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Skeletal metastases are complications of epithelial cancers, among which breast, prostate and lung carcinomas are the

most osteotropic. In primary tumours, a subset of cancer cells undergoes epithelial–mesenchymal transition, acquires

mobility to migrate into the surrounding stroma and seeds at distant sites to grow. The specific development of bone

metastasis requires the recruitment of circulating tumour cells in the bone marrow, their adaptation to survive in the

surrounding microenvironment where they alter the functions of osteoclasts and osteoblasts, and hijack signals coming

from the bone matrix. Each of the molecular pathways underlining these steps is regulated by multiple factors, through

the tight control of genes expressed by cancer cells interacting with cells from the bone microenvironment. In this

context, miRNAs can act as master regulators of gene expression to control multiple aspects of bone metastasis

formation, including cancer cell escape from the primary tumour site, cancer cell dissemination to bone and invasion of

the bone marrow, as well as secondary outgrowth and tumour–stroma cell interactions. In the clinic, specific miRNA

signatures have been identified in osteotropic cancer cells, raising the possibility that miRNAs could be used as

biomarkers of bone metastasis. The regulatory activity of miRNAs in the bone microenvironment also suggests that

miRNAs could be promising therapeutic targets.
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Introduction

Breast, prostate and lung primary carcinomas are the most
common osteotropic tumours that spread to skeleton with
strong affinity at late-stage disease. Less frequently, bone
metastases are also diagnosed in thyroid, kidney, bladder and
colon carcinomas. Breast and lung carcinomas result in mainly
osteolytic bone destruction due to enhanced osteoclast activity
whereas prostate cancer patients have predominantly
osteoblastic lesions, characterised by increased bone
formation due to stimulation of osteoblast activity.1,2 Tumour-
induced dysregulation of normal bone homeostasis causes
hypercalcaemia, severe pains and fractures for which only
palliative therapies are proposed.3,4 The early steps of
metastasis to bone are common to most solid tumours and start
with local tissue invasion and tumour cell escape from primary
tumours.5 Following tumour cell dissemination into the blood
and/or lymphatic system, if the cancer cells are resistant to
anoikis and escape the immune surveillance, these cells must
express a specific gene signature to disseminate to bone,
invade the bone marrow, adapt to the local microenvironment
and finally exit the dormancy step to further colonise the
tissue.2,6,7 Each of the molecular pathways underlining these
steps is regulated by multiple factors, through the tight control
of genes expressed by cancer cells interacting with cells of the
bone microenvironment.8,9 Small non-coding microRNAs
(miRNAs) are master regulators of gene expression which have

the capacity to regulate multiple genes and thus to redirect or
reprogram biological pathways.10,11 Consequently, the dys-
regulation of miRNA expression in cancer cells not only impacts
the intrinsic tumour cell properties and tumour-derived factors
but also modulates the tumour–stromal crosstalk within primary
tumour and metastatic site.12 In this regard, miRNAs can control
multiple aspects of bone metastasis including the initial steps
of cancer cell escape from the primary tumour to the homing
and invasion of bone, as well as secondary outgrowth and
tumour–bone cell interactions13 (Figure 1). A small subset of
cancer cells in breast primary tumours express specific gene
signatures that would be predictive of bone metastasis.14,15 In
this respect, the identification of miRNA and gene signatures
expressed in primary carcinomas and their matching
bone metastases would provide information on molecular
mechanisms driving bone metastasis. It is very likely that before
patients are diagnosed with cancer, dormant disseminated
tumour cells (DTC) are already present in the bone marrow.16

Given this information, dysregulated miRNAs that are
associated with the early onset of bone metastasis might be a
useful clinical biomarker of the minimal residual disease in
patients with cancer. At a later stage, when skeletal destruction
is occurring, miRNA dysregulation might be an attractive
therapeutic target to interfere with unbalanced bone cell
activity and bone resorption that prime macro-metastasis in
bone.17
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In this review, we discuss how the tumour-induced dys-
function of miRNA expression controls the molecular events
that mediate the metastatic dissemination of tumour cells to
bone and induce bone lesions. Next, we focus on up- and
downregulated miRNAs that influence the expression of
genomic targets and have been experimentally validated as
modulators of one or several steps of bone metastasis.

