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The circadian clock regulates various physiological processes,
including bone metabolism. The nuclear receptors Rev-
erbs, comprising Rev-erbo, and Rev-erbp, play a key role
as transcriptional regulators of the circadian clock. In this
study, we demonstrate that Rev-erbs negatively regulate
differentiation of osteoclasts and osteoblasts. The knockdown
of Rev-erba in osteoclast precursor cells enhanced receptor
activator of nuclear factor-xB ligand (RANKL)-induced
osteoclast formation, as well as expression of nuclear factor
of activated T cells 1 (NFATc1), osteoclast-associated receptor
(OSCAR), and tartrate-resistant acid phosphatase (TRAP).
The overexpression of Rev-erbo leads to attenuation of the
NFATc1 expression via inhibition of recruitment of c-Fos to
the NFATc1 promoter. The overexpression of Rev-erba, in
osteoblast precursors attenuated the expression of osteoblast
marker genes including Runx2, alkaline phosphatase (ALP),
bone sialoprotein (BSP), and osteocalcin (OC). Rev-erba
interfered with the recruitment of Runx2 to the promoter
region of the target genes. Conversely, knockdown of Rev-
erba in the osteoblast precursors enhanced the osteoblast
differentiation and function, In addition, Rev-erbo. negatively
regulated osteoclast and osteoblast differentiation by sup-
pressing the p38 MAPK pathway. Furthermore, intraperitoneal
administration of GSK4112, a Rev-erb agonist, protects
RANKL-induced bone loss via inhibition of osteoclast differen-
tiation in vivo. Taken together, our results demonstrate a

molecular mechanism of Rev-erbs in the bone remodeling,
and provide a molecular basis for a potential therapeutic target
for treatment of bone disease characterized by excessive bone
resorption.
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INTRODUCTION

Mammalian circadian clock genes regulate the circadian
rhythms characterized by periodic physiological and behav-
joral changes that help an organism achieve the optimization
of metabolism and energy utilization (Reppert and Weaver,
2002; Schibler and Sassone-Corsi, 2002). The clock genes,
located centrally in the suprachiasmatic nucleus (SCN) of
the brain, are also involved in the control of homeostasis in
peripheral tissues and organs, and play a tissue-specific role,
independently from the SCN, in various physiological pro-
cesses, including bone formation (McDearmon et al., 2006;
Wu et al., 2008). It has been reported that circadian clocks
maintain bone remodeling by regulating bone formation and
resorption (Xu et al., 2016).

The circadian clock mechanism includes an interconnect-
ed transcriptional and translational feedback loop, in which
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the most well-known positive regulator is a heterodimer
of BMAL1 and CLOCK. In addition to positively regulating
the clock output genes, the BMAL1/CLOCK heterodimer
activates the expression of two negative regulators, PERIOD
(PER) and CRYPTOCHROME (CRY) (Kim et al., 2018; King
and Takahashi, 2000). In a negative feedback loop, PER and
CRY interact with the BMAL1/CLOCK heterodimer and in-
terfere with its transcriptional activity. An additional essential
negative feedback loop is mediated by transcriptional repres-
sion of the nuclear receptors Rev-erbs (Lazar et al., 1989; Liu
etal., 2008).

The nuclear receptors Rev-erba and Rev-erbp regulate
several physiological processes including circadian rhythm,
metabolism, and inflammatory responses (Ramakrishnan
and Muscat, 2006). Rev-erbs lack the carboxy-terminal tail
of the ligand-binding domain that is required for ligand-de-
pendent transcriptional activation by other nuclear receptors.
Thus, Rev-erbs were considered as constitutive repressors of
transcription based on their ability to recruit corepressors and
suppress the transcription of the target genes (Harding and
Lazar, 1993; Zamir et al., 1997). Due to the limited availabil-
ity of genetic models in exploring the function of Rev-erbg,
the role of Rev-erba in mammalian circadian and metabolic
physiologies is comparatively well-known. Accordingly, Rev-
erbp is considered functionally redundant to Rev-erbe and its
role has been considered almost identical to that of Rev-erba.
(Duez and Staels, 2009).

The bones are maintained by continuous remodeling
throughout life, which includes the removal of mature bone
by osteoclasts followed by the formation of new bone by
osteoblasts. The processes of bone resorption and bone
formation balance each other in order to maintain constant
bone mass. An imbalance between the two processes results
in bone metabolic disorders such as osteoporosis.

Osteoclasts are multinucleated giant cells derived from
hematopoietic progenitor cells in the presence of macro-
phage colony stimulating factor (M-CSF) and the receptor
activator of nuclear factor-«B ligand (RANKL). RANKL binds
to its receptor, receptor activator of NF-xB (RANK), and pro-
motes osteoclast formation via activation of various signaling
molecules such as NF-«xB, activator protein-1 (AP-1), and
mitogen-activated protein kinases (MAPKs) including p38,
extracellular signal-regulated kinase (ERK), and c-Jun N-ter-
minal kinase (JNK). The signal transduction process induces
expression of osteoclast marker genes such as nuclear factor
of activated T cells 1 (NFATc1), osteoclast-associated receptor
(OSCAR), and tartrate-resistant acid phosphatase (TRAP)
(Kim and Kim, 2016; Roodman, 2006).

