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Abstract

Background: Osteoporosis is a common phenomenon in HIV patients on tenofovir treatment, but its underlying
mechanisms remain to be explored.

Methods: Quantitative real-time PCR was performed to analyze the expression of miR-302, miR-101, miR-145 and
osteoclast-specific genes in the serum of HIV patients treated with tenofovir and ZOL. ELISA was used to evaluate the
expression of RANKL, SMAD3 and PRKACB in the serum of these patients. Luciferase assay was carried out to explore
the inhibitory effects of miR-302, miR-101 and miR-145 on the expression of PRKACB, RANKL and SMAD3, respectively.
Western blot was used to examine the expression of genes involved in NF-kB and JNK signaling pathways.

Results: ZOL treatment significantly suppressed the expression of CTx and osteocalcin in HIV patients treated with
tenofovir. The BMD loss of HIV patients treated with tenofovir was effectively hindered by ZOL treatment. Mecha-
nistically, the expression of miR-302, miR-101, miR-145, RANKL, SMAD3 and PRKACB in the serum was remarkably
activated by ZOL treatment. Luciferase assays showed that miR-302, miR-101 and miR-145 effectively suppressed the
expression of PRKACB, RANKL and SMAD3, respectively, through binding to their 3 UTR. Furthermore, ZOL treat-
ment notably restored the normal expression of osteoclast-specific genes while activating NF-kB and JNK signaling
pathways.

Conclusion: The findings of this study demonstrated that administration of ZOL suppressed the expression of RANKL
via modulating signaling pathways of miR-101-3p/RANKL, miR-302/PRKACB/RANKL and miR-145/SMAD3/RANKL.
Furthermore, down-regulated expression of RANKL by ZOL treatment alleviated osteoporosis in HIV-positive subjects
treated with tenofovir.
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Introduction

Osteoporosis is a typical problem impacting approxi-

mately 20 million senior women as well as 6 million

senior males in Europe in 2010, with approximately 1/3

female population as well as 1/5 male population likely
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of China likely to have reduced bone mineral density (BMD) as
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well as osteoporosis (Mallon 2010). Some have actually
suggested that HIV be treated as an additional source of
osteoporosis, although HIV itself has actually not been
thought as a risk factor in the progression of osteoporosis
(Brown 2013). Just recently, European standards included
the upkeep of bone health as a factor to consider in the
selection of antiretroviral treatment for HIV (Malde et al.
2018).

ZOL is among the options in the therapy of ADIS. The
favorable impact of ZOL was mainly discovered after the
initial dose, increasing the chance that one dose may be
adequate for subjects with a reduced BMD. Continual
rise in BMD at the hip as well as the lumbar spine has
actually been shown in HIV positive males (Bolland et al.
2012; Grey et al. 2017). This would certainly make ZOL a
basic as well as reasonably economical choice for enhanc-
ing BMD in those people without access for an ART
based therapy program (Carr et al. 2019).

MicroRNAs (miRNAs) are conserved tiny and non-
coding RNAs of about 22 nucleotides in length. MiRNA
plays a vital function in post-transcriptional control
of target mRNAs as well as translational inhibition of
proteins (Tano et al. (2011)). MiRNAs are found in
many types of cells to subdue the activity of target gene
3’-UTRs, thus are involved in various processes includ-
ing cell apoptosis, expansion, differentiation, as well as
metabolism (Bork et al. 2011). It was actually revealed
by miRNA microarrays that the miRNA expression is
changed throughout osteoclastogenesis. For example,
miR-145 is suppressed throughout osteoclastogenesis
caused by RANKL. In vitro, the gain of function of miR-
145 might reduce osteoclastogenesis via targeting Smad3
(Yu et al. 2018; Irwandi et al. 2018). Higher expression of
miR-302a-3p in HMOBs revealed that PGE2 treatment
down-regulated PRKACB. MiR-302a-3p transfection
subdued RANKL mRNA expression, playing a significant
function in causing osteoclastogenesis (Ikeda et al. 2003,
2001). On the contrary, reduction of RANKL expres-
sion in cells treated with PGE2-IFNy was alleviated after
miR-302a-3p was reduced by miRNA-302a-3p inhibitor
transfection. These data showed the repressive impact
of miR-302a-3p on mRNA expression of PRKACB to
cause downregulated expression of RANKL in HMOBs
(Irwandi et al. 2018). In this study, we selected 3 miR-
NAs including miR-302, miR-101 and miR-145 since they
were previously reported to participate signaling path-
ways in the pathogenesis of various diseases (Musolino
et al. 2018; Fanale et al. 2016a; Zarone et al. 2017).

RAW 264.7 cells might be turned right into osteo-
clasts by receptor activator of nuclear factor-kB ligand
(RANKL), which belongs to the family of tumor necro-
sis factor (TNF) and is one of the most important recep-
tors for osteoclast activation as well as development
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(Abe et al. 2017; Mediero et al. 2013). After receptor
binding, RANKL boosts the differentiation of mono-
cyte macrophage to osteoclast (Lacey et al. 1998; Yuan
et al. 2016). The binding of RANKL to RANK can also
recruit TNF receptor-associated factor 6 (TRAF6)
while sequentially activating NF-kB as well as numer-
ous pathways of mitogen-activated protein kinase
(MAPK) signaling, such as c-Jun N-terminal kinase
(JNK), extracellular signal-regulated kinase (ERK) 1/2,
as well as p38 signaling pathways (Wada et al. 2006;
Huang et al. 2010; Thn et al. 2015). Amongst the 3 sig-
nificant subsets of macrophages, i.e., M2, M1, as well as
MO subsets, the repressive impacts on RANKL-induced
osteoclastogenesis are seen in M1 macrophages only.
Evaluations showed that the suppression of osteoclas-
togenesis via M1 seemed to be moderated by the syn-
thesis of IL-12 and IFN-y, which downregulate NFATc1
induction as well as enhancing apoptosis. Nevertheless,
the influence of macrophages on RANKL-induced oste-
oclastogenesis remains vague (Yamaguchi et al. 2016;
Guerrini and Takayanagi 2014; Danks and Takayanagi
2013).

In this study, we collected samples from HIV patients
treated with or without ZOL to study its effect on the
bone density as well as signaling pathways of ZOL/miR-
302/PRKACB/RANKL, ZOL/miR-101/RANKL  and
ZOL/miR-145/SMAD3/RANKL.

