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Abstract

Prostate cancer metastases to bone are obserasalimd 80% of prostate cancer patients and

represent the most critical complicatiohadvanced prostate cancer, frequently resulting i

significant morbidity and mortality. As the underlg mechanisms are nfoilly characterized,

understanding the biological mechanisms that gopesatate cancer metastases to botigeat

molecular level should lead to the determination@# potential therapeutic targets. Receptor

Activator of NFkB ligand (RANKL)/RANK/Osteoprotegerin (OPG) are they regulators of

bone metabolism both in normal and pathologicalddan, including prostate cancer bone

metastases. In the present study, we demonsttaeduman prostate cancer cell lines, DU145

and PC3 express biologically functional RANK. Indesoluble human RANKL (shRANKL,

100ng/ml) treatment induced ERK 1/2, p38 a8 phosphorylations in these cells. ShRANKL

administration also promoted DU145 and PC3 prostateer cell invasiom vitro. Whereas

human OPG (hOPG) administration alone (100ng/mkl ha marked effect, combined

association of both agents abolished the RANKL-getiDU145 cell invasion. As RANKL

had no direct effect on DU145 cell proliferatiohgetobserved effects were indeed related to

RANKL-induced cell migration. DU145 human prostate cancer cells promoted

osteoclastogenesis of osteoclast precursors gedefiamim mouse bone marrow. Moreover,

DU145 cells produced soluble factor(s) that up-teiguthe proliferation of MC3T3-E1

pre-osteoblasts through the activation of the ERKahd STAT3 signal transduction pathways.



This stimulation of pre-osteoblast proliferationsutted in an increased local RANKL

expression that can activate both osteoclast/dst&qarecursors and prostate cancer cells, thus

facilitating prostate cancer metastasis developnreftone. We confirm that RANKL is a

factor that facilitates metastasis to bone by gcas an activator of both osteoclasts and

RANK-positive prostate cancer cells in our modeirtRermore, the present study provides the

evidence that blocking RANKL-RANK interaction offaew therapeutic approach not only at

the level of bone resorbing cells, but also byrieteng with RANK-positive prostate cancer

cells in the prostate cancer bone metastasis daveliot.



Key words: RANK, RANKL, prostate cancer, migration, bone ns¢ésis



I ntroduction

Prostate cancer is the most common malignancy dsaghin males and is currently

the major leading cause of cancer death among et].[Prostate cancer metastases to bone

are observed in around 80% of prostate cancer npatiend represent the most critical

complicationof advanced prostate cancer, frequently resultmgignificant morbidity and

mortality [1, 2]. Unlike other solid tumors thatasissociated with osteolytic bone metastases,

prostate cancer bone metastagesulate an overall increase in both bone remodgiind

bonevolume [3]. In contrast, recent findings stronglyggest the importance of osteoclast

function [4-9]; however the mechanisms underlirntingse processes are not fully determined.

Therefore, understanding the biological mechanigrasgovern prostate cancer metastases to

bone at the molecular level and elucidation of ititeractions among the factors involved

should lead to the determination of new potenhtiatapeutic targets.

Receptor activator of NKB ligand (RANKL)/RANK/Osteoprotegerin (OPG)

represent the key regulators of bone metabolisth bohormal and pathological condition,

including prostate cancer bone metastases [10RANKL has been shown to both activate

mature osteoclasts and mediate osteoclastogenmegdtseipresence of macrophage-colony

stimulating factor (M-CSF) [12, 13]. RANKL is pre#ntially expressed on committed

pre-osteoblastic cells, whereas its specific remeRRANK is expressed on hematopoietic

osteoclast precursors [14, 15]. OPG also produgeasteoblast lineage cells acts as a decoy



receptor and inhibits osteoclast formation, funct@md survival by preventing the binding of

RANKL to its receptor RANK [10]. Recent data strongevealed the significant involvement

of the RANKL/RANK/OPG system in metastatic bone @andiseases, including prostate

cancer bone metastases [16]. Indeed, current stubieve disclosed that blocking

RANKL-RANK interaction prevents the progression pfostate cancer in bone [6-9].

Furthermore, an increased expression of OPG andKRANMere reported in prostate cancer

bone metastases [17, 18]. As OPG is also a decept@ for TNF-related apoptosis-inducing

ligand (TRAIL), it exerts inhibitory effect on TRAlinduced cancer cell apoptosis and OPG

thus represents a survival factor for prostate eamzlls [19]. RANK expressed on

osteoclast/osteoclast precursors has been largsgrided as a key receptor that control

osteoclast differentiation, activity and survivaP[ 14, 15, 20]. However, we and others have

demonstrated the expression of functional RANKhatgurface of tumor cells that develop in

bone, including a mouse osteosarcoma cell line,-P@A., 22]. These recent findings bring

new insights in the vicious cycle theory betweenécesorbing cells and cancer cells [23].

Indeed, it has been suggested that cancer celiBipeosoluble factors that activate directly

(RANKL) or indirectlyvia osteoblasts (Parathyroid Hormone-related Protetarleukin 8...)

osteoclast differentiation and maturation [24]. iDgrthe bone resorption, osteoclasts liberate

growth factors stocked in the mineralized bone mafinsulin-like Growth Factor-1,

Transforming Growth Factds; Fibroblast Growth Factor ...) that can further aatie cancer



cell proliferation [25]. This vicious cycle has Imegroposed to explain the tumor development

in bone sites.

