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Summary

Objectives: To analyze in prostate tumor cells the effects caused by the secretome of bone cells on pro-
liferation and on intracellular signaling pathways related to the progression of prostate cancer.
Materials and methods: The effects of secreted factors present in conditioned media of pre-osteoblasts
MC3T3-E1 and osteocytes MLO-Y4 on the proliferation of metastatic prostate adenocarcinoma cells PC-3
were characterized using trypan blue staining. The effects of media conditioned by MC3T3-E1 and MLO-
Y4 cells on intracellular signaling molecules involved in the tumor progression of prostate adenocarcino-
ma cells PC-3 were observed by fluorescence techniques in living cells. The accumulation of intracellu-
lar calcium was studied using the fluorescent calcium indicator Fluo-4AM and the generation of cyclic
AMP, and ERK 1/2 activation by Fluorescent Resonance Energy Transfer (FRET) using the EPAC and ERK-
NES biosensors, respectively.

Results: The stimulation of PC-3 cells with conditioned media of pre-osteoblasts MC3T3-E1 and osteocy-
tes MLO-Y4 induced an increase in PC-3 adenocarcinoma cell proliferation. Media conditioned by bone
cells also caused a transient increase in intracellular calcium accumulation and generation of cyclic AMP
and increased ERK 1/2 activation.

Conclusions: Bone cells secrete proliferation-activating factors and signaling pathways that favor the
tumor progression of prostate cancer cells, suggesting that cross-communication between these cell types
may favor the development of metastatic niches of prostate cancer in the bone.
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Introduction

Bone metastasis is a frequent complication in
advanced stages of patients with prostate cancer,
one of the cancers with greater mortality and mor-
bidity in developed countries'. Avoiding the diffe-
rent stages necessary for the tumor cell to abandon
the primary tumor, migrate and establish itself in the
bone microenvironment is one of the main strate-
gies to prevent bone metastases’. The invasion of
primary tumor cells into skeletal niches is associated
with the activation of bone cells that release growth
factors and cytokines, which in turn promote tumor
growth in metastases. As a result, the so-called
"vicious cycle" of bone metastases is generated,
which varies the physiology of bone and alters bone
remodeling®'. In the case of bone metastases caused
by prostate cancer, osteolytic and osteoblastic
lesions are produced as a result of the activation of
osteoclasts and osteoblasts respectively’. In bone
metastasis processes, it has been observed that
tumor cells are able to secrete factors such as tumor
necrosis factor alpha (TNF-o), interleukin 11 (IL-11),
matrix metalloprotease 1 (MMP1), Jaggedl and pro-
tein related to parathormone (PTHrP), which
directly or indirectly activate osteoclasts, giving rise
to osteoclast metastases’. Matrix degradation by
osteoclasts releases transforming growth factor B
(TGF-p) and insulin-like growth factor IGF-1) that
promote the survival of tumor cells’. In contrast, the
secretion by tumor cells of other factors such as
fibroblast growth factor (FGF) and bone morphoge-
netic proteins (BMPs) can stimulate osteoblast diffe-
rentiation resulting in osteoblastic lesions®.

On the other hand, some studies have descri-
bed the importance of second messengers and
intracellular signaling pathways in the modulation
of proliferation, malignancy and metastatic capa-
city of tumor cells. In this way molecules such as
calcium, cyclic adenosine monophosphate (cyclic
AMP) or kinases regulated by extracellular signals
1/2 (ERK 1/2), have been proposed as mediators
and possible therapeutic targets in tumor progres-
sion and bone metastasis®'".

Despite the existence of various observations
analyzing the factors secreted by tumor cells that
affect bone cells, there is little information on the fac-
tors secreted by osteoblasts and osteocytes that act
on tumorigenic prostate cells. In particular, the effect
of factors secreted by bone cells on signaling path-
ways and second relevant messengers in the media-
tion of processes of tumor progression and metasta-
sis to bone in tumor cells of prostate is little known.

In this study we have used fluorescence tech-
niques in living cells to analyze whether factors
secreted by bone cells can modify signaling path-
ways and second messengers in prostate adeno-
carcinoma cells. Our observations show that fac-
tors secreted by osteoblasts and osteocytes can
induce proliferation of prostate tumor cells asso-
ciated with accumulation of intracellular cyclic
AMP and calcium and activation of the ERK kina-
se. These results suggest the key role of bone fac-
tors in intracellular mechanisms relevant to tumor
progression and bone metastasis.
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Material and methods

Cell cultures

Human prostatic carcinoma cells derived from
bone metastases (PC-3, ATCC: CRL-1435) were
cultured in RPMI 1640, supplemented with 10%
fetal bovine serum (FBS). The murine pre-osteo-
blastic cell line MC3T3-E1 (ATCC: CRL-2593) and
murine osteocytic MLO-Y4 (generously donated
by Lynda Bonewald) were cultured in DMEM with
10% FBS or a-MEM with 2.5% fetal serum from
Ram (SCF) and 2.5% SFB, respectively. All cells
were cultured in media containing penicillin (100
units/mL) and streptomycin (100 pg/mL) in a
humidified incubator at 37°C and 5% atmospheric
CO,. Conditioned media were obtained from PC-
3, MLO-Y4 or MC3T3-E1 cells cultured in o-MEM
in the absence of serum for 24 h.

