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Abstract. Renal cell carcinoma (RCC) has been shown to 
be resistant to chemotherapy and radiotherapy. In order to 
examine the potential of zoledronate (ZOL), a bisphosphonate, 
as an anticancer agent, we investigated the effects of ZOL on 
RCC cells and the involvement of the mevalonate pathway 
in antiproliferative effects, as well as the effects of ZOL 
administration on mice inoculated with RCC. ACHN cells 
were used and cell viability was measured via intracellular 
reductase activity. Chromatin condensation was detected by 
Hoechst 33342 staining. Proteins were detected by western 
blot analysis. Tumor volume was measured bidimensionally 
in mice inoculated with ACHN cells after vehicle or ZOL 
subcutaneous administration. ZOL exhibited antiproliferative 
effects with an IC50 value of 2.29±0.53 µM in ACHN cells 
and chromatin condensation was observed when treated 
with ZOL. Farnesol (FOH) and geranylgeraniol (GGOH), 
precursors of farnesyl pyrophosphate and geranylgeranyl 
pyrophosphate, exhibited potency to rescue cells treated 
with ZOL. Additionally, Ras and RhoA proteins located in 
the membrane fraction decreased when treated with ZOL 
and recovered by FOH or GGOH treatment, suggesting that 
ZOL inhibited the mevalonate pathway, thereby suppressing 
the translocation of prenylated Ras and RhoA proteins to 
membrane fractions. An in vivo study showed the inhibitory 
potential of ZOL on tumor growth in mice without changes 
in body weight. Our study showed that ZOL could be useful 
as an anticancer agent for the treatment of RCC, and the 
mevalonate pathway could be an efficient target for novel 
therapeutic agents against RCC.

Introduction

Renal cell carcinoma (RCC) can be resistant to chemotherapy 
and radiotherapy, making nephrectomy the most effective 
treatment (1). Although nephrectomy can be expected to cure 
patients without metastatic involvement, the 5-year survival rate 
of those with metastasis is <10%. In addition, recent advances in 
drug development have allowed us to use novel agents for RCC 
targeting the cancer-specific pathway, such as bevacizumab, 
sorafenib and sunitinib (2-4). Although they prolonged overall 
survival in patients with advanced RCC, the effect was still 
insufficient; thus, it is necessary to discover novel chemotherapy 
for RCC. There have been studies by us and other groups, 
showing the possibility of other targets to treat RCC (5-7).

Bisphosphonates have been widely used for the treatment 
of bone disease with potent antiresorptive activity, especially 
nitrogen-containing bisphosphonates, including aldendronate 
(ALN), risedronate (RISE), and zoledronate (ZOL), which 
have been characterized to have strong inhibitory effects on 
the mevalonate pathway, thereby inhibiting the prenylation 
of Ras and Rho inducing cell apoptosis (8,9). ZOL is the 
most potent nitrogen-containing bisphosphonate and it is 
widely used for bone diseases caused by metastasis of breast, 
prostate, bladder, and renal cancer (10,11). In addition, ZOL 
has been shown to have cytotoxic effects on cancer cells, 
including multiple myeloma and pancreatic, colon, prostate, 
and breast cancer (12-18), which anticipate direct effects on 
cancer cells (19). In addition, ZOL has been suggested to have 
cytotoxic effects mediated by caspase-dependent apoptotic 
cell death in RCC (20,21); however, limited information is 
available in regard to the mevalonate pathway. ZOL potency  
in  vivo is also unknown in RCC. The aims of this study 
were to investigate the cytotoxic effects of ZOL in ACHN 
cells, derived from RCC, and to clarify the importance of 
the mevalonate pathway and the potency of ZOL in mice 
inoculated with ACHN cells.

Materials and methods

Materials. Alendronate (ALN) and Risedronate (RISE) 
were purchased from LKT Laboratories (St. Paul, MN), and 
zoledronate (ZOL) was purchased from Toronto Research 
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Chemicals (Ontario, Canada). Trans, trans-farnesol (FOH), 
geranylgeraniol (GGOH) and cholesterol (CHO) were obtained 
from Sigma-Aldrich (St. Louis, MO). All other agents were of 
reagent grade.

