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The skeleton represents a common site of metastases for osteotropic cancers such as prostate and breast
tumors and novel therapeutic targets and new markers for the monitoring of bone lesions are urgently
needed. The formation of bone metastases is a complex process that starts at the level of the confined
tumor and that is characterized by a dynamic crosstalk between the primary cancer and the future
metastatic site, the bone. Factors released by the primary tumor contribute to prepare a fertile “soil”,
where a “pre-metastatic niche” is established prior to future colonization by cancer cells. When the
primary cancer progress from the confined disease to its invasive phase, tumor cells will acquire an
invasive phenotype, enter into the circulation and colonize the previously prepared site where they will
establish a “metastatic niche”. Among the variety of molecules that participate in the metastatic cascade,
microRNAs are a class of small non-coding RNA that play an important role in the development of
metastatic bone lesions. Many studies have addressed the role of small non-coding RNAs (miRs) in
metastasis in osteotropic cancers and have highlighted the role of miRs as oncogenes (oncomiRs) or

tumor suppressor miRs.

In this review we present describe the role of miRs in the processing of the supportive bone mi-
croenvironment prior and after the bone colonization by cancer cells. Finally, future therapeutic strate-
gies and perspectives are also discussed.

© 2016 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The skeleton represents a common site of metastases for
prostate and breast cancer with approximately 70% of the patients
dying of these cancers showing evidence of metastatic bone dis-
ease at autopsy. In addition, carcinomas of thyroid, kidney and
lung cancer metastasize to bone, albeit at lower frequency (30% to
40% of the cancer deaths at autopsy) [1]. One of the major chal-
lenges in oncological research is the identification of new ther-
apeutic targets and the discovery of new markers for the mon-
itoring the development of bone lesions, particularly at the early
stage and for their treatment.

The notion that molecular factors might be involved in the
specific bone tropism of some cancer cells was for the first time
postulated by Sir Stephen Paget who introduced the “Seed and
Soil” hypothesis in which he compared the bone metastatic breast
cancer cells to the seed of plants, capable of growing only in a
fertile soil, the bone marrow [2]. Even more, tumor cells localized
at the primary site are known to prepare this fertile soil for future
tissue/organ colonization through the establishment of the so
called “pre-metastatic niche” [3]. The formation of bone metastasis

* Corresponding author.
E-mail address: G.van_der_Pluijm@lumc.nl (G. van der Pluijm).

http://dx.doi.org/10.1016/.jb0.2016.04.002

is characterized by a complex number of sequential events, that
occur at the level of the primary tumor, when the cancer progress
from the confined disease to its invasive phase. For skeletal me-
tastasis to occur, osteotropic tumor cells must acquire an invasive
phenotype by various modes of migration, either as single cells or
as multicellular cluster also known as collective migration [4]. For
instance, several carcinomas may undergo the so-called epithelial-
to-mesenchymal transition (EMT) and acquire invasive character-
istics. These cells switch from a sessile/epithelial to an invasive/
mesenchymal phenotype, invade the extracellular matrix and the
surrounding stroma and, subsequently, may enter the lymphatic or
blood circulation. In aggressive cancer, many cancer cells are shed
into the circulation every day, now referred to as circulating tumor
cells (CTCs), but the efficacy of CTCs to successfully colonize dis-
tant tissues and develop into clinically overt metastases is rela-
tively low. Once that these CTCs have colonized the metastatic site
(e.g. the bone/bone marrow), they are referred to as disseminated
tumor cells (DTCs). DTCs may remain dormant for years [5] and,
due to largely unknown mechanisms, develop into macro-
metastases. The reciprocal interaction between cancer cells and
the tissue-specific stroma is critical for primary and metastatic
tumor growth progression. Prostate and mammary cancer cells
metastasize to bone, where they induce either an osteoblastic or
osteolytic response respectively. These opposite stromal responses
suggest that different types of cancers adopt distinct strategies to
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hijack the bone marrow/bone stroma for their growth support
(‘metastatic niche’). However, the molecular signals underlying
these divergent responses are largely elusive [6].

