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Abstract
Bone metastases are still incurable and result in the development of clinical com-
plications and decreased survival for prostate cancer patients. Recently, a number of
studies have shown that extracellular vesicles (EVs) play important roles in tumour
progression. Here, we show that EVs from metastatic prostate cancer cells promote
osteoclast formation in the presence of receptor activator of NF-κB ligand (RANKL).
EV characterization followed by functional siRNA screening identified CUB-domain
containing protein 1 (CDCP1), a transmembrane protein, as an inducer of osteoclas-
togenesis. Additionally, CDCP1 expression on plasma-derived EVs was upregulated
in bone metastatic prostate cancer patients. Our findings elucidate the effect of EVs
from metastatic prostate cancer cells on osteoclast formation, which is promoted by
CDCP1 located on EVs. Furthermore, our data suggested that CDCP1 expression on
EVs might be useful to detect bone metastasis of prostate cancer.
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 INTRODUCTION

Prostate cancer (PCa) is the most frequently diagnosed male tumour and the second leading cause of cancer-related death in
males in the United States (Siegel et al., 2021). PCa usually metastasizes to bone, and metastatic bone disease increases the risk
of intractable bone pain, pathological skeletal fracture, and spinal-cord compression and decreases survival (Sturge et al., 2011).
Therapeutic advances have been limited, and the most advanced stage of PCa remains incurable.
Bone is a dynamic organ that is constantly renewed by the balanced action of osteoblastic bone formation and osteoclas-

tic bone resorption. This restructuring process called “bone remodelling” is important for the maintenance of bone mass and
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strength (Matsuo & Irie, 2008). However, once cancer cells metastasize to bone, the balance between osteoblasts and osteoclasts
is disrupted. During bone metastatic progression, cancer cells stimulate osteoblasts to release receptor activator of NF-κB lig-
and (RANKL). Osteoblast-derived RANKL binds to RANK, which is a receptor of RANKL expressed on osteoclast precursors.
This heterotypic cell interaction induces the fusion of osteoclast precursors and the formation of mature multinucleated osteo-
clasts, resulting in enhanced bone resorption. Then, resorption of the bone matrix causes the release of growth factors such as
insulin-like growth factor 1 (IGF-1) and transforming growth factor beta (TGF-β), leading to the progression of bone metastasis.
This process is called the “vicious cycle” and has been widely accepted to establish osteolytic lesions to enhance bone metastatic
progression (Guise et al., 2006; Kingsley et al., 2007).

Despite emergingmolecular discoveries, a more comprehensive understanding of bonemetastasis is required to develop effec-
tive therapies. Indeed, denosumab, a fully human anti-RANKL monoclonal antibody, does not prolong survival in men with
castration-resistant prostate cancer (CRPC) (Smith et al., 2012); therefore, an unknown molecular mechanism is likely involved
in the progression of bone metastasis. Extracellular vesicles (EVs) are a heterogeneous family of vesicles that are generated from
different subcellular compartments and released into extracellular space from almost all cell types. EVs function in intercellu-
lar communication by transferring intracellular contents, such as microRNA (miRNA), messenger RNA (mRNA), and proteins
(Valadi et al., 2007). Previous reports have shown that EVs play important roles in tumour progression (Urabe et al., 2021). In this
study, we found the effect of EVs isolated from metastatic PCa cells on mature osteoclast formation in the presence of RANKL
and used functional siRNA screening to determine that CUB-domain containing protein 1 (CDCP1), which is a membrane pro-
tein located on EVs derived from PCa cells, promotes osteoclastogenesis. In addition, we found that high levels of CDCP1 were
detected in plasma-derived EVs from PCa patients with bone metastasis.

 MATERIAL ANDMETHODS

. Cell line and cell culture

The human bone metastatic CRPC cell line PC-3 M-luc-C6 (PC3M) (Xenogen, Alameda, CA) and the immortalized normal
human prostatic epithelial cell line PNT2 (DS Pharma Biomedical Co., Ltd., Osaka, Japan) were cultured in RPMI 1640 medium
(Gibco, Waltham, MA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and antibiotic-antimycotic solution
(Gibco) at 37◦C. The murine monocytic cell line RAW264.7 was purchased fromAmerican Type Culture Collection. RAW264.7
cells were cultured in DMEM (Gibco) supplemented with 10% heat-inactivated FBS and antibiotic-antimycotic solution at 37◦C.
RAW264.7 cells were used at low passages (maximum +7 passages from purchase). Primary hematopoietic cells isolated from
mouse bone marrow were cultured in α-MEM (Sigma Aldrich, St. Louis, MO) containing nucleosides, with the addition of
2 mM L-glutamine (Gibco), 10% heat-inactivated FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco). For routine
maintenance, each of the cell lines and the primary cells were grown as a monolayer at 37◦C with 5% carbon dioxide and 95%
relative humidity.

. Mouse study

The animal experiment in this study was performed in compliance with the guidelines of the Institute for Laboratory Animal
Research, National Cancer Research Institute. Male BALB/c nude mice were purchased from Charles River Laboratories, Japan.
Mice were maintained under sterile conditions in ventilated cages and racks with a 12 h light/12 h dark cycle. Male mice aged
5 weeks were used for intratibial tumour implantation. PC3M cells (1× 105 cells/mouse) in 20 μL of PBS were inoculated into the
right tibia (20 μL of PBS alone was inoculated into the left tibia). Themice were evaluated by in vivo imaging andmicrocomputed
tomography (micro-CT) system R-mCT2 (Rigaku Co., Tokyo, Japan) 3 weeks after the injection.

