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Angiogenesis, a process by which new vascular net-
works are formed from pre-existing capillaries, is
required for tumors to grow, invade, and metastasize.
Vascular endothelial growth factor (VEGF), a specific
mitogen to endothelial cells, is a crucial factor for
tumor angiogenesis. In this study, we investigated
whether minodronate, a newly developed nitrogen-
containing bisphosphonate, could inhibit melanoma
growth and improve survival in nude mice by sup-
pressing the VEGF signaling. We found here that mi-
nodronate inhibited melanoma growth and improved
survival in nude mice by suppressing the tumor-asso-
ciated angiogenesis and macrophage infiltration. Mi-
nodronate completely inhibited the VEGF-induced in-
crease in DNA synthesis and tube formation in
endothelial cells by suppressing NADPH oxidase-me-
diated reactive oxygen species generation and Ras
activation. Furthermore, minodronate inhibited the
VEGF-induced expression of intercellular adhesion
molecule-1 and monocyte chemoattractant protein-1

in endothelial cells. Minodronate decreased DNA syn-
thesis and increased apoptotic cell death of cultured
melanoma cells as well. Our present study suggests
that minodronate might suppress melanoma growth
and improve survival in nude mice by two indepen-
dent mechanisms; one is by blocking the VEGF signal-
ing in endothelial cells, and the other is by inducing
apoptotic cell death of melanoma. The present study
provides a novel potential therapeutic strategy for the
treatment of melanoma. (Am J Pathol 2004
165:1865-1874)

Tumors cannot grow beyond a volume of 1 to 2 mm?®
without establishing a vascular supply because cells
must be within 100 to 200 um of a blood vessel to
survive."? A major event in tumor growth and expansion
is the angiogenic switch, an alteration in the balance of
proangiogenic and anti-angiogenic molecules that leads
to tumor neovascularization.® Several lines of evidence
implicate vascular endothelial growth factor (VEGF) as
the key factor involved in angiogenic switch in human
tumors.* VEGF and its receptors are expressed at high
levels in almost all tumors,* and administration of anti-
bodies (Abs) directed against VEGF or dominant-nega-
tive forms of the VEGF receptor flk-7 inhibited tumor
growth in nude mice.>® Tumor vessels are genetically
stable and less likely to accumulate mutations that allow
them to develop drug resistance in a rapid manner.”
Therefore, targeting the VEGF signaling in neovascula-
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Figure 1. Chemical structure of minodronate. Molecular weight is 340.16.

tures that support tumor growth is considered to be a
promising approach to anti-tumor therapy.

Bisphosphonates are potent inhibitors of bone resorp-
tion and are widely used drugs for treatment of osteopo-
rosis and osteolytic bone metastasis.® In vitro anti-tumor
properties of bisphosphonates include inhibition of tumor
proliferation and invasion and induction of apoptosis of
various cancer cell lines.®'° Recently, farnesyl pyrophos-
phate (FPP) synthase has been shown as a molecular
target of nitrogen-containing bisphosphonates, and inhi-
bition of posttranslational prenylation of small molecular
weight G proteins is likely involved in their anti-resorptive
activity on osteoclasts.’’ Bisphosphonates have been
reported to accumulate in human vessels.'? Furthermore,
nitrogen-containing bisphosphonates such as ibandr-
onate and zoledronic acid have been shown to inhibit
angiogenesis in vitro."® These observations suggest that
nitrogen-containing bisphosphonates might have pleio-
tropic properties on endothelial cells (ECs) by blocking
isoprenoid intermediates, which serve as lipid attach-
ments for a variety of intracellular signaling molecules.'

NADPH oxidase activity is required for the angiogenic
signaling of VEGF,'® and small G protein Rac is a critical
component of the endothelial NADPH oxidase com-
plex.'® Further, VEGF is a key factor for melanoma an-
giogenesis and macrophage infiltration, the extent of
which being correlated with tumor prognosis.'”'® These
observations led us to examine whether minodronate, a
newly developed nitrogen-containing bisphosphonate,
could inhibit melanoma growth and improve survival in
nude mice by suppressing the tumor-associated angio-
genesis and macrophage infiltration in vivo. We also in-
vestigated in the present study whether and how mino-
dronate could block the VEGF signaling in ECs.

