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Abstract: Extracellular vesicles (EVs) are lipid membranous vesicles that are released from every type
of cell. It has become clear that EVs are involved in a variety of biological phenomena, including
cancer progression, and play critical roles in intracellular communication through the horizontal
transfer of cellular cargoes such as proteins, DNA fragments, RNAs including mRNA and non-coding
RNAs (microRNA, piRNA, and long non-coding RNA) and lipids. The most common cause of
death associated with cancer is metastasis. Recent investigations have revealed that EVs are deeply
associated with metastasis. Bone is a preferred site of metastasis, and bone metastasis is generally
incurable and dramatically affects patient quality of life. Bone metastasis can cause devastating
complications, including hypercalcemia, pathological fractures, spinal compression, and bone pain,
which result in a poor prognosis. Although the mechanisms underlying bone metastasis have yet to
be fully elucidated, increasing evidence suggests that EVs in the bone microenvironment significantly
contribute to cancer progression and cancer bone tropism. Emerging evidence on EV functions in
bone metastasis will facilitate the discovery of novel treatments. In this review, we will discuss the
remarkable effects of EVs, especially on the tumor microenvironment in bone.
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1. Introduction

The existence of membrane-enclosed structures found in the extracellular space has been known
for more than 70 years; Chargaff and West first reported platelet-derived procoagulant particles
after high-speed centrifugation of human plasma in 1946 [1]. In the 1960s, lipid-rich particles
were observed by researchers describing coagulation- or calcification-inducing factors in plasma or
bones, respectively [2,3]. In the 1970s and 1980s, multiple studies have demonstrated the presence
of membrane-like vesicle structures in other various kinds of solid tissues, physiological fluids,
and cell culture supernatants. Prostasomes, which are well known in urology and released from
prostate epithelial cells in the human seminal fluid, were also reported for the first time in this
era [4-9]. These vesicles were called a variety of names depending on their size and origin. However,
their designations were vaguely defined, and their isolation methods were not well established.
Therefore, the International Society for Extracellular Vesicles (ISEV), founded in 2012 in Sweden,
recommends the use of extracellular vesicles (EVs) as a generic term for the vesicles secreted by
these cells. The nomenclature of this vesicles is specified in the Minimal Information for Studies
of Extracellular Vesicles (MISEV) 2018 which is guidelines proposed by ISEV. Three hundred and

Int. ]. Mol. Sci. 2020, 21, 6680; d0i:10.3390/ijms21186680 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
http://www.mdpi.com/1422-0067/21/18/6680?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21186680
http://www.mdpi.com/journal/ijms

Int. J. Mol. Sci. 2020, 21, 6680 20f17

eighty-two expert authors in the field contributed to the MISEV guidelines, and 94% endorsed the
nomenclature recommendation [10,11].

EVs are lipid membranous vesicles that are released from every type of cell. They are conventionally
classified into three main categories: exosomes (approximately 100 nm), microvesicles (approximately
1 pm), and apoptotic bodies (greater than 1 um) [12]. As previously mentioned, all three classes
of EVs differ in not only size but also morphology, content, mode of generation, and mechanism
of release. More specifically, exosomes are formed by the inward budding of early endosomes to
form multivesicular bodies (MVBs). These MVBs fuse with the limiting plasma membrane to release
exosomes into the extracellular space. Microvesicles originate by direct shedding or budding from the
plasma membrane. Apoptotic bodies are released from the cell undergoing programmed cell death [13].
The term EVs is a collective term including many other names of vesicles; microparticle, ectosomes, and
oncosomes, etc. It has been showed that each vesicle contains a slightly different group of molecules,
which is due to the different biogenesis of each vesicle [10]. Furthermore, Théry et al. came up with a
more streamlined nomenclature system of EVs. They defined vesicles <100 nm as small EVs, <200 nm
as medium EVs, and >200 nm as large EVs. These EVs were reported to be different in their protein
composition [10,14].

In the 1990s, Raposo et al. demonstrated that exosomes have effects on other cells by analyzing
immune cells [15]. Exosomes derived from B lymphocytes induced antigen-specific MHC class
II-restricted T cell responses, and this finding indicated that exosomes are involved in immune function.
In 2006, it was also shown that mRNA is encapsulated in microvesicles derived from embryonic stem
cells and delivered to hematopoietic progenitor cells [16]. Furthermore, in 2007, Valadi et al. reported
that exosomes from the human mast cell line HMC-1 and the mouse mast cell line MC/9 contain
approximately 1300 mRNAs and 121 microRNAs (miRNAs) that contribute to the exchange of genetic
information between cells [17]. miRNAs are the most extensively studied class of short non-coding
RNAs (ncRNAs) in the contents of EVs. In 2010, several important papers reporting on the function
of EV-miRNAs were published. They showed that the transferred EV-miRNAs can be active in the
recipient cell, modifying its phenotype [18-20]. Since that time, a number of studies have confirmed
these preliminary observations. Currently, it has become clear that EVs are involved in a variety of
biological phenomena and play critical roles in intracellular communication through the horizontal
transfer of cellular cargoes such as proteins, DNA fragments, RNAs including mRNA and ncRNAs
(miRNA, piRNA, and long ncRNA) and lipids [21]. This exchange of information between cells has
been observed in a homeostatic state and in a variety of diseases. In particular, a large number of
studies have reported associations with cancer in recent years.

