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Abstract

Starting from their role exerted on osteoblast and osteoclast differentiation and activity pathways, microRNAs (miRNAs)
have been recently identified as regulators of different processes in bone homeostasis. For this purpose, in a recent review,
we highlighted, as deregulated miRNAs could be involved in different bone diseases such as osteoporosis. In addition, recent
studies supported the concept that osteoporosis-induced bone alterations might offer a receptive site for cancer cells to form
bone metastases, However, to date, no data on specific-shared miRNAs between osteoporosis and bone metastases have been
considered and described to clarify the evidence of this link. The main goal of this review is to underline as deregulated
miRNAs in osteoporosis may have specific roles in the development of bone metastases. The review showed that several
circulating osteoporotic miRNAs could facilitate tumor progression and bone-metastasis formation in several tumor types,
i.e., breast cancer, prostate cancer, non-small-cell lung cancer, esophageal squamous cell carcinoma, and multiple myeloma.
In detail, serum up-regulation of pro-osteoporotic miRNAs, as well as serum down-regulation of anti-osteoporotic miRNAs
are common features of all these tumors and are able to promote bone metastasis. These results are of key importance and
could help researcher and clinicians to establish new therapeutic strategies connected with deregulation of circulating miR-
NAs and able to interfere with pathogenic processes of osteoporosis, tumor progressions, and bone-metastasis formation.
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Introduction

Bone homeostasis is regulated by different signals, as
parathyroid hormone (PTH), vitamin D metabolites, etc.
[1]. Bone performs its functions concerning electrolytes
balance, energy metabolism and mechanical competence
through a continuous homeostatic balance between mod-
elling and remodeling processes carried out mainly by
two cell populations, osteoblasts (OBs) and osteoclasts
(OCs), which act bone formation and resorption, respec-
tively. Bone-marrow mesenchymal stem cells (BMSCs)
differentiate into OBs, and successively in osteocytes, in
response to several microenvironment signals, as wing-
less-type MMTYV integration site family members (Wnt),
bone morphogenetic proteins (BMPs), transforming
growth factor-beta (TGF-P), and other factors, synthe-
sizing bone matrix [2—4]. Peripheral blood mononuclear
cells (PBMCs) in response to the low ratio between osteo-
protegerin (OPG) and receptor activator of nuclear factor
kappa-B ligand (RANKL) give rise to OCs that degrade
the bone matrix. Inflammation status and the synthesis of
pro- and anti-inflammatory cytokines play important roles
in the unbalance between bone resorption and formation,
influencing the pathways of OC and OB differentiation. In
fact, interleukin 1f (IL-1f), tumor necrosis factor alpha
(TNF-a), and IL-17 enhance the expression of RANKL
in immune system cells and OBs, inducing osteoclas-
togenesis. Furthermore, pro-inflammatory status induces
IL-11 and ciliary neurotrophic factor (CNTF) expression
in OBs, up-regulating OC differentiation, and activities
[5]. The anti-inflammatory cytokines (IL-4, IL-10, and
IL-13) are instead powerful activators of osteoblastogen-
esis and inhibitors of osteoclastogenesis [6, 7]. In par-
ticular, IL-10, high regulated cytokine at transcription-
ally and posttranscriptionally levels [8, 9], has a key role
in the regulation of inflammatory response. Its determine
also a suppression of OC differentiation directly altering
OPG, RANKL, and M-CSF-1 expressions in OBs, other
than reducing NFAT-c1 expression in OCs [9]. Unbalance
between bone resorption and formation, with an altered
activation of OCs, can lead to low bone mineral density,
which will cause osteopenia, osteoporosis, and other bone
disorders. Osteoporosis is a great public health problem,
associated with fragility fractures, due to the deregulation
of bone homeostasis, with increased bone resorption and
diminished bone synthesis. This disease is often associated
with postmenopausal status in women and with aging in
men (primary osteoporosis), or due to various pre-existing
causes (nutritional factors, medical treatments, chronic
inflammation diseases, and other pathologies) [10].
Minimizing the morbidity and economic impact related
to osteoporosis would also be of key importance to limit
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the related complications. Although some evidences sup-
ported the concept that osteoporosis might offer a recep-
tive site for cancer cells to form bone metastases [11-19],
how bone microenvironment changes and/or alterations
may affect the dissemination of cancer tumor cells to bone
remains a poorly understood topic. Bone metastases are a
serious complication of patients with tumor and represent
the evidence of disseminated disease associated with a
poor prognosis. It is a common finding in the natural his-
tory of several types of cancers and extensively contributes
to morbidity and mortality in cancer patients.

