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Biochemistry and Cell Biology

Abstract

Osteoblasts and osteoclasts are responsible for the formation and resorption of
bone, respectively. An imbalance between these two processes results in a disease
called osteoporosis, in which a decreased level of bone strength increases the risk of a
bone fracture. MicroRNAs (miRNAs) are small non-coding RNA molecules of 18-25
nucleotides that have been previously shown to control bone metabolism by
regulating osteoblast and osteoclast differentiation. In the present study, we detected
the expression pattern of 10 miRNAs in patient serum samples, and identified six
miRNAs altered expression in patients with osteoporosis relative to non-osteoporosis.
We selected miR-144-3p for further investigation, and showed that it regulates
osteoclastogenesis by targeting RANK and that it is conserved amongst vertebrates.
Disrupted expression of miR-144-3p in CD14+ PBMCs changed TRAP activity and
the osteoclast-specific genes TRAP, cathepsin K (CTSK), and NFATC. TRAP staining,
CCK-8 and flow cytometry analyses revealed that miR-144-3p also affects osteoclast
formation, proliferation and apoptosis. Together, these results indicate that
miR-144-3p critically mediates bone homeostasis, and thus, represents a promising

novel therapeutic candidate for the treatment of this disease.

Keywords: osteoporosis, miR-144-3p, RANK, osteoclastogenesis

Introduction
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Biochemistry and Cell Biology

The maintenance of bone homeostasis requires the correct balance between
osteogenesis and bone resorption, as mediated by osteoblasts and osteoclasts,
respectively (BENNETT et al. 2005) (MULARI ef al. 2004). Imbalance between these
two processes results in osteoporosis, which is characterized by a decrease in bone
mineral density and by abNon-osteoporosis bone microarchitecture (BOLLERSLEV et
al. 2005; L1 et al. 2010). As life expectancy increases worldwide, a greater number of
individuals suffer from osteoporosis; for example, almost half of the population in
China is affected by the condition, and affected individuals suffer an average fracture
ratio of almost 33% (WANG et al. 2015; ROUSE et al. 2016). Despite extensive
research, the underlying mechanisms for this disease, and novel osteoporosis therapies,
remain elusive (ADLER 2016).

Osteoclasts critically mediate bone building by enabling bone resorption (AMANO
et al. 1998). The OPG/RANKL/RANK signalling pathway was recently identified as
a classical pathway associated with osteoclast differentiation (WRIGHT et al. 2009).
The pathway includes the receptor activator of the nuclear factor kappa-B (NF-kB)
ligand (RANKL), which is an osteoclast differentiation factor and receptor of the
receptor activator of NF-kB (RANK) (SOBACCHI et al. 2007). RANK is located in the
cell membrane of osteoclasts, and functions to accelerate osteoclast activation and
differentiation (HSU ez al. 1999). Osteoprotegerin (OPG), also known as
osteoclastogenesis inhibitory factor (OCIF) or tumour necrosis factor receptor
superfamily member 11B (TNFRSF11B), is a decoy receptor that binds RANKL, and

thereby prevents RANK-mediated NF-xB activation (BOYCE and XING 2007). A
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recent study successfully induced circulating CD 14+ peripheral blood mononuclear
cells (CD14+ PBMCs), which are early osteoclast progenitors, to differentiate into
osteoclasts in vitro by activating either macrophage colony-stimulating factor (M-CSF)
or RANKL (SHALHOUB ef al. 2000; SORENSEN et al. 2007). This was possible because
CD14+ PBMCs express RANK, which is activated by binding RANKL and
subsequently induces osteoclast differentiation (HSU et al. 1999).

MicroRNAs (miRNAs) are a class of small noncoding single stranded RNAs
composed of 18-25 nucleotides (BARTEL 2004), which were first identified in C.
elegans, but that have now been reported to play various crucial roles in cell
development, proliferation, and differentiation (EBERT and SHARP 2012; MENDELL
and OLSON 2012). Each miRNA regulates a given target gene by recognizing a ‘seed
sequence’ site, (located in either the 3" untranslated region (3'UTR) or coding
sequence (CDS) of the target gene), to promote degradation or inhibit translation of
the target gene (RANA 2007; PAL ef al. 2015). Recent research revealed that miRNA
activity mediates bone homeostasis by regulating the expression of key osteoblast and
osteoclast differentiation genes (VAN WIINEN et al. 2013). For instance, miRNA-145
targets Sp7 to suppress osteogenic differentiation (JIA ef al. 2013), miR-21 has been
reported to mediate mesenchymal stem cell (MSC) proliferation and differentiation
during bone formation (ZHAO et al. 2015), and similarly, miR-214 targets FGFRI to
attenuate osteogenic MSC differentiation (SHI ef al. 2013). miRNAs have also been
shown to affect osteoclast function, for example, overexpression and silencing of

miR-503 in CD14+ PBMCs was recently found to inhibit and promote

https://mc06.manuscriptcentral.com/bcb-pubs
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90 RANK-induced osteoclastogenesis, respectively, via the targeting of RANK (CHEN et