. Preparation of conditioned medium and EVs

The cells were washed with phosphate-buffered saline (PBS), and the culture medium was replaced with Advanced RPMI 1640
medium (Gibco) for PC3M and PNT2 cells, containing an antibiotic-antimycotic mix and 2 mM L-glutamine. EVs from the
conditioned medium were isolated by a differential ultracentrifugation protocol, as we previously reported (Yokoi et al., 2017).
Briefly, the conditionedmediumwas centrifuged at 2000× g for 10min to remove contaminating cells. The resulting supernatants
were then transferred to fresh tubes and filtered through a 0.22 μm filter (Millipore, Billerica, MA). The filtered conditioned
medium was centrifuged for 70 min at 110,000 × g using a SW41Ti rotor to pellet the enriched EVs (Beckman Coulter, Rea, CA).
The pellets were washedwith 11mL of PBS and ultracentrifuged at 110,000× g for another 70min using the SW41Ti rotor. The EV
pellets were stored in a refrigerator at 4◦C until use. The fraction containing the EVs was measured for its protein content using
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the Quant-iT Protein Assay with the Qubit2.0 Fluorometer (Invitrogen, Carlsbad, CA) or Micro BCA protein assay kit (Thermo
Scientific, MA, USA). The particle count and size distribution of EVs were determined using NanoSight system (NanoSight Ltd,
Amesbury, UK). Samples diluted 100-fold with PBS were analysed using the NanoSight system LM10 with NTA2.3 Analytical
software (NanoSight).

. Osteoclast differentiation

RAW264.7 cells were seeded in 48-well plates at a density of 1.0 × 104 cells per well with α-MEM containing 2 mM L-glutamine,
10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. After an initial attachment period of 12 h, the cells were cultured
in the presence or absence of recombinant mouse RANKL (GST-RANKL, Oriental Yeast Co., Tokyo, Japan) at a concentration
of 10 ng/mL alone or in combination with EVs for each period. Bone marrow cells were collected from the femurs and tibia
of 6- to 10-week-old BALB/c nude mice (Charles River Laboratories Japan, Inc., Yokohama, Japan). The cells were centrifuged,
and the harvested cells were cultured with α-MEM containing 2mML-glutamine, 10% FBS, andmacrophage colony-stimulating
factor (M-CSF, 10 ng/mL) for 16 h. Nonadherent mononuclear cells were collected, seeded on 150-mm culture dishes, and further
incubated for 72 hwithα-MEMcontaining 2mML-glutamine, 10% FBS, andM-CSF (50 ng/mL) to generate osteoclast precursor
(OCP) cells. OCP cells were seeded into a 48-well plate (1.0 × 104 cells/well) and cultured in α-MEM culture medium in the
presence or absence of RANKL (20 ng/mL) alone or in combination with EVs for 5 days with a change in culture medium every
2 days. On Day 6, the cells were stained with tartrate-resistant acid phosphatase (TRAP) using a TRAP Staining Kit (Cosmo Bio.
Co., Ltd., Tokyo, Japan). TRAP-positive multinuclear cells containing three or more nuclei were counted as mature osteoclasts
under a light microscope.

. Bone resorption assay

Bone resorption activities were determined by a bone resorption assay kit (Cosmo Bio. Co., Ltd.) based on the manufacturer’s
instructions. EV-induced bone resorption activity was evaluated by detecting the fluorescence intensity of conditioned medium
at an excitation wavelength of 485 nm and an emission wavelength of 535 nm.

. Cell morphology analysis

For actin staining, osteoclast precursor cells were fixed with 4% paraformaldehyde for 10 min at room temperature. After wash-
ing with PBS, actin was stained with ActinGreen 488 Ready Probes Reagent (R37110, Molecular Probes). Then, after washing
with PBS, the nuclei were stained with Hoechst 33342 (Dojindo, Kumamoto, Japan). The stained cells were washed in PBS for
observation.

. siRNA transient transfection

A 2 mL PC3M cell suspension of 1.0×105 cells/well (in RPMI containing 10% FBS without antibiotics) was seeded into 6-well
plates and incubated for 24 h. The transfection of 10 nM siRNAwas accomplished using the DharmaFECT 1 transfection reagent
(Thermo Fisher Scientific) according to the manufacturer’s protocol. After 24 h, the medium was changed to Advanced RPMI
1640 medium containing an antibiotic-antimycotic mix and 2 mM L-glutamine. Forty-eight hours after the medium change,
the conditioned medium was collected, and total RNA was extracted using the miRNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The conditioned medium was purified for EV isolation by ultracentrifugation, and
the total RNA was evaluated by qRT‒PCR.

. Establishment of stable cell lines

A stable HEK293 cell line expressing CDCP1 was generated by selection with puromycin (2.5 μg/mL). HEK cells at 90% conflu-
ency were transfected with the pCMV6-Myc-DDK-tagged ORF clone of human CDCP1 (Origene Technologies, Inc., Rockville,
MD) and vector plasmid DNA in 24-well dishes using Lipofectamine 3000 reagent in accordance with the manufacturer’s
instructions (Invitrogen). Cells were replated in a 10-cm dish 24 h after transfection, followed by selection with 2 μg/mL
puromycin (Gibco) for 2 weeks.
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. qRT‒PCR

Total RNA (1.5 μg) was isolated from the cell pellets using an RNeasy Mini Kit (Qiagen). RNA was converted to first-strand
cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Real-time PCR analyses
were performed using StepOne Plus and TaqMan Universal PCRMaster Mix (Thermo Fisher Scientific). mRNA expression was
normalized to GAPDH expression. TaqMan probes for cathepsin K (CTSK) (Mm00484039_m1), dendritic cell-transmembrane
protein (DC-STAMP) (Mm04209236_m1), TRAP (Mm00475698_m1) and GAPDH (Mm99999915_g1) were purchased from
Applied Biosystems.