Previous studies reported that OPG expression tstgte cancer cells [8] and more

recently RANK expression by cancer cells [21, 2Rgse all findings therefore led us to

elucidate the molecular mechanisms underlying ptestancer bone metastases and the

therapeutic relevance of RANKL/RANK/OPG triad ireie processes, using DU145 and PC3

human prostate cancer cell lines.

Materials and Methods

Cedll culture

Human prostate cancer cell lines (DU145 and PCB8jewobtained from the

American Type Culture Collection (ATCC, USA). MC3E3, a mouse calvaria-derived

pre-osteoblast cell line was obtained from the RNKEell Bank (Tsukuba, Japan). DU145

and MC3T3-E1 were cultured in Dulbecco's Modifiedgle's Medium (DMEM) (Bio

Whittaker, Verviers, Belgium) and PC3 in F12 mediyimvitrogen, Eragny, France),

respectively supplemented with 10% fetal bovineise(FBS, Hyclone, France), at 37°C in a

humidified atmosphere (5% GO95% air).

Characterization of human prostate cancer cell lines



- RNA extraction and RT-PCR analysis

Total RNA was extracted from human prostate canekidines using TRIzol reagent

(Invitrogen) following manufacturer’'s recommendatioFirst, RNA (5ug) was reverse

transcribed (RT) into cDNA using 400 U MMLV-RT (litkogen) and 0.5ug random primers

(Promega, Madison, USA). Two microliters of the Rbducts were subjected to PCR using

1.25 U of Ampli Taq Gold (Applied Biosystems, Foster City, USA) and topsm and

downstream primers (20pmol each) to determine ttession of human OPG (hOPG)

[5’-gctaacctcaccttcgag-3' (sense), 5'-tgattggacttégg-3’ (anti-sense)], human RANK

(hRANK) [5'-ttaagccagtgcttcacggg-3’ (sense), 5-&gaccacgatgatgtcge-3’ (anti-sense)),

human RANKL (hRANKL) [5’-gccagtgggagatgttag-3’ (=), 5'-ttagctgcaagttttcce-3’

(anti-sense)], human interleukin  (hIL)-6 [5’-aaageactggcagaaaa-3’°  (sense),

5’-aaagctgcgcagaatgagat-3°  (anti-sense)], hlIL-11-c{@agcctgtggccagata-3’  (sense),

5’-gcccagtcaagtgtcaggtg-3’ (anti-sense)], human  ostatin M (hOSM)

[5’-ataggcagctgctcgaaaga-3’  (sense), 5’-actgagigeafcgatg-3’ (anti-sense)], human

leukemia inhibitory factor (hLIF) [5’-accagatcaggagactg-3’ (sense),

5’-gttgacagcccagcttcttc-3'  (anti-sense)] and 18S$-tdéagaacgaaagtcggaggtc-3’' (sense),

5'-ttattgctcaatctcgggtggcet-3’  (anti-sense)]. Theerthal cycle profile was as follows:

denaturation for 30 seconds at 95°C, annealing3fbiseconds at 58°C (hRANKL), 60°C

(hOPG) and 62°C (hIL-6, hIL-11, hOSM, hLIF and 1883pectively, or 4 minutes at 68°C



(hRANK), and extension for 60 seconds at 72°C. Aftee number of PCR cycles was
increased, a plot was done for each sample and/the values corresponding to the linear part
of the amplification curve were determined and usequantify the messages versus the 18S
signal determined in the same way. The cycle numisexd was 40 cycles for hRANK,
hRANKL, hOPG, hIL-11, and hOSM, 35 cycles for hiLaéd hLIF, and 20 cycles for 18S,
respectively. The PCR products were electrophoreset?o agarose gel containing ethidium

bromide. The mRNA levels of each gene were stamizado 18S levels.

- Immunocytochemistry

The analysis of RANK expression at the protein llexe prostate cancer cells was
performed by cytospin preparation and immunocytotulgy staining. After trypsin treatment,
cells were suspended in phosphate buffered s#HB8 (Bio Whittaker) at 400 x i@ells/ml,
centrifuged for 4 minutes at 600 rpm on glass sli@&ytocentrifugeuse Shandon Cytospin 3,
Thermo Electron Corporation, France) and fixed bgtane. The cytospin slides were then
stained by immunocytochemistry. Endogenous pergeidativity was blocked using 3%®h
in distilled water, then the slides were incubateith a human anti-RANK monoclonal
antibody (1:5 dilution, Santa Cruz Biotechnologyd,@JSA) overnight at 4°C, then with a
biotin-labelled secondary antibody (1:200 dilutidRockland immunohistochemicals Inc.,

Gilbertsville, PA, USA). Cytospin slides were thauwbjected to avidin-conjugated peroxidase



(Sigma-Aldrich, St. Louis, MO, USA). Finally, peroase activity was detected using a

commercially available kit (AEC staining kit, SigrAddrich), and the sections were

counterstained with hematoxylin. Negative contholes were prepared by incubating sections

with PBS instead of the primary antibody.