In the past decade, preclinical studies have addressed the pu-
tative role of non-coding RNAs in tumorigenesis, metastasis and
therapy response in osteotropic cancers. Besides long non-coding
RNAs, microRNAs (miRs) represent a class of small non-coding
RNAs, (18-25 nucleotides long), that regulate protein abundance
by promoting mRNA degradation or translational repression [7],
thus acting as oncogenes (oncomiRs) or tumor suppressor miRs.
Several miRs have been identified as key molecules in tumor-
igenesis, bone tropism and the development of metastatic bone
disease [8].

In this review, we provide a concise description on the role of
miRs in bone metastases. In particular, we will focus on the pro-
cessing of the supportive microenvironment in bone marrow prior
and after the bone colonization mediated by specific miRs. Finally,
future therapeutic perspectives are also discussed.

2. Osteotropism and miRs

The dissemination of prostate and breast cancer metastatic cells
specifically to the skeleton is defined as osteotropism and is de-
termined by multiple factors expressed by the tumor cells and the
bone microenvironment. The interactions between cancer cells and
the endothelium of the bone marrow vasculature is one of the key
processes which precedes extravasation from the blood vessels and
suggested to underlie the bone-specific dissemination [9]. During
this process, surface molecules expressed on cancer cells such as the
chemokine (C-X-C motif) receptor (CXCR) 4 (CXCR4), avf33 integrin,
CD44 and RANK are directly involved in homing to bone [10].
Briefly, the interaction between CXCR4 and its ligand stromal de-
rived factor 1 (SFD1, also known as CXCL12) is critically important in
the formation of prostate and breast cancer bone metastasis. CXCR4
is significantly elevated in breast carcinoma compared to normal
tissue and miR-218 has been shown to up-regulate CXCR4 [11].
Moreover, CXCR4 signaling induces expression of matrix metallo-
peptidase (MMP) 9 and MMP13 in tumor cells. Interestingly, miR-
218 has also been shown to reduce MMP9 expression [12] and
appears to be a crucial regulator of osteomimicry in breast cancer, a
process which regulate the expression of osteoblast specific genes
by tumor cells, that may facilitate the growth of metastatic cells in
the bone microenvironment [13]. MMP13 is, on the other hand,
regulated by miR-126, which has been shown to reduce the for-
mation of breast cancer bone metastases [14]| and has also been
associated with prostate cancer metastases [15]. Osteotropic breast
cancer cells express vascular-endothelial molecule-1 (VCAM1) that
is also targeted by miR-126 [16]. VCAM1 binds o437 and o4P1 in-
tegrins on osteoclast progenitors that, in turn, can induce excess
osteoclastogenesis and subsequently lead to radiologically-evident
osteolytic lesions. Furthermore other members of the integrin fa-
mily, av integrins, have been shown to be required for the main-
tenance of cancer stem cell properties and to be involved in bone
colonization, angiogenesis by activated endothelial cells and os-
teoclastic bone resorption [17]. CXCL12 has been shown to induce
the activation of integrin avp3, that mediates multiple cell-extra-
cellular matrix interactions during tumor progression and skeletal
metastasis, including stromal processes like osteoclastic bone re-
sorption and angiogenesis. Recently, our group demonstrated that
miR-25 is strongly decreased in the highly osteotropic cancer stem/
progenitor subpopulation of human prostate cancer cells and di-
rectly regulates integrin-ov expression [18]. Overexpression of miR-
25 reduces the metastatic dissemination, thus supporting the no-
tion that miR-25 is a key regulator of cancer stemness and in the
formation of distant bone metastases.