. Immunoblotting

Proteins were isolated from cells usingM-PER (Thermo Scientific,MA,USA), separated inMini-PROTEANTGXGel (5%–20%,
Bio-Rad) and electrotransferred onto a PVDF membrane (Millipore). After blocking in Blocking One (Nacalai Tesque, Kyoto,
Japan), the membranes were incubated for 1 h at room temperature with primary antibodies against the following antigens:
CD9 (12A12, dilution 1:1000, COSMO BIO), CD63 (8A12, dilution 1:1000, COSMO BIO), CD81 (12C4, dilution 1:1000, COSMO
BIO), nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) (#66963-1-Ig, 1:1000, Proteintech), RANKL (#ab9957, 1:1000),
CDCP1 (#4115, 1:1000, Cell Signalling Technology), actin (C4, 1:5000, Millipore), and GAPDH (AB2302, 1:5000, Millipore). HRP
(horseradish peroxidase)-linked secondary antibodies againstmouse and rabbit immunoglobulin IgG (GEHealthcare) were used
at a dilution of 1:5000. The membrane was then exposed to ImmunoStar LD (Wako, Osaka, Japan).

. RNA sequencing and analyses

The extracted total RNA was treated with RNase-free DNase I (Thermo Scientific, Waltham, MA), and the quality was tested
using an Agilent 2100 Bioanalyzer (Agilent Technologies, USA). RNA sequencing (RNA-seq) libraries were prepared with the
Illumina TruSeq Stranded mRNA protocol and sequenced on a HiSeq 2500 machine as paired-end, 100 base pair (bp) reads.
Raw RNA-seq data were subjected to FastQC quality control. The sequencing data were analysed by using the software package
Hisat2 and aligned to the reference genome humanGRCh38. Expression quantified by normalization of the number of reads was
defined as FPKM by Partek Genomic Suite version 6. The GEO accession number of our RNA-seq is GSE199912.

. PKH-labeled EV transfer

PurifiedEVsderived fromPC3MandPNT2 cellswere labelledwith the PKH67GreenFluorescent LabellingKit (Sigma‒Aldrich).
EVs were incubated with 2 μM PKH67 for 5 min, washed four times through a 100-kDa filter (Microcon YM-100, Millipore) to
remove excess dye, and incubated with RAW264.7 cells in the presence of RANKL (10 ng/mL) at 37◦C.

. Proteome analysis of EVs

Protein solution samples were reduced and alkylated as previously described (Peng et al., 2011). Proteins were diluted 3-fold
with 50 mM ammonium bicarbonate, pH 8.5, and digested with trypsin at an enzyme-to-substrate ratio of 1:50 (wt/wt, modified
sequencing grade, Promega, Madison, Wisconsin, United States) for 16 h at 30◦C. LC‒MS/MS analyses were performed by nano
LC (UltiMate 3000) (Dionex, Sunnyvale, CA, USA) coupled with a Q Exactive Plus Orbitrap mass spectrometer (Thermo Scien-
tific, Waltham, MA, USA). Mass spectrometric analysis was performed according to a method described previously (Yamanaka
et al., 2007). The database search was performed withMASCOTDeamon (Matrix Science, London, UK). The generated pkl files
were submitted to NCBInr (20130316). The search parameters were as follows: fixed modifications, carbamidomethyl; variable
modifications, oxidation (M); missed cleavages, up to 1; monoisotopic peptide tolerance, 1.0 Da; and MS/MS tolerance, 0.5 Da.
To eliminate the very-low-scoring random peptide matches automatically, the ion score cutoff was set to 30. The output data
were analysed using Scaffold software version 4.8.4 (Proteome Software Inc., Portland, OR, USA).

. Electron microscopy

EVs purified from PC3M and PNT2 cells were observed using phase contrast electron microscopy, as described in our previous
report (Kosaka et al., 2013). For immunoelectron microscopy, EVs were allowed to adsorb on nickel grids at room temperature.
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Thereafter, the grids were incubated with primary antibody (anti-CDCP1, DY2666, R&D Systems, Inc.) in 1% BA-PBS for 2 h at
room temperature, and the gridswerewashedwith 1%BSA-PBS. The gridswere subsequently incubatedwith secondary antibody
conjugated to 10-nm gold particles (goat anti-mouse IgG polyclonal antibody, British BioCell International) for anti-CDCP1
antibody detection for 90 min at room temperature. After being washed with PBS, the grids were placed in 2% glutaraldehyde
in PBS. Subsequently, the grids were stained with 2% phosphor tungstic acid solution (pH 7.0) for 15 s. The grids were observed
by a transmission electron microscope (JEM-1400Plus; JEOL) at an acceleration voltage of 80 kV.

. Patient plasma samples

The collection andusage of humanplasma fromprostate cancer patients at The JikeiUniversity School ofMedicinewere approved
by the Institutional Review Board (No. 29–271(8887)). Plasma was aliquoted and stored at −80◦C until use, and freeze‒thawing
was avoided thereafter. Informed consent was obtained from all patients. For immunoblotting, plasma samples were centrifuged
at 10,000 × g for 10 min at 4◦C to remove cells and debris. To prepare EVs, the supernatant was ultracentrifuged at 210,000 × g
using aTLS-55 rotor for 35min at 4◦C(BeckmanCoulter, Rea, CA). The pelletswerewashedwith 2mLPBSbyultracentrifugation
at 210,000 × g using a TLS-55 rotor for 35 min at 4◦C. The EV pellets were stored in a refrigerator at 4◦C until use.

