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Antagonists of bombesin/gastrin-releasing peptide decrease
the expression of angiogenic and anti-apoptotic factors in

human glioblastoma

Celia A. Kanashiro® Andrew V. Schally®, R.-Z. Cai® and Gabor Halmos®

We have investigated the antitumor effects and the
mechanism of action of antagonists of bombesin/
gastrin-releasing peptide (GRP), RC-3940-11 and
RC-3940-Et, on the growth of U-118MG human malignant
glioma xenografted into nude mice. Tumors volume was
measured weekly, and after 6 weeks of treatment with GRP
antagonists the tumors were analyzed by Western blot
assays for the expression of vascular endothelial growth
factor (VEGF), protein kinase C (PKC)-a, the anti-apoptotic
protein Bcl-2 and the pro-apoptotic protein Bax. A
radioreceptor assay was used to characterize the receptors
for bombesin/GRP. Specific high-affinity receptors for
bombesin were found in U-118MG tumors, and their
growth was reduced by 52.5% by RC-3940-Il and 72.6% by
RC-3940-Et (both p<0.01). The tumor doubling time

was prolonged by 4.6 and 12 days after treatment with
RC-3940-11 and RC-3940-Et, respectively, compared to
controls (p<0.05). Both antagonists caused a significant
(p<0.05) decrease of about 28% in the levels of VEGF
protein and a reduction of approximately 35% in the
expression of PKCa. The relative ratio of Bcl-2:Bax was
also diminished by around 70% by both analogs, indicating

Introduction

About 18400 estimated new cases of primary brain
tumors associated with 12690 deaths are expected to
occur in the US in 2004 [1]. Malignant glioblastomas
represent the most common type of primary brain tumors
in adults [1,2]. The prognosis for individuals with
malignant glioma is very poor and, consequently, devel-
opment of novel therapies is of extreme importance [1,2].
Sharif ez a/. demonstrated that approximately 85% of
human glioblastoma cell lines examined expressed
functional receptors for bombesin/gastrin-releasing pep-
tide (GRP) [2]. These receptors are members of the G-
protein-coupled receptor superfamily, and induce cell
proliferation by mechanisms that involve the activation of
phospholipase C, the generation of inositol triphosphate,
the release of intracellular calcium and the activation of
protein kinase C (PKC) [3]. Bombesin-like peptides were
first demonstrated to function as autocrine growth factors
in small cell lung carcinoma [4] and later were shown to
be also implicated in the growth of other cancers [5].
Rosengurt [6] reported that bombesin-mediated mito-
genesis in Swiss 3T3 cells could be blocked by different
bombesin antagonists through interrupting the signal-
transduction process at various post-receptor levels. This
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a net apoptotic gain and the efficacy of treatment. Our
results suggest that bombesin/GRP antagonists,
RC-3940-I1 and RC-3940-Et, could be of value for the
treatment of human glioblastomas. Anti-Cancer Drugs
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mitogenic block is mediated by uncoupling the receptor
from its signaling system and is associated with a down-
regulation of PKC [6].

We have previously shown that U-87MG and U-373MG
human glioblastomas express high-affinity binding sites
for bombesin/GRP and mRNA for bombesin receptor
subtype (BRS)-1 (GRP receptor) and BRS-2 (neurome-
din-B receptor) [7,8]. We have also demonstrated that
bombesin/GRP antagonists, RC-3095 and RC-3940-II,
inhibited the growth of U-87MG and U-373MG xeno-
grafts in nude mice [7,8]. The treatment with RC-3095
reduced the concentration of receptors for bombesin/
GRP and significantly prolonged the mean survival time
of nude mice inoculated orthotopically with U-87MG
cells into the brain [7]. In the present study we evaluated
the efficacy of bombesin/GRP antagonists in treatment of
brain tumors in another model of human glioblastoma,
U-118MG that can be grown in nude mice. We also
investigated the mechanism of action of bombesin/GRP
antagonists, focusing on angiogenesis and apoptosis.

Angiogenesis is a complex process and vascular endothe-
lial growth factor (VEGF) is the only growth factor known
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to exhibit both potent endothelial mitogenic and vascular
permeability activities [9]. Plate ez @/ [10] reported that
glioblastomas show a significant up-regulation of VEGF
mRNA in certain tumor areas with an important
association between VEGF mRNA producer cells and
NECrosis.