Cell culture. ACHN, 786-O and Caki-2 cells were obtained from 
the Cell Resource Center for Biomedical Research Institute of 
Development, Aging and Cancer Tohoku University (Sendai, 
Japan), Summit Pharmaceuticals International (Tokyo, Japan), 
and DS Pharma Biomedical (Osaka, Japan), respectively, and 
were used as human renal carcinoma cell models. ACHN was 
cultured in DMEM (Wako Pure Chemical Industries, Osaka, 
Japan), and 786-O and Caki-2 were maintained in a culture 
medium consisting of RPMI-1640 (Nacalai Tesque, Kyoto, 
Japan). Media were supplemented with 10% heat-inactivated 
FBS (Invitrogen Life Technologies, Carlsbad, CA) and peni-
cillin (50 U/ml) - streptomycin (50 µg/ml) (Nacalai Tesque) in 
an atmosphere of 5% CO2-95% air at 37˚C, and subcultured 
every 3 or 4 days with 0.05% trypsin / 0.2 mM EDTA (Nacalai 
Tesque). The number of passages for ACHN, 786-O, and 
Caki-2 cells used in this study was 37-50, 15-21 and 63-69, 
respectively.

Cell viability. Cell viability was measured with Cell Quanti-
Blue™ (BioAssay Systems, Hayward, CA). Briefly, cells were 
seeded onto 96-well plates (Asahi Glass, Tokyo, Japan) at a 
density of 2x103 (786-O) or 3x103 (Caki-2 and ACHN) cells/
well and incubated for 24 h, and then treated with various 
concentrations of ALN, RISE or ZOL for 72 h. The assay 
utilizes the conversion of Alamar Blue reagent to resorufin 
fluorescence by metabolically active cells and resorufin was 
measured with a CytoFluor® Series 4000 Fluorescence Multi-
Well Plate Reader (PerSeptive Biosystems, Framingham, MA) 
at an excitation wavelength of 530 nm/emission 580 nm. IC50 
were calculated according to the sigmoid inhibitory effect 
model, E = IC50

γ / (ICγ
50 + Cγ). E represents the surviving 

fraction (% of control), and C and γ represent the drug concen-
tration in the medium and the Hill coefficient, respectively. In 
addition, effects of FOH, GGOH and CHO on antiproliferation 
induced by 3 µM ZOL were examined by treating together 
with 5 µM FOH, 5 µM GGOH or 250 µM CHO.

Detection of chromatin condensation. For nuclei staining, 
cells were incubated for 24 h after seeding, and then treated 
with 30 µM ZOL for 24, 48 or 72 h. The nuclear chromatin 
of trypsinzed cells was then stained with 74 µg/ml Hoechst 
33342 (Nacalai Tesque) for 15 min at room temperature, and 
they were observed with a bright field fluorescent microscope 
(Vanox; Olympus, Tokyo, Japan) under UV excitation. The 
percentage of chromatin-condensed cells was determined by 
counting >450 cells in each experiment.

Western blotting. Cells were seeded at a density of 5x105 cells/ 
dish and incubated for 24 h. They were then treated with ZOL 
alone or together with FOH or GGOH for 72 h, harvested by 
scraping and rinsed twice with ice-cold phosphate-buffered 
saline (PBS). The cell pellets were suspended in lysis buffer 1 
(50 mM HEPES (pH 7.4), 50 mM NaCl, 1 mM MgCl2, 2 mM 
EDTA, 1  mM phenylmethylsulfonyl fluoride, 10  µg/ml 
leupeptin, 1 mM Na3VO4, 5 mM NaF, 1 mM dithiothreitol, 

0.1% (w/v) Triton X-100) with a sonicator, then left to stand on 
ice for 10 min, followed by ultracentrifugation at 24,000 x g 
for 15 min with a Beckman Coulter Optima XL-100K ultra-
centrifuge (Beckman Coulter, Tokyo, Japan). The supernatants 
were subjected to western blot analysis as cytosol samples. 
Lysis buffer 2 (50 mM HEPES (pH 7.4), 50 mM NaCl, 1 mM 
MgCl2, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 
10 µg/ml leupeptin, 1 mM Na3VO4, 5 mM NaF, 1 mM dithio-
threitol, 1% (w/v) Triton X-100) were added to the pellets 
followed by sonication, then left to stand on ice for 10 min, 
followed by ultracentrifugation at 24,000 x g for 15 min. 
The supernatants were subjected to Western blot analysis as 
membrane samples.

