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Abstract

Discoidin Domain Receptors (DDR1/DDR?2) are tyrosine kinase receptors which are activated by
collagen. DDR signalling regulates cell migration, proliferation, apoptosis and matrix metallopro-
teinase (MMP) production. MMPs degrade extracellular matrix (ECM) and play essential role in
tumor growth, invasion and metastasis. Nitrogen-containing bisphosphonates (N-BPs) which
strongly inhibit osteoclastic activity are commonly used for osteoporosis treatment. They also
have MMP inhibitory effect. In this study, we aimed to investigate the effects of zoledronate in PC3
cells and the possible role of DDR signalling and downstream pathways in these inhibitory effects.

We studied messenger RNA (mRNA) and protein expressions of MMP-2,-9,-8, DDR1/DDR2 type
| procollagen (TIP) and mRNA levels of PCA-1, MMP-13 and DDR-initiated signalling pathway
players including K-Ras oncogene, ERK1, JNKI, p38, AKT-1 and BCLX in PC3 cells in the presence
or absence of zoledronate (10-100 uM) for 2-3 days.

Zoledronate (100 yM) down-regulated DDR1/ DDR?2, TIP mRNAs but did not change MMP-13
(collagenase-3) mRNA. However, zoledronate up-regulated MMP-8 (collagenase-2) mRNA.
Zoledronate also inhibited mRNA expressions of K-Ras, ERK1, AKT-1, BCLX and PCA-1; but did
not change JNKI, p38 mRNA levels. Zoledronate (100 pM) supressed DDR1/DDR2, TIP ex-
pressions; and gelatinase (MMP-2/MMP-9) expressions/activities. Conversely, zoledronate
up-regulated MMP-8 expression in PC3 cells.

Zoledronate down-regulates MMP-2/-9 expressions in PC3 prostate cancer cells. DDR1/DDR?2
signalling and DDR-initiated downstream Ras/Raf/ERK and PI3K/AKT pathways may at least par-
tially responsible for MMP inhibitory effect of zoledronate.
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Introduction

Prostate cancer is the one of the most leading
cause of cancer-related death in men in the world.
Despite the pharmacological or surgical therapeutic
strategies which reduce testosterone levels, the cancer
frequently progresses androgen-independently to a
metastatic phenotype [1]. Therefore, it is essential to
establish new potential targets for the therapy.

Collagen is a major constituent of extracellular
matrix (ECM) and also is a signalling molecule [2].
The recently described cell surface receptors for col-
lagen  are  Discoidin  Domain  Receptors
(DDR1/DDR2). DDRs represent a family of tyrosine
kinase receptors which are activated by collagen [3, 4].
Activation of DDR1/DDR? triggers downstream sig-
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nalling pathways and plays essential role in cell dif-
ferentiation, proliferation, migration and contributes
to carcinogenesis [5, 6]. Abnormal DDR function was
recently shown in various human cancers [7, 8]. Ac-
cordingly, DDR signalling has been suggested to be a
key potential target in cancer therapy.

Ras mutations cause activation of downstream
effector pathways which are well characterized as
Ras/Raf/MEK/ERK and PI3K/AKT cascades [9].
These pathways regulate gene expression programs
that promote cell growth, proliferation and survival.
DDR signalling was reported to activate Ras/ERK
MAPK and PI3K/AKT cascades in human cancers [8,
9].

Matrix metalloproteinases (MMPs) are a family
of zinc-dependent proteolytic enzymes which de-
grade ECM components, including collagen. [10].
MMP up-regulation and excess matrix degradation
can lead to inflammation, uncontrolled cell prolifera-
tion, angiogenesis, invasion and metastasis [11, 12].
High MMP activity was noticed in various cancers
[13, 14]. Similarly, MMP inhibitors were known to
suppress tumor incidence, tumor growth and metas-
tasis in prostate cancer [15, 16].

DDRs enhance tumor cell adhesion, tumor
growth, invasiveness and shorten patient survival by
stimulating MMP activity and MMP-mediated cell
proliferation and migration [17, 18]. However, the role
of DDRs in the regulation of MMP secretion and ac-
tivity in prostate cancer remained to be elucidated.

Nitrogen-containing bisphosphonates (N-BPs)
which inhibit osteoclastic bone resorption are com-
monly used for the treatment of osteoporosis. Besides,
NBPs exert antitumoral effects by suppressing MMP
activity in cancer cells and prostate cancer patients
[19-22].