91  al 2014). In contrast, miRNAs are themselves targets of many regulators that affect

92  bone differentiation. For instance, DLX3 is a crucial regulator of hair follicle

93  differentiation and cycling, but also targets miR-124 in bone tissue to negatively

94  regulate osteoclastic differentiation (ZHAO et al. 2016). Thus, miRNAs have been

95 identified to regulate bone homeostatic processes, and in fact, the importance and

96 complexity of this miRNA network suggests that continued research is required to

97 elucidate the extent to which it affects osteoporosis pathogenesis.

98 In the clinical setting, diagnosis of osteoporosis was predominantly achieved by

99  measuring bone mineral density and bone quality, where a loss of bone mineral
100  density is indicative of osteoporosis. Early diagnosis is beneficial in facilitating an
101  optimal treatment regime. Serum or systemically circulating miRNAs have been
102  described in many diseases, including many types of cancer, as well as myocardial
103  conditions, endometriosis, gastrointestinal disease, and/or diabetes mellitus (DEVAUX
104 et al 2015). Various miRNAs have been previously reported as serum biomarkers for
105  osteoporosis; for example, Seeliger et al. reported miRNA-21, -23a, -24, -25, -100,
106  and -/25b to be expressed at a significantly higher level in the serum and bone tissues
107  of patients with osteoporosis as compared to healthy individuals (SEELIGER ef al.
108  2014). Very recently, Chen et al. described 15 serum miRNAs that were differentially
109  expressed in OVX rats (an osteoporosis animal model), as identified and validated by
110  microarray analysis and quantitative real-time PCR (qRT-PCR) (CHEN et al. 2016).

111 Taken together, these previous studies suggest that miRNAs are promising biomarkers
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for the early diagnosis of osteoporosis.

In the present study, we used qRT-PCR to reveal that miR-144-3p is
downregulated in osteoporotic serum and bone tissues, and thus is a likely biomarker
for the diagnosis of osteoporosis. We also identified conserved miR-144-3p target sites
in the RANK 3'UTR via bioinformatics analysis, and demonstrated that
overexpression of miR-144-3p inhibited RANK expression in vitro to mediate
osteoclast formation, proliferation, and apoptosis. Thus, we conclude that miR-144-3p
targets osteoclasts via RANK. Our research provides a novel candidate biomarker for

the diagnosis of osteoporosis in the clinical setting.

Materials and Methods
Primary human samples

Recruited patients admitted to our clinic with hip fractures were separated into
two groups, comprising patients with osteoporosis who had a fracture (subject group),
and patients non-osteoporosis but who had a fracture (control group). Blood and bone
samples were collected during implantation of a total endoprosthesis or gamma nail
into the proximal femur. The Local Ethical Review Committee of The Second

Affiliated Hospital of Soochow University approved the present study.

Sample processing, miRNA extraction, and gRT-PCR

miRNAs from serum were extracted using the miRNeasy Serum/Plasma Kit

(Qiagen), according to the manufacturer’s instructions. miRNA and mRNA were
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extracted from bone tissue using TRIzol, as per the manufacturer’s instructions.
miRNA was subsequently transcribed to generate cDNA using the PrimeScript’™ One
Step cDNA Synthesis Kit (Takara), and mRNA was transcribed to first strand cDNA
using the First Strand cDNA Synthesis Kit (Takara) for gene expression analysis in
bone tissue. qRT-PCR was performed using the ABI 7000 RT-PCR system (ABI,
USA), with the listed primers (Table 1) and PrimeScript'” RT reagent kit (Takara,

Japan), according to the manufacturer’s instructions.

