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Abstract Bone tissue is composed of several cell types,
which express their own microRNAs (miRNAs) that will
play a role in cell function. The set of total miRNAs
expressed in all cell types configures the specific signature
of the bone tissue in one physiological condition. The aim
of this study was to explore the miRNA expression profile
of bone tissue from postmenopausal women. Tissue was
obtained from trabecular bone and was analyzed in fresh
conditions (n = 6). Primary osteoblasts were also obtained
from trabecular bone (n = 4) and human osteoclasts were
obtained from monocyte precursors after in vitro differ-
entiation (n = 5). MicroRNA expression profiling was
obtained for each sample by microarray and a global
miRNA analysis was performed combining the data
acquired in all the microarray experiments. From the 641
miRNAs detected in bone tissue samples, 346 (54%) were
present in osteoblasts and/or osteoclasts. The other 46%
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were not identified in any of the bone cells analyzed.
Intersection of osteoblast and osteoclast arrays identified
101 miRNAs shared by both cell types, which accounts for
30-40% of miRNAs detected in these cells. In osteoblasts,
266 miRNAs were detected, of which 243 (91%) were also
present in the total bone array, representing 38% of all
bone miRNAs. In osteoclasts, 340 miRNAs were detected,
of which 196 (58%) were also present in the bone tissue
array, representing 31% of all miRNAs detected in total
bone. These analyses provide an overview of miRNAs
expressed in bone tissue, broadening our knowledge in the
microRNA field.

Keywords MicroRNA - Microarrays - Bone tissue -
Osteoblast - Osteoclast

Introduction

Bone tissue is made up of cells, vessels, and a mineralized
extracellular matrix. The bone cell population consists of
two distinct lineages: the osteogenic lineage (including
stromal cells, pre-osteoblasts, osteoblasts, osteocytes, and
bone lining cells) and the osteoclastic lineage, represented
by osteoclasts. The maintenance of normal bone structure
is driven by cell function and the intercellular cross-talk of
these bone cells.

Osteoblasts, which derive from mesenchymal stem cells
(MSC), are well known for their function in bone formation
and account for up to 6% of total resident cells in the bone.
On the other hand, osteoclasts are bone resorptive cells and
represent approximately 1-2% of total bone-resident cells.
These terminally differentiated giant multinucleated cells
are derived from the fusion of mononuclear progenitors of
the monocyte/macrophage hematopoietic lineage [1]. The
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third main bone cell is the osteocyte, which comprises
90-95% of all bone cells in adult bone. This terminally
differentiated osteoblast becomes surrounded by matrix
during the process of bone formation. Osteocytes have a
mechanosensory function and orchestrate bone formation
and resorption by acting on osteoblast and osteoclast
recruitment, depending on different mechanical and meta-
bolic conditions [2, 3].

MicroRNAs (miRNAs) are single-strand non-coding
RNAs, about 20-25 nucleotides in length, that post-tran-
scriptionally regulate gene expression mainly by binding to
the 3'UTR of their target messenger RNAs (mRNA). Each
specific cell type expresses its own miRNAs as needed for
the cell function at a precise moment. The set of total
miRNAs expressed by all bone cell types at a given
physiological point configures the specific signature of the
bone tissue at that point.

Up to date, several miRNAs have been reported to
regulate the differentiation and activity of osteoblasts and
osteoclasts [4] by targeting genes with a key role in bone
turnover, while many more remain to be discovered.
Identifying the total set of miRNAs expressed in bone and
their specific functions should broaden our -current
knowledge of the action mechanisms of the bone itself and
give insights into the causes and possible treatments of
skeleton disorders. In this regard, lots of human studies on
miRNAs in the bone field are focusing on postmenopausal
status, since it is involved in the bone remodeling alteration
leading to the osteoporosis development and an increased
risk of bone fractures [5-8].

This study aims to explore the expression patterns of
microRNAs in bone tissue from postmenopausal women
by mapping them into the different bone cells. For this
analysis, microarrays were hybridized with miRNA
samples from of whole bone tissue, osteoblasts (hOBs),
and osteoclasts (hOCs). The profiles obtained were then
overlaid to develop a global vision of miRNAs present
in bone.

