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Osteoporosis is the most common metabolic bone disorder affecting up to 40% of postmenopausal women, characterized by a
reduction in bone mass and strength leading to bone fragility and fractures. Despite the available tools for diagnosis and
stratification of a fracture risk, bone loss occurs insidiously and osteoporosis is often diagnosed after the first fracture has
occurred, with important health-related outcomes. Therefore, the need of markers that could efficiently diagnose bone fragility
and osteoporosis is still necessary. Over the past few years, novel studies have focused on miRNAs, small noncoding RNAs that
are differentially expressed in many pathological conditions, making them attractive biomarkers. To date, the role of miRNAs in
bone disorders remains in great part unclear. In particular, limited and partly conflicting information is available concerning
their use as potential biomarkers for osteoporosis, due to differences in patient selection, type of samples, and analytical
methods. Despite these limits, concordant information about some specific miRNAs is now arising, making likely their use as
additional tools to stratify the risk of osteoporosis and possibly fractures. In this review, we summarize the most relevant
studies concerning circulating miRNAs differentially expressed in osteoporotic patients along with their function in bone cells

and bone turnover.

1. Introduction

Osteoporosis is the most common metabolic bone disorder
in humans and is characterized by a decrease in bone mass
and quality leading to decreased bone strength [1]. It is esti-
mated that up to 40% of postmenopausal women and 20% of
men over 50 years may be affected worldwide, with millions
of fractures registered every year [2]. Considering the aging
population, these numbers are expected to increase steadily
over the next years, making osteoporosis a major health-
economical issue worldwide [3].

Boneis a metabolically active tissue in which the process of
remodeling is continuously carried on throughout life. Under
normal conditions, osteoblasts (the bone-forming cells) and
osteoclasts (the bone-resorbing cells) operate in a well-
organized and strictly controlled manner, thus ensuring the

renewal of bone tissue in a normal skeletal structure [4, 5].
Remodeling also protects bones from the occurrence of dam-
age by adapting their structure and strength to the circumstan-
tial loading requirements [4]. Aging, as well as the presence of
predisposing conditions, may cause either an unbalance in
bone remodeling with an increased bone resorption not
equally compensated by bone formation, or an increased
remodeling velocity, leading to low bone mass, reduced
strength, and deterioration of the skeletal microarchitecture
[6]. These pathological aspects lead to bone fragility and con-
sequent increased risk of fractures, most commonly involving
the forearm, vertebral bodies, and hip [7].

Since many years, the most used method for the diagnosis
of osteoporosis and the prediction of a fracture risk consists
in the measurement of bone mineral density (BMD), assessed
by dual energy X-ray absorptiometry. In fact, the risk of
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fragility fractures increases progressively as BMD declines
[8]. However, several other components of bone strength
affecting either the structural or material properties of bone
have been identified that are not necessarily captured with
the measurement of BMD. Moreover, the use of markers of
bone formation such as serum procollagen type I
N-terminal propeptide (s-PINP) and bone resorption such
as serum C-terminal telopeptide type I collagen (s-CTX)
and urinary N-telopeptide (NTX) is common in the clinical
practice [9]. These markers have been developed to provide
a noninvasive assessment of bone turnover in different skele-
tal pathologies and have helped the clinicians to identify
patients at a high risk for fractures and to monitor the efficacy
of therapies [10]. Nevertheless, to date, s-CTX and s-PINP
show specific limitation such as lack of normative reference
population databases, inadequate standardization of quality
control, sample handling, and poor association with bone
strength and fracture risk [11]. Despite the innovations intro-
duced in the field of diagnostics, bone loss occurs insidiously
and it is initially asymptomatic, so that osteoporosis is often
diagnosed after the first clinical fracture, with consequent
reduction of autonomy and increased mortality [12, 13].
Moreover, these patients often require hospitalization that
increases the onset of several complications. In this context,
the study of new potential biomarkers which can be used
alone or in combination with existing markers, allowing an
early and efficient diagnosis before the occurrence of fractures
and an evaluation of the patient’s response to therapy, would
prove to be of great interest, for both clinical practice and
translational research [11, 14].