3. miRs and the ‘pre-metastatic’ bone niches

As described above, the reciprocal interaction between cancer
cells and the tissue-specific stroma is critical for primary and
metastatic tumor growth progression. In organ-confined primary
tumors soluble factors and extracellular vesicles (e.g. exosomes)
can be released in the circulation. These factors may contribute to
the conditioning of the future, distant metastatic sites, the so-
called ‘pre-metastatic niche’ [3]. During this process, hematopoi-
etic progenitor cells (HPCs) expressing VEGF receptor 1 (VEGFR1)
are recruited to metastatic target organs by specific factors re-
leased by the primary tumor. Among these factors, LOXL enzymes,
VEGFA, VEGFC, TNFa and TGF-f produced by the primary tumor
stimulate inflammation, attachment, differentiation and recruit-
ment of, for example, immunosuppressive myeloid cells. Recently,
miR-26a and miR-29 have been shown to decrease LOXL2 [19]
which suggest a tumor suppressive role for these two miRs. Ad-
ditionally, miR-29 has been proven to inhibit cell migration in
prostate cancer [20]. Interestingly, it has been proposed that ex-
tracellular vesicles and exosomes released from the primary tumor
represent a mechanism of communication between the primary
cancer cells and the metastatic sites during the induction of the
“pre-metastatic niche”, recently reviewed in [21]. Additionally,
extracellular vesicles released from bone marrow mesenchymal
stem/stromal cells (MSCs) have been shown to transport tumor
supportive miRs [22]. Together these observations reinforce the
notion that bi-directional interactions tumor-bone stroma parti-
cipate in the establishment of bone metastases.

The miR signature of exosomes isolated from bulk prostate
cancer cells (Fig. 1A, blue cells) and from their cancer stem cell
compartment (Fig. 1A, green cells), display high levels of miR-21,
miR-30 and miR-218 [23] (Fig. 1A, blue arrow). miR-21 and miR-30
have been identified as key regulators of osteoblast differentiation
and have been included in a panel of microRNA biomarkers de-
signated as “OstemiR” [24]. Therefore, high levels of these miRs
may lead to increased bone remodeling “at a distance” and may
facilitate subsequent metastatic colonization and cancer cell
growth in the bone marrow microenvironment. Moreover, miR-21
increased expression of MMP2, MMP9 and MMP13, inducing ex-
tracellular matrix (ECM) remodeling and facilitating EMT. In the
same study, CSC-derived exosomes (Fig. 1A, green arrow), were
found to contain high amounts of miR-183 (Fig. 1). Furthermore,
miR-183 has been shown to increase osteoclastogenesis by re-
pressing heme oxygenase-1 (HO-1) [25]. It appears, therefore, that
exosomal miR-183 may represent a supportive factor in the con-
ditioning of the bone microenvironment by highly metastatic cells
and reinforce their role in the conditioning and formation of the
‘receptive pre-metastatic niches’.

4. miRs and metastatic bone niches

In primary and metastatic cancers, tumor cells interact with
different cell types that constitute the bone/bone marrow stroma
such as osteoblast and osteoclasts, tumor-associated macrophages
(TAMs), bone marrow stromal fibroblasts, endothelial cells, peri-
cytes, MSCs and immune cells like myeloid-derived suppressor
cells (MDSCs) [26]. Multiple miRs have been associated with the
interaction between tumor cells and stromal cells, reviewed in
[27]. miR-511-3p reduced the pro-tumoral activity of TAMs [28];
up-regulation of miR-31 and miR-214 while inhibition of miR-155,
abrogated the CAF phenotype [29]. Tumor cells produce several
factors that “activate” the surrounding stromal cells and induce
remodeling of extracellular matrices. These factors include fibro-
blast growth factor 2 (FGF2), vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF), epidermal growth
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Fig. 1. Schematic representation of the involvement of miRs in tumor progression and bone metastasis.