Signal transduction analyses by Western Blot

DU145 and PC3 cells were grown in a 6-multiwelkglantil 70-80% of confluence in

their respective growth medium. Then, DU145 and €& were washed three times with

their respective culture medium and cultured irusefreerespective culture medium for 24

hours before being incubated for 2, 5, 10, 1568(nd 120 minutes in the absence or presence

of 100ng/ml soluble hRANKL (shRANKL, kindly provideby Amgen Inc., Thousand Oaks,

USA). Both cells were then lysed in ice-cold buffiaCl 150mM, Tris 50mM, Nonidet P-40

1%, sodium deoxycholate 0.25%, NaF 1mM, NaVAnM, leupeptine 10mg/ml, aprotinin

10mg/ml, PMSF 0.5mM). Total amount of proteins wigsermined in each sample using a

bicinchominic acid (BCA, Sigma) based procedureefBr, 10ul of cellular lysis or standard

bovine serum albumin (BSA) solution were addedd02 of reagent (Copper Il solution 1/50

diluted in bicinchominic acid) and incubated for Bfhutes at 37°C. Optic density (OD) was

determined at 570 nm as well as the protein conaeoih compared to the standard curve using

a Wallac 1420 VICTOR 2 ™ multilabel counter (Perkimer, MA, USA). The same amounts
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of proteins were resolved on 10% SDS-polyacrylangeé electrophoresis (PAGE), and
transferred to a poly vinydilene fluorure (PVDF) migane(Millipore, Bedford, MA, USA).
The levels of phosphorylated forms of ERK 1/2 (T0#'yr204), p38 (Thr180/Tyr182)xB
(Ser32) (Cell Signaling Technologies, Beverly, M4SA), and total forms of ERK 1/2 (Cell
Signaling Technologies), p38 (R&D systems, MN, USAB (Tebu-bio, Le Perray en
Yvelines, France) were detected by respective Bpeauitibodies (Ozyme, Saint-Quentin en
Yvelines, France) in PBS, 0.05% Tween 20, 3% BSAd aevealed using the BM

Chemiluminescence Western Blotting Substrate (Réghgied Science, IN, USA).

Migration analyses by dit assay

DU145 and PC3 cells were seeded at the densitpof 4G cells per well into a
24-multiwell plate, and cultured in their respeetoulture medium supplemented with 1% FBS.
At the time of confluence, both cells were incubatethe absence or presence of ShRANKL (5
and 100ng/ml) for 24 hours. Then, a slit was maatezbntally with a white tip at the centre of
each confluent well, the medium was changed a#atlg rinse and cells were cultured for 24
hours with or without shRANKL (5 and 100ng/ml). hGRkindly provided by Amgen Inc.,
100ng/ml) alone or combined by pre-incubation vattRANKL (ShRANKL:hOPG ratio of
1:5) were used in the same manner. Cell invasioimeslit of the confluent well was assessed

in each condition by light microscopy. The effetadMEK/ERK inhibitor (UO126, 10uM), a
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p38 inhibitor (SB 203580, 10uM) and a MB- translocation inhibitor (SN 50, 18uM)
(Calbiochem, CA, USA) were tested in the same ewpertal conditions. These inhibitors
were added 2 hours before the incubation with shRIANr hOPG and maintained during the

culture period at the indicated concentration.

Time lapse assay
DU145 cells were seeded at the density of 40%c#ls per well into a 6-multiwell

plate, and cultured in DMEM supplemented with 1%SEBEn the absence or presence of
100ng/ml shRANKL. Phase-contrast photographs (Legarmany) were taken every 10
minutes during 24 hours and edited using the Metpmaoftware. The number of cell
divisions was then manually counted and the peageniof cell division was determined
according to the following formula: number of aéivision/original cell number x 100 (%). To
control DU145 cell invasion, a slit assay was pented as previously described using a
6-multiwell plate and DU145 cells invasion on thievgas monitored during 24 hours (Leica).
To measure the magnitude of RANKL-induced cell Biga on the slit, each slit was divided
into three sections and the cell invasion of eattien was determined during 24 hours. The

total invaded areas of the three sections werssttally compared between each group.

Céll proliferation assays
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- XTT test

DU145 cells were seeded at the density of 2 %cklls per well into a 96-multiwell
plate, and cultured for 72 hours in DMEM supplerednivith 0.5% FBS in the absence or
presence of ShRANKL (5, 50, 100ng/ml). The mediuaswhanged every 24 hours and the cell
proliferation was determined by a XTT based methusihg Cell Proliferation Kit Il (Sigma)
following to the supplier's recommendations. Inefriat the end of the culture, 50ul of XTT
reagent were added in each well, and incubatedu6stad 37°C. Then, OD was determined at

450 nm using a Wallac 1420 VICTOR 2 ™ multilabelicter.

- Trypan blue exclusion

Trypan blue exclusion was used to quantify theleigells. DU145 cells were seeded
into a 24-multiwell plate (5 x facells/well) and cultured in DMEM supplemented wixis to
10% FBS in the absence or presence of 100ng/ml BkRAthen the viable cell number was

counted atday 1, 4 and 7.

Human prostate cancer cell effects on bone cells
- Conditioned medium (CM)
DU145 cells (16cells/cnf) were grown in a 25cfflask until reaching 70-80% confluence

in DMEM supplemented with 10% FBS. Then, cells weashed three times with PBS and the

13



medium was changed to serum-free DMEM in the pr@senabsence of 100ng/ml shRANKL.
After 24 hours, conditioned medium (CM) was colketand centrifuged at 1000rpm for 10
minutes and stored at -80°C until use. The samawelof serum-free DMEM incubated in the

same conditions without cells was used as a co@b(CT CM).