Materials and methods

Human subjects sample collection

In this study, we recruited a group of HIV positive
patients receiving tenofovir treatment who were diag-
nosed with osteoporosis. The patients were divided
into two groups, and one of the two groups received
ZOL treatment (ZOL+, N=36) while the other group
received no ZOL treatment and was used as control
(ZOL—, N=38). The information of participants includ-
ing their age, sex, race, history of smoking, current
smoking status, cigarettes smoked per day, years of ciga-
rette smoking history, history of bone fracture, HIV-1
RNA level, CD4 count, serum calcium level as well as
serum citamin D level, was summarized and compared
between the two groups. All subjects gave written form
of informed consent, which was reviewed and accepted
by the Institutional Ethical Committee.

Objectives

The primary objectives were to review whether ZOL
relieves bone resorption induced by ART. The secondary
objectives were to review the effects of ZOL on BMD as
well as the safety of ZOL.
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Subjects

HIV infected treatment-naive individuals (with an
HIV-1 RNA titer of>1000 copies/mL) with an age
of 30 to 50 years who were preparing ART initiation
were enrolled for the research if serum level of vitamin
D3 was>12 ng/mL and their serum level of calcium
was>8 mg/dL.

Randomization

The subjects were stratified and randomized in
accordance to HIV-1 RNA titer (<100,000 copies/mL
or > 100,000 copies/mL), age (30 to 39 years old or 40
to 49 years old), as well as sex.

Treatment

At admission, the subjects started ART per the require-
ment for standard treatment by using ritonavir + TDF,
atazanavir or emtricitabine. Modification to the ART
therapy was permitted when virologic failure or drug
intolerance occurred. Upon ART initiation, the sub-
jects additionally received an intravenous injection
of 0.05 mg/mL of ZOL or an intravenous injection of
2.2 mg/ml mannitol and 0.24 mg/ml sodium citrate as
placebo.

Follow-up

Research results were evaluated at baseline as well as at
week 12, week 24, week 36, and week 48. The research
was unblinded when the last enrolled subject finished
the visit scheduled for 24 weeks after dosing. Safety
examinations were done in week 2, week 12, as well as
once every 3 months afterwards.

Outcome measures

Blood specimens were treated in 60 min after collection
to isolate plasma via centrifugation. ELISA kits (Immu-
nodiagnostic Systems, Scottsdale, AZ) were made use
of according to the guidelines provided by the manufac-
turer to measure plasma content of C-Terminal Cross-
Linking Telopeptide (CTx), osteocalcin, as well as bone
resorption markers. BMD was evaluated by making use
of a GE scanner (GE Lunar, Madison, WI) using dual
energy X-ray absorptiometry. Osteopenia was specified
as a t score of — 1.0 to — 2.5, while osteoporosis was
specified as a t score of < — 2.5.

Sample size and power considerations

Pilot results from a research on treatment naive and
HIV infected subjects treated with lopinavir or rito-
navir + TDF/FTC for 24 weeks (Musolino et al. 2018)
were used as the basis for determining sample size.
Based on a typical increase of 1.2 pg/L CTx in the
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placebo group while no changes in the ZOL group as
well as an assumed standard deviation of 1.4 pg/L in
each group, a sample size of 30 subjects in each group
could obtain a 90% power if « =0.05.

RNA isolation and real-time PCR

Total RNA content was isolated from cell and tissue
samples by utilizing a Trizol reagent (Invitrogen, Carls-
bad, CA) according to the guidelines provided by the
manufacturer. The RNA samples were examined by 1%
agarose gel electrophoresis to confirm their high qual-
ity. In the next step, total RNA was subjected to reverse
transcription by utilizing a reverse transcription assay
kit (Takara, Tokyo, Japan) according to the guidelines
provided by the manufacturer. Then, real time PCR was
done by using an ABI Prism 7900HT real time PCR sys-
tem (Applied Biosystems, Foster City, CA) in conjunction
with a SYBR Pre-mix Ex Taq II assay kit (Takara, Tokyo,
Japan) according to the guidelines provided by the manu-
facturer. The relative expression of miR-302, miR-101-3p,
miR-145, CTR mRNA, DC-STAMP, RANK, CATCH,
c-fos mRNA, and NFATc1 mRNA was evaluated by uti-
lizing the 2722t approach. U6 and GAPDH were respec-
tively used as reference genes for the quantification of
miRNA and mRNAs.

Cell culture and transfection

Human osteoclast precursor cells were maintained in
MEM added with appropriate antibiotics, i.e., 100 pg/ml
streptomycin and 100 U/ml of penicillin bought LONZA,
GE, along with 10% FBS. Culture was done at 37 °C in
a humidified carbon dioxide incubator. Then, the cells
were divided into 3 groups, i.e., (1) NC group (untreated
human osteoclast precursor cells); (2) RANKL group
(human osteoclast precursor cells treated with RANKL);
(3) RANKL+ ZOL+ Scramble control group (human
osteoclast precursor cells treated with both RANKL,
ZOL and miRNA inhibitor scramble controls); and (4)
RANKL + ZOL + miRNA inhibitors (human osteoclast
precursor cells treated with both RANKL, ZOL and
miRNA inhibitors including miR-302 inhibitors, miR-101
inhibitors and miR-145 inhibitors). In the RANKL group,
human osteoclast precursor cells were treated with
100 ng/ml of RANKL. In the RANKL + ZOL + Scram-
ble control or RANKL+ZOL+miRNA inhibitors
group, human osteoclast precursor cells were treated
with 100 ng/ml of RANKL as well as 50 uM of ZOL. The
treatment lasted for 5 days, and relevant indicators were
observed daily.