. Statistical analysis

The data presented in the bar graphs are themean± s.d. of at least three independent experiments. Student’s t-test or an unpaired
t test was used for comparison of two datasets. Analysis of variance (ANOVA) was used for multiple comparisons, followed
by Dunnett’s test or Bonferroni correction. The statistical software used was Prism version 7 (GraphPad Software, San Diego,
CA). p < 0.05 was considered to be statistically significant. For analysis of LC‒MS/MS data, Fisher’s exact test was performed
(p < 0.003).

 RESULTS

. Prostate cancer-derived EVs promote osteoclastogenesis

First, the human bonemetastatic CRPC cell line PC3M, which can grow in bones and elicit an osteolytic reaction, was implanted
via an intratibial injection to confirm the bone phenotype. Three weeks later, three-dimensional bone imaging was performed
using micro-CT, and an osteolytic bone lesion was detected in the in vivo imaging system (IVIS)-positive area (Figure 1a). This
osteolytic phenotype prompted us to focus on the relationship between cancer cells and osteoclasts. Previous studies have shown
that several soluble factors in conditioned medium can induce osteoclastogenesis (Yuen et al., 2010). Therefore, we hypothesized
that EVs derived from PCa also promote osteoclastogenesis. To observe the role of PC3M-derived EVs in osteoclastogenesis,
the murine monocytic cell line RAW264.7, which has the potential to differentiate into osteoclast-like cells, was cultured with
PC3M-derived EVs. As shown in Figure 1b, mature, three or more multinucleated, osteoclast formation was observed 96 h after
the addition of RANKL. On the contrary, TRAP-positive cells containing a single nucleus were observed after the addition of
PC3M-derived EVs only. As themature osteoclasts are defined as TRAPpositivemultinucleated cells, these cells were not counted
(Figure 1b). Indeed, TRAP positive multinucleated cells were not observed 168 h after the addition of PC3M-derived EVs only
(Figure 1c). Then, to evaluate osteoclast differentiation and maturation, we classified TRAP-positive cells into three groups by
the number of nuclei, and the number of TRAP-positive cells was compared in each group from 24 h to 168 h (Figure 1c).
Although PC3M-derived EVs alone did not promote the formation of mature osteoclasts, PC3M-derived EVs in combination
with RANKL significantly promoted the formation of mature osteoclasts compared with RANKL only (Figure 1b, c). Further-
more, several recent articles reported that filopodia in osteoclast precursors play important roles not only in cell migration but
also in the prefusion selectivity of two osteoclast precursor cells (Irie et al., 2017; Song et al., 2014). RAW264.7 cells that were
cocultured with PC3M-derived EVs in combination with RANKL formed numerous protruding long filopodia compared to
those treated with RANKL alone (Figure S1a). Indeed, the osteoclast precursors, which have five or more filopodia, significantly
increased after 72 h when osteoclast precursors were cocultured with PC3M-derived EVs in combination with RANKL (Figure
S1b). During differentiation, more cell-to-cell contact via filopodia was observed with the treatments (Figure S1c). As osteoclasts
matured, fewer filopodia were observed in osteoclasts at 120 h (Figure S1b). In addition, to investigate bone resorption activ-
ity, we performed a bone resorption assay by measuring chondroitin sulphate secreted due to osteoclast bone resorption. Bone
resorption activities, as indicated by fluorescence intensity, were significantly enhanced in RAW264.7 cells that were cocultured
with RANKL and PC3M-derived EVs compared to those cultured with RANKL only (Figure 1d).
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F IGURE  Prostate cancer-derived EVs promote osteoclastogenesis. (a) Intratibial tumours were evaluated by the photon radiance of the cancer cell
bioluminescence (left panel). Microcomputed tomography (μCT) revealed the same area as the osteolytic tumour site (yellow arrow in right panel). (b)
Osteoclast precursor (RAW264.7) cells were cultured with EVs derived from PC3M cells with or without RANKL. At the end of Day 4, osteoclast
precursor-induced cells were fixed, stained for TRAP, and observed under a light microscope. Scale bar, 100 μm. The enlarged images are shown at the upper
left of each image. (c) Osteoclast precursor cells were cultured with EVs derived from PC3M cells with or without RANKL. At different time points, osteoclast
precursor-induced cells were fixed and stained for TRAP, and the number of TRAP-positive multinucleated cells containing more than 3 nuclei (MNCs) was
counted. (d) The effect of PC3M-derived EVs on bone resorption activity of osteoclasts was evaluated by fluorescence intensity. Error bars represent s.d. of
triplicate experiments. * and ** indicate significant differences from the RANKL-stimulated group (R10) as determined by Dunnett’s test (*p < 0.05, **p < 0.01).
R10 represents 10 ng/mL RANKL, EV10 represents 10 μg/mL PC3M-derived EVs, and EV30 represents 30 μg/mL PC3M-derived EVs.