factor (EGF), interleukins colony-stimulating factors, the trans-
forming growth factor (TGF-P) superfamily and proteolytic en-
zymes that remodel ECM, thus enabling cell migration [6,30]. In-
terestingly, TGF-B-induced factor 2 (Tgif2) induces osteoclasto-
genesis due to the down regulation of miR-34a expression in os-
teoclasts and administration of miR-34a-carrying nanoparticles in
mice prevented bone metastasis of human breast cancer cell [31].
Tumor cells with stem cell-like characteristics, that survive in the
circulation, seem to preferably extravasate at those distant sites
where “pre-metastatic niches” have been established, i.e. a distant
microenvironment that facilitates metastatic colonization.
Typically, the bone metastatic niches are anatomically localized
at perivascular locations and endosteal bone surfaces, although it
cannot be excluded that these may represent the same entity [32].
CTCs and DTCs may, establish a metastatic niche through compe-
tition with hematopoietic stem cells (HSCs) at the level of the
endosteal niche [33]. DTCs can survive in the bone micro-
environment as non-proliferating (dormant) cells that originate
micrometastases and the perivascular niche has been shown to
regulate tumor cell dormancy [34]. Recently, high levels of miR-
23b has been found in exosomes isolated from bone marrow
mesenchymal stem cells and miR-23b was shown to promote
dormancy in metastatic breast cancer cells [35]. The mechanisms
that induce exit from dormancy are largely unknown and have
remained largely elusive. It was found that the cytoskeletal re-
organization in dormant cells mediated by a collagen-I enriched
fibrotic environment contributes to exit from dormancy [36]. Once
disseminated cancer cells ‘awake’, they can induce a local in-
flammatory environment, followed by vascular and bone re-
modeling and progression to a distant overt bone metastasis. Re-
cently, it was revealed that the molecular signature of the stroma

response in prostate cancer-induced osteoblastic bone metastasis
highlights the amplification of hematopoietic and prostate epi-
thelial stem cell niche [6]. This observation further supports the
notion that expansion of such perivascular metastatic niches in
osteoblastic metastases may occur via the induction of angiogen-
esis (Fig. 1B, light-brown arrow) that, in turn, leads to os-
teoinduction (Fig. 1B, orange arrow). Indeed, it was recently de-
monstrated that a specific type of vessels, namely “Type H vessels”
orchestrate the coupling of angiogenesis and osteogenesis [37]. In
this respect, miR-26a may positively regulate the angiogenesis-
osteogenesis coupling [38] (Fig. 1B). Interestingly, the above-
mentioned miR-26a is considered a tumor-suppressor miR and
low miR-26a levels have been detected in breast and prostate
cancer tissues [39,40]. Together, these data suggest that miR-26a
might function in several steps during tumor progression. More-
over, low miR-26a levels would have a negative impact on the
angiogenesis-osteogenesis coupling, thus de-regulating this me-
chanism and facilitating the formation of bone metastases.

5. miRs and deregulation of bone remodeling

Bone remodeling can be affected by osteotropic cancers at a
distance (e.g. pre-metastatic niches) or in close proximity. It has
been hypothesized that osteolytic cancer cells produce various
osteolytic factors (e.g. PTHrP) that stimulate osteoblasts to secrete
RANKL and stimulate osteoclastic development and subsequent
bone resorption (Fig. 1C, white arrows). During this process, many
factors such as TGF-f3, IGF-1 and calcium are released from the
mineralized matrix to further feed cancer cell growth, thus per-
petuating this “vicious cycle” [41]. In addition to the stimulation of
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osteoclast activity, osteolytic cancer cells can produce factors
(DKK1, Noggin, Sclerostin) that modulate Wnt and BMP signaling
pathways leading to osteoblast suppression and vice versa for
osteoinductive cancers. The involvement of miRs in the process of
bone remodeling have been extensively studied and the outcome
of these studies were reviewed recently [42]. Among the variety of
signaling pathways that orchestrate the balance between osteo-
clastic- and osteoblastic-activity, TGF-p, Wnt and Notch signaling
are the three fundamental networks involved in the maintenance
and expansion of osteoprogenitor cells and differentiation towards
osteoblasts. Recently, we have identified a signature of 30 vali-
dated miRs linked to EMT that are linked to key genes of TGF-f3,
Wnt and Notch signaling pathways [43]. Strikingly, this signature
contains multiple miRs that have also been directly linked to the
formation of bone metastasis and to the interference with normal
osteoblast and osteoclast activity. In particular, loss of miR-15 and
miR-16 and gain of miR-21 in prostate cancer cells has been shown
to activate TGF-f signaling and promote bone marrow coloniza-
tion and osteolysis in prostate cancer [44] (Fig. 1C). Additionally,
miR-16, together with miR-378, positively correlate with detection
of bone metastases, which makes them interesting targets as
biomarkers [45]. Moreover miR-34a, that downregulates Notch
signaling, inhibits osteoclastogenesis and reduces bone metastasis
in breast cancer [31]. Additionally, miR-155 can block the cyto-
static signaling of TGF-3, modulate osteogenic differentiation [46],
and promote invasion and metastasis in breast cancer [47].