Materials and Methods
Growth of G361 Xenografts in Nude Mice

One million G361 cells were injected intradermally into
the upper flank of 6-week-old female athymic nude mice
(n = 5 in each group). Mice received intraperitoneal
injections of 5 ug of minodronate (Yamanouchi Pharma-
ceutical Co., Tokyo, Japan) or physiological saline solu-
tion daily. The chemical structure of minodronate is
shown in Figure 1. Its molecular weight is 340.16. The

smallest and largest diameters of tumors were measured
at 5-day intervals with a digital caliper, and tumor vol-
umes were calculated using the following formula: vol-
ume (mm?) = [(smallest diameter)? X (largest diameter)]/
2. All animal procedures were conducted according to
the guidelines provided by the Hokkaido University Insti-
tutional Animal Care and Use Committee under an ap-
proved protocol.

Immunofiuorescence Staining of Tumor Vessels
and Macrophages

Five cryostat sections of tumor xenograft were stained
with  fluorescein isothiocyanate-conjugated rat anti-
mouse CD31 or Mac-3 Abs (Becton Dickinson, Franklin
Lakes, NJ) as described previously.'® Nuclei were
stained with propidium iodide. Three different fields at
X60 magnification were examined on each section with
confocal laser-scanning fluorescence microscopy.
Green fluorescence-positive area in three different fields
of each section was measured.

Assay for in Situ Apoptosis

Sections of tumor xenograft were stained with hematox-
ylin and eosin for morphological analysis. Terminal dUTP
nick-end labeling assay was performed using an in situ
apoptosis detection kit according to the manufacturer’s
instructions (Roche Diagnostics GmbH, Mannheim, Ger-
many). The number of apoptotic cells was counted in 10
randomly selected fields at X200 magnification using
confocal laser-scanning fluorescence microscopy.

Cell Culture Conditions

The human adult skin microvascular ECs were incubated
in endothelial cell basal medium (EBM) medium (Clonet-
ics Corp., San Diego, CA) supplemented with 5% fetal
bovine serum and 0.4% bovine brain extracts in the pres-
ence or absence of 10 ng/ml VEGF (PeproTech, London,
UK), 10 wmol/L (8.4 mg/ml) minodronate, 100 nmol/L
diphenylene iodonium (DPI) (Sigma, St. Louis, MO), 1
pg/ml geranylgeranyl pyrophosphate (GGPP) (Sigma),
10 wmol/L FTI-276 (Calbiochem, San Diego, CA), 1
wmol/L GGTI-286 (Calbiochem), 1 mmol/L N-acetylcys-
teine (Sigma), 1 wg/ml monoclonal Abs (mAbs) against
human intercellular adhesion molecule-1 (ICAM-1) (R&D
Systems, Minneapolis, MN), dominant-negative human
Rac-1 mutant (DN-RacT17N), or dominant-negative hu-
man Ras mutant (DN-RasS17N). G361 melanoma cells
(American Type Culture Collection, Manassas, VA) were
incubated in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and 100 U/ml
penicillin/streptomycin in the presence or absence of
various concentrations of minodronate or 0.5 ng/ml FPP
(Sigma).



Intracellular Reactive Oxygen Species (ROS)
Generation

Intracellular ROS generation was detected by using the
fluorescent probe CM-H,DCFDA (Molecular Probes Inc.,
Eugene, OR) as described previously.?® Briefly, cells
(2 x 10%/96-well-plate) were loaded with 10 wmol/L CM-
H,DCFDA, incubated for 45 minutes at 37°C, and ana-
lyzed in a Fluoroskan Ascent FL (Thermo Labsystems,
Helsinki, Finland) using the Ascent Software for Windows
program.