The inhibitory effects of N-BPs on Ras/ERK and
PI3K/AKT signalling pathways were demonstrated
in human cancer cells and endothelial cells [22-24].
However, the effects of N-BPs on DDR signalling and
downstream signalling pathways in the regulation of
MMPs in prostate cancer cells are not fully under-
stood yet.

In the present study, we aimed to investigate the
effects of zoledronate which is the most potent N-BP
in PC3 androgen-resistant prostate cancer cells and to
clarify the possible role of DDR signalling and
DDR-associated downstream molecular pathways in
these effects.

Materials and Methods

Materials

Zoledronate (zoledronic acid monohydrate) in
liquid form (4 mg/5ml vial) is kindly given from

Mustafa Nevzat A.S. (Istanbul, Turkey). Cell culture
media (DMEM Ham’s F12), fetal bovine serum (FBS)
and L-glutamin were obtained from Gibco Cell Cul-
ture, CA, USA. Electrophoresis reagents were pur-
chased from Sigma, USA. The enhanced chemilumi-
nescence (ECL) plus reagent were from Amersham
(Amersham, UK). Molecular weight marker (Pag-
eRuler Plus Prestained Protein Ladder) was obtained
from Thermo Scientificc, USA. Primary antibodies
were detailed in Table S1.

Cell culture

PC3 cell line was kindly gift by Dr. K.S. Kork-
maz, Ege University, Izmir, Turkey (The cell line were
obtained from American Type Culture Collection).
Cells were routinely cultured in DMEM Ham’s F12
medium supplemented with 5% FBS, 1% penicil-
lin/streptomycin (5 mg/ml) and 1% L-glutamine (200
mM) in a humidified atmosphere containing 5% CO;
at 37°C. Cells were treated in the presence of 10 pM or
100 pM [23, 25] zoledronate for 2 or 3 days. Untreated
cells were kept as control in complete medium for the
same period of time. At the end of the treatment pe-
riod, both control and zoledronate-treated cells were
collected and stored in -80°C for further investiga-
tions.

Cell lysis and protein extraction

For protein extraction, cells were resuspended in
250 pl of lysis buffer 20mM HEPES pH=7.4, 0.1%
Triton X-100, 0.2 mM EDTA, 300 mM NacCl). Cells
then were collected from culture plates and trans-
ferred to Eppendorf tubes. Incubated on ice and cen-
trifuged at 13.000 rpm for 30 minutes and cleared su-
pernatants were collected. Protein concentration in
lysates were measured by using Quant-IT protein
assay kit (Invitrogen, USA) according to the kit man-
ual.

Western blotting

Under standard conditions, 20 pg of protein
from each cell extract was load to 10% SDS-PAGE gels
and separated by electrophoresis. Then, gels trans-
ferred to PVDF membrane (Amersham, UK) by
semi-dry transfer blotter (VWR, V20-SDB, Austria).
PVDF membranes were blocked with blocking solu-
tion (PBS-T -Phosphate Buffer Saline-solution con-
taining 10% dry milk and 0.1% Tween 20) for 10
minutes. Primary and secondary antibody incuba-
tions were carried out using PBS-T containing 0.5%
dry milk at 4°C overnight and immunoblotted with
primary antibodies. Primary antibodies used were
rabbit antibodies specific for DDR1 (1:1000), DDR2
(1:1000), MMP-2 (1:1000), MMP-8 (1:1000), MMP-9
(1:1000), TIP (1:1000), and mouse antibody specific for

http://lwww.jcancer.org



Journal of Cancer 2015, Vol. 6

1022

B-actin (1:10000). Membranes were developed using
ECL plus reagent for 5 min, and photographed by
Fusion FX7 (Vilbert Lourmat, France) at chemilu-
minesence. Optical density of blotting images for each
protein was quantified by Image] software (Image]
1.46r, National Institute of Health, USA) and was
normalized with p-actin.