Osteoblasts are derived from mesenchymal stem cells
(MSCs) and their differentiation is regulated by a number of
hormones and factors, such as bone morphogenetic proteins
(BMPs), wingless and int-1 (Wnt), and insulin-like growth
factor (IGF) (Cao and Chen, 2005; Day et al., 2005). The
runt-related transcription factor 2 (Runx2) is a major tran-
scription factor in osteoblast differentiation that up-regulates
the transcription of genes required for bone matrix deposi-
tion and mineralization including alkaline phosphatase (ALP),
osteocalcin (OC), and bone sialoprotein (BSP), which are key
regulators of osteoblast differentiation and function (Komori,
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2011). The osteogenic factors activate ERK, JNK, and p38 ki-
nase signaling pathways, which are involved in the induction
and control of Runx2 transcriptional activity (Lee et al., 2018;
Rodriguez-Carballo et al., 2016; Sowa et al., 2002; Xiao et
al., 2002; Ziros et al., 2002). The function of Rev-erbe in 0s-
teoclast and osteoblast has been reported previously, while
little is known about the molecular mechanism of Rev-erbs in
bone metabolism (He et al., 2015; Song et al., 2018).

In this study, we investigated the role of Rev-erbs on osteo-
clastogenesis and osteoblastogenesis in vitro and in vivo and
elucidated its underlying molecular mechanisms. The gain of
function and loss of function analysis of Rev-erbs suggested
that Rev-erba acts as a negative regulator in both osteoclasts
and osteoblasts accompanied by inhibition of p38 MAPK
signaling cascade. We observed the functional redundancy
of Rev-erbp to Rev-erba in osteoclast differentiation, but not
in osteoblast differentiation. Further understanding of the
molecular mechanisms of Rev-erba in bone metabolism will
provide useful information regarding potential therapeutic
targets for treatment of bone diseases.

MATERIALS AND METHODS

Reagents

Cell culture media and supplements were obtained from Hy-
Clone Laboratories (USA). Recombinant human M-CSF and
RANKL were purified from bacteria. IGF-1, GSK4112, alizarin
red, B-glycerophosphate, and p-nitrophenyl phosphate were
obtained from Sigma-Aldrich (USA). Recombinant human
BMP2 was purchased from Cowellmedi (Korea). Ascorbic
acid was purchased from Junsei Chemical (Japan).

Animals

All mice handling and experiments were performed as per
guidelines of the National Institutes of Health (Guide for
the Care and Use of Laboratory Animals). The experimental
protocol was approved by the Chonnam National University
Medical School Research Institutional Animal Care and Use
Committee (CNU IACUC-H-2017-27).

Osteoclast differentiation and TRAP staining

Murine osteoclasts were prepared from bone marrow cells,
which were obtained by flushing the femurs and tibiae from
6-week-old male Institute of Cancer Research (ICR) mice.
The bone marrow cells were cultured in a-MEM containing
10% fetal bovine serum (FBS) with M-CSF (30 ng/ml) for 3
days, and the bone marrow-derived macrophage-like cells
(BMMs) were used as the osteoclast precursors. To generate
osteoclasts, the BMMs were cultured with M-CSF (30 ng/ml)
and RANKL (100 ng/ml) for 3 days at 37°C and 5% CO,. The
cultured cells were fixed and stained for TRAP. TRAP-posi-
tive multinuclear cells that contained more than three nuclei
were denoted as osteoclasts. The cells were observed using
the Leica DM IRB microscope equipped with an N plan 10 x
0.25 numerical aperture objective lens (Leica Microsystems,
Germany). The images were obtained using the ProgRes CFs-
can camera, and the ProgRes CapturePro software (Jenoptik,
Germany).
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Osteoblast differentiation

Mouse bone marrow stromal cells were isolated by flushing
the femurs and tibiae from 6-week-old male ICR mice, and
the isolated cells were cultured in «-MEM containing 10%
FBS, 100 U/ml penicillin, and 100 ug/ml streptomycin. Os-
teoblast differentiation was induced by incubating the cells
in an osteogenic medium containing 50 ng/ml IGF-1, 50 pg/
ml ascorbic acid, and 100 uM B-glycerophosphate for 4 to 9
days; the culture medium was replaced every 4 days for the
ALP activity assay. The osteoblast precursor cells were lysed
using the osteoblast lysis buffer (50 mM NaCl [pH 7.6], 150
mM NaCl, 0.1% Triton X-100, and 1 mM EDTA). The cell ly-
sates were incubated with p-nitrophenyl phosphate substrate
(Sigma-Aldrich), and ALP activity was measured using a spec-
trophotometer at 405 nm. For alizarin red staining, the cells
were cultured for 9 days, and were fixed with 70% ethanol
and stained with 40 mM alizarin red (pH 4.2). The nonspecif-
ic staining was removed by phosphate-buffered saline (PBS)
wash, and alizarin red staining was visualized with a CanoS-
can 4400F scanner (Canon, Japan). Alizarin red was then dis-
solved using 10% Cetylpyridinium (Sigma-Aldrich) for 15 min
at room temperature, and alizarin red activity was measured
using a spectrophotometer at 562 nm.

