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Abstract

Skeletal metastatic disease is a deleterious consequence of dissemination of tumor cells
from numerous primary sites, such as prostate, lung and breast. Skeletal metastases are
still incurable, resulting in development of clinical complications and decreased survival for
cancer patients with metastatic disease. During the last decade, tumor cell-derived microve-
sicles have been identified and suggested to be involved in cancer disease progression.
Whether cancer exosomes are involved in tumor and bone cell interactions in the metastatic
site is still, however, a rather unexplored field. Here we show that exosomes isolated from
the murine prostate cancer cell line TRAMP-C1 dramatically decrease fusion and differenti-
ation of monocytic osteoclast precursors to mature, multinucleated osteoclasts. The pres-
ence of tumor cell-derived exosomes also clearly decreased the expression of established
markers for osteoclast fusion and differentiation, including DC-STAMP, TRAP, cathepsin K,
and MMP-9. In contrast, exosomes derived from murine fibroblastic cells did not affect oste-
oclast formation. Our findings suggest that exosomes released from tumor cells in the
tumor-bone interface are involved in pathological regulation of bone cell formation in the
metastatic site. This further strengthens the role of tumor cell-derived microvesicles in can-
cer progression and disease aggressiveness.

Introduction

Development of clinically significant metastatic disease is one of the most common causes of
death in cancer patients. Several cancer forms, including prostate, breast and lung cancer,
develop metastases primarily in the skeleton. In prostate cancer, the 5-year survival rate
decreases from almost 100% when detected at early stages as localized cancer, to less than 30%
with the development of metastatic disease according to statistical measurements by the Amer-
ican Cancer Society [1]. At present, there is no curative treatment available for patients with
skeletal metastatic disease. This clearly demonstrates the urgent need for increased knowledge
about the cellular communication mechanisms between tumor cells and bone cells resulting in
pathological skeletal metabolism in the metastatic site.
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Microvesicles are bilayered extracellular vesicles that are released from most cell types and
have several functions, such as export of cellular waste and intercellular communication [2].
Exosomes are a subcategory of microvesicles defined as cup-shaped vesicles of 30-150 nm in
size, formed by the inward budding of the multivesicular body (MVB) membrane [3]. Exo-
somes contain bioactive cargo from the cellular cytoplasm, such as proteins, nRNAs and
microRNAs [4]. Tumor cell-derived exosomes mirror the characteristics of the cell, and are
suggested to play an important role in both tumor growth and disease progression [5]. During
the last decade, the role of tumor cell-derived microvesicles in cancer development and pro-
gression has received substantial attention. Several reports have been published supporting the
role of exosomes as potential prognostic markers and biomarkers for disease detection [6-8].
In addition, exosomal export of drugs, including chemotherapeutic agents such as cisplatin,
have been discovered and recognized as part of the cellular characteristics behind acquired
treatment resistance [9]. Recent reports have also suggested a role for cancer exosomes both in
communication between tumor cells and different cell types in the tumor stroma [10], as well
as formation of the pre-metastatic niche [11]. The possible role of exosomes in the pathological
communication between tumor cells and bone cells in the skeletal microenvironment is still,
however, a rather unexplored field. Here we show that treatment of osteoclast precursor cells
with exosomes from prostate cancer cells result in a dramatic decrease in formation of multi-
nucleated, mature osteoclasts.

Materials and Methods
Cell lines and cell culture

The murine prostate cancer cell line TRAMP-C1, the murine non-transformed fibroblast cell
line MLg and the murine monocytic cell line RAW264.7 were purchased from ATCC/LGC
Standards (ATCC numbers CRL-2730, CCL-206, and TIB-71, respectively). All cell lines were
used at low passages (maximum +5 passages from purchase) and cultured in basal media as
follows: TRAMP-C1 and RAW264.7 cells were cultured in D-MEM with high glucose content
(4.5 g/L; Gibco/Life Technologies) and 4 mM stable L-glutamine (GlutaMAX; Gibco/Life
Technologies), MLg cells cultured in Eagle’s MEM (E-MEM) containing 2 mM stable L-gluta-
mine (GlutaMAX; Gibco/Life Technologies). All media were supplemented with 10% heat-
inactivated fetal bovine serum (HI-FBS, Performance Plus, Gibco/Life Technologies) and

50 ug/mL gentamicin (Gibco/Life Technologies). For culture of TRAMP-C1 cells, 5 pg/mL of
bovine insulin (Sigma-Aldrich) and 10 nM dehydroisoandrosterone (DHIA; Sigma-Aldrich)
was added to the basal medium. Primary hematopoietic cells isolated from mouse bone mar-
row were cultured in a-MEM culture medium containing nucleosides, with addition of 2 mM
stable L-glutamine (GlutaM AX; Gibco/Life Technologies), 10% fetal bovine serum (FBS,
Gibco/Life Technologies), 100 U/mL penicillin, 100 pg/mL streptomycin (Gibco/Life technol-
ogies), and 50 ug/mL gentamicin (Gibco/Life Technologies).