Osteoporosis is a complex and multifactorial disorder
with a recognized hereditary component, although genetic
variants associated with the disease have limited impact on
gene expression and explain only a small fraction of the dis-
ease etiology [15]. Thus, the study of new epigenetic factors,
connected with this pathology, may increase our knowledge
about its pathogenesis and epidemiology.

2. Epigenetics of Osteoporosis

Epigenetic mechanisms include DNA methylation and his-
tone modifications that regulate gene transcription and non-
coding RNA (ncRNA) that act at a posttranscriptional level.
In fact, while 70-90% of human genome is transcribed into
RNA, only 1-2% of these RN As encode for proteins, suggesting
that ncRNA represents most of human transcriptome [16, 17].

Among known epigenetic mechanisms, microRNAs
(miRNAs) are one of the most studied regulators of gene
expression in both physiological and pathological conditions
[14]. miRNAs are noncoding, single-stranded RNA of about
22-24 nucleotides found in both plants and animals and act
at a posttranscriptional level, directly modulating their target
mRNA through the formation of an RNA-induced silencing
complex [18]. They negatively regulate their targets in two
ways, depending on the degree of complementarity between
the miRNA and the target sequences within 3’ untranslated
regions (UTRs) of mRNA. miRNAs that bind with perfect
complementarity with the targeted mRNA sequence induce
the RNA interference pathway that leads to the degradation

International Journal of Endocrinology

of mRNA [19-22]. miRNAs that bind their almost comple-
mentary target sequences within 3" UTRs of mRNA repress
gene expression posttranscriptionally at the level of transla-
tion, without degradation of mRNA [23, 24].

In the past decade, a lot of evidence showed that also long
noncoding RNAs (IncRNAs), ncRNA longer than 200 nucleo-
tides, play important roles in diverse biological process, such
as cell growth, transcriptional regulation, tumorigenesis, and
stem cell development [25, 26]. Despite the increasing amount
of data about the role of IncRNA in the epigenetic regulation of
transcription, their role in skeletal basic and clinical biology
remains largely unknown [27]. Unfortunately to date, only
few studies have investigated the role of some IncRNAs
(ANCR, H19, MEG, DANCR, etc.) on bone metabolism and
they principally focused on osteoblast differentiation and
function, without taking in consideration the role of these
ncRNAs as biomarkers for osteoporosis [28-30].

The key role of miRNAs in the regulation of bone homeo-
stasis and metabolism is well established in a lot of experimen-
tal observations, showing how these noncoding RNAs may
affect osteoblast or osteoclast differentiation, function, apo-
ptosis, and proliferation. This role was first demonstrated
in vivo using mice knockout for Dicer (protein necessary for
the maturation of miRNA) in chondrocytes; these mice
showed a reduction in skeletal size and died at weaning [31].
In support of this finding, other two observations demon-
strated the fundamental role of miRNAs during normal skele-
tal development. In the first of these studies, the deletion of
Dicer in osteoprogenitor cells impaired bone formation and
caused embryonic lethality, while the other study showed that
the ablation of Dicer in mature osteoblasts leads to an
increased bone mass phenotype [32]. Finally, when we look
for new biomarker, it is important to consider that the choice
between serum and plasma as starting material and the quality
control determination are a crucial point for the success of the
experiments [33]. To date, many papers have been published
in order to answer the questions on what are the best labora-
tory practices, the best experimental conditions, and the best
starting samples to obtain good biomarkers including miR-
NAs. In one of these papers, Blondal and colleagues identified
119 miRNAs that are most commonly present in human
serum and plasma samples, and for each of them, they devel-
oped a normal reference range [34]. Interestingly, some of
these miRNAs were found differentially expressed in osteopo-
rotic patients. However, some other miRNAs identified as
potential markers of osteoporosis appear to be less common
in normal conditions, and, perhaps, they could represent a
more specific signature of the disease. A list of such miRNAs
is shown in Table 1. Thus, given the great importance of miR-
NAs as regulators of bone homeostasis and remodeling in
both physiological and pathological conditions, the purpose
of our review is to summarize what we known so far regard-
ing circulating miRNA in patients with osteoporosis.