Vector construction, mutagenesis and luciferase assay
Our binding target screening of miR-302, miR-101 as
well as miR-145 indicated that miR-302 could bind to
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the 3’ UTR of PRKACB, miR-101 could bind to the 3’
UTR of RANKL, while miR-145 could bind to the 3’
UTR of SMAD3. To further confirm the regulatory roles
of miR-302, miR-101 as well as miR-145 in the expres-
sion of PRKACB, RANKL, and SMAD3, the 3/ UTRs of
PRKACB, RANKL, and SMAD3 containing the binding
sites for their respective targeting miRs were inserted
into pGL3 vectors (Promega, Madison, WI) to gener-
ate wild type vectors for 3’ UTRs of PRKACB, RANKL,
and SMAD3. Then, a Quick Change XL Site Directed
Mutagenesis assay kit (Stratagene, La Jolla, CA) was
used according to the guidelines provided by the manu-
facturer to induce site directed mutagenesis and to gen-
erate mutant type vectors for 3’ UTRs of PRKACB,
RANKL, and SMAD3. In the next step, human osteo-
clast precursor cells were co-transfected with wild type
or mutant type vectors of 3/ UTRs of PRKACB, RANKL,
and SMAD3 in conjunction with miR-302, miR-101-3p
or miR-145, respectively. The transfection was carried
out by utilizing Lipofectamine 2000 (Invitrogen, Carls-
bad, CA) according to the guidelines provided by the
manufacturer. The luciferase assay was done at 48 h after
the start of transfection by utilizing a Dual Luciferase
Reporter Gene Assay System (Promega, Madison, MI)
according to the guidelines provided by the manufacturer.

Cell proliferation assay

The effect of different ZOL concentrations on the viabil-
ity as well as growth of human osteoclast precursor cells
cultured with or without RANKL was tested by utilizing
a CCK-8 assay kit (Thermo Fisher Scientific, Waltham,
MA) according to the guidelines provided by the manu-
facturer. The optical density of treated cells was read at
the wavelength of 450 nm by using an ELX800 micro-
plate reader (BioTek, Winooski, VT) according to the
guidelines provided by the manufacturer.

Western blot

Total content of protein was collected from cell and tis-
sue samples via lysis in a RIPA buffer (Thermo Fisher
Scientific, Waltham, MA) and subsequent centrifugation.
Then, equal quantities (40 pg) of protein samples were
loaded onto a 10% SDS-PAGE gel and resolved by elec-
trophoresis, blotted onto a PVDF membrane, blocked
with 5% milk, and incubated with primary antibodies
against p-IkBa, IkBa, p-p65, p65, p-JNK, JNK, p-p38,
p38, p-ERK and ERK (Abcam, Cambridge, MA). In the
next step, the membrane was further incubated with
horseradish peroxidase conjugated secondary antibod-
ies (Sigma Aldrich, St. Louis, MO) at for 1 h at ambient
temperature and developed with an enhanced chemi-
luminescence reagent (ECL, Santa Cruz Biotechnology,
Santa Cruz, CA) according to the guidelines provided by
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the manufacturer to evaluate the relative protein expres-
sion of p-IkBa, IkBa, p-p65, p65, p-JNK, JNK, p-p38,
p38, p-ERK and ERK in each sample. The optic density of
each protein band was calculated using Analysis Software
(Ultra-Violet Products). Each observation was performed
in triplicate.

ELISA

The contents of RANKL, SMAD3, and PRKACB in col-
lected samples were measured by using commercial
ELISA kits (Thermo Fisher Scientific, Waltham, MA)
according to the guidelines provided by the manufacturer.

Statistical analysis

All results were shown as mean=standard deviation.
One-way analysis of variance (ANOVA) and Student’s t
tests were utilized to compare inter-group differences.
Statistical analyses were done by making use of SPSS
22.0 software (SPSS, Chicago, IL). P values of <0.05 were
deemed statistically significant.

Results

The characteristics of patients

We recruited a group of HIV positive patients receiving
tenofovir treatment who were diagnosed with osteoporo-
sis. The patients were divided into two groups, and one of
the two groups received ZOL treatment (ZOL+, N =36)
while the other group received no ZOL treatment and
was used as control (ZOL—, N=38). The characteristics
of participants were summarized in Table 1. Student’s t
test was utilized to perform statistical comparison, and
the results revealed no obvious difference between the
two groups.

ZOL treatment suppressed CTx and Osteocalcin expression
in HIV patients receiving tenofovir treatment

CTx and Osteocalcin expression, which was indicative
of bone resorption and formation, was measured for
48 weeks. The mean CTx and Osteocalcin concentrations
were decreased in the ZOL 4 group compared with the
ZOL— group (Fig. 1a, ¢). Accordingly, the mean CTx per-
centage were also lower in the ZOL+ group compared
with the ZOL— group (Fig. 1b), whereas the mean Osteo-
calcin percentage in ZOL+group is comparable with
that in the ZOL— group (Fig. 1d).

ZOL treatment prevented BMD Loss in HIV patients
receiving tenofovir treatment

Next, the BMD at lumbar spine was measured to evalu-
ate the effect of ZOL on BMD loss. The BMD at lumbar
spine in the ZOL 4+ group was significantly increased
compared with the ZOL— group (Fig. 2a). Furthermore,
ZOL treatment increased mean percentage of lumbar
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Table 1 Basic characteristics of HIV positive subjects

Characteristics ZOL(-) (N=38) ZOL(+) (N=36) P value
Age, year 412+68 408+56 0.331
Sex, male (%) 31(81.6) 30(83.3) 0324
Race 0.520
White 13(34.2) 12 (33.3)
Black 25(65.8) 24 (66.7)
History of smoking 0421
Yes 31(81.6) 31(86.1)
No 7(184) 5(13.9
Current smoking 0.699
Yes 29 (76.3) 30(833)
No 9(23.7) 6(16.7)
Cigarettes smoked per day (in patients with history 3(7.9) 3(8.3) 0.383
of smoking)
Years of cigarette smoking (in patients with history of 3 (7.9) 4(11.14+G14:N14) 0.349
smoking)
History of bone fracture 0.636
Yes 8(21.1) 5(13.9)
No 30(78.9) 31(86.1)
HIV RNA, log® copies/mL (SD) 41£08 3.7£0.7 0.536
CD4 count, cells/uL (SD) 159.7+37.7 153.3+449 0.498
Serum calcium, mg/dL(SD) 98+38 97+£26 0.568
Serum vitamin D, ng/mL(SD) 24946.1 243457 0.430
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Fig. 1 CTx and Osteocalcin expression was suppressed by ZOL treatment in HIV patients receiving tenofovir treatment. a Model-based mean
longitudinal changes of CTx concentration in 48 weeks in ZOL-treated HIV patients receiving tenofovir treatment. b Model-based mean CTx
percentage change from baseline in 48 weeks in ZOL-treated HIV patients receiving tenofovir treatment. ¢ Model-based mean longitudinal changes
of Osteocalcin concentration in 48 weeks in ZOL-treated HIV patients receiving tenofovir treatment. d Model-based mean Osteocalcin percentage
change from baseline in 48 weeks in ZOL-treated HIV patients receiving tenofovir treatment

spine, while persistent loss of BMD at Lumbar spine  ZOL treatment increased the expression of miR-302,

was observed in the ZOL— group (Fig. 2b). Moreover, ~ miR-101 and miR-145 in the serum of HIV patients

the mean longitudinal changes in lumbar spine t score receiving tenofovir treatment