CD14+ PBMC cultures

Whole blood was obtained using a protocol approved by the Local Research
Ethics Committee, and PBMCs were isolated as previously described (SORENSEN et al.
2007). CD14+ PBMCs were purified using CD14 antibody-coated magnetic cell
sorting (MACS) MicroBeads (Miltenyi Biotec), and the purity of these cells was
assessed using flow cytometry. When the CD14+ PBMCs purity was more than 90%,
subsequent experiments were carried out. CD14+ PBMCs (density 2.5 x 10
cells/well, in a 48-well cluster plate) were cultured (37 °C, in a humidified
atmosphere with 5% CQO,) in alpha minimum essential medium (a-MEM)
supplemented with 10% foetal bovine serum (FBS), penicillin (50 [U/mL), and
streptomycin (50 mg/mL). Osteoclastic differentiation was induced by replacing this
medium with that supplemented with 25 ng/mL recombinant M-CSF and 25 ng/mL

human RANKL (R&D Systems, Minneapolis).
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Luciferase activity assay

A segment of the wild type (WT) RANK 3'UTR cloned into the pMir-reporter
vector (Ambion), and a mutant RANK 3'UTR was generated by altering the predicted
miR-144-3p RANK 3'UTR binding site via a two-step PCR approach. HEK 293T cells
were co-transfected with either a WT or mutant RANK 3’ UTR reporter vector, and the
miR-144-3p mimic or negative control constructs, cultured for 24 h, and then assessed
to ascertain their exhibited luciferase activity using a dual-luciferase reporter assay
system (Promega).
Tartrate-resistant acid phosphatase (TRAP) staining

TRAP staining was performed using a commercially available TRAP staining kit
according to the manufacturer’s instructions (Sigma). Osteoclasts were identified as
TRAP-positive multinucleated (more than or equal to three nuclei) cells. The number
of TRAP-positive multinucleated giant cells were counted in a 48-well culture plate
using a Leica DM4000B microscope and photographed using a Leica DFC450c

camera.

Cell proliferation assay

Cell proliferation was analysed using the Cell Counting Kit 8 (CCK-8; Dojindo).
After 6 days, CD14+ PBMCs were inducible, differently treated cells were then
incubated for another 24 h. The optical density (OD) of each group was measured at

450 nm using a BioTek microplate reader.
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Cell apoptosis assay

CD14+ PBMC apoptosis was analysed via the flow cytometry method (FCM),
using an Annexin V-PI Apoptosis Detection Kit (Abcam). Briefly, cells were collected
six days after the induction of differentiation, washed with phosphate-buffered saline
(PBS), and suspended in 500 pl of binding buffer. They were then incubated (37°C,
10 min) with Annexin V, stained with propidium iodide (PI), and analysed via the

FCM to determine their relative quantitative rate of apoptosis.

Statistical analyses

Data are presented as the mean + SD. Statistical differences between two or more
groups were determined using the Student’s 7-test and one-way ANOVA followed by
Student—Newman—Keuls test, respectively. All experiments were repeated at least
three times, and representative results are shown. A p-value <0.05 was considered to

indicate statistical significance.

Results
gRT-PCR screening of differential miRNA expression in serum and bone samples
of patients with and without osteoporosis

We selected 10 candidate miRNAs, which were reportedly related to bone

metabolism, to undergo qRT-PCR analysis to examine their differential expression in

https://mc06.manuscriptcentral.com/bcb-pubs
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serum and bone samples of patients with and without osteoporosis (Fig. 1A).15
non-osteoporosis and 45 osteoporosis sample was used. The non-osteoporosis sample
we label with Non-osteoporosis and osteoporosis patient label with osteoporosis in the
next experiments. All the sample clinic data was provided in the supplementary. The
results of this analysis showed no difference in miRNA-7-5p or miR-211-5p expression,
but a significant upregulation of miR-24-3p, 27a-3p, 100, 125b, and 122a expressions
in both the serum and bone samples of osteoporosis with as compared to
non-osteoporosis. The expression of miR-128 was found to be upregulated in bone
tissue, but unchanged in the serum of osteoporosis with as compared to without
non-osteoporosis. Conversely, miR-145 was upregulated only in the serum but not the
bone tissue of osteoporosis. While miR-144-3p has not been previously reported to be
associated with osteoporosis, the results of the present study show that it was
significantly downregulated in both the serum and bone samples of patients with as
compared to non-osteoporosis (Fig. 1B, C). Thus, the generated data clearly
demonstrate differential miRNA expression in osteoporosis, as compared to those not

affected by the disease.

miRNA-144-3p mediates gene expression in osteoporosis

We selected miR-144-3p as the focus for our subsequent analyses investigating
the effects of miRNA activity on the pathogenesis of osteoporosis. We first used
TargetScan online software (http://www.targetscan.org/vert-71/) to predict
miR-144-3p targets and refined the resultant list to include only those candidate genes

10
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associated with bone metabolism; the list comprised of BMPRIA, COLIIA, SMADA,
ESRRG, and RANK. To investigate the expression patterns of these candidate genes,
total mMRNA was extracted from patient samples and subjected to qRT-PCR. The
results of this analysis showed that BMPRIA, COL1IA, and ESRRG expression was
unchanged between patients with and without osteoporosis (Fig 2A, B, D); however,
the expression of SMAD4 and RANK was significantly upregulated in patients with
osteoporosis as compared to those without the disease (Fig 1C, E). A previous report
demonstrated that miR-144-3p regulates osteogenic differentiation, as well as the
proliferation of murine MSCs by specifically targeting Smad4; thus, we selected
RANK to be the focus of our subsequent analyses. We used ELISA to examine the
RANK content in patient serum samples, and resultantly showed that the
concentration of RANK was significantly higher in patients with osteoporosis than in
those without osteoporosis (Fig 1F). This suggests that RANK concentration is

regulated by miR-144-3p.