Isolation and characterization of exosomes

For exosome isolation, TRAMP-C1 and MLg cells were cultured with media containing ultra-
centrifuged HI-FBS to exclude FBS-derived exosomes. Exosomes were isolated from culture
supernatants by standard ultracentrifugation as previously described by us and others [12-15].
Briefly, culture supernatant fractions were collected after 48 h and were cleared of cells and
debris by serial centrifugations at 3,000 xg for 30 min and 10,000 xg for 35 min at 4°C. The pel-
let was discarded and the supernatant was passed through a 0.22 pum filter and ultracentrifuged
at 110,000 xg for 2 h. The exosome pellet was resuspended in 1 ml of PBS and loaded on a 20-
40% sucrose gradient and the ultracentrifugation step was repeated. The exosomes captured in
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the sucrose layer were collected and washed with PBS. After ultracentrifugation at 110,000 xg
for 2 h, the exosome pellet was resuspended in PBS and the protein concentration was deter-
mined using the BCA protein assay (Pierce) according to recommendations by the
manufacturer.

Electron microscopy (EM) of isolated exosomes was performed at the electron microscopy
unit Emil, Clinical Research Center, Huddinge, Sweden, to confirm presence of exosomes.
Exosome number and size distribution was evaluated by Nanoparticle tracking analysis (NTA;
NanoSight N300, Malvern Instruments Ltd.) and samples were diluted 1:500 in PBS before
analysis.

Staining of exosomes and confocal microscopy analysis of exosome
uptake by RAW264.7 cells

The cell membrane labeling agent PKH26 (Sigma-Aldrich) was used to label exosomes as
described earlier [14]. RAW264.7 cells were seeded at a density of 2x10* cells per well on eight
well chamber slides and left to attach overnight before incubation with labeled exosomes (20
ng/10° cells) for indicated periods of time. Cells were fixed with 4% PFA in D-MEM at 37°C
for 10 minutes, washed three times with 0.1 M Glycin in PBS, washed another two times in
PBS and mounted using ProLongGold antifade reagent with DAPI (Life Technologies).
Images were acquired using a Zeiss LSM 710 confocal microscope, and shown are maximum-
intensity projections of acquired Z stacks.

Osteoclastic differentiation of RAW264.7 cells

For studies on osteoclast formation and differentiation, cells from the monocytic cell line
RAW264.7 were seeded in 24 well plates at a density of 1,5x10* cells per well. After an initial
attachment period of 24 hours, the cells were cultured in the absence (control) or presence of
recombinant mouse RANKL (RANKL; 462-TEC, R&D Systems) at a concentration of 2 ng/
mL, alone or in combination with exosomes for 96 h. Exosomes from either TRAMP-C1
tumor cells or MLg fibroblastic cells were added at two different concentrations, a higher con-
centration of 50 ng/10° seeded cells, or the lower concentration of 10 ng/10” seeded cells. After
96 h of culture, the cells were washed twice with PBS, fixed with ice-cold methanol for 10 min-
utes and stained for tartrate-resistant acid phosphatase (TRAP) using the Leukocyte Acid
Phosphatase kit (Sigma-Aldrich) according to the manufacturer’s recommendations. Cells
positive for TRAP with > 3 nuclei were considered osteoclasts and counted.

Proliferation (MTT; 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide) assay

For analysis of proliferation, RAW264.7 cells were seeded at a density of 5x10° cells/well in
96-well plates. After initial attachment for 24 hours, cells were cultured for another 72 hours in
basal media in the absence (control) or the presence of exosomes at two different concentra-
tions (10 or 50 ng/10” seeded cells). After 72 hours, 10ul of MTT solution from a commercially
available MTT kit (Roche) was added to each well and the cells were incubated for an addi-
tional 3 hours at 37°C. The following solubilization of the formed formazan crystals was
achieved by addition of 100ul per well of 0,1M HCl in isopropanol. Absorbance was read at
550 nm subtracting the background at 650 nm on a Milenia kinetic analyzer spectrophotome-
ter (DPC Diagnostics).
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Total RNA isolation and quantitative PCR analysis

For RNA isolation, RAW264.7 cells were seeded in 12 well plates at a density of 3x10* cells per
well. After attachment over night and additional culture in the absence (control) or presence of
RANKL (2 ng/mL) alone or in combination with exosomes (10 or 50 ng/ 10° seeded cells) for
96h, cells were washed twice in PBS and scraped after addition to the wells of Qiazol Lysis Buffer
(Qiagen). Total RNA extraction from cell lysates was performed using the miRNeasy mini kit
(Qiagen) according to the instructions by the manufacturer. Total RNA was eluted in nuclease-
free water and RNA samples were stored at -80°C. For cDNA synthesis, 1.0 pg of total RNA per
sample was reverse transcribed using the High Capacity cDNA RT kit (Applied Biosystems)
including recombinant moloney murine leukemia virus (rMoMuLV) reverse transcriptase,
RNAse inhibitor (1.0 U/ml) and random primers. The cDNA synthesis was carried out using a
T-Professional thermocycler (Biometra), and cDNA samples were stored at -20°C.