- Osteoclastogenesis

Osteoclast precursors were generated fronwkeeks-old swiss male mice (Janyier
Le Genest Saint Isle, France). Briefly, bone marcells isolated from mice tibiae and femora
were suspended im-MEM (Invitrogen) supplemented with 10% FBS and h&m-essential
amino acid (NEAA) (Invitrogen) and cultured in theesence of 5ng/ml mouse M-CSF (R&D
systems). After 24 hours, non-adherent cells welleated and used as osteoclast precursors.
They were seeded into a 24-multiwell plate®(@élis/well) ina-MEM supplemented with 10%
FBS and 1% NEAA in the presence or absence of 16fiInghRANKL, 12ng/ml mouse
M-CSF, with or without DU145 cells (fcells/well). Direct or separate co-cultures were
performed using 24 well format-culture chambersll(Calture Insert, BD Falcon, NJ, USA).
Half of medium was changed every 72 hours. Aftelays, cells were fixed and stained for
tartrate-resistant acid phosphatase (TRAP) usingl ARRhosphatase kit (Sigma-Aldrich)
following the manufacturer's recommendation, ande tmumber of TRAP-positive

multinucleated cells (> 3 nuclei) were counted igitl microscopy. To identify the RANKL

14



effect through RANK-positive DU145 cells, increasmhcentration of ShRANKL (200ng/ml)

was also tested in the same experimental condition.

- Pre-osteoblast cell proliferation assay

The mouse pre-osteoblast MC3T3-E1 cells were seietied 96-multiwell plate (2.8
x 10° cells/well) and cultured for 72 hours in CT CM®@W from DU145 cellsncubated with
or without 100ng/ml shRANKL supplemented with 5%3-H he medium was changed every
48 hours and the cell proliferation was determinsohg a XTT based method as described
above. As an additional experiment, MC3T3-E1 cekse cultured with or without suramin
(50-500pug/ml, Sigma), a pan growth factor block®fC3T3-E1 cell proliferation was
measured by direct cell counting using the tryplale exclusion method, as suramin interferes
with cell proliferation assays based on mitochaadenzyme activity [26]. Further, to
determine which soluble factor mainly involves it€BIT3-E1 cell proliferation induced by CM
from DU145, neutralizing inhibitors were tested.cAading to the results of RT-PCR and
western blot, we have tested anti-mouse IL-6 rexepitibody (10png/ml) and anti-human LIF
antibody (10pg/ml) (R&D systems). Anti-goat 1gG (dfml, R&D systems) was used as
negative control. These antibodies were pre-inadatith MC3T3-E1 cells or CM from
DU145 according to the antibodies for 1 hour betbeeexperiment and maintained during the

culture period at the indicated concentration.
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- Sgnal transduction analyses by Western Blot

MC3T3-E1 cells were seeded {1g®lls/cnt) into a 6-multiwell plate in DMEM supplemented
with 10% FBS. At 70-80% of confluence, MC3T3-Ellgelere washed three times with
DMEM, cultured in serum-free DMEM for 24 hours, ahen the cells were incubated for 30
minutes with CT CM. MC3T3-E1 cells were then incigabfor 2, 5, 10, 15 and 30 minutes in
the presence or absence of CM from DU145 cellrAfte treatments, cell lysates were
prepared as described above (8 signal transduatialyses) and subjected to western blot
analyses. The induction of the phosphorylated fashSRK 1/2 (Thr202/Tyr204), p38
(Thr180/Tyr182), signal transducer and activatotrafisduction (STAT)1 (Tyr701), STAT3
(Tyr705) (Cell Signaling Technologies), STAT5 (ZYNdH aboratories, Invitrogen
immunodetection, San Francisco, CA, USA) and Alr{33) (Cell Signaling Technologies)
were determined as well as total forms of ERK O8&I[ Signaling Technologies), p38 (R&D
systems), STAT1, STAT3, STAT5 (BD Biosciences, C/SA) and Akt (Cell Signaling

Technologies).

- Alkaline Phosphatase (ALP) activity
Alkaline phosphatase (ALP) activity was determimeMC3T3-E1 cells as previously

reported [27] with slight modifications. Briefly, @B8T3-E1 cells were seeded into a
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24-multiwell plate (5 x 19cells/well) and cultured for 7 days in CT CM or GMm DU145
cells supplemented with 5% FBS and 50ug/ml ascatint (Sigma). At the end of the culture
period, cells were lysed in ice-cold buffer [Na@0mM, Tris 50mM, Nonidet P-40 1%,
sodium deoxycholate 0.25%, NaF 1mM, leupeptine Yfrhgaprotinin 10mg/ml, PMSF
0.5mM]. ALP activity was determined by Enzyline PAit (BioMérieux, Marcy I'Etoile,

France) according to the supplier's recommendations

- Mineralization assay

Alizarin red-S staining was used to detect the mails=d nodule formatiom vitro as
previously reported [27] with slight modificationBriefly, mouse bone marrow cells were
cultured in the absence or presence of DU145 &®ll§4 days ino-MEM containing 1GM
dexamethasone (Sigma), 50ug/ml ascorbic acid (Sigmd 10mM N&3-glycerophosphate
(Sigma) was also added for the last 7 days ofthere. Adherent cells were washed with PBS,
and then fixed in ice-cold 70% ethanol for 1 holthe fixed cells were washed with distilled
water and incubated with alizarin red-S (Merck KG&armstadt, Germany, 40mM, pH 7.4)
for 10 minutes at room temperature. After extensixashing, the presence of mineralized

nodes was revealed by light microscopy.

Statistical analysis
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Represented data are the results of three indepesiiglies at least. Mann-Whitney’s

U test was used to assess differences in experitgnataps.P values less than 0.05 were

considered statistically significant.