(Fig. 2¢) and z score (Fig. 2d) were notably increased in  Peripheral blood samples were collected from patients
ZOL + group at different time points. in ZOL+and ZOL— groups at 0, 12, 24 and 48 weeks.
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Fig. 2 BMD Loss was repressed by ZOL treatment in HIV patients receiving tenofovir treatment. a Model-based mean longitudinal changes in BMD
at the lumbar spine in 48 weeks in ZOL-treated HIV patients receiving tenofovir treatment. b Model-based mean BMD percentage change at the
lumbar spine from baseline in 48 weeks in ZOL-treated HIV patients receiving tenofovir treatment. ¢ Model-based mean longitudinal changes in
lumbar spine t scores in 48 weeks in ZOL-treated HIV patients receiving tenofovir treatment. d Model-based mean longitudinal changes in lumbar
spine z scores in 48 weeks in ZOL-treated HIV patients receiving tenofovir treatment
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Fig. 3 The expression of miR-302, miR-101 and miR-145 in the serum of HIV patients receiving tenofovir treatment was increased by ZOL treatment.
a ZOL treatment enhanced the expression of miR-302 in the serum of HIV patients receiving tenofovir treatment. b ZOL treatment enhanced the
expression of miR-101 in the serum of HIV patients receiving tenofovir treatment. ¢ ZOL treatment enhanced the expression of miR-145 in the
serum of HIV patients receiving tenofovir treatment

Serum was isolated and qPCR was performed to analyze
the expression of miR-302, miR-101 and miR-145 at dif-
ferent time points. As shown in Fig. 3, the expression of
miR-302 (Fig. 3a), miR-101 (Fig. 3b) and miR-145 (Fig. 3c)
in the serum of ZOL + patients was significantly higher
than that in the serum of ZOL— patients at each time
point. It is worth noting that the expression of miR-302,
miR-101 and miR-145 in the serum of ZOL + patients
was progressively elevated at 12, 24 and 48 weeks.

ZOL treatment increased the expression of RANKL, SMAD3
and PRKACB in the serum of HIV patients receiving
tenofovir treatment

ELISA was performed to evaluate the expression of
RANKL, SMAD3 and PRKACB in the serum of HIV
patients receiving tenofovir treatment. The expression
of RANKL (Fig. 4a), SMAD3 (Fig. 4b) and PRKACB

(Fig. 4¢) in patients receiving ZOL treatment was appar-
ently decreased. The expression of RANKL, SMAD3
and PRKACB in the serum of ZOL+group gradually
decreased at 0 week, 12 weeks, 24 weeks and 48 weeks.

MiR-302, miR-101 and miR-145 suppressed the expression

of PRKACB, RANKL and SMAD3 through binding to their 3’

UTR, respectively

Binding target screening of miR-302, miR-101 and miR-
145 indicated that miR-302 could bind to the 3’ UTR of
PRKACB (Fig. 5a), miR-101 could bind to the 3’ UTR
of RANKL (Fig. 5¢) and miR-145 could bind to the 3’
UTR of SMAD3 (Fig. 5e). Luciferase vectors containing
wild type and mutant PRKACB, RANKL and SMAD3
were established and transfected into human osteo-
clast precursor cells along with miR-302, miR-101 and
miR-145, respectively. The luciferase activities of wild
type PRKACB (Fig. 5b), RANKL (Fig. 5d) and SMAD3
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Fig. 4 ELISA analysis showed that the expression of RANKL, SMAD3 and PRKACB was remarkably decreased in the serum of HIV patients receiving
tenofovir treatment. a ZOL treatment suppressed the expression of RANKL in the serum of HIV patients receiving tenofovir treatment. b ZOL
treatment suppressed the expression of SMAD3 in the serum of HIV patients receiving tenofovir treatment. ¢ ZOL treatment suppressed the
expression of PRKACB in the serum of HIV patients receiving tenofovir treatment

(Fig. 5f) were effectively inhibited by miR-302, miR-101
and miR-145, respectively, whereas the luciferase activi-
ties of mutant vectors remained unchanged.

ZOL inhibited RANKL-induced expression

of osteoclast-specific genes

In order to further explore the effect of ZOL treatment
on the osteoclast formation and resorptive function, we
treated human osteoclast precursor cells with RANKL
and then ZOL. The number of human osteoclast precur-
sor cells was dramatically increased by RANKL treat-
ment, but ZOL treatment effectively reduced the number
of human osteoclast precursor cells (Fig. 6a). Moreo-
ver, RANKL induced the upregulation of CTR (Fig. 6b),
DC-STAMP (Fig. 6¢), RANK (Fig. 6d), TRAP (Fig. 6e),
c-FOS (Fig. 6f) and NFATc1 (Fig. 6g), while ZOL treat-
ment obviously repressed the expression of above genes
in the RANKL + ZOL + Scramble control group. Moreo-
ver, compared with the transfection with miRNA inhibi-
tor scramble controls, the transfection of serval miRNA
inhibitors including miR-302 inhibitors, miR-101 inhibi-
tors and miR-145 inhibitors restored the reduced number
of human osteoclast precursor cells (Fig. 6a) as well as the
suppressed gene expressions (Fig. 6b—g).

ZOL specifically attenuated RANKL-induced activation

of NF-kB and JNK signaling pathways

Western blot was performed to assess the effect of ZOL
treatment on the NF-kB and JNK pathways (Fig. 7a).
RANKL treatment apparently enhanced the expression
of p-lkBa/lkBa (Fig. 7b), p-p65/p65 (Fig. 7¢c), p-INK/INK
(Fig. 7d), p-p38/p38 (Fig. 7e) and p-ERK/ERK (Fig. 7f) in
human osteoclast precursor cells. ZOL treatment obvi-
ously suppressed RANKL-induced activation of p-lkBa/
IkBa (Fig. 7b), p-p65/p65 (Fig. 7¢), p-JNK/JNK (Fig. 7d),

p-p38/p38 (Fig. 7e) and p-ERK/ERK (Fig. 7f) expres-
sion in human osteoclast precursor cells. Moreover,
the knockdown of miR-302, miR-101 and miR-145 by
miRNA inhibitors partly restored the reduced protein
parameters (Fig. 7b—f).

