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Abstract

Bisphosphonates are used in treating patients with breast cancer. In vitro studies have shown that bisphosphonates act directly
on tumour cells, inhibiting cell proliferation and inducing apoptosis. In most such studies, drugs were added to culture media
exposing cells to high bisphosphonate concentrations in solution. However, since bisphosphonates bind to bone hydroxyapa-
tite with high affinity and remain bound for very long periods of time, these experimental systems are not an optimal model
for the action of the drugs in vivo. The aim of this study was to determine whether bone-bound zoledronate has direct effects
on adjacent breast cancer cells. Bone slices were pre-incubated with bisphosphonate solutions, washed, and seeded with cells
of the breast cancer cell lines, MCF7 or MDA-MB-231. Proliferation was assessed by cell counts and thymidine incorpora-
tion for up to 72 h. Inhibition of the mevalonate pathway was tested by measuring the levels of unprenylated RaplA, and
apoptosis was examined by the presence of cleaved caspase-8 on western blots. The proliferation rate of breast cancer cells
on zoledronate-treated bone was significantly lower compared to cells on control bone. Other bisphosphonates showed a
similar inhibitory effect, with an order of potency similar to their clinical potencies. Unprenylated RaplA accumulated in
MCEFT7 cells on zoledronate-treated bone, suggesting zoledronate acted through the inhibition of the mevalonate pathway.
Accumulation of cleaved caspase-8 in MDA-MB-231 cells on bisphosphonate-treated bone indicated increased apoptosis
in the cells. In conclusion, bone-bound zoledronate inhibits breast cancer cell proliferation, an activity that may contribute
to its clinical anti-tumour effects.
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Introduction

Bone is a common site of metastasis in patients with breast
cancer, with approximately 80% of advanced breast can-
cer metastasising into bone tissue [1, 2]. Dissemination to
bone is a crucial step for metastasis of tumour cells [3]. It
involves initial adhesion of tumour cells at the metastatic
site, extravasation, colonisation and growth on this site [4].
Morbidity associated with bone metastases remains a major
clinical problem even with advances in treatment options
[S].

Bisphosphonates are potent inhibitors of bone resorp-
tion and are used as a standard treatment for breast cancer
patients, aiming to mitigate the risk of skeletal complica-
tions in metastatic disease [6]. Bisphosphonates have been
shown to inhibit multiple steps in the metastatic process,
including tumour cell adhesion and proliferation, and in
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for the hydroxyapatite in the bone extracellular matrix and
once administered into the body they quickly bind to bone
hydroxyapatite, where they remain bound for a very long
time, with a half-life of up to 10 years [8]. The most com-
monly used bisphosphonate in the treatment of metastatic
breast cancers is the nitrogen-containing bisphosphonate
zoledronate. Other clinically used nitrogen-containing bis-
phosphonates are alendronate, ibandronate and pamidronate,
and non-nitrogen-containing bisphosphonates that have
been used clinically include clodronate, etidronate and til-
udronate. The two groups of bisphosphonate have different
mechanisms of action; the nitrogen-containing compounds
inhibit the enzyme farnesyl pyrophosphate synthase (FPPS)
in the mevalonate pathway, whereas the non-nitrogen-con-
taining bisphosphonates inhibit the mitochondrial ADP/
ATP transporter and are pro-apoptotic [9—11]. Interest-
ingly, some clinical studies have found that bisphospho-
nate treatment not only reduces skeletal complications but
also affects cancer progression. Gnant et al. [12] found that
adjuvant zoledronate treatment decreased the relative risk
of cancer progression by 36%, and reduced the number of
breast cancer metastases. A number of clinical studies have
demonstrated that adjuvant zoledronate treatment increases
cancer-free survival [12—15], decreases recurrence of breast
cancer [12, 16—18] and decreases the incidence of cancer in
normal older women [19].

In vitro studies have shown that bisphosphonates can act
directly on tumour cells, inducing apoptosis and inhibiting
cell proliferation, adhesion and migration [20-24]. Most
in vitro studies investigating the effect of bisphosphonates on
tumour cells were performed by adding the drugs to tumour
cell culture media, directly exposing cells to bisphospho-
nates in solution [24-26]. Studies were carried out with high
concentrations of bisphosphonates and prolonged incubation
periods [27, 28]. However, since bisphosphonates remain
bound to bone for a very long time, experimental systems
where cells are directly treated with bisphosphonates in the
culture solution are not an optimal model for the action of
the drugs in vivo.