Materials and methods
Ethics statement

The Clinical Research Ethics Committee of Parc de Salut
MAR approved the present research (Registry numbers
2010/3882/1 and 2013/5266/1). The approved protocols for
obtaining fresh bone (and primary osteoblasts) from hip or
knee samples otherwise discarded at the time of orthopedic
surgery as well as protocols for obtaining blood samples
for monocyte isolation were explained to potential partic-
ipants, who provided written informed consent before
being included in the study.
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Collection of bone samples

Knee (n = 4) and femoral neck trabecular (n = 6) bone
were obtained from postmenopausal women undergoing
knee or hip replacement due to osteoarthritis. Knee bone
was used for obtaining hOBs, whereas femoral neck was
used for whole bone tissue analysis. None of the partici-
pants had a history of metabolic or endocrine disease,
chronic renal failure, chronic liver disease and malignancy,
Paget’s disease of bone, malabsorption syndrome, hormone
replacement therapy, anti-resorptive agents, oral corticos-
teroids, anti-epileptic drugs, or treatment with lithium,
heparin, or warfarin.

Primary osteoblast culture

Human primary osteoblasts were obtained from knee tra-
becular bone. Bony tissue was cut up into small pieces,
washed in phosphate buffered solution (PBS, Gibco by Life
Technologies; Paisley, UK) to remove non-adherent cells,
and placed on a 140 mm culture plate. Samples were
incubated in hOB medium: Dulbecco’s Modified Eagle
Medium (DMEM; Gibco; Invitrogen, Paisley, UK), sup-
plemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich; St. Louis, USA), 100 U/ml penicillin/strepto-
mycin (Sigma-Aldrich; St. Louis, USA), 0.4% fungizone
(Gibco by Life Technologies; Paisley, UK), and 100 pg/ml
ascorbic acid (Sigma-Aldrich; Steinheim, Germany). After
approximately 3 weeks of culture and before reaching
confluence, cells were processed for RNA extraction. In
parallel, alkaline phosphatase (ALP) activity was measured
with Abcam’s Alkaline Phosphatase Assay Kit (Colori-
metric) to confirm the osteoblastic phenotype.

Collection of osteoclasts

Peripheral blood samples were obtained from five post-
menopausal women without history of metabolic or endo-
crine disease, chronic renal failure, chronic liver disease,
malignancy, Paget’s disease of bone, malabsorption syn-
drome, hormone replacement therapy, anti-osteoporosis
agents, oral corticosteroids, anti-epileptic drugs, or treat-
ment with lithium, heparin, or warfarin.

Monocytes, the osteoclast precursors, were isolated
from mononuclear cells with the RosetteSep ™ Human
Monocyte Enrichment Cocktail (Stemcell technologies,
Vancouver, BC, Canada) following the manufacturer’s
instructions. After isolating the monocyte fraction, the
CD14 marker was determined by flow cytometry, obtaining
a culture purity of 90% CD14+ cells. Monocytes were
seeded at 5 x 10° cells on 10 mm glass coverslips
(Marienfeld, Lauda-Konigshofen, Germany) and incubated
for 2 h at 37 °C in 5% CO, in a completed medium of
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alpha-MEM (Gibco) supplemented with 10% FBS (Gibco),
2 mM Glutamax (Gibco), and 1% penicillin/streptomycin
(Gibco). Non-adherent cells were washed out and adherent
cells were used for the osteoclast differentiation. The
adherent cells were cultured in completed medium sup-
plemented with 25 ng/ml M-CSF (Peprotech) and 50 ng/
ml RANKL (Peprotech). All the cultures were maintained
until the generation of multinucleated giant cells, which
occurred at 21-24 days of culture. Culture medium was
changed once every 3 days, and M-CSF and RANKL were
added at each medium change. TRAP and osteoclast actin
ring staining were tested to confirm osteoclast differentia-
tion in culture conditions.