The most common cause of death associated with cancer is metastasis. This process involves
the growth and invasion of cancer cells, which leads to metastasis. The malignant transformation of
cancer has been studied for a long time, and in 1889, Paget proposed the “seed and soil theory” [22].
It has been proposed that not only cancer cells but also the surrounding environment are important for
metastasis. Since then, many studies have focused on the cancer microenvironment created by cancer
cells and their surrounding cells. In addition to cancer cells, surrounding cells such as immune cells,
inflammatory cells, vascular endothelial cells, and fibroblasts interact with each other through various
molecules to form a cancer microenvironment in tumor tissue. Cytokines and adhesion molecules
are representative examples of these molecules. In addition to these molecules, EVs, which contain
pathogenic components, function as tools for cell-cell communication in tumor tissues and metastatic
organs and are involved in the formation of the microenvironment at the primary tumor site and the
metastatic site [23].

Some organs are common metastatic sites for cancer. Bone is the third most preferred site of
metastasis, next to the lung and liver. Approximately 70% of patients with prostate cancer and breast
cancer and 30—-40% of those with lung cancer eventually develop metastasis in bone. Bone metastasis
is generally incurable and dramatically affects patient quality of life. Bone metastasis can cause
devastating complications called skeletal-related events (SREs), including hypercalcemia, pathological



Int. J. Mol. Sci. 2020, 21, 6680 30f17

fractures, spinal compression, and bone pain, which result in a poor prognosis. Moreover, the median
survival of bone metastasis from the time of diagnosis is low, including 12-52% for prostate cancer
patients, 19-25% for breast cancer patients, and approximately 6-9% for lung cancer patients [24].
Therefore, there is an urgent need to investigate the mechanism of bone metastasis and provide
strategies for the dramatic treatment of bone metastasis.

Although the mechanisms underlying bone metastasis are yet to be fully elucidated, increasing
evidence suggests that EVs in the bone microenvironment significantly contribute to cancer bone
tropism. In this review, we will discuss the remarkable effects of EVs, especially on the tumor
microenvironment in bone.

2. Cancer Metastasis and EVs

Cancer-related EVs contribute to the formation and modulation of the microenvironment in
the primary tumor site and the metastatic site. In addition to EVs from cancer cells, EVs from
noncancerous cells, such as stromal cells, immune cells, inflammatory cells, vascular endothelial
cells, and fibroblasts, have also been found to have significant impacts on cancer progression and
remission. Many high-quality reports in recent years have revealed the interplay between cancer
and the surrounding noncancerous cells and cells of distant metastatic sites through various forms
of communication.

Cancer cells deliver EVs to surrounding noncancerous cells, altering the properties of
surrounding cells to maintain a tumor microenvironment that is favorable for tumor cell survival.
Kosaka et al. showed that EVs derived from breast cancer cell lines that have high metastatic abilities
contain a large amount of miR-210, which induces angiogenesis, and they affect vascular endothelial
cells. EV-miR-210 acts on vascular endothelial cells and inhibits EphrinA3 expression, inducing tumor
angiogenesis. Furthermore, the action of these EVs also promotes lung metastasis [25]. Conversely,
surrounding noncancerous cells also affect cancer cells through EV-mediated communication.
Luga et al. reported that fibroblast-derived EVs increased breast cancer cell activity and promoted
metastasis by activating the Wnt-PCP signaling system [26].

Moreover, cancer cells communicate with each other via EVs to gain metastatic capacity.
Le et al. demonstrated that EVs from breast cancer cell lines with high metastatic potential could
enhance the metastatic potential of breast cancer cell lines with low metastatic potential by providing
miR-200 family members [27].

EVs secreted by cancer cells affect not only surrounding cells and fellow cancer cells but also
distant cells. It has become clear that cancer cells use EVs to create an environment that facilitates
tumor cell survival in the metastatic site before the cells metastasize. The environment in which this
occurs is called the premetastatic niche. In a pioneering report, the authors found that EVs secreted by
melanoma cells acted on cells in the bone marrow to guide them to the metastatic lung, causing the
displaced cells in the bone marrow to form a premetastatic niche [28]. Since then, there have been
several reports of the involvement of EVs in premetastatic niche formation. Recent investigations have
revealed that EVs are part of the mechanism by which cells and organs are selected during the formation
of such premetastatic niches, which is known as metastatic organ tropism. It has been suggested that
differences in the expression patterns of integrins in EVs alter the cells that take up EVs, resulting in
the formation of organ-specific premetastatic niches [29]. EVs derived from cancer cells profoundly
influence the establishment of premetastatic niches, induce vascular leakage at premetastatic sites to
help cancer cells colonize at metastatic sites and are also involved in metastatic organ selection.