In Situ ROS Generation in Tumor ECs

The oxidative fluorescent probe dihydroethidium (Molec-
ular Probes Inc.) was used to detect in situ levels of ROS
in tumor ECs according to the method of Miller and
colleagues.?! Briefly, the unfixed frozen tissues were cut
into 10-um-thick sections. The sections were stained with
fluorescein isothiocyanate-conjugated rat anti-mouse
CD31 Abs (Beckton Dickinson) and then with 2 umol/L
dihydroethidium. Three different fields at X60 magnifica-
tion were examined on each section with confocal laser-
scanning fluorescence microscopy. Red fluorescence-
positive area in three different fields of each section was
measured.

Transfection of DN-RacT17N and DN-RasS17N

The DN-RacT17N expression vector was kindly provided
by Dr. Y. Horiguchi, Department of Bacterial Toxicology,
Research Institute for Microbial Diseases, Osaka Univer-
sity, Osaka, Japan. The DN-RasS17N expression vector
was kindly provided by Dr. T. Sato, Faculty of Bioscience
and Biotechnology, Tokyo Institute of Technology, Tokyo,
Japan. ECs were transiently transfected with either DN-
RacT17N, DN-RasS17N or an empty vector using Tfx-50
reagent according to the manufacture’s instructions (Pro-
mega, Madison, WI).

Measurement of [°PH]Thymidine Incorporation
in ECs

[®H]Thymidine incorporation in cells was determined as
described previously.??

Assay for Ras Activation

ECs were incubated with or without 10 ng/ml VEGF for 24
hours in the presence or absence of 10 umol/L minodr-
onate or 100 nmol/L DPI. Ras activity then was measured
using a Ras Activation Assay kit (Upstate Biotechnology
Inc., Charlottesville, VA) following the manufacturer’s in-
structions.

Assay for in Vitro Tube Formation

In vitro tube formation was assayed as described previ-
ously.?® Briefly, wells of 24-well culture cluster dishes
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(Costar 3524; Costar, Cambridge, MA) were coated with
Matrigel solution (250 ul/well; Beckton Dickinson, Bed-
ford, MA), then allowed to solidify for at least 1 hour at
37°C. ECs (4 x 10* cells/well) were then seeded on
Matrigel with 10 ng/ml of VEGF in the presence or ab-
sence of 10 umol/L minodronate. After 6 hours, four
microscopic fields selected at random were photo-
graphed, and the lengths of capillary-like structures were
measured. The vessel structures were confirmed by elec-
tron microscopic analysis.

Primers and Probes

Primer sequences used in semiquantitative reverse tran-
scriptase-polymerase chain reactions (RT-PCRs) were
5'-AATGGGGCTGGGACTTCTCATTGG-3" and 5'-GC-
CTGGGTGACAGAGCGAGAGCTT-3’ for human ICAM-1
mRNA, and 5'-AACTGAAGCTCGCACTCTCG-3’ and 5'-
TCAGCACAGATCTCCTTGGC-3" for human monocyte
chemoattractant protein-1 (MCP-1) mRNAs. Sequences
of the upstream and downstream primers used in RT-
PCR for detecting p-actin mRNAs were the same as
described previously.?*

Semiquantitative RT-PCR

Poly(A)™ RNAs were isolated from cells, and analyzed by
RT-PCR as described previously.?®> The amounts of
poly(A)* RNA templates (30 ng) and cycle numbers (33
cycles for ICAM-1 gene; 30 cycle for MCP-1 gene; 22
cycles for B-actin gene) for amplification were chosen in
quantitative ranges, in which reactions proceeded lin-
early, that had been determined by plotting signal inten-
sities as functions of the template amounts and cycle
numbers.?®

Assay of MOLT-3 Cell Adhesion to ECs

Molt-3 cell adhesion to ECs was assayed according to
the method of de Clerck and colleagues.®® Briefly, ECs
were treated with 10 ng/ml of VEGF in the presence or
absence of 10 wmol/L minodronate or 1 ug/ml ICAM-1
mAbs for 24 hours, and then incubated with BCECF-AM-
labeled Molt-3 cells for 30 minutes. After incubation, the
cells were solubilized by 1% Triton X-100 and the fluo-
rescent intensities of the cells were measured.

Measurement of MCP-1

MCP-1 proteins released into media were measured with
an enzyme-linked immunosorbent assay (ELISA) system
according to the manufacturer’s instructions (R&D Sys-
tems).