RNA extraction

For RNA extraction of whole bone tissue, bony fragments
were extracted from the transcervical region of the femoral
neck. Fresh bone samples were cut into small fragments,
triple washed in PBS, and stored at —80 °C until use. Total
RNA extraction from total bone tissue, osteoblasts, and
osteoclasts was performed following the manufacturer’s
instructions for the High Pure RNA Isolation kit (Roche
Diagnostics, Indianapolis, USA) and the miRNeasy Mini
kit (Qiagen). The quality of the total RNA was verified by
an Agilent 2100 Bioanalyzer profile.

MicroRNA array hybridization and data analysis

The microarray procedure for whole bone tissue and
osteoblast samples was conducted at Exiqon Services,
Denmark, as previously described [5]. Total RNA from
both test samples (250 ng of total bone or 750 ng of pri-
mary osteoblasts) and reference samples was labeled with
Hy3™ and Hy5™ fluorescent dyes, respectively, using the
miRCURY LNA™ microRNA Hi-Power Labeling Kit,
Hy3™/Hy5™ (Exiqon, Denmark) as indicated by the
manufacturer. Values for the miRNA analysis were cal-
culated as log2 transformed normalized median ratios.
Criteria for miRNA selection were expression values
higher than 1.2 times the 25th percentile of the overall
intensity values per array in at least three samples of total
bone tissue or in two osteoblast samples.

The osteoclast microarray was performed in the Servei
d’Analisi de Microarrays of the Hospital del Mar Medical
Research Institute using the Affymetrix GeneChip® tech-
nologic platform. Samples were poly (A)-tailed and biotin-
ligated using the Genisphere FlashTag™ Biotin HSR RNA
Labelling Kit. After sample processing and before
hybridization, biotin labeling was confirmed with the
Enzyme Linked Oligosorbent Assay (ELOSA). Samples
were then hybridized into the GeneChip® miRNA 4.0
arrays during 16 h at 48 °C and 60 rpm in a GeneChip®

Hybridization Oven 640. Following hybridization, the
arrays were washed and stained in the GeneChip® Fluidics
Station 450, using the GeneChip® Hybridization, Wash and
Stain kit. The stained arrays were scanned with the
GeneChip® Scanner 3000 7G, generating CEL files for
each array. Data quality control was assessed using Affy-
metrix Expression Console software. All arrays met the
quality control criteria.

Normalization was performed with R (version 3.2.3)
using the Robust Multi-array Average algorithm included
in the aroma.affymetrix package. Criteria for miRNA
selection were expression values higher than three times
the 25th percentile of the overall intensity values per array
in at least two of the samples.

The intersections of the expressed miRNAs in fresh
bone, osteoblast, and osteoclast arrays were made using R
programming with the Vennerable package.

Results
Sample description

The anthropometric features of all patient groups are
shown in Table 1. All samples were obtained from post-
menopausal women with no history of metabolic bone
disorders. All samples are independent from each other
without overlapping participants.

Human osteoblast (hOBs) cultures were characterized
by means of ALP detection. Primary osteoblasts showed
similar ALP levels than cultures of osteosarcoma cell lines
confirming the osteoblastic phenotype of cells used for
array analysis (Supplemental Fig. 1).

Human osteoclasts (hOCs) were in vitro differentiated
from monocytic progenitors. Mature TRAP-positive giant
multinucleated osteoclasts were detected at 21-24 days of
culture in the presence of M-CSF and RANKL. Functional
osteoclasts were confirmed microscopically by the pres-
ence of three or more nuclei, the presence of podosomes,
and the formation of actin ring (Supplemental Fig. 2).

Global bone miRNA analysis

Three microRNA profiles were obtained by array
hybridization: one from total fresh bone (n = 6), another
from hOBs (n = 4), and a third from in vitro differentiated
hOCs (n = 5). Bone and osteoblast arrays were from
Exiqon, while the osteoclast array was from Affymetrix.
Only miRNAs shared between platforms (n = 2057) were
included in the study. miRNAs expressed at least in 2/4 of
the hOBs, 2/5 of the hOCs, and 3/6 of the bone samples
were included for the miRNA intersection analysis,
resulting in 801 miRNAs (Fig. 1).
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Table 1 Patients’