For quantitative real-time PCR (qPCR) analysis, cDNA samples were diluted 1:5 in nucle-
ase-free water. PCR reactions were carried out in a reaction volume of 10pl (384 well format)
and PCR analysis was performed using an ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems) and qPCR running protocol as follows: Initial steps at 50° C for 2 min
and 95° C for 10 min, followed by 40 cycles of denaturation at 95° C for 15 sec and annealing/
extension at 60° C for 1 min. No amplification was detected in control samples where cDNA
template was omitted (data not shown). Power SYBRGreen master mix (Applied Biosystems)
was used together with the following primers (Invitrogen): B-actin forw: tttgagaccttcaacacccca,
rev: gettctctttgatgtcacgcac; GAPDH forw: actttgtcaagctcatttcc, rev: tgcagegaactttattgatg; Bax
forw: cgggcccaccagetctgaac, rev: acgeggecccagttgaagtt; Bel-2 forw: tctcaggeccctegttgeca, rev:
accaccgtggcaaagegtec; c-Fms forw: gtgegcagggacagtggctt, rev: tcgagetgcetacgtcccggt; Cathepsin
K forw: cgtgcagcagaacggaggcat, rev: tacccgegecactgctctet; DC-STAMP forw: gatcctgecacecg
ttgeec, rev: cccagtgecagecgcaatca; MMP-9 forw: ccttaccagegecagecgac, rev: agccggecgtagagac
tget; RANK forw: cgagtgcetgecgeaggaaca, rev: cctgggectecttgggtget; TRAP forw: ctetgaccgtg
cccttegca, rev: gggecactcecaggtctega. The relative expression of target genes was normalized
with reference genes according to the AACq method, and values are expressed as Ratio target
gene/reference gene.

Isolation and osteoclastic differentiation of primary bone marrow-derived
hematopoietic cells

Animal housing and handling was performed according to standards and regulations by the
local animal ethics committee at Umea University (approved ethical application no. A71-15,
PI E Persson). Bone marrow was isolated from femurs and tibiae from adult 129/Sv animals
after euthanasia by CO, inhalation. Bones were dissected free from surrounding tissues and
the bone ends were cut off. Bone marrow was harvested by flushing the marrow cavity with
complete o-MEM culture medium, collected cells were passed through a 100 um cell strainer
and erythrocytes were lysed using ACK Lysing Buffer (Gibco). The remaining cells were
seeded in culture dishes with non-treated surface (Corning) at a density of 8x10" cells/cm” in
complete a-MEM supplemented with recombinant mouse macrophage colony-stimulating
factor (M-CSF; 100 ng/mL) to promote proliferation of hematopoietic cells. After an initial
culture period of 72 hours, cells were vigorously washed twice with PBS, detached using Ver-
sene (Gibco) and re-seeded in dishes with non-treated surface at a density of 5x10° cells/cm?
followed by culture for another 72 hours in the presence of M-CSF (100 ng/mL) before initia-
tion of experiments.

Studies on proliferation and osteoclastic differentiation in bone marrow-derived primary
osteoclast precursor cells were essentially carried out as described for RAW264.7 cells above,
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with the exception that basal medium for culture of primary osteoclast precursors was o-MEM
supplemented with M-CSF (30 ng/mL).

Statistical analysis

All data are presented as mean values * standard error of the mean (SEM) and representative
for at least three independent experiments. Statistical analysis was performed using one-way
analysis of variance (ANOVA) with Levene’s homogeneity test followed by Dunnett’s 2-sided
or Dunnett’s T3 post-hoc test using the statistical software SPSS. A p value of 0.05 was consid-
ered significant.

Results

Rapid uptake of tumor cell-derived exosomes by osteoclast progenitor
cells

For studies on effects by exosomes on bone cell differentiation, exosomes were isolated from
the mouse prostate cancer cell line TRAMP-CI. Analysis by electron microscopy revealed the
characteristic cup-shape of the isolated exosomes (Fig 1A), and nanoparticle tracking analysis
(NTA) confirmed isolated microvesicles being within the expected size distribution (Fig 1B).
For detection of uptake of exosomes by osteoclast progenitor cells, exosomes were labeled with
the green fluorescent membrane labeling agent PKH26, as described in the ‘Materials and
Methods’ section. Murine monocytic RAW264.7 cells cultured on glass chamber slides were
treated with exosomes for 0-3 hours, and initial uptake of exosomes by the RAW264.7 cells
could be detected already after one hour of incubation by using confocal microscopy (Fig 1C).
After three hours, the RAW264.7 cells were densely packed with exosomes, indicating a rapid
cellular uptake of exosomes by osteoclast progenitor cells.