Gelatin zymography

Zymograpy samples were normalized with pro-
tein concentration of each sample and loaded into
7.5% polyacrylamide gels containing 2 mg/ml gelatin
and were subjected to electrophoresis. Following
electrophoresis, SDS was removed from the gels by
washing in 2.5% Triton X-100. Gels then were incu-
bated at 37°C for 48 h in incubation buffer (50 mM
Tris-HCl, pH 8.0, 50 mM NaCl, 10 mM CaCl, and
0.05% Triton X-100). After the incubation period, gels
were stained in 0.2% Coomassie Brilliant Blue. Images
of the gels were photographed by using Fusion FX7.
Gelatinase activity was detected as clear bands on
dark backgrounds. Densitometric analysis of bands
was performed using Image] software. Gelatin sub-
strate digestion levels were quantified as relative
proteinase activity (area x optical density/mg pro-
tein).

Real time quantitative PCR

PC3 cells were collected and total RNA was ex-
tracted from control and zoledronate-treated (100 pM)
cells for 3 days according to total RNA extraction kit
(Quiagen RNA Easy Kit, USA) protocol. Total RNA
concentrations were determined using a Nanovette
Beckman Coulter DU 730 Spectrophotometer (Beck-
man Coulter, USA). cDNA was synthesized by ran-
dom priming using Roche cDNA synthesis kit (Tran-
scriptor High Fidelity cDNa Synthesis Kit, Roche,
USA) and reactions were performed using a Quan-
tiTect Reverse Transcription Kit (Qiagen, USA, 100 ng
RNA per reaction) and Roche LC 480 Real-Time PCR
(Roche, Germany) with primers for PCA1, MMP-2,
MMP-8, MMP-9, TIP, Akt-1, BCLX, ERK1, JNK1, p38,
K-Ras 4A, K-Ras 4B and 36B4 which is housekeeping
gene. Primers were detailed in Table S2.

Immunocytochemistry

PC3 cells were routinely cultured in DMEM
Ham'’s F12 medium as mentioned above. Cover slips
were placed into 6-well plates and 1ml of medium
and 1ml of cell suspension were added on to the each
cover slip in the plates and plates were shaken gently.
Then, PC3 cells were allowed to adhere on coverslips
for 24 hours in a humidified atmosphere containing
5% CO; at 37°C. After incubation period, 1 ml of me-
dium was added on to the adhered cells. Adhered

cells from zoledronate group were treated with 100
PM zoledronate. Some of the coverslips were kept as
untreated for obtaining control cells. Control and
zoledronate-treated cells were incubated for 72 hours
(3 days) in a humidified atmosphere containing 5%
CO; at 37°C. After 3 days, media of the cells were re-
moved and cells were fixed using 96% ethanol for 15
min. After removing ethanol, cells on the cover slips
were treated with 10% formalin then rehydrated
through alcohol series and washed with distilled wa-
ter. Then, they were treated with trypsin solution
(00-3008, Digest All 2A, Zymed, San Francisco, Cali-
fornia, CA) for 5 min at 37°C. Cells were incubated in
a solution of 3 % H>O» for 5 min to inhibit endogenous
peroxidase activity; and following with normal serum
blocking solution. Cover slips were again incubated in
a humidified chamber for 18 h at 4°C with primary
antibodies for TIP, DDR1, DDR2, MMP-2, MMP-§,
MMP-9, thereafter with biotinylated IgG, and then
with streptavidin conjugated to horseradish peroxi-
dase for 15 min each prepared according to kit in-
structions (85-9043, Invitrogen, USA). Cover slips
were finally stained with DAB (diaminobenzidine,
1718096, Roche, Mannheim, Germany) and coun-
ter-stained with Mayer’s hematoxylin. Then images of
cells were obtained by using a light microscope
(Olympus BX-51, Tokyo, Japan) equipped with a
high-resolution video camera (Olympus DP-71, To-
kyo, Japan). Immunopositivity of each protein was
evaluated using immunoscoring by two histologists,
who were blinded to the treatment of the samples to
prevent ascertainment bias. The immunoscoring pro-
cedures were performed semi-quantitatively, by con-
sidering the degree and number of positive cyto-
plasmic staining of cells and by scoring on a scale in
the following range: negative (0), weak (1), moderate
(2) and strong (3). A mean score was calculated for
each sample. Then mean scores were used to catego-
rize immunpositivity as weak (< 1.5) or strong (>1.5).