3. Bone Microenvironment/Bone Remodeling and EVs

Before proceeding to the main topic of this review, bone metastasis and EVs, we will describe
the normal bone microenvironment and EVs. The bone microenvironment consists of three main
cells: osteoclasts, osteoblasts, and osteocytes. Moreover, bone marrow stromal cells (BMSCs),
such as mesenchymal stem cells (MSCs), are also deeply associated with the formation of the bone
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microenvironment. These cells maintain the normal structure and homeostasis of the bone, exchanging
various messengers with each other. Osteoclasts are derived from monocytes, differentiate, fuse during
maturation and resorb existing bone. Osteoblasts are derived from MSCs in the bone marrow and are
responsible for the formation of new bone.

Osteoclast differentiation occurs under the influence of macrophage colony-stimulating factor
(M-CSF) and receptor activator of nuclear factor kappa-B ligand (RANKL), which are secreted by
stromal cells, osteoblasts, osteocytes, and immune cells [30]. The binding of M-CSF to the cell-surface
receptor colony-stimulating factor-1 receptor (c-fms) on osteoclast precursors promotes the proliferation
and expression of the RANK receptor. The interaction between RANK and RANKL leads to osteoclast
differentiation and sustains the survival and activity of osteoclasts. Transforming growth factor beta
(TGF-p), fibroblast growth factor (FGF), insulin growth factor (IGF), platelet-derived growth factor
(PDGF), and bone morphogenetic proteins (BMPs) are released from the bone matrix during osteoclast
bone resorption. These factors stimulate the differentiation of MSCs into osteoblasts [30]. It is also
known that osteoclasts can autonomously induce osteoblast differentiation and activation by secreting
factors such as sphingosine-1-phosphate (S1P) [31,32]. S1P is a metabolic product of sphingolipids,
a component of biological membranes, and promotes the migration of target cells. Other factors
secreted by osteoclasts have been reported as factors that regulate osteoblasts. Bone resorbing, mature
osteoclasts secrete collagen triple helix repeat containing 1 (Cthrcl). Cthrcl, which is a protein
with a collagen-like sequence that is induced when blood vessels are damaged, has been shown to
promote late differentiation of osteoblasts [33]. Tartrate-resistant acid phosphatase (TRAcP) can also
stimulate osteoblasts, inducing an increase in alkaline phosphatase (ALP) activity in vivo [34]. In turn,
osteoblasts regulate osteoclastogenesis by the release of M-CSF, RANKL, and the RANKL receptor
decoy osteoprotegerin (OPG) [30]. Under normal adult physiological conditions, these osteoclastic
and osteoblastic activities are exquisitely balanced, which is called bone remodeling [35]. Moreover,
during bone remodeling, the conjugation mechanism of prior bone resorption by osteoclasts and
subsequent bone formation by osteoblasts is called coupling.

Other models of coupling mechanisms have been proposed. Zhao et al. focused on the increasing
expression of EphrinB2 during osteoclast differentiation and found that osteoclast EphrinB2 affects the
receptor EphB4 on osteoblasts to promote osteoblast differentiation and, at the same time, suppress
osteoclast differentiation in vitro and in vivo [36]. It has also been suggested that a different subfamily,
EphrinA2/EphA?2, inhibits osteogenesis and promotes osteoclast differentiation early in the bone
remodeling process [37]. Ephrin and its receptor Eph are known as membrane-type ligands and
receptors and play important roles in nerve cell migration and axonal guidance. Semaphorin, which is
important for neuroaxonal guidance similar to that of ephrin, is also known to be an important factor
in the crosstalk between osteoclasts and osteoblasts. Semaphorin 4D is upregulated upon osteoclast
differentiation and suppresses osteogenesis [38]. Until recently, these cytokines and cell adhesion
molecules were thought to be central players that regulate the bone microenvironment.

Recently, however, EVs have been shown to play a very important role in maintaining this
beneficial cycle as messengers of cell-to-cell exchange, in addition to the cytokines and cell adhesion
molecules [39]. If the process of bone metastasis in tumors is a process of switching from a beneficial
cycle to a vicious cycle, understanding the EVs involved in this beneficial cycle could enable elucidation
of the mechanism of bone metastasis. Here, we describe the characteristics and roles of EVs derived
from each of the cells in normal bone remodeling (Figure 1).

Protein characterization of EVs isolated from osteoclasts revealed that they express tumor
susceptibility gene (TSG) 101, heat shock protein (HSP) 70, 3-actin, CD 63, and epithelial cell adhesion
molecule (EpCAM) [40]. Sun et al. demonstrated that miR-214-enriched osteoclast-derived EVs could
be transferred into osteoblasts to inhibit their activity via EphrinA2/EphA2 [41]. A previous study by
Wang et al. identified that miR-214 inhibited osteoblast function by targeting ATF4 [42], while further
experiments demonstrated that miR-214 promoted osteoclastogenesis through the PI3K-Akt pathway
by targeting PTEN [43]. Therefore, miR-214-containing EVs from osteoclasts may have multiple roles
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that promote bone destruction. Ikebuchi et al. showed that RANK in membrane vesicles secreted by
maturing osteoclasts binds to RANKL on the surface of osteoblasts and activates the RANKL reverse
signal, ultimately activating the transcription factor Runx2, which promotes bone formation [44].
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Figure 1. The main functions of EV cargoes involved in bone remodeling. Opposing EV functions
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depend on their various contents, even though EVs are produced by the same type of cell. The regulation
of bone remodeling by exchanging EV contents is extremely complex.