RANK is a direct miR-144-3p target gene

TargetScan online software was used to identify a probable single miR-144-3p
target site in the RANK 3'UTR that was comprised of nine nucleotides homologous
with the miR-144-3p consensus seed sequence. Furthermore, this RANK 3'UTR
miR-144-3p target site was found to be conserved in humans, chimps, mice, dogs, and
lizards (Fig 3A).

To investigate the potential differential expression of miR-144-3p during

11
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osteoclastogenesis, CD14+ PBMCs from patients unaffected by osteoporosis were
induced to differentiate via M-CSF and RANKL treatment. These cells were cultured
for 6 days, and then analysed via qRT-PCR to determine their miR-144-3p expression.
The results of this analysis showed that the CD14+ PBMC miR-144-3p expression
was significantly downregulated in response to the induction of differentiation as
compared to undifferentiated cells (at 0 days) (Fig 3A). The miR-144-3p negative
control, inhibitor, and mimic were next transfected into CD14+ PBMCs, which were
subsequently induced to differentiate via treatment with M-CSF and RANKL, and
collected after 6 days of culture. qRT-PCR analysis of RANK expression at this point
revealed it to be increased and decreased in the inhibitor- and mimic-transfected cells,
respectively, compared with the negative control-transfected cells (Fig 3C). These
data suggest that RANK is a miR-144-3p target in CD14+ PBMCs.

To validate this hypothesis, we cloned a WT and mutant (seed sequence) RANK
3'UTR into the pMir-reporter vector to generate a CM V-luciferase-WT and
CM V-luciferase-mutant RANK 3'UTR expression vector, respectively (Fig 3D).
Dual-luciferase reporter assays were then conducted by co-transfecting HEK 293T
cells with these expression vectors and the miR-144-3p negative control, mimic,
and/or inhibitor. The results of these analyses showed that luciferase activity was
significantly decreased in response to co-transfection of the CMV-luciferase-WT
RANK 3'UTR and miR-144-3p mimic, as compared to co-transfection of the
CM V-luciferase-WT RANK 3'UTR and the miR-144-3p negative control. In contrast,
co-transfection of the CM V-luciferase-mutant RANK 3'UTR and miR-144-3p mimic

12
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failed to inhibit luciferase activity (Fig 3E). Similarly, western blot analysis of RANK
protein levels in CD14+ PBMCs transfected with the miR-144-3p negative control,
inhibitor, and/or mimic showed RANK production to be increased and decreased in
response to transfection of the miR-144-3p inhibitor and mimic, respectively, as
compared to RANK levels in the negative control (Fig 3F). Together, these data

confirm RANK as a miRNA-144-3p target.

miR-144-3p regulates the osteoclastogenesis of CD14+ PBMCs following M-CSF
and RANKL treatment

To investigate the role of miRNA-144-3p during osteoclastogenesis, CD14+
PBMC:s from a patient unaffected by osteoporosis were transfected with the
miR-144-3p negative control, mimic, and/or inhibitor, treated with M-CSF and
RANKL, cultured for 6 days, and then analysed to evaluate their expression of the
osteoclast-specific genes TRAP, cathepsin K (CTSK), and NFATC, and for their
exhibited TRAP activity. The results of these analyses showed that treating the
CD14+ PBMCs with the miR-144-3p mimic and inhibitor significantly decreased and
increased TRAP activity, respectively, as compared with the negative control (Fig 4A).
Similarly, the qRT-PCR analysis demonstrated that TRAP, CTSK, and NFATC mRNA
expression was down- and up-regulated in response to treating the CD14+ PBMCs
with the miR-144-3p mimic and inhibitor, respectively, as compared to treating them
with the negative control (Fig 4B-D). These results suggest that miR-144-3p
negatively regulates osteoclastogenesis.