Results

Human prostate cancer cell lines DU145 and PC3 express RANK and OPG

The expression of the molecular triad RANKL/RANK/GRvas analysed in both

DU145 and PC3 human prostate cancer cell linesPRR- analyses revealed that both cell

lines were positive for RANK and OPG but negatiweRANKL at the transcript level (Figure

1). We further analyzed major cytokines expressitimat involving tumor-bone cells

cross-talks through STAT3 signal transduction pathvBoth cell lines were positive for IL-6

and LIF; however negative for IL-11 and OSM at ttranscript level (Figure 1).

Immunocytochemical analyses confirmed the posR®&\K expression at the protein level in

DU145 and PC3 human prostate cancer cell lineglynai the cell membrane level (Figure 2).

RANKL induces ERK 1/2, p38 and | kB phosphorylation in RANK-expressing prostate

cancer cdlls

18



As RANK expression was confirmed at the proteinelewe further studied its

functionality by western blot which signalling patétys were activated when RANK-positive

prostate cancer cells were incubated with 100nghRIANKL. Represented results in Figure

3A showed an acute activation of ERK 1/2, p38 ai@iphosphorylation respectively after 5, 2

and 15 minutes incubation as compared to the quvreBng total forms in DU145 cells.

ShRANKL treatment (100ng/ml) also induced acutévatibn of ERK 1/2 phosphorylation in

PC3 cells after 2 minutes incubation; however tlagmnitude was lower than that of in DU145

cells (Figure 3B). These results revealed that RANKable to activate signal transduction

pathways in RANK-expressing prostate cancer callavell as its receptor (RANK) on these

cells is functional.

RANKL stimulates DU145 and PC3 cell migration

In a second set of experiments, we studied whé&A&KL could induce biological

activity in RANK-positive prostate cancer cells, D45 and PC3. Migration experiments

showed that sShRANKL treatment significantly prontbi2U145 cell invasion on the slit made

in the DU145 confluent well compared to that of teatrol group in a dose-dependent manner

(Figures 4A, b and ¢ compared to a). Whereas tegatnvith 100ng/ml hOPG alone has no

marked effect on cell invasion (Figure 4A, d conggkiio a), the combined association of hOPG

with  shRANKL at a shRANKL:hOPG ratio of 1:5 (precubated) abolished the
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shRANKL-induced cell invasion on the slit (Figuré\,4e). Several inhibitors of signal
transduction pathways were then used to determmevpathway was involved in this effect.
Among the specific inhibitors tested, only UO126MEK/ERK inhibitor partially inhibited
RANKL-induced cell invasion (Figure 4A, g comparnedf), whereas other inhibitors tested
showed no significant effects (data not shown). ARRL treatment also induce PC3 cell
invasion on the slit made in the PC3 confluent wethpared to the control group (Figure 4A, i
compared to h); however DU145 cells were more sigagor RANKL treatment. Thus, further
analyses were performed using DU145 cells. Thesiovamagnitude was further quantified by
slit time lapse assay using DU145 cells. The ané#®e slit invaded during 24 hours by DU145
cells were significantly increased in the preseatd00ng/ml shRANKL compared to the
control group (respectively 1.19x2:00.135x10 pnf and 1.04x10+ 0.0588x16 pnt, p=0.02,

Figure 4B).

RANKL does not influence DU145 cell proliferation

Additional experiments were performed to see wheNKL-induced stimulation
of DU145 cell invasion could be the consequencanaifip-regulated cell proliferation. Neither
XTT assay nor manual cell counting could demonsteaty significant difference of DU145

cell proliferation after shRANKL treatment (100nd)nThese results were corroborated by the
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absence of significant difference in the percent#geell division quantified by the time lapse

assay (50.3% vs 52.4%, p=0.56).

DU145 cells produce soluble factor(s) that stimulate osteoclastogenesis

Co-cultures of DU145 cells with osteoclast prectssgenerated from mouse bone

marrow cells were used to analyse the influenqa@dtate cancer cells on osteoclastogenesis.

We demonstrated that DU145 prostate cancer celiegylated osteoclastogenesis around

20% despite the presence of culture chambers ofpr@05) (Figure 5). The similar results

observed with direct contact or separate co-cultuohambers revealed that cell-cell contact is

not necessary for osteoclastogenesis induced bylbdélls. The induction of multinucleated

osteoclasts was not observed in the absence of KRAeven the TRAP-positive

mononuclear cells were scarcely observed. Increab®&RNKL treatment (200ng/ml) has

same effect of DU145 cell-induced osteoclastogenesimpared to 100ng/ml shRANKL

treatment (Figure 5).

DU145 effects on the MC3T3-E1 mouse pre-osteoblastic cell line

- Soluble factor(s) produced by DU145 cells stimulate MC3T3-E1 cell proliferation

When CM from DU145 cells was added to MC3T3-El1s;eil induced a significant

up-regulation of pre-osteoblastic cell proliferatioy more than 100% (p<0.001, Figure 6A).
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CM from DU145 cells incubated with shRANKL has dmni effect on MC3T3-E1 cell

proliferation (Figure 6A). Suramin, a pan-growtlcttar blocker, significantly abrogated the

stimulation of MC3T3-E1 cell proliferation inducedy CM from DU145 cells in a

dose-dependent manner (Figure 6Bhese results demonstrated that prostate cander cel

produce growth factor(s) that are able to stimutlaéepre-osteoblast cell proliferation. Among

neutralizing inhibitors used, anti-mouse IL-6 recemntibody partially abrogated CM from

DU145-induced MC3T3-E1 cell proliferation (Figur€%

- Conditioned medium from DU145 cells activates the ERK 1/2 and STAT3 signal

transduction pathwaysin pre-osteoblast cells

We further studied which signal transduction patyswaere activated in the DU145

cell-induced stimulation of pre-osteoblast cellsliperation. When MC3T3-E1 cells were

incubated in the presence of CM from DU145 cellsuge activation of ERK 1/2 and STAT3

phosphorylations were observed after 2 and 15 re#uespectively (Figure 7).

