
Abstract. Background/Aim: Evidence suggests that
zoledronic acid (ZA) exerts direct antitumor effects on cancer
cells but the underlying mechanisms of these actions are
unknown. This study investigated the possible involvement of
survivin in the antiproliferative effects of ZA in prostate
cancer. Materials and Methods: 3-(4,5-dimethyl-2-thiazol)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) dye reduction
assay was used to assess cell viability and acridine
orange/ethidium bromide double staining to analyze cell
death. Human Apoptosis Array evaluated the expression of
apoptosis-related proteins. Survivin protein was measured by
western blot technique and miR-203 levels were quantified
by quantitative real-time polymerase chain reaction. Results:
ZA induced inhibition of cell proliferation and apoptosis
activation, with down-regulation of survivin protein. A
negative regulation at gene expression level may be
hypothesized because we observed a significant decrease of
survivin mRNA level and an increase of miR-203 expression
after ZA exposure. Conclusion: This study provides evidence
that ZA may directly inhibit cancer cell proliferation,
identifying survivin as one of its downstream targets. 

Prostate cancer (PCa) is the most commonly diagnosed solid
cancer in males (1) and is currently the second leading cause
of cancer-related deaths in men (2). Similarly to breast

cancer, bone is the most common site for metastasis and its
involvement is a major cause of morbidity. Approximately
90% of patients with advanced PCa have skeletal metastasis
(3). Bone metastases can lead to pain, pathological fractures,
nerve compression syndromes and hypercalcemia, with a
significant decrease in quality of life (4). These
complications result from excessive bone turnover, mainly
bone formation which produces malignant bone lesions.
While the principal characteristic of bone metastasis in PCa
is the formation of osteoblastic lesions, bone absorption is
initially needed to create the space for metastatic sites and
to enhance bone formation. Therefore, therapies that
effectively inhibit bone absorption are available for reducing
the risk of skeletal complications in bone metastases of PCa,
as well as those of other solid tumor types characterized by
osteoclastic lesions (5).

Bisphosphonates (BPs) are potent inhibitors of osteoclast
activity and survival, thereby reducing osteoclast-mediated
bone absorption (6,7). Several studies have focused on the
ability of BPs to inhibit tumorigenic cells, supporting the
antitumoral and antimetastatic effects of BPs (8-10). Among
the most potent nitrogen-containing BPs, zoledronic acid
(ZA) has been demonstrated to exert a direct cytostatic and
pro-apoptotic effect on PCa cell lines in vitro (11), to prevent
cell adhesion and invasion via reduction of matrix
metalloproteinase expression (12), and to inhibit
testosterone-induced angiogenesis in a castrated animal
model (13). Preclinical and clinical studies demonstrated
anticancer benefits of ZA, although the molecular
mechanism by which ZA prevents PCa cell growth remains
unknown (14, 15).

Survivin, a member of the inhibitor of apoptosis (IAP)
family of proteins, has been shown to inhibit apoptosis,
enhance proliferation and promote angiogenesis (16).
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Although expressed at high levels during fetal development,
survivin is rarely expressed in normal healthy adult tissues. It
is, however, up-regulated in the majority of cancer types
(17). Because of this up-regulation in malignancy, survivin
is currently attracting considerable interest both as a potential
cancer biomarker (18) and as new pharmacological target for
cancer treatment (19).

MicroRNAs (miRNAs) are small regulatory non-coding
RNAs that bind to specific target mRNAs, leading to
translational repression of molecules involved in the
regulation of biological processes, including cell growth,
differentiation and apoptosis, both in physiological conditions
and during diseases (20). The role of miRNAs in cancer
development has been widely studied and has helped to
elucidate events such as the change in expression of
oncogenes, tumor suppressors and cancer-related proteins
(21). In the specific field of tumorigenesis, miRNAs play an
important role in mediating oncogenesis and favoring tumor
progression as a result of their ability to modulate the
epithelial-to-mesenchymal transition and other series of
events facilitating the formation of metastases (22, 23).
Previous studies demonstrated that miR-203 is involved in the
down-regulation of survivin protein expression (24) and it is
considered an important regulator of cancer progression (25).

The aim of the present study was to analyze if survivin is a
target of ZA, at both the transcriptional and the translational
levels, in an attempt to elucidate the molecular mechanisms
involved in the antiproliferative effect of ZA on PCa cells.

Materials and Methods

Cell lines. LNCaP, DU145 and PC3 cell lines were purchased from
the American Type Culture Collection (ATCC) (LGC Promochem,
Sesto San Giovanni, Milan, Italy) and maintained in culture, as
suggested by the ATCC. Media and supplements were purchased
from Euroclone (Pero, Italy). MycoFluor Mycoplasma Detection Kit
(Life technologies Italia, Monza, Italy) was routinely used to test
cells for mycoplasma contamination. 