MiRNA Misexpression Alters the Intricate Steps of Bone
Metastasis

Mature and active miRNAs are small, single-stranded RNAs
that repress gene expression through complementary binding
to the seed sequence of target mRNAs. MiRNA genes represent
around 1% of the total genome across different species and are
localised in intergenic or intronic regions of known genes, in the
sense or antisense orientation.10 MiRNAs are mostly tran-
scribed by RNA polymerase II as long primary transcripts that
are cleaved in the nucleus by Drosha and the DGCR8 complex
to produce a 70–100-nt pre-miRNA hairpin. In the cytoplasm, an

additional step mediated by the RNAse III, Dicer, generates a
duplex miRNA/miRNA* which is incorporated in the RNA-
induced silencing complex. One of the two strands will be
selected as the guide strand whereas the other strand will be
degraded. As part of this complex, mature miRNAs operate via
sequence-specific interactions with the 30-UTR of cognate
mRNA targets leading to the destabilisation of target mRNAs
and inhibition of translation.18 Given the multigene regulatory
capacity of a single or a family of miRNAs, their dysregulation
has been helpful to elucidate the molecular mechanisms
that govern metastatic dissemination. These endogenous
regulators of gene expression are themselves subjected to
regulation and are targeted by genetic and epigenetic defects.19

Various regulatory mechanisms underline miRNA dysfunctions,
including deletions, amplifications, epigenetic silencing, dys-
regulations of transcription factors that target specific miRNAs
and the inhibition of miRNA processing. A global reduction of
the expression levels of all miRNAs produced by tumours has
been attributed to the downregulation in the expression of the
miRNA-biogenesis enzyme Dicer.20 Besides its involvement in

Figure 1 MicroRNAs regulate various steps of bone metastasis progression in solid tumours. MiRNAs control critical steps in cancer cell dissemination. Up- (m) or
downregulation (k) of these miRNAs may result in the positive (þ ) or negative (� ) regulation of gene sets and/or pathways involved in bone metastasis through the regulation of
the following gene targets, indicated in brackets: BMI1, Polycomb complex protein; KLF4, Kruppel-like factor; HEF-1, Human enhancer of filamentation; HMGA2, High-mobility group
AT-hook 2; Rock, Rho-associated kinase; IGFBP2, Insulin-like growth factor binding protein2; DLX5, Distal-less homeobox5; WNT, Wingless type; CTGF, Connective tissue growth
factor; Mitf, bHLHe32; Calcr, Calcitonin receptor; Tnc, Tenascin C; RDX, Radixin; TGIF2, TGFb-induced factor homeobox2; FIH-1, Factor inhibiting HIF.
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the development of primary tumours, Dicer contributes
specifically to metastasis progression.21 The profound
alterations of bone homeostasis induced by in vivo deletion of
Dicer and/or DGCR8/Ago2 in osteoprogenitor cells has
suggested that tumour-secreted miRNAs might control bone
cell differentiation and activity.12 Aberrant expression of
miRNAs assessed through miRNA profiling of human primary
and skeletal tumours provide additional evidence that
endogenous miRNAs regulate metastatic cells in primary sites
and DTCs. Nonetheless, tumour-secreted factors induce
specific miRNA signatures in tumour-associated stromal
cells and in mature osteoclasts and its precursors during
cancer-associated bone destruction.22 Thus, miRNAs are
not only critical regulators of the molecular events
preceding bone homing and bone invasion but also of tumour–
stromal cell interactions in the bone microenvironment
(Figure 1).