The role of apoptosis in tumorigenesis is a subject of
intense investigations, and among the regulatory proteins
in the Bcl-2 family are Bcl-2, Bel-x1, Bag-1, Mcl-1 and A-1
(acting as inhibitors), and Bcl-xg, Bax, Bak, Bad and Bid
(acting as promoters) [11]. An increase in the relative
ratio of anti-apoptotic and pro-apoptotic Bcl-2 family
proteins through overexpression of Bcl-2 and/or down-
regulation of Bax has been correlated with a poor
prognosis in patients with brain tumors [12,13]. It was
also demonstrated that the overexpression of exogenous
PKCa results in an increased Bcl-2 phosphorylation and
enhanced chemoresistance, suggesting a mechanism
whereby PKCo mediates Bcl-2 phosphorylation and
accounts for the increased cell survival observed following
chemotherapy [14].

To identify some of the molecular mechanisms involved
in the anti-cancer effect of bombesin/GRP antagonists,
we evaluated their effects on the expression of VEGE
PKCa, as well as on the apoptotic markers, Bcl-2 and Bax.

Materials and methods

Peptides

The bombesin/GRP antagonist [Hca®, Leu¥ (CH,N)-
Tac'*|BN(6-14) (RC-3940-11) (D-24197), originally
synthesized in our laboratory [15,16], was made and
provided by Zentaris (Frankfurt/Main, Germany). The
bombesin/GRP antagonist RC-3940-Et is the analog of
RC-3940-1T with a C-terminal ethylamide modification.
RC-3940-Et was synthesized in our laboratory by
methods similar to those described for RC-3940-11
[15,16]. For injections, peptides were dissolved in 0.1%
dimethylsulfoxide in sterile aqueous 10% propylene

glycol.

Cell line and animals

Human glioblastoma cell line U-118MG obtained from
the ATCC (Manassas, VA) was cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum, penicillin and streptomycin.

Male athymic nude mice (Ncr ##/nu) were obtained from
the National Cancer Institute (Frederick Cancer Re-
search and Development Center, Frederick, MD) and
maintained under pathogen-limited conditions. To obtain
donor animals with tumors, two nude mice received s.c.
injections of cell suspension containing 2 x 10’ U-118MG
cells. The developed tumors were dissected and minced,
and 3-mm?® picces of tumor tissue were transplanted s.c.

to both flank areas of the experimental animals. When
tumors became measurable, control and experimental
groups were formed with animals bearing tumors of about
the same size. Tumor volumes and body weights were
measured weekly. The volume of tumors was measured in
a blinded manner and calculated as length x width x
height x 0.5236. Tumor volume doubling time (TDT)
was calculated between the start and the end of the
treatment using the formula: days of treatment/[log (final
volume)-log (initial volume)]/log2. Antitumor activity of
the compounds was evaluated by calculation of the tumor
growth reduction (TGR) using the following formula:
TGR% = 100-100 x (T'-7)/(C-c¢), where 7 is the volume
of treated tumors at the beginning of therapy, 7"is the
volume of the same tumors at the end of the experiment,
¢ is the volume of controls at the start of treatment and €
is the volume of controls at the end of the experiment.
After 6 weeks of treatment, mice were sacrificed, and
various organs were removed and weighed. Tumors were
excised, weighed, snap-frozen and stored at —=70°C until
further analyses. All animal experiments were reviewed
by the institutional animal care and use committee, and
were performed in accordance with institutional guide-
lines for animal care.

Experimental protocol

The experiment was started when tumors had grown to
approximately 90 mm®. Mice were divided into groups
containing eight to 10 animals each, and received s.c.
injections of vehicle or 10 pg/day/animal of the analogs as
follows: group 1, control, vehicle solution; group 2,
bombesin/GRP antagonist RC-3940-11; group 3, bombe-
sin/GRP antagonist RC-3940-Ect.

Receptor binding assays

The binding characteristics of receptors for bombesin/
GRP were determined on tumor membrane fractions of
control animals. For 7 vitro binding studies, radioiodina-
tion of [Tyr*]bombesin and separation of the monoiodi-
nated radioligands by HPLC were performed [17]. To
characterize membrane receptors for bombesin/GRP,
ligand competition assays were performed, based on
binding of the radiolabeled ligands to tumor membrane
homogenates [17]. The ligand PC computerized curve-
ficting program was used to determine the type of
receptor-binding, dissociation constant (K4) and maximal
binding capacity (B.x) of the receptors [17].