Statistical analysis

All data are expressed as meant S.E.M. Statisti-
cal analyses of the data were performed using SPSS
software (IBM SPSS PASW Statistics 19 Fix Pack 1
Amos 19, Chicago, IL) for Microsoft Windows. Fold
changes in mRNA levels were calculated by using the
Delta-Delta Ct method with 36B4 as an internal con-
trol. The statistical analysis of the significance be-
tween groups was carried out using paired Student’s
t-test. Chi-square test was used to evaluate the statis-
tical difference of imunostaining between the groups.
Difference was considered significant at p<0.05.
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Results

Effects of zoledronate on DDR1 and DDR2
expressions

We investigated the effects of zoledronate on
DDR1 and DDR2 expressions by western blotting.
Zoledronate (100 pM) significantly decreased DDR1
expression compared to control cells at day 2 and day
3 (Fig. 1A), whereas zoledronate (10 pM) did not af-
fect DDR1 expression at either time point.
Zoledronate (100 pM) significantly reduced DDR2
expression at day 3 but not day 2 (Fig. 1A). However,
DDR?2 expression was not affected by zoledronate (10
EM) at either day. We also evaluated expression levels
of DDR1 and 2 by staining DDR1 and 2 immunocy-
tochemically and by scoring immunopositivities
semiquantitatively. Consistent with the western blot-
ting findings, immunocytochemical results showed
that expressions of DDR1 and 2 significantly were
decreased in 100 pM zoledronate-treated cells com-
pared to control cells at day 3 (Figs. 1B and 1C). These
results demonstrated that zoledronate inhibited both
DDR1 and DDR? signalling in PC3 cells.
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Effects of zoledronate on expressions and ac-
tivities of gelatinases

We examined both gelatinase (MMP-2; gelati-
nase A and MMP-9; gelatinase B) expressions by per-
forming gelatin zymography. Pro and active levels of
MMP-9 and active levels of MMP-2 significantly de-
clined in 100 pM zoledronate-treated cells, but not in
10 pM zoledronate-treated cells at day 3 (Fig. 2A).
However, pro and active levels of both gelatinase
enzymes were not affected by 10 pM or 100 pM
zoledronate at day 2 (Fig. 2A). We also observed that
MMP-2 production is less than MMP-9 production
and pro level of MMP-2 was very low in PC3 cells.

Consistent with the zymographic analyses,
western blotting analyses revealed the inhibitory ef-
fects of 100 pM zoledronate treatment on MMP-9 ex-
pression at day 3. Western blotting data showed that
MMP-9 expression was significantly reduced in 100
M zoledronate-treated cells, but did not change in 10
M zoledronate-treated cells at day 3 (Fig. 2B).

Immunocytochemical staining indicated that
both gelatinase expressions were down-regulated in
100 pM zoledronate-treated cells (Fig. 2C).

These results implied, similar to the previous
studies in different cancer cell lines, that zoledronate
has inhibitory effects on gelatinase expressions in PC3

cells.
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Fig. 1. Effects of 10 or 100 M zoledronate treatment on protein and mRNA expressions of DDR1 and DDR2. A) DDR1 and DDR?2 expressions on
western blotting at day 2 or 3 and representative western blots. Relative expressions of DDR1 and DDR2 were expressed as mean * S.E.M. (n=4) * P < 0.05, ** P <

0.01, C versus Z100; + P < 0.05, Z10 versus Z100; Paired Student’s t-test. B) Immunopositivity scores of DDR1 and DDR2 and representative photomicrographs of
PC3 cells stained with DDRI or DDR?2 antibodies immunocytochemically at day 3. Immunopositivity scores were expressed as mean + S.E.M. (n=4) ** P < 0.01, C
versus Z100 Chi-square test. C) DDR1 and DDR2 mRNA expressions at day 3. mRNA fold changes were expressed as mean + S.E.M. (n=4) * P < 0.05, C versus Z100
Paired Student’s t-test. C: Control, Z10: 10 yM zoledronate, Z100: 100 uM zoledronate.
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Fig. 2. Effect of 10 or 100 uM zoledronate treatment on gelatinase (MMP-2 and -9) expressions and activities. A) Gelatinase expressions and
activities by zymography at day 2 or 3 and representative zymogram. Relative proteinase activities of pro and active MMP-9 and active MMP-2 were expressed as mean
+ S.EM. (n=4) * P < 0.05, C versus Z100; + P < 0.05, ++ P < 0.01, Z10 versus Z100; Paired Student’s t-test. B) MMP-9 expression on western blotting and a
representative western blot. Relative expression of MMP-9 was expressed as mean * S.E.M. (n=4)** P < 0.01 C versus Z100; ++ P < 0.01 Z10 versus Z100; Paired
Student’s t-test. C) Immunopositivity scores of both gelatinases and representative photomicrographs of PC3 cells stained with MMP-2 or MMP-9 antibodies
immunocytochemically at day 3. Immunpositivity scores were expressed as mean + S.E.M. (n=4) * P < 0.05, ** P < 0.01, C versus Z100 Chi-square test. C: Control,
Z10: 10 uM zoledronate, Z100: 100 UM zoledronate. C: Control, Z10: 10 uyM zoledronate, Z100: 100 uM zoledronate.