Around 70% of patients with breast and prostate cancers
and about 30-40% of patients with lung cancer can develop
bone metastases, bringing to skeletal-related events (SREs)
that cause hypercalcemia, pathological fractures, spinal
compression and bone pain, leading to poor prognoses [20].
The tumor cells metastasizing in bone lead destructive osteo-
lytic and/or bone-forming osteoblastic lesions and ‘teach’
this affected bone microenvironment to produce factors that
stimulate tumor cell growth. Once cancer cells metastasize
to bone, they interrupt the physiological bone metabolism
coordinated by OBs and OCs, establishing a new cellular
environment much more favorable to bone-metastasis pro-
gression, the “vicious cycle” [21]. In this cycle, OC stimulat-
ing factors released by metastatic cancer cells make active
bone destruction, bringing to an increase secretion of bone-
derived growth factors into the bone microenvironment.
These factors act on cancer cells, causing more aggressive
cancer phenotypes and further bone destruction, thus sug-
gesting that OCs play key roles in bone-metastasis process.
OC:s play a pivotal role also in osteoporosis, but they are not
the only shared actors between bone metastases and osteopo-
rosis. In fact, the two pathological conditions share different
alterations, such as alteration in the immune functions, dis-
turbance in the balance between pro- and anti-inflammatory
regulators, improvement in angiogenesis, platelets deregula-
tion, thromboembolism events, extracellular matrix (ECM)
components, and hormone changes [19]. The multiple fac-
tors implicated both in osteoporosis and in bone metastasis,
the high incidence of the diseases, the prominent decline
in quality of life, the huge costs, and high mortality under-
line how important would be to identify specific miRNAs
involved in both osteoporosis and cancer bone metastases.
However, to our knowledge, no studies investigated the
presence of shared microRNAs (miRNAs) between osteo-
porosis and bone metastases, whose deregulated expression
contributes to the onset and progression of both pathological
conditions.

MiRNAs are small noncoding RNA molecules of about
15-25 nucleotides implicated in posttranscriptional gene
expression regulation through targeting of mRNAs. The
binding of miRNA to partially complementary sequences
in mRNA targets inhibits their translation or enhances their
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degradation [22]. MiRNAs are generated by a precursor
transcript, pre-miRNAs, located in an intron of a host gene,
and can be transcripted independently through a miRNA
specific promoter, or with the mRNA of host gene and sub-
sequently matured by successive cleavages. miRNA matu-
ration is carried out in the nucleus by Drosha and the Di
George syndrome critical region gene 8 (DGCRS8) com-
plex, producing the pre-miRNA hairpin. In the cytoplasm,
after export by Exportin 5, pre-miRNAs are subsequently
processed by the ribonuclease Dicer, producing a double-
stranded mature miRNA [23]. A strand of miRNA will be
bound by Argonaut 2 (AGO2) protein that direct the binding
of miRNA to 3’ Untranslated Region (3'UTR) of mRNA tar-
get, determining inhibition of expression of gene target [24].
Being aware of the strong bond and of the numerous
shared factors between osteoporosis and bone metastasis
[18, 19], in this review, deregulated miRNAs involved in
primary osteoporosis were analysed for their possible role
in favoring bone-metastasis formation and/or progression.
Thus, to outline shared miRNAs between these two patho-
logical conditions, a literature research was carried out in
the MEDLINE database to analyse and verify whether it has
been pointed out that the deregulated miRNAs in primary
osteoporosis may have a specific role in the development
of bone metastases. Results of this review highlighted how
different circulating miRNAs, identified in primary osteo-
porosis, are implicated also in favoring the progression of
bone metastases in different tumors, suggesting that these
miRNAs might be triggering events able to increase bone
homing of cancer cells. However, further preclinical and
clinical studies carried out in specific experimental preclini-
cal models and selected patient cohorts are mandatory to
contribute to the existing knowledge on shared miRNAs
between primary osteoporosis and bone metastases.

Research strategies

The following literature research was carried out in the
MEDLINE database (PubMed research engine), using the
string “(microRNA* OR miRNA* OR miR-*) AND osteo-
porosis” to identify miRNAs implicated in the regulation of
bone formation, resorption, and osteoporosis. We included
articles written in English (AND “English” [language]) and
published after January 1, 2008 (AND (“2008/01/01"[Date-
Entrez]: “2018/12/31"[Date-Entrez])). Four reviewers manu-
ally assessed the titles and abstracts of collected references
and selected clinical studies that identify deregulated miR-
NAs in primary osteoporosis. Excluding review articles
(NOT Review [Publication Type]), we retrieved 34 clinical
studies.

Furthermore, another literature research using the fol-
lowing string—“((((((((((microRNA*) OR miRNA*) OR

miR*) AND ((“tumor progression””) OR metastas*))))
AND ((serum) OR circulating))))”’—was done in the MED-
LINE database. Then, we manually selected all articles on
circulating miRNAs, identified in primary osteoporosis,
with specific activities in bone metastasis, such as tumor
progression, metastasis formation and bone homing, dis-
carding articles (a) on not-circulating miRNAs; (b) with
a not-clear relationship between osteoporotic circulating
miRNAs and tumor progression and metastasis formation;
and (c) on osteoporotic miRNAs in tumor progression and
bone metastasis, where miRNAs have opposite regulation
with respect to osteoporotic studies. In this way, other 62
articles were retrieved (see Table 1). Finally, other 26 refer-
ences were added, as they were considered of interest to up-
grade information on some technical aspects, to have a major
understanding of mechanisms acting in bone regulation and
primary osteoporosis development. A detailed flux diagram
of research strategies is reported in Fig. 1.