- Conditioned medium from DU 145 cells does not modulate ALP activity and mineralized

nodule formation in pre-osteoblasts

To see whether soluble factor(s) produced by DUp#dstate cancer cells can

modulate osteoblast activity, ALP activity and maleation assays were studied in
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MC3T3-E1 cells. CM from DU145 cells treatment maetif neither ALP activity nor

mineralized nodule formation in MC3T3-E1 cells @abt shown).

These overall data demonstrated that DU145 humastgie cancer cells are able to

modulate bone cells behaviour by inducing ostetaigshesis and stimulating pre-osteoblast

proliferation through the activation of ERK 1/2 aB@AT3 signal transduction pathways.

Discussion

The present study was designed to better charaetehe involvement of the
RANKL-RANK axis in the regulation of bone cells-@tate cancer cells interactions. First, we
demonstrated the functional RANK expression at shface of DU145 and PC3 human
prostate cancer cells. The functionality of thiseqgtor was further evidenced as the shRANKL
administration promoted human prostate cancerirmedisionin vitro, which was the result of

the increased cell migration rather than the irsgdacell proliferation.

Second, we demonstrated that DU145 cells produdedls factor(s) that act on cells

in bone microenvironment by enhancing mouse preetsast cell proliferation and inducing

osteoclastogenesis. These overall results cleartyodistrate the complex cross-talks between

bone cells and cancer cells during prostate turageldpment in bone.

Because DU145 cells have shown better respons@&MKR treatment compared to

PC3 cells (signal transduction analysis and migratissay), we performed further analyses

using DU145 cells. DU145 cells were known to braietastatic cell line; however amvivo

model of prostate cancer growth in bone by intratimoculation of DU145 cells has been
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established [28]. In this model, an increase in penof osteoclasts cells was observed similar

to PC3 cell model; it is therefore rational to auzal prostate cancer cells-bone cells interaction

using this cell line.

RANK expressed at the surface of osteoclasts ig$isential signalling receptor for

osteoclast differentiation [12, 14, 15, 20]. Howeits expression is not restricted to this cell

type, as it was also observed in other tissue dwetumammary gland [29], lung [20], brain

[20], kidney [20] and hypertrophic chondrocytes][I®ecently, functional RANK expression

on tumor cells was reported by our laboratory @1id others [22, 30]. Indeed, we have recently

reported the expression of functional RANK in POBwduse osteosarcoma cells [21]. In these

RANK-expressing cells, RANKL induced the expressmBMP-2 and slightly inhibited

osteosarcoma cell proliferation [21]. Moreover, RANXpression was confirmed in other

osteosarcoma cell lines from human origin (MG63s52 and MNNG-HOS) together with

some human osteosarcoma specimens in both aatisetipt and protein levels (Mori & al.

submitted). In addition, Jones al. have more recently reported the expression daftional

RANK on human breast cancer (MDA-MB231, Hs578T, M, Fhuman prostate cancer

(LNCaP, DU145) and mouse melanoma (B16F10) cekslif30]. As we demonstrated

RANKL-induced RANK-positive DU145 cell migration ithhe present study, Jonetsal. also

observed RANKL-triggered migration of RANK-exprasgihuman epithelial cancer cells and

melanoma cells.
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The biological functionality of RANK has been alsvealed through the activation

including ERK 1/2, p38 ankB pathways, the most reported pathways in thealitee [31], in

response to RANKL. However, the result of RANKL-uzeéd migration of DU145 cells is only

partially mediated by the MEK/ERK pathway suggestime involvement of other down stream

signalling pathways that remain to be determined.

Although both DU145 and PC3 human prostate carelés did not express RANKL

at the transcript level in oun vitro condition, RANKL is abundant in bone environmehts

being able to bind to RANK expressed on prostate@acells in a paracrine (soluble RANKL)

and/or juxtacrine (membranous RANKL) manner. Then@fRANKL has two potential targets

in this tumoral bone environment (Figure 8): on@s$eoclasts/osteoclast precursors and the

other is RANK-positive prostate cancer cells. RANKkough its binding to RANK expressed

on osteoclast/osteoclast precursors increasesctestdo activity leading to bone degradation

that allows the release of tumor-supportive grofatttors stocked in the bone matrix. These

factors stimulate the vicious cycle that takes @laetween osteolytic process and tumor

development in bone site [32]. The bone degradatiay also provide enough space for

subsequent RANK-positive prostate cancer cell niigneenhanced by RANKL. Thus, RANK

expressed on both osteoclasts and prostate caglseindumoral bone microenvironment has a

propensity for prostate cancer bone metastasidaj@went by synergic effect. Indeed, despite
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its overall osteoblastic profile, recent evidenseggested the significant involvement of

osteolytic lesion preceding osteoblastic prostatecer bone metastasis development [4-9].

The RANKL/RANK/OPG triad represents the key regoitadf bone metabolism in

both normal and pathological condition [10]. Rederdings strongly suggested the significant

involvement of this triad as therapeutic targetpriostate cancer bone metastasis [6-9, 11, 30].