13
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miR-144-3p affects osteoclast formation following the M-CSF and RANKL
treatment of CD14+ PBMCs

To explore the role of miR-144-3p in osteoclast formation, TRAP staining
experiments were performed. The results showed that the number of TRAP-positive
cells decreased in the miR-144-3p mimic group, and the number of TRAP-positive
cells increased in the miR-144-3p inhibitor group as compared with the negative
control group (Fig. SA B). These results demonstrated that miR-144-3p affects

osteoclast formation.

miR-144-3p mediates the proliferation and apoptosis of M-CSF/RANKL-induced
osteoclasts

To investigate the role of miR-144-3p in cell proliferation and apoptosis during
osteoclastogenesis, CD14+ PBMCs were transfected with the miRNA-144-3p negative
control, inhibitor, and/or mimic, and induced to differentiate via treatment with
M-CSF and RANKL. These cells were cultured for 6 days, and then subjected to
CCK-8 assay and flow cytometric analysis (Fig 5A). The results of the CCK-8 assay
revealed that treatment with the miR-144-3p mimic and inhibitor reduced and
increased CD14+ PBMC proliferation, respectively, as compared to treatment with the
negative control (Fig 5B). Similarly, the results of the flow cytometric analysis
showed that transfection of the miR-144-3p mimic increased CD14+ PBMC apoptosis
as compared to transfection with the negative control; however, no difference was

14
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observed in response to transfecting CD14+ PBMCs with the miR-144-3p inhibitor
(Fig 5C). Together, these data indicate that miR-144-3p mediates apoptosis and cell

proliferation during osteoclastogenesis.

Discussion

Osteoporosis is a disorder characterised by a loss of balance between osteoblast
and osteoclast activities (LI ef al. 2010). An increasing proportion of aging individuals
worldwide are affected by this condition; thus, study into novel therapeutic
interventions is urgently required to mitigate the increasing medical and
socioeconomic burden caused by osteoporosis (WANG et al. 2015). miRNAs critically
mediate osteoporosis pathogenesis, and many previous studies have revealed that this
occurs via their exerted effects on both osteoblasts and osteoclasts (VAN WIINEN et al.
2013). In the present study, we identified miR-144-3p as an osteoporosis-associated
miRNA that targets RANK to mediate osteoclastogenesis, and whose differential

expression likely contributes to the pathogenesis of this disease.

miR-144-3p is a novel serum biomarker for osteoporosis

Extensive research into the use of serum-based miRNAs as disease biomarkers
has been conducted over the last several years (DEVAUX et al. 2015; ROUSE et al.
2016). Furthermore, various osteoporosis miRNA biomarkers have been investigated
as potential diagnostic tools in the clinical setting (MENG et al. 2015). For example, in
2014, Seeliger et al. reported five freely circulating serum and bone tissue-contained

15
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miRNAs (miR-21, 23a, 24, 25, 100, and 125b) that were associated with osteoporotic
fractures (SEELIGER et al. 2014), and more recently, Chen et a/. identified 15 serum
miRNA osteoporosis biomarkers (CHEN et al. 2016). Meng et al. and Zat et al.
identified miR-194-5p and miR-422a, respectively, as potential biomarkers for
postmenopausal osteoporosis (CAO et al. 2014; MENG et al. 2015), and similarly,
Wang et al. reported miR-133a in human circulating monocytes as an additional
candidate biomarker associated with postmenopausal osteoporosis (WANG et al.
2012).

In the present study, we selected and assessed the expression of 10 miRNAs in
patients with osteoporosis, two of which (miR-100 and miR-125b) were previously
evaluated by Seeliger et al. (SEELIGER et al. 2014). The results of the present study are
consistent with those of Seeliger et al., which showed that both miR-100 and
miR-125b were upregulated in patients with osteoporosis. miR-122a was also found in
the present study to be upregulated in both the serum and bone samples of patients
with, as compared to Non-osteoporosis. Conversely, miR-128 and miR-145a were
shown to be elevated only in the bone and serum samples, respectively, of patients
with osteoporosis. Of these, miR-145a has been previously shown to suppress
osteogenic differentiation by targeting Sp7 (JIA et al. 2013). In the present study, we
found miR-144-3p to be differentially expressed in osteoporotic serum and bone
samples, suggesting that it is a promising novel biomarker for the diagnosis of
osteoporosis in the clinical setting. Although many miRNAs have, to date, been
identified as candidate osteoporosis biomarkers, their effect on osteoporosis

