tion. Western blot was performed using anti-HIF1-� antibody (top gel)
or with anti-actin antibody (middle gel). Farnesylation inhibition after
R115777 treatment was analyzed by performing a Western Blot using an
anti-HDJ2 antibody. Arrows indicate the migrating position of unproc-
essed (U) and farnesylated (P) HDJ-2 forms (bottom gel). Data represent
at least three independent experiments.
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regulation of MMP2 expression and activity in certain human
tumors like glioma.

DISCUSSION
We demonstrate here for the first time that treating human

glioblastoma xenografts expressing wild-type Ras with the spe-
cific FTI, R115777, dramatically reduces the hypoxia of these
tumors. Our studies have shown previously that this class of
compounds is also able to increase the in vitro radiosensitivity
of human cell lines that express wild-type Ras. We reported
previously that treating Mr 24,000 FGF-2 expressing radioresis-
tant HeLa cells with FTI induced a radiosensitization due to the
inhibition by this compound of the postmitotic cell death (16). In
human U87 glioblastoma cell line, R115777 treatment leads to
a significant decrease in radioresistance (17). The in vivo oxy-
genation effect of FTI treatment has been demonstrated recently
for tumors expressing a mutated Ras (T24 bladder carcinoma
and the 141–1 murine prostate carcinoma) without any modifi-
cation of two human carcinoma cell lines expressing a wild-type
Ras (HT-29 from colon and RT-4 from bladder carcinoma; Ref.
12). However, these two cell lines have been radiosensitized by
FTI neither in vitro (14) nor in vivo (12). These data and our

results supported the hypothesis that FTI could only regulate the
oxygenation of cells that are also radiosensitized by this treat-
ment. They also suggest that a farnesylated protein other than
Ras controls the oxygenation pathways in FGF-2-expressing
tumors, in particular human glioblastoma.

HIF-1 is an essential regulator of oxygen homeostasis. At
normal oxygen levels, the intracellular level of HIF-1 is regu-
lated by a degradation by the ubiquitin proteasome system.
Under hypoxic condition, HIF-1� is not recognized by this
system, and accumulates. HIF-1 activates its target genes like
VEGF, erythropoietin, glucose transport, and glycolysis genes
by interacting with hypoxia-responsive elements. Our results
demonstrated that R115777 treatment induced a decrease in
HIF-1� level in tumor U87 xenografts in vivo and in vitro in
U87 cells. This demonstrates that in Ras wild-type expressing
cells, a farnesylated protein controls cellular hypoxia by regu-
lating HIF-1� intracellular level. Because in vivo hypoxia could
also be the result of a change in tumor vessels, we then exam-
ined the effect of R115777 on tumor vasculature. We demon-
strate here that R115777 treatment promotes the migration of
the tumor cells along the vessels in vivo and induces a more
homogeneous distribution of the vessels in the tumor. Moreover,
R115777 treatment significantly decreases the vessel density.
This effect can explain in part the increase of the oxygenation
induced by FTI treatment. In our experimental conditions, this
antiangiogenic effect of R155777 did not lead to the decrease of
tumor growth. Treating mice for 4 days was certainly not long
enough to induce a significant change in tumor size even if we
can observe a modification of the hypoxia and the vasculature.
These combined effects on vasculature and oxygenation have
been observed with antiangiogenic agents such as AGM-1470
(23), antibodies to VEGF (24), or suramin (25) in human glio-
blastoma xenografts. The potential antiangiogenic effect of FTI
has already been described using several models. Gu et al. (26)
showed that the FTI A-17063 induced a 41% decrease of the
vascularization in and around a K-ras mutated colon carcinoma
xenograft related to the in vitro decrease of VEGF. A recent
study showed that treatment with the FTI B1620 of mice bearing
U87 xenografts resulted in a significant decrease of vascularity
(27). Several studies have demonstrated that treating human
glioblastoma cell lines with FTI leads to the decrease of VEGF
expression (28). However, angiogenesis is not only dependent
on VEGF but also requires proteolytic modifications of the
extracellular matrix by metalloproteinases. We then determined
the effect of FTI treatment on the regulation of MMP2 in U87
xenografts and cells. We demonstrate here that the protein
farnesylation inhibition induced a decrease of MMP2 expression
in U87 xenografts. Moreover, treating U87 cells in vitro with
R115777 inhibited the activity of this metalloproteinase. Inhi-
bition of the protein prenylation by lovastatin has already been
described to induce a decrease in MMP-9 but not MMP-2
activity in NIH3T3 and v-H-Ras 3T3 fibroblasts (29). In human
monocytic cell lines, the inhibition of MMP-9 activity was only
obtained after treatment with geranylgeranyltransferase inhibi-
tors. Our results demonstrate for the first time that a farnesylated
protein could regulate angiogenesis at least through the regula-
tion of MMP2 expression and activity in certain human tumors
like glioma. Among the farnesylated proteins known to be
involved in the control of cellular radioresistance and microen-

Fig. 4 R115777 treatment decreases the MMP2 expression and activity
in U87tumors. A, immunohistochemistry analysis of MMP-2 was per-
formed as described in “Materials and Methods” for U87 xenografts
after treatment with vehicle or R115777. Magnification: �400. Data
represent at least three independent experiments. B, the activity of
MMP-2 was analyzed by zymography as described in “Materials and
Methods” in U87 cells after treatment or not with R115777. Data
represent at least three independent experiments.
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vironment is Ras (13, 14, 30). However, we have shown previ-
ously that another farnesylated protein, RhoB, regulates the
cellular radioresistance of wild-type Ras-expressing cells (17,
18). Our most recent results strongly suggest that in our model,
RhoB might be one of the targets of R115777 for its effects on
hypoxia and angiogenesis.

Taken together, our previous data and these results dem-
onstrate that R115777 treatment is able to inhibit different
mechanisms leading to poor efficiency of the standard treatment
of the glioblastoma, that is to say intrinsic cellular radioresis-
tance, hypoxia, and tumor aggressiveness. These combined ef-
fects on glioblastoma underline the interest of associating
R115777 with radiotherapy as a new treatment for these cata-
strophic prognosis tumors.
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