Assay for in Vitro Apoptosis

G361 cells were incubated with the indicated concentra-
tions of minodronate in the presence or absence of 0.5
wg/ml of FPP for 24 hours. Then the cells were lysed and
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the supernatant was analyzed in an ELISA for DNA frag-
ments (Cell Death Detection ELISA; Roche Molecular
Biochemicals, Mannheim, Germany) according to the
manufacturer’s instructions.

Statistical Analysis

All values were presented as means = SE. Unless other-
wise indicated, one-way analysis of variance followed by
the Scheffé F-test, was performed for statistical compar-
isons. In Figure 2, A, C, D, and E, and Figure 3C, un-
paired t-test was performed for comparison between
control and minodronate-treated groups; P < 0.05 was
considered significant.

Results

Minodronate Inhibits Melanoma Growth and
Improves Survival in Nude Mice

Because minodronate has been reported to dose depen-
dently reduce osteolytic bone metastases in nude mice at
the range of 0.2 to 20 ug/mouse/day,?” we chose the
dose of 5-ug daily injection of minodronate in our animal
experiments. We first investigated whether minodronate
could inhibit melanoma growth in nude mice. G361 xeno-
graft melanoma cells formed rapidly growing tumors in
nude mice, reaching 500 to 600 mm? after 40 days. In
contrast, intraperitoneal daily injection of 5 ug of minodr-
onate almost completely inhibited the in vivo tumor growth
of G361 cells throughout an observation period of up to
40 days (Figure 2, A and B).

Tumor-associated angiogenesis and macrophage in-
filtration have been known to play an important role in
tumor growth and expansion in vivo.?®2° So, we next
studied the effects of minodronate on angiogenesis and
macrophage infiltration in G361 melanoma xenografts.
Minodronate treatment was found to significantly inhibit
tumor-associated angiogenesis and macrophage infiltra-
tion in nude mice (Figure 2, C and D, respectively). These
observations suggest that minodronate might inhibit mel-
anoma growth in nude mice by blocking the tumor-asso-
ciated angiogenesis and macrophage infiltration in vivo.

Tumors cannot survive without establishing a vascular
supply.’? Histological examinations revealed extensive
areas of tumor necrosis in minodronate-treated G361
xenograft (Figure 2E). Furthermore, apoptotic cell death
of melanoma xenografts was significantly increased by
the treatment of minodronate. The Kaplan-Meier analysis
showed that the rate of host mouse survival was signifi-
cantly higher in minodronate-treated group than that in
the control group (Figure 2F). None of the minodronate-
treated mice died throughout an observation period of up
to 100 days.

Minodronate Inhibits VEGF-Induced ROS
Generation in ECs

VEGF is a key factor for tumor angiogenesis and macro-
phage infiltration, thus being involved in melanoma

growth and progression.’” 82 Because ROS generation
is reported to be required for the VEGF signaling in
ECs,®" we first studied whether minodronate could inhibit
the ROS generation elicited by VEGF. After the intraperi-
toneal administration of 5 wg of minodronate, its peak
plasma concentration reaches ~10 umol/L (unpublished
data). Therefore, we did the following in vitro experiments
with minodronate at the concentration of 10 uwmol/L. Mi-
nodronate or DPI, an inhibitor of NADPH oxidase, com-
pletely inhibited the VEGF-induced ROS production in
ECs (Figure 3A). Further, the inhibitory effect of minodr-
onate on ROS generation was completely reversed by
GGPP. These results suggest that VEGF induces ROS
generation through NADPH oxidase and that minodr-
onate inhibits the ROS generation by suppressing gera-
nylgeranylation of Rac, one of the important components
of NADPH oxidase complex.'® Pharmacological inhibi-
tors are not absolutely specific to one cellular target.
Because DPI can inhibit other superoxide generating
enzymes, we performed experiments using molecular
techniques. Overexpression of DN-RacT17N also pre-
vented the increase of ROS generation in VEGF-exposed
ECs (Figure 3B). These observations also indicate that
Rac is directly involved in the VEGF-induced ROS pro-
duction in microvascular ECs. Minodronate treatment
was also found to decrease in situ ROS generation in
tumor ECs (Figure 3C). Thus, minodronate exerts anti-
oxidative effects on ECs of tumor-associated blood ves-
sels probably by blocking the VEGF signaling in vivo.

