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Abstract

Bone metastasis is a common complication in several solid cancers, including breast, prostate, and lung. In the bone micro-
environment, metastatic cancer cells disturb bone homeostasis leading to osteolytic or osteosclerotic lesions. Osteolytic
lesions are characterized by an increased osteoclast-mediated bone resorption while osteosclerotic lesions are caused by
enhanced activity of osteoblasts and formation of poor-quality bone. A common feature in bone metastasis is the complex
interplay between the cancer cells and the cells of the bone microenvironment, which can occur already before the cancer
cells enter the distant site. Cancer cells at the primary site can secrete soluble factors and extracellular vesicles to bone to
create a “pre-metastatic niche” i.e., prime the microenvironment permissive for cancer cell homing, survival, and growth.
Once in the bone, cancer cells secrete factors to activate the osteoclasts or osteoblasts and the so called “vicious cycle of
bone metastases”. These pathological cell-cell interactions are largely dependent on secreted proteins. However, increasing
evidence demonstrates that secreted RNA molecules, in particular small non-coding microRNAs are critical mediators of
the crosstalk between bone and cancer cells. This review article discusses the role of secreted miRNAs in bone metastasis

development and progression, and their potential as non-invasive biomarkers.
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Introduction

Bone is the preferred site of metastatic growth for many dif-
ferent cancers. Bone metastases are associated with patho-
logical fractures, pain, hypercalcemia, and an increased
morbidity and mortality [1]. Bone is highly vascularized
and rich in growth factors, which makes it an attractive and
supporting milieu for cancer cells to home to and grow in.
According to the “seed and soil theory” proposed by Sir
Stephen Paget already in 1889, the bone (soil) provides
an ideal microenvironment for cancer cells (seed) to colo-
nize, survive and proliferate [2]. He also hypothesized that
metastasis is not a random process but occurs in a coordi-
nated manner. Indeed, later studies have shown that the pri-
mary tumor can send signals to the future metastatic site to
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prepare a “pre-metastatic niche” for the arriving cancer cells
[3]. During this process, cancer-derived soluble factors and
extracellular vesicles disturb the homeostasis of the distant
organ to make it conductive to the survival of tumor cells.
Bone homeostasis is maintained by the coordinated
actions of bone resorbing osteoclasts and bone forming oste-
oblasts. Osteoclasts are multinucleated cells derived from
the hematopoietic lineage precursors. Osteoclast differen-
tiation is induced by macrophage colony stimulating factor
(M-CSF) as well as receptor-activator of nuclear kappa-B
ligand (RANKL), which binds on the receptor RANK on
monocytes. Mature active osteoclasts demineralize bone by
creating an acidic environment in the so-called resorption
lacuna through release of protons. This is followed by secre-
tion of proteases including cathepsin K and matrix metal-
loproteases, which degrade organic bone matrix [4]. New
bone is then formed by osteoblasts. Osteoblasts differentiate
from mesenchymal precursors through a regulated process
involving transcription factors Runt-related transcription
factor 2 (Runx2) and Osterix (Osx), among others. Mature
osteoblasts are characterized by expression alkaline phos-
phatase, osteocalcin, and type I collagen and deposit organic
matrix during bone formation [5]. As long as new bone is
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formed to the same extent old bone is removed, bone mass
remains constant. However, in various pathological pro-
cessed, including bone metastases, the balance is disturbed
leading to bone loss or abnormal bone formation.
Although the basic principles of physiological and patho-
logical bone remodeling are well established, novel regula-
tory molecules are still being revealed. The discovery of
non-coding RNAs as key regulators of various biological
processes raised the question whether they are also impli-
cated in bone homeostasis. Indeed, during the last decade
short and long non-coding RNAs have been emerged as key
regulators of bone development, homeostasis, and pathology
[6]. The best characterized non-coding RNAs are micro-
RNAs (miRNAs), short RNAs that post-transcriptionally
reduce mRNA abundance. miRNAs are dysregulated in
various bone disorders and individual miRNAs function-
ally maintain/disturb bone remodeling in disease conditions,
such as bone metastases. Several miRNAs have been shown
to be up- or downregulated in primary breast cancer and/or
bone metastases. Future studies will show whether matched
primary tumors and bone metastases have a similar miRNA
profile like shown in gastrointestinal tumors [7] or whether
the distant microenvironment induces changes in the miRNA
profile as shown in patients with primary breast cancer and
matched lymph node metastases [8]. The function of miR-
NAs in bone metastases as well as their role as potential
therapeutic targets has been reviewed elsewhere [9—12]. This
manuscript will focus on secreted miRNAs and discuss their
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Fig.1 Circulating miRNAs in bone metastases. A miRNAs can be
secreted from the primary tumor in extracellular vesicles or bound to
proteins. In bone, these miRNAs can contribute to the early stages of
bone metastases, for instance by preparing the “pre-metastatic niche”.
B Secreted miRNAs contribute to osteosclerotic metastases by pro-