Cytotoxicity assay

The bone marrow cells were seeded in 96-wells plates with
o~-MEM containing 10% FBS with M-CSF. The cells were
treated with different concentrations of GSK4112 for 2 days
in presence of M-CSF and RANKL. Next, the cells were incu-
bated with 10% EZ-Cytox reagent (DaeilLab Service, Korea)
for 4 h at 37°C and 5% CO,, the number of viable cells in
triplicate wells was measured with a spectrophotometer at
450 nm.

Semi quantitative real-time polymerase chain reaction
(PCR)

Cells were lysed in Qiazol (Qiagen, Germany), and total RNA
was isolated according to the manufacturer’s protocol. Pu-
rified RNA was reverse transcribed with GoScript™ Reverse
Transcriptase (Promega, USA), and the resultant cDNA was
used for SYBR-based real-time PCR. The assays were per-
formed in triplicates with a Rotor-Gene6 instrument (Qia-
gen). The thermal cycling conditions were as follows: 15 min
at 95°C, followed by 40 cycles of 94°C for 15 s, 55°C for
30 s, and 72°C for 30 s. Total mRNA was normalized to the
endogenous housekeeping gene Gapdh. The relative quanti-
tation value for each target gene was expressed as 2 <9 (Ct
and Cc are the mean threshold cycle differences after nor-
malizing to Gapdh). The relative expression levels of samples
were represented by a semi-log plot. The following primer
sets were used: Rev-erba: forward, 5'-GAC CCT GGA CTC
CAA TAA CAA CA-37; reverse, 5'-GGT AAT GTT GCT TGT
GCC CTT GC-3"; Rev-erbp: forward, 5'-GTG TGA TTG CCT
ACA TCA GTT CC-3"; reverse, 5'-CAG GCA CTT CTT ATA
CTG GAT GT-3’; c-fos: forward, 5'-ATG GGC TCT CCT GTC
AAC ACA CAG-3’; reverse, 5'-TGG CAA TCT CAG TCT GCA
ACG CAG-3’; Nfatc1: forward, 5'-CTC GAA AGA CAG CAC
TGG AGC AT-3’; reverse, 5'-CGG CTG CCT TCC GTC TCA
TAG-3’; Oscar: forward, 5'-TGC TGG TAA CGG ATC AGC
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TCC CCA A-37; reverse, 5'-CCA AGG AGC CAG AAC CTT
CGA AAC T-3'; Acp5: forward, 5'-CTG GAG TGC ACG ATG
CCA GCG ACA-3"; reverse, 5'-TCC GTG CTC GGC GAT GGA
CCA GA-3’; Ctsk: forward, 5'-ACG GAG GCA TTG ACT CTG
AAG ATG-3’; reverse, 5 -GTT GTT CTT ATT CCG AGC CAA
GAG-3’; Dc-stamp: forward, 5'-TGG AAG TTC ACT TGA
AAC TAC GTG-3’; reverse, 5'-CTC GGT TTC CCG TCA GCC
TCT CTC-3"; Alpl: forward, 5"-CAA GGA TAT CGA CGT GAT
CAT G-3’; reverse, 5'-GTC AGT CAG GTT GTT CCG ATT C-3/;
Runx2: forward, 5"-CCC AGC CAC CTT TAC CTA CA-3’; re-
verse, 5'-CAG CGT CAA CAC CAT CAT TC-3’; Ibsp: forward,
5"-GGA AGA GGA GAC TTC AAA CGA A-3’; reverse, 5'-CAT
CCA CTT CTG CTT CTT CGT TC-3’; Bglap: forward, 5"-ATG
AGG ACC CTC TCT CTG CTC AC-3’; reverse, 5'-CCA TAC
TGG TTT GAT AGC TCG TC-3"; Gapdh: forward, 5'-TGA CCA
CAG TCC ATG CCA TCA CTG-3’; reverse, 5'-CAG GAG ACA
ACC TGG TCC TCA GTG-3".

Retroviral infection

The Plat-E packaging cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
FBS. To prepare retroviral supernatants, recombinant plasmids
and parental pMX vectors were transfected into the packag-
ing cell line Plat-E using FUGENE 6 (Promega) according to
the manufacturer’s instructions. The viral supernatant was
collected from the cultured media 48 h after transfection. The
BMMs or osteoblast precursor cells were incubated with the
viral supernatants for 6 h in the presence of 10 pg/ml poly-
brene (Sigma-Aldrich).

Luciferase assay

293T cells were cultured in DMEM supplemented with 10%
FBS. The cells were transfected with the indicated amounts
of expression plasmids using FUGENE 6 (Promega), ac-
cording to the manufacturer’s protocol. On the following
day, the cells were treated with compounds and after 24 h
luciferase activities were measured according to the manu-
facturer's instructions (Promega). The Luciferase activity was
measured in triplicates, which were averaged and normal-
ized to the B-galactosidase activity using o-nitrophenyl-p-D-
galactopyranoside (Sigma-Aldrich) as a substrate.

Small interfering RNA transfection

Control siRNA, Rev-erba siRNA, and Rev-erbp siRNA pur-
chased from Dharmacon (USA) were transfected into BMMSs
or preosteoblasts using Lipofectamine RNAIMAX (Thermo
Fisher Scientific, USA), according to the manufacturer’s pro-
tocol. The knockdown was verified by quantitative PCR.