16
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pathogenesis is not well understood.
RANK is a direct target of miRNA-144-3p

miRNAs regulate gene expression by recognising the 3'UTR or CDS of various
target genes (BARTEL 2004). Of these target genes, SMAD4 and RANK were
established to exhibit differential expression in patients with osteoporosis via
gRT-PCR. We selected RANK for further analysis, since SMAD4 has been previously
reported to be targeted by miR-144-3p during its regulation of murine MSC
osteogenic differentiation and proliferation (HUANG et al. 2016). RANK exists in the
cell membrane, and after binding to its ligand, mediates osteoclast differentiation. Our
loss-of-function and overexpression experiments revealed that RANK is a target gene
for miR-144-3p.
miR-144-3p targets RANK to regulate osteoclastogenesis

miR-144-3p regulates osteoclastogenesis by targeting RANK. This was shown in
the present study with both loss-of-function and overexpression experiments for
miR-144-3p in vitro. As a known type Il membrane protein and a member of the
tumour necrosis factor (TNF) superfamily (BOYCE and XING 2007; WRIGHT ef al.
2009), RANKL induces osteoclast differentiation by binding and activating RANK in
myeloid-lineage cells (BOYCE and XING 2007; BOYCE and XING 2008). RANK may
also bind to OPG, which is a protein secreted predominantly by cells of the osteoblast
lineage that potently inhibits osteoclast formation by preventing the binding of
RANKL to RANK (WRIGHT et al. 2009). In the present study, we revealed that
miR-144-3p inhibits TRAP activity. It is well established that the bone matrix

17
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phosphoproteins osteopontin and bone sialoprotein are highly efficient in vitro TRAP
substrates that bind to osteoclasts when phosphorylated (HAYMAN 2008). Furthermore,
TRAP activity has been previously shown to be an osteoclast marker (HALLEEN et al.
2006; WU et al. 2009), and increased TRAP activity is considered to be indicative of a
high rate of osteoclast differentiation. In the present study, we also examined the
expression of two key genes, NFATCI and CTSK, in PBMCs after the transfection
with the miR-144-3p mimic and inhibitor. NFATC1 is involved in the NFATC1
signalling pathway, which is critical to the regulation of osteoclast differentiation and
maturation (CROTTI et al. 2006; KiM and KimM 2014). CTSK has been shown to be
predominantly involved in degrading the organic bone matrix and controlling
osteoclast population size by regulating apoptosis (HENRIKSEN ef al. 2006; FULLER et
al. 2008). In the present study, transfection of the miR-144-3p mimic and inhibitor
induced a significant decrease and increase, respectively, in the expression of both
NFATCI and CTSK. Furthermore, transfection of both constructs affected cell
proliferation and apoptosis, strongly suggesting that miR-144-3p affects
osteoclastogenesis by targeting RANK.

The results of the present study also identified SMAD4 as being differentially
expressed in response to modulating miRNA-144-3p expression. SMAD4 is known to
be activated by BMP signalling and to predominantly mediate osteoblastogenesis. In
fact, a recent study showed that miRNA-144-3p could target SMAD4 to regulate
osteoblastogenesis (HUANG et al. 2016); thus, miR-144-3p appears to not only
participate in osteoclastogenesis, but also osteoblastogenesis.
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In summary, we conclude from the results of the present study that miR-144-3p
should be considered as a serum osteoporosis biomarker for use in the clinical setting.
miR-144-3p via direct targeting of RANK mediates osteoclastogenesis. Thus,
miRNA-144-3p may be a promising novel therapeutic candidate for the treatment

osteoporosis.
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Gene Forward primer Reverse primer Note
name
BMPRIA GCTTCATGGCACTGGGATG CATCATCTGGACAGTGCCCT qRT-PCR
COLI1IA CACCCTCATTGTTGACTGCA | GGCAGCAACCTCAAAGACTT | qRT-PCR
SMAD4 TGATCTATGCCCGTCTCTGG | CCAGGTGATACAACTCGTTCG | qRT-PCR
ESRRG GAATGGCCATCAGAACGGAC | CACACTTGGTCTGGGGATCT qRT-PCR
RANK ACTACACCAAGTACCTGCGT | ACGAACATGGAGCGGGAG gRT-PCR
TRAP ACCAATTCTGTGTCCTCGGA | TAATCGAGTGCAGGGGTTCC | qRT-PCR
NFATCI GCCCGAAGACTACTCCTCTT | GCTCATGTAGGACGTAGGGG | qRT-PCR
CTSK TGCAGAAGAACCGGGGTATT | AGGGCTTTCTCATTCCCCTC qRT-PCR
RANK TTCCTGGATGTTTGGAAAC GAGACATGAAGGTGAAGTAC | 3°UTR
CLONE
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Figure legends

Fig. 1 miRNA expression patterns in bone and serum samples from
Non-osteoporosis and osteoporosis (A) Selected candidate miRNAs, and
corresponding qRT-PCR primer sequences. (B) Expression patterns of the selected
candidate miRNAs in patient serum samples. (C) Expression patterns of the selected
candidate miRNAs in patient bone samples. Expression levels are represented as the
mean = S.D, with statistical significance being assessed via the Student’s f-test

(p<0.05).