Osteoporotic-deregulated miRNAs in bone
metastases

In our previous review, we reported as the deregulation of
miRNAs implicated in osteogenesis and osteoclastogenesis,
or both, determines profound alterations in bone homeostasis
that could lead to the development of bone diseases [25].
The results of collected preclinical studies showed how a
deregulation of only one miRNA has effects on OB and OC
differentiations and activities, unbalancing bone formation,
and resorption that lead to osteoporosis [25]. On the other
hand, high-throughput RNA screening in clinical studies on
osteoporosis highlighted altered serum levels only for some
of these miRNAs related to bone metabolism and supposed
to be implicated in osteoporosis pathogenesis [26-56]. To
identify deregulated circulating miRNAs in osteoporotic
patients, these clinical studies were carried out in two steps:
(1) a ‘discovery step’ using RNA-sequencing or miRNA-
array analysis to identify deregulated miRNAs in small
cohorts patients and (2) a ‘replication or validation step’
using quantitative real-time polymerase chain reaction (qQRT-
PCR) to validate miRNAs in larger cohort patients [26-28,
30-48, 50-57]. By analysing the results of these clinical
studies, 64 miRNAs were identified and validated, show-
ing to be deregulated in osteoporotic patients (Fig. 2). In
most studies, miR-124, miR-125b, miR-133, and miR-148a
showed to be up-regulated in osteoporotic patients, while
miR-29b was found to be down-regulated [27, 30-32, 36,
37, 40, 41, 44-46, 50]. On the contrary, miR-21 and miR-
23a reported as deregulated in different clinical studies, had
contrasting results on their up- or down-regulation probably
due to the small-analysed cohorts of patients, and second to
the selected control cohorts, where the control individuals
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(microRNA* OR miRNA* OR miR-¥)
AND osteoporosis
331 studies

(((((((microRNA*) OR miRNA*) OR miR-¥)
AND ((“tumor progression”) OR metastas¥))))
AND ((serum) OR circulating)

854 studies
LIMITS:
"2008/01/01"[Date - Entrez] "2018/12/31"[Date - Entrez]
N Abstract availability in English v
. Not Review .
107 studies Humans 511 studies
Removed 73 not pertinent studies:
* Studies with a not-clear relationship < Se%ectlo.n of.chmca.l Removed 449 not pertinent studies:
betwee'n circulating derf:gulated miRNAs studies Wltl'.l cn-c‘ulatmg + Not-circulating miRNAS;
and primary osteoporosis osteoporotic miRNAs * Studies with a not-clear relationship
with effects in tumor between osteoporotic miRNAs and
34 studies  [m———1 progression and bone tumour progression and metastasis
. > formation;
metastasis N > L .
. * Studies on osteoporotic miRNA in

]

tumour progression and bone
v metastasis where miRNAs have

- opposite regulation respect to
B v

osteoporotic studies.
A\ 4

I References: 96 studies ‘

27 studies to complete Introduction and

y

€ Discussion sections or to add information on
some technical aspects

| References: 123 studies I

Fig. 1 Flowchart of the research strategy and selection of bibliographic references

Fig.2 Venn diagram of down-
and up-regulated miRNA in
osteoporosis

Deregulated circulating miRNAs in osteoporosis

RNAs Up eg
‘eé‘ miR-532 : - 0/9{
miR-19a miR-29b miR-320a miR-133 60
(0% miR-324 miR-210>{ miR-10a miR-122 miR-10b D,
N miR-34a \ miR-204 miR-23b miR-100 /'9
o“x Let7a miR34c miR-30e [/ MR1EL T Sl e 4{%\
Q Let7g miR-144 miR-365 [ MiR-21 .

miR-19b
miR-503

frequently present other bone pathologies, as, for example,
osteoarthritis, contributing to the contrasting results [29, 31,
32,37, 45, 46, 49].

Since the progression of different tumors and metasta-
sis formation is related to the serum level modifications of
specific miRNA produced by tumor cells or other cells con-
ditioned in tumor microenvironment [58], we screened clini-
cal literature on bone metastases to achieve information on
those circulating miRNAs identified in osteoporotic patients
and implicated in bone homing and metastasis formation
(Table 1 and Fig. 3).

miR-142 miR-378
miR-22

let-7b miR-186  )iR-550
miR-328 MiR187 miR-130 \MiR-2861/miR-518 miR-148a  miR-96
miR-27a MiR-29a  mjR-6165 ] I .
miR-215 MiR-6124 mir-103 miR-124  miR-483  miR-548
miR-219 MiR-6824 miR-8084 miR-1270

miR-23a| miR-125b miR-451 miR-24

miR-30b

miR-335

miR-152 miR-25 miR-2861

Table 1 reports, in alphabetically order, circulating
miRNAs altered in osteoporotic patients (diagnosed with
dual-energy X-ray absorptiometry—DXA), and involved
in tumor progression and/or metastasis formation. Almost
all studies were performed in two investigative steps.
In the first step, indicated as ‘discovery step’, circulat-
ing miRNAs were screened through RNA-sequencing or
miRNA-array analysis in small cohorts of osteoporotic and
healthy patients. In a second step, miRNAs were validated
in a larger study cohort.
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Fig.3 Schematic draw of
miRNA actions in bone homeo-
stasis, and metastatic process
and cell homing in bone