Immunoprecipitation and western blot analysis

Cells from the transfected 293T, osteoclasts, or osteoblasts
were harvested after washing with ice-cold PBS, and were
lysed using extraction buffer (50 mM Tris-HCl [pH 8.0], 150
mM NaCl, T mM EDTA, 0.5% Nonidet P-40, 0.01% protease
inhibitor cocktail). The samples were immunoprecipitated
with antibodies, and the whole cell lysates were subjected
to SDS-PAGE and western blotting. The primary antibod-
ies used included Rev-erbe, (E-12, #s5¢-393215, 1:1,000),
Rev-erbp (E-12, #sc-393215, 1:1,000), c-Fos (K-25, #sc-



253,1:1,000), NFATc1 (7A6, #sc-7294, 1:1,000), TRAP (H-
274, sc-274, 1:1,000), Runx2 (M70, #sc-10758, 1:1,000),
Tubulin (#sc-58884, 1:1,000), LaminB1 (#sc-56143,1:1,000)
phospho-Smad (#12353, 1:1,000), and Smad (N-18, #sc-
6031, 1:1,000) antibodies (Santa Cruz Biotechnology, USA).
kB (#9242, 1:1,000), phospho-p38 (#9211, 1:1,000), p38
(#9212, 1:1,000), phospho-JNK (G9, #9255, 1:1,000), JNK
(#9252, 1:1,000), phospho-ERK (#9101, 1:1,000), and ERK
(#9102, 1:1,000) antibodies (Cell Signaling Technology,
USA). In addition, Actin (Clone AC-40, #A8353, 1:25,000)
and Flag (Clone M2, #A8592, 1:3,000) antibodies (Sigma-Al-
drich) were used. The membranes were then probed with
HRP-conjugated secondary antibodies (Abcam, UK), and
chemiluminescence was developed using the ECL solution
(Millipore, USA). The signals were detected and analyzed us-
ing the Azure c300 chemiluminescent western blot imaging
system (Azure Biosystems, USA).

Chromatin immunoprecipitation (ChlIP) assay

The ChlIP assay was performed using an ezChIP kit (Millipore)
according to the manufacturer’s instructions, using antibod-
jes against c-Fos (#sc253), Runx2 (#sc-10758), or control
IgG (#sc-2027) (Santa Cruz Biotechnology). The precipitated
DNA samples were subjected to PCR amplification with the
primers specific for the promoter region of NFATc1 contain-
ing an AP1 binding site or the primers specific for the ALP
promoter region containing Runx2 binding sites. Real-time
PCR was used to quantify ChIP assay results. All test Ct values
were normalized by the input Ct value, and data represented
as fold enrichment. The following primers were used for PCR
and gPCR- NFATc1: forward, 5-CCG GGA CGC CCA TGC
AAT CTG TTA GTA ATT-3’; reverse, 5'-GCG GGT GCC CTG
AGA AAG CTA CTC TCC CTT-3"; Alpl: forward, 5-GGC TGG
GAC AGA CAG AAT GT-3’; reverse, 5'-CTT TGT CCC TCG
ATG GTT GT-3".

Fractionation

Cultured cells were harvested after washing with ice-cold PBS
and then cells were fractionated using NE-PER Nuclear and
cytoplasmic Extraction Reagent (Thermo Fisher Scientific)
according to the manufacturer’s protocol. Cytoplasmic and
nuclear extract were subjected to SDS-PAGE and Western
blotting.

Microcomputed tomography (uCT) and histomorphomet-
ric analysis of bone loss model

For RANKL-induced bone loss models, 6-week-old male ICR
mice were intraperitoneally injected with vehicle or GSK4112
(5 mg per kg of body weight; Sigma-Aldrich) on day 0. The
mice were intraperitoneally injected with PBS or RANKL (1
ma/kg of body weight), and/or GSK4112 for the next 3 days
and sacrificed on day five. For analyzing bone mass, mouse
tibiae were fixed and scanned using a Skyscan 1172 system
(Skyscan, Belgium) with the X-ray source at 50 kV and 201
pA and a 0.5 mm aluminum filter. The three-dimensional
image obtained by CT-An (Skyscan), and three-dimensional
morphometry was characterized by measuring the bone
volume fraction (BV/TV), trabecular thickness (Tb.Th), trabec-
ular separation (Tb.Sp), and trabecular number (Tb.N). The
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three-dimensional image of trabecular bone was remodeled
using the ANT software (Skyscan). For bone histomorpho-
metric analysis, tibiae were fixed in 4% paraformaldehyde
and decalcified using 5.5% EDTA in 3.8% formaldehyde buf-
fer for 2 weeks at 4°C. After the samples were gradually de-
hydrated and embedded in paraffin, the paraffin blocks were
sectioned into 4 um thick sections. H&E or TRAP staining was
performed according to the standard protocol for determin-
ing osteoclasts and osteoblasts, respectively.

Statistical analysis

Unparied Student’s t-test was calculated using IBM SPSS Sta-
tistics 21 (IBM, USA). The data were presented as mean + SD.
P < 0.05 was considered to be statistically significant.