relevance in bone metastasis development and progression.
In addition, the potential of using circulating miRNAs as
non-invasive biomarkers in metastatic bone disease will be
discussed (Fig. 1).

Bone metastasis

Bone is the most common site of metastasis in breast and
prostate cancer. In addition, other solid cancers, includ-
ing lung and kidney frequently metastasize to bone. Bone
metastases can cause severe pain, pathological fractures,
hypercalcemia, and reduced mobility. Due to these compli-
cations, patients with bone metastases suffer from a rapid
decline in the quality of life. The most frequent skeletal sites
of metastases are the spine, pelvis, ribs, proximal femur,
and the skull. Patients with bone metastases have increased
mortality, with a median survival varies between 6 and
7 months in lung cancer up to 53 months in prostate cancer
[13]. Treatment of bone metastases requires a multidisci-
plinary team and is aimed at reducing pain, preventing and
treating fractures, controlling local tumor and maintaining
the quality of life of the patients. Current therapies include
radiotherapy, chemotherapy, and bone-targeted therapies. In
addition, orthopedic interventions such as kyphoplasty or
spinal decompression may be needed. Despite the improved
treatment options, treatment is palliative and the disease
incurable.
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moting (green letters) or inhibiting (red letters) osteoblast differentia-
tion. C Several miRNAs promote osteoclast differentiation and facili-
tate the progression of osteolytic bone metastases. The figure was
created using Biorender.com
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In physiological conditions, bone homeostasis is main-
tained by highly coordinated actions of osteoclasts that
resorb old bone and osteoblasts that build new bone. Can-
cer cells disturb the tight regulation between osteoclast and
osteoblasts, leading to pathologically increased activation of
osteoclasts or osteoblasts and consequently to osteolytic or
osteoblastic lesions, respectively. Osteolytic lesions are often
more aggressive than osteoblastic lesions. Osteolytic lesions
are more common in lung, kidney, and breast cancer while
prostate cancer metastases are characterized by osteoblastic
lesions. However, often mixed osteoblastic and osteolytic
lesions are found in patients with breast and prostate cancer
metastases [14]. Osteoblastic and osteolytic lesions differ
in their clinical presentation and molecular characteristics
[13]. However, the common feature for both types of lesions
is that imbalance between osteoclasts and osteoblasts occur-
ring in response to the tumor. This imbalance is mediated by
numerous factors secreted by the cancer cells as well as the
cells of the bone microenvironment. Besides the well-estab-
lished contribution of proteins and peptides in the cellular
crosstalk in the bone marrow microenvironment, recently
also RNA molecules have been recognized as important
intercellular mediators.

MicroRNA biogenesis and mode of action

microRNAs (miRNAs) are a class of short non-coding
RNAs that function as crucial regulators of mRNA and
protein abundance [15]. MiRNAs were originally discov-
ered in Caenorhabditis Elegans in 1993 by two independ-
ent groups. They proposed that /in-4 is a small non-coding
RNA, which regulates lin-14 at a post-transcriptional level
through complementary binding on its 3’ untranslated region
(UTR) [16, 17]. Since this fundamental discovery, miRNA-
mediated mechanisms were found to be highly conserved,
and miRNAs have been identified in all animal systems. To
date, over 2000 miRNAs have been detected in humans and
they are estimated to regulate one third of the genes. In the
canonical miRNA biogenesis pathway, miRNAs are tran-
scribed from the DNA into primary miRNAs (pri-miRNAs),
which are processed by the microprocessor complex (Drosha
and DiGeorge Syndrome Critical Region (DGCRS) to pre-
cursor-miRNAs (pre-miRNAs). The pre-miRNA molecule
is exported to the cytoplasm via Exportin5 and processed
by the RNAse III endonuclease Dicer to produce the mature
miRNA duplex [17]. The miRNA duplex consists of 3’ and
5’ strands, of which both can be loaded into the Argonaute
(AGO) family of proteins to form an RNA-induced silencing
complex (RISC). The unloaded strand will be unwound and
degraded. In addition to the canonical biogenesis, miRNAs
can be also processed through multiple non-canonical bio-
genesis pathways, which are reviewed elsewhere [18]. Both
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canonical and non-canonical maturation pathways lead to a
functional RISC complex, which binds to the target mRNA
through complementary binding. Usually miRNAs bind to
the 3’UTR of the target to induce mRNA decay or interfere
with protein translation. However, miRNAs have also been
shown to interact with the 5’UTR, coding regions and pro-
motes of their target [19].