Western blotting assays

Protein-matched samples (40 pg/lane) were separated by
10-12% SDS-PAGE. Proteins were immunodetected on
nitrocellulose membranes using a chemiluminescence
detection system (Amersham, Arlington Heights, IL).
The membranes were incubated overnight at 4°C in 5%
non-fat dry milk in TBS-Tween. The blots were probed
with polyclonal antibodies (1:1000) to VEGF (1-147), Bax
(N-20) or PKCa, and monoclonal antibody (1:1000) to
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Bcl-2, before incubation with horseradish peroxidase-
conjugated secondary antibodies (all from Santa Cruz
Biotechnology, Santa Cruz, CA; except for PKCa, which
was from Sigma, St Louis, MO) and exposure to the
chemiluminescence substrate. The protein bands were
quantified by normalizing the signals of different proteins
to B-actin signal (1:2000, Santa Cruz) using the Kodak
EDAS 290 imaging system with Kodak 1D Image Analysis
Software (Kodak, Rochester NY).

Statistical analyses

SigmaStat software was used for the statistical analysis of
data. Results were evaluated by one-way ANOVA, and the
Bonferroni and Student—Neuman—Keul’s tests. Results
were considered statistically significant when p < 0.05.

Results

Receptor-binding studies

Radiolabeled [Tyr*]bombesin was bound to a single class
of specific receptors for bombesin/GRP in U-118MG
human glioblastoma tumors with high affinity (dissocia-
tion constant, K3=1.32*+0.07nM) and with a mean
maximal binding capacity (Bpay) of 493.5 = 83.1 fmol/mg
protein).

Effects of therapy on growth of U-118MG

glioblastoma in vivo

The treatment of nude mice bearing U-118MG tumors
with bombesin/GRP antagonists, RC-3940-11 and RC-
3940-Et had a strong inhibitory effect on tumor volumes.
We observed a significant (p <0.05 for both) tumor
growth reduction at the end of the second week of
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treatment (Fig. 1), but the greatest suppression (p < 0.01
for both) in the tumor volume was observed from weeks 4
to 6 of treatment when the experiment was ended (Fig. 1
and Table 1). After treatment with antagonists RC-3940-
IT and RC-3940-Et, the tumor growth reduction rate
(» <0.01 versus controls) was 52.5 and 72.6%, respec-
tively, and the TDT was also significantly (p < 0.05)
prolonged by 4.6 and 12 days, respectively (Table 1). We
also detected a decrease in the tumor weight in the
treated groups, but this inhibitory tendency was not
statistically significant (Table 1).

Effects of bombesin/GRP antagonists on the
expression of VEGF in U-118MG human glioblastoma
We investigated the expression of VEGF protein by
Western blot assays with specific antibody in U-118MG
tumors from animals treated with bombesin/GRP antago-
nists. Figure 2(A) shows three representative tumors from
each group. Densitometric analyses of the bands repre-
senting VEGE after normalization to B-actin levels,
demonstrated that RC-3940-11 and RC-3940-Et signifi-
cantly (p <0.05) reduced VEGF expression by 27 and
29%, respectively (Fig. 2B).

Table 1 Effects of therapy with bombesin/GRP antagonists,
RC-3940-I1 and RC-3940-Et, on the growth of U-118MG human
glioblastomas xenografted in nude mice

Groups Tumor weight Final tumor volume TGR (%)  TDT (days)
(9) (mm®)

Control 1.43+0.17 890+98 00+21  129%1.1

RC-3940-I1 1.25+0.15 468+32° 525+4.4° 175+15°

RC-3940-Et 1.01+0.10 316+31° 72.6+6.9° 24.9+24°

2p<0.05 and °p<0.01 versus control.
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Changes in tumor volumes in nude mice bearing subcutaneous xenografts of U-118MG glioblastomas, during therapy with bombesin/GRP
antagonists, RC-3940-Il and RC-3940-Et. The data represent means + SE. *p<0.05 and **p<0.01 versus control.
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Fig. 2
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(A) Representative Western blotting for VEGF in U-118MG
glioblastomas. (B) Levels of VEGF protein expressed as a percentage
of control after standardization to the expression of B-actin levels. The
experiments were performed in triplicate. The data are expressed as
means + SE. ¥*p<0.05 versus control.