Transfections

For transient transfections, PC-3 cells were cultured
on glass coverslips of 25 mm diameter for 12 h
prior to transfection with FuGENE 6 (Roche
Applied Science), which was performed in com-
plete culture medium. After 24 h the cover slips
were transferred in an Attofluor chamber
(Invitrogen, Carlsbad, CA) with HEPES/bovine
serum albumin solution (BSA) (pH=7.4) (HEPES
0.1% (w/v) ASB solution) for real-time fluorescen-
ce experiments.

Cell proliferation assay

The number of viable PC-3 cells stimulated with
conditioned media of cells MC3T3-E1, MLO-Y4 or
of the PC-3 itself was evaluated by the trypan blue
exclusion test as previously described™.

Measurement of intracellular calcium

The accumulation of intracellular calcium was
quantified with the calcium sensitive sensor Fluo-
4/AM (Invitrogen, Carlsbard, CA) following the
manufacturer's protocol as previously described®.
Briefly, PC-3 cells were cultured on MatTek cultu-
re plates with 2 pM Fluo-4/AM in Hanks' balanced
salt solution (Invitrogen) at 22°C for 45 min. The
cells were washed three times in the Hanks' solu-
tion and incubated at 22°C for 30 min. The intra-
cellular calcium quantifications were performed
with the inverted fluorescence microscope Nikon
Als. The fluorescence levels were measured at
intervals of 1 s to 20 min. At least 30-40 cells were
evaluated under each condition. The reagents
ionomycin (increases the entrance of calcium ions
in the cells) 10 pM and EGTA (calcium chelator)
10 mM were used to obtain the maximum and
minimum stimulation in each cell analyzed.

Fluorescent Resonance Energy Transfer (FRET):
assessment of intracellular

PC-3 cells were transiently transfected with EPAC
cyclical AMP biosensor' or with the ERK phos-
phorylation biosensor, ERK-NES”. The generation
of cyclic AMP and the activation by phosphoryla-
tion of ERK were evaluated by Energy Transfer by
Fluorescent Resonance (FRET) as previously des-
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cribed'. The cells were cultured in Ibidi culture
plates of 35 mm diameter and kept in FRET buffer
solution (137 mM NaCl, 5 mM KCI, 1 mM CacCl 2,
1 mM MgCl 2, 20 mM HEPES, 0.1% bovine serum
albumin, pH 7.4) where they were transiently
transfected with constructs consisting of the fusion
proteins: fluorescent protein cyan (CFP)-EPAC-
yellow fluorescent protein (YFP) or by CFP-ERK-
NES-YFP and which is activated by direct binding
of cyclic AMP or by phosphorylation, respectively,
undergoing conformational changes that result in
variations in FRET responses. Quantifications were
carried out on a Leica microscope equipped with
a 40x objective of immersion oil, sequential
records of the CFP and YFP fluorescence channels
being made. The intensities of the fluorescence
emission were determined at 535/15 nm (YFP)
and 480/20 nm (CFP) with a long dichroic passa-
ge (DCLP) of 505 nm. The FRET signal was moni-
tored as the emission index of YFP (FYFP) and
CFP (FCFP). The results are shown as the norma-
lized mean (nFRET) + standard error.

Statistical analyses

The data were expressed as mean + standard
error. The differences between the experimental
conditions and the controls were made using the
U Mann Whitney statistical test, in which values of
p<0.05 were considered significant.

Results

Soluble factors of MC3T3-E1 and MLOY-4
induce increased proliferation in human
prostate adenocarcinoma cells PC-3

Previous studies suggest that the bone environ-
ment favors the stimulation of prostate cancer
cells promoting the establishment of skeletal
metastases”. To evaluate the effects of factors
secreted by bone cells on prostate carcinoma
cells, we first analyzed the actions of conditioned
media of osteoblasts MC3T3-E1 and osteocytes
MLO-Y4 on the proliferation of PC-3 prostate can-
cer cells. Both the conditioned means of osteo-
blasts MC3T3-E1 and those of MLO-Y4 were
found to induce an increase in the proliferation of
PC-3 cells after 3 days of stimulation compared to
control conditioned media (of the PC-3 cells
themselves) (Figure 1).