Discussion

HIV-infected individuals show osteopenia/osteoporo-
sis as well as bone loss (Crignis et al. 2008; EI-Maouche
et al. 2011; Fessel et al. 2011). Furthermore, osteopenia
development as well as the enhancement of osteoporosis
is related to anti-retroviral therapy (Malizia et al. 2007;
Grigsby et al. 2010; Briot et al. 2011). Considering that
osteoclasts are responsible for bone resorption and are
the key mediator of constant bone loss, the recognition
of factors enhancing or preventing osteoclastic activi-
ties will certainly assist in developing reliable methods
to treat osteoporosis caused by HIV as well as cancer. In
fact, it was shown that monocyte derived macrophages
(MDM) in HIV-infected subjects are morphologically
as well as functionally associated with osteoclasts by
showing higher affinity to RANKL. Furthermore, it was
revealed that hemin hinder osteoclast development
induced by HIV, obstructing RANKL activity to avoid
osteoclastogenesis (Takeda et al. 2015).

ZOL is an appealing option for the therapy of osteopo-
rosis in HIV-infected people due to its excellent tolerabil-
ity as well as the dosing method of intravenous infusion.
It was observed that ZOL was well endured, without any
negative and severe effects, although appropriate hydra-
tion is suggested to minimize the probability of flu-like
signs. Nonetheless, serious ZOL-induced issues, includ-
ing uveitis, have actually been reported (Bolland et al.
2012). In a multicenter study, a 3-year treatment with
ZOL minimized the danger of vertebral fracture by over
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70% (Jacques et al. 2012). Likewise, in a ZOL study, the
2-year treatment with this medicine minimized the
occurrence of vertebral fracture by over 60% (Tagu-
chi et al. 2019). In this study, we enrolled HIV patients
receiving tenofovir treatment who were diagnosed with
osteoporosis to evaluate the effect of ZOL, which sup-
pressed CTx and Osteocalcin expression and prevented
BMD loss. In addition, we isolated the serum from ZOL

treated and untreated HIV patients receiving tenofovir
treatment, and performed qPCR to analyze the expres-
sion of miR-302, miR-101 and miR-145. Significant eleva-
tion of miR-302, miR-101 and miR-145 expression was
observed in patients receiving ZOL treatment.

In a microarray study of>300 miRNAs, the treat-
ment of breast cancer with a low-dose therapy of ZOL
considerably altered the expression of>50 miRNAs. 9



Lin et al. Mol Med (2021) 27:19 Page 9 of 12
a b = CTR ¢ % DC-STAMP dA RANK
° &, 250+ ) 200- 9 8-

3 5 s s T
8 o 2007 o 1501 -
™~ e Ke) L
< = =3 &
© = 150 c c
S 2 2 1004 2
g 8 1001 o o
y— o o o
) X X X
- [} o 504 [
S o © ©
= © A © A [0]

o e« @] 2 o> § «

¥ ¥
» & O
¢ @
0 =
& &
N
S
N \/"4/0 \,/‘/o
F & &
Qg" QR‘ Q_?‘ Q_V‘
f C-fos g NFATc1

201

-
o
1

-
o
I

(@}
1

Relative expression (fold change) @
Relative expression (fold change)

0
A
¥ ?.é"& o(\\&o 6\‘(}@
& &
& &
& &
PO
Y
\3(,\/0 Py
N
SIS
QR‘ Q_?‘ Q_Y‘

N
o
]

*

w
o
I

Relative expression (fold change)
s 9

o
I

Fig. 6 Quantitative real-time PCR indicated that the upregulation of the expression of osteoclast-specific genes induced by RANKL was suppressed
by ZOL treatment (*P value <0.05 vs. NC group; #P value < 0.05 vs. RANKL group; AP value <0.05 vs. RANKL 4+ ZOL + Scramble control group). a

ZOL treatment inhibited RANKL-induced increase in the number of human osteoclast precursor cells, which was obstructed by the knockdown

of miR-302, miR-101 and miR-145. b ZOL treatment inhibited RANKL-induced increase of RNA expression of CTR, which was obstructed by the
knockdown of miR-302, miR-101 and miR-145. ¢ ZOL treatment inhibited RANKL-induced increase of RNA expression of DC-STAMP, which was
obstructed by the knockdown of miR-302, miR-101 and miR-145. d ZOL treatment inhibited RANKL-induced increase of RNA expression of RANK,
which was obstructed by the knockdown of miR-302, miR-101 and miR-145. e ZOL treatment inhibited RANKL-induced increase of RNA expression
of TRAP, which was obstructed by the knockdown of miR-302, miR-101 and miR-145. f ZOL treatment inhibited RANKL-induced increase of RNA
expression of c-fos, which was obstructed by the knockdown of miR-302, miR-101 and miR-145. g ZOL treatment inhibited RANKL-induced increase
of RNA expression of NFATc1, which was obstructed by the knockdown of miR-302, miR-101 and miR-145

upregulated as well as 12 down-regulated miRNAs were
identified after a 24 h therapy. Additionally, ZOL boosted
the expression of 10 miRNAs, consisting of miR-145,
miR-101-1, miR-139, miR-129, as well as miR-124-1,
while decreasing the expression of 20 miRNAs (Fanale
et al. 2016b). It was additionally revealed that miR-145
boosted the differentiation to osteoblasts while prevent-
ing RANKL-induced osteoclastogenesis (Yu et al. 2018;
Sun et al. 2016). Nonetheless, miR-145 silencing rescued
femoral head necrosis (Tian et al. 2017). An increase
in the expression of miR-21 and miR-23a, as well as a
decrease in the expression of miR-145, was found in

BRONJ. Nevertheless, the relationship of intracellular
miR expression to circulating miR expression is unidenti-
fied (Yang et al. 2018).