A) C 210 Z100 C Z10 Z100
VMMP-8 s s S g cuns sy

B-actin w—— — . ey

Day 2 Day 3 .
c 25 c 2.
S g .
7] (7] Fan
8 29 o 2
o 1.0 o &
2 2 5
© 0.5 ) E
[} ] £
% 00 “ C  z10 z100 T
C
C) D)
44 4
© Hkk o
oo 37 T 3
82 o=
<= 2] )
Z o z >
X o (vd g
ES 11 ES 1
= [0}
° o S
c Z100 C Z100

Fig. 3. Effects of 10 or 100 uM zoledronate treatment on protein and mRNA expressions of collagenases. A) MMP-8 expression on western blotting
at day 2 or 3 and representative western blots. Relative expressions of MMP-8 were expressed as mean + S.E.M. (n=4) * P < 0.05, C versus Z100; + P < 0.05 Z10 vs
Z100; Paired Student’s t-test. B) Immunopositivity scores of MMP-8 and representative photomicrographs of PC3 cells stained with MMP-8 antibody immunocy-
tochemically at day 3. Immunpositivity scores were expressed as mean * S.E.M. (n=4) ** P < 0.01, C versus Z100 Chi-square test. C) MMP-8 mRNA expressions at
day 3. mRNA fold changes were expressed as mean * S.E.M. (n=4) *** P < 0.001 C versus Z100 Paired Student’s t-test. D) MMP-13 mRNA expressions at day 3.
mRNA fold changes were expressed as mean * S.E.M. (n=4) C: Control, Z10: 10 yM zoledronate, Z100: 100 yM zoledronate.

Effects of zoledronate on mRNA levels and at day 2 or day 3 by western blotting. While exposure

expressions of collagenases (MMP-8 and to 10. EM zoledronate had no effect on MMP-8 ex-
MMP-13) pression level at day 2 and 3, 100 pM zoledronate

significantly caused MMP-8 up-regulation at day 3 in
PC3 cells (Fig. 3A). Despite the tendency to increase in
MMP-8 expression in 100 pM zoledronate-treated
cells at day 2, this increment did not attain a signifi-

To test the inhibitory effect of zoledronate on
collagenases, we investigated the alterations of
MMP-8 expressions in zoledronate-treated PC3 cells
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cant level (Fig. 3A). Western blotting was confirmed
by immunoscoring data for MMP-8 at day 3, which
showed that 100 pM zoledronate significantly in-
creased MMP-8 expression at day 3 in PC3 cells (Fig.
3B). 100 pM zoledronate also caused up-regulation in
mRNA levels of MMP-8 at day 3 in these cells (Fig.
30).

To test whether zoledronate may differentially
modulate different collagenase enzymes, we also
studied mRNA levels of MMP-13 by performing
RT-PCR analyses. Distinctively from the effects of
zoledronate on MMP-8, MMP-13 mRNA levels were
not affected by 100 pM zoledronate treatment at day 3
(Fig. 3D).

These results indicated that zoledronate affects
each collagenase enzyme (collagenase 2; MMP-8 and
collagenase 3; MMP-13) differently.

Effects of zoledronate on type | procollagen
mMRNA levels and expressions

In order to analyse the effects of zoledronate on
TIP as the precursor of Type I collagen, we designed a
series of experiments and studied the effects of
zoledronate on protein and mRNA levels of TIP. 100
uM zoledronate caused down-regulation of protein
and mRNA expressions of TIP, but 10 uM zoledronate
did not change these levels at day 3 (Fig. 4A). Simi-
larly, immunocytochemical analyses confirmed these
evidence completely in 100 uM zoledronate-treated
cells at day 3 (Fig. 4B). 100 pM zoledronate also su-
pressed mRNA levels of TIP in PC3 cells at day 3 (Fig.
4QC).