We next examined the effects of PC3M-derived EVs on osteoclast formation using primary osteoclast precursor cells. Bone
marrowmonocytes (BMMs) fromBALB/cmice treatedwith 30 ng/mLM-CSF for 3 dayswere coculturedwith 10 ng/mLRANKL,
50μg/mLM-CSF andPC3M-derived EVs for an additional 5 days (Figure S2a). TRAP stainingwas performed, and the number of
mature osteoclastswas counted (Figure S2b). The results suggested that EVs frommetastatic PCa cells facilitate osteoclastogenesis
in the presence of RANKL.
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F IGURE  RNA-seq confirmed osteoclastogenesis induced by prostate cancer-derived EVs. (a) Schematic protocol for the gene expression analysis in
osteoclast precursor cells (RAW264.7 cells) that were treated with EVs derived from PC3M cells (30 μg/mL) and RANKL (10 ng/mL). (b) Heatmap showing the
difference in the expression level of mRNA that was previously reported to be related to osteoclastogenesis between osteoclast precursor cells treated with EVs
derived from PC3M cells and RANKL. (c) The difference in NFATc1, TRAP, DC-STAMP and CTSK expression between the samples. The y-axis represents the
expression level of the transcript quantified as reads per kilobase of the transcript per million mapped reads to the transcriptome (RPKM). (d) Osteoclast
precursor cells were cultured with EVs derived from PC3M cells (30 μg/mL) with or without RANKL (10 ng/mL). After 96 h incubation, quantitative PCR
analysis was performed for markers of osteoclast differentiation, including TRAP, DC-STAMP and CTSK. (e) Quantitative PCR analysis was performed for
markers of osteoclast differentiation, including TRAP, DC-STAMP and CTSK after 168 h incubation. Error bars represent s.d. of triplicate experiments.
Corrections passed the Bonferroni threshold (p < 0.05/3 = 0.0167) are marked with asterisk (*). R10 represents 10 ng/mL RANKL, EV10 represents 10 μg/mL
PC3M-derived EVs and EV30 represents 30 μg/mL EVs.

. Whole transcriptome analysis reveals EV-regulated osteoclastogenesis

We found that EVs from metastatic PCa cells promote mature osteoclast formation in the presence of RANKL. Next, to exam-
ine the changes in gene expression in osteoclast precursors after the addition of PC3M-derived EVs, we performed RNA-seq
(Figure 2a). As shown in the heatmap, the influence of RANKL in osteoclast differentiation was robust (Figure S3a). However,
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RNA-seq revealed that PC3M-derived EVs addictively upregulated the expression of genes associated with osteoclast differentia-
tion in the presence of RANKL, although PC3M-derived EVs alone did not (Figure 2b). In particular, NFATc1, which is a master
transcription factor in osteoclastogenesis, regulates the expression level of various factors affecting osteoclast formation, such as
DC-STAMP, TRAP, andCTSK (Matsumoto et al., 2004; Teitelbaum&Ross, 2003; Yagi et al., 2006). These genes were upregulated
in RAW264.7 cells after 48 or 72 h of coculture with PCa-derived EVs in the presence of RANKL (Figure 2c). Additionally, when
RAW264.7 cells were incubated with the combination of RANKL and PC3M-derived EVs for 96 and 168 h, increased mRNA
levels of the genes were confirmed by qRT-PCR (Figure 2d, e). In primary osteoclast precursors, the expression levels of TRAP
and CTSK were still upregulated after 5 days of coculture with PC3M-derived EVs in the presence of RANKL (Figure S2c).
In addition, osteoclast precursor cell migration is a prerequisite for cell‒cell contact and fusion prior to the formation of

multinuclear osteoclasts (Irie et al., 2017). Prior to cell‒cell fusion, osteoclast precursors protrude “neurite-like” filopodia and
contact their neighbouring precursor cells (Figure S1a); Rho GTPases are important players in controlling this differentiation
process (Song et al., 2014). RhoU, RhoF and Rac2 have been reported to regulate the formation and action of filopodia (Song
et al., 2014), and the expression levels of these genes were greater after the addition of EVs in the presence of RANKL compared
to expression after the addition of RANKL only (Figure S3b, c). From the point of whole transcriptome analysis, these results
confirmed the occurrence of osteoclast differentiation and that the formation of filopodia was promoted by the addition of
PC3M-derived EVs in the presence of RANKL.

. Normal prostate epithelial cell-derived EVs did not promote osteoclastogenesis

To further elucidate the effects of PC3M-derivedEVs onmature osteoclast formation, EVs from themetastatic PCa cell line PC3M
or from the normal prostatic epithelial cell line PNT2 were added to RAW264.7 cells. The vesicular structures of the EVs isolated
from PC3M and PNT2 cells were observed by electron microscopy (Figure 3a). NTA analysis was performed to determine the
size distribution of the EVs, which was approximately 30–250 nm, with a peak at approximately 70 nm (Figure 3b). In addition,
we confirmed the enrichment of the known EV markers CD9, CD63 and CD81 by immunoblotting (Figure 3c). Although the
abundance of CD63 was low in PNT2 cell-derived EVs, high levels of the other markers were detected in both EVs. These
results are consistent with our previous report (Yoshioka et al., 2013). Furthermore, we observed the uptake of EVs derived from
PC3M and PNT2 cells into RAW264.7 cells using PKH67-labeled EVs, and fluorescence was observed by confocal microscopy
(Figure 3d). We next studied the effects of PC3M and PNT2 cell-derived EVs on mature osteoclast formation. RAW264.7 cells
were cocultured with PC3M-derived EVs or PNT2-derived EVs in the presence of RANKL for 4 days. EVs derived from PC3M
cells significantly promotedmature osteoclast formation, while PNT2-derived EVs did not induce osteoclastogenesis (Figure 3e).
The interaction of RANKL with RANK on the osteoclast precursor cell membrane induces the initial expression of the master
regulator of osteoclastogenesis, NFATc1 (Boyle et al., 2003). Therefore, we performed immunoblotting to determine whether
PC3M-derived EVs contained RANKL or NFATc1, and we found that these proteins were not found in PC3M-derived EVs
(Figure 3f). Collectively, these results suggested that the molecules contained in or on PC3M-derived EVs specifically promoted
mature osteoclast formation in the presence of RANKL.