The samples were mixed with the same volume of 
Laemmli sample buffer (Bio-Rad Laboratories, Hercules, 
CA) including 5% β-mercaptoethanol, and then boiled for 
5 min. Protein (7 µg) was fractionated by 12.5% SDS-PAGE, 
transferred to PVDF membrane (ATTO, Tokyo, Japan) and 
blocked with Tris-buffered saline, including ECL Advance™ 
blocking reagent (GE Healthcare, Buckinghamshire, UK). 
Seven micrograms of protein were analyzed using mouse 
anti-Ras (BD Biosciences, San Jose, CA), mouse anti-RhoA, 
and mouse anti-β-actin antibodies (Santa Cruz Biotechnology, 
Santa Cruz, CA). Horseradish peroxidase-conjugated 
secondary antibody against mouse IgG (GE Healthcare) 
was used at 1:25000 dilution with the blocking buffer, and 
the signals were visualized using ECL Advance detection 
reagents (GE Healthcare) according to the manufacturer's 
procedure. Protein concentrations were determined with the 
BCA Protein Assay Reagent kit (ThermoFisher Scientific, 
Waltham, MA), and bovine serum albumin was used for the 
standard curve.

Animal model. Animal experiments were performed in 
accordance with the guidelines of the Institutional Animal 
Use Committee of Mukogawa Women's University, and the 
procedure was approved by the Committee. Balb/c male mice 
(4 weeks old) were purchased from Japan SLC (Shizuoka, 
Japan), and subcutaneously inoculated in the back with ACHN 
cells (1x107 cells/100 µl in PBS). Ten days after inoculation, 
ZOL was subcutaneously administered in the abdomen at a 
dose of 0.5 mg/kg/100 µl in PBS once a week for five weeks. 
Tumor size was measured bidimensionally and volume was 
calculated by the formula (length x width2)/2. Mouse weight 
was also monitored.

Statistics. The data are expressed as the mean ± SD. Statistical 
analysis was performed with Student's t-test for comparison of 
two groups and non-repeated one-way ANOVA followed by 
Dunnett's post hoc test for multiple comparison. P<0.05 was 
considered significant.

Results

Effects of bisphosphonates (ALN, RISE and ZOL) on RCC 
cells. Fig. 1 shows the effects of ALN, RISE or ZOL on the 
proliferation in three RCC cell lines, and Table I shows the 
IC50 values. All the bisphosphonates inhibited cell growth 
in a concentration-dependent manner, with IC50 values of 
19-156 µM for ALN, 99-329 µM for RISE, and 2-18 µM for 
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ZOL in three RCC cell lines. ZOL exhibited the strongest 
effect on the proliferation in three RCC, in ACHN cells with 
IC50 value of 2.29±0.53 µM.

When cells were exposed to 30  µM ZOL, chromatin 
condensation, a typical morphological change in apoptosis, 
was found after staining with Hoechst 33342 (Fig. 2A). The 
percentages of cells with chromatin condensation significantly 
increased by ZOL treatment time-dependently (Fig. 2B).

Effects of FOH, GGOH and CHO on antiproliferation induced 
by zoledronate. To clarify the role of the mevalonate pathway 
in the antiproliferative effects of ZOL, we investigated the 
effects of FOH and GGOH, precursors of farnesyl pyrophos-
phate and geranylgeranyl pyrophosphate, on cell survival. As 
a result, FOH and GGOH attenuated the antiproliferative 

Figure 1. Antiproliferative effects of bisphosphonates (ALN, RISE and ZOL) on RCC cells. Cells were precultured for 24 h at a density of 2x103 (786-O) or 
3x103 (Caki-2 and ACHN) cells/well in 96-well plates and treated with ALN, RISE or ZOL for 72 h. Cell viability was determined by fluorescent assay. Data 
are the mean ± SD of three to five experiments.

Figure 2. Typical fluorescence microscopy images (A) and % of cells with 
chromatin condensation (B) of ACHN cells treated with ZOL. Cells were 
precultured for 24 h at a density of 5x105 cells/100-mm dish and treated with 
30 µM ZOL for 24, 48 and 72 h. They were then stained with Hoechst 
33342 and observed under a brightfield fluorescent microscope under UV 
excitation, and % of cells with chromatin condensation was counted. Data 
are the mean ± SD of four experiments.