Effects of zoledronate on Ras/ERKI1 and
PI3K/AKT signalling pathways and PCA-1 in
PC3 cells

Collagen binding to DDRs triggers several
downstream signalling pathways that can regulate the
expression and proteolytic activity of MMPs in cancer
cells. In this study, we addressed the question
whether down-regulation of MMP expression by
zoledronate  correlates  with  inhibition  of
DDR-initiated signalling pathways including prosur-
vival Ras/Raf/ERK MAP kinase and PI3K/AKT cas-
cades in PC3 cells. We therefore investigated the ef-
fects of 100 pM zoledronate on mRNA expressions of
proto-oncogenes K-Ras 4A, K-Ras 4B and prosurvival
genes, ERK1, AKT-1 and antiapoptotic BCLX at day 3.

The results showed that 100 pM zoledronate
down-regulated mRNA levels of both isoforms of
K-Ras; K-Ras 4A and K-Ras 4B (Fig. 5). Zoledronate
also caused significant inhibition on the mRNA levels
of ERK1, AKT-1 and BCLX (Fig. 5).
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Fig. 4. Effects of 10 or 100 uM zoledronate treatment on protein and
mRNA expressions of TIP. A) TIP expression on western blot at day 2 or 3
and representative western blots. Relative expression of TIP were expressed as
mean = S.EM. (n=4) * P < 0.05 C versus Z100; ++ P < 0.01, Z10 versus Z100;
Paired Student’s t-test. B) Immunopositivity scores of TIP and representative
photomicrographs of PC3 cells stained with TIP antibody. Immunpositivity
scores were expressed as mean = SEM. (n=4) ** P < 0.01 C versus Z100
Chi-square test. C) TIP mRNA expressions at day 3. mRNA fold changes were
expressed as mean * S.E.M. (n=4) ** P < 0.01 C versus Z100, Paired Student’s
t-test. TIP: Type | procollagen, C: Control, Z10: 10 uM zoledronate, Z100:
100 uM zoledronate.
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Fig. 5. Effects of 100 uM zoledronate treatment on mRNA expres-
sions of KRAS 4A, KRAS 4B, AKT-1, ERKI, BCLX, PCA-1, JNKI and
p38. Real-time PCR was performed on reverse-transcribed RNA isolated from
control and 100 puM zoledronate-treated cells at day 3. mRNA fold changes
were expressed as mean * S.E.M. (n=4) * P < 0.05, ** P < 0.01, *** P < 0.001, C
versus Z100 Paired Student’s t-test. C: Control, Z100: 100 yM zoledronate.

We also examined the effects of zoledronate on
PCA-1 mRNA levels as a potential marker gene for
prostate cancer. Our results demonstrated that
zoledronate supressed PCA-1 mRNA levels (Fig. 5).
The evidence is consistent with decreased mRNA
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levels of antiapoptotic BCLX and indicates that
zoledronate alleviated the aggressiveness of prostate
cancer in association with inhibition of PCA-1 pro-
duction.

Effects of zoledronate on JNKI1 and p38 signal-
ling pathways in PC3 cells

We considered the potential regulatory roles of
other MAP kinase family members; JNK and p38 in
DDR-induced MMP up-regulation in PC3 cells. To
determine whether zoledronate inhibits JNK and p38
expressions, we assessed mRNA levels of these two
MAP kinase enzymes in 100 pM zoledronate treated
cells and control cells at day 3. 100 pM zoledronate
changed neither JNK nor p38 mRNA expressions in
PC3 cells at day 3 (Fig. 5).

Discussion

In the present study, we studied the possible ef-
fects of zoledronate in PC3 prostate cancer cell line. In
the light of the evidence from the previous studies on
N-BPs, we hypothesized that zoledronate can
down-regulate MMPs in PC3 cells and DDR1/DDR2
signalling, downstream pathways may have a role in
MMP inhibitory effect of zoledronate. Thereby, we
have here assessed the expression of DDRs and
gelatinases (MMP-2 and MMP-9), and major colla-
genases MMP-8 (collagenase-2) and MMP-13 (colla-
genase-3) in the presence or absence of zoledronate in
PC3 cells for 2-3 days. We demonstrated that
zoledronate inhibits DDR1/DDR2 signalling path-
ways and down-regulates MMP-2 and -9 expression
and activities in PC3 cells.