RESULTS

Role of Rev-erbs in RANKL-induced osteoclast differentiation
We first examined the expression of Rev-erba (also known
as Nr1d1) and Rev-erbp (also known as Nr1d2) during
RANKL-induced osteoclast differentiation. When BMMs
were cultured in the presence of M-CSF and RANKL, the ex-
pression of Nfatc1 was gradually increased during osteoclast
differentiation; the induction of Nfatc1 was followed by the
expression of Oscar and Acp5, which are osteoclast-specific
genes. The mMRNA expression of Rev-erbo and Rev-erbp was
gradually increased during osteoclast differentiation (Fig. 1A).
Next, to investigate which Rev-erbs are more predominant in
osteoclasts, we confirmed their role in osteoclast differenti-
ation using Rev-erba. or Rev-erbp specific SIRNA. The expres-
sion of Rev-erba and/or Rev-erbp was significantly downreg-
ulated upon siRNA transfection in BMMs, as compared to
control siRNA. Notably, the expression of Bmal1, a negative
target gene of Rev-erb in the circadian pathway, was signifi-
cantly enhanced by silencing of Rev-erba. or Rev-erbp or both
of the Rev-erbs (Fig. 1D, upper panel). RANKL treatment in
the control siRNA-transfected BMMs increased the formation
of osteoclast in a dose-dependent manner. The knockdown
of Rev-erba or Rev-erbp slightly increased the osteoclast
formation upon RANKL stimulation, as compared to control
SiRNA. Moreover, the knockdown of both Rev-erbs further
enhanced the RANKL-induced osteoclast differentiation than
knockdown of Rev-erba or Rev-erbp alone, as compared to
control siRNA (Figs. 1B and 1C). Predictably, silencing of Rev-
erba or Rev-erbp resulted in enhanced expression levels of os-
teoclast marker genes such as Nfat1, Oscar, Aco5, Dcstamp,
and Ctsk in response to RANKL stimulation. Furthermore,
silencing of both Rev-erbs strongly increased the mRNA ex-
pression of Nfatc1, Oscar, Acp5, Dcstamp, and Ctsk (Fig. 1D,
lower panel). Overall, these results indicated that Rev-erbp is
functionally redundant to Rev-erbo with regard to the regula-
tion of osteoclast differentiation.

Overexpression of Rev-erbs inhibits RANKL-induced os-
teoclast differentiation

Given our data indicating the effect of Rev-erbs on osteoclast
differentiation by performing loss-of-function experiments,
we overexpressed Rev-erba or Rev-erbp to confirm their
role in osteoclasts through gain-of-function experiments.
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Fig. 1. Expression of Rev-erbs and effect of knockdown of Rev-erba and Rev-erbp in RANKL-induced osteoclast formation. (A) BMMs
were cultured with M-CSF (30 ng/ml) and RANKL (100 ng/ml) for the indicated times. Total RNA was isolated from the cell lysates and
mRNA expression of Rev-erba, Rev-erbp, Nfatc1, Oscar, and Acp5 was assessed by real-time PCR. The values shown are normalized
to GAPDH levels. The data represent mean + SD of triplicate samples. *P < 0.005 vs 0 day. (B-D) BMMs were transfected with control
SIRNA (si-Control) or siRNA specific for Rev-erba (si-Rev-erba), Rev-erbp (si-Rev-erbg), and both Rev-erba and Rev-erbB (si-Rev-erbs). (B)
Transfected BMMs were cultured for 3 days with M-CSF and various concentrations of RANKL, as indicated. The cultured cells were fixed
and stained for TRAP. Scale bars = 100 um. (C) The numbers of TRAP(+)MNCs were counted. The data represent means + SD of triplicate
samples. *P < 0.05, **P < 0.01 vs control siRNA. The results shown are representative of at least three independent sets of similar
experiments. (D) Transfected BMMs were cultured with M-CSF and RANKL for 3 days. Relative mRNA expression was determined by real-
time PCR. The data represent means * SD of triplicate samples. *P < 0.05, **P < 0.01, *P < 0.005 vs si-Control.

The formation of osteoclasts was increased with RANKL ad- Rev-erbe (Figs. 2A and 2B). In addition, overexpression of
ministration in a dose-dependent manner in BMMs infected Rev-erba strongly attenuated RANKL-mediated induction of
with control vector. However, RANKL-induced osteoclast Nfatc1, Oscar, and Acp5, indicating that Rev-erbea affects the
formation was significantly inhibited in BMMSs overexpressing expression of osteoclast markers at the mRNA level during
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Fig. 2. Overexpression of Rev-erbea inhibits RANKL-induced osteoclast differentiation. BMMs were infected with either pMX-IRES-
EGFP (Control) or Rev-erba retroviruses. The transduced BMMs were cultured with M-CSF and various concentrations of RANKL for the
indicated times. (A) Cells cultured for 3 days were fixed and stained for TRAP. Scale bars = 100 um. (B) The numbers of TRAP(+)MNCs
per well were counted. *P < 0.05, **P < 0.01, "P < 0.005 vs control. (C) Real-time PCR was performed to determine mRNA expression of
c-Fos, Nfatc1, Oscar, Acp5, and Rev-erba. The data represent mean + SD of triplicate samples. *P < 0.05, **P < 0.01, *P < 0.005 vs control.
(D) Cells from each time point were harvested, and the lysates were analyzed by western blot with specific antibodies, as indicated.