3. Diagnostic Biomarkers of Osteoporosis

Accumulated evidence indicated that miRNAs in many cases
define the physiology nature of the cell and play significant
roles in the regulation of diverse biological processes, such
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TasLE 1: Differentially expressed miRNAs in osteoporotic patients
that are commonly or uncommonly expressed in serum and
plasma (miRBase V18.0 nomenclature).

Common miRNAs Uncommon miRNAs

Let-7g miR-100
miR-122 miR-10b-5p
miR-125 miR-124a
miR-133a miR-130b
miR-140-5p miR-151a-3p
miR-142-3p miR-151b
miR-148a miR-181
miR-152 miR-188-3p
miR-21 miR-194-5p
miR-22 miR-19a
miR-23a miR-19b
miR-24 miR-2861
miR-27a miR-31
miR-29a miR-330-3p
miR-30b miR-382
miR-30e miR-550a-3p
miR-324-3p miR-590-5p
miR-335 miR-660-5p
miR-423-5p miR-942
miR-93 miR-96

as development, cell differentiation, proliferation and death,
immunity, and metabolism [35, 36]. Furthermore, aberrant
miRNA expression should proportionally affect those critical
processes and has been implicated in a wide variety of human
diseases including cancer, viral infections, nervous system
disorders, cardiovascular and muscular disorders, and diabe-
tes [36, 37]. This implies that the use of these aberrantly
expressed miRNAs as biomarkers for diseases is not only a
valuable diagnostic strategy but it also makes these ncRNAs
good candidates for new drug discovery [35, 36].

Furthermore, the presence of several miRNA quantifica-
tion platforms and the introduction of high-throughput tech-
nologies, such as miRNA microarray, Real-Time PCR
TaqMan Array microfluid cards, locked nucleic acid-
(LNA-)-based high-throughput PCR, and next generation
sequencing (NGS), facilitated the analysis of circulating
miRNA expression profiles [38]. To date, these methodolo-
gies have replaced low-throughput analysis (Northen blot-
ting and cloning) that present a lot of limitation due to
their poor quantification output, time-consuming activity,
and relatively low sensitivity and are widely used in initial
screening of circulating miRNA and for generation of signa-
tures from body fluid in numerous diseases [38, 39].

In this context, the possibility of detecting miRNAs as
diagnostic markers of osteoporosis is certainly appealing for
the clinical practice, and over the years, it has led to a rapid
increase of studies that not only aimed at understanding
the function of miRNAs in bone cells, but also understanding
their potential as circulating biomarkers and identifying
interesting candidates.

Although some of these findings are promising, a uni-
tying method of analysis is missing, outlining a compli-
cated and chaotic picture. Important discrepancies are
found between studies, regarding the type of samples
(e.g., plasma, serum, or whole blood) or populations used
as control groups (e.g., healthy, osteopenic, and osteoar-
thritic subjects). The analysis is also carried out in differ-
ent ways considering either a different number of
miRNAs evaluated or platforms used, as well as reference
genes used to normalize the analysis. Despite these limits,
different studies showed partly concordant results, identi-
tying miRNAs that appear to be differentially expressed
in osteoporosis, with specific targets and functions on
bone turnover, as demonstrated by experimental analyses.
Here, we present the most relevant findings regarding
circulating miRNAs as diagnostic biomarkers in osteopo-
rosis, trying to describe, when possible, their functions
and targets identified at the bone level. A complete list of
these miRNAs, along with their biological functions and
potential targets, is summarized in Tables 2 and 3 and
Figure 1.