s1se|(0a31s0

S1SE[009150

R&s

Deregulated miRNAs in breast cancer

Breast cancer (BC) metastases are commonly osteolytic,
characterized by enhanced OC activities due to tumor cell
interactions with microenvironment. Intercommunication of
BC with OCs and OBs through circulating miRNAs in the
microenvironment is crucial for osteolytic bone-metastasis
formation and development. In BC microenvironment, it
was found that up-regulation of miR-16 [59, 60], miR-21
[61-69], miR-125b [63, 64, 68, 70], miR-133 [71], and miR-
214 [72, 73] as well as down-regulation of miR-34a [74] and
miR-335 [61] in serum was implicated both in augmented
OC and diminished OB differentiation and activities, deter-
mining osteolytic bone lesion formation. All these miRNAs
are also implicated in BC progression and bone-metastasis
formations [59-74]. In particular, high serum level of miR-
16 was associated with tumor progression and metastasis
formation [59, 60]. Although several articles reported as
miR-16 is an oncogene, it is often used as housekeeping in
different studies, due to its high levels of expression in serum
and cells. The use of deregulated miRNAs as housekeeping
could have been determine errors in PCR data of the stud-
ies, leading to wrong conclusions, as indicated by Stiickrath
et al. [60]. Serum miR-21 up-regulation is commonly present
in patients with BC and its serum level increase depend-
ing on tumor grade and metastasis abilities [61-69]. The
first clinical study of Wang et al. showed as miR-21 is up-
regulated in BC tumor samples and parallelly in patients
serum [61]. Successively, Asaga et al. in a pilot study (10
healthy donors and 40 pathologic BC patients with stage
I-stage IV) showed that miR-21 is correlated with BC tumor
grade; the data are confirmed in a validation cohort of 62

@ Springer

Deregulated circulating
miRNAs in osteoporosis

Let-7b, Let-7f, miR-7, miR-10b, miR-16,
miR-21, miR-24, miR-25, miR-27a,
miR-29b, miR-30e, miR-34a, miR-34c,
miR-96, miR-100, miR-125b, miR-130,
miR-133, miR-144, miR-148, miR-152,
miR-214, miR-215, miR-320, miR-335,
miR-365, miR-451, miR-483

Bone metastatic cells

BC patients, indicating a correlation between miR-21 levels
and tumor grade and metastasis formation [62]. In addition,
Mar-Aguilar et al. confirmed as miR-21 level could be used
as potential BC biomarker with 94% and 80% of sensitivity
and specificity, respectively [63]. Other studies, discovering
deregulated serum miRNAs in BC patients, showed as seral
levels of miR-21 reflect the presence of breast tumors and
as its deregulation could be related to tumor progression
and metastasis occurrence [64, 66—68]. Discovery strategy
showed also as the high serum level of miR-125b, implicated
in tumor progression of primary tumor through E2F3 target-
ing, is related to chemo-resistant phenotype [63, 64, 68, 70].
Chan et al. identified the up-regulation of miR-133 in serum
of 32 BC patient, and validated it in a cohort of 132 patients,
indicating its possible use as non-invasive biomarker [71].
Analysis of circulating miRNAs in serum of patients with
malignant BC or benign breast disease evidenced as miR-
214 up-regulation is implicated in tumor progression and
in particular in osteolytic lesion, through TRAF3 mRNA
targeting and through the stimulation of OC differentiation
and activities [72, 73]. In the analysis of circulating miR-
34 family members in BC, Zeng et al. showed as miR-34a
down-regulation is related to patients with worse prognosis
[75]. This is probably due to the fact that down-regulation
of miR-34a is inversely related to MET expression, an onco-
gene expressed in metastasis formation, and associated with
tumor grade and poor patients prognosis [74].
Deregulation of circulating miR-10b [63, 76, 77], miR-
24 [78], miR-27a [67], miR-30e [79], miR-34c [65, 75], and
miR-96 [64] that impair OB differentiation are also com-
mon features of BC progression and bone-metastasis forma-
tions. The first studies indicating a role for miR-10b in the
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development of BC metastasis is that of Zhao et al. in 2012,
which supposed that circulating miR-10b could be used as
discriminant between healthy and BC patients, and between
BC patients with and without metastasis [77]. Expression
of miR-10b is responsible for high mobility and invasive
phenotype of Twist activity, through inhibition of HoxD10
transcription factor expression. Inhibition of HoxD10
results in enhanced expression of a pro-metastatic RHOC
gene and invasive phenotype and is related to tumor pro-
gression and metastasis formation in BC patients [76, 77].
Liu et al. reported the correlation of a well-known miR-21
upregulation with the down-regulation of miR-34¢; miR-
21 up-regulation through the targeting of PTEN determines
the up-regulation of AKT activities, which inactivates the
FOXO3 transcription factor, inhibiting miR-34c expression,
representing a common feature of BC tumor progression
[65, 67].

In addition, it was demonstrated that down-regulation
of miR-30e [79] and miR-34a [74, 75] in serum and BC
cells is also related to epithelium—mesenchymal transition
(EMT), and invasion. In fact, down-regulation of the tumor
suppressor miR-30e is related to the expression of osteo-
mimetic genes as CDH11, Cx43, and DKKI1, osteoclasto-
genic interleukins, IL-8 and IL-11, connective tissue growth
factor (CTGF), and integrins ITGAS and ITGB3, stimulating
motility, and invasive phenotype [79]. As already descripted,
BC metastasis formation is also favored by down-regulation
of miR-34a that is determined by hypermethylation of its
promotor, favoring pro-metastatic oncogene Met and EMT
process [74].