Indeed, it has been reported that two cytokines; @Rd soluble RANK (sRANK)-Fc blocked

RANKL activity and significantly diminished proseatancer progression in bone tissue [6, 7,

9]. In these studies, the effect of such cytokiisemdirect on tumor progression as OPG or

SRANK-Fc did not exert direct effect on tumor grbvaeind viabilityin vitro. Moreover, Zhang

et al. failed to demonstrate OPG-/sRANK-Fc-induced tuncetl growth inhibition in

non-osseous tissue (subcutaneans)ivo [6, 7]. These results suggested that the tumor cell

growth inhibition induced by OPG or sSRANK-Fc wasdiaedvia the bone microenvironment

rather than the direct effect on tumor cells [6,THe results of the present study provide the

evidence that RANKL can directly affects RANK-pogit prostate cancer cells by inducing

their migration. To reveal visible RANKL-induced gstate cancer cell migration, it is

necessary to provide enough space where they caateniin bone tissue, RANKL can activate

osteoclasts/osteoclast precursors that initiate lo@gradation, providing such space for tumor

cell migration. Thus, the previously reported OPG-/sRANK-Fc-indudeanor growth

inhibition might be partially due to the directeét on the RANK-positive prostate cancer cells
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by reducing RANKL-induced tumor cell migration. Th#ore, a therapeutic approach using

exogenous OPG or sRANK-Fc administration may beyesigd even if they don’t affect cell

proliferation or survival, because these agentddcmhibit tumor cell migration. This effect

could be additional to the direct inhibition of lgoresorption, leading to a resultant decrease of

tumor growth.

Alternatively, we investigated the role of prosta@i@ncer cells on osteoclast and

osteoblast cells. Using osteoclast precursors g&terfrom mouse bone marrow cells, we

demonstrated that DU145 cells secreted solubleorfi@)t that increase RANKL-mediated

osteoclastogenesis by around 2046wever, Inouest al. have reported that DU145 cells can

significantly induce osteoclastogenesis through RAMependent and -independent

pathways [5]. The likely explanation of this digza@cy between their results and ours may be

due to the different culture condition. In the gmesstudy, increased number of TRAP-positive

multinucleated osteoclasts was observed in direatuiture compared to separate co-culture

using culture chamber. Different microenvironmestised by culture chamber in our system

(i.e., fluid stress, CQsupply etc,) was suspected the reason for thisepancy. Indeed, it has

been reported that oscillatory fluid flow-inducdukar stress modify RANKL/OPG ratio and

resulted in a decrease in osteoclast formation J&8restingly, it was able to observe that CM

from DU145 cells significantly up-regulated MC3T3-Eell proliferation and activated ERK

1/2 and STAT3 signal transduction pathways withm#rked change in MC3T3-E1 cell
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differentiation. No marked effect of RANK&ia RANK-positive DU145 cell on pre-osteoblast

proliferation and osteoclastogenesis was obsersduramin, a pan growth factor blocker,

inhibited MC3T3-E1 cell proliferation induced by Civbm DU145 cells, it can be suggested

that DU145 cells produce more than one kind of ghofactor that up-regulate MC3T3-E1

proliferation Therefore, further studies are performed to idgnthe pre-osteoblast

proliferation promoting factor(s) secreted by DUX#Hs. The results of pre-osteoblastic cell

proliferation assay with neutralizing inhibitorglinated that IL-6 secreted by DU145 cells has

a partial role in DU145-induced MC3T3-E1 cell pfetation, however further studies are

needed to identify other pre-osteoblast proliferatpromoting factor(s) secreted by DU145

cells. IL-6 has long been considered as an ostequtdge factor; however recent data indicate

that IL-6 could influence osteoblastic cells, esgcin the presence of soluble IL-6 receptor

[34, 35]. It has been reported that DU145 notahlgnaented the secretion of soluble IL-6

receptor in certain condition [36]. Interestingly,has been reported that IL-6 contribute

prostate cancer cell growth and IL-6 blockade aatdeprostate cancer growth inhibition [37,

38]. Thus, IL-6 blockade is able to interfere wttle vicious cycle in tumoral bone environment

by not only induce prostate tumor regression, bsb &nhibit prostate cancer cell-induced

pre-osteoblast cell proliferation.

Furthermore, it has been recently reported thatf@ivh DU145 cells increases the

local RANKL/OPG ratio by stimulating RANKL expressi without any change in OPG’s [5].
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Thus DU145 cells may stimulate both osteoclast RAHIK-positive prostate cancer cells in

tumoral bone environment by increasing local RAN&tpression, resulting in activation of

the vicious cycle (Figure 8).

These findings are all consistent with a high trefgrostate cancer metastases to

bone. Since Paget has suggested his “seed andrsmly [39], the factors involved have been

unknown for a long time. However, the unique anatahstructure of bone marrow vessels has

been suggested to represent one of the factorgdnatibute to “seed” tumor cells into bone

environment. A positive correlation has been reggbldetween constant expressions of RANK

with decreased/absent expression of RANKL and d mgetastatic phenotype in breast

carcinoma [40]. Taken together, we suggest that RANSsitive cells are starving RANKL and

preferentially attracted by RANKL rich bone enviment, where RANKL acts as a ‘soil’

factor that facilitates bone metastases developmmeattivating both kinds of RANK-positive

cells (osteoclast/osteoclast precursors and peostatcer cells). However, further studies are

needed to determine how RANKL is involved in theruetment of RANK-positive tumor cells

to bone environment.