Proteomics analysis of osteoblast-derived EVs revealed that proteins from osteoblast EVs are closely
involved in the eukaryotic initiation factor (EIF) 2 pathway [45]. EIF2 is involved in BMP2-induced
osteoblast differentiation, playing a central role in the development of the skeletal system [46,47].
EIF2 in osteoblast-derived EVs induces MSCs to differentiate into osteoblasts [45]. That is, osteoblasts
establish a positive feedback mechanism that promotes bone growth through EVs released by the
osteoblast itself. EVs isolated from the mineralizing MC3T3-E1 mature osteoblast cell line promoted
osteoblastic differentiation of osteoblast precursor ST2 cells, changing the miRNA profile and activating
pathways that play key roles in the differentiation (the Wnt, insulin, and TGF-§ signaling pathways)
and function (the calcium signaling pathway) of osteoblasts [48]. Conversely, Hwang et al. reported
that miR-140-5p, which is enriched in osteoblast-derived EVs, suppressed osteoblastic differentiation of
MSCs by inhibiting BMP2 expression [49]. Solberg et al. showed that osteoblast—and osteocyte-derived
lysosomal membrane protein (LAMP) 1-positive EVs also contained TRAcP, RANKL and OPG, which
are critical for osteoclast differentiation [50]. As Deng et al. identified, RANKL-rich EVs derived from
osteoblasts stimulated osteoclast formation, inducing the nuclear translocation of nuclear factor of
activated T cells (NFATc1) [51]. On the other hand, mineralized osteoblasts can secrete EVs containing
miR-503-3p, which is able to inhibit osteoclast differentiation by reducing RANK expression [52].
Sato et al. reported that osteocyte-derived EVs containing miR-218 could induce the downregulation
of sclerostin, thus promoting osteoblast differentiation [53].

EVs from BMSCs can also participate in bone remodeling by directly regulating osteoblast
proliferation and activity [54]. MSC-derived EVs express the characteristic markers CD13, CD29, CD44,
CD73 and CD105 [55] and have been shown to upregulate the expression of the growth factors BMP9
and TGF-f1 [56], both of which induce the osteogenic differentiation of MSCs [57]. MSC-derived EVs
bind and tether extracellular matrix (ECM) proteins, such as type I collagen and fibronectin, to the bone
surface and biomaterials. This function enables MSC-derived EVs to induce the differentiation of MSCs
into osteogenic lineages [58]. Vallabhaneni et al. also characterized the contents of EVs from MSCs
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and found tumor-supportive miRNAs, including miR-21 and miR-34a, proteins such as PDGFR-(3,
tissue inhibitor of matrix metalloproteinase (TIMP) 1, and TIMP2, bioactive lipids and metabolites [59].
Regarding miRNAs, miR-196, miR-27a, and miR-206 are particularly enriched in EVs derived from
MSCs and can stimulate osteogenic differentiation in vitro, and the treatment of calvarial bone defects
with MSC-derived EVs promoted bone regeneration in vivo [54]. As seen above, it has been reported
that the many different EV functions depend on their various contents, even though EVs are produced
by the same cells. It is thought that the regulation of bone remodeling by exchanging the contents
of EVs would be extremely complex. However, there may be a critical factor associated with bone
metastasis hidden in these various factors, as previously mentioned. We should continue to make
efforts to understand the entire mechanism of bone remodeling.

4. Bone Metastasis and EVs

There have been a considerable number of reports on EVs in the development and dissemination of
cancer. However, the role of EVs in the development and exacerbation of bone metastasis has not been
widely reported. Bone metastasis is said to be a complex cascade of processes [60]. The harmonious
beneficial cycle of cells forming the bone microenvironment can easily become fertile soil for secondary
tumors, and cancer cells can turn this beneficial cycle into a vicious one. First, tumor cells can travel into
the bone through specific migration and invasion processes. Second, these tumor cells gain bone-like
characteristics and reach the bone marrow. Finally, tumor cells interact with the cells that make up the
bone structure to hijack physiological bone metabolic pathways and create a microenvironment that is
suitable for invasion and proliferation in the bone.

Unfortunately, the specific EV components that determine bone metastasis have not been identified,
but EVs are involved in any of these processes, and EVs associated with cancer cells are key players
in carrying cargo that adversely affects bone metabolism and obstructs the vicious cycle in the
bone microenvironment. The goal of this review is to consolidate the current findings on bone
metastasis-related EVs, which are listed in a table. In the following sections, we summarize the research
findings with a focus mainly on prostate cancer (Figure 2), breast cancer, and lung cancer, which are
the major cancers associated with bone metastasis (Table 1).
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Figure 2. The main functions of EV cargo derived from PCa cells in the bone tumor microenvironment.
EVs secreted by PCa change the beneficial bone remodeling cycle into a vicious cycle, affecting bone
cells. Recent investigations reported that EVs derived from bone cells also affect cancer cell viability. It
is thought that EV functions in the bone tumor microenvironment are very complex.
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Table 1. List of molecular factors, cell targets and functions involved in EVs in bone metastatic microenvironment.