Bone is continuously renewed via osteoclastic resorp-
tion and osteoblastic formation of the bone. The
RANKL-RANK pathway is necessary for human osteo-
clastogenesis. The loss of RANK or RANKL triggers
osteopetrosis as a result of the absence of osteoclasts
(Kong et al. 1999; Takayanagi 2007). Regardless of data
showing the presence of osteoclastogenesis independ-
ent of RANKL, many studies do not have adequate
proof to confirm RANKL independence (Hemingway
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Fig. 7 RANKL-induced activation of NF-kB and JNK signaling pathways was attenuated by ZOL treatment in human osteoclast precursor cells
(*P value <0.05 vs. NC group; #P value < 0.05 vs. RANKL group; AP value <0.05 vs. RANKL 4+ ZOL + Scramble control group). a Western blot
analysis showed ZOL treatment restored the normal expression of genes related to NF-kB and JNK signaling pathways, while the knockdown
of miR-302, miR-101 and miR-145 reversed this situation. b Quantitative analysis of Western blot showed that RANKL induced-upregulation of
p-IkBa/IkBa expression was suppressed by ZOL treatment, while the knockdown of miR-302, miR-101 and miR-145 reversed this situation. c
Quantitative analysis of Western blot showed that RANKL induced-upregulation of p-p65/p65 expression was suppressed by ZOL treatment,
while the knockdown of miR-302, miR-101 and miR-145 reversed this situation. d Quantitative analysis of Western blot showed that RANKL
induced-upregulation of p-JNK/JNK expression was suppressed by ZOL treatment, while the knockdown of miR-302, miR-101 and miR-145 reversed
this situation. e Quantitative analysis of Western blot showed that RANKL induced-upregulation of p-p38/p38 expression was suppressed by ZOL
treatment, while the knockdown of miR-302, miR-101 and miR-145 reversed this situation. f Quantitative analysis of Western blot showed that
RANKL induced-upregulation of p-ERK/ERK expression was suppressed by ZOL treatment, while the knockdown of miR-302, miR-101 and miR-145
reversed this situation

et al. 2013, 2011). PRKACB was predicted to be targeted
by miR-302a-3p in human mandibular osteoblast-like
cells (Irwandi et al. 2018). Since miR-302a-3p could also
suppress expression of RANKL expression in HMOBs
within PGE2-IFNy regulatory network, PRKACB was
also involved in this network (Irwandi et al. 2018). Also,
by regulating SMAD3 and its downstream target genes,
miR-300 was proved to negatively regulate the differen-
tiation of osteoblasts in the management of bone-related
disorder management strategies (Kaur et al. 2020). In this
study, we found that ZOL treatment effectively enhanced
the expression of RANKL, SMAD3 and PRKACB. Fur-
thermore, the luciferase activities of wild type PRKACB,

RANKL and SMAD3 were significantly repressed by
miR-302, miR-101 and miR-145, respectively.
Experiments making use of HIV transgenic rats
showed decreased BMD, increased bone resorption, as
well as reduced BMI upon boosted synthesis of RANKL
from B cells (Vikulina et al. 2010). According to the data,
the HIV-infected subjects undergoing no treatment
showed a correlation between the proportion of RANKL/
OPG and the BMD of hip, which is most likely triggered
by the imbalances of RANKL/OPG (Titanji et al. 2014;
Moran et al. 2017). SMAD3 is crucial in the transduc-
tion of osteoclastogenic signal of RANKL/RANK. The
important function of SMAD3 in RANKL-induced
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osteoclastogenesis is even more obvious when SMAD3
expression is silenced by utilizing shSMAD3 (Yasui et al.
2011).

Conclusion

The findings of this study demonstrated that the adminis-
tration of ZOL suppressed the expression of RANKL via
modulating signaling pathways of miR-101-3p/RANKL,
miR-302/PRKACB/RANKL  and  miR-145/SMAD3/
RANKL. Furthermore, ZOL treatment alleviated osteo-
porosis in HIV subjects on tenofovir treatment.

Abbreviations
ZOL: Zoledronate; RANKL: Receptor activator of nuclear-kB ligand.

Acknowledgements
None.

Authors’ contributions

WL, XFL, DCR and ZRZ planned the study, collected and analyzed the data,
finished the manuscript; MS, LD and JZL collected and analyzed the data; ZRZ
collected the literature, read and approved the final manuscript. All author
read and approved the final manuscript.

Funding
None.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None.

Author details

! Department of Orthopedics, Third People’s Hospital of Shenzhen, No. 29
Bulan Road, Longgang, Shenzhen 518112, Guangdong, People’s Republic
of China. ? Department of Orthopedics, Shenzhen No. 2 People’s Hospital,
Shenzhen 518000, People’s Republic of China.

Received: 14 October 2020 Accepted: 22 January 2021
Published online: 26 February 2021

References

Abe K, Yoshimura Y, Deyama Y, Kikuiri T, Hasegawa T, Tei K, Shinoda H, Suzuki
K, Kitagawa Y. Effects of bisphosphonates on osteoclastogenesis in
RAW264.7 cells. Int J Mol Med. 2012;29:1007-15.

Bolland MJ, Grey A, Horne AM, Briggs SE, Thomas MG, Ellis-Pegler RB, Gamble
GD, Reid IR. Effects of intravenous zoledronate on bone turnover and
bone density persist for at least five years in HIV-infected men. J Clin
Endocrinol Metab. 2012;97:1922-8.

Bork S, Horn P, Castoldi M, Hellwig |, Ho AD, Wagner W. Adipogenic differ-
entiation of human mesenchymal stromal cells is down-regulated by
microRNA-369-5p and up-regulated by microRNA-371. J Cell Physiol.
2011,226:2226-34.

Briot K, Kolta S, Flandre P, Boue F, Van Ngo P, Cohen-Codar |, Norton M,
Delfraissy JF, Roux C. Prospective one-year bone loss in treatment-naive

Page 11 of 12

HIV4+ men and women on single or multiple drug HIV therapies. Bone.
2011;48:1133-9.

Brown TT. HIV: an underrecognized secondary cause of osteoporosis? J Bone
Miner Res. 2013;28:1256-8.

Carr A, Kerr SJ, Richardson R, Ebeling P, Pocock N, Rojas J, Martinez E, Hoy J.
Investigators Zs: prolonged effect of zoledronic acid on bone mineral
density and turnover in HIV-infected adults on tenofovir: a randomized.
Open-Label Study J Bone Miner Res. 2019;34:2192-7.