Prostate cancer cell-derived exosomes decrease both proliferation and
fusion/differentiation of osteoclast progenitor cells

Treatment of cells from the monocyte/macrophage cell line RAW?264.7 with exosomes isolated
from the tumorigenic prostate cancer cell line TRAMP-CI resulted in decreased proliferation
of RAW264.7 cells (Fig 2A). In contrast, exosomes derived from non-transformed, fibroblastic
MLg cells did not affect the proliferation rate of RAW264.7 osteoclast progenitor cells (Fig
2A). Differentiation in vitro of monocytic RAW264.7 cells to TRAP positive, multinucleated
osteoclasts was initiated by addition of the osteoclastogenic factor, receptor activator of nuclear
factor kB ligand (RANKL; Fig 2B and 2C). Interestingly, treatment with RANKL in combina-
tion with TRAMP-C1 tumor cell-derived exosomes for 96 hours resulted in a statistically sig-
nificant impairment of RANKL-induced osteoclastic differentiation of RAW264.7 cells treated
with the higher concentration of exosomes (50 ng/10” seeded cells; Fig 2B and 2C). Treatment
of RAW264.7 cells with RANKL in combination with the lower concentration of
TRAMP-C1-derived exosomes (10 ng/ 10> seeded cells) resulted in formation of osteoclasts
smaller in size and with fewer nuclei compared to cells treated with RANKL alone (Fig 2C).
The number of osteoclasts was, however, not significantly decreased within this group (Fig
2B). In contrast to the inhibitory effects on osteoclastogenesis induced by exosomes derived
from the TRAMP-C1 tumor cells, exosomes isolated from normal fibroblastic MLg cells did
not have any effect on osteoclast formation (Fig 2B).

To investigate whether the inhibitory effect by tumor exosomes on osteoclast formation
was a result of induction of apoptosis, we analyzed the mRNA expression levels of both the
anti-apoptotic marker B-cell lymphoma 2 (Bcl-2) and the apoptotic activator protein Bcl-
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Fig 1. Characterization and cellular uptake of prostate cancer cell-derived exosomes. (A) Representative
electron microscopic image of exosomes isolated from the mouse prostate cancer cell line TRAMP-C1, showing the
typical cup-shaped morphology. (B) Nanoparticle tracking analysis of isolated exosomes. The calculated size
distribution is shown as a mean, peak at 155 nm. (C) Cellular uptake of isolated exosomes by monocytic osteoclast
progenitor cells. RAW264.7 cells were seeded on 8 well chamber slides and left to attach overnight before addition
of PKH26-labeled TRAMP-C1-derived exosomes at a concentration of 20 ng/10° seeded cells followed by
incubation 0—3 hours. Cells were fixed with 4% PFA before mounted using ProLongGold antifade reagent with
DAPI. Images were acquired using a Zeiss LSM 710 confocal microscope, and shown are maximum-intensity
projections of acquired Z stacks.

doi:10.1371/journal.pone.0166284.g001

2-associated X protein (Bax) in RANKL-induced RAW?264.7 cells cultured in the absence or
presence of TRAMP-C1-derived exosomes. The quantitative PCR analysis showed that neither
Bcl-2 nor Bax expression levels were affected by the presence of tumor cell-derived exosomes
(Fig 2D and 2E), indicating that the decrease in osteoclast formation seen with tumor cell exo-
some-treated RAW264.7 cells could not be explained by induction of apoptosis.

Prostate cancer exosomes decrease expression of osteoclast markers

Formation of multinucleated, bone-resorbing cells along the osteoclast lineage is a cellular dif-
ferentiation process strictly regulated by a complex network of both local and systemic
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Fig 2. Tumor cell-derived exosomes impair proliferation and osteoclastic differentiation of monocytic
RAW264.7 osteoclast progenitor cells. RAW264.7 cells were cultured for 96 hours in the absence or presence of
exosomes alone or in combination with the osteoclastogenic factor RANKL (2 ng/mL) before further analysis.
Exosomes were added at two different concentrations, either at a lower concentration of 10 ng/10° seeded cells
(Exo1) or a higher concentration, 50 ng/10° seeded cells (Exo2). (A) Proliferation (MTT) analysis of RAW264.7 cells
after incubation in the absence (Co) or presence of exosomes from fibroblastic MLg cells (black bars) or TRAMP-C1
tumor cells (white bars). Data are obtained from 6 wells per treatment group and presented as means + SEM, ***