Thus, the aim of the present study was to determine
whether bone-bound zoledronate has direct effects on adja-
cent breast cancer cells, thus investigating the possible
mechanisms of the beneficial effects of this drug on breast
cancer in vivo.

Methods

Preparation of Bisphosphonate-Coated Bovine Bone
Slices

Zoledronate (Novartis), pamidronate (Mayne Pharma, Mel-
bourne), clodronate (Boehringer Mannheim), ibandronate
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(Roche) and alendronate (Sigma-Aldrich, St. Louis) were
prepared as stock solutions of 100 pM in phosphate buffered
saline (PBS; pH 7.4) and filter sterilised. Cortical bovine bone
slices were prepared as previously described [29]. Briefly,
bovine cortical bone pieces cut to a thickness of 70 pm and to
a size of 4 x4 mm were sonicated, sterilised in 70% ethanol
and pre-incubated in either PBS or different concentrations of
bisphosphonate solutions (1, 10, 30, 60 or 100 pM) overnight
at room temperature. At the end of the incubation, the bone
slices were washed with PBS and transferred to 96-well plates
(1 bone slice/well) with cell culture media.

Cell lines and Cell Culture Conditions

The human breast cancer MCF7 cell line was used. MCF7
cells were maintained and cultured in Minimum Essential
Medium Alpha (eMEM; Gibco, Life Technologies) contain-
ing 5% fetal bovine serum (FBS; Gibco, Life Technologies),
0.01 mg/mL recombinant human insulin (Sigma-Aldrich,
St. Louis, MO) and 100 U/mL penicillin and 100 pg/mL
streptomycin (Gibco, Life Technologies). Cell cultures were
maintained and cultured in T75 flasks (Corning) at 37 °C
in a humidified atmosphere containing 5% CO, until sub-
confluent. Cells were seeded drop-wise onto bisphospho-
nate pre-treated bovine bone slices in 96-well plates (20,000,
40,000 or 60,000 cells/bone). Cells were allowed to adhere
for 18-22 h and then bone slices with adherent cells were
transferred to new wells containing fresh culture media, then
visualised or used for analysis of cell proliferation or protein
expression.

MDA-MB-231 cells, a human breast cancer cell line,
were maintained and cultured in xMEM containing 5% FBS,
100 U/mL penicillin and 100 pg/mL streptomycin. The cells
were seeded onto bisphosphonate pre-treated bovine bone
slices in 96-well plates at the densities of 5000 and 20,000
cells/slice for proliferation and apoptosis assays, respec-
tively. The other culture conditions were the same as for
MCEF7 cells above.

Visualisation of Bone Slices

For visualisation of adherent cells on bone, the bone slices
were fixed with 10% neutral buffered formalin (LabServ
Pronalys) and stained with toluidine blue dye for 30 s at the
end of each culture. Cells were visualised on an Olympus
SZ61 stereo microscope.

Analysis of Cell Proliferation

Cell Numbers

At the end of the culture period, bone slices with adher-
ent cells were incubated with 10 mg/mL collagenase
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(Sigma-Aldrich) to disaggregate cell clumps. Bone slices
were then incubated with trypsin/EDTA (Gibco, Invitrogen)
at 37 °C until cells detached. An aliquot of the cell sus-
pension was counted in a hemocytometer and results were
expressed as numbers of cells/bone.

3H-Thymidine Incorporation Assay

Six hours before the end of each culture period, *H-thymi-
dine (0.1 pCi/well; PerkinElmer, Waltham, MA) was added
into the culture media. At the end of the culture period,
thymidine incorporation was terminated by the addition of
10% trichloroacetic acid. Bone slices with adherent cells
were washed with ethanol:ether mix, dried, dissolved in 2 M
potassium hydroxide at room temperature for 1 h, neutral-
ized with 1 M hydrochloric acid and the entire dissolved
sample was counted for radioactivity.