. Patients’ characteristics
characteristics, by sample group

Whole bone tissue n = 6

Osteoblasts n = 4 Osteoclasts n = 5

Age (years) 725 £ 742 71.5 £9.94 65.4 £ 5.08
BMI (kg/m?) 26.06 + 3.25 304 +2.43 22.85 £ 2.56
LS BMD (g/cm?) 1.03 £ 0.18 0.97 £ 041 0.80 £ 0.13
FN BMD (g/cm?) 0.794 £ 0.07 0.71 £ 0.11 0.65 + 0.08
Sample source Femoral neck Knee Blood

BMI body mass index, LS BMD lumbar spine bone mineral density, FN BMD femoral neck bone mineral

density

OSTEOBLASTS (n= 266)

V%

BONE TISSUE (n=641) OSTEOCLASTS (n=340)

Fig. 1 Global expression analysis of bone-related miRNAs. Venn
diagram showing data obtained from the microarray analysis of
miRNAs detected in whole bone samples, primary osteoblasts, and
osteoclasts

From the 641 miRNAs detected in bone samples, 345
(54%) were found to be present in osteoblasts and/or
osteoclasts. The other 46% of miRNAs detected in bone
(n = 296) were not identified in any of the bone cells
analyzed. This group of miRNAs might be specific to other
bone cells such as osteocytes, which are the most prevalent
bone cells (90-95%), while osteoblasts are estimated to
constitute 4-6% and osteoclasts around 1-2%. Other cell
sources may be lining cells, MSCs, or even adipocytes.

At the intersection of hOB and hOC profiles, 101
miRNAs which shared between both cell types were
identified, accounting for about 30-40% of miRNAs
detected in these cells. Moreover, seven miRNAs detected
in both cell types were not detected in bone tissue samples
(miR-1228-5p, miR-193b-5p, miR-197-3p, miR-3127-3p,
miR-320d, miR-324-3p, and miR-455-3p).

miRNAs from bone tissue profile were then sorted by
expression level. Of the most highly expressed bone-re-
lated miRNAs, 13 (65%) of the top 20 and 9 (90%) of the
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top 10 were found in osteoblasts and/or osteoclasts.
Table 2 shows the top ten most highly expressed miRNAs
in bone and their localization.

A total of 266 miRNAs were detected in osteoblasts, of
which 243 (91%) were also present in total bone samples,
representing 38% of all 641 bone miRNAs. Of these 243
miRNAs, 94 were also expressed in osteoclasts. miRNAs
present in all osteoblast samples were sorted by expression
level. Of the most highly expressed human miRNAs, 75%
of the top 20 were found in bone tissue and the other 25%
were detected only in the osteoblast profile (miR-1282,
hsa-miR-1228-5p, miR-508-3p, miR-3127-3p, and miR-
1825). The top 10 most highly expressed miRNAs in hOBs
are shown in Table 3.

In osteoclasts, 340 miRNAs were detected, of which 196
(58%) were also present in the bone tissue profile, repre-
senting 31% of all miRNAs detected in total bone tissue.
miRNAs present in all osteoclast samples were sorted by
expression level. In this case, all 20 of the most highly
expressed osteoclast-related miRNAs were found in bone
tissue. Table 4 shows the top 10 most highly expressed
miRNAs in hOCs.

As a sensitivity analysis, the same intersection analysis
was performed considering only the miRNAs detected in
all samples. A slight decrease in the number of miRNAs
was detected in most of the sample groups, but the pro-
portions remained the same (Supplemental Fig. 3).

Discussion

Three microarrays were performed: one from whole bone
tissue, one from cultured osteoblasts, and one from dif-
ferentiated osteoclasts, with the aim of getting a broad
overview of microRNA expression in bone tissue.