p < 0.001. (B) Osteoclast formation analysis for RAW264.7 cells treated with RANKL (RL) alone or in combination
with exosomes from fibroblastic MLg cells (black bars) or TRAMP-C1 tumor cells (white bars) compared to
untreated cells (Co). After 96 h of culture, the cells were stained for tartrate-resistant acid phosphatase (TRAP)
using a Leukocyte Acid Phosphatase kit, and cells positive for TRAP with > 3 nuclei were considered osteoclasts
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and counted. Data are obtained from 4 wells per treatment group and presented as means + SEM, *** p < 0.001.
(C) Representative photos of osteoclast cultures after 96 h of treatment with RANKL (RL) alone or in combination
with TRAMP-C1-derived exosomes at a concentration of 10 ng/10° seeded cells (Exo1) or a higher concentration,
50 ng/10° seeded cells (Exo2), and subsequent TRAP staining. (D, E) Quantitative PCR analysis of mRNA
expression levels for Bcl-2 (D) and Bax (E) in RAW264.7 cells after 96 h of treatment with RANKL (RL) alone orin
combination with TRAMP-C1-derived exosomes at a concentration of 10 ng/10° seeded cells (Exo1) or a higher
concentration, 50 ng/10° seeded cells (Exo2), before total RNA isolation and PCR analysis. Data are obtained from
3 wells per treatment group and presented as means + SEM.

doi:10.1371/journal.pone.0166284.g002

molecular factors. To further explore the mechanisms behind the inhibitory effects by prostate
cancer cell-derived exosomes on osteoclast formation, possible transcriptional regulation
induced by exosomes was analyzed by quantitative PCR. Indeed, incubation for 96 hours of
monocytic RAW264.7 cells with the combination of RANKL and TRAMP-C1-derived exo-
somes resulted in decreased mRNA levels of both the cell fusion marker dendritic cell-specific
transmembrane protein (DC-STAMP; Fig 3A) and several markers for osteoclast
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Fig 3. Dedifferentiation of RAW264.7 osteoclasts by tumor cell-derived exosomes. RAW264.7 cells were
cultured for 96 hours in the absence (control; Co) or presence of the osteoclastogenic factor RANKL (2 ng/mL; RL)
alone or in combination with exosomes from TRAMP-C1 prostate cancer cells at a concentration of 10 ng/10°
seeded cells (Exo1) or a higher concentration, 50 ng/10° seeded cells (Exo2), before total RNA isolation and PCR
analysis. Quantitative PCR analysis was performed for several markers of osteoclast formation and differentiation,
including DC-STAMP (A), TRAP (B), cathepsin K (C), and MMP-9 (D). Data are obtained from 3 wells per treatment
group and presented as means + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.

doi:10.1371/journal.pone.0166284.g003
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differentiation and activity, including tartrate-resistant acid phosphatase (TRAP; Fig 3B) and
the proteinases cathepsin K (Fig 3C) and matrix metalloproteinase 9 (MMP-9; Fig 3D), com-
pared to cells treated with RANKL alone.

Prostate cancer exosomes impair osteoclast differentiation of bone
marrow-derived osteoclastic precursor cells

In addition to the studies performed on the monocytic cell line RAW264.7, we also investi-
gated the possible effect by prostate cancer cell-derived exosomes on osteoclast formation
and differentiation using primary osteoclast precursor cells isolated from mouse bone mar-
row. In contrast to the inhibitory effects by tumor exosomes on proliferation of RAW264.7
cells, the primary osteoclast precursor cells did not respond with changes in proliferation
rates to the presence of tumor cell-derived exosomes (Fig 4A). However, in line with the
inhibitory effects by TRAMP-C1 tumor cell-derived exosomes on osteoclastic differentia-
tion of RAW264.7 cells, treatment of primary osteoclast precursor cells with prostate cancer
exosomes also resulted in a distinct decrease in the number of TRAP-positive, multinucle-
ated osteoclasts formed in the presence of the higher concentration of exosomes used (50
ng/10° seeded cells; Fig 4B). Similar to the results obtained for RAW264.7 cells, treatment of
primary osteoclast precursor cells with RANKL in combination with the lower concentra-
tion of tumor cell-derived exosomes (10 ng/10” seeded cells) did not result in any significant
effect on osteoclast formation (Fig 4B).
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Fig 4. Prostate cancer cell-derived exosomes impair osteoclastic differentiation of bone marrow-derived
primary osteoclast progenitor cells. Primary osteoclast progenitor cells were isolated from mouse bone marrow
and subsequently expanded in vitro for 6 days. Osteoclast precursor cells were then cultured in complete a-MEM
culture media supplemented with M-CSF (M; 30 ng/mL) in the absence or presence of TRAMP-C1 prostate cancer
cell-derived exosomes alone or in combination with the osteoclastogenic factor RANKL (R; 2 ng/mL) before further
analysis. Exosomes were added at two different concentrations, either at a lower concentration of 10 ng/10° seeded
cells (Exo1) or a higher concentration, 50 ng/10° seeded cells (Exo2). (A) Proliferation (MTT) analysis of osteoclast
precursor cells after incubation in the absence (M-CSF-treatment only; M) or presence of exosomes from TRAMP-C1
prostate cancer tumor cells at two different concentrations (M+Exo1 and M+Ex02, respectively). Data are obtained
from 8 wells per treatment group and presented as means + SEM. (B) Osteoclast formation analysis for bone marrow-
derived osteoclast progenitor cells cultured in complete a-MEM culture media supplemented with M-CSF (M) and
treated with RANKL (MR) alone or in combination with exosomes from TRAMP-C1 tumor cells at two different
concentrations (MR+Exo1 and MR+Ex02, respectively). After 96 h of culture, the cells were stained for tartrate-
resistant acid phosphatase (TRAP) using a Leukocyte Acid Phosphatase kit, and cells positive for TRAP with > 3
nuclei were considered osteoclasts and counted. Data are obtained from 4 wells per treatment group and presented as
means + SEM, ** p < 0.01, *** p < 0.001.