Other miRNAs deregulated in osteoporotic patient and
found to have activities in tumor progression and metastasis
formation are miR-130 [80], miR-144 [81], miR-215 [81,
82], and miR-451 [83]. In fact, miR-130a is down-regulated
in human BC tissues and circulating exosomes. This miRNA
inhibits cellular proliferation, migration, and invasion by
regulation of RABSB in BC stem cell-like cells [80]. Van
Schooneveld et al., through microarray analyses, investigated
miRNA levels in tumor and blood samples of patients with
breast adenocarcinoma, evidencing a strong down-regulation
of circulating miR-215 in comparison with healthy volun-
teers [81]. Madhavan et al., exploring circulating miRNAs in
serum of BC patients, showed as miR-144 and miR-215 were
significantly down-regulated and as this aspect was related to
poor patients prognosis, evidenced by Kaplan—Meier curves
[81]. Overexpression of miR-451 was related to cancer pro-
liferation, and serum levels were sensibly higher with respect
to healthy controls [83]. Osteolytic lacunas are described to
promote bone homing of metastatic tumor cells; then, all
these miRNAs are indirectly related to bone homing. How-
ever, miR-16 [59, 60] and miR-24 [78] have an active func-
tion in bone homing of metastatic cells. In fact, expression of
miR-16 is related to soluble intracellular adhesion molecule

(sICAM1) production, used as physical anchors that permit
to metastatic cells to establish interaction with bone [59]. In
BC, miR-24 transcription is inversely related to prosaposin
expression, an anti-metastatic protein. Prosaposin overex-
pression is able to inhibit metastasis formation of different
high metastatic BC cell lines, as well as reverts metastatic
phenotype induced by miR-24 overexpression [78].

This BC microenvironment with these deregulated
miRNAs promotes osteolytic lesions as well as tumor pro-
gression and bone-metastasis formation. In this optic, a
pre-existent osteoporotic microenvironment, where these
miRNAs are already deregulated, could accelerate BC tumor
progression and bone-metastasis formation.

Deregulated miRNAs in prostate cancer

Like BC, prostate cancer (PC) patients frequently exhibit
pathological complications related to bone metastasis; how-
ever, contrary to BC, the disease is frequently character-
ized by osteoblastic bone lesions [84]. In addition, in PC,
tumor-circulating miRNAs influence bone cell differentia-
tion and activities. In particular, different clinical studies
showed as deregulated let-7b [85], miR-21 [86-88], miR-
34a [89], and miR-214 [96] are able to influence positively
OC and negatively OB differentiation. Zhang et al. demon-
strated, as serum miR-21 level was correlated with serum
prostate-specific antigen (PSA) level in patients with andro-
gen-dependent prostate cancer (ADPC) and with hormone-
refractory prostate cancer (HRPC); it was found that serum
miR-21 level was related also to resistance of HRPC. In fact,
circulating miR-21 level is higher in patients resistant to
docetaxel-based chemotherapy, compared to those sensitive
to chemotherapy, indicating miR-21 level as possible predic-
tor for this chemotherapy [86, 87]. Serum up-regulation of
miR-21 increases the expression of matrix metalloprotein-
ase (MMP)2, MMP9, and MMP13, inducing extracellular
matrix remodeling and facilitating EMT, thus favoring tumor
cell dissemination [86—88]. Furthermore, miR-21 activates
TGF-p signaling and promotes bone-marrow homing and
osteolytic lesion formations in PC [88].

Similarly, down-regulation of Let-7b [85] and miR-34a
[89] in PC patients is related to tumor progression, EMT,
and bone-metastasis formation through different mecha-
nisms. Guo et al. analysing serum miRNAs found that Let-
7b is significantly down-regulated, and this down-regulation
is related to PSA level (lower if PSA >4 mg/ml), tumor
stage (lower in T3/T4 with respect to T1/T2), and lower in
androgen-resistant with respect to androgen-dependent PC
cells [85]. More recently, Fang et al. using a mini-invasive
approach carried out a serum miRNA analysis to found pos-
sible biomarker for discriminate between PC patients with
bone metastasis, non-metastatic PC patients, patients with
benign prostate hypertrophy, and healthy patients. This study
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evidenced the serum and tissue up-regulation of miR-214 in
PC patients and this is associated with more invasive phe-
notype of metastatic cells. In fact, miR-214 has Pten mRNA
target that determines EMT, invasive phenotype, and bone
homing of tumoral cells, enhancing bone-metastasis forma-
tion [90].

Deregulated circulating miR-29b [91, 92], miR-96
[93-95], and miR-125 are common features in PC tumor
progressions and they are implicated in the inhibition of
OB differentiation. In fact, serum miR-29 family (miR-
29a/b/c) is significantly down-regulated in PC metastases;
its members’ down-regulation is responsible for the change
of protein expression of focal adhesion pathways, determin-
ing the improvement of migration and bone homing of PC
cells [91, 92]. Furthermore, the study carried out by Zhu
et al. demonstrated that miR-29b has laminin y1 (LAMC1)
mRNA as target and is able to inhibit cancer cell migration
and invasion of PC cells through the modification laminin
expression, implicated in EMT [92]. In Xu et al.’s article,
the authors showed as miR-96 was up-regulated in PC tissue
with respect to adjacent non-cancerous tissues. Serum levels
of this miRNA reflect this up-regulation showing high lev-
els. Regarding the activity of this miRNA, the expression of
miR-96 has been found inversely related to metastasis sup-
pressor protein 1 (MTSS1) [93], ETS variant gene 6 (ETV6)
[94], and AKT1S1 [95] levels, which are tumor suppres-
sors in PC, resulting in tumor progression with activation
of survival and proliferation signaling, EMT, and metastasis
formation.

Using a microarray analysis, Singh et al. identify the up-
regulation of miR-125b in 14 PC patients and validated it
by qRT-PCR in 78 PC patients [96]. Elevated expression
of miR-125 significantly predicts increased probability of
biochemical progression and metastasis formation [96].