7 of 17

Tumor Origin of EVs Molecular Factors Target Function Ref
PCa PCa cells (PC3) unspecified osteoclasts promotion of osteoclast differentiation [50]
PCa cells (PC3) unspecified osteoblasts promotion of osteoblasts proliferation [50]
PCa cells (PC3) CAVINT1 (not contained in EVs) osteoclasts inhibition of osteoclast differentiation by altering EV cargo [50]
PCa cells (PC3) CAVINI (not contained in EVs) osteoblasts inhibition of osteoblast proliferation by altering EV cargo [50]
PCa cells (TRAMP-C1) unspecified osteoclasts inhibition of osteoclast fusion and differentiation [51]
PCa cells (PC3, DU145) ETS1 osteoblasts promotion of osteoblast differentiation [52]
PCa cells (MDA-PCa-2b) miR-141-3p osteoblasts promotion of osteoblasts activity and increase OPG (osteoclast inhibitory factor) expression [53]
PCa cells (C4, C4-2, C4-2B) miR-940 osteoblasts promotion of osteoblast differentiation targeting ARHGAP1 and FAM134A [54]
PCa cells (PC3) miRNA (i.e.,, miR-21) and miRNA (i.e., CSF-1) osteoblasts promotion of osteoblast viability [55]
osteoblasts mineralization stage-specific protein PCa cells (PC3) promotion of PCa cell proliferation [56]
BCa BCa cells (MDA-MB-231) L-plastin osteoclasts promotion of osteoclast activation [57]
BCa cells (MDA-MB-231) miR-218 osteoblasts inhibition of osteoblast defferentiation [54]
BCa cells (EO771) unspecified CD8 CD4 T-cells, NK cells inhibitoin of immune cell activity against target tumor cells [58]
BM-MSCs miR-23b BCa cells (MDA-MB-231) suprression of BCa cell proliferation, as well as sensitivity to chemotherapy and acquisition [59]
of a dormant phenotype
MSCs miR-222/223 BCa cells (MDA-MB-231) suprression of BCa cell proliferation as well as sensitivity to chemotherapy [60]
LungCa NSCLC cells (CRL-2868, A549) AREG osteoclasts promotion of osteoclast differentiation [61]
NSCLC cells (A549) miR-21 osteoclasts promotion of osteoclast differentiation [62]
NSCLC cells (A549) miR-192 endthelial cells promotion of osteoclast differentiation [63]
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4.1. Prostate Cancer

Bone is the most frequent metastatic target in men with advanced prostate cancer (PCa). However,
the mechanisms that favor to the more frequent development of bone metastasis than soft tissue
metastasis in PCa are not well defined. Dai et al. reported that primary PCa cells educate the bone
marrow to establish a premetastatic niche through primary PCa cell-derived EV-mediated transfer of
pyruvate kinase M2 (PKM2) into BMSCs and the subsequent upregulation of CXCL12, a chemokine
involved in cell migration [64]. This report suggests a mechanism through which the primary tumor
crosstalks with the bone microenvironment to establish a premetastatic niche.

It is also well known that PCa mainly exhibits osteosclerotic bone metastasis. In fact,
bone metastasis in PCa has both osteogenic and osteolytic aspects. EVs involved in PCa may
therefore affect osteoclasts and osteoblasts. At the leading edge of tumor invasion in bone
metastasis, bone resorption occurs first and is thought to be necessary for subsequent bone formation.
First, bone resorption is facilitated by mature osteoclasts. Inder et al. showed that EVs derived
from the human PCa cell line PC3 were internalized by murine osteoclast precursor RAW264.7 cells
and primary human osteoblasts (hOBs) in vitro, stimulating osteoclastogenesis 37-fold and hOB
proliferation 1.5-fold, respectively. This phenomenon was not observed in PC3 cells transfected with a
vector containing caveolae associated proteinl (CAVIN1), also known as polymerase I and transcript
release factor (PTRF). The authors previously demonstrated that CAVIN1 expression suppressed PC3
tumor growth and metastasis in vivo concomitant with changes in the PC3-EV proteome. They showed
that CAVIN1 was not detected in EVs, and then Cavinl-mediated pathways could attenuate metastatic
PCa through its associated EV cargo recruitment [61]. On the other hand, Karlsson et al. showed that
EVs isolated from the murine PCa cell line TRAMP-C1 inhibited the development of the osteoclast
lineage, decreasing the expression of established markers for osteoclast fusion and differentiation,
including dendritic cell-specific transmembrane protein (DC-STAMP), TRAP, cathepsin K (CTSK),
and matrix metallopeptidase (MMP)-9 [62]. The exact opposite results of these two reports may
be due to differences in the PCa cell lines; PC3 cells predominantly cause osteogenic metastasis,
and TRAMP-C1 cells predominantly cause osteolytic metastasis. It is significant to note that the nature
of the cell lines could decisively influence the results in PCa research.