3.1. miR-21 and miR-148a. In several studies, a differential
expression of miRNAs in the serum of patients can indeed
effectively discriminate osteoporotic and nonosteoporotic
patients. For example, Seeliger et al. discovered 9 upregulated
circulating miRNAs (miR-21, miR-23a, miR-24, miR-93,
miR-100, miR-122a, miR-124a, miR-125b, and miR-148a)
that could significantly distinguish between serum samples
of osteoporotic and nonosteoporotic fractured patients in a
cohort of 30 subjects per group [40]. At a cellular level, two
of these miRNAs, in particular, miR-21 and miR-148a, are
known to play specific roles in bone homeostasis.

miR-21 affects both osteoclasts and osteoblasts. This
miRNA is highly expressed during osteoclastogenesis and
promotes the differentiation of murine BMMs through the
downregulation of PDCD4 (a repressor of OC differentia-
tion) and the survival of mature osteoclasts by the downreg-
ulation of FasL (involved in the Fas/FasL pro-apoptotic
pathway [41]. It is likely that, at least in part, through this
mechanism, estrogen signaling inhibits miR-21 biogenesis
and promotes osteoclast apoptosis. This finding further
highlights the relevant role of miR-21 in these cells [42]. In
osteoblasts as well, miR-21 promotes differentiation and
mineralization in MC3T3-E1 cells, targeting the expression
of Smad7, a repressor of proliferation, differentiation, and
mineralization of osteoblasts [43, 44].

Similarly, miR-148a promotes osteoclast differentiation
by directly targeting MAFB, a RANKL-inhibiting protein
[45]. In a recent study, it was also shown to inhibit ST2 cell
differentiation toward the osteogenic linage by directly tar-
geting lysine-specific demethylase 6b (Kdméb), a regulator
of osteoblast differentiation [46]. Both these miRNAs were
also confirmed to be significantly deregulated in the plasma
of osteoporotic women in different subsequent studies [47,
48]. However, miR-21 showed opposite modulation and
miR-148a is also considered a strong diagnostic marker of
osteosarcoma, thus questioning the potential specificity of
such miRNAs for osteoporosis [47, 49].



4 International Journal of Endocrinology

TaBLE 2: miRNA dysregulated in serum of osteoporotic patients and their function.