Drug. Injectable ZA (Zometa®) was obtained from Novartis
Pharmaceuticals Corp (East Hanover, NJ, USA). Stock solutions
were prepared from the hydrated disodium salt in saline solution.
ZA-treated cells were exposed to different drug concentrations (1-
100 μmol/l) for different times (up to 72 h) in serum-free medium
(26, 27). Cells treated with saline solution were used as control.

Cell viability assay. Cells (5×104 cells/well) were treated with
increasing concentrations of ZA (1-100 μmol/l) for 72 h. Cell viability
was then evaluated by 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) dye reduction assay according to the
manufacturer’s protocol (Sigma Italia, Milano, MI, Italy). All
experiments were performed at least three times run in triplicate.

Double staining with acridine orange (AO) and ethidium bromide
(EtBr). Double staining with AO and EtBr was performed to visualize
and quantify the number of viable, apoptotic and necrotic cells (28).

Briefly, untreated and ZA-treated cells (5×105 cells/well) were
centrifuged for 5 min at 700 × g and resuspended in phosphate-
buffered saline. Dye mixture (100 μg/ml AO and 
100 μg/ml EtBr) was then added to the cell suspension (1:10 final
dilution) and cells immediately examined under a Zeiss LSM 510
META confocal laser-scanning microscope, with a ×10 objective (Carl
Zeiss AG, Oberkochen, Germany). Several fields, randomly chosen,
were digitized and about 1,000 nuclei for each sample were counted
and scored using Image J software (NIH, Bethesda, MD, USA) (29).

Human apoptosis proteome profiler array. To examine the pathways
through which ZA prompted apoptosis, we determined the apoptosis-
related proteins utilizing the Proteome Profiler Human Array (R&D
Systems, Space Import-Export, Milano, MI, Italy) in accordance with
manufacturer's instructions. Briefly, untreated and ZA-treated LNCaP
cells (4×106) were solubilized in the kit lysis buffer, with a complete
set of protease and phosphatase inhibitors (Roche, Milan, Italy).
Equal amounts of proteins (400 μg) from each sample were incubated
with the human apoptosis array overnight at 4˚C. Finally,
streptavidin–horseradish peroxidase and Chemi Reagent Mix were
used to reveal apoptosis-related proteins by chemiluminescence. Pixel
density was then analyzed by Image J software.

Western blot analysis. Untreated and ZA-treated cells (1×106 cells)
were lysed in ice-cold buffer (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.025% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
1% NP-40, 50 mM NaF, 2 mM phenylmethanesulfonyl fluoride),
with protease and phosphatase inhibitor cocktails. Equal amounts of
protein (30 μg) were separated by electrophoresis on a 4-12%
NuPAGE Bis-Tris Gel System (Life Technologies) and electroblotted
to a nitrocellulose membrane, following the manufacturer’s
instructions. A primary monoclonal antibody against human survivin
was used at the final concentration of 2 μg/ml (Santa Cruz
Biotechnologies, Heidelberg, Germany). A mouse monoclonal
antibody direct against the N-terminal region of human α-tubulin
(Sigma Italia) was applied to membranes, to normalize the values. A
secondary anti-mouse antibody (final concentration 0.1 μg/ml; Santa
Cruz Biotechnologies) was applied for 1 h at room temperature. The
specific signal was visualized by the ECL-PLUS system (Amersham
Italy, Milan, Italy). Densitometric analysis of the immunoblots was
performed using a GelPro-Analyzer v 6.0 (MediaCybernetics,
Bethesda, MD, USA). 