Subsequent bone formation is performed by osteoblasts. Itoh et al. reported that EVs derived
from either the metastatic PCa cell line PC3 or DU145 cell cultures significantly promoted osteoblast
differentiation, while EVs from the androgen-sensitive human prostate adenocarcinoma cell line
LNCaP did not have this effect. Hormone refractory PCa cell-derived EVs containing ETS1, which is
an osteoblast differentiation-associated transcription factor, were transferred into osteoblasts and
induced differentiation [63]. Ye et al. demonstrated that EVs derived from the metastatic PCa cell
line MDA PCa 2b, which contain miR-141-3p, promoted osteoblasts, leading to increased expression
of the osteoclast inhibitory factor OPG [65]. miR-141-3p suppressed the protein levels of the target
gene DLC1, indicating its functional significance in activating the p38 MAPK pathway. p38 MAPK
plays an important role in osteoblast activity, which can significantly increase alkaline phosphatase
activity and calcium deposition. Mice injected with EVs containing miR-141-3p-mimic developed
apparent osteoblastic bone metastasis. Hashimoto et al. showed that hsa-miR-940, which was highly
enriched in EVs released by PCa cells, promoted osteogenic differentiation of human MSCs in vitro,
targeting ARHGAP1 and FAM134A and inducing extensive osteoblastic lesions in the bone metastatic
microenvironment in vivo. Their study indicated that the osteoblastic or osteolytic phenotype of bone
metastasis can be induced by miRNAs secreted by cancer cells in the bone microenvironment [66].
Probert et al. found that treatment with PC3-derived EVs increased osteoblast viability. By using
techniques to track RNA, the authors also identified the delivery of a set of PCa-RNAs to osteoblast via
EVs, which affected their endogenous transcript abundance. This group showed the contribution of the
RNA component of EV cargo, providing evidence to support EV communication via RNA molecules
as a potential strategy for mediating bone metastasis [67].
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Furthermore, EVs derived from osteoblasts also have an effect on prostate cancer cells.
Morhayim et al. demonstrated that osteoblasts promote PCa cell (PC3) proliferation by the level
of mineralization stage-specific proteins in osteoblast-secreted EVs. This group claimed that the stages
of differentiation and the mineralization condition were also among the factors that influenced the
nature and abundance of EV cargo. Bioinformatics analyses of osteoblast-derived EV proteomes
and EV-regulated PCa gene expression profiles showed that these factors converged on pathways
involved in cell survival and growth. This finding was verified by in vitro proliferation assays in which
osteoblast uptake of EVs led to a 2-fold increase in PC3 cell growth compared to that of the cell-free
culture medium-derived vesicle controls [68].

4.2. Breast Cancer

It is well known that breast cancer (BCa) can also easily translocate into the bone and mainly
exhibits osteolytic metastasis. Unexpectedly, however, there have been few reports on the exchange of
EVs between BCa cells and bone cells, whereas there have been many reports on the involvement of
EVs in brain or lung metastasis.

Tiedemann et al. showed that BCa cell-derived EVs containing L-plastin mediates osteoclast
activation, which in turn created an osteolytic microenvironment that was favorable to breast cancer
growth [69]. Liu et al. reported that EVs derived from the metastatic breast cancer cell line MDA-MB-231
transferred miR-218 to regulate osteoblast activity, which suppressed osteoblast type I collagen
production and osteoblast differentiation. Hashimoto et al. found that inducing miR-940 overexpression
in the BCa cell line MDA-MB-231 induced extensive osteoblastic lesions in mouse models in vivo by
facilitating the osteogenic differentiation of host mesenchymal cells. The authors demonstrated that
the transfer of EVs from cancer to stromal cells was responsible for osteoblastic lesion induction [66].

There have been some other reports examining EVs derived from BCa cells, which were not limited
to those specific to bone metastasis. Wen et al. demonstrated that EVs from highly metastatic BCa cells
potentially contributed to establishing a premetastatic niche that was also able to promote metastasis
by altering immune cell activity. BCa-derived EVs can suppress CD8 and CD4 T-cell proliferation and
reduce NK cytotoxic activity against target tumor cells. This phenomenon also occurs in the bone
tumor microenvironment. The acquisition of the ability of tumor cells to escape immune surveillance
is also an important factor that promotes metastasis [70].

Most of the reports on the involvement of EVs secreted by BCa cells in bone focus on the
dormancy of BCa cells in the bone marrow. Cancer dormancy is generally defined as the arrest of
tumor growth in the primary or metastatic site due to cancer cell quiescence. During this period,
cancer cells acquire drug resistance until stimulated to awaken, ultimately causing cancer relapse
and metastasis. Ono et al. described that coculturing bone metastatic MDA-MB-231 cells with bone
marrow-mesenchymal stem cells (BM-MSCs) suppressed tumor cell proliferation and sensitivity to
chemotherapy, suggesting the acquisition of a dormant phenotype by tumor cells [71]. Interestingly,
the same result was observed by culturing tumor cells with BM-MSC-derived EVs due to their cargo
containing miR-23b. Furthermore, Bliss et al. demonstrated that breast cancer cells stimulate the release
of miR-222/223-containing EVs from MSCs, which then promote quiescence in a subset of cancer cells
and affect drug resistance [72].