In Watahiki et al.’s study, analysing circulating miRNAs
overexpressions than miR-21, it was found out that miR-152,
deregulated in osteoporosis [40], seems to discriminate a
sub-group of PC patients with a higher probability (>90%)
of recurrence after prostatectomy [87].

Pre-existent microenvironment with these deregulated
miRNAs accelerates tumor progression and EMT process
of PC cells, leading to metastasis formation.

Deregulated miRNA in non-small-cell lung cancer
(NSCLC)

Non-small-cell lung cancer (NSCLC) is the most prevalent
lung cancer (about 80%) with a third that develops bone
metastases. In addition, for NSCLC, the intercommunica-
tion with tumor microenvironment, and in particular with
circulating miRNAs, is very important for tumor progression
and bone-metastasis formation.

@ Springer

Deregulation of miR-21 [97, 98], miR34a [99], miR-214
[100], and miR-365 [101] in NSCLC microenvironment
determines an improving of OC differentiation and osteolytic
lesion formation. Similarly, different deregulated miRNAs
as let-7f [102], miR-24 [100], miR-30e [102], miR-34c [99],
miR-96 [103, 104], miR100 [105], miR-125b [106, 107],
miR320 [108], and miR483 [100] are able to impair OB
differentiation and promote metastatic transformation. In
addition, deregulated osteoporotic miR-25 [100, 108] and
miR152 [108] are common feature of NSCLC tumor pro-
gression and bone-metastasis formation.

In Silva et al.’s study, the analysis of circulating miRNAs
in NSCLC patients revealed the down-regulation of Let-7f
and miR-30e, which are important tumor suppressors impli-
cated in proliferation and tumor progression [102]. In this
study, Kaplan—Meier analysis showed as levels of circulating
miR-30e-3p and let-7f were associated with short disease-
free survival and overall survival, respectively [102].

Zhu et al. evaluated the level of miR-183 family mem-
bers that include miR-96, miR-182, and miR-183, in serum
of NSCLC patients. They found as overexpression of cir-
culating miR-96 promoted cell migration and invasion of
NSCLC [103]. In fact, miR-96 acts through down-regulation
of glypican 3 (GPC3), a proteoglycan implicated in the bind-
ing of extracellular matrix and regulation of heparin-binding
growth factor and in different intracellular signaling path-
ways, promoting metastasis formation [104].

Wei et al. investigated if circulating miR-21 could be used
as a biomarker for the early detection of NSCLC and its
clinicopathologic features and chemotherapy sensitivity. The
study effectively showed that the expression of circulating
miR-21 in serum of patients with NSCLC with bone metas-
tasis was significantly higher, representing a prognostic
marker of platinum-based chemosensivity of the tumor [97].
In addition, in Shen et al., high level of miR-21 is associated
with malignant phenotype with respect to benign primary
tumor and this with respect to healthy controls, indicating a
relation of miR-21 level with tumor progression [98].

Wang et al. showed, as miR-100 is up-regulated in pleu-
ral effusion of NSCLC patients and Kaplan—Meier curve
reveals, as the up-regulation of miR-100 level in lung cancer
patients was associated with short overall survival [105].

Yuxia et al. analysed circulating miR-125b in a large
cohort of NSCLC patients and found that high miR-125b
expression displayed a significantly poorer prognosis com-
pared with patients with low expression of this miRNA
[106]. Successively, Cui et al. confirm these data and
show as high level of miR-125b is related to resistance to
cisplatin-based chemotherapy treatment, as indicated by
Kaplan—Meier plot. This is due to the fact that miR-125b
affects cell apoptosis and proliferation, and its up-regulation
determines marked inhibition of cisplatin-induced apoptosis
and then the resistance to cisplatin [107].
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Chen et al. carried out the analysis of 96 circulating miR-
NAs in serum of NSCLC patients. The study analysed the
miRNA extracted from serum of 200 NSCLC patients as
discovery step, and validated the miRNAs identified in the
serum of other 200 NSCLC patients, identifying 10 miR-
NAs as possible biomarkers. Among them, miR-24, miR-25,
miR-152, and miR-320 were up-regulated in osteoporotic
patients. All these miRNAs are implicated in tumor progres-
sion and metastasis formation as indicated by Chen et al.
[108].

Wang et al. [100] evidenced deregulated miRNAs in a
multicentric and multiethnic cohort of NSCLC patients
(China and America). In this study, authors have previ-
ously carried out miRNA array, containing 754 miRNAs,
in a small cohort (31) of China NSCLC patients, identify-
ing 16 miRNAs as possible biomarkers. These were tested
by qRT-PCR in another cohort (19) of NSCLC patients
recruited in another hospital, selecting only 9 deregulated
miRNAs in this cohort. Successively, identified miRNA
are validated by qRT-PCR in a three different cohorts of
Chinese NSCLC patients of different hospitals (overall
63 NSCLC patients), identifying only 5 miRNAs. Finally,
selected miRNA are tested in a large cohort of American
NSCLC patients, including malignant NSCLC, benign nod-
ules, and healthy controls (of 108, 56, and 48 individuals,
respectively) confirming the 5 miRNA as possible biomark-
ers for NSCLC [100]. Among identified circulating miR-
NAs, miR-25, miR-214, and miR-483 are also deregulated
in osteoporotic patients, where miR-25 and miR-483 are
tumor cell growth/cycle-related miRNAs, while miR-214 is
an immune response-related miRNA found in intercommu-
nication between tumor cells and microenvironment [100].
Liu et al. found that tumor suppressor miR-365 is down-reg-
ulated in serum of NSCLC patients. This down-regulation
determines increased concentration of serum protein TTF-1.
Kaplan—Meier survival curves of NSCLC patients showed
the poorest overall survival in the patient group with low
miR-365 expression or high TTF-1 expression, and notably,
overall survival curve for patients with miR-365-high/TTF-
1-low was dramatically discrepant from those of the miR-
365-low/TTF-1-high group. Patients with miR-365-high/
TTF-1-high or miR-365-low/TTF-1-low show intermediate
results. These results indicate that the deregulation of miR-
365/TTF-1 axis contributes to tumor progression of human
NSCLC [101].