To reduce interindividual variability, only miRNAs
present in at least 2/4 of the hOB samples, 2/5 of the hOC
samples, and 3/6 of the bone samples were included in the
intersection analysis. Many miRNAs were detected exclu-
sively in one individual; for instance, 44 miRNAs were
detected in a single osteoblast sample. It is obvious that
great interindividual variability exists among patients and
must be taken into account when using human samples.
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eT;;zleZsze dTr(r)lri)RtIffr;\r:l?r?tthe bone miRNA Localization Target gene(s) References

tissue array (listed in order of g 76 5p OB Jagged-1, FUT4 [17, 18]

expression levels) and their . . .

localization miR-20a-5p oC BMP2, RUNX2, PPARy, Bambi, Criml, LRF [10, 19, 20]
miR-16-5p OB and OC Wipl, FUBP1 [21, 22]
miR-126-3p oC c-FLIP, MAP3K10 [23, 24]
miR-4284 OB and OC TRAF4, BCL 10, HDAC, HOXAl, PTEN, CXCL5 [25, 26]
let-7a-5p OB and OC Lin28B, HUGA2, STAT3 [27, 28]
miR-223-3p ONLY BONE C/EBPf, IKKo, NFIA, FGFR2 [13]
miR-4791 OB Unknown
miR-27a-3p OoC sFRPI, APC, Mef2c [12, 29, 30]
let-7g-5p OB and OC IL-6, Aurora-B, COLIA2 [31-33]
Validated and predicted target genes are described
OB osteoblasts, OC osteoclasts

::;;l;; dTr(I)lli)RtliII}%gliOrftthe hOB miRNA Overlapping Target gene(s) References

array (listed in order of miR-3679-3p BONE Unknown

expression levels) and the .

overlap in total bone tissue and miR-1207-3p BONE FNDCI [34]

hOC arrays miR-4723-3p BONE Abll, Abl 2 [35]
miR-718 BONE PTEN, EGR3 [36, 37]
miR-4274 BONE SLCI8A2 [38]
miR-1249 BONE PTCHI [39]
miR-1282 ONLY OB Unknown
miR-3614-3p BONE Unknown
miR-885-5p BONE and OC CPEB2, CTNNBI, IGFIR [40-42]
miR-147a BONE HIF-3o [43]

Validated and predicted target genes are described

OB osteoblasts, OC osteoclasts

Table 4 Top ten most expressed miRNAs in the hOC array (listed in order of expression levels) and the overlap in total bone tissue and hOB

arrays

miRNA Overlapping Target gene(s) References
miR-1273g-3p BONE and OB PTEN, CNRI [44, 45]
miR-378a-3p BONE TGF-2, WntlOa [46, 47]
miR-4497 BONE and OB  Unknown

miR-191-5p BONE and OB MDMA4 (48]
miR-3960 BONE and OB Hoxa2, HOXAI [49, 50]
miR-3665 BONE Unknown

miR-24-3p BONE and OB  Prdx-6, FGFI11, TRIM11, DEDD, CDKN1B/P27kipl, MYC [51-55]
miR-23a-3p BONE and OB SMAD3, KDM4A, BCLAF1, ABT1, RUNXITI, CTCF, GZF1, GAZF1, ZC3HS8, ZFR, ZBTB38 [56-58]
miR-342-3p BONE RAP2B, AEG-1, FOXM1 [59-61]
miR-4787-5p  BONE and OB TGFf1 [62]

Validated and predicted target genes are described

OB osteoblasts

Unlike the osteoblast profile, in which the vast majority
of miRNAs were also observed in the bone array, only half
of miRNAs detected in osteoclasts were also detected in

total bone tissue. One possible explanation is the low
percentage of osteoclasts in bone, which makes it difficult
to detect osteoclast-specific miRNAs when total bone
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tissue is analyzed. Hence, only miRNAs highly expressed
in osteoclasts can be detected in the bone tissue array.
Another explanation may be the methodology used to
obtain osteoclast cells, since they were differentiated from
blood mononuclear cells in vitro instead of isolating them
in situ from bone tissue. Remarkably, all top 20 most
highly expressed osteoclast-related miRNAs were found in
bone tissue. This fact corroborates the low osteoclast
presence hypothesis: only highly expressed miRNAs in
osteoclasts are detected in the bone tissue array, which is a
limitation of whole tissue studies.

On the other hand, the detection of some true miRNAs
expressed in human osteoclasts might be lost due to the
in vitro procedure, and we cannot rule out that some
miRNAs detected in hOCs may be artifacts of the artificial
laboratory cell differentiation, which would explain their
absence in the bone array. Unfortunately, due to the rela-
tively small number of osteoclasts in human bone tissues,
in vitro differentiation from peripheral blood mononuclear
cells is the most common current methodology used to
obtain hOCs.