Western Blots

Following removal of culture media, the bone slices with
the adherent cells were washed twice with PBS then protein
expression was assessed using Western blot methodology.
For each treatment group, cells from 11 bone slices were
directly lysed with RIPA buffer (ThermoScientific, Rock-
ford, IL) containing protease inhibitors (Roche Diagnostics,
Mannheim, Germany) and pooled together. Samples were
resolved on 4-15% stain-free precast gel (Bio-Rad, Hercules,
CA) and transferred to PVDF membranes (Bio-Rad, Her-
cules, CA). The membranes were blocked with 5% (w/v)
non-fat milk powder in TBS-Tween buffer. Membranes were
then incubated overnight at 4 °C with either goat polyclonal
anti-Rap1A antibody (SC-1482, Santa Cruz Biotechnology,
Santa Cruz, CA, 1:200) which reacts with the unprenylated
form of RaplA or rabbit monoclonal anti-caspase-8 anti-
body (MAS5-15054, Invitrogen, Thermo Fischer Scientific,
MA, 1:300) which reacts with the cleaved forms of cas-
pase-8. Mouse anti-a-tubulin monoclonal antibody (T-5168,
Sigma-Aldrich, 1:500) and mouse anti-f-actin monoclonal
antibody (SC-69879, Santa Cruz Biotechnology, Santa Cruz,
CA, 1:1000) were used for internal loading controls. After
1-h incubation with the secondary antibody of anti-goat per-
oxidase-conjugated IgG (A5420, Sigma-Aldrich, 1:8000) or
anti-mouse IgG (A9044, Sigma-Aldrich, 1:10,000; ab97046,
Abcam, 1:10,000), chemiluminescence was visualised using
Amersham ECL Plus Western Blotting Detection Reagents
(GE Healthcare, Buckinghamshire, UK).

Statistical Analysis
The statistical tests used are indicated in the figure legends.

All tests were two-tailed and a 5% significance level was
maintained throughout. Data were analysed using GraphPad

Prism 5.0 (GraphPad, Inc., San Diego, CA, USA). Repre-
sentative graphs from two or three repeated experiments are
shown.

Results

Initial adhesion of MCF?7 cells to bone slices was assessed
by microscopy and by counting the cells 4 h after seeding
(Fig. 1). The cell numbers on control and zoledronate-treated
bone were comparable. MCF7 cells were incubated on bones
slices for up to 72 h in order to investigate the effect of bone-
bound zoledronate on cell number. Cell numbers were simi-
lar on control and zoledronate-treated bones at 24 h but,
at 48 and 72 h, significantly fewer cells were seen on the
zoledronate-treated bones (Fig. 2). Analysis of *H-thymidine
incorporation produced similar results, demonstrating signif-
icant inhibition of DNA synthesis at 48 and 72 h of incuba-
tion on the zoledronate-treated bones compared to controls.
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Fig.1 Adhesion of MCF7 cells to control and zoledronate-treated
bone slices. a Four hours after seeding MCF7 cells on bone slices,
cells were harvested and counted. Zoledronate used for pre-treatment
was 100 uM, bars represent mean+95% CI, n=6. Data were ana-
lysed by Student’s ¢ test and the groups were not significantly differ-
ent. b Representative micrographs of toluidine blue stained MCF7
cells on control (left panel) and zoledronate-treated (right panel) bone
slices at 4 h. Scale bar represents 500 pm
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Fig.2 Growth of MCF7 cells on control and zoledronate-treated bone »

slices. a MCF7 cells seeded on the bone slices were harvested and
counted at the indicated time points (upper panel). Incorporation of
3H-thymidine added 6 h prior to the end of each culture period was
determined (lower panel). Concentration of zoledronate used for pre-
treatment of bone slices was 100 uM, bars represent mean +95% CI,
n=6. Data were analysed by two-way ANOVA with Bonferroni’s
post hoc test. ¥*¥*P <0.01, ***P<0.001, ****P <(0.0001 versus con-
trol at the same time point. b Representative micrographs of MCF7
cells on control (left panels) and zoledronate-coated (right panels)
bone slices at 24, 48 and 72 h. Scale bar represents 500 um