4.3. Lung Cancer

Lung cancer (LungCa) also has a tendency to induce osteolytic metastasis. Non-small cell lung
cancer (NSCLC) cells are said to release factors that alter bone remodeling and increase osteoclast
activity through shifting the normal balance of RANKL, RANK and OPG [73].

Taverna et al. showed that NSCLC cells secrete EVs containing epidermal growth factor receptor
(EGFR) ligand and amphiregulin (AREG), which stimulate osteoclastogenesis [74]. The relevance of these
data was supported by the fact that patient-derived EVs were able to modulate osteoclastogenesis in
human osteoclast precursors. AREG knockdown, neutralization with AREG antibodies, and cotreatment
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with NSCLC-EVs and the epidermal growth factor receptor—tyrosine kinase inhibitor erlotinib reversed
EV-induced osteoclast differentiation. Moreover, Xu et al. found that treatment of bone marrow-derived
monocytes with adenocarcinoma-derived EVs promoted osteoclast formation by shuttling miR-21, which
in turn inhibited Pdcd4, a transcription factor involved in osteoclastogenesis [75].

In contrast, Valencia et al. showed that EVs isolated from the miR-192-overexpressing metastatic
human adenocarcinoma A549 cell line could reduce in vivo osteolytic lesions. Altering the cargo of
cancer cell-derived EVs via the overexpression of a single anti-angiogenic miRNA (miR-192) repressed
tumor-induced angiogenesis, which led to a reduction in the number of bone metastatic lesions [76].

Cancer bone metastasis has been studied in various types of cancers. EV research in primary
bone tumors, such as multiple myeloma and osteosarcoma, is also active. These studies could provide
crucial hints in the field of bone metastasis. It is important to discover the characteristics that are
common to all types of cancer and are specific to bone metastasis. This will lead to future critical
treatments that provide a glimmer of hope for the many patients suffering from bone metastasis.

5. Therapeutic Perspectives of EVs

Unfortunately, to the best of our knowledge, there are currently no reports of the use of EVs
to treat bone metastasis in cancer. However, as the relationship between EVs and bone metastasis
becomes clearer, it is possible that more research will be conducted on therapies specific to bone
metastasis. In this section, the basic idea of the therapeutic application of EVs and the latest trends will
be discussed. There are two main ways in which EVs can be used to reduce the progression of cancer,
including bone metastasis: using EVs as DDS carriers or targeting EVs themselves as therapeutic
targets [77]. In the following sections, we will discuss the EV-related treatments, which are broadly
divided into these two categories.

5.1. The Use of EVs as DDS Carriers

In recent years, EVs have been actively investigated as DDS agents [78]. EVs are naturally present
in body fluids and are stable in a variety of environments. In addition, EVs are selective carriers for
specific target cells due to their unique membrane proteins and lipids that can bind to specific receptors,
making them highly efficient for delivery [79]. Furthermore, EVs are a size that is difficult to filter
and expel in the kidney, and in tumor and inflammatory tissues, they have a tendency to flow out
of the blood vessels and passively accumulate in the tissues due to increased vascular permeability
(enhanced permeation and retention effect; EPR effect) [80]. These properties make EVs the most
suitable vehicles for transporting drugs and nucleic acids.

Among EVs, especially small EVs, their small size and long half-life in circulation make them
ideal drug-delivery vehicles [81]. Thus, Tian et al. isolated sEVs from the immature dendritic
cells (imDCs) of mice and loaded them with the chemotherapeutic drug doxorubicin (DXR) by
electroporation [82]. The imDCs were also designed to express the EV membrane protein Lamp2b fused
to an av integrin-specific iRGD peptide (CRGDKGPDC) to increase interactions with av-expressing
target cells such as MDA-MB-231 cells. iRGD DXR-sEVs were effective in suppressing MDA-MB-231
cells in an orthotopic mouse model of breast cancer, showing high efficiency and low toxicity compared
to those of free DXR treatment.

Ohno et al. demonstrated that EVs can efficiently deliver miRNAs to breast cancer cells expressing
epidermal growth factor receptor (EGFR) [83]. The GE11 peptide, which binds specifically to EGFR and
is less mitogenic than EGF, was overexpressed on the surface of EVs. These modified EVs were able to
deliver let-7a in a manner that was dependent on EGFR expression. These results suggest that EVs can
be used therapeutically to target EGFR-expressing cancer tissues and deliver nucleic acid drugs.

In addition, in recent years, bovine milk-derived EVs have become a hot topic as drug delivery
vehicles [84,85]. Bovine-milk-derived EVs are inexpensive and easy to extract in large quantities and
have low toxicity. However, the low encapsulation rate is the most significant remaining issue. To use
EVs as DDSs, it is important to encapsulate the drugs within the EVs, store the EVs, and establish
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organ tropism. As far as we know, no appropriate method for storing EVs as DDSs and no critical
factors for the specific accumulation of EVs in the bone have been reported. Further development of
bone-related EV research is needed to use EVs as DDSs to bone.