miRNA Expression in OP patients Biological function Target Ref.
Let-7g-5p Downregulated Promotes osteogenesis and ectopic bor.le formation HMGA2 [69]
and suppresses adipogenesis
miR-10b-5p Upregulated Potent inhibitor of OB differentiation Bcl6 [80]
miR-19a Part of a cluster of miRNAs that probably maintains
miR-19b Downregulated OB in undcifferentiated state Undetected [64]
Promotes OB differentiation and mineralization Smad7 [43]
miR-21 Upregulated Essential for OC formation and OC bone-resorbing activity, FasL, (41, 42]
preserves OCs from apoptosis PDCD4 ’
. Important regulator of the balance between adipogenic and
miR-22-3p Downregulated osteogenic differentiation. Promoter of OB differentiation HDAC6 [68]
miR-23a Upregulated Potent inhibitor of OB apoptosis apd promoter of Fas, Runx2  [70, 71]
osteogenic differentiation
miR-24 Upregulated Inhibits OB differentiation and mineralization Tcf-1 [81]
miR-27 Downregulated Promotes OB differentiation by 1nh1b1t10n of the APC [56]
suppressor of f3-catenin
. - . DKK1,
miR-29a-3p Downregulated Promotes OB dlfferentlat}on by repressing Kremen2, [82]
endogenous levels of Wnt signaling antagonists SFRP2
Downregulated during OB differentiation are Smadl,
miR-30 family Downregulated considered negative regulators of osteogenesis. One component Runx2, [59]
of this family promotes adipogenesis rather than OB genesis LRP6
miR-100 Upregulated Negative regulator of OB differentiation BMPR2 [83]
Enhances the adipogenic differentiation of BMSCs and DIx5, DIx3,
L .o . [73]
. inhibits osteogenesis. It is a suppressor of bone formation DIx2
miR-124 Upregulated . .
Negative regulator of RANKL-dependent OC genesis. NFATcl, (73]
It inhibits the migration of OC precursors RhoA, Racl
. Negative regulator of OB precursor proliferation and
miR-125 Upregulated OB differentiation in the early stages ErbB2 [63]
. Downregulated during osteogenesis. It is a suppressor
miR-140-5p Downregulated of OB differentiation BMP2 [65]
miR-142 Downregulated Positively regulaj[es QB precursor d'lfferentlatlon by APC [60]
activating Wnt signaling
Negative regulator of e.ldlpoge.ne'ms and promoter Kdméb (46]
. of OB differentiation
miR-148a Upregulated . . .
Promotes OC genesis and increased the bone resorption
casee MAFB [45]
area on dentin slices
miR-2861 Upregulated Promoter of OB differentiation HDAC5 [75]
TasLE 3: miRNA dysregulated in plasma of osteoporotic patients and their function.
miRNA Expression Function Target Reference
miR-21 miR-21 promotes OB differentiation and mineralization Smad7 [43]
Downregulated i i - i ivi
miR-21 g Essential for OC formation and OC bone refsorblng activity, FasL, PDCD4 [42]
preserves OCs from apoptosis
. Promotes OC formation and activity by promoting
miR-31 Upregulated the formation of the peripheral acting ring RhoA [>4]
miR-133a  Upregulated Downregulated during OB differentiation, it is a suppressor of osteogenesis Runx2 [57]
miR-148a  Upregulated =~ Promotes OC genesis and increased the bone resorption area on dentin slices MAFB [45]

3.2. miR-31 and miR-194. Other miRNAs are also potential ~ levels in the blood of osteoporotic women compared to
candidates (miR-130b-3p, miR-151a-3p, miR-151b, miR-  osteopenic women, and, interestingly, expression levels of
194-5p, miR-590-5p, and miR-660-5p) and display higher =~ miR-151b and miR-194-5p were also negatively correlated



International Journal of Endocrinology

miR-194

miR-22
miR-148a miR-2861
miR-133a miR-142
miR-125b miR-23
miR-124 miR-27

miR-29a

miR-140
miR-30b

let-7

miR-21
miR-31

Osteoclast

FiGurek 1: Circulating miRNAs differentially expressed in osteoporotic patients, either upregulated (roman) or downregulated (italic), and

their functions studied in bone cells.

with femoral neck T-scores [50]. Another miRNA, miR-31,
also stands out for being upregulated in both osteoporotic
women and men compared to controls. miR-31 has in fact
shown higher levels in the plasma of both osteoporotic
women (with a fold change increasing with age) and osteopo-
rotic men [51].

While the role of miR-151b on bone homeostasis remains
yet unknown, both miR-194 and miR-31 have been shown to
play a role in bone biology. miR-194 promotes osteoblast dif-
ferentiation and activity in studies performed on mouse bone
mesenchymal stem cell (BMSCs) cultures, by regulating
Runx2 nuclear translocation through STAT1 inhibition and
by downregulating COUP-TFII mRNA levels, therefore driv-
ing mesenchymal cell differentiation towards osteoblasts
instead of adipocytes [52, 53]. miR-31 is highly expressed
during RANKL-induced osteoclastogenesis, and its inhibi-
tion in murine bone marrow-derived macrophages impairs
terminal differentiation and bone resorption activity by tar-
geting RhoA, a GTPase that plays a key role in a crucial step
of OC formation, namely the acting ring assembly [54].

3.3. miR-133a and miR-27. In a large study in 120 Chinese
postmenopausal women who were divided into three groups
(normal, osteopenia, and osteoporosis) according to BMD
measurement, miR-133a was found upregulated in the
plasma of osteoporotic versus osteopenic patients and nega-
tively correlated with hip and spine BMD [47].