While the main function of miRNAs is intracellular inter-
ference with mRNA, miRNAs can also be secreted and have
been identified in various biological fluids including plasma,
serum and urine. Extracellular miRNAs are protected from
the extracellular environment and thus resist temperature and
pH-induced degradation. The protection of miRNAs is often
provided by extracellular vesicles (EVs). Indeed, miRNAs
have been isolated from exosomes, microvesicles and apop-
totic bodies. Another form miRNAs circulate is bound to
proteins, such as AGO2 or high-density lipoprotein (HDL)
[20]. Recent evidence shows that circulating miRNAs can
be delivered to other, even distant cells and act in autocrine
and paracrine manners to regulate recipient cell function.
The following chapters will discuss the role of extracellular
miRNAs in different stages and types of bone metastases.

Secreted miRNAs in early stages of bone
metastases

The role of various proteins in early and late stages of bone
metastases is well established [21]. For instance, in very
early stages of the disease, lysyl oxidase (LOX), secreted
by hypoxic breast cancer cells in the primary site has been
shown to recruit bone marrow cells to create a fertile soil
(called “pre-metastatic niche”) for disseminated tumor
cells [22]. Interestingly, increasing evidence suggests that
tumor-derived exosomes can also contribute to this process
and guide organotrophic metastasis [23]. Studies with pros-
tate cancer further demonstrated that the miRNA cargo of
cancer -derived EVs plays a key role in the communica-
tion between cancer cells and the bone marrow stroma [24].
While prostate cancer cell-derived EVs increased osteoblast
proliferation, depletion of Dicer and thus miRNA maturation
abrogated the effect, indicating that EV-derived mature miR-
NAs are transferred and exhibit a biological function in the
recipient cells. Indeed, when the nascent RNA was labelled
with 5-Ethynyl Uridine in PC3 prostate cancer cells and EVs
collected from these cells were incubated with osteoblasts,
5-EU labelled miR-21 was detected in the recipient cells
[24]. Further functional studies demonstrated that miR-21
regulates cell viability in osteoblasts. Interestingly, breast
cancer-derived exosomal miR-21 has been shown to acti-
vate osteoclasts very early during disease progression, which
likely contributes to preparation of the pre-metastatic niche
[25]. The importance of exosomes in bone colonization has
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also been shown in lung cancer. Lung cancer cell -derived
exosomes enriched in miR-192 prevented angiogenesis in
the bone marrow through inhibition of the pro-angiogenic
proteins CXCL1 and Interleukin 8 resulting in reduced bone
colonization and metastatic growth [26]. Together these
studies indicate that circulating miRNAs play an important
role in early stages of bone metastasis.

MiRNAs as mediators of tumor growth
in bone

Similarly, proteins mediating cellular interactions in the
bone marrow during metastasis progression are relatively
well established. Breast cancer and other cancers inducing
osteolytic lesions secrete cytokines, such as parathyroid hor-
mone-related peptide (PTHrP) that stimulate the osteoblasts
to produce excessive amounts of RANKL. RANKL in turn
activates the osteoclasts and upon increased bone destruc-
tion, transforming growth factor beta (TGF-f) and other
growth factors are released from the bone matrix. These
factors further support tumor growth, creating the so-called
vicious cycle of bone metastases [21]. Similarly, osteoblas-
tic lesions are initiated by tumor-derived factors, including
platelet-derived growth factor (PDGF), insulin-like growth
factors (IGFs) and adrenomedullin that induce abnormal
osteoblast activity [14]. Recent findings have revealed that
not only proteins but also miRNAs mediate these complex
interactions between cancer cells and the cells of the bone
microenvironment. The following two sections discuss how
secreted miRNAs regulate tumor growth in bone leading to
osteosclerotic and osteolytic lesions, respectively.