osteoclast differentiation with the exception of c-Fos (Fig.
2C). Rev-erba, attenuated the protein expression of NFATc1
and TRAP during osteoclastogenesis (Fig. 2D). Since the
downregulation of Rev-erbp enhanced the RANKL-induced
osteoclast differentiation, we investigated the role of Rev-
erbp by retroviral-mediated overexpression in BMMs. The
overexpression of Rev-erb in BMMs significantly inhibited
the RANKL-induced osteoclast formation as compared to the
control (Supplementary Figs. STA and S1B). Moreover, the
overexpression of Rev-erbf greatly inhibited the expression
of Nfatc1, Oscar, and Acp5 (Supplementary Fig. S1C). Taken
together, these results suggested that Rev-erba. and Rev-erbp
negatively regulate RANKL-induced osteoclast differentiation.

Rev-erbo targets NFATc1 on osteoclasts

It has been established that RANKL strongly stimulates c-Fos
induction, and then the binding of c-Fos to NFATc1 pro-
moter induces NFATc1 gene expression at an early stage of

osteoclast differentiation (Kim and Kim, 2016). In order to
further clarify the molecular mechanism by which Rev-erba
regulates NFATc1 expression in RANKL-induced osteoclast
differentiation, we examined whether Rev-erbe can interact
with NFATc1. Rev-erbe did not interact with NFATc1 (Sup-
plementary Fig. S2). To examine the effects of Rev-erbga, in
c-Fos-dependent NFATc1 induction, 293T cells were trans-
fected with NFATc1 reporter plasmid containing a 6.2-kb
NFATc1 promoter and c-Fos, with or without Rev-erba. c-Fos
significantly induced the transcriptional activity of NFATc1
while addition of Rev-erba strongly inhibited this activation
in a dose dependent manner (Fig. 3A). Next, since Rev-erba
prevented c-Fos-induced NFATc1 expression, we examined
whether Rev-erba can interact with c-Fos. As shown in Fig-
ure 3B, Rev-erba interacted with c-Fos. In addition, ChIP
assay showed that Rev-erbe. inhibited binding of c-Fos to the
NFATc1 promoter region in osteoclasts (Figs. 3C and 3D).
Taken together, these results demonstrated that Rev-erbo
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Fig. 3. The effect of Rev-erba on NFATc1 expression. (A) 293T cells were co-transfected with the NFATc1 luciferase reporter and c-Fos, as
well as increasing concentrations of Rev-erba. After 36 h of transfection, the cells were lysed, and their luciferase activity was determined.
The data represent mean + SD of triplicate samples. **P < 0.01, *P < 0.005 vs control. (B) 293T cells were co-transfected with Flag-Rev-
erba and HA-c-Fos. Cell lysates were harvested and immunoprecipitated with an anti-Flag antibody. The immunoprecipitated samples
and whole cell lysates were subjected to SDS-PAGE and Western blotting using an anti-HA or anti-Flag antibody. (C and D) BMMs
transduced with pMX-IRES-EGFP (Control) or Rev-erbe retroviruses were cultured with M-CSF and RANKL for 1 day. After crosslinking,
the samples were immunoprecipitated with control IgG or anti-c-Fos and subjected to real-time PCR with primers specific to the NFATc1
promoter region containing AP1-binding sites. The data represent mean + SD of triplicate samples. *P < 0.05 vs control. (E) BMMs were
infected with either MSCV (Control) or Ca-NFATc1 retroviruses. The transduced BMMs were cultured with M-CSF and RANKL, with or
without GSK4112, for 3 days, and the cells were then fixed and stained for TRAP. Scale bars = 100 um. (F) The numbers of TRAP(+)
MNCs per well were counted. The data represent mean * SD of triplicate samples. *P < 0.05, *P < 0.005 vs control. (G) Real-time PCR
was performed to determine mRNA expression of Oscar and Acp5. The data represent mean £ SD of triplicate samples. *P < 0.05, **P <

0.01, "P<0.005 vs control.

competes with c-Fos recruitment to attenuate NFATc1 induc-
tion. To investigate whether the inhibitory effect of Rev-erba
on osteoclast formation could be rescued by overexpression
of NFATc1, a constitutively active form of NFATc1 (Ca-NFATc1)
was overexpressed in BMMs. GSK4112, a synthetic Rev-erb
agonist, binds directly to the ligand binding domain of Rev-
erbs (Trump et al., 2013). Treatment with GSK4112 strongly
prevented formation of TRAP-positive multinucleated cells
in a dose dependent manner (Supplementary Figs. S3A and
S3B). To clarify the possibility that anti-osteoclastogenic ac-
tivity of GSK4112 could be due to its cytotoxicity in BMMs,
we investigated the cytotoxic effect of GSK4112 in BMM:s.
GSK4112 exhibited significant cytotoxicity at concentration
above 30 nM (Supplementary Fig. S3C), suggesting that
anti-osteoclastogenic activity of GSK4112 without any cyto-
toxicity could be expected under 20 nM. Additionally, the in-
hibitory effect of GSK4112 on osteoclast differentiation was
evaluated by mRNA expression levels of osteoclast-specific
genes. GSK4112 strongly attenuated the RANKL-mediated
induction of Nfatc1, Oscar, and Acp5 during osteoclast dif-
ferentiation with the exception of c-Fos (Supplementary Fig.
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S3D). GSK4112 strongly blocked the osteoclast formation,
while overexpression of Ca-NFATc1 significantly blocked the
GSK4112-mediated downregulation of RANKL-induced
osteoclast formation (Figs. 3E and 3F). GSK4112-medi-
ated downregulation of Oscar and Acp5 was reversed by
overexpression Ca-NFATc1 (Fig. 3G). Taken together, these
results indicated that Rev-erba targets NFATc1 and regulates
c-Fos-induced NFATc1 expression in osteoclasts.