Table I. IC50 values for bisphosphonates in ACHN, 786-O and 
Caki-2 cells.

	 ACHN	 786-O	 Caki-2

ALN (µM)	 18.8±5.95	 35.2±6.14	 156±27.3
RISE (µM)	 99.1±7.68	 130±22.9	 329±8.93
ZOL (µM)	 2.29±0.53	 8.43±2.29	 18.3±3.85

Cells were precultured for 24 h at a density of 2x103 (786-O) or 3x103 
(Caki-2 and ACHN) cells/well in 96-well plates and treated with ALN, 
RISE or ZOL for 72 h. Cell viability was determined by fluorescent 
assay and IC50 values were calculated. Data are the mean ± SD of three 
to five experiments.
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effects of ZOL (Fig. 3). Furthermore, CHO had no effect 
on cell survival.

Next, we investigated the localization of Ras and RhoA 
proteins when cells were treated with ZOL. Their inactive 
forms are primary localized in cytosol, which can be trans-
located to the membrane as active forms after prenylation 
with isoprenoid provided by farnesyl pyrophosphate or 
geranylgeranyl pyrophosphate. Fig. 4A shows that Ras and 
RhoA proteins located at the membrane decreased with ZOL 
treatment in a concentration-dependent manner while they 

increased in cytosol. In addition, treatment with FOH and 
GGOH recovered proteins in the membrane (Fig. 4B).

Effects of zoledronate on proliferation of ACHN inoculated in 
mice. To clarify the effects of ZOL in controlling tumor growth, 
we investigated the effects of ZOL administration on mice 
inoculated with ACHN cells. ZOL exhibited inhibitory effects 
on tumor growth in the ACHN xenograft model (Fig. 5A), while 
the body weights of mice were not changed compared with the 
vehicle administration group (Fig. 5B).

Discussion

Nephrectomy is still a common treatment for RCC, known 
to be resistant to chemotherapy and radiotherapy, although 
novel agents, including bevacizumab, sorafenib and sunitinib, 
prolonged the survival rate (1-4). ZOL has been shown to have 
cytotoxic effects on cancer cells, including multiple myeloma 
and pancreatic, colon, prostate and breast cancer (12-18). In 
addition, ZOL has been suggested to have cytotoxic effects on 
RCC (19,20).

We clearly showed that three bisphosphonates, ALN, RISE 
and ZOL, showed antiproliferative effects on three RCC cell 

Figure 3. Effects of FOH and GGOH on antiproliferatative effects induced 
by ZOL in ACHN cells. Cells were precultured for 24 h at a density of 3x103 
cells/well in 96-well plates and treated with ZOL in the presence or absence 
of FOH, GGOH or CHO for 72 h. Cell viability was determined by fluorescent 
assay. Data are the mean ± SD of three or four experiments.

Figure 4. Alteration of cytosolic and membrane anchored Ras and RhoA by 
ZOL (A) and effect of FOH or GGOH on the alteration (B) in ACHN cells. 
Cells were precultured for 24 h at a density of 5x105 cells/100-mm dish and 
treated with ZOL in the presence or absence of FOH or GGOH for 72 h. 
Cells were then fractionated by ultracentrifugation and 7 µg proteins were 
analyzed by western blot analysis for Ras and RhoA.

Figure 5. Effects of ZOL on tumor volume (A) and body weights (B) in mice 
inoculated with ACHN cells. Mice were subcutaneously inoculated in the 
back with 1x107 cells of ACHN 10 days before the start of ZOL administration. 
Mice were then subcutaneously injected in the abdomen once a week with 
vehicle (control; CL, n=7) or 0.5 mg/kg of ZOL (n=8) for 5 weeks. Data are 
the mean ± SD. *p<0.05, significantly different from the CL group.
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lines (Fig. 1, Table I). However, ZOL showed the inhibitory 
effects most potently of the three drugs, and ACHN cells were 
the most sensitive to each drug in three cell lines. Therefore, 
we chose the most effective combination, ZOL and ACHN, for  
further investigations.