RNA extraction, reverse transcription and quantitative real-time
polymerase chain reaction (qRT-PCR). Total RNA was extracted
from cells using the RNeasy kit (Qiagen, Milan, Italy) and 1 μg was
transcribed into cDNA, using murine leukemia virus reverse
transcriptase (Promega Italia, Milan, Italy). Gene expression was
evaluated by qRT-PCR (iCycler iQ real-time PCR detection system;
BioRad Laboratories, Milan, Italy), using SYBR Green as
fluorochrome, as previously described (30). The sequences of sense
and antisense oligonucleotide primers for survivin were: 5’-
AGAACTGGCCCTTCTTGGAGG-3’ and 5’-GTTTTTATGTTCCT
CTATGGG-3’, respectively (31), and for human β-actin were: 5’-
TCTTCCAGCCTTCCTTCCCTG-3’; and 5’-CAATGCCAGGGTA
CATGGTG-3’, respectively. Reactions were performed under the
following conditions: 1 cycle at 95˚C for 10 min, 40 cycles at 95˚C
for 15 s, 62˚C for 1 min. Gene expression levels were normalized to
those for β-actin expression. All reactions were performed in
triplicate and data analyzed using the comparative Ct method (32).
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miRNA analysis. Total RNA, including miRNAs, was extracted from
cells using the miRNeasy kit (Qiagen, Milan, Italy) and 1 μg was
transcribed into cDNA using miScript II RT kit (Qiagen, Milan,
Italy), following the manufacturer’s protocol. qRT-PCR was
performed with a miScript System (Qiagen, Milan, Italy) as
elsewhere described (33). Gene expression was evaluated by iCycler
iQ real-time PCR detection system (BioRad Laboratories), using
SYBR Green as fluorochrome, as previously described (34).
Reactions were performed under the following conditions: 15 min at
95˚C; 15s at 94˚C, 30 s at 55˚C, 30 s at 70˚C, for 40 cycles. The
sequence of miR-203 primer used was: 5'-GUGAAAUGUUUAG
GACCACUAG-3’. Variations in expression of miR-203 among
different samples were calculated after normalization to U6.

Transfection of LNCaP cells with mimic miR-203. LNCaP cells were
transfected with mimic miR-203 using miScript mimic and
HiPerFect as transfection reagent (Qiagen, Milan, Italy). The
sequence of mimic miR-203 was 5’-AGUGGUUCUUAACA
GUUCAACAGUU-3’. Briefly, LNCaP cells (2×105 cells/well) were
seeded in 6-well plate in growth medium without antibiotics for 
24 h. Transfection complexes were prepared according to the
manufacturer’s instructions and delivered drop-wise onto the cells.
After 72 h transfection, the expression level of survivin protein was
measured by western blot assay.

Statistical analysis. Data analysis and graphics were obtained using
GraphPad Prism 4 software (GraphPad Software, La Jolla, CA,
USA). The statistical analysis was made using the one-way
ANOVA, with a post-hoc test (Bonferroni’s test) for multiple
comparisons, considering p<0.05 as threshold for significant
difference. Data are expressed as mean±SEM of at least three
experiments run in triplicate, unless otherwise specified. 

Results 

ZA reduced proliferation of PCa cells. Exposure of cells to
increasing concentrations of ZA caused a concentration-
dependent reduction of cell proliferation (Figure 1). Time-
course experiments demonstrated that the reduction of the
viability reached its maximum at 72 h (data not shown).
Sigmoidal concentration–response function was used to
calculate the half-maximal inhibitory concentration (IC50)
value for ZA in LNCaP, DU145 and PC3 cell lines, that was:
19.4 μmol/l [95% confidence interval (CI)=18.48 to 20.31
μmol/l], 2.4 μmol/l (95% CI=2.15 to 2.61 μmol/l) and 41.44
μmol/l (95% CI=38.83 to 44.23 μmol/l), respectively. Based
on these results, cells were treated with ZA at the IC50 value
for 72 h in all subsequent experiments.

ZA induced death of PCa cells. The ZA-mediated induction
of cell death was observed using AO/EtBr double staining.
Viable cells exhibited large green nuclei, whereas apoptotic
cells (yellow) showed signs of nuclear condensation or nuclear
bead formation. Necrotic cells displayed red nuclei without
signs of nuclear condensation (Figure 2). Quantification of
images demonstrated that ZA mainly induced cell death by
activating apoptosis in PCa cells (Table I). 

Survivin expression was down-regulated by ZA. In order to
establish an overall perspective of the molecules involved in ZA
cell death induction, we preliminary performed an array analysis
of multiple apoptotic proteins in LNCaP cells after ZA exposure
(Figure 3). Interestingly, among anti-apoptotic proteins analyzed,
survivin was the most down-regulated and its expression was
reduced by about 3.6-fold in ZA-treated cells compared to
control. In order to study whether this effect on survivin
expression was limited to LNCaP cells or a more general
mechanism of action of ZA on PCa cells, survivin protein levels
were analyzed by western blot in the three cell lines considered.
We observed a significant decrease in survivin protein level of
about 71.2±1% in LNCaP cells vs. untreated cells and expression
became almost non-detectable in ZA-treated DU145 and PC3
cells (Figure 4). Regulation of survivin expression by ZA
occurred at the transcription level, as ZA induced a significant
reduction of survivin mRNA level (Table II). 