MiRNAs in Primary Carcinomas are Potential Predictive
Factors of Bone Metastasis

To detach from primary tumours, cancer cells acquire motility
and invasiveness undergoing epithelial–mesenchymal transi-
tion (EMT). Then, mesenchymal cells express various factors
that enable them to degrade the extracellular matrix, dis-
connect from the extracellular matrix scaffold and invade the
local tissue, thereby facilitating intravasation of cancer cells
through the basal membrane into the vasculature.23 The EMT
phenotype acquired at the primary tumour site also promotes
the extravasation of circulating tumour cells from the bone
marrow sinusoids to the bone marrow. When cancer cells settle
down in the bone marrow, they may become quiescent for
several years, even decades. Ultimately, they may exit the
dormancy state and reverse the process to mesenchymal-to-
epithelial transition to proliferate in bone.24 A current concept
states that a small subset of cancer cells within tumours, cancer
stem cells (CSC), are tumour-initiating cells capable of self-
renewal and differentiation and are very likely at the origin of
metastasis.25 MiRNAs are regulators of the early events
occurring in primary carcinomas, especially the tumour-initi-
ating abilities of CSC,26 making them attracting predictive
factors of the disease. The miR-200 family and miR-205 repress
EMT and metastatic dissemination by controlling the expres-
sion of E-cadherin repressors, ZEB1 and ZEB2.27 As an EMT
repressor, miR-200c controls the tumour-initiating capacity of
breast CSC by regulating the stemness-associated factors,
BMI1, SOX4 and KLF4.28 Let-7 miRNAs affect the breast CSC
survival and impair metastatic progression through silencing of
H-RAS and HMGA2.29 Restoration of the tumour suppressor
miR-34a in prostate CSC with enhanced tumour-initiating and
metastatic properties inhibited CD44 expression and prostate
cancer metastasis.30 In the androgen-insensitive PC-3 prostate
cancer cell line, ectopic expression of miR-143 and miR-145
prevented EMT, reducing the migratory capacities of these cells
in vitro and their propensity to metastasise to bone in vivo.31

Further, miR-145 attenuates EMT and invasion of PC-3 cells
through repression of the oncogenic protein HEF1.32 The low
miR-143 and miR-145 expression levels in prostate tumours
and in bone metastasis biopsies were negatively correlated to
bone relapses, free prostate-specific antigen level and the
Gleason score, suggesting that these miRNAs could be used

as biomarkers to discriminate different stages of prostate
carcinomas and predict bone metastasis relapse. In contrast,
miR-154*, miR-379 and miR-409-3p/-5p promote tumour-
igenesis, EMTand bone metastasis of human prostate cancer.33

Dicer is a target for miR-103/107, whose expression is
associated with metastasis and poor outcome in breast cancer
patients.21 This miRNA family attenuates miRNA biosynthesis
by regulating Dicer expression and induces EMT thus
enhancing the migratory ability of the cells in vitro and the
metastatic dissemination in vivo.21 Searching for general
regulators of tumour spreading, Tavazoie et al.34 identified a set
of miRNAs (miR-335, -126, -206) that were poorly expressed in
breast cancer cell lines which were highly metastatic to lung and
bone. Restoration of miR-335, miR-126 or miR-206 expression
reduces the lung and bone metastatic colonisation in mice.
MiR-335 and miR-206 do not affect primary tumour outgrowth,
but cause a reduction in cell migratory and invasive capacities.
MiR-335 suppressesbreast cancer cell invasion and metastasis
by targeting the transcription factor SOX4 and tenascin C, a
protein involved in cell adhesion. Importantly, miR-335 and
miR-126 levels are lower in breast tumours from patients with
relapse to distant organs (lung, bone) compared with patients
who did not exhibit metastatic relapse, indicating these miRNAs
function as bone metastasis suppressors and could be used
as diagnostic markers. MiR-126 not only acts as a cell-
autonomous metastasis suppressor but also inhibits metastatic
endothelial cell recruitment and angiogenesis by coordinate
targeting of IGFBP2, PITPNC and MERTK.35 The miRNA’s
potential to initiate metastatic dissemination was first reported
by Robert Weinberg’s laboratory showing that miR-10b was
highly expressed in 50% of primary breast tumours from
patients who suffered metastatic relapses. Overexpression of
mir-10b in non-metastatic breast tumour cell lines initiated
strong invasion of orthotopically implanted mammary tumours
in mice and promoted cancer cell dissemination in the lungs.
Interestingly, Twist1 was identified as a transcription factor
that induces miR-10b expression which, through the activation
of homeobox D10 and RhoC, promoted lung and bone
metastasis.36

MiRNAs Regulate Bone Marrow Invasion and Colonisation
by Cancer Cells, and Overt Development of Skeletal
Lesions