Knockdown of Rev-erba enhances osteoblast differentia-
tion

Rev-erbo, could promote bone marrow stromal cells (BMSC)
aging and may act as a negative regulator during the late
phase of osteogenesis (He et al., 2015). However, the mech-
anism of Rev-erba. and Rev-erbp in osteoblasts remains yet
unknown. In order to examine the expression of Rev-erba
and Rev-erbp during osteoblast differentiation, bone mar-
row-derived stromal cells were cultured with ascorbic acid,
B-glycerophosphate, and IGF-1. The expression of osteogenic
genes including alkaline phosphatase (Alpl), bone sialopro-
tein (Ibsp), and osteocalcin (Bglap) was significantly increased
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Fig. 4. Expression of Rev-erbs during osteoblast differentiation and their effect on osteoblast differentiation. BMSCs were incubated
with osteogenic medium containing IGF-1 (50 ng/ml), ascorbic acid (50 ug/ml), and B-glycerophosphate (100 uM) for the indicated times.
(A) Total RNA was isolated from the cell lysates and real-time PCR was performed to determine mRNA expression of Rev-erba, Rev-erbg,
Alpl, Runx2, and Bglap. The data represent mean * SD of triplicate samples. The values shown are normalized to GAPDH levels. P < 0.005
vs day 0. (B-E) BMSCs were transfected with control siRNA (si-Control) or siRNA specific for Rev-erba (si-Rev-erba), Rev-erbf (si-Rev-erbp),
and both Rev-erba and Rev-erbp (si-Rev-erbs). (B) Cells were cultured for 4 days, and ALP activities were measured by densitometry at
405 nm. O.D., optical density. The data represent mean + SD of triplicate samples. *P < 0.05 vs control siRNA. (C) Cells cultured for 9 days
were fixed and stained with alizarin red. (D) Alizarin red staining activity was quantified by densitometry at 570 nm. The data represent
mean * SD of triplicate samples. *P < 0.05 vs control siRNA. (E) Transfected cells were cultured with osteogenic medium containing IGF-

1, ascorbic acid, and B-glycerophosphate for 6 days. Total RNA was

isolated from the cell lysates and mRNA expression of Rev-erbe,

Rev-erbp, Bmall, Runx2, Bglap, and Ibsp were assessed by real-time PCR. The values shown are normalized to GAPDH levels. The data

represent mean + SD of triplicate samples. *P < 0.05 vs si-Control.

during osteoblast differentiation, and the expression of Rev-
erba and Rev-erbp was also increased during differentiation
(Fig. 4A). We examined the physiological roles of Rev-erbs
in osteoblast differentiation using specific SiRNA of Rev-erba
or Rev-erbp. The expression of Rev-erba, Rev-erbp, or both
Rev-erbs was significantly downregulated by Rev-erbe- and
Rev-erbp-specific siRNA, as compared to control siRNA, re-
spectively. The knockdown of Rev-erba but not Rev-erbp, in
osteoblasts, significantly increased the expression of Bmal1
in particular (Fig. 4E). Next, ALP activity and bone nodule
formation were evaluated as markers of osteoblast differen-
tiation and function. Rev-erba SIRNA and siRNA against both
Rev-erbs significantly increased the ALP activity and miner-
alized nodule formation; however, Rev-erbp siRNA did not
affect osteoblast differentiation and function. (Figs. 4B-4D).
These results indicated that Rev-erbp is not functionally re-
dundant to Rev-erba in osteoblast differentiation. Moreover,
knockdown of Rev-erbo. and both the Rev-erbs significantly

increased the expression of Runx2, Bglap, and Ibsp during
osteoblast differentiation (Fig. 4E). Collectively, these results
suggest that Rev-erbe, plays a dominant role in osteoblast dif-
ferentiation and function.