doi:10.1371/journal.pone.0166284.9004
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Discussion

Development of skeletal metastatic disease is a process regulated by a very complex network of
factors released from cells present in the microenvironment of both primary tumor and skele-
tal tissue. Previous publications have demonstrated that tumor cell-derived exosomes can
affect cells at distant sites, thereby promoting disease progression and metastatic development.
It was reported by Peinado and colleagues that systemic delivery of fluorescently labeled exo-
somes from melanoma cells results in exosomal dissemination into both lung and bone tissue,
and metastatic development co-localized with exosome deposition sites [11]. In prostate can-
cer, abundance of microvesicles has also been shown to be higher in metastases than in normal
tissues [16]. Our findings presented here show an efficient uptake of prostate cancer cell-
derived exosomes by osteoclast progenitor cells, resulting in both decreased proliferation of
osteoclast precursor cells as well as dedifferentiation of RANKL-induced osteoclastogenesis
seen as a distinct decrease in formation of mature multinucleated osteoclasts. Exosomes iso-
lated from the murine prostate cancer cell line TRAMP-C1 impaired osteoclastic differentia-
tion both in bone marrow-derived primary osteoclast precursor cells as well as in cells from
the monocytic cell line RAW264.7. Interestingly, the TRAMP mouse model of prostate cancer
from which the TRAMP-C1 tumor cells were originally isolated, has been shown to develop
bone metastases with an osteoblastic response [17]. The anti-osteoclastogenic effects by pros-
tate cancer cell-derived exosomes are well in line with the fact that skeletal metastases formed
by disseminated tumor cells originating from the prostate are mainly osteoblastic/sclerotic
metastatic lesions, characterized by local gain of bone mass [18-20]. Our data suggests that
exosomes released by prostate cancer cells might contribute to the osteoblastic phenotype of
skeletal metastases in patients with metastatic prostate cancer by suppressing osteoclast forma-
tion and thereby also bone degradation in metastatic sites. In contrast to our findings, a recent
study by Raimondi and colleagues showed that exosomes derived from multiple myeloma cells
increased osteoclastogenesis and expression of osteoclastic markers, including TRAP and
MMP-9, in an in vitro system similar to ours, also using the RAW264.7 cell line [21]. However,
since multiple myeloma-induced bone pathology is characterized by predominantly osteolytic
lesions with local loss of bone mass, these findings are also well in line with the clinical
situation.

Although skeletal metastases are generally considered either osteoblastic or osteolytic
depending on tumor cell origin, phenotypical differences both between and within metastatic
lesions are detected in a considerable proportion of patients with metastatic disease. One sug-
gested explanation for the detected heterogeneity is the ‘age’ of the lesions, since initial stages
of metastatic establishment is believed to contain an osteolytic phase that allows for expansion
of the metastatic site, a phenomenon also suggested to occur in prostate cancer-induced
metastases. Whether tumor cell-derived exosomes have different effects on bone cell formation
and activity during different stages of metastatic disease is currently unknown and should be
investigated further.

Exosomes are biologically stable microvesicles that are frequently found in the circulation.
They contain bioactive cargo, including proteins and nucleic acids, which have been shown to
function as effectors in recipient cells. Exosomes can affect both differentiation and activity in
target cells by cytoplasmic release of exosomal content through either fusion of exosomes to
the outer membrane of target cells or by endocytosis [22]. Exosomal exchange between tumor
cells and non-tumorigenic cells present in the tumor microenvironment has been shown to
both promote and suppress tumorigenesis and disease progression, and thereby also contrib-
ute to disease outcome [10, 22, 23]. Furthermore, Melo and co-authors showed in a recent
publication that breast cancer-derived exosomes have the capacity to process microRNAs
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(miRNAs) in a cell-independent manner [24]. The molecular mechanisms behind the inhibi-
tory effect by tumor-derived exosomes on osteoclastogenesis reported here, as well as the dif-
ferent effects seen using exosomes from tumor cells and normal cells are, however, still
unknown and needs to be studied further. Investigation and comparison of exosomal content
could possibly identify factors responsible for exosome-mediated communication between
tumor and bone cells, suggested to contribute to the development of different metastatic bone
phenotypes.