Danks L, Takayanagi H. Immunology and bone. J Biochem. 2013;154:29-39.

De Crignis E, Cimatti L, Borderi M, Gibellini D, Re MC. Bone alterations during
HIV infection. New Microbiol. 2008;31:155-64.

El-Maouche D, Mehta SH, Sutcliffe C, Higgins Y, Torbenson MS, Moore RD,
Thomas DL, Sulkowski MS, Brown TT. Controlled HIV viral replication, not
liver disease severity associated with low bone mineral density in HIV/
HCV co-infection. J Hepatol. 2011;55:770-6.

Fanale D, Amodeo V, Bazan V, Insalaco L, Incorvaia L, Barraco N, Castiglia M,
Rizzo S, Santini D, Giordano A, Castorina S, Russo A. Can the microRNA
expression profile help to identify novel targets for zoledronic acid in
breast cancer? Oncotarget. 2016a;7(20):29321-32.

Fanale D, Amodeo V, Bazan V, Insalaco L, Incorvaia L, Barraco N, Castiglia M,
Rizzo S, Santini D, Giordano A, Castorina S, Russo A. Can the microRNA
expression profile help to identify novel targets for zoledronic acid in
breast cancer? Oncotarget. 2016b;7:29321-32.

Fessel WJ, Chau Q, Leong D. Association of osteonecrosis and osteoporosis in
HIV-1-infected patients. AIDS. 2011;25:1877-80.

Grey A, Bolland MJ, Horne A, Mihov B, Gamble G, Reid IR. Duration of antire-
sorptive activity of zoledronate in postmenopausal women with osteo-
penia: a randomized, controlled multidose trial. CMAJ. 2017;189:E1130-6.

Grigsby IF, Pham L, Mansky LM, Gopalakrishnan R, Carlson AE, Mansky KC.
Tenofovir treatment of primary osteoblasts alters gene expression
profiles: implications for bone mineral density loss. Biochem Biophys Res
Commun. 2010;394:48-53.

Guerrini MM, Takayanagi H. The immune system, bone and RANKL. Arch
Biochem Biophys. 2014;561:118-23.

Hemingway F, Taylor R, Knowles HJ, Athanasou NA. RANKL-independent
human osteoclast formation with APRIL, BAFF, NGF. IGF | and IGF Il Bone.
2011,48:938-44.

Hemingway F, Kashima TG, Knowles HJ, Athanasou NA. Investigation of osteo-
clastogenic signalling of the RANKL substitute LIGHT. Exp Mol Pathol.
2013;94:380-5.

Hernlund E, Svedbom A, Ivergard M, Compston J, Cooper C, Stenmark J,
McCloskey EV, Jonsson B, Kanis JA. Osteoporosis in the European Union:
medical management, epidemiology and economic burden. A report
prepared in collaboration with the International Osteoporosis Founda-
tion (IOF) and the European Federation of Pharmaceutical Industry
Associations (EFPIA). Arch Osteoporos. 2013;8:136.

Huang P, Han J, Hui L. MAPK signaling in inflammation-associated cancer
development. Protein Cell. 2010;1:218-26.

lhn HJ, Lee D, Lee T, Shin HI, Bae YC, Kim SH, Park EK. The 1,2,3-triazole deriva-
tive KP-A021 suppresses osteoclast differentiation and function by
inhibiting RANKL-mediated MEK-ERK signaling pathway. Exp Biol Med
(Maywood). 2015;240:1690-7.

lkeda T, Kasai M, Utsuyama M, Hirokawa K. Determination of three isoforms of
the receptor activator of nuclear factor-kappaB ligand and their differen-
tial expression in bone and thymus. Endocrinology. 2001;142:1419-26.

lkeda T, Kasai M, Suzuki J, Kuroyama H, Seki S, Utsuyama M, Hirokawa K.
Multimerization of the receptor activator of nuclear factor-kappaB ligand
(RANKL) isoforms and regulation of osteoclastogenesis. J Biol Chem.
2003;278:47217-22.

Irwandi RA, Khonsuphap P, Limlawan P, Vacharaksa A. miR-302a-3p regulates
RANKL expression in human mandibular osteoblast-like cells. J Cell
Biochem. 2018;119:4372-81.

Jacques RM, Boonen S, Cosman F, Reid IR, Bauer DC, Black DM, Eastell R. Rela-
tionship of changes in total hip bone mineral density to vertebral and
nonvertebral fracture risk in women with postmenopausal osteoporosis
treated with once-yearly zoledronic acid 5 mg: the HORIZON-Pivotal
Fracture Trial (PFT). J Bone Miner Res. 2012;27:1627-34.

KaurT, John AA, Sharma C, Vashisht NK, Singh D, Kapila R, Kapila S. miR300
intervenes Smad3/[B-catenin/RunX2 crosstalk for therapy with an
alternate function as indicative biomarker in osteoporosis. Bone.
2020;143:115603.



Lin et al. Mol Med (2021) 27:19

Kong YY, Yoshida H, Sarosi |, Tan HL, Timms E, Capparelli C, Morony S, Oliveira-
dos-Santos AJ,Van G, Itie A, Khoo W, Wakeham A, Dunstan CR, Lacey DL,
Mak TW, Boyle WJ, Penninger JM. OPGL is a key regulator of osteoclas-
togenesis, lymphocyte development and lymph-node organogenesis.
Nature. 1999;397:315-23.

Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, Elliott R, Colomb-
ero A, Elliott G, Scully S, Hsu H, Sullivan J, Hawkins N, Davy E, Capparelli C,
Eli A, Qian YX, Kaufman S, Sarosi |, Shalhoub V, Senaldi G, Guo J, Delaney
J, Boyle WJ. Osteoprotegerin ligand is a cytokine that regulates osteoclast
differentiation and activation. Cell. 1998;93:165-76.

Malde S, Palmisani S, Al-Kaisy A, Sahai A. Guideline of guidelines: bladder pain
syndrome. BJU Int. 2018;122:729-43.

Malizia AP, Vioreanu MH, Doran PP, Powderly WG. HIV1 protease inhibitors
selectively induce inflammatory chemokine expression in primary
human osteoblasts. Antiviral Res. 2007,74.72-6.

Mallon PW. HIV and bone mineral density. Curr Opin Infect Dis. 2010;23:1-8.