Minodronate Inhibits VEGF-Induced DNA
Synthesis and Tube Formation in ECs

We next investigated a functional role of NADPH oxidase-
mediated ROS generation in VEGF-induced angiogene-
sis. DPI or an anti-oxidant, N-acetylcysteine, completely
inhibited the VEGF-induced increase in DNA synthesis,
suggesting that NADPH oxidase-derived ROS is involved
in the VEGF signaling to angiogenesis (Figure 4A). Inac-
tivation of Rac by 10 wmol/L minodronate or a gera-
nylgeranyltransferase inhibitor, GGTI-286, or overexpres-
sion of DN-RacT17N also prevented the VEGF effect,
thus demonstrating that geranylgeranylation of Rac is
necessary for the angiogenic signals of VEGF (Figure 4,
B and C). However, in contrast to the case with ROS
production, the effect of minodronate on DNA synthesis
was not reversed by GGPP. These results suggest that
inactivation of other G proteins might also be involved in
the anti-angiogenic effects of minodronate. Minodronate
at lower concentrations (0.1 and 1 umol/L) did not affect
DNA synthesis in ECs, irrespective of the presence or
absence of VEGF (data not shown). These findings sug-
gest that, unlike the effects of statins, minodronate does
not have biphasic actions on DNA synthesis in ECs at the
concentrations of 0.1 to 10 umol/L.%? Furthermore, mino-
dronate did not induce apoptotic cell death in ECs ex-
posed to VEGF (data not shown).

We next examined the involvement of Ras in the VEGF
signaling to angiogenesis. VEGF was found to activate
Ras in microvascular ECs, which was completely pre-
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Figure 2. Effects of minodronate on tumor growth (A and B), angiogenesis (C), macrophage infiltration (D), apoptosis (E), and survival rate (F) in nude mice.
A: Each group (minodronate-treated or nontreated control group) was composed of five athymic nude mice. B: Typical photographs were taken after 40 days
of injection. Arrowheads indicate tumors. C: Five cryostat sections of tumor xenograft were stained. Green fluorescence-positive areas in three different fields
of each section were measured. Arrowheads indicate CD31-positive ECs (green). D: Arrowheads indicate Mac-3-positive macrophages (green). E: The number
of apoptotic cells was counted in 10 randomly selected fields. Arrowheads indicate apoptotic cells (green). Tumor nuclei were stained in red. *, P < 0.01
compared to control mice. F: Kaplan-Meier analysis.
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vented by minodronate or DPI (Figure 4D). Further, inac-
tivation of Ras by a farnesyltransferase inhibitor, FTI-276,
or overexpression of DN-RasS17N also inhibited the in-
crease in DNA synthesis in VEGF-exposed ECs (Figure 4,
E and F). These observations suggest that Ras is a down-
stream effector of ROS derived form NADPH oxidase and
that the anti-angiogenic effects of minodronate can be
attributed to inhibition of both Rac and Ras prenylation.

The process of angiogeneis is completed by the for-
mation of microvascular tubes.?® In vitro assays for tube
formation of ECs have been developed and used to study
this critical step of angiogenesis. Therefore, we further
studied the effect of minodronate on tube formation on
Matrigel, where ECs take only several hours to associate
with each other and to form microtubes.?®> Minodronate
completely prevented the VEGF-induced tube formation
on Matrigel (Figure 4G). These observations suggest that
minodronate could inhibit tube formation of microvascu-
lar ECs, the key steps of angiogenesis by blocking the
VEGF signaling as well.