Osteoblastic and osteoblastic bone soluble
factors induce the formation of cyclic AMP
and intracellular calcium release in human
prostate adenocarcinoma cells PC-3

Next, the effects of conditioned media of bone
cells in the activation of second messengers and
signaling pathways related to tumor progression,
metastasis and the activation of osteogenic res-
ponses”* were studied by means of fluorescence
techniques in living cells. The conditioned media
of osteoblasts MC3T3-E1 and osteocytes MLO-Y4
caused a rapid and transient increase in intracellu-
lar calcium concentration in prostate cancer cells
PC-3 compared to stimulation with medium condi-
tioned by the PC-3 cells themselves (Figure 2A-C).

Similarly, the generation of cyclic AMP detected by
FRET was stimulated by conditioned means of
osteoblasts and osteocytes (Figure 3A-C). The
levels of cyclic AMC did not vary when stimulating
the PC-3 cells with conditioned media of PC-3
(data not shown).

Activation of the ERK 1/2 signaling pathway
in human prostate adenocarcinoma cells PC-3
after stimulation of soluble bone factors
Phosphorylation of ERK 1/2 kinase, a protein
directly involved in the proliferation of prostate
tumor cells®, was also induced by conditioned
media of osteoblasts MC3T3-E1 and osteocytes
MLO-Y4 (Figure 4A and B). The conditioned
medium of PC-3 cells, on the other hand, did not
cause changes in the phosphorylation of ERK 1/2
of PC-3 cells (Figure 4B).

These results as a whole show that the factors
secreted by bone cells modulate key signaling
molecules in cellular processes such as the proli-
feration of prostate tumor cells.

Discussion

Our results show that metastatic prostatic adeno-
carcinoma cells increase their proliferation with
factors secreted by both osteoblastic and osteocy-
tic cells. In the case of bone metastases, it has
been hypothesized that tumor cells are established
in specific areas of bone such as the endosteal
niche, the niche of hematopoietic stem cells and
the vascular niche®. These niches are complex
microenvironments in which factors that promote
the physiological functions of the cells that com-
pose them are secreted. It has been shown that
increasing the number of these niches experimen-
tally also increases the number of disseminated
tumor cells of primary tumors®. These observa-
tions suggest that the same factors that maintain
the correct functioning of the cells of the bone
niches are able in turn to promote the establis-
hment and growth of tumor cells in bone metasta-
ses. From this point of view, osteoblasts and osteocy-
tes located near the surface would form part of the
endosteal niche and may generate factors that pro-
mote the growth of prostate tumor cells in this
niche.

There are several mechanisms that regulate the
mitotic cycle of metastatic cells in bone, including
regulatory processes of the immune system,
angiogenesis, extracellular matrix, various factors
and hormones, and intracellular processes®.
Among these mechanisms, it was observed that
the balance in the activation between 2 protein
kinases activated by mitogens (MAP kinases), p38
and ERK 1/2 affects in a key way the mitosis of
metastatic tumor cells®. When ERK 1/2 is activated
in comparison with p38, cell proliferation is favo-
red, and on the contrary the activation of p38
against ERK 1/2 induces a cellular quiescent
state”. We have observed that pre-osteoblasts and
osteocytes can send soluble factors that activate
the ERK 1/2 kinase in PC-3 cells thus promoting
the proliferation of tumor cells.



Figure 1. Factors secreted by osteoblasts MC3T3-E1 and osteocytes
MLO-Y4 increase the proliferation of PC-3 prostate carcinoma cells.
The PC-3 cells were incubated for 1-3 days with conditioned media
(MC) obtained from MC3T3-E1 or MLO-Y4 and the number of cells was
evaluated by trypan blue assay. The data shown are means + standard
error of 3 independent experiments *p<0.05; *p <0.01 vs. Conditioned

medium (MC) Control
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Overall, these studies show the
relevant function of the activation
of the kinase ERK 1/2, calcium
and cyclic AMP in the progression
of prostate cancer. Although the
modulation of these signaling
pathways by factors secreted by

bone cells has not been pre-
viously described, some studies
have demonstrated the ability of
resident bone cells to modulate
the activity of tumor cells in
metastatic niches. It has been
observed that osteocytes mechani-
cally stimulated by increased pres-
sure caused by metastatic tumors
induce growth and invasiveness
of prostate tumors through the
secretion of chemokine (C-C)
ligand 5 (CCL5)". Interestingly, the
stimulation of cells of different
types of cancer by CCL5 is able to
increase the invasive and migra-
tory capacity of tumor cells
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4 on the intracellular mobilization of
calcium® or activation of the ERK
kinase**. These observations sug-
gest that CCL5 or other similar fac-

In addition, we have observed that factors secre-
ted into the environment conditioned by pre-osteo-
blasts and osteocytes also caused a transient increa-
se in intracellular calcium concentration and in the
generation of cyclic AMP. Both second messengers
can regulate processes of proliferation and tumor
metastasis and have been proposed as possible the-
rapeutic targets in several cancers”**. Cyclic AMP
can have positive or negative effects on the growth
and survival of tumor cells depending on the cell
type®. In tumors of epithelial origin such as prostate
cancer, cyclic AMP seems to play a role in promoting
oncogenesis by activating protein kinase A and other
proteins activated below (for example, EPAC and
CREB)ZS'Z().