Fig. 2 Potential miR-144-3p target genes expression patterns in non-osteoporosis
and osteoporosis. Online software was used to predict miR-144-3p target genes, and
the resultant list of candidates was refined to include only those genes associated with
bone homeostasis. Selected candidate genes were verified to be differentially
expressed between non-osteoporosis and osteoporosis, via qRT-PCR. (A-E) The
expression patterns of (A) BMPRI1A4, (B) COL11A, (C) SMAD4, (D) ESRRG, and (E)
RANK in non-osteoporosis and osteoporosis in bone tissue. (F) The level of RANK
production in patient serum samples was assessed via ELISA. Expression levels are
represented as the mean + S.D., with statistical significance being assessed via the

Student’s #-test (p<<0.05).

Fig. 3 RANK is a miR-144-3p target gene (A) Using TargetScans online software,
we identified a miR-144-3p target site (red colour) in the RANK 3'UTR that is
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conserved in humans, chimps, mice, dogs, and lizards. (B) The expression of
miR-144-3p was measured in CD14+ PBMCs using qRT-PCR, six days after the cells
were induced to differentiate. (C) CDI14+ PBMCs were transfected with the
miR-44-3p mimic or inhibitor, and their expression of RANKL was then assessed via
gRT-PCR. (D) A WT and mutant RANKL 3'UTR was cloned into the pMir-reporter
vector to generate the CMV-luciferase-RANKL and CMV-luciferase-RANKL mutant
3'UTR vectors. (E) A cell-transfection experiment was performed to demonstrate that
miR-144-3p inhibits RANKL expression in vivo. +, added; -, not added. (F) Western
blot analysis demonstrating that miR-144-3p affects RANKL protein levels in vivo. +,
added; -, not added. Data represent the mean + S.D., with statistical significance being

assessed by the Student’s #-test (p<0.05).

Fig. 4 miR-144-3p regulates the induction of CD14+ PBMCs to undergo
osteoclastogenesis via M-CSF and RANKL treatment (A) CD14+ PBMCs were
induced to differentiate via M-CSF and RANKL treatment and cultured for six days,
before they exhibited TRAP activity. Transfection of the miR-144-3p mimic and
inhibitor was shown to decrease and increase CD14+ PBMC TRAP activity,
respectively. (B-D) qRT-PCR analysis of (B) TRAP, (C) NFATC, and (D) CTSK
mRNA expression in response to transfection of CDI14+ PBMCs with the
miRNA-144-3p negative control, mimic, or inhibitor. Data represent the mean + S.D.,

with statistical significance being assessed by the Student’s t-test (p<0.05).
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Fig. 5 miR-144-3p regulates osteoclast formation following the M-CSF and
RANKL treatment of CD14+ PBMCs. (A) The cells were induced by the addition
of M-CSF+RANKL for 6 days, after which the miR-144-3p mimic and inhibitor was
added. (B) The statistics of the number of TRAP-positive cells. Statistical significance
was assessed using the Student’s #-test (p<<0.05).

Fig. 6 Effects of transfecting CD14+ PBMCs with the miR-144-3p mimic,
inhibitor, or negative control on cell proliferation and apoptosis (A) A CCK-8
assay was performed to evaluate the effect of transfecting CD14+ PBMCs with the
miR-144-3p mimic, inhibitor, and/or negative control on cell proliferation. (B) A
statistical analysis of the results revealed that the miR-/44-3p mimic and inhibitor
inhibited and increased CD14+ PBMC proliferation, respectively. (C) The effects of
miR-144-3p mimic, inhibitor, and/or negative control transfection on CD14+ PBMC
apoptosis was analysed via flow cytometry. Data represent the mean + S.D., with

statistical significance being assessed by the Student’s #-test (p<0.05).
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A Name Sequence
hsa-miR-7-5p Forward: 5'- GGAAGACTAGTGATTTTGTTG -3'
hsa-miR-24-3p Forward: 5'- GGCTCAGTTCAGCAGGAACAG -3'
hsa-miR-27a-3p Forward: 5'-CCTTCACAGTGGCTAAGTTCC-3'
hsa-miR-100 Forward: 5'-CCCGTAGATCCGAACTTGTG-3'
hsa-miR-125b Forward: 5'-TCCCTGAGACCCTAACTTGTG-3'
hsa-miR-128 Forward: 5'-CCATCACAGTGAACCGGTCTC-3'