. EV characterization and functional siRNA screening to identify CDCP

The cargo of EVs, which includes multiple biological components, is transferred from donor to recipient cells and influences
the cellular phenotypes. Our data strongly demonstrated that EVs play an important role in bone resorption via RANKL-driven
osteoclast differentiation, in which the presence of EVs induces bone resorption (Figure 1d). Next, we investigated which cargo
of EVs is critical in promoting mature osteoclast formation.
In this study, to reveal the proteins in or on EVs that promote osteoclastogenesis, we performed proteome analysis. Isolated

PC3M- and PNT2-derived EVs were subjected to LC‒MS/MS analysis (Figure 4a). A total of 822 proteins were identified from
these EVs, of which 119 and 56 proteins were specifically identified in PC3M- and PNT2-derived EVs, respectively (Figure 4b). To
elucidate the biological functions of PC3M-derived EVs, proteins significantly expressed in PC3M-derived EVs were obtained
from the 822 proteins and analysed by Fisher’s exact test (Figure 4c). As a result, 21 proteins were found to be significantly
more prevalent in PC3M-derived EVs than in PNT2-derived EVs, and these proteins were thought to be candidate proteins that
promote mature osteoclast formation (Figure 4c).
To determine which of these proteins is essential to mediate osteoclastogenesis in the presence of RANKL, we conducted

small-scale screenings using an siRNA SMART pool in PC3M cells for the candidate proteins to promote osteoclast formation
(Figure 4d). All Stars Negative Control siRNA (Qiagen) was transfected into PC3M cells, which were used as a positive control.
We planned to perform three screenings to narrow down the reliable molecules. After excluding the proteins with concentrations
in the EVs lower than 10 μg/mL, we performed screenings as shown in Figures 4e and S4a. Through this process, we found that
EVs derived from CDCP1-downregulated PC3M cells did not promote mature osteoclast formation even in the presence of
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F IGURE  Prostate cancer-derived EVs specifically promote osteoclastogenesis. (a) Representative images of EVs isolated from PC3M and PNT2 cells
and observed under transmission electron microscopy. Scale bar, 100 nm. (b) The particle size distributions and concentrations of EVs from PC3M and PNT2
cells were measured using a NanoSight nanoparticle tracking system. (c) EVs from PC3M and PNT2 cells were analysed by immunoblotting using anti-CD9,
anti-CD63, and anti-CD81 antibodies. (d) Representative confocal microscopy images. EVs derived from PC3M and PNT2 cells were labelled with PKH67 and
added to osteoclast precursors in the presence of RANKL (10 ng/mL). White dots indicate cell morphologies. Scale bars, 25 μm. (e) Analysis of the effect of EVs
derived from PC3M and PNT2 cells on osteoclast precursors (RAW264.7 cells). EVs were added to RAW264.7 cells, and osteoclast differentiation was
evaluated by tartrate-resistant acid phosphatase (TRAP) staining after 96 h. The number of TRAP-positive multinucleated cells containing more than 3 nuclei
(MNCs) was counted. (f) EVs from PC3M and PNT2 cells were analysed by immunoblotting using anti-RANKL and anti-NFATc1 antibodies. As positive
controls, recombinant RANKL and cell lysates from osteoclast cells that were differentiated from RAW264.7 cells were used. R10 represents 10 ng/mL RANKL,
EV10 represents 10 μg/mL EVs and EV30 represents 30 μg/mL EVs. Error bars represent s.d. of triplicate experiments, with significant differences determined
by Dunnett’s test (**p < 0.01)

RANKL. By immunoblotting, we verified that CDCP1 expression in PC3M-derived EVs was higher than that in PNT2-derived
EVs (Figure 4f).

As CDCP1 is a transmembrane protein (Harrington et al., 2016), the endogenous localization and expression level of CDCP1 on
or in EVs were evaluated, as shown in Figure 4g. The immunoelectron microscopy images illustrated the localization of CDCP1
on the surface of PC3M- and PNT2-derived EVs. Although many dots were observed on PC3M-derived EVs, only one dot was



 of  URABE et al.

F IGURE  Screening of molecules expressed on EVs that promote osteoclastogenesis. (a) Schematic representation of the proteome analysis of PC3M-
and PNT2-derived EVs. (b) Venn diagram of the number of detected proteins in PC3M- and PNT2-derived EVs. (c) Analysis of LC‒MS/MS data by spectral
count in PC3M- and PNT2-derived EVs. Twenty-one proteins that were significantly enriched in PC3M-derived EVs were selected as candidate proteins to
promote osteoclast differentiation (Fisher’s exact test; p < 0.003). (d) Schematic protocol for small-scale screening using the siRNA SMART pool in PC3M cells
to detect candidate proteins that promote osteoclast differentiation. (e) Flow diagram of proteins used for selecting the candidate protein CDCP1. (f) EVs from
PC3M and PNT2 cells were analysed by immunoblotting using an anti-human CDCP1 antibody. Proteins from whole cell lysates or EVs were separated on
SDS‒PAGE gels, followed by immunoblotting. A 10 μg cell lysate sample was used for the detection of CDCP1 and actin. A 0.5 μg EV protein sample was used
for the detection of CDCP1. (g) Immunoelectron microscopy images of PC3M EVs and PNT2 EVs labelled with anti-CDCP1 antibody. The black dots
emphasized by yellow arrows indicate the presence of CDCP1. Scale bar, 200 nm.