We next determined whether the inhibition of cell prolif-
eration was dependent on the concentration of zoledronate
used in the pre-incubation of the bone slices (Fig. 3). A
dose-dependent inhibitory effect was seen over a range
of zoledronate pre-treatment concentrations, from 30 to
100 pM. In order to determine whether the inhibitory effect
on cell proliferation could also be induced by other clinically
used bisphosphonates, cell counts and *H-thymidine incor-
poration were determined in MCF7 cells cultured for 72 h
on bone slices pre-incubated with either zoledronate, alen-
dronate, ibandronate, pamidronate or clodronate (Fig. 4).
Cell numbers were similar on control bone slices and bones
pre-incubated with clodronate, whereas all the other bis-
phosphonates significantly reduced the number of cells.
Incorporation of *H-thymidine was significantly reduced
with zoledronate and alendronate, while it was not with
ibandronate, pamidronate or clodronate.

To determine whether these findings were generalizable
to other breast cancer cell lines, we repeated the thymidine
incorporation experiment in MDA-MB-231 cells, which
have a more invasive phenotype [30]. Very similar results
were found, with substantial reductions in thymidine incor-
poration on bones pre-treated with zoledronate, alendronate
and ibandronate, but no significant effects with pamidronate
or clodronate (Fig. 5).

While the substantial reductions in thymidine incorpora-
tion with bisphosphonates shown here indicate that inhi-
bition of cell proliferation is an important contributor to
the reduction in cell numbers, it is also possible that this is
contributed by bisphosphonate-induced apoptosis. We were
unable to study apoptosis of MCF7s on the bisphosphonate-
treated bone slices, as caspases, one of the most prominent
players in apoptosis signalling, were difficult to detect in the
cell line. However, these studies were successfully under-
taken in the MDA-MB-231 cells (Fig. 6). Cleaved caspase-8
was just detectable in control cells grown on untreated bone,
and these levels were significantly increased by the addition
of etoposide to the media (a positive control), or by pre-
treatment of bones with either alendronate or zoledronate.

Nitrogen-containing bisphosphonates have been shown to
act on osteoclasts through the inhibition of the enzyme FPPS
[10]. The downstream products of this enzyme are involved in
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the prenylation of small GTPases, including Rap1A. In order
to determine whether bisphosphonates act through a similar
mechanism in MCF7 cells, we compared the levels of unpre-
nylated Rap1A in MCF7 cells cultured on plastic, bone slices,
and bone slices pre-incubated with alendronate or zoledronate
(Fig. 7). Unprenylated Rap1A could not be detected in MCF7
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Fig.3 Dose-response of MCF7 cell proliferation on control and zole-
dronate-treated bone slices. The bone slices were pre-treated with dif-
ferent concentrations of zoledronate overnight, and then washed with
PBS before being used in the cell culture. No zoledronate was added
to the culture medium. Bars represents mean+95% CI, n=6. Data
were analysed by two-way ANOVA with Dunnett’s post hoc test.
*P<0.05, ¥**P<0.01, ****P <(0.0001, versus control
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Fig.4 Comparison of MCF7 cell proliferation on bone slices pre-
incubated with different bisphosphonates. MCF7 cells seeded on
bone slices were harvested and counted (upper panel). Incorpora-
tion of *H-thymidine added 6 h prior to the end of the 72-h culture
period was determined (lower panel). Concentration of the bispho-
sphonates used in the pre-incubation was 100 uM, bars represent
mean=+95% CI, n=5 or 6. Data were analysed by one-way ANOVA
with Dunnett’s post hoc test. *P<0.05, **P<0.01, ***P<0.001,
#x4%P <(),0001 versus control. ZOL zoledronate, ALN alendronate,
IBN ibandronate, PAM pamidronate, CLO clodronate
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Fig.5 Comparison of MDA-MB-231 cell proliferation on bone
slices pre-incubated with different bisphosphonates. Incorpora-
tion of *H-thymidine added 6 h prior to the end of the 72-h culture
period was determined. Concentration of the bisphosphonates used
in the pre-incubation were 100 uM, bars represent mean+95% CI,
n=6. Data were analysed by one-way ANOVA with Dunnett’s post
hoc test. ****P <(0.0001 versus control. ZOL zoledronate, ALN alen-
dronate, /BN ibandronate, PAM pamidronate, CLO clodronate