ZA induced up-regulation of miR-203 expression. To assess
survivin inhibition by ZA at the transcriptional level, miR-
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Figure 1. Concentration-response curves of zoledronic acid (ZA) 
(1-100 μmol/l) in prostate cancer cells after incubation of 72 h. Results
are expressed as the percentage of untreated cells. Data are the
mean±SEM of three independent assays performed in triplicate.
*p<0.01; **p<0.001 vs. control.

Table I. Prostate cancer cell death induction by zoledronic acid.

LNCaP DU145 PC3

Viable cells 43.2±2% 38.9±0.5% 57.2±4%
Apoptotic cells 49.0±1% 58.6±2% 38.7±1%
Necrotic cells 7.8±0.4% 2.5±0.1% 4.1±0.1%



203 expression was analyzed in untreated and in ZA-treated
cells. ZA significantly increased the relative level of miR-203
in LNCaP cells (mean±SEM: 1.0±0.0 and 1.59±0.1 in
untreated and treated cells, respectively) and in DU145 cells
(mean±SEM: 1.0±0.0 to 1.4±0.03, respectively) (Figure 5a).
PC3 cells were not analyzed in these experiments, as it is
shown that miR-203 expression is specifically attenuated in
PCa cell lines derived from bone metastases (24). To
strengthen the role of miR-203 in regulating survivin mRNA
expression, using LNCaP cells as an experimental model, a
decrease of survivin protein of about 49.7±0.5% compared
to non-transfected cells was observed in LNCaP cells
transfected with mimic miR-203 (Figure 5b).

Discussion 

Although the main target of ZA is the osteoclast, there is
increasing evidence for direct antitumor effects of ZA. Pre-
clinical studies have shown that ZA inhibited tumor cell
adhesion and invasion (35), induced tumor cell apoptosis (36),
reduced cell viability (37) and exhibited anti-angiogenic effects
(38). The mechanism of antitumor action of ZA, however, is
still not completely understood (39), although the inhibition of
the mevalonate pathway has been implicated (40). 

In this study, we used different PCa cell lines to investigate
the effects of ZA treatment on cell proliferation. Three
worldwide recognized experimental cell models of PCa were

used, namely: LNCaP cells, established from a lymph node
localization, expressing an active mutated (T877A) androgen
receptor (AR); DU145 cells, AR-negative and androgen-
insensitive, derived from a brain metastasis; PC3, AR-negative
and androgen-insensitive, derived from a bone metastasis. 

Exposure of these cell lines to increasing concentrations
of ZA induced a concentration-dependent decrease of cell
viability, with a rank of potency of DU145 cells > LNCaP
cells > PC3 cells. In particular, PC3 cells appeared to be the
most resistant to ZA, as the IC50 was over 40 μmol/l, with
still more than 50% of viable cells remaining. The different
sensitivity of cells to ZA exposure is not surprising, as it has
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Figure 2. Double staining of untreated and zoledronic acid (ZA) treated prostate cancer cells. Cells were stained using a mixture of acridine orange
and ethidium bromide, as described in the Material and Methods section. Viable (green), apoptotic (yellow) and necrotic (red) cells were scored under
a confocal laser-scanning microscope. Magnification, ×10.

Table II. Down-regulation of survivin mRNA.

ΔCt ΔΔCt % vs. Untreated cells

LNCaP 
Untreated 7.4±0.2% - -
ZA-treated 8.3±0.1% 0.88 –46%*

DU145 
Untreated 6.7±0.1% - -
ZA-treated 7.3±0.1% 0.65 –36%*

PC3 
Untreated 5.6±0.2% - -
ZA-treated 6.4±0.2% 0.74 –41%*

*p<0.01.



already been demonstrated with other compounds (41) and
it could be explained by the different phenotype and
intracellular pathways activated in the different cell lines.

In accordance with others (42), we observed a
concentration- and time-dependent reduction of proliferation
in these cell lines, mainly due to apoptosis activation by ZA
exposure. In the apoptosis array, we observed that both the
intrinsic and the extrinsic apoptotic pathways seemed to be
involved in cell death induction, as revealed respectively by
an increase of BCL-2-associated death promoter (BAD) and
tumor necrosis factor-related apoptosis-inducing ligand
receptor 1/death receptor 4 (TRAIL R1/DR4) expression and
a significant increase of p27/KIP1 protein involved in the
cell-cycle arrest. Interestingly, the Human Apoptosis
Proteome Profiler Array also showed a significant decrease
in an anti-apoptotic protein group, the IAP family and our
attention was drawn to survivin, which is one of the well-
characterized members of this family (43). Currently,
controversy exists over the precise mechanism by which IAP
proteins inhibit apoptosis. However, evidence suggests that