6. miRs and potential treatment of bone metastases

Non-coding RNAs/miRs may have clear diagnostic and prognostic
value and can be employed as predictors of therapy response and
biomarkers [21]. However, the applicability of miRs as therapeutic
agents in oncology is still in its infancy due a number of challenges
(specificity, drug delivery etc.). The principle of therapeutic delivery
of siRNA or miR sequences to selected cells in order to modulated
expression of key metastasis oncogenes, has remained a major im-
pediment. Several limitations of this approach exist. On one hand, a
drug carrier or nanodrug delivery system should be coupled to the
administration of these small molecules, on the other hand, some
siRNA sequences might also evoke an immune response by activating
the Toll-Like Receptor (TLR) pathway [48]. Improvement of nanodrug
delivery systems and lipid-based nanoparticles, may pave the way to
clinical translation. Only few miRs seem to prevent metastatic bone
disease in vivo. These include miR-141 and miR-219, that have been
shown to decrease osteolytic breast cancer bone metastases pre-
sumably via inhibition of osteoclast activity [49]. Two other miRs,
miR-203 and miR-135, were found to reduce breast cancer bone
metastases via targeting of Runx2 [50]. Currently, only one candidate
miR is studied in clinical trials in liver cancer and other selected solid
tumors: MRX34 (Mirna therapeutics, Inc.; ClinicalTrials.gov Identi-
fier: NCT01829971). MRX34 is a liposomal formulation of a miR-34
mimic employed to restore this tumor suppressor miR. Interestingly,
miR-34 is downregulated in metastatic breast cancer and it protects
breast cancer induced osteolytic disease [51]. Taken together, the
employment of miRs as therapeutic agents remains challenging and
is still strictly dependent on the identification of a specific targeting
strategy to selectively target highly metastatic cells.

7. Outstanding questions

1. Should modulation of miRs be achieved at the primary tumor
and/or at future metastatic bone sites (‘premetastatic niches’) in
order to prevent skeletal metastasis?

2. Tumor-derived exosomes contain miRs (and proteins) that
mediate the cross-talk between the primary tumor and the fu-
ture bone metastatic niches. Vice versa, the supportive cellular
microenvironment at the primary and distant sites may also
shed non-coding RNAs via exosomes that may influence the
behavior of cancer cells. Should we target exosomes or their
miRs contained within these exosomes?

3. Which drug delivery strategy should be developed to achieve a
feasible therapeutic targeting of therapeutic miR mimics?

4. miRs regulate a multitude of genes. Even in presence of a highly
selective drug delivery strategy, can therapeutic miRs or an-
tagomiRs achieve anti-tumor responses with acceptable side
effects?

5. One of the clinical challenges is the lack of biomarkers in mi-
crometastatic disease. Can miR signatures be used for the as-
sessment of micrometastatic bone disease?

6. Can we exploit autologous exosomes or extracellular vesicles
structures for drug or miR delivery?
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