ZOL showed antiproliferative effects on ACHN cells with 
an IC50 value of 2.29±0.53 µM (Fig. 1), which was comparable 
or somewhat stronger than the data by Ullén et al, who reported 
that 69% viable cells were found at 12.5 µM ZOL for 72 h in 
ACHN cells (21). Skerjanec et al reported that the maximum 
concentration of ZOL was 300-400 ng/ml (ca. 1-1.3 µM) after 
infusion of 4 mg ZOL (22). Although renal distribution was 
not available in humans, it is likely to reach the concentrations 
in the clinical setting.

Next, we examined the involvement of apoptosis in the 
effects of ZOL. Chromatin condensation was found in ACHN 
cells treated with ZOL in a time-dependent manner (Fig. 2), 
suggesting that ZOL induced apoptosis at least in part. 
Pandha et al and Ullén et al reported that ZOL induced apop-
totic cell death in a caspase-dependent manner; however, they 
did not examine the involvement of the mevalonate pathway 
(20,21), although there have been reports suggesting that 
the mevalonate pathway is important for the mechanisms of 
cell death induced by bisphosphonates in multiple myeloma, 
prostate cancer and breast cancer (23-25).

The mevalonate pathway plays an important role in 
synthesizing farnesyl pyrophosphate, geranylgeranyl pyro-
phosphate and cholesterol (8,9,19,26). In particular, farnesyl 
pyrophosphate and geranylgeranyl pyrophosphate provide 
isoprenoid in the prenylation of Ras and Rho; thereby, they 
are translocated to the membrane as active forms, regulating 
cell progression and cell death (19). To clarify the contribution 
of the inhibition of the mevalonate pathway in ZOL-induced 
antiproliferative effects in RCC, effects of FOH and GGOH 
were examined in ACHN cells treated with ZOL. As a result, 
FOH and GGOH significantly recovered cell survival (Fig. 3). 
It has been also reported that the depletion of cholesterol 
induced cell apoptosis in prostate cancer and embryonic 
fibroblast cell (27,28), but we did not observe a change of 
cell survival with cholesterol treatment. Accordingly, it was 
suggested that the antiproliferative effects of ZOL were due 
to inhibition of the synthesis of farnesyl pyrophosphate, while 
cholesterol depletion was not involved in antiproliferation. 

Also, we found a decrease of Ras and RhoA proteins local-
ized in the membrane fraction in ACHN cells treated with ZOL 
in a concentration-dependent manner, and FOH and GGOH 
recovered the amount of Ras and RhoA proteins at membranes 
(Fig. 4). Nogawa et al reported that the ZOL-induced growth 
inhibitory effect was circumvented by the addition of GGOH 
but not FOH in prostate cancer cells and that the amount of 
membrane-anchored Ras was independent of ZOL-induced 
growth inhibition, suggesting that geranylgeranylation was 
more important than farnesylation (18). We observed a stronger 
effect of the addition of GGOH on the antiproliferative effects 
of ZOL; however, our data showed that the ZOL-induced anti
proliferative effect was dependent on the amount of Ras protein 
localized at membranes. The reason for this discrepancy was 
unclear but at least the Ras signal was important for the prolif-
eration of RCC, although it was not in prostate cancer cells. 
Collectively, inhibition of the mevalonate pathway by ZOL 

induced the decreased prenylation of Ras and Rho proteins, 
which led to decreased active forms of Ras and Rho located at 
the membrane.

Next, we evaluated the antitumor effects of ZOL admin-
istration in mice inoculated with ACHN cells. Tumor growth 
was significantly inhibited by the administration of ZOL, while 
the body weights of mice did not change (Fig. 5), suggesting 
that marked adverse effects did not occur in this condition. 
Thus, efficient therapeutic effects of ZOL could be expected 
for the treatment of RCC.

In conclusion, it was demonstrated that ZOL inhibited the 
proliferation of ACHN cells and suggested that ZOL inhibited 
the mevalonate pathway, thereby suppressing the translocation 
of prenylated Ras and Rho proteins to membrane fractions. 
ZOL was shown to inhibit tumor growth in mice inoculated 
with ACHN cells in vivo; therefore, our study showed that ZOL 
could be useful as an anticancer agent for the treatment of RCC, 
and the mevalonate pathway could be an efficient target for 
novel therapeutic agents against RCC.
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