MiRNA-mediated tumour activity in bone
Circulating tumour cells expressing chemokine receptors are
attracted to the bone by bone marrow-derived chemokines,
leading to the homing of cancer cells in the bone marrow.4 Once
in the bone marrow, cancer cells interact with small anatomical
entities, called ‘niches’ that line the bone surface or blood
vessels. Metastatic cells target these niches where haema-
topoietic stem cells reside and compete for occupancy.
CXCR4, the receptor of SDF-1 (also called CXCL-12), a ligand
secreted by osteoblasts can be expressed by CSC to compete
with haematopoietic stem cells to fit into these niches and
become quiescent.37 The interaction of CD44-expressing
CSCs with hyaluronan and/or osteopontin promotes experi-
mental bone metastasis formation.38 Some bone-specific
proteins such as bone sialoprotein, osteonectin, osteopontin
and collagen also promote the homing, adhesion and sub-
sequent colonisation of the bone marrow by tumour cells by
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binding to specific cell surface receptors such as integrins aVb3
and a2b1.39 To identify potential metastasis-promoting
miRNAs, MCF-7 breast cancer cell line transduced with a
miRNA-expression library was subjected to a transwell
migration assay.40 The induction of a migratory phenotype was
used to identify the miRNA-expressing vectors enriched in the
MCF-7 migrating cell population. MiR-373 and miR-520c
promoted cancer cell migration and invasion in vitro and in vivo.
Inoculation of MCF-7 cells expressing miR-373 or miR-520c
into mice induced metastatic lesions in the skull, spine and
lungs. Histological analysis showed osteolytic metastases
infiltrating into the medullary bone spaces and skull. CD44,
which encodes a cell surface receptor for hyaluronan and
behaves as metastasis suppressor in prostate and colon
cancer, was identified as the direct target for miR-373 and
miR-520c. Upregulation of miR-373 in clinical breast cancer
metastasis samples was also found to correlate inversely with
CD44 expression.40 The c-myc-regulated miRNA-17-92 cluster
is highly expressed in metastatic breast cancer and is a positive
regulator of motility, invasion and metastasis. Inhibition of
Rho-associated kinase signalling downregulates the miRNA-
17-92 cluster and prevents breast cancer metastasis to bone in
a mouse model of human breast cancer metastasis.41 The
tumour metastasis suppressor Raf kinase inhibitory protein
(RKIP) represses breast tumour cell intravasation and bone
metastasis in an orthotopic murine model. This occurs through
the decrease of c-Myc-induced LIN28 transcription that
enhances let-7 expression and inhibits its pro-invasive and
pro-metastatic target genes, HMGA2 and Snai1.42 MiRNA-10b
activated by Twist1 facilitates the intravasation of breast cancer
cells in the vasculature and their dissemination to lungs. Using
an experimental mouse model of human breast cancer bone
metastasis, we have shown that Twist1 also facilitates bone
metastasis formation through a miRNA-10b-dependent
mechanism.43 Moreover, miR-10b could be a circulating marker
of bone metastasis in regard of the high level of miR-10b in
serum of breast cancer patients with the disease.44 Finally, it is
of interest to note that these early bone-homing steps may
be reversed by acute expression of the tumour suppressor
miRNA-31. Indeed, in a mouse model of bone metastasis, the
induction of miRNA-31 triggered regression of already-seeded
bone metastasis.45 Further, DTC in bone marrow have to adapt
to the bone environment for subsequent development as overt
metastasis. This adaptive process called osteomimicry requires
that tumour cells begin to express genes that are normally
expressed by bone cells.2 Analysis of primary tumour and
matched metastases from breast cancer patients show that
only tumour cells that are metastatic to the skeleton express
proteins of bone origin (cathepsin K, osteonectin, cadherin-11,
connexin-43 and Runx2).46 Prostate cancer bone metastases
express the Notch-1 receptor that induces Runx2 expression, a
master regulator of osteogenesis also involved in osteomi-
micry.47 Bone lesions result in the interaction between cancer
cells, bone microenvironment and bone cells themselves. The
tumour cells use bone-derived growth factors involved in the
coupling between osteoclasts/osteoblasts to promote their
own development. In turn, they secrete factors (PTHrP,
interleukin (IL)-1, IL-6, IL-8, IL-11, M-CSF) that act in a
paracrine manner to activate osteoclast-mediated bone
resorption.48 Cancer cells can release other growth factors that
can promote (ET1, insulin-like growth factors) or inhibit (DKK1,