Fig.6 Presence of cleaved caspase-8 in MDA-MB-231 cells cul-
tured on alendronate- and zoledronate-treated bone slices. 1, control
cells on PBS-treated bone; 2, cells on PBS-treated bone with 200 pM
etoposide for 24 h; 3, cells on alendronate-treated bone; 4, cells on
zoledronate-treated bone
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Fig. 7 Prenylation of RaplA in MCF7 cells cultured on alendronate-
and zoledronate-treated bone slices. 1, control cells on tissue culture
plastic; 2, control cells on PBS-treated bone; 3, cells on alendronate-
treated bone; 4, cells on zoledronate-treated bone

(2

cells cultured on plastic or bone slices, but was present in the
cells cultured on bone slices pre-incubated with the bispho-
sphonates. This finding suggests that similar mechanisms
are involved in the effects of alendronate and zoledronate in
tumour cells and in osteoclasts.
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Discussion

The present studies demonstrate that bone-bound zole-
dronate and other bisphosphonates can inhibit the growth
of adjacent breast cancer cells. These results suggest
that when zoledronate is used clinically in patients with
breast cancer, the cells become exposed to the drug as
they adhere to bone surfaces and their growth on bone is
inhibited. In this model system, similar number of cells
adhered to untreated bone slices and to those pre-treated
with zoledronate, but at 48 and 72 h the number of cells
and their growth on the pre-treated bones were signifi-
cantly lower than the controls.

We observed dose-dependent effects of zoledronate
used for pre-treatment of bone slices. There was no effect
of zoledronate concentration < 10 pM, whereas the effects
were seen at > 30 pM. Similar observation was made by
Tamura et al. [31] that 10 to 100 pM of zoledronate in
the culture media reduced proliferation of four oral car-
cinoma cell lines. After intravenous injection in humans,
peak serum levels of zoledronate after 4 mg reach approxi-
mately 2 pM [32], and considering the concentration of
zoledronate in plasma after infusion rapidly drops due to
the drug binding to bone, the concentration of bone-bound
zoledronate is expected to be higher than the serum level
[33]. Previously, Cornish et al. [29] have calculated the
amount of zoledronate on the bone to be 150 nmol per
gram of bone, for an average cancer patient administered
4 mg per month for 4 years. Also, Kuiper et al. [34] esti-
mated the concentration of zoledronate in bone marrow
to be between 20 and 100 pM in mice which had been
administered a dose equivalent to that of human receiving
4 mg per month. Thus, the zoledronate concentrations used
in our study appear to be within the clinically used range
and the inhibitory effect on breast cancer cells is likely to
be clinically relevant.

The results seen here from comparisons of clinically
available bisphosphonates were consistent with the
potency and affinity for hydroxyapatite of those drugs. The
significant inhibitory effect of zoledronate and alendronate
on MCF7 proliferation compared to less effective iban-
dronate and pamidronate is also seen from other studies
which tested the binding affinity of bisphosphonates. The
studies showed that zoledronate had the highest binding
affinity to hydroxyapatite of bone, followed by alendronate
and other bisphosphonates including ibandronate and clo-
dronate [35, 36]. Clodronate, a non-nitrogen-containing
bisphosphonate, did not show evidence of growth inhibi-
tion in breast cancer cells, and both cell count and thy-
midine incorporation results suggested clodronate on the
bone surface did not have any effect on the proliferation
of the cancer cells. These results are consistent with the
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nitrogen-containing bisphosphonates being more potent
than non-nitrogen-containing bisphosphonates, which are
observed in pre-clinical as well as clinical studies [37-39].