Expression of Bcl-2 and Bax proteins in tumors

treated with RC-3940-11 and RC-3940-Et

The levels of Bcl-2 and Bax proteins were determined in
U-118MG tumors by Western blot analysis. As shown in
Figure 3, the levels of Bcl-2 were significantly (p < 0.05)
decreased by treatment with bombesin/GRP antagonists,
RC-3940-11 and RC-3940-Et, while the level of Bax
protein were significantly (p < 0.05) increased by both
compounds. Since Bcl-2 and Bax are thought to have
opposite effects in determination of the net apoptotic
gain, a relative ratio of Bcl-2:Bax was calculated. Given
that this ratio has anti-apoptotic protein in the numerator
and the pro-apoptotic protein in the denominator, lower
ratio values are observed with lower levels of the anti-
apoptotic proteins and/or higher levels of the pro-
apoptotic proteins. In the treated groups, the ratio of
the Bcl-2 to Bax proteins, which is a parameter of a net
apoptotic gain, was about 70% lower than the control
values, indicating the effectiveness of treatment (Fig. 3).

Expression of PKCa in U-118MG tumors treated

with bombesin/GRP antagonists

Assuming that an increase in the expression of PKCa
might result in more phosphorylated and consequently
more active Bcl-2, which may offer enhanced protection
against apoptosis, we measured the levels of PKCa.
Immunoblots of whole tissue homogenate of U-118MG
tumors revealed significant immunoreactive bands at
79.5kDa corresponding to PKCo (Fig. 4). The bands
could be eliminated by inclusion of the antigenic peptide

(data not shown). Both bombesin/GRP antagonists
caused a significant (» < 0.05) inhibition in the expres-
sion of PKCa.. RC-3940-1I induced a decrease of 32% and
after treatment with RC-3940-Et a 38% reduction was
also observed, compared to controls (Fig. 4).

Discussion

The present study demonstrates a significant inhibitory
effect of bombesin/GRP antagonists RC-3940-1I and RC-
3940-Et on the growth of xenografts of U-118MG human
glioblastoma in nude mice. Thus, antagonists RC-3940-11
and RC-3940-Et inhibited the growth of U-118MG
tumors by 52.5 and 72.6%, respectively, and also extended
significantly the tumor doubling time by 4.6 and 12 days,
respectively.

Our findings showing the presence of high affinity-
binding sites for bombesin/GRP on membranes of U-
118MG tumors are in agreement with previous studies
demonstrating the expression of these receptors in two
other glioblastoma cell lines, U-373MG and U-87MG [7].
We also have reported that U-87MG tumors express
mRNA for BRS-1 (GRP receptor) and BRS-2 (neurome-
din-B receptor), but not mRNA for BRS-3 [8]. In those
studies, the inhibition of growth of both glioblastomas, U-
87MG and U-373MG, was accompanied by a decrease in
the concentration of bombesin/GRP receptors on mem-
branes of these tumors [7]. In addition to the down-
regulation of the bombesin/GRP receptors, the inhibition
of growth of various cancers including brain, lung,
pancreatic, prostatic, gastric and mammary by bombe-
sin/GRP antagonists was associated with a major decrease
in receptor levels for the epidermal growth factor (EGF)
on the tumor membranes [7,15]. Thus, bombesin/GRP
antagonists may act locally by various mechanisms that
result in a reduction in the binding sites for EGE which
have been shown to be present in many brain tumors [18-
22]. However, the exact molecular mechanism and the
heterologous regulation of EGF by bombesin/GRP
antagonists receptors remain unclear.

Bombesin initiates a series of intracellular signals that
causes an increase in inositol-1,4,5-trisphosphate, a
mobilization of intracellular Ca?* and diacylglycerol
production, leading to activation of PKC [23]. Activation
of PKC causes the phosphorylation of EGF receptors on
threonine residues. Bombesin and GRP were shown to
enhance the phosphorylation of EGF receptors and this
effect was inhibited by treatment with bombesin/GRP
antagonist [24]. These results suggest that bombesin/
GRP may function by up-regulating EGF receptors and
that bombesin/GRP antagonists prevent this upregulation
[24].

Investigating bombesin/GRP antagonists, Kiaris ¢z /. [8]
demonstrated that GRP induces the expression of c-fos
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Fig. 3
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(A) Representative Western blotting for Bcl-2 and Bax in U-118MG tumors. (B) Bcl-2 and Bax were normalized to B-actin levels and expressed as
percentage of control. (C) Relative ratio (Bcl-2:Bax). The experiments were performed in triplicate. The data are means £ SE. *p<0.05 and

**p<0.01 versus control.

oncogene in U-87MG and U-373MG glioblastomas,
suggesting that c-fos might be involved in the mechanism
of action of bombesin-like peptides including GRP. Since
the products of c-fos and c-jun oncogenes are proteins
involved in the mechanism of regulation of mRNA for
GRP, this finding suggests that the paracrine production
of GRP could be implicated in the pathogenesis of brain
tumors [8].