In this regard, seven miRNAs were detected in both
hOB and hOC cells but not in bone tissue samples. These
miRNAs might be attributable to some aspect related to the
in vitro culture conditions. Moreover, of the top 20 most
highly expressed miRNAs in hOB, 25% were detected only
in the osteoblast profile, suggesting that the in vitro con-
ditions of cultured cells create an artificial environment
leading to an altered miRNA expression. On the other
hand, hOB cultures were obtained from knee bone, whereas
total bone samples were obtained from femoral neck, and
therefore, we cannot rule out some site-specific differences
of miRNA expression profiling between knee and femoral
trabecular bones.

Focusing on the top ten most highly expressed miRNAs
in bone; some of them have been previously linked to bone
in the literature (see Table 2). Some reports have described
their association with osteosarcoma: ectopic expression of
miR-26b in the human U20S cell line inhibits prolifera-
tion, migration, invasion, cell cycle arrest, and induction of
apoptosis [9]; miR-20a down-regulates Fas expression in
osteosarcoma, thus contributing to the metastatic potential
of osteosarcoma cells [10]. In addition, miR-20a has been
predicted to target key genes related to osteogenic differ-
entiation, such as BMP2 and RUNX2 [11]. In addition,
miR-27a expression was found to be significantly reduced
in osteoporotic patients [12]. Interestingly, several reports
have focused on the regulatory functions of miR-223 in
bone metabolism. Its expression has been reported to play a
negative role in the differentiation of both osteoblast and
osteoclast [13].

Two of the most highly expressed miRNAs in osteo-
blasts have been recently involved in the osteoporosis
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phenotype. In this regard, two SNPs—rs6430498 in the
miR-3679 and rs12512664 in the miR-4274—were sig-
nificantly associated with femoral neck bone mineral den-
sity and both miRNAs were found overexpressed in
fractured bone [14].

In our analysis, miR-146a-5p, miR-378a-3p, and miR-
342-3p were 3 of the 20 most highly expressed miRNAs in
mature osteoclasts. These miRNAs were detected as sig-
nificantly upregulated during osteoclast differentiation by
de la Rica et al. [15]. In their study, osteoclasts were also
differentiated from primary monocytes obtained from three
human donors, and mature osteoclasts were obtained
21 days after RANKL/M-CSF stimulation. Further studies
are needed to fully explore the involvement of these
miRNAs in osteoclast regulation.

As observed during our study and described in the lit-
erature, the vast majority of miRNAs are non-restrictive to
an exclusive cell type. Thus, a broad view of miRNA
function in any one tissue would be a fundamental pre-
requisite to understand the complete regulation mechanism
of miRNAs in the tissue, which in turn would contribute to
the improvement of miRNA-based therapies in that specific
tissue.

Primary osteoblasts and osteoclasts are the most com-
mon bone cells used in research because of the availability
of cell isolation protocols. One limitation of the present
study is the lack of profiling for osteocytes, the most
common bone cells. Although several techniques have
been published for the isolation of osteocytes from mouse
bone, no such technique has yet been established for human
osteocytes. Recently, Prideaux et al. [16] developed a
protocol for the isolation of osteocytes from human tra-
becular bone samples obtained during surgery. The next
step would be to obtain the miRNA signature of the
osteocytes, to provide an even more comprehensive view
of the miRNA signature in human bone tissue. Other lim-
itation is that bone samples were obtained from osteoar-
thritic joints and some bone abnormalities may be present.
Due to ethical reasons, the collection of joint samples of
healthy individuals is not allowed. However, in an attempt
to minimize this potential caveat, we were careful in
obtaining bone samples from a location as far away as
possible from the osteoarthritic lesion.

Overall, this study presents a broad view of miRNAs
expressed in bone tissue that will contribute to enhancing
our knowledge about the miRNA field in human bone. This
study also provides information for further studies using
bone-related miRNAs and for designing future miRNA-
based therapies.
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