Noggin, sclerostin) osteoblast activity.5 These processes are
accompanied by the release of growth factors and cytokines
(transforming growth factor-b, insulin-like growth factors)
that act in turn on cancer cells to promote proliferation. The
miRNA-30 family that is expressed at high levels in hormone-
dependent and well-differentiated breast tumours has been
described as a tumour suppressor in various solid tumours.18

These miRNAs are also reported as osteomiRs that regulate
osteoblast differentiation.49 We have shown that miRNA-30s
are downregulated in MDA-B02 cell line, a sub-population of the
parental MDA-MB-231 breast cancer cells that specifically form
bone metastasis in mice.50 Restoring miRNA-30s in these cells
decreased bone metastasis in vivo predominantly through the
downregulation of genes associated with osteomimicry,
such as integrinb3, CTGF, cadherin-11, connexin 43 and
RunX2. Osteomimicry regulation has been also reported
for miRNA-218, an osteomiR that targets the WNT inhibitor
SOST, DKK2 and SFRP2, thus enhancing WNT activity and
abnormal expression of osteoblastic genes.51 Upregulation of
Ras-mediated signalling induces the aberrant activation
of WNT activity in advanced prostate cancer. The WNT
signalling-related gene, TCF7 is a critical factor of bone
metastasis and a direct target of miR-34a. Ectopic miR-34a
expression inhibits bone metastasis and reduces tumour
burden in a Ras-dependent xenograft model by activating WNT
and anti-apoptotic pathways.52 Reintroduction of miR-203 in
prostate tumour cells downregulated the expression of Zeb2,
Bmi, Survivin and Runx2 that attenuates bone metastasis in
mice.53 Tumour-induced bone resorption stimulates the release
of transforming growth factor-b, which in turn induces cancer
cells to produce the pro-osteolytic factor IL-11. MiR-204,
miR-211 and miR-379 are downregulated in a highly bone
metastatic variant of the MDA-MB-231 cell line; these miRNAs
were identified as potent inhibitors of transforming growth
factor-b-induced IL-11 secretion.54 MiR-34a is downregulated
during osteoclast differentiation and has been identified as a
critical suppressor of osteoclastogenesis, bone resorption and
bone metastasis by directly targeting the pro-osteoclast factor
Tgif2.55 In lung cancer, Kuo et al.56 have reported that PTHrP, a
potent stimulator of osteoclastic bone resorption, is a direct
target of miR-33a. MiR-33a levels are inversely correlated with
PTHrP in lung cancer cell lines. Restoring miR-33a expression in
lung cancer cells decreases the production of PTHrP and IL-8,
another pro-osteoclastic factor. Thus, a low miR-33a
expression contributes to cancer-mediated bone destruction
and may predict a poor prognosis for lung cancer patients.56

The validity of measuring serum miRNAs in a murine model of
human lung cancer bone metastasis has been assessed
by comparing miRNA serum levels with those of standard
biochemical markers of bone turnover such as PINP, BGP
(osteocalcin) and CTX.57 In this model of lung cancer, PINP
exhibited a strong correlation with osteolytic lesions and tumour
burden at early and late stages of bone colonisation. In contrast,
BGP and CTX demonstrated a strong correlation only at
late stages. Interestingly, serum level of miR-326 was
strongly associated with tumour burden and PINP in vehicle-
treated animals, whereas no association was found in animals
treated with an inhibitor of bone resorption. These results
suggest that miR-326 could serve as a biochemical marker for
monitoring bone metastatic progression in advanced lung
cancer.57
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MiRNA-mediated regulation of stroma–tumour cell
interactions in bone
There is strong evidence that miRNAs control the differentiation
of osteoclasts and osteoblasts.12 Recent studies have also
demonstrated how these miRNAs may be transferred from the
bone marrow stromal cells to nearby cancer cells through gap
junction intracellular communication.58 Co-culture of MDA-MB-
231 or T47D breast cancer cells with bone marrow stromal cells
resulted in cell cycle arrest in the G0 phase. Mir-127, -197, -222
and -223 that target CXCL12 are transported from the stromal
cells to cancer cells leading to a decrease in proliferation that
might explain the stroma-induced quiescence of breast cancer
cells. Further, exosomes were isolated from bone marrow
mesenchymal stem cellsand co-cultured with CD44þ -
expressing MDA-MB-231 breast cancer cells, as a model of