Minodronate Inhibits VEGF-Induced ICAM-1
and MCP-1 Overexpression in ECs

VEGF also acts as a proinflammatory cytokine.333* To
determine whether minodronate could block the proin-

ROS { % of control )

) VEGF 0 VEGF

mock DN-Rac

Figure 3. Effects of minodronate on ROS generation in ECs. A: ECs
were incubated with or without 10 ng/ml of VEGF for 24 hours in the
presence or absence of 10 wmol/L minodronate, 100 nmol/L DPI, or
1 wg/ml GGPP, and then ROS were quantitatively analyzed. ROS
were measured as fluorescent intensity. The percentage of ROS
generation is related to the value of control cells. * and **, P < 0.05
and P < 0.01 compared to the value with 10 ng/ml of VEGF alone,
respectively (72 = 4 to 6 per group). Similar results were obtained in
two independent experiments. B: DN-RacT17N-transfected or mock-
transfected ECs were treated with 10 ng/ml of VEGF for 24 hours,
and then ROS were quantitatively analyzed. ROS were measured as
fluorescent intensity. The percentage of ROS generation is related to
the value for mock-transfected control cells without VEGF (n = 4 to
6 per group). Similar results were obtained in two independent
experiments. C: Five cryostat sections of tumor xenograft were
stained. Red fluorescence-positive areas in three different fields of
each section were measured. Arrowheads indicate in situ ROS
generation (red) in tumor ECs. ROS were measured as fluorescent
intensity. The percentage of ROS generation is related to the value of
control. Tumor ECs were stained in green. *, P < 0.05 compared to
control mice.

flammatory signals of VEGF, we investigated the effects of
minodronate on ICAM-1 and MCP-1 expression in VEGF-
exposed ECs. Minodronate completely inhibited the VEGF-
induced up-regulation of ICAM-1 and MCP-1 mRNA levels
in microvascular ECs (Figure 5A). Because our RT-PCR
analyses are semiquantitative, to confirm the mRNA find-
ings, we did leukocyte adhesion assay and MCP-1 ELISA.
Minodronate inhibited ICAM-1-mediated Molt-3 cell adhe-
sion to, and MCP-1 overproduction in, microvascular ECs
(Figure 5, B and C). Cell-based ELISA confirmed that VEGF
actually induced ICAM-1 protein expression, which was
completely blocked by minodronate (data not shown).
GGTI-286 or FTI-276, a geranylgeranyltransferase or farne-
syltransferase inhibitor, respectively, also inhibited the
VEGF-induced up-regulation of ICAM-1 and MCP-1 (data
not shown), suggesting the involvement of both Rac and
Ras in the VEGF signaling to inflammation as well.

Minodronate Inhibits DNA Synthesis and
Induces Apoptosis in Cultured G361 Melanoma
Cells

We next investigated the direct effects of minodronate on

DNA synthesis and apoptotic cell death of cultured G361
cells in vitro. Minodronate was found to decrease DNA
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synthesis and increase apoptotic cell death of melanoma
cells in a dose-dependent manner (Figure 6, A and B).
Minodronate at 10 umol/L, which effectively blocked the
VEGF signaling in cultured ECs, significantly induced
apoptotic cell death of melanoma cells, whose effects
were completely reversed by the addition of 0.5 ug/ml of
FPP (Figure 6C). GGPP at 1 ug/ml did not affect the
proapoptotic effects of minodronate in vitro (data not
shown). These results suggest that minodronate could
act on melanoma cells directly to induce apoptosis via
suppression of Ras farnesylation.

Discussion

We demonstrated in the present study for the first time
that minodronate, a nitrogen-containing bisphosphonate,
suppressed melanoma growth and improved survival in
nude mice by blocking the tumor-associated angiogen-
esis and macrophage infiltration. We also found here that
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Figure 5. Effects of minodronate on ICAM-1 and MCP-1 expression in VEGF-
exposed ECs. A: ECs were incubated with or without 10 ng/ml of VEGF for
4 hours in the presence or absence of 10 wmol/L minodronate. Thirty ng of
poly(A)" RNAs were transcribed and amplified by PCR. Each bottom panel
shows quantitative representation of ICAM-1 and MCP-1 gene induction.
Data are normalized by the intensity of B-actin mRNA-derived signals and
then related to the value of the control. B: ECs were incubated with or
without 10 ng/ml of VEGF for 24 hours in the presence or absence of 10
umol/L minodronate or 1 ug/ml of mAbs against human ICAM-1. Molt-3 cell
adhesion was measured as fluorescent intensity. The percentage of Molt-3
cell adhesion is related to the value of control cells. C: MCP-1 content in the
medium was measured. *, P < 0.01 compared to the value with VEGF alone
(n = 4 to 6 per group). Similar results were obtained in two independent
experiments.