The nitrogen-containing bisphosphonates including
zoledronate and alendronate inhibit osteoclasts and mye-
loma cells by inhibiting enzymes in the mevalonate path-
way [37]. It has been established that the bisphosphonates
induce apoptosis of osteoclasts by inhibiting prenylation of
small GTP proteins including Rap, Ras and Rho [40]. The
present results show that bisphosphonates have the same
effect in breast cancer cells, and this is likely to mediate the
growth inhibition shown here. This inference is supported
by zoledronate having a greater effect than alendronate on
both cell growth and Rap1A levels, whereas clodronate, a
bisphosphonate that does not act on farnesyl pyrophosphate
synthase, had no real effects on either. We have previously
demonstrated similar effects of alendronate and zoledronate
pre-treatment on RaplA in Chinese hamster ovary (CHO)
cells and in the Caco-2 human colorectal adenocarcinoma
epithelial cell line grown on bone slices [29], so this is not
specific to breast cancer cells. The mevalonate pathway is
a crucial metabolic pathway for tumour growth and pro-
gression and therefore a potential therapeutic target [41].
Cancer cells are characterised by aberrant cell growth and
metabolism and they upregulate the mevalonate pathway
to support their proliferation [41]. The inhibitory effect of
bone-bound bisphosphonate on the mevalonate pathway of
adjacent breast cancer cells would be an explanation for the
observations that bisphosphonates suppress the tumour bur-
den in breast cancer patients. Zoledronate has anti-tumour
effects in pre-clinical studies [26, 31, 42-44], and clinical
studies found that zoledronate reduced solid tumour bone
metastases [3, 45]. One study with patients with recurrent
solid tumours also showed that the zoledronate-treated group
had a higher proportion of bone metastases-free patients
compared to the control group [46]. Also, studies show that
zoledronate treatment reduces the incidence of micro-metas-
tases in bone marrow in breast cancer [3, 47] which could
explain its possible role in increasing cancer-free survival
seen in these patients.

In our previous study, we have shown that bone-bound
bisphosphonates directly inhibit the proliferation of primary
osteoblast cells, as well as other cells including human colo-
rectal adenocarcinoma epithelial cells and Chinese hamster
ovary cells [29]. In our current study, we showed that bone-
bound bisphosphonates also directly affect the proliferation
of a breast cancer cell line. Our *H-thymidine results show
that cell proliferation was significantly inhibited compared
to the control group at the same time point. The cell count
results show that, while the cell numbers on control bones
increased, there was no increase in cell numbers on the zole-
dronate-treated bone over the culture period of 72 h. One
possible explanation for these results could be that the cell
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proliferation in the zoledronate group was compensated for
by apoptosis of the cells exposed to the bone-bound zole-
dronate, as shown with the presence of cleaved caspase-8
in MDA-MB-231 cells. Zoledronate-induced apoptosis of
breast cancer cells was also observed in the other studies
with MCF7 and MDA-MB-231, which examined the effect
of zoledronate in solution [25, 48-50]. Also, there is evi-
dence that bisphosphonates induce apoptosis in animal
models inoculated with human breast cancer cells. Hiraga
et al. [51] showed ibandronate-induced apoptosis in MDA-
MB-231 tumour xenograft in mammary fat pads in mice.
There are several studies that have looked into the mecha-
nism of bisphosphonates on apoptosis of human cancer cells.
These studies suggest inhibition of mevalonate pathway by
bisphosphonate leads to disruption of downstream signal-
ling and failure of prenylation of small GTPases, resulting
in apoptosis in human cancer cells [48, 52].

The other possible explanation for the inhibition of the
cell proliferation in zoledronate-treated group compared to
the control group in our study is cell cycle arrest. There
is in vitro evidence that bisphosphonates, including zole-
dronate, induce MCF7 cell cycle arrest and hence reduce
cell proliferation [53-56]. This cell cycle arrest and reduc-
tion in cell proliferation by zoledronate was also seen in
other breast cancer cell line treated with zoledronate [57,
58]. Zoledronate was also found to arrest or prolong the cell
cycle progression of other cancer cell lines including osteo-
sarcoma, melanoma, myeloma, small- and non-small-cell
lung cancer, mesothelioma, and cholangiocarcinoma cells,
[59-67], as well as non-cancer cells including human pri-
mary oral mucosal keratinocytes [68]. However, these stud-
ies were assessing the effects of bisphosphonates in culture
media, which is not an appropriate model for its clinical use
where its presence in biological fluids after administration
is measured in hours.

In conclusion, our study demonstrates that bone-bound
zoledronate effectively reduces the growth and number of
breast cancer cells, suggesting a direct anti-tumour effect of
the drug. Since clinical use of zoledronate results in bone-
bound drug being present for many years after dosing, and
since this bone is adjacent to the marrow space where micro-
metastases from breast cancer are known to reside, this tox-
icity may contribute to zoledronate’s anti-tumour effects
found in clinical studies.
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