Mediero A, Perez-Aso M, Cronstein BN. Activation of adenosine A(2A) receptor
reduces osteoclast formation via PKA- and ERK1/2-mediated suppression
of NFkappaB nuclear translocation. Br J Pharmacol. 2013;169:1372-88.

Moran CA, Weitzmann MN, Ofotokun I. Bone loss in HIV infection. Curr Treat
Options Infect Dis. 2017,9:52-67.

Musolino C, Oteri G, Allegra A, Mania M, D'Ascola A, Avenoso A, Innao V, Allegra
AG, Campo S. Altered microRNA expression profile in the peripheral
lymphoid compartment of multiple myeloma patients with bisphospho-
nate-induced osteonecrosis of the jaw. Ann Hematol. 2018;97(7):1259-69.

Sun K, Wang J, Liu F, Ji Z, Guo Z, Zhang C, Yao M. Ossotide promotes cell dif-
ferentiation of human osteoblasts from osteogenesis imperfecta patients
by up-regulating miR-145. Biomed Pharmacother. 2016;83:1105-10.

Taguchi A, Shiraki M, Tanaka S, Ohshige H, Nakamura T. Improved periodontal
disease and prevention of tooth loss in osteoporosis patients receiving
once-yearly zoledronic acid: a randomized clinical trial. Menopause.
2019;26:1277-83.

Takayanagi H. Osteoimmunology: shared mechanisms and crosstalk between
the immune and bone systems. Nat Rev Immunol. 2007;7:292-304.

Takeda K, Adhikari R, Yamada KM, Dhawan S. Hemin activation of innate cel-
lular response blocks human immunodeficiency virus type-1-induced
osteoclastogenesis. Biochem Biophys Res Commun. 2015;464:7-12.

Tano N, Kim HW, Ashraf M. microRNA-150 regulates mobilization and migra-
tion of bone marrow-derived mononuclear cells by targeting Cxcr4. PLoS
ONE. 2011,6:€23114.

Tian ZJ, Liu BY, Zhang YT, Chen XZ, Qiao GY, Wang S, Ma ZL. MiR-145 silencing
promotes steroid-induced avascular necrosis of the femoral head repair
via upregulating VEGF. Eur Rev Med Pharmacol Sci. 2017;21:3763-9.

Page 12 of 12

Titanji K, Vunnava A, Sheth AN, Delille C, Lennox JL, Sanford SE, Foster A,
Knezevic A, Easley KA, Weitzmann MN, Ofotokun I. Dysregulated B cell
expression of RANKL and OPG correlates with loss of bone mineral den-
sity in HIV infection. PLoS Pathog. 2014;10:21004497.

Vikulina T, Fan X, Yamaguchi M, Roser-Page S, Zayzafoon M, Guidot DM,
Ofotokun |, Weitzmann MN. Alterations in the immuno-skeletal interface
drive bone destruction in HIV-1 transgenic rats. Proc Natl Acad Sci U S A.
2010;107:13848-53.

Wada T, Nakashima T, Hiroshi N, Penninger JM. RANKL-RANK signaling in osteo-
clastogenesis and bone disease. Trends Mol Med. 2006;12:17-25.

YamaguchiT, Movila A, Kataoka S, Wisitrasameewong W, Ruiz Torruella
M, Murakoshi M, Murakami S, Kawai T. Proinflammatory M1 mac-
rophages inhibit RANKL-induced osteoclastogenesis. Infect Immun.
2016;84:2802-12.

Yang R, Tao Y, Wang C, Shuai Y, Jin L. Circulating microRNA panel as a novel
biomarker to diagnose bisphosphonate-related osteonecrosis of the jaw.
Int J Med Sci. 2018;15:1694-701.

Yasui T, Kadono Y, Nakamura M, Oshima Y, Matsumoto T, Masuda H, Hirose
J,Omata, Yasuda H, Imamura T, Nakamura K, Tanaka S. Regulation of
RANKL-induced osteoclastogenesis by TGF-beta through molecular inter-
action between Smad3 and Trafé. J Bone Miner Res. 2011,26:1447-56.

Yu FY, Xie CQ, Sun JT, Peng W, Huang XW. Overexpressed miR-145 inhibits
osteoclastogenesis in RANKL-induced bone marrow-derived mac-
rophages and ovariectomized mice by regulation of Smad3. Life Sci.
2018;202:11-20.

Yuan M, Chen J, Zeng Z. Knockdown of macrophage inhibitory cytokine-1in
RPMI-8226 human multiple myeloma cells inhibits osteoclastic differen-
tiation through inhibiting the RANKL-Erk1/2 signaling pathway. Mol Med
Rep. 2016;14:5199-204.

Zarone MR, Misso G, Grimaldi A, Zappavigna S, Russo M, Amler E, Di Martino
MT, Amodio N, Tagliaferri P, Tassone P, Caraglia M. Evidence of novel miR-
34a-based therapeutic approaches for multiple myeloma treatment. Sci
Rep. 2017;7(1):17949.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Administration of zoledronic acid alleviates osteoporosis in HIV patients by suppressing osteoclastogenesis via regulating RANKL expression
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Human subjects sample collection
	Objectives
	Subjects
	Randomization
	Treatment
	Follow-up
	Outcome measures
	Sample size and power considerations
	RNA isolation and real-time PCR
	Cell culture and transfection
	Vector construction, mutagenesis and luciferase assay
	Cell proliferation assay
	Western blot
	ELISA
	Statistical analysis

	Results
	The characteristics of patients
	ZOL treatment suppressed CTx and Osteocalcin expression in HIV patients receiving tenofovir treatment
	ZOL treatment prevented BMD Loss in HIV patients receiving tenofovir treatment
	ZOL treatment increased the expression of miR-302, miR-101 and miR-145 in the serum of HIV patients receiving tenofovir treatment
	ZOL treatment increased the expression of RANKL, SMAD3 and PRKACB in the serum of HIV patients receiving tenofovir treatment
	MiR-302, miR-101 and miR-145 suppressed the expression of PRKACB, RANKL and SMAD3 through binding to their 3′ UTR, respectively
	ZOL inhibited RANKL-induced expression of osteoclast-specific genes
	ZOL specifically attenuated RANKL-induced activation of NF-κB and JNK signaling pathways

	Discussion
	Conclusion
	Acknowledgements
	References