Previous studies similarly have shown the in-
hibitory effects of N-BPs on the regulation of MMP
synthesis and activity in various types of cancers. In
an early study in bone metastatic prostate cancer cell
line subclone PC3 ML cells, alendronate was shown to
markedly reduced MMP-2 and -9 secretion [26]. Be-
sides, a subsequent study demonstrated that alen-
dronate reduced mRNA level and cellular level of
MMP-2 in osteosarcoma cell lines dose-dependent
manner [27]. In another study in osteosarcoma cell
lines SaOS-2 and U20S, risedronate which is a N-BP
reported to inhibit expression and activity of MMP-2
and -9 and tumor cell invasion [28]. Accordingly,
zoledronate was shown to induce down-regulation of
MMP-2 and -9 activities and to inhibit cell invasion
and lung metastasis in Euwing’s sarcoma cell line
[29]. In addition, another study in two breast cancer
cell lines (MDA-MB-231 and MCEF-7) with different
metastatic potentials showed that zoledronate sup-
pressed the expression of MMP-2, -9, the membrane
type MT1- and MT2-MMP and prevented migration
and invasion of cancer cells [20].

Surprisingly, we found that zoledronate mark-
edly induced up-regulation of MMP-8 expression but
did not change MMP-13 expressions in PC3 cells. In-
terestingly, MMP-8 was demonstrated to have pro-
tective role in cancer through its ability to reduce the
metastatic potential of malignant cells in mice and
human [30]. Similar beneficial effects of MMP-8 in
cancer and metastasis were observed in breast cancer,
tongue cancer and lymph node metastasis [31-33]. A
recent study indicated that HGF (hepatocyte growth
factor) variants inhibit proliferation, migration and
invasion by inducing MMP-8 up-regulation and
MMP-9 down-regulation in A549 human lung cancer
cells [34]. Conversely, MMP-13 overexpression was
demonstrated to induce tumor growth, invasion, and
metastasis in numerous studies [35]. Despite to the
diverse profile of effect, expression of both colla-
genases was shown to regulate by DDR receptors in
several studies [36, 37].

In this context, we revealed first time that
zoledronate stimulates an up-regulatory expression of
MMP-8 which has a protective role against cancer in
PC3 human prostate cancer cells. This effect also may
contribute to the useful effects of zoledronate in the
cancer therapy.

Unlike to our data regarding MMP-13, limited
studies reported that N-BPs induces down-regulation
on MMP-13 expression in cancer [38]. Various effects
of zoledronate on MMP-8 and MMP-13 suggest that
each collagenase has different expression pattern and
substrate specify, and zoledronate affect each colla-
genase divergently. However, further investigations
on MMP-8 will broaden our knowledge of the ex-
pression pattern and mechanisms regarding anti-
cancer role of this collagenase.

The regulatory role of DDR signalling pathways
in cancer progression was demonstrated in numerous
cancer types [7, 8]. In this study, we showed for the
first time that zoledronate as the most potent
bisphosphonate inhibits both DDR signalling in PC3
cells. This result pointed out the essential role of
DDRs as novel therapeutic targets in the treatment of
prostate cancer and also indicates that zoledronate
down-regulates MMP expression at least partially by
inhibiting DDR1 and 2 signalling and downstream
pathways in PC3 cells.

The Ras family consists of four distinct Ras pro-
teins (H-Ras, N-Ras and K-Ras splice variants:
K-Ras4A and K-Ras4B). Ras protein mutations are
associated with the activation of several effector
pathways which mediate cell proliferation and ma-
lignancy [9, 39]. DDR signalling was reported to initi-
ate several downstream regulatory pathways includ-
ing Ras/ERK MAPK and PI3K/AKT cascades in the
cancer process [3, 8]. Furthermore, N-BPs were
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demonstrated to inhibit Ras/ERK MAPK and
PI3K/ AKT signalling pathways in human cancer cells
[24, 40].

To explore whether zoledronate inhibit
DDR-initiated downstream pathways which cause
stimulation of MMP expression under our experi-
mental conditions, we examined the effects of
zoledronate on Ras/ERK MAP kinase and PI3K/AKT
pathways and antiapoptotic BCLX expression. This
finding suggest that inhibition of DDR1/DDR2 sig-
nalling and DDR-initiated downstream prosurvival
Ras/Raf/ERK and PI3K/AKT signalling pathways
may associate with MMP-2 and MMP-9
down-regulation caused by zoledronate.