DTCs, to investigate interactions between cancer cells and the
bone microenvironment.59 In another study, the growth of
CD44-expressing cells injected into the bone compartment was
impaired in the presence of exosomes isolated from bone
marrow mesenchymal stem cells. This was postulated to be due
to elevated expression of exosome-derived miRNAs such as
miR-23b, and was further substantiated when miR-23b
overexpression partially recapitulated the tumour inhibitory
effect in vivo. To further investigate cancer–stroma interactions,
laser capture microdissection of breast cancer tissue showed
an increase of miR-23b in adjacent bone marrow, thus
suggesting proximity-based transfer of miRNA from the bone
microenvironment to cancer cells in a clinical setting.
Conversely, the stroma can promote metastatic tumour
formation. In multiple myeloma, exosomes from bone marrow

Table 1 MiRNAs as clinical biomarkers of bone disease and potential therapeutic targets in breast, prostate and lung cancers

Rolea miRNA Activity Targets Predicted bone metastasis biomarkers in vivo
therapeutic assays

Ref

Breast cancer
Tumour
suppressors

miR-335 Invasion, metastatic
seeding (Down)

Sox4, Tnc Low level in tumour was associated with poor patient
survival.

34

miR-126 Proliferation,
angiogenesis (Down)

IGFBP2, PITPNC1,
MERTK

Silenced in breast cancer. 35

miR-31 Invasion, metastatic
seeding (Down)

RDX, RhoA, ITGA5 Levels in primary tumour was inversely correlated with
metastasis occurrence.

45

miR-30s Invasion, osteomimicry
(Down)

ITGb3, CTGF,
CDH11, RunX2

High levels are associated to ERþ /PGþ in tumours. 18,

50

miR-141,
miR-219,
miR-190

Osteoclastogenesis,
tumour-induced bone
resorption (Down)

Markers of
osteoclast
differentiation and
activity

Intravenous delivery in mice inhibited osteoclast activity and
reduced tumour burden and bone osteolysis.

22

miR-34a Osteoclast
differentiation, bone
metastasis (Down)

Tgif2 Knockdown of miR-34a in transgenic mice resulted in
increased osteoclastogenesis.

55

Oncogenes miR-103/107 EMT, migration,
metastatic seeding miR
biosynthesis (Down)

Dicer High level in tumour was associated with poor patient
survival.

21

miR-10b Invasion (Up) HoxD10, RhoC Increased levels were detected in metastatic tumours, with
higher serum concentrations from patients with bone
metastasis. Therapeutic silencing inhibited metastasis in a
mouse mammary tumour model.

36,

44,

64

miR-373/520c Migration, invasion (Up) CD44 Upregulation of miR-373 in metastasis was inversely
correlated with CD44 expression.

40

miR-17-92
cluster

Migration, metastatic
seeding (Up)

TbR2 Anti-miR-17 inhibited metastasis to bone in vivo in a mouse
model of human breast cancer.

41

Prostate cancer
Tumour
suppressors

miR-34a Tumour-initiating and
stem cell abilities (Down)

CD44 Tail vein delivery inhibited metastasis and extended animal
survival.

30

miR-143,
miR-145

Migration, invasion, EMT
(Down)

E-cadherin,
fibronectin

Decreased in bone metastasis, expression negatively
correlated to Gleason core and free PSA in primary tumour.

31,

32

miR-203 Migration, invasion,
osteomimicry (Down),
MET (Up)

Survivin, Zeb2,
Bmi1, RunX2, DlX5

Expression is decreased in bone metastasis and primary
tumour, negatively correlated with advanced disease.

53

Oncogenes miR-154a,
miR-379,
miR-409-3p/5p

Tumour growth, EMT (Up) Multiple signalling
pathways

Elevated expression in bone metastatic tissues, correlated
with progression-free survival of patients.

33

miR-16 Proliferation (Down) Cell cycle genes Delivery of atelocollagen in mice tail vein decreased bone
tumour burden.