In a more recent analysis, 33 miRNAs were found to be
downregulated in the serum of osteoporotic women com-
pared to controls (n =5 each), of which miR-27 showed the
strongest reduction, as further validated in a large cohort of
81 women with postmenopausal osteoporosis. However, the
controls were younger and thus not age-matched [55].

Indeed, both miRNAs have been also reported to have
specific and contrasting functions in osteoblast cell lines.
miR-27 directly targets adenomatous polyposis coli (APC)
gene expression in hFOBI1.19 cells (human fetal osteoblastic
cell line), leading to P-catenin accumulation and conse-
quently activating Wnt signaling, the most relevant pathway
for osteoblast formation [56]. Conversely, miR-133 is
involved in inhibiting osteoblast differentiation, through the

downregulation of Runx2 expression, a downstream effector
of Wnt signaling pathway [57].

3.4. miR-30b and miR-142. Ina more complex analysis involv-
ing either animal models of osteoporosis (rats and rhesus
monkeys) and postmenopausal women, miR-30b-5p was sig-
nificantly downregulated in ovariectomized rats and bed-rest
rhesus monkeys as well as in the serum of women with low
bone mass, together with miR-142-3p and miR-103-3p. More-
over, all these miRNAs positively correlated with the BMD of
these patients, making them potential attractive noninvasive
biomarkers for osteoporosis [58]. Of interest, miR-30 family
miRNAs, including miR-30b, are known in vitro negative reg-
ulators of BMP-2-induced osteogenesis, inhibiting osteoblast
differentiation through targeting of Smadl and Runx2 expres-
sion [59]. Instead, miR-142-3p positively regulates osteoblast
differentiation and promotes Wnt signaling by inhibiting
APC, similarly to miR-27, as described above [60].

4. miRNAs and Osteoporotic Fractures

By a different approach, Bedene et al. identified a correlation
between plasma miR-423-5p levels not only with low BMD
values but also with the 10-year probability of major fracture
in postmenopausal women, as assessed by the fracture risk
assessment tool (FRAX) [48].

Moreover, specific circulating miRNAs have been also
correlated with the onset of fractures, the most relevant conse-
quence of osteoporosis, in different studies [2]. Such markers
could thus provide some insights on fracture risk, with the
potential to specifically identify patients with a history of oste-
oporotic fractures. In this context, specific miRNA profiles
have been found in women with osteoporotic fractures,
although, some of these studies were performed comparing
osteoporotic women with fractures to healthy controls, or
to osteoarthritic women. Thus, the miRNAs identified in
such comparisons may actually reflect differences between
osteoporotic and nonosteoporotic patients including subjects
with osteoarthritis, rather than the actual risk of fracture in
osteoporotic patients.



Some of the miRNAs we discuss in this review have been
also found to be differentially modulated within the bone
tissue of osteoporotic patients, and, although they cannot be
considered circulating biomarkers, this aspect further sup-
ports their diagnostic value. For example, RNA was extracted
from the bone tissue of fractured osteoporotic and nonosteo-
porotic bone, leading to the identification of 5 miRNAs upreg-
ulated in the osteoporotic bone, including miR-21, miR-23a,
miR-24, miR-100, and miR-125b, with respect to nonosteo-
porotic bone [40]. These miRNAs were also differentially
expressed in the serum, as previously mentioned, suggesting
that the deregulation found in the serum reflects and associates
with a similar deregulation within the bone tissue.