In summary, the findings presented here further support a role for tumor-derived exosomes
as regulators of bone cell formation in the metastatic site. We show that prostate cancer-
derived exosomes impair the formation of osteoclasts, and thereby might contribute to patho-
logical regulation of bone metabolism in skeletal metastatic disease.

Author Contributions

Conceived and designed the experiments: EP AW TK ML.
Performed the experiments: TK ML EP.

Analyzed the data: TK ML EP.

Wrote the paper: EP TK ML AW.

References

1. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin. 2014; 64: 9-29. doi: 10.
3322/caac.21208 PMID: 24399786

2. vander Pol E, Béing AN, Harrison P, Sturk A, Nieuwland R. Classification, functions, and clinical rele-
vance of extracellular vesicles. Pharmacol Rev. 2012; 64: 676—705. doi: 10.1124/pr.112.005983 PMID:
22722893

3. ElAndaloussi S, Mager |, Breakefield XO, Wood MJA. Extracellular vesicles: biology and emerging
therapeutic opportunities. Nature Rev Drug Discov. 2013; 12:347-357.

4. ValadiH, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Létvall JO. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nature Cell Biol.
2007; 9:654-9. doi: 10.1038/ncb1596 PMID: 17486113

5. Zhang HG, Grizzle WE. A novel pathway of local and distant intercellular communication that facilitates
the growth and metastasis of neoplastic lesions. Am J Pathol. 2014; 184:28—41. doi: 10.1016/j.ajpath.
2013.09.027 PMID: 24269592

6. Nilsson J, Skog J, Nordstrand A, Baranov V, Mincheva-Nilsson L, Breakefield XO et al. Prostate can-
cer-derived urine exosomes: a novel approach to biomarkers for prostate cancer. Br J Cancer 2009;
100:1603-7. doi: 10.1038/s].bjc.6605058 PMID: 19401683

7. SilvaJ, Garcia V, Rodriguez M, Compte M, Cisneros E, Veguillas P et al. Analysis of exosome release
and its prognostic value in human colorectal cancer. Genes Chromosomes Cancer 2012; 51:409-18.
PMID: 22420032

8. Ohno S, Ishikawa A, Kuroda M. Roles of exosomes and microvesicles in disease pathogenesis. Adv
Drug Deliv Rev. 2013; 65:398—401. doi: 10.1016/j.addr.2012.07.019 PMID: 22981801

9. Federici C, Petrucci F, Caimi S, Cesolini A, Logozzi M, Borghi M et al. Exosome release and low pH
belong to the framework of resistance of human melanoma cells to cisplatin. PLoS One 2014; 9:
€88193. doi: 10.1371/journal.pone.0088193 PMID: 24516610

10. Webber JP, Spary LK, Sanders AJ, Chowdhury R, Jiang WG, Steadman R et al. Differentiation of
tumor-promoting stromal myofibroblasts by cancer exosomes. Oncogene 2015; 34:290-302. doi: 10.
1038/0nc.2013.560 PMID: 24441045

11. Peinado H, Aleckovi¢ M, Lavotshkin S, Matei |, Costa-Silva B, Moreno-Bueno G et al. Melanoma exo-
somes educate bone marrow progenitor cells toward a pro-metastatic phenotype through MET. Nature
Med. 2012; 18:883-91. doi: 10.1038/nm.2753 PMID: 22635005

12. Hedlund M, Stenqvist AC, Nagaeva O, Kjellberg L, Wulff M, Baranov V et al. Human placenta expresses
and secretes NKG2D ligands via exosomes that down-modulate the cognate receptor expression:

PLOS ONE | DOI:10.1371/journal.pone.0166284 November 10, 2016 11/12


http://dx.doi.org/10.3322/caac.21208
http://dx.doi.org/10.3322/caac.21208
http://www.ncbi.nlm.nih.gov/pubmed/24399786
http://dx.doi.org/10.1124/pr.112.005983
http://www.ncbi.nlm.nih.gov/pubmed/22722893
http://dx.doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
http://dx.doi.org/10.1016/j.ajpath.2013.09.027
http://dx.doi.org/10.1016/j.ajpath.2013.09.027
http://www.ncbi.nlm.nih.gov/pubmed/24269592
http://dx.doi.org/10.1038/sj.bjc.6605058
http://www.ncbi.nlm.nih.gov/pubmed/19401683
http://www.ncbi.nlm.nih.gov/pubmed/22420032
http://dx.doi.org/10.1016/j.addr.2012.07.019
http://www.ncbi.nlm.nih.gov/pubmed/22981801
http://dx.doi.org/10.1371/journal.pone.0088193
http://www.ncbi.nlm.nih.gov/pubmed/24516610
http://dx.doi.org/10.1038/onc.2013.560
http://dx.doi.org/10.1038/onc.2013.560
http://www.ncbi.nlm.nih.gov/pubmed/24441045
http://dx.doi.org/10.1038/nm.2753
http://www.ncbi.nlm.nih.gov/pubmed/22635005