5.2. EV-Targeted Therapy

There are three possible therapeutic strategies for targeting EVs themselves: inhibition of EV
production, elimination of circulating EVs, and inhibition of EV absorption [77].

Some reports have described the efficacy of inhibiting EV production to suppress cancer
progression. One of the notable targets in this strategy is ceramide, a type of lipid identified in
the synthetic pathway that is synthesized by neutral sphingomyelinase (nSMase) 2. Previous attempts
have been made to inhibit ceramide production by knocking down nSMase?2 or using its inhibitor
GW4869 [18,86,87]. Kosaka et al. demonstrated that knockdown of nSMase2 reduced EV secretion and
miR-210 transcription, leading to the inhibition of angiogenesis and metastasis in a xenograft mouse
model [25]. Other molecules, such as RAB27A/B, TSG101, and TSAP6, have also been shown to be
involved in the secretion of EVs from cancer cells.

Eliminating circulating EVs could be a relatively new treatment strategy in cancer patients.
A method to remove EVs using cancer-specific antigens has been reported [88]. In this study,
the cancer-specific EV surface protein HER2 was successfully used to remove HER2-positive EVs
derived from circulating cancer cells. HER2-expressing EVs have been shown to diminish therapeutic
effects and are associated with cancer progression [89], and selective removal of HER2-expressing
EVs could be a novel strategy for BCa treatment. Nishida et al. found that cancer-derived EVs were
disrupted by macrophages in response to antibody therapy with anti-CD9 or anti-CD63 in a metastatic
BCa cancer mouse model and drastically suppressed metastatic cells [90].

It has been recently reported that the absorption of EVs is induced by various mechanisms,
such as clathrin-mediated endocytosis, phagocytosis, micropinocytosis, and fusion of the plasma and
endosomal membranes [91], and involves various molecules. As EVs can be directed to specific target
cells, targeting the molecules involved in their reception allows for treatments with high specificity
and low side effects.

Although therapeutic strategies targeting EVs released from cancer cells are effective, several
problems remain before clinical application is feasible. Molecules identified in previous studies play
important roles in multiple cellular biological phenomena and can adversely affect normal cell functions
when downregulated in normal cells. In other words, the identification of cancer-specific molecules is
essential for the future development of EV-targeted anticancer drugs. As we have seen in this review,
various factors have complicated mechanisms in the bone microenvironment. The search for specific
factors that determine bone metastasis is underway. Some of these factors may have be potential
targets for EV therapy.

6. Conclusions

It is well known that the fossil record, which includes skeletal samples of human beings, is used
in anthropology. Skeletons are special structures with universality and stationarity that transcend time
and space. However, bones are also fluid structures that are constantly metabolized. It is undoubtedly
true that bone metastasis is unique and distinct from visceral metastasis. Researchers worldwide
have been struggling to understand the mechanisms of bone metabolism and overcome or prevent
bone metastasis.

Currently, the most prevalent treatment for bone metastasis of PCa, BCa, and LungCa involves the
bone modifying agents bisphosphonates and denosumab. Bisphosphonates are antiresorptive agents
thatblock pathological bone resorption by inhibiting osteoclast activation and function [92]. Denosumab,
a monoclonal antibody against RANKL, also received regulatory approval for preventing SREs in
patients with bone metastasis from solid tumors. Although the mechanisms of action of bisphosphonates
and denosumab are different, both agents interrupt the vicious cycle of increased osteolysis coupled
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with increased tumor growth. Furthermore, it has been suggested that bone-modifying agents
may delay the progression of bone lesions and help delay the development of skeletal and other
metastases [92-94], potentially by making the bone microenvironment less conducive to tumor growth.
These drugs have been developed as a result of continuous bone research, and combined treatment with
these bone-modifying agents and radiation has become a common strategy for treating bone metastasis.
Unfortunately, however, this treatment strategy is only partially effective and is palliative treatment, not
curative. The development of more powerful and safe treatments is needed in the clinic. The process
of bone metastasis of cancer is very complex. Future therapeutic strategies for treating bone metastasis
will not be a single method but combinations of several drugs or modalities that will block multiple
targets and pathways as a part of the communication network in the bone-tumor microenvironment.

Similar to that of cytokines and cell adhesion molecules, the function of EVs in the cell-to-cell
communication network is becoming clearer. There is no longer any doubt that EVs are key players in
that network. Emerging evidence on EV functions in bone metastasis may allow the discovery of novel
treatments. EV research is still in the developmental stage. Many problems remain before clinical
application can be achieved; however, we can see the potential of EVs as powerful and promising tools
for cancer therapy. It is quite possible that the next emerging therapy for bone metastasis would be a
drug targeting EVs or a drug using EVs. In the near future, EV-based therapy will help to dramatically
overcome bone metastasis. Above all, we need to understand the messages exchanged between the
cells that form the tumor microenvironment in bone. We hope this review will help with that first step.
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