MiRNAs in osteosclerotic metastases

Osteosclerotic metastases are due to an increased prolifera-
tion and differentiation of osteoblasts. Several studies have
shown that prostate cancer cell-derived exosomes increase
osteoblast survival, proliferation, differentiation, and min-
eralization [27]. Further characterization of the exosomes
revealed that several miRNAs contribute to this phenotype,
including miR-940 and miR-141-3p [28, 29]. miR-141-3p is
highly expressed and secreted by prostate cancer cells that
cause osteoblastic lesions and transferred into osteoblasts
in vitro. Functionally, exosomal miR-141-3p increased oste-
oblast activity in vitro by targeting a Rho GTPase activating
protein DLC1 (deleted in lung cancer 1) and consequently
activating the MAPK pathway. Consistently, prostate cancer-
derived exosomal miR-141-3p increased osteoblast activ-
ity in vivo and increased the development of osteoblastic
lesions in the bone [29]. In addition to miR-141, miR-940
is highly abundant in exosomes isolated from osteoblas-
tic phenotype-inducing prostate cancer cells compared to

cell lines inducing an osteolytic phenotype [28] Exosomal
miR-940 was further shown to stimulate osteoblast differen-
tiation by targeting another Rho GTPase-activating protein
ARHGAP1 and FAM134A. Interestingly, implantation of
osteolytic MDA-MB-231 breast cancer cells overexpress-
ing miR-940 in mice increased osteoblast differentiation of
host mesenchymal stromal cells resulting in abundant oste-
oblastic lesions in these animals [28]. These results show
that exosomal miRNAs are not only able to promote the
intrinsic phenotype but also revert the lesion type in the host
microenvironment.

Interestingly, prostate cancer cell-derived exosomal miR-
NAs have also been reported to reduce osteoblast differen-
tiation and function. Although human prostate cancer cell
line MDA PCa 2b is known to induce osteoblastic lesions,
exosomal miR-92-1-5p was shown to reduce osteoblast min-
eralization in vitro. In contrast, it increased mRNA expres-
sion of osteoclast markers and increased TRAP activity of
an osteoclast precursor cell line RAW 264.7 in vitro, which
was reversed by miR-92-1-5p treatment [30]. In vivo, miR-
92-1-5p degraded extracellular matrix and promoted tumor
growth by targeting collagen Type 1 alpha 1 (COL1A1).
Similarly, exosomal miR-26a-5p, miR-28a-3p and miR-
30e-5p derived from RM1-BM prostate cancer cells reduced
osteoblast mineralization in vitro and in vivo [31]. However,
prostate cancer cell-derived exosomes increased metabolic
activity, viability, and proliferation of osteoblast precursors,
suggesting that at least in this model, exosomal miRNAs
might increase the initial osteoblast activity required for
osteosclerotic lesions, while other mechanisms might be at
play during disease progression.

MiRNAs in osteolytic metastases

Osteoclasts are the key drivers of osteolytic metastases and
target cells of several secreted miRNAs. For instance, miR-
20a is highly abundant in exosomes derived from MDA-
MB-231 breast cancer cells. Exosomal miR-20a enhanced
osteoclast differentiation by direct targeting of src kinase
inhibitor 1 (SRCIN1), a negative regulator of cancer cells
growth and osteoclast differentiation [32]. While some
miRNAs are specific to certain cell types, conserved mech-
anisms have also been unraveled. For instance, miR-21 is
expressed and secreted by metastatic breast cancer cells as
well as in lung adenocarcinoma cells [25, 33]. Exosomal
miR-21 derived from both cell types enhanced osteoclast
differentiation by down-regulating programmed cell death 4
(PDCD4), an inhibitor of osteoclast differentiation and func-
tion [25, 33]. Consequently, breast cancer cell-derived miR-
21 increased bone metastatic burden and accelerated bone
lesions in vivo [25]. Similarly, miR-214, which is expressed
and secreted by lung and breast cancer cells activates osteo-
clast differentiation, thereby fueling the vicious cycle and
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promoting tumor growth in bone [34]. In mice bearing breast
cancer bone metastases, exosomal miR-214-3p increased
osteoclast number in the bones and bone resorption as indi-
cated by an increased serum bone resorption marker type I
collagen cross-linked C-telopeptide (CTX-1). Mechanisti-
cally, miR-214-3p directly targets TNF receptor-associated
factor 3 (TRAF3), a negative regulator of RANKL-induced
osteoclast differentiation [35].