@° PLOS | ONE

Tumor Exosomes Impair Osteoclast Differentiation

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24,

evidence for immunosuppressive function. J Immunol. 2009; 183:340-51. doi: 10.4049/jimmunol.
0803477 PMID: 19542445

Lundholm M, Schréder M, Nagaeva O, Baranov V, Widmark A, Mincheva-Nilsson L et al. Prostate
tumor-derived exosomes down-regulate NKG2D expression on natural killer cells and CD8+ T cells:
mechanism of immune evasion. PLoS One 2014; 9:e108925. doi: 10.1371/journal.pone.0108925
PMID: 25268476

Franzén CA, Simms PE, Van Huis AF, Foreman KE, Kuo PC, Gupta GN. Characterization of uptake
and internalization of exosomes by bladder cancer cells. Biomed Res Int. 2014; Article ID 619829.

Clayton A, Mitchell JP, Court J, Linnane S, Mason MD, Tabi Z. Human tumor-derived exosomes down-
modulate NKG2D expression. J Immunol. 2008; 180:7249-58. PMID: 18490724

Di Vizio D, Morello M, Dudley AC, Schow PW, Adam RM, Morley S et al. Large oncosomes in human
prostate cancer tissues and in the circulation of mice with metastatic disease. Am J Pathol. 2012;
181:1573-84. doi: 10.1016/j.ajpath.2012.07.030 PMID: 23022210

Gingrich JR, Barrios RJ, Morton RA, Boyce BF, DeMayo FJ, Finegold MJ et al. Metastatic prostate can-
cer in a transgenic mouse. Cancer Res. 1996; 56:4096—4102. PMID: 8797572

Deng X, He G, Liu J, Luo F, Peng X, Tang S et al. Recent advances in bone-targeted therapies of meta-
static prostate cancer. Cancer Treatm Rev. 2014; 40:730-8.

Fang J, Xu Q. Differences of osteoblastic bone metastases and osteolytic bone metastases in clinical
features and molecular characteristics. Clin. Transl. Oncol. 2015; 17:173-9. doi: 10.1007/s12094-014-
1247-x PMID: 25351174

Hensel J, Thalmann GN. Biology of bone metastases in prostate cancer. Urology 2016; in press.

RaimondiL, De Luca A, Amodio N, Manno M, Raccosta S, Taverna S et al. Involvement of multiple
myeloma cell-derived exosomes in osteoclast differentiation. Oncotarget 2015; 6:13772—-89. doi: 10.
18632/oncotarget.3830 PMID: 25944696

Zhao L, Liu W, Xiao J, Cao B. The role of exosomes and “exosomal shuttle microRNA” in tumorigenesis
and drug resistance. Cancer Lett. 2015; 356:339—46. doi: 10.1016/j.canlet.2014.10.027 PMID:
25449429

Boelens MC, Wu TJ, Nabet BY, Xu B, Qiu Y, Yoon T et al. Exosome transfer from stromal to breast can-
cer cells regulates therapy resistance pathways. Cell 2014; 159:499-513. doi: 10.1016/j.cell.2014.09.
051 PMID: 254171083

Melo SA, Sugimoto H, O’Connell JT, Kato N, Villanueva A, Vidal A et al. Cancer exosomes perform cell-
independent microRNA biogenesis and promote tumorigenesis. Cancer Cell 2014; 26:707-21. doi: 10.
1016/j.ccell.2014.09.005 PMID: 25446899

PLOS ONE | DOI:10.1371/journal.pone.0166284 November 10, 2016 12/12


http://dx.doi.org/10.4049/jimmunol.0803477
http://dx.doi.org/10.4049/jimmunol.0803477
http://www.ncbi.nlm.nih.gov/pubmed/19542445
http://dx.doi.org/10.1371/journal.pone.0108925
http://www.ncbi.nlm.nih.gov/pubmed/25268476
http://www.ncbi.nlm.nih.gov/pubmed/18490724
http://dx.doi.org/10.1016/j.ajpath.2012.07.030
http://www.ncbi.nlm.nih.gov/pubmed/23022210
http://www.ncbi.nlm.nih.gov/pubmed/8797572
http://dx.doi.org/10.1007/s12094-014-1247-x
http://dx.doi.org/10.1007/s12094-014-1247-x
http://www.ncbi.nlm.nih.gov/pubmed/25351174
http://dx.doi.org/10.18632/oncotarget.3830
http://dx.doi.org/10.18632/oncotarget.3830
http://www.ncbi.nlm.nih.gov/pubmed/25944696
http://dx.doi.org/10.1016/j.canlet.2014.10.027
http://www.ncbi.nlm.nih.gov/pubmed/25449429
http://dx.doi.org/10.1016/j.cell.2014.09.051
http://dx.doi.org/10.1016/j.cell.2014.09.051
http://www.ncbi.nlm.nih.gov/pubmed/25417103
http://dx.doi.org/10.1016/j.ccell.2014.09.005
http://dx.doi.org/10.1016/j.ccell.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25446899