minodronate blocked the VEGF signaling to angiogene-
sis and inflammation in microvascular ECs by suppress-
ing NADPH oxidase-mediated ROS generation and Ras
activation. Minodronate has previously been shown to
inhibit osteolytic bone metastases of human small-cell
lung cancer in natural killer cell-depleted severe com-
bined immunodeficient mice.35¢ The present study has
extended these previous works, thus suggesting that
minodronate could be a promising anti-melanoma drug
as well.

Several lines of evidence implicate VEGF as the key
factor involved in melanoma growth and metastasis.*
VEGF expression levels are associated with angiogene-
sis and macrophage infiltration, the extent of which being
correlated with melanoma prognosis.'”®3° Our present
study suggests that minodronate might inhibit melanoma
growth and expansion by blocking the VEGF signaling in
vivo. Figure 7 illustrates a proposed scheme, by which
VEGF promotes growth and expansion in melanoma
xenografts; VEGF might induce the tumor-associated an-
giogenesis and macrophage infiltration through NADPH
oxidase-mediated ROS generation and Ras activation in
ECs. Minodronate could block the VEGF signaling via
inhibition of protein prenylation of both Rac and Ras, thus
suppressing melanoma growth and subsequently im-
proving survival in nude mice. In our present study, the
effects of minodronate on VEGF-induced ROS genera-
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Figure 6. Effects of minodronate on DNA synthesis (A) and apoptosis (B and
©) in cultured melanoma cells. G361 melanoma cells were incubated with
the indicated concentrations of minodronate in the presence or absence of
0.5 pg/ml of FPP for 24 hours. The percentage of [*Hlthymidine incorpora-
tion is related to the value of the control. One hundred percent indicates
38,620 cpm. Apoptotic cell death was measured as absorbance at 405 nm.
The percentage of apoptotic cell death is related to the value of the control
without minodronate. *, P < 0.01 compared to the control value. #, P < 0.01
compared to the value with 10 wmol/L minodronate alone. N = 4 to 6 per
group. Similar results were obtained in two independent experiments.

tion, DNA synthesis, and tube formation in cultured ECs
were quite strong, whereas those on ROS generation in
ECs in vivo and tumor angiogenesis were modest. These
observations suggest that angiogenic factors other than
VEGF could also be involved in tumor angiogenesis in
melanoma xenografts.
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Figure 7. Scheme of possible molecular mechanisms for minodronate-in-
duced growth suppression of melanoma.

It is well known that a number of pathophysiological
stimuli induce EC activation as a function of NADPH
oxidase-mediated ROS-induced signal transduction.®”
Indeed, NADPH oxidase-derived ROS generation is re-
ported to be required for the angiogenic signaling of
VEGF in vitro.'®3" Our present study has extended the
previous works. We demonstrated here that geranylgera-
nylation of Rac, one of the important components of
NADPH oxidase, was indispensable for the angiogenic
signaling of VEGF and that minodronate blocked the
VEGF signaling to angiogenesis by inhibiting NADPH
oxidase-mediated ROS generation. Nitrogen-containing
bisphosphonates are known to inhibit FPP synthase, thus
blocking synthesis of isoprenoid intermediates, FPP and
GGPP, which are, respectively, essential for membrane
attachment and the biological activity of small G proteins
such as Ras and Rac.""'?" These observations sug-
gest that minodronate could block the VEGF signaling in
ECs via inhibition of geranylgeranylation of Rac.