hsa-miR-145-5p Forward: 5'-“ACGTCCAGTTTTCCCAGGAATCC-3'
hsa-miR-211-5p Forward: 5'-CCTTCCCTTTGTCATCCTTCGC-3'
hsa-miR-144-3p Forward: 5'-TACAGTATAGATGATGTAC-3'

hsa-miR-122a Forward: 5'-TGGAGTGTGACAATGGTGTTTG-3'
U6 Forward: 5'-CGCTTCGGCAGCACATATAC-3'
B miRNA expession in bone tissue
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Fig. 1 miRNA expression patterns in bone and serum samples from Non-osteoporosis and osteoporosis (A)
Selected candidate miRNAs, and corresponding qRT-PCR primer sequences. (B) Expression patterns of the
selected candidate miRNAs in patient serum samples. (C) Expression patterns of the selected candidate
miRNAs in patient bone samples. Expression levels are represented as the mean * S.D, with statistical
significance being assessed via the Student’s t-test (p<0.05).
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Fig. 2 Potential miR-144-3p target genes expression patterns in non-osteoporosis and osteoporosis. Online
software was used to predict miR-144-3p target genes, and the resultant list of candidates was refined to
include only those genes associated with bone homeostasis. Selected candidate genes were verified to be
differentially expressed between non-osteoporosis and osteoporosis, via qRT-PCR. (A-E) The expression

patterns of (A) BMPR1A, (B) COL11A, (C) SMAD4, (D) ESRRG, and (E) RANK in non-osteoporosis and

osteoporosis in bone tissue. (F) The level of RANK production in patient serum samples was assessed via

ELISA. Expression levels are represented as the mean £+ S.D., with statistical significance being assessed via

the Student’s t-test (p<0.05).
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Fig. 3 RANK is a miR-144-3p target gene (A) Using TargetScans online software, we identified a miR-144-3p
target site (red colour) in the RANK 3'UTR that is conserved in humans, chimps, mice, dogs, and lizards. (B)
The expression of miR-144-3p was measured in CD14+ PBMCs using gqRT-PCR, six days after the cells were
induced to differentiate. (C) CD14+ PBMCs were transfected with the miR-44-3p mimic or inhibitor, and
their expression of RANKL was then assessed via gqRT-PCR. (D) A WT and mutant RANKL 3'UTR was cloned
into the pMir-reporter vector to generate the CMV-luciferase-RANKL and CMV-luciferase-RANKL mutant
3'UTR vectors. (E) A cell-transfection experiment was performed to demonstrate that miR-144-3p inhibits
RANKL expression in vivo. +, added; -, not added. (F) Western blot analysis demonstrating that miR-144-3p
affects RANKL protein levels in vivo. +, added; -, not added. Data represent the mean £ S.D., with
statistical significance being assessed by the Student’s t-test (p<0.05).
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Fig. 4 miR-144-3p regulates the induction of CD14+ PBMCs to undergo osteoclastogenesis via M-CSF and
RANKL treatment (A) CD14+ PBMCs were induced to differentiate via M-CSF and RANKL treatment and
cultured for six days, before they exhibited TRAP activity. Transfection of the miR-144-3p mimic and
inhibitor was shown to decrease and increase CD14+ PBMC TRAP activity, respectively. (B-D) gqRT-PCR
analysis of (B) TRAP, (C) NFATC, and (D) CTSK mRNA expression in response to transfection of CD14+
PBMCs with the miRNA-144-3p negative control, mimic, or inhibitor. Data represent the mean + S.D., with
statistical significance being assessed by the Student’s t-test (p<0.05).
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Fig. 5 miR-144-3p regulates osteoclast formation following the M-CSF and RANKL treatment of CD14+
PBMCs. (A) The cells were induced by the addition of M-CSF+RANKL for 6 days, after which the miR-144-3p
mimic and inhibitor was added. (B) The statistics of the number of TRAP-positive cells. Statistical
significance was assessed using the Student’s t-test (p<0.05).
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Fig. 6 Effects of transfecting CD14+ PBMCs with the miR-144-3p mimic, inhibitor, or negative control on cell
proliferation and apoptosis (A) A CCK-8 assay was performed to evaluate the effect of transfecting CD14+
PBMCs with the miR-144-3p mimic, inhibitor, and/or negative control on cell proliferation. (B) A statistical

analysis of the results revealed that the miR-144-3p mimic and inhibitor inhibited and increased CD14+
PBMC proliferation, respectively. (C) The effects of miR-144-3p mimic, inhibitor, and/or negative control

transfection on CD14+ PBMC apoptosis was analysed via flow cytometry. Data represent the mean £ S.D.,

with statistical significance being assessed by the Student’s t-test (p<0.05).
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