71

Lung cancer
Tumour
suppressors

miR-192 Angiogenesis (Down) IL-8, ICAM, CXCR4 In vivo infusion of exosome-like vesicles decreased bone
lesions.

62

Oncogenes miR-326 Decreased bone tumour
and osteolytic lesions

unknown Level associated with serum biochemical markers of bone
turnover in a mouse model of bone metastasis.

57

Abbreviations: EMT, epithelial to mesenchymal transition; MET, mesenchymal-to-epithelial transition; PSA, prostate-specific antigen.
aOncomiRs are indicated by the ability to positively impact metastatic dissemination and bone metastasis, whereas tumour suppressors negatively impact metastatic
dissemination and bone metastasis.
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mesenchymal stem cells promote tumour growth through the
transfer of the oncogenic miR-15a in the bone compartment.60

These studies provide evidence that the bone may be able to
produce factors such as miRNAs that modulate the growth of
DTCs. There are also reports that cancer cells can modify the
microenvironment to become more favourable for metastatic
tumour initiation. Conditioned media from highly metastatic cell
lines are able to induce osteoclast differentiation.22 Indeed,
exposure of differentiating osteoclasts to tumour-conditioned
media activates a specific miRNA signature in osteoclasts that
is partly induced by the secretion of slCAM1 by bone-metastatic
cells. This suggests that miRNAs from the tumour cells may also
alter the bone microenvironment, disrupting bone turnover.
Furthermore, secreted factors such as exosomal miRNAs may
be released from tumour cells, which then pre-condition the
bone microenvironment to become more favourable for tumour
cell survival. Exosomal miR-135b from hypoxia-resistant
multiple myeloma cell lines were able to enhance tube formation
and induction of HIF-1 transcriptional activity through the
inhibition of FIH-1 in human umbilical vein endothelial cells,
implicating a role for miR-135b on the local microenvironment
under hypoxic conditions.61 In another study, pre-treatment of
the intratibial compartment with exosome-bound miR-192
reduced bone lesions in immunocompromised mice, further
confirming that secreted factors derived from miR-192-over-
expressing cells promote osteolytic lesions and bone coloni-
sation, presumably by targeting genes that act in tumour-
induced angiogenesis in vivo.62 The hypothesis that circulating
miRNAs may pre-condition the metastatic niche to facilitate
tumour growth is further strengthened by intravenous injection
of exosomes from miR-192-overexpressing tumour cells,
resulting in decreased bone lesion area and tumoural
volume. Taken together, these studies illustrate how crosstalk
between tumour cells and stromal cells can promote or
inhibit tumour growth through the release of factors, such as
miRNAs, which are able to act in a cell-autonomous
manner.

MiRNAs as Clinical Biomarkers and Potential Therapeutic
Targets in Bone Metastasis

We have reviewed how aberrant miRNA expression in primary
tumours, bone marrow stroma and in secreted-circulating
molecules of patients suffering from breast, prostate and lung
cancer correlates with biological and clinical-pathological
features (Table 1). Such observations have suggested that
miRNAs could be used as diagnostic and prognostic bio-
markers for patients with high risk of bone metastasis or relapse
and for evaluation of treatment efficiency.12,13 Evidence
reporting that the profile of secreted miRNAs reflects their
misexpression pattern both in tumour cells and bone stroma
cells suggest the exciting possibility of using them as valuable
index of the disease in regard of their stability and minimally
invasive accessibility.63 MiRNA expression in vitro and in vivo in
mice preclinical models has been modulated by synthetic
chemically miRNAs as both targets and tools (Table 1).
Exogenous stabilised double-stranded mimics have been
delivered in mice to augment miRNAs having tumour
suppressor abilities. Recently, Ell et al.22 have reported that
the intravenous delivery of synthetic miRNAs in mice
reduces osteolytic bone lesions by inhibiting osteoclast