In this study, the anti-angiogenic effects of minodr-
onate on VEGF-exposed ECs were not reversed by
GGPP. These results suggest that G proteins other than
Rac might also be involved in the downstream signaling
of VEGF. We obtained the following evidence that Ras
was a downstream effector of NADPH oxidase-mediated
ROS generation: VEGF activated Ras, which was com-
pletely blocked by minodronate or an inhibitor of NADPH
oxidase, DPI (Figure 4D); and inactivation of Ras by a
farnesyltransferase inhibitor, FTI-276, or overexpression
of DN-RasS17N inhibited the angiogenic effects of VEGF
on microvascular ECs (Figure 4, E and F). Ras has been
proposed as a key regulator of the signaling cascade
triggered by oxidative stress,3~“° and is also required
for mitogenic signals of various growth factors including
VEGF.*"*2 Taken together, our present study suggests
that farnesylation of Ras is also a target of minodronate
and that the anti-angiogenic effect of minodronate on
VEGF-exposed ECs could be attributed to inhibition of
protein prenylation of both Rac and Ras.

VEGF also acts as a proinflammatory cytokine; it not
only induces ICAM-1 in ECs, but also stimulates secretion
of MCP-1 that recruits leukocytes to sites of inflamma-
tion.3334 ICAM-1 and MCP-1 are involved in macrophage
infiltration into tumors as well, the extent of which is
correlated with tumor neovascularization.**** We dem-
onstrated here that minodronate inhibited leukocytes ad-
hesion to VEGF-exposed ECs by suppressing ICAM-1
expression. Further, minodronate inhibited MCP-1 ex-
pression both at mMRNA and protein levels. Because
GGTI-286 or FTI-276, a geranylgeranyltransferase or far-
nesyltransferase inhibitor, respectively, also inhibited the
proinflammatory signals of VEGF (data not shown), mino-
dronate could block the VEGF signaling to inflammation
in ECs by inhibiting protein prenylation of both Rac and
Ras, as the case in angiogenesis. Although we did not
investigate whether minodronate could inhibit peripheral
monocyte adhesion to VEGF-exposed ECs, the present
study suggests that minodronate could inhibit the tumor-
associated macrophage infiltration by suppressing the
VEGF signaling to ICAM-1 and MCP-1 overexpression.
VEGF has been known to induce expression of ICAM-1



and MCP-1 through the redox-sensitive transcriptional
factor, NF-kB activation in ECs.®®** Minodronate may
inhibit the NF-kB activation induced by VEGF. These
observations suggest that the VEGF signaling to inflam-
mation in ECs might also be coupled to the redox state of
the cell and that minodronate exerts anti-inflammatory
effects on VEGF-exposed ECs through its anti-oxidative
properties. Minodronate treatment decreased in situ ROS
generation in tumor ECs, further supporting our concept
that minodronate might block the VEGF signaling in vivo
through its anti-oxidative properties.

We also found here that minodronate at 10 umol/L,
which effectively blocked the VEGF signaling in cultured
ECs, induced apoptotic cell death of cultured G361 cells,
whose effects were completely reversed by FPP, but not
GGPP (Figure 6C). These results suggest that minodr-
onate acted on melanoma cells directly to induce apo-
ptosis via inhibition of farnesylation of Ras. Essential roles
of oncogenic Ras in melanoma genesis and maintenance
are reported in mouse models, thus suggesting that pro-
apoptotic effects of minodronate observed in our in vivo
experiments could be attributed partly to its direct effects
on melanoma cells.*®

Taken together, the present study has highlighted two
beneficial aspects of the effects of minodronate on mel-
anoma growth and expansion; one is the suppression of
tumor-associated angiogenesis and macrophage infiltra-
tion probably by blocking the VEGF signaling in vivo, and
the other is induction of apoptosis in tumor cells. This
scenario could possibly explain why the effects of mino-
dronate on tumor growth and survival were extremely
impressive, whereas those on tumor angiogenesis were
modest.

Our present study provides a novel potential therapeu-
tic efficacy of minodronate for the treatment of melanoma.
We do not know whether the other types of nitrogen-
containing bisphosphonates have the same anti-tumor
effects on melanoma xenografts. Clinical investigation is
needed to evaluate the efficacy of this new pharmaco-
logical approach as an anti-tumor therapy.
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