observed on PNT2-derived EVs (Figure 4g). The reduction in CDCP1 expression in EVs after transfection with CDCP1 siRNA
was also confirmed (Figure S4b). CDCP1 siRNA had no effect on total CD9 or CD63 expression in EVs derived from PC3M cells
(Figure S4b). These results suggest that CDCP1 located on EVs (CDCP1 on EVs) is a specific molecule that promotes mature
osteoclast formation in the presence of RANKL.
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F IGURE  CDCP1 located on EVs is a key molecule for osteoclastogenesis. (a) Cell lysates from HEK293 cells overexpressing CDCP1 or the control were
analysed by immunoblotting using anti-CDCP1 and anti-actin antibodies. Actin was used as the loading control. (b) EVs from HEK293 cells overexpressing
CDCP1 or the control were analysed by immunoblotting using anti-CDCP1 and anti-CD9 antibodies. CD9 was used as the loading control. (c) Immunoelectron
microscopy images of HEK293 cell-derived EVs labelled with anti-CDCP1 antibody. The black dots emphasized by yellow arrows indicate the presence of
CDCP1. Scale bar, 200 nm. (d) Osteoclast precursor cells were cultured with EVs derived from HEK293 control cells (control) or CDCP1-overexpressing
HEK293 (CDCP1-OE)-derived EVs (30 μg/mL) in the presence of RANKL (10 ng/mL). At the end of Day 4, osteoclast precursor-induced cells were fixed and
stained for TRAP, and the number of TRAP-positive multinucleated cells containing more than 3 nuclei (MNCs) was counted. (e) Quantitative PCR analysis
was performed for markers of osteoclast differentiation, including TRAP and CTSK. Error bars represent s.d. of triplicate experiments. ** indicates a significant
difference from the RANKL-stimulated group (R10) as determined by Dunnett’s test (*p < 0.05, **p < 0.01). R10 represents 10 ng/mL RANKL.

. CDCP on EVs is a key molecule that promotes osteoclastogenesis

To confirm the role of CDCP1 on EVs, we examined the biological effects of CDCP1-overexpressing EVs on osteoclastogenesis. To
further test whether CDCP1 promotes osteoclastogenesis, we stably overexpressed CDCP1 in HEK293 cells with low basal levels
of CDCP1 (Figure 5a). CDCP1 was detected in EVs isolated from the culture medium of CDCP1-overexpressing HEK293 cells by
immunoblotting (Figure 5b). We also confirmed that CDCP1 was located on the surface of EVs by immunoelectron microscopy
(Figure 5c). In addition, CDCP1-overexpressing HEK293-derived EVs accelerated mature osteoclast formation compared with
control EVs in the presence of RANKL (Figure 5d). To confirm the effect of EVs derived from CDCP1-overexpressing HEK293
cells on osteoclastogenesis, possible transcriptional regulation induced by EVs was analysed by qRT‒PCR. When osteoclast
precursor (RAW264.7) cells were incubated for 96 h with the combination of RANKL and CDCP1-overexpressing HEK293-
derived EVs, increased mRNA levels of several markers of osteoclast formation and activity were observed, including TRAP and
CTSK (Figure 5e).

The effects of CDCP1 on EVs on mature osteoclast formation were also confirmed in primary osteoclast precursor cells. We
prepared osteoclast precursors as shown above and found that CDCP1-overexpressing HEK293-derived EVs significantly pro-
moted mature osteoclast formation in the presence of RANKL (Figure S5a), and this phenotype was confirmed by qRT‒PCR
(Figure S5b).
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F IGURE  The CDCP1 protein is detected in EVs derived from metastatic prostate cancer patients. (a) Immunoblotting for CDCP1 protein expression
levels in EVs derived from nonmetastatic and bone metastatic prostate cancer patients. Each lane was loaded with EVs from 100 μL plasma. (b) The results of
bone scintigraphy of representative cases. (c) Quantification of the relative expression levels of CDCP1 protein normalized to CD9 in EVs.

. CDCP is present in the plasma-derived EVs of metastatic prostate cancer patients

Finally, to determine whether CDCP1 could be detected in metastatic PCa patients, we used ultracentrifugation to isolate EVs
from three human plasma samples derived from nonmetastatic PCa patients and four from bone metastatic PCa patients.
Immunoblotting was performed to examine the expression level of CDCP1 protein in these samples. Each lane was loaded with
EVs from 100 μL plasma. The results showed that EVs derived from bonemetastatic PCa patients had significantly higher expres-
sion of CDCP1 than those derived from nonmetastatic PCa patients (Figures 6a and S6a). The results of bone scintigraphy in
representative cases are shown in Figure 6b. In addition, the relative expression level of CDCP1 normalized by CD9 tended to be
higher in bone metastatic PCa patients (Figure 6c). These data suggested that EV-associated CDCP1 has the potential to predict
bone metastases in PCa patients. In addition, the overall survival of PCa patients is usually longer (Hamdy et al., 2016), so it was
difficult to predict their prognosis using the expression of CDCP1. However, in other cancers that frequently metastasize to bone,
such as renal clear cell carcinoma (Grünwald et al., 2018), lung adenocarcinoma (Kuchuk et al., 2015) and head-neck squamous
cell carcinoma (Sakisuka et al., 2021), CDCP1 was a significant prognostic factor (Figure S7).