To better understand the molecular mechanism of the
bombesin/GRP antagonists, their effects on the expres-
sion of the growth signal proteins (VEGF and PKCa) and
apoptosis-related proteins (Bcl-2 and Bax) were analyzed
in the present study. Studies of angiogenesis in glioblas-
tomas have shown an up-regulation of VEGF in these cell
lines [25]. To further examine this phenomenon, we

investigated the effect of bombesin/GRP antagonists on
the expression of VEGF in U-118MG glioblastomas. Our
results indicate that treatment of U-118MG tumors with
bombesin/GRP antagonists, RC-3940-11 and RC-3940-Ec,
caused a significant inhibition in the expression of VEGE
This finding is in agreement with our previous work
showing that bombesin/GRP antagonists significantly
decreased the expression of mRNA for VEGF-A in human
experimental breast cancers [26]. Considering that
glioblastomas are highly vascularized, the therapies that
cause reduction in the neovascularization process would
be of major clinical importance.

Many investigations have suggested that the deregulation
of the apoptotic proteins could affect tumor progression
and the resistance to treatment as well as the initiation of
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Fig. 4
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Expression of PKCa in U-118MG tumors untreated or treated with
bombesin/GRP antagonists. (A) Representative Western blot. (B)
Percentages of protein measurements are presented as means = SE of
eight to 10 samples from each group after standardization to the
expression of B-actin levels. *p<0.05 versus control.

oncogenesis [27]. The expression of Bcl-2-related pro-
teins was increased in untreated patients with gliomas,
suggesting that the changes in the expression of Bcl-2
could reflect the natural course of the disease [28]. Bcl-2
and Bax are functionally antagonistic proteins that control
apoptosis, and the measurements of the expression of
these proteins could be of prognostic value. The relative
ratio of the anti-apoptotic Bcl-2 and the pro-apoptotic
Bax protein is positively correlated with a poor prognosis
for patients with brain tumors [29,30]. Thus, we
compared the expression of two apoptotic markers,
Bcl-2 and Bax, using immunoblot assays. We found that
U-118MG tumors treated with bombesin/GRP antago-
nists, presented a low level of Bcl-2 and a high level of
Bax, compared to controls. Our results show that
antagonists, RC-3940-I and RC-3940-Et, caused a
down-regulation of Bcl-2 protein by 44 and 52%,
respectively. On the contrary, the levels of Bax protein
were significantly increased by 73 and 67% in the groups
treated with RC-3940-I1 and RC-3940-Et, respectively.
The relative ratio of the Bcl-2 to Bax was reduced in both
treated groups by about 70% as compared to controls. A
low Bcl-2:Bax ratio is an indicator of a net apoptotic gain
and a good prognosis for the patients [29,30]. However,
the discrepancies between Bcl-2:Bax ratios and the
sensitivity of cells to chemotherapy suggest that other
factors are also involved. Thus, chemosensitivity cannot
be explained by simple quantitative differences in the

expression of Bcl-2 or Bax [31]. In addition to phosphor-
ylation of EGF receptors, a classical isoform of PKC
family, PKCa, was shown to increase the phosphorylation
of Bcl-2 [14]. Therefore, the net apoptotic signal
resulting from the Bcl-2 family may depend not only on
the relative ratios of pro- and anti-apoptotic members,
but also on the degree of phosphorylation of Bcl-2
members [14]. Based on this view, we also measured the
expression of PKCa in U-118MG tumors after treatment
with bombesin/GRP antagonists. Interestingly, we ob-
served that in U-118MG tumors, treatment with RC-
3940-I1 and RC-3940-Et, inhibited PKCa by 32 and 38%,
respectively, as compared to untreated tumors. This
inhibitory effect of bombesin/GRP antagonists on the
expression of PKCa, exhibited a positive correlation with
the inhibitory effect induced by the same compounds in
the expression of Bcl-2 protein.

In conclusion, this study in U-118MG human glioblasto-
mas xenografted into nude mice reinforces previous
findings on effectiveness of bombesin/GRP antagonists
for therapy of brain tumors. The present investigation
also shows that bombesin/GRP antagonists act by
decreasing the levels of the angiogenic factor VEGF
protein, as well as by reducing the relative ratio of the
apoptotic proteins (Bcl-2:Bax) and also by diminishing
the expression of PKCa. These data, together with the
results of our previous investigations in other glioblasto-
ma cell lines, suggest that bombesin/GRP antagonists
might be useful for the treatment of patients with
malignant brain tumors expressing receptors for bombe-
sin/GRP. However, further experimental work, followed
by clinical trials is necessary.
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