4.1. Single miRNAs Modulated in Fractured Osteoporotic
Patients. In a small scale study, specifically designed to com-
pare serum miRNA expression profiles between osteoporotic
patients with fractures and osteoarthritic controls, 3 miRNAs
(miR-122-5p, miR-125b-5p, and miR-21-5p) were positively
correlated with fracture prevalence [61]. In the same study,
circulating miR-21-5p levels were also positively correlated
to those of CTx, a marker of bone resorption. Conversely,
in a different study, miR-21-5p levels appeared significantly
reduced among osteoporotic/osteopenic women with verte-
bral fractures (66% sensitivity, 77% specificity in distinguish-
ing women with a vertebral fracture) than in nonfractured
controls [62]. While the exact function of both miR-423
and miR-122-5p in bone cells remains unknown, miR-21,
as described before, can influence both osteoclast and osteo-
blast differentiation processes, whereas miR-125b was shown
to play a role in osteoblastogenesis, by inhibiting cell prolifer-
ation of ST2 cells (murine mesenchymal cells) induced with
BMP-4 [63].

A more recent in-depth analysis studied circulating
miRNAs in the sera of patients with idiopathic osteoporo-
sis and fractures versus healthy controls. This analysis
uncovered 19 miRNAs significantly regulated in premeno-
pausal or postmenopausal women and male idiopathic
osteoporosis, compared to age-matched healthy individ-
uals. Eight of these miRNAs (miR-140-5p, miR-152-3p,
miR-30e-5p, miR-324-3p, miR-335-3p, miR-19a-3p, miR-
19b-3p, and miR-550a-3p) had AUC values of 0.9 for
the classification of fracture patients, correctly discriminat-
ing between fractured patients and healthy subjects [64].

Some of these miRNAs have been already involved in the
regulation of bone metabolism. In vitro, miR-140-5p directly
represses the expression of BMP2, inhibiting the differentia-
tion of human mesenchymal cell lines towards the osteoblas-
tic linage [65]. miR-19a and miR-19b are both part of a
cluster called miR-17-92, whose haploinsufficiency in mice
causes impaired ALP activity and impaired bone calcification
[66]. Furthermore, a significant and peculiar regulation in the
serum of osteoporotic patients with recent fractures
(compared to healthy subjects) was detected concerning
miR-10b-5p, miR-133b, miR-22-3p, and let-7 g-5p, but only
the last 2 were validated [67].

Indeed, both miR-22 and let-7g-5p were previously dem-
onstrated to either promote or inhibit osteogenic differentia-
tion. miR-22 was found to regulate the fate of MSCs,
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promoting the differentiation towards osteoblasts and inhi-
biting adipogenesis in human adipose tissue-derived mesen-
chymal stem cells (hADMSCs) through the downregulation
of HDACS, a repressor of Runx2, thus underlying an impor-
tant role in the balance of adipogenesis and osteogenesis [68].
In vitro, let-7 significantly promoted osteogenesis and coun-
teracted adipogenesis of MSCs, by targeting high-mobility
group AT-hook 2 (HMGA2) expression [69].

More recently, Yavropoulou et al. described other miR-
NAs also known to modulate bone turnover (e.g., miR-23a,
miR-29a-3p, miR-124-3p, and miR-2861) that were signifi-
cantly deregulated in the serum of patients with low bone
mass and vertebral fractures compared with controls [62].
For example, miR-23a significantly inhibits TNF-«a-induced
apoptosis in MC3T3-E1 cells (osteoblastic line) by targeting
Fas, a proapoptotic protein, and promotes osteogenic differ-
entiation by targeting Runx2 expression in ATDC5 cells
[70, 71]. Similarly, miR-29a regulates HDAC4 expression,
displaying protective effects from glucocorticoid-induced
bone loss by modulating 3-catenin accumulation and OB dif-
ferentiation [72]. In BMSCs, miR-124 inhibits the differenti-
ation toward the osteogenic lineage, favoring adipogenic
differentiation, thereby suppressing in vivo bone formation
by binding to DIx5, DIx3, and DIx2 [73]. Moreover, miR-
124 is a negative regulator of osteoclastogenesis in mouse
BMMs. It reduces the expression of NFATcl protein induced
by RANKL stimulation and inhibits the OC precursors by
targeting expression of RhoA and Racl, GTPases involved
in cellular motility [74].