 DISCUSSION

The frequent occurrence of bone metastases in PCa patients is the leading cause of mortality as well as loss in quality of life.
However, the molecular mechanisms that mediate the process of bone metastasis remain poorly defined. An ever-increasing
number of studies have demonstrated that EVs modulate cancer progression (Wortzel et al., 2019). Indeed, previous reports have
shown that EVs from PCa cells promote proliferation (Hosseini-Beheshti et al., 2016), modulate the immune system (Lundholm
et al., 2014) and confer drug resistance (Corcoran et al., 2012). Although PCa frequently presents with osteoblastic bone, previous
reports have shown the importance of osteoclasts in PCa bone metastasis (Yonou et al., 2004; Zhang et al., 2001). In addition,
Shimazaki et al. (1992) reported that the osteolytic bonemetastasis population of PCa had a worse prognosis than the osteoblastic
phenotype. Thus, the role of osteoclasts in PCa bone metastasis is worth investigating. In this study, we investigated the role of
EVs secreted by bonemetastatic PCa cells and first found that EVs fromPCa promotemature osteoclast formation in the presence
of RANKL. In contrast, the addition of EVs from PCa alone did not result in mature osteoclast formation. As shown in Figure
S3a, RANKL has a robust effect on osteoclast differentiation and is the essential cue for osteoclast differentiation. However, after
the addition of EVs from PCa, single nucleus TRAP positive cells were observed. This suggests that EVs from PCa alone do not
have sufficient power to lead to mature osteoclast formation but rather provide a supportive effect.
Using functional siRNA screening, we determined that CDCP1 on EVs is responsible for the mature osteoclast formation.

CDCP1 is a transmembrane cellular receptor that is reported to have a role in regulating tumour progression to metastasis.
Indeed, in PCa, several studies reported the role of CDCP1 in tumour progression. Functional blocking antibodies inhibited
CDCP1-triggered survival of PCa and decreased metastatic colonization in the lung (Deryugina et al., 2009; Fukuchi et al.,
2010; Siva et al., 2008). In addition to PCa cell-associated CDCP1, CDCP1 is also reported to be released from PC3 cells via EVs
(Sandvig& Llorente, 2012). However, the localization and functional roles of CDCP1 on EVs have not been reported. In this study,
we identified that CDCP1 is secreted via EVs and revealed the novel role of CDCP1 on EVs. We revealed that overexpression of
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CDCP1 on EVs derived fromHEK293 cells, which have low basal levels of CDCP1, promoted mature osteoclast formation in the
presence of RANKL.
Recent studies have also emphasized the importance of themicroenvironment in cancer therapy. For instance, as demonstrated

in clinical trials, several drugs, such as denosumab (Coleman et al., 2012) and odanacatib (Clézardin, 2011), target microenviron-
ment cytokines to inhibit the progression of bone metastasis. However, these therapies do not completely inhibit the progression
of bone metastasis. Previous reports have shown that miRNA or mRNA contained in EVs affect the tumour microenvironment
and contribute to tumour progression (Tominaga et al., 2015; Yokoi et al., 2017). However, it is difficult to directly target these
molecules in the circulation because they are packaged in EVs. On the contrary, we previously reported that administration of
human-specific antibodies against CD9 or CD63, which are enriched on the surface of EVs, decreasedmetastasis of breast cancer
in vivo (Nishida-Aoki et al., 2017). In this study, we elucidated the intercellular communication between PCa cells and osteoclasts
through transfer of CDCP1 localized on EVs. Therefore, while further investigationwould be required, this communication could
be a direct therapeutic target in future PCa management.
Current diagnostics of bonemetastatic disease in PCa are not sufficient to provide early detection or regularmonitoring for the

improvement of treatment management. In addition, novel diagnostic methods are needed because current diagnostics, based
on imaging procedures, are costly and could cause patient harm as a result of radiation exposure. The present study found higher
CDCP1 expression in plasma EVs derived from PCa patients with bone metastasis compared with localized tumours. Our data
suggest that CDCP1 on EVs may be a useful marker for predicting the likelihood of metastases to bone in PCa patients. Indeed,
CDCP1 is reported to be highly expressed in CRPC (Zhao et al., 2022), and CDCP1 is known to contribute tometastasis in PTEN-
deficient PCa (Alajati et al., 2020). The expression level of CD9, a common EV marker, in EVs was not significantly different
between bone metastatic and nonmetastatic PCa patients (Figure S6b); therefore, we normalized the expression level of CDCP1
to CD9 and found that the relative expression of CDCP1 tended to be higher in bone metastatic PCa patients (Figure 6c). These
results indicate that CDCP1 on EVs might be useful detect bone metastasis in PCa. Furthermore, interestingly, the expression
of CDCP1 was a significant factor in other cancers that frequently show osteolytic bone metastasis; thus, our findings might be
applicable to not only PCa but also other kinds of cancers.
In summary, this is the first experimental record reporting a role of CDCP1 located on EVs in osteoclastogenesis. Currently, EV

research is progressing to include studies on clinical applications for diagnosis or therapeutics. Our insights into themechanisms
of osteoclastogenesis may provide future opportunities for therapeutic intervention and the detection of bone metastasis. We
hope that these findings can lead to an improvement in clinical outcomes for advanced PCa patients.
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