We also assessed the effects of zoledronate on
mRNA levels of JNK and p38 genes from MAPK
pathway in PC3 cells. We found that zoledronate did
not affect mRNA levels of JNK and p38 genes. Simi-
larly, a study on human gastric cancer cell line,
SGC7901 reported that a new bisphosphonate deriva-
tive, CP induces gastric cancer apoptosis via activa-
tion of ERK1/2 signalling without affecting JNK and
p38 signalling pathways [41].

However, a few studies demonstrated that NBs
induce p38 signalling in cancer cells [42, 43].

According to our findings, zoledronate seems to
inhibit DDR activation, without affecting JNK and p38
signalling pathways in PC3 cells. However, this find-
ing needs further investigations, since we have not
examined protein expressions of JNK and p38.

Furthermore, we examined the effects of
zoledronate on PCA-1 expression in the present
study. PCA-1 was recently described as potential
marker gene for prostate cancer. High expression lev-
el of PCA-1 was notified to be positively correlated
with invasiveness and severity of cancer [44]. In a
study in DU145 prostate cancer cells, it was reported
that PCA-1 transfection to the cells caused to increase
the levels of both antiapoptotic BCLX and DDR1,
which makes cell more invasive through MMP-9
up-regulation [45]. Similarly, in this study we
demonstrated that zoledronate down-regulated
PCA-1 mRNA expressions associated with mRNA
expressions of BCLX and MMP-9 in PC3 cells. Simi-
larly, Shimada et al. revealed that knockdown of the
PCA-1 gene induced apoptosis through reducing
BCLX expression in PC3 cells [45]. Furthermore, it
was reported that PCA-1 regulates activity of DDR1
downstream pathway and PCA-1/DDR1 axis closely
involved in malignant potential of andro-
gen-independent prostate cancer cells [45]. In the line
of these evidences, our results indicate that
zoledronate may induce apoptosis of cancer cells and
suppress invasion by inhibiting PCA-1 expression in
PC3 cells.

To our knowledge, type I collagen is the most
abundant fibrillar collagen and the component of
bone matrix in mammals [35]. In the present study,
we therefore evaluated the effects of zoledronate on
type I procollagen in PC3 cells since collagen is the
unique ligand of DDRs. Our results showed that
zoledronate inhibited type I procollagen expression in
parallel with DDR expression. Similarly, alendronate
was reported to decrease plasma collagen levels in
bone metastatic prostate cancer cell line PC3 ML
cells-injected mice [26]. Our results suggest that while
zoledronate inhibits activation of DDRs by collagen, it
also prevent bone resorption and metastasis.

Although in vitro studies suggest that
zoledronate may be efficient in prostate cancer, evi-
dences from clinical studies are controversial. A clin-
ical study reported that long-term zoledronate treat-
ment reduces skeletal complications and attenuates
bone pain in patients with bone metastases secondary
to hormone-refractory prostate cancer. In the same
study, researchers also stated that zoledronate is only
the bisphosphonate to show significant reduction in
skeletal complications [46]. Yuen et al reviewed clini-
cal trials on prostate cancer patients with bone me-
tastasis and reported that there was no difference
between the treatment and the control groups in
prostate cancer death, disease progression, radiologi-
cal and PSA response [47]. Similarly, a study on pa-
tients with castration-sensitive prostate cancer and
bone metastases reported that zoledronate did not
affect the risk of skeletal-related events [48]. On the
other hand, another recent study (ZEUS: Zometa Eu-
ropean Study) demonstrated that zoledronate is inef-
fective for the prevention of bone metastases in high
risk prostate cancer patients at 4 year [49]. However,
further clinical and in vitro studies which enlighten
the role of DDRs and MMPs in different stages of
disease may increase the therapeutic value of
bisphosphonates in the treatment of prostate cancer.
While clinical trials of specific inhibitors for MMPs
were unsuccessful in various cancers, knowledge of
MMP functions in cancer has gradually increased in
the last decade. Recent studies focused on novel reg-
ulatory roles of MMPs in cancer progression may
cause to more effective therapeutical use of MMP in-
hibitors in cancer therapy in the future [50].

Taken together, the results from this study may
provide new insights into the functions of DDR sig-
nalling and downstream pathways as novel thera-
peutic targets in the regulation of MMP expressions
during the cancer cell invasion and metastasis. Our
data may also add more learnings to underlying
mechanisms of the anticancer effects of zoledronate in
prostate cancer progression.
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