On the other hand, it has been shown that the
increase in intracellular calcium concentration of
extracellular origin is a factor that induces the proli-
feration of prostate cell lines of bone metastases (PC-
3 and C4-2B), but does not affect the proliferation of
non-metastatic prostatic cell lines such as LNCaP’
cells. The increase in the concentration of calcium of
extracellular origin causes PC-3 an increase in the
expression of cyclin D1 (a regulatory protein of the
cell cycle necessary in the proliferation), in the acti-
vation of Akt (protein required for the proliferation
and tumor progression)?*, and increases the binding
capacity of tumor cells to substrate®. In addition, alte-
rations in the gene expression of various calcium ion
channels, such as TRP and Orai, have been associa-
ted with increases in calcium entry in prostate tumor
cells that facilitate proliferation and resistance to
apoptosis of those cells®*.

tors of the secret of bone cells

could be responsible for the chan-
ges in signaling pathways of tumor cells that we
have observed in the present study. On the other
hand, previous publications have also demonstrated
the key role of bone cells in promoting the activation
of tumor cells and favoring metastatic processes
based on direct bone cell-tumor cell contact through
the activation of the Notch-Jagged signaling path-
way®. Factors secreted by bone cells may mediate
initial metastatic tumor recruitment and growth pro-
cesses, where there is no direct contact between the
tumor and the bone cells, while signaling pathways
such as Notch-Jagged may regulate the interactions
of the tumor. tumor in more advanced metastatic
phases (in which the tumor does come into direct
contact with bone cells).

Based on these investigations and our results, we
propose that osteoblastic and osteocytic cells regula-
te the proliferation and activation of molecular
mediators of tumor progression in metastatic prosta-
te cancer cells by the secretion of soluble factors. We
also suggest that the modulation of calcium intrace-
llular mediators, cyclic AMP and ERK 1/2 by factors
secreted by bone cells could be key in the establis-
hment of bone metastases by prostate tumor cells.
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Figure 2. Factors secreted by MC3T3-E1 and MLO-Y4 increase the intra-
cellular calcium signaling of PC-3. We analyzed the effects of conditio-
ned secreted factors obtained during 24 hours of MC3T3-E1 (A), MLO-
Y4 (B) or PC-3 (O) in the intracellular calcium release of PC-3. The eva-
luation of intracellular calcium levels was performed by confocal fluo-
rescence in living cells with the Fluo-4AM indicator as described in the
text. The arrows indicate the moment of stimulation with conditioned
means. The data shown are means + standard error of 3 independent
experiments
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Figure 3. Factors secreted by MC3T3-E1 and MLO-Y4 increase the
cyclic AMP signaling of PC-3. (A) We analyzed the effects of conditio-
ned secreted factors obtained during 24 hours of MC3T3-E1 and MLO-
Y4 in the activation of PC-3 cyclic AMP. The evaluation of cyclic AMP
was performed by confocal fluorescence in living cells with the CFPE-
PACYFP sensor as described in the text. The arrows indicate the
moment of stimulation with conditioned means. Forskolin was used to
obtain maximum stimulation of cyclic AMP. The data shown are means
t+ standard error of 3 independent experiments. (B and C)
Representative images of the fluorescence changes of the CFP and YFP
fluorescent proteins of the EPAC cyclic AMP sensor in PC-3 cells after
stimulation with conditioned medium of MC3T3-E1 or MLO-Y4 cells
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Figure 4. Factors secreted by MC3T3-E1 and MLO-Y4 increase the
phosphorylation of the ERK 1/2 kinase of PC-3. We analyzed the
effects of conditioned secreted factors obtained during 24 hours of
MC3T3-E1 (A) or MLOY-4 (B) on phosphorylation of the ERK 1/2 kina-
se in PC-3. As a control, PC-3 cells were stimulated with conditioned
medium of PC-3 cells. The evaluation of cyclic AMP was performed by
confocal fluorescence in living cells with the CFPERK-NESYFP sensor
as described in the text. The arrows indicate the moment of stimula-
tion with conditioned means. The data shown are means + standard
error of 3 independent experiments
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