Interestingly, a previous study also identified miR-2861
as a promoter of osteoblast differentiation by targeting his-
tone deacetylase 5, resulting in increased Runx2 protein
levels in ST2 cells induced with BMP-2 [75]. In this study,
two related osteoporotic patients presented a mutation on
miR-2861 that impaired its expression, suggesting that the
downregulation of this miRNA may contribute to the disease,
although, Yavropoulou et al. [62] found it upregulated in
osteoporotic patients.

4.2. Combination of miRNAs Identifies Osteoporotic Patients
with Fractures. Trying to identify single miRNAs as signifi-
cant biomarkers for osteoporosis, or any other disease, could
be laborious, difficult to apply to various populations, and
may not be sufficient to discriminate complex aspects of the
disease. As suggested by a recent analysis by Heilmeier
et al., a more specific predictive value on fracture risk could
be achieved through combinations of different miRNAs
[76]. Stronger biomarkers could statistically be identified
clustering miRNAs that show differential expression in oste-
oporosis; a multigene approach could be applied to identify
clusters of miRNAs with higher discriminating values [77].
Regarding osteoporosis, few studies have investigated this
aspect, but this approach has already been applied to many
other disease, including cancer, for example, the miR-183/
182/96 cluster expression correlated with metastasis and
poor clinical outcome in breast cancer patients [78].

In the study of Heilmeier et al., which also included sub-
jects with type 2 diabetes and fractures, 23 differentially
expressed miRNAs were found in osteoporotic fractured
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patients and a specific signature of 4 miRNAs, composed of
miR-382-3p, miR-188-3p, miR-942, and miR-330-3p, was
able to correctly discriminate between postmenopausal
women with osteoporotic fractures and postmenopausal
women without fractures with the highest AUC value
(0.991). Interestingly, a partially different signature was
identified in subjects affected by type 2 diabetes and fractures.
In fact, only miR-382-3p was downregulated both in diabetic
and non diabetic patients with fractures, while 3 additional
miRNAs (miRNA-96-5p, miRNA-181-5p and miRNA-
550a-5p, all upregulated) were specific for the signature linked
to fractures in diabetes. From the experimental point of view,
in vitro functional studies demonstrated that in human adi-
pose tissue-derived mesenchymal stem cells, miR-382 is able
to significantly enhance osteogenic differentiation [76].

Another cluster worth mentioning is cluster miR-23,
composed of miR-23a, miR-27a, miR-24a. Several studies,
in vitro and in vivo, have uncovered important functions of
this cluster in bone cells, but to date, no clinical studies inves-
tigated its potential role as a biomarker for osteoporosis [79].
Given that the single component of miR-23 was indeed
found differentially expressed in osteoporotic patients, as
described in the previous paragraphs, it would be interesting
to explore its potential as a combination.

5. Conclusions and Future Perspectives

It is well established that in the next future miRNAs could
become valid biomarkers for several diseases, for diagnostic
purposes, prediction of complications, and response to treat-
ment. However, in bone pathologies and more specifically in
osteoporosis, we are only at the beginning in this field. To date,
the available evidences are indeed promising and have been
able to uncover interesting miRNAs that are not only involved
in specific functions and roles in the bone biology (as demon-
strated in experimental observations), but are also potentially
capable of discriminating osteoporotic patients from controls,
thus conferring them a relevant value for both medicine and
basic research. Of course, we are still far from identifying a
strong biomarker for osteoporosis that could be applied to all
cohorts of patients, especially because of to the low number
of studies on circulating miRNAs and their methodological
discrepancies, as mentioned before. In the future, given the
potential of such biomarkers, it will be extremely important
to perform a further validation of these and other miRNAs
in prospective studies of larger population-based samples, tak-
ing also into account relevant variables that could influence
miRNA expression profile, such as diet or age.
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