IAPs can directly inhibit caspases 3, 7 and 9 by proteasomal
degradation (44). Survivin is the smallest IAP protein and it
was shown to inhibit apoptosis both in vitro and in vivo (45),
perhaps via interactions with multiple regulators of both
intrinsic and extrinsic apoptosis pathways (46). Due to its
role in many different cellular actions and signaling
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Figure 3. a: Representative images of the apoptotic protein array are shown for the untreated and zoledronic acid (ZA)-treated LNCaP cells. b: Quantitative
analysis of the arrays showed differences in the apoptotic markers between untreated and ZA-treated LNCaP cells. Only significant differences were
considered. BAD: BCL2-associated death promoter, BAX: BCL2-associated X protein, TRAIL R1/DR4: tumor necrosis factor-related apoptosis-inducing
ligand receptor 1/death receptor 4, cIAP-1: cellular inhibitor of apoptosis 1, cIAP-2: cellular inhibitor of apoptosis 2, XIAP: X-linked inhibitor of
apoptosis, p27/KIP1: p27/kinase inhibitor protein 1, HO-2/HMOX2: heme oxygenase-2/inducible heme oxygenase-2. *p<0.01; **p<0.001 vs. control.

Figure 4. Effects of zoledronic acid (ZA) treatment on survivin protein
expression in prostate cancer cells, evaluated by western blot analysis.
Human α-tubulin was used as internal control. The images are
representative of three independent experiments.



pathways, survivin has been described as a nodal protein. In
addition to a role in suppressing apoptosis, survivin is also
a mitotic regulator involved in various cell division
processes (47). It has been believed for a long time that
survivin is rarely expressed in healthy adult tissue, and only
highly expressed during fetal development (48). Although
recent reports suggest roles for survivin in normal cell (49)
including T-cells (50), hematopoietic progenitor cells (51),
vascular endothelial cells (52), gastrointestinal tract mucosa
(53), erythroid cells (54) and polymorphonuclear cells (55),
survivin expression is significantly higher in tumors,
including PCa (56), thus suggesting a pathological role for
the protein (57). Accordingly, we observed a major
expression of survivin mRNA in PCa cells compared to
PCS-440-010 human primary prostate epithelial cells (data
not shown). Among IAP proteins modified by ZA exposure,
survivin expression levels were the most significantly
decreased. A previous study reported the decrease of
survivin in ZA-mediated cytotoxicity in prostate cancer cells
(58), but the molecular mechanism underlying the strong
reduction of survivin expression after ZA treatment is still
under investigation. Indeed, it can be due in part to
inhibition of the mevalonate pathway, but it may also be
caused by negative regulation at the gene expression level
by ZA. Interestingly, an increasing amount of data suggests
that inhibition of the mevalonate pathway may affect
epigenetic regulation in cancer cells at the three most
important levels: DNA methylation, histone deacetylation
and miRNA (59). Over the last few years, most studies of
the regulation of gene expression have focused mainly upon
transcriptional activity; in particular, miRNA-mediated post-
transcriptional regulation of protein-coding genes has

emerged as a promising area of research (60). Some
aberrantly expressed miRNAs have been discovered in PCa
cell lines, xenografts and clinical tissues, and these PCa-
related miRNAs may play a critical role in the pathogenesis
of PCa (61). Among them, it was demonstrated that miR-203
significantly reduced survivin in metastatic PCa cells (24).
miR-203 is an 'antimetastatic' miRNA that acts at multiple
steps of the PCa metastatic cascade, including the
epithelial–mesenchymal transition, cell invasion and motility,
via repression of a cohort of pro-metastatic targets. Results
reported here demonstrate that ZA reduced both the mRNA
and protein expression of survivin in PCa cell lines, through
the increase of miR-203.

In conclusion, the present study demonstrates that
inhibition of survivin is associated with ZA-induced
apoptosis of PCa cells, underlying the role of survivin as a
new target for cancer therapeutics (62, 63), including PCa,
as accumulating evidence indicates that survivin is associated
with resistance to androgen deprivation in PCa (64). 

Further studies are needed to determine future interventional
implications of ZA as chemotherapeutic drug in addition to the
well-consolidated treatment of bone metastases.
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Figure 5. a: Quantitative real-time polymerase chain reaction analysis of relative miR-203 expression levels in untreated and zoledronic acid (ZA)-
treated cells. Data were normalized to U6 as an internal control and are represented as 2–ΔΔCt mean±SEM. *p<0.01; **p<0.001 vs. control. b:
Representative image of western blot assay for survivin in LNCaP cells transfected by mimic miR-203 and in non-transfected cells. Human α-tubulin
was used as internal control.
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