Zhao et al. evaluate the activities of circulating miR-34a
and miR-34c in serum of a large cohort of NSCLC patients.
Serum miR-34a and miR-34c levels were positively associ-
ated with their cellular levels in NSCLCs; they were strongly
down-regulated in the tumor and their levels were associated
with metastatic formations. Kaplan—Meier curves indicate
that high serum expression of these miRNAs was signifi-
cantly correlated with prolonged disease-free survival and

overall survival, indicating their tumor suppressor activities
[99].

All these altered circulating miRNAs in tumor microen-
vironment represent a step of metastasis promoting process
and could be used as possible indicators of tumor state and
its progression.

Deregulated miRNA in esophageal squamous cell
carcinoma (ESCC)

Esophageal squamous cell carcinoma (ESCC) is a disease
with high morbidity and mortality and lack of sensitive and
specific biomarkers for its early detection.

Zhang et al. carried out a screening of miRNAs, through
Solexa sequencing, in serum of patients with ESCC [109].
The validation results obtained by qRT-PCR, indicated that
among 25 miRNAs selected in discovery analysis, only 7
are deregulated in serum of ESCC patients. Among these
7 miRNAs, the up-regulation of miR-148 and miR-133,
which represents common features of ESCC and character-
izes its EMT and metastasis formation, was related to inhib-
ited osteogenesis and improved OC differentiation. These
phenomena promote osteolytic lesion formation and bone
colonization by ESCC cells [109].

Wu et al.’s study reported the screening of 754 serum
miRNA using Taq man microarray to identify possible bio-
marker for early detection of ESCC [110]. One hundred
11 ESCC patients were enrolled: 28 of them were used for
the discovery step and all the others for the validation step,
identifying 7 circulating miRNAs useful as possible bio-
markers. Serum up-regulation of miR-25 was significantly
high in ESCC patients and correlated with TNM stage and
the presence of metastases [110], but function of this up-
regulation must to be investigated, given that up-regulation
in the tumor inhibits proliferation and progression [111].
Although it has a tumor suppressor activity in ESCC cells,
serum miR-100 up-regulation seems related to more invasive
phenotype [110].

In ESCC, miR-34a overexpression significantly sup-
pressed cell proliferation and growth, promoted apoptosis,
and inhibited cell migration, acting as a tumor suppressor;
its down-regulation represents an important step in the pro-
cess of ESCC metastasis formation [114, 115]. Concerning
miR-7, it was seen that its serum level is significantly cor-
related with the dimension of tumor and with the presence
of metastases. Serum miR-7 level is significantly lower in
patients with bigger tumors compared with patients with
smaller ones. Furthermore, miR-7 level is also related to
response to chemoradiotherapy, probably due to targeting of
EGFR mRNA, indicating possible use as response predictive
marker [113].

The analysis of serum miR-24 reveals its potential as
diagnostic factor and predictive biomarker for ESCC. It is
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significantly up-regulated in patient with ESCC with respect
to healthy controls, and evidenced a correlation with miR-
24 level with the response to chemoradiotherapy. In fact,
ROC curve indicates high sensitivity (81.9%) and specific-
ity (83.3%) with respect to controls [116]. In a recent study,
Lu et al. evidenced the up-regulation of serum e tumoral
miR-10b due to hypomethylation of its promotor in ESCC
cells. Furthermore, miR-10b level in ESCC is revealed as
independent prognostic marker of the overall survival rates
of patients, due to Foxo3a mRNA targeting. Foxo3A target-
ing by miR-10b contributes to proliferation of ESCC cells
and metastasis formation [117].

Khazaei et al. evaluated miR-451 overexpression in serum
and down-expression in tissue samples of ESCC patients in
comparison with healthy controls and normal tissue, respec-
tively [112]. The authors demonstrated, as miR-451 is syn-
thetized in tumoral cells but exported through exosomes,
indicating a miR-451 function in tumor microenvironment
[112].

Finally, Wang et al. investigated the feasibility of using
serum microRNAs as biomarkers for ESCC. They found that
the up-regulation of miR-21 and miR-25 in serum of ESCC
patients and assumed that it could be used as biomarkers for
ESCC diagnosis, discriminating benign diseases to ESCC,
and also therapeutic efficiency of chemotherapeutic treat-
ments. Particularly, miR-21 with its high and stable sensitiv-
ity and specificity for diagnostic and monitoring treatment
efficacy could be to represent an ideal tumor markers [118].