In conclusion, the present study reveals the eweléhat blocking RANKL-RANK

interaction offer new therapeutic approach not @lthe level of bone resorbing cells, but also

by interfering with RANK-positive prostate cancetls in the bone metastasis development.
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Figurelegends

Figure 1. Human prostate cancer cells DU145 and PC3 express OPG, RANK, IL-6 and

LIF at the transcriptional level. The expression of Receptor Activator of MB-Ligand

(RANKL), RANK, osteoprotegerin (OPG), interleukit.)-6, IL-11, oncostatin M (OSM) and

leukemia inhibitory factor (LIF) was analyzed inrhan prostate cancer cells DU145 and PC3

by semi-quantitative RT-PCR according to the coaoditdescribed in the Materials and

Methods section.

Figure 2. Immunodetection of RANK in human prostate cancer cell linesDU145 and PC3.

Immunocytochemistry of RANK in DU145 (A) and PC3)(€lls is represented together with

respective negative controls (B, D). Original mdigation: x400.

Figure 3. RANKL induces signal transduction pathways in RANK-positive DU145 and

PC3 cdlls. At 70-80% of confluence, DU145 and PC3 cells wameis starved for 24 hours,

then incubated for the indicated times in the absen presence of 100ng/ml soluble human

RANKL. Aliquots of whole cell lysates were analyzied immunoblotting for phospho-ERK

1/2,p38 andk-B, and the corresponding total forms, as desciibéae Materials and Methods

section. (A) DU145 cells, (B) PC3 cells.
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Figure 4. RANKL increases DU145 cell migration via the MEK/ERK pathway. (A)
Treatment of DU145 cells with soluble human RANKEhRANKL, 5, 100ng/ml) promoted
cell invasion on the slit made in the DU145 confiueells in a dose-dependent manner (a-c).
The effects of human OPG (hOPG) alone or in assoniavith ShRANKL (ShRANKL:hOPG
ratio of 1:5) were studied following the same expental condition (d, ). Several inhibitors
of signal transduction pathways were tested instmae way [UO126, a MEK/ERK inhibitor
(10uM); SB 203580, a p38 inhibitor (10uM) and SN 80NFkB translocation inhibitor
(18uM)]. Only UO126 partially inhibited RANKL-inded stimulation of DU145 cell
migration (f, g). Treatment of PC3 cells with 100ngshRANKL also promoted cell invasion
on the slit made in the PC3 confluent well (hhpwever the magnitude was smaller than that
of DU145. (B) Kinetic study of the RANKL-induce®U145 cell migration. The kinetic of
DU145 cell invasion was quantified and comparetha absence and presence of 100ng/ml
ShRANKL by slit time lapse assay. The results aee rhean of total invaded areas of three

distinct sections on the slit per 24 hours. *p=0M2ann-Whitney'sU test.

Figure 5. Soluble factor (s) secreted by DU145 cells promote osteoclastogenesis. Osteoclast
precursors were generated from mouse bone marrdesasibed in the Materials and Methods
section. They were incubated for 7 days in therateser presence of DU145 cells {1@lls for

10° osteoclast precursors) in direct contact or sépazandition using culture chambers in
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different soluble human RANKL concentrations (0-280nl). *p<0.05 (with DU145 cells vs

without DU145 cells), Mann-Whitneyd test.

Figure 6. Conditioned medium from DU145 cells significantly up-regulates the

MC3T3-E1 cell proliferation. (A) The mouse pre-osteoblast MC3T3-E1 cells were dtur

for 72 hours in control conditioned medium (CT CM)CM from DU145 cells in the presence

or absence of 100ng/ml soluble human RANKL as dlesdrin the Materials and Methods

section. Cell proliferation was determined using ' based method. *p<0.001 (CM from

DU145 cells vs CT CM), Mann-Whitneyd test.(B) The effect of suramin, a pan growth

factor blocker was studied on MC3T3-E1 cell probfgon by trypan blue exclusion.

**p<0.001 (CM from DU145 cells vs others), Mann-Wfey's U test. CT CM: control

conditioned medium, CM: CM from DU145 cells, S5@Qramin 50pg/ml, S100: suramin

100pg/ml.(C) Anti-mouse IL-6 receptor antibody (10pug/ml) andidwuman LIF antibody

(10pg/ml) were tested as described in the Mateaats Methods section. Anti-mouse IL-6

receptor antibody partially, but significantly abated DU145-induced MC3T3-E1 cell

proliferation.tp=0.05 (CM from DU145 cells with anti-mouse IL-@&eptor antibody vs other

CM from DU145 group), Mann-Whitneyld test.
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Figure 7. Soluble factor(s) secreted by DU145 cells induce phospho-ERK 1/2 and
phospho-STAT 3 activation in MC3T3-E1 cells. At 70-80% of confluence, MC3T3-EL1 cells
were washed three times with DMEM and culturecenum-free DMEM for 24 hours, and then
incubated for 30 minutes with control conditioneddium (CT CM). MC3T3-E1 cells were
then incubated for 2, 5, 10, 15 and 30 minutefiéngresence or absence of CM from DU145
cells. After the treatments, cell lysates were gre@ as described in the Materials and Methods

section and subjected to western blot analyses.

Figure 8. Schematic representation of the putative interactions between prostate cancer

cells and osteoblastic/osteoclastic cells in tumoral bone microenvironment.
RANK-positive prostate tumor cells preferentialydet bone microenvironment where is rich
in RANKL. In tumoral bone environment, RANKL prodeat by osteoblasts and bone stromal
cells has two potential targets: osteoclast/osésbgbrecursors and prostate cancer cells.
RANKL acts as a ‘soil’ factor that facilitates ptate cancer metastasis development in bone by

*
= >
activating both kinds of RANK-positive cells.  RAN, : RANK, : OPG, X:

soluble factor(s) produced by prostate cancer.cells
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