Secreted miRNAs and proteins can also act synergisti-
cally to induce osteolytic metastases. Recently, exosomes
derived from estrogen receptor -positive (ER +) breast can-
cer cells were shown to contain high amounts of integrin-
binding sialoprotein (IBSP) and miR-19a, which cooper-
ated to promote bone metastases [36]. First, IBSP created
an osteoclast-rich environment in bone by recruiting osteo-
clast precursors cells. Exosomal miR-19a is taken up by the
osteoclasts, in which miR-19a directly targets PTEN and
activates the AKT pathway to promote osteoclast differ-
entiation. Ectopic expression of both PTEN and miR-19a
in breast cancer cells increased bone metastasis and bone
destruction without affecting breast cancer growth in the
mammary fat pad. Furthermore, depletion of miR-19a in
ER+ breast cancer cells protected from breast cancer-
induced bone destruction and reduced tumor growth [36].
Intriguingly, pharmacological inhibition of miR-19a/b using
anti-sense oligonucleotides was recently demonstrated to
prevent bone loss in osteoporosis [37]. This was due to a
concomitant increase in osteoblast differentiation and func-
tion and reduced osteoclast-mediated bone resorption. These
findings together suggest that inhibiting miR-19 could pro-
vide an attractive novel therapeutic approach to treat bone
metastases and other bone loss conditions.

Circulating miRNAs as biomarkers

An important translational aspect of extracellular miRNAs
is their potential use as circulating biomarkers in various
diseases. Although a clinically relevant miRNA-based bio-
marker for bone metastasis has not been established yet,
aberrant expression of circulating miRNAs has been asso-
ciated with metastatic bone disease.

In breast cancer patients, miR-21 in serum exosomes was
detected at significantly higher level in patients with bone
metastasis compared with patients with no metastasis or
patients with non-bone metastasis. However, further analy-
sis revealed no association between serum miR-21 and age of
the patients, cancer subtype (invasive breast cancer vs. inva-
sive ductal carcinoma, HER2+ vs. luminal HER+) or stage
(stage II vs. stage III) [25]. In contrast, miR-19a was found
to be increased in the circulation specifically in patients with
ER+ breast cancer [36]. Kaplan—Meier analysis revealed that
high miR-19a level was positively associated with metastatic
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disease in patients with ER+ breast cancer. No correlation
was found between miR-19a and metastasis free survival in
patients with ER- breast cancer. These findings were further
confirmed when exosomal miR-19a was analyzed in patients
with ER+, Her+and triple negative breast cancer without
metastasis, ER+and ER- breast cancer with non-bone metas-
tases and ER+and ER- breast cancer with bone metastases.
Interestingly, miR-19a was elevated in blood exosomes only
in patients with ER+cancer with bone metastases compared
to all other groups [36]. Similarly, circulating IBSP, which was
shown to co-operate with miR-19a to promote bone metas-
tases, was upregulated in the in the bone tissue and in the
serum of patients with ER+ breast cancer and bone metas-
tases. Interestingly, when the patients were stratified in three
groups miR-19a'"; IBSP'Y, miR-19a or IBSP high and miR-
19high: TBSPMeh ER+ breast cancer patients with bone metas-
tases were significantly associated with miR-19"¢"; IBSPieh,
Finally, the median recurrence free survival in patients with
ER+ breast cancer was markedly lower in patients with high
expression of both miR-19a and IBSP compared to patients
with high expression of either miR-19a or IBSP or low expres-
sion of both. The relevance of using a miRNA-protein com-
bination as a circulating determinant of bone metastasis was
also shown with miR-16, miR-378 and soluble intracellular
adhesion molecule 1 (SICAM1) [38]. Osteoclast-derived miR-
16 and miR-378 were shown to be elevated in the serum of
patients with bone metastases compared to healthy individuals,
possibly reflecting the hyperactivation of osteoclasts in these
patients. Interestingly, the expression of miR-16 and miR-378
correlated with serum sSICAM1, a tumor-derived factor asso-
ciated with miRNA changes during bone metastases. Simi-
lar to miR-16 and miR-378, sSICAM]1 was elevated in serum
of breast cancer patients with bone metastases compared to
healthy donors or breast cancer patients showing no occur-
rence of bone metastasis. A strong correlation was observed
between miR-16 and SICAM1 as well as miR-378 and sSICAM
in patients with bone metastases but not in healthy individu-
als [38]. These results provide very promising perspectives of
using miRNAs as biomarkers for bone metastasis either alone
or in combination with other circulating markers.
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