Deregulated miRNA in multiple myeloma (MM)

It is known that conditioned medium of multiple myeloma
(MM) tumor cells and its exosomes fraction are able to
induce OC differentiation producing osteolytic lesions
[119]. Wang et al. evidenced a specific miRNA profile of
bone-marrow microenvironment of MM patients, stating that
the progression of MM requires the careful coordination of
miRNA-regulatory pathways [120]. Different miRNAs with
anti-proliferative and pro-apoptotic activities, such as let-7b,
were found to be down-regulated in bone marrow and serum;
this event was associated with tumor progression of MM
and osteolytic lesion formation [120]. As in BC, the high
expression of miR-214 [121] as well as the down-regulation
of miR-29b [122] in bone marrow and serum were related
to MM progression. In Hao et al.’s study [121], the analy-
sis of serum miRNAs of 108 MM patients evidenced the
up-regulation of miR-214 with respect to healthy controls,
which highly correlated with osteolytic disease of these
patients; thus, high miR-214 level is considered a predictor
for poor prognosis of MM patients [121]. Using miRNA
array and qRT-PCR, Zhang et al. evidenced, as miR-29b
was down-regulated in MM patients. They demonstrated in
an in vitro model using MM cell lines, as the overexpression
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of miR-29b was able to induce apoptosis and elevated cas-
pase-3 activation. This effect is due to myeloid-cell-leukemia
1(Mcl-1) mRNA targeting, antagonizing IL-6-dependent
Mcl-1 induction in myeloma cells [122]. MiR-29b and miR-
214 are implicated in both osteoblastogenesis and osteo-
clastogenesis, inhibiting the first and promoting the second,
determining osteolytic lesion formation and colonization of
tumor cells [121, 122].

Conclusion

Aging is accompanied to a progressively decrease of OB
differentiation abilities and to a preferential differentiation
in adipocytes of BMSCs. The increased adipose tissue pro-
duces different factors that inhibit OB differentiation. In
postmenopausal women, as well as in aged men, the dimin-
ished sex-related hormone production induces bone loss. In
both cases, in aging population increase osteoporotic frac-
ture risk.

The current review was focused on clinical studies regard-
ing circulating deregulated miRNAs in osteoporosis and as
these could favor bone-metastasis dissemination, promot-
ing tumor progression and/or osteoclastic lesion formations.
We observed previously how different circulating miRNAs,
identified in osteoporosis are implicated also in favoring
the onset and progression of metastatic bone disease in dif-
ferent tumors. This evidence suggests the possibility that
these deregulated miRNAs might be triggering events that
increase bone homing of cancer cells [18]. A recent litera-
ture review supports this hypothesis [19] and using miRNAs,
as adjuvant tools in bone metastases targets might be prom-
ising, but further preclinical and clinical studies carried out
in specific experimental models and selected patient cohorts,
respectively, are mandatory.

The analysis of the reported clinical studies on miR-
NAs implicated in breast, prostate, lung, esophageal,
and multiple myeloma bone metastases indicates a role
played by specific miRNAs, previously identified also in
osteoporosis, as factors implicated in bone homing and
osteolytic lesion formations through interactions with bone
cells (OB, OC, stem cells and others) and their microen-
vironments. The principal identified miRNA deregulated
in osteoporosis is also deregulated in different types of
tumors, where they exert their effects in bone homing and
tumor dissemination. In particular, serum up-regulation
of pro-osteoporotic miR-21, as well as serum down-reg-
ulation of anti-osteoporotic miR-34a, that induce osteo-
clastic differentiation, are common features of almost
all tumors (BC, PC, NSCLC, and ESCC) and are able
to promote osteolytic metastasis. In addition, current
review evidenced also as deregulated miRNAs in primary
osteoporosis might play a critical role in bone metastatic
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niche preparation in the tumor microenvironments, act-
ing directly to tumor cells, where miRNAs interfere in
different pathways, as well as inducing osteolytic lesions,
or where miRNAs act enhancing OC and inhibiting OB
differentiation in metastatic niches. This dual vision,
bone-metastasis-inducing osteoporosis, and osteoporosis-
inducing bone metastasis could help to establish new ther-
apeutic strategy interfering in both pathogenic processes,
osteoporosis, tumor progressions, and bone-metastasis
formation, closely interconnected with deregulation of
circulating miRNAs.

Implementing the biological knowledge and both preclin-
ical and clinical studies on miRNAs involved in osteoporosis
and bone metastasis could help researchers and clinicians
from different disciplines (oncologists, general and ortho-
pedic surgeons, endocrinologists, pathologists, and nuclear
medicine physicians) to better understand the importance
of pre- and postmenopausal bone microenvironment and its
clinical implications for the development and establishment
of a personalized and precision medicine approach in cancer
patients. However, the use of these miRNAs in routine clini-
cal practice still requires further research and prospective
clinical trials with a larger number of patients with mul-
ticenter cross validation. The limits of the clinical studies
considered in the current review are partially responsible for
the need for these further studies. Among them, the most fre-
quently reported limits are: (1) small sample size or patient
cohorts limited to some ethnic populations; (2) the necessity
to verify achieved results in different chemotherapy regi-
mens; and (3) the need to characterize marker proteins that
allow enrichment of tumor-derived exosomes over healthy
exosomes [64, 66, 68, 99, 104].

Nevertheless, clinical applications using RNA-based
techniques have been hindered by high RNA fragility, which
should be delivered avoiding degradation to preserve their
therapeutic efficacy. Our recent review highlights the rap-
idly evolution of engineered exosomes for miRNAs’ deliv-
ery in various research fields such as regenerative medicine
(miRNAs in osteoporosis or osteoarthritis) and oncology
(for siRNA and chemotherapeutic agents), representing ideal
vehicle for these molecules in a in vivo procedure [123].
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