miRNAs. Strategy of inhibition of mature miRNAs by modified
(2’-O-methyl/2’-O-methoxyethyl/locked nucleic acid) anti-
sense oligonucleotides or by antagomirs (cholesterol-
conjugated) has allowed the silencing of oncomirs both in vitro
and in vivo. Administration of miR-10b antagomirs to mice
bearing highly metastatic cells drastically reduces lung
metastatic dissemination without any adverse effect in the
animals.64 Several other vector-based miRNAs delivering
strategy have been developed to restore tumour suppressor or
silence oncomiRNAs.65 An elegant approach, the miRNA
Sponge that inhibits miRNA activity for entire miRNA family by
saturating them with target mRNAs has been developed by
Ebert et al.66 These plasmid vectors encode for mRNAs
containing multiple tandem binding sites for endogenous
mRNAs. Thus, during the cell miRNA processing, the Sponge
interacts with the corresponding miRNA and prevents the
association with the mRNA targets. Although miRNA-based
therapeutic seems promising, their effective and safe delivery to
tissue need further investigations. A number of clinical trials are
underway in cancer to investigate the utility of miRNAs as
disease markers or therapeutic targets. This includes miR-16,
which has previously been discussed to be elevated in serum
from breast cancer patients with bone metastasis.22

Therapeutic targeting of miR-16 delivered in minicells
(nanoparticles) has commenced Phase I trials in patients with
malignant pleural mesothelioma and non-small cell lung
cancer.67,68 In addition to cancer biomarkers, clinical trials
investigating miRNA expression levels have also commenced in
other bone diseases and pathologies, such as postmenopausal
osteoporosis69 and monitoring bisphosphonate use during
orthopaedic and oral maxillofacial surgery.70,71

Concluding Remarks

Bone metastasis is a multi-step process involving a series of
molecular events that might already be genetically determined
in primary tumours. The misexpression of miRNAs in tumour-
initiating cells might up- or downregulate master genes that
drive invasion, extravasation and finally bone seeding of cancer
cells. Besides these regulatory mechanisms within tumour cells
themselves, miRNAs interfere with tumour–stroma crosstalks
within the bone. In this way, stroma–tumour interactions may be
mediated by miRNA transfer through cell-to-cell interactions or
exosomes to influence osteoclastogenesis and metastasis-
related bone destruction.72

Identification of specific miRNA signatures in tumour cells
that have bone-homing properties raises the possibility of
developing miRNA-based biomarkers that could help identify
patients with cancer at high risk of bone metastasis relapse.
Further, the regulatory activity of miRNAs in the bone
microenvironment implies that miRNAs could be promising
therapeutic targets.

Acknowledgements

This work was supported by ARC (grant n1SFI20111203869), the
Fondation de France (grant n100016390), the Ligue Nationale
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analysis reveals an osteoblast-like phenotype for human osteotropic breast cancer cells. Breast
Cancer Res Treat. 2007; 101: 135–148.

47. Weilbaecher KN, Guise TA, McCauley LK. Cancer to bone: a fatal attraction. Nat Rev Cancer.

2011; 11: 411–425.
48. Clezardin P. [The role of RANK/RANKL/osteoprotegerin (OPG) triad in cancer-induced bone

diseases: physiopathology and clinical implications]. Bull Cancer (Paris) 2011; 98: 837–846.
49. Wu T, Zhou H, Hong Y, Li J, Jiang X, Huang H. miR-30 family members negatively regulate

osteoblast differentiation. J Biol Chem. 2012; 287: 7503–7511.
50. Croset M, Bachelier R, Allioli N, Song SS, Agami R, Clezardin P. Targeting breast cancer

osteomimetic genes by miRNA-30s decreases the formation of metastatic osteolytic lesions in
mice 2011; 98: S29–S30.

51. Hassan MQ, Maeda Y, Taipaleenmaki H, Zhang W, Jafferji M, Gordon JAR et al. miR-218
directs a Wnt signaling circuit to promote differentiation of osteoblasts and osteomimicry of
metastatic cancer cells. J Biol Chem. 2012; 287: 42084–42092.

52. Chen W-Y, Liu S-Y, Chang Y-S, Yin JJ, Yeh H-L, Mouhieddine TH et al. MicroRNA-34a
regulates WNT/TCF7 signaling and inhibits bone metastasis in Ras-activated prostate cancer.

Oncotarget 2014; 6: 441–457(Advance Publications).
53. Saini S, Majid S, Yamamura S, Tabatabai L, Suh SO, Shahryari V et al. Regulatory role of

mir-203 in prostate cancer progression and metastasis. Clin Cancer Res 2011; 17: 5287–5298.
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