Overexpression of Rev-erbg attenuates osteoblast differ-
entiation and function

Next, we examined the effect of Rev-erba overexpression in
osteoblasts. Overexpression of Rev-erba in preosteoblasts
strongly inhibited ALP activity, mineralized nodule formation,
and alizarin red activity under the osteogenic conditions (Figs.
5A-5C). Moreover, Rev-erbo overexpression significantly
attenuated the expression of Runx2, Alpl, Bglap, and Ibsp
during osteoblast differentiation as compared to overexpres-
sion of control vector (Fig. 5D). To determine the impact of
Rev-erbe. on Runx2 activity in osteoblasts, we investigated
nuclear translocation of Runx2, a requisite event in its tran-
scriptional activity. Overexpression of Rev-erbo suppressed
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Fig. 5. Rev-erba overexpression inhibits osteoblast differentiation via regulation of Runx2 nuclear translocation. BMSCs were transduced
with either pMX-IRES-EGFP (control) or Rev-erba. retroviruses, and cultured with osteogenic medium containing IGF-1, ascorbic acid, and B-
glycerophosphate. (A) Cells were cultured for 4 days, and ALP activities were measured by densitometry at 405 nm. O.D., optical density.
The data represent mean + SD of triplicate samples. *P < 0.05 vs control. (B) Cells were cultured for 9 days, and were fixed and stained
for alizarin red. (C) Alizarin red staining activity was quantified by densitometry at 570 nm. The data represent mean + SD of triplicate
samples. *P < 0.005 vs control. (D) Real-time PCR was performed to determine mRNA expression of Alpl, Runx2, Bglap, Ibsp, and Rev-erba.
The data represent mean + SD of triplicate samples. **P < 0.01, *P < 0.005 vs control. (E) BMSCs were transduced with either pMX-IRES-
EGFP (control) or Rev-erba, retroviruses, and cultured with osteogenic medium containing IGF-1, ascorbic acid, and B-glycerophosphate for
6 days. Whole cell extracts, cytoplasmic fractions, and nuclear fractions were harvested from the cultured cells and subjected to western
blot analysis with specific antibodies as indicated. Antibodies for tubulin and LaminB1 were used for the normalization of cytoplasmic and

nuclear extracts, respectively.

Runx2 nuclear translocation as compared to overexpression
of control vector (Fig. 5E). Taken together, these results sug-
gest that Rev-erba negatively regulates osteoblast differentia-
tion and function.

Rev-erba modulates Runx2 activity in osteoblasts

Since it has been previously reported that osteoblast-relat-
ed genes such as type | collagen and Runx2 are involved in
circadian rhythms in vivo (Fujihara et al., 2014), we investi-
gated the effect of Rev-erba on transcriptional regulation of
Runx2. Rev-erbe, significantly repressed luciferase activity of
the Runx2-responsive osteocalcin reporter 6XOSE2, induced
by Runx2 (Fig. 6A). Co-immunoprecipitation experiment
showed that Rev-erbe associated with Runx2 (Fig. 6B). To
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determine whether Rev-erbo affected the binding of Runx2
to its target promoter region in vivo, ChIP assay was per-
formed using cultured mature osteoblasts. Rev-erba, reduced
the recruitment of Runx2 to the promoter region of ALP and
BSP (Figs. 6C-6F). Taken together, these results suggest that
Rev-erba, negatively regulates osteoblast differentiation via
regulation of Runx2.

Rev-erba regulates p38 MAPK signaling in both osteo-
clasts and osteoblasts

Next, we investigated the effect of Rev-erba on intracellular
signaling pathways involved in osteoclasts and osteoblasts.
RANKL induced the activation of p38 MAPK, JNK, and ERK
and degradation of IkBa in control vector-infected BMMs.
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Fig. 7. Rev-erba inhibits p38 MAPK signaling in osteoclasts and osteoblasts. (A) BMMs were transduced with pMX-IRES-EGFP (control)
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subjected to western blot analysis with specific antibodies, as indicated.
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RANKL-induced phosphorylation of p38 MAPK and JNK
was attenuated by Rev-erba overexpression as compared to
the control. On the other hand, IkBa degradation and ERK
phosphorylation were unaffected (Fig. 7A). IGF-1 induced
signaling pathways such as MAPK, ERK, and Smad in osteo-
blasts. The overexpression of Rev-erbe inhibited p38 MAPK,
ERK, and Smad phosphorylation as compared to the over-
expression of control vector (Fig. 7B). These data suggested
that Rev-erba. might commonly regulate p38 MAPK in both
osteoclasts and osteoblasts.

GSK4112 blocks RANKL-induced bone loss in vivo
In order to investigate it as a therapeutic target of Rev-erb
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in bone diseases, we tested GSK4112 using RANKL-induced
bone loss model. RANKL or PBS together with GSK4112 was
intraperitoneally injected into the mice. pCT analysis with
three-dimensional reconstruction of trabecular bone revealed
that injection of RANKL markedly decreased the bone mass
as compared to the control group; however, intraperitoneal
administration of GSK4112 prevented the RANKL-induced
bone loss (Fig. 8A). Further, osteoporotic phenotype due to
RANKL-induced bone loss was determined quantitatively by
measuring the decrease in the percent of bone volume to
total tissue volume and trabecular numbers, as well as the
accompanied increase of trabecular separation and thickness
as compared to control group, whereas the administration
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Fig. 8. Administration of GSK4112 prevents RANKL-induced bone loss in mice. Mice were intraperitoneally administrated with PBS, RANKL,
with or without GSK4112. The long bones obtained from mice were subjected to uCT and immunohistochemical analysis. (A) Representative
three-dimensional images of femoral metaphysis from PBS-, RANKL-, and RANKL plus GSK4112-injected mice. (B) Bone volume per tissue
volume (BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N) were assessed from the uCT
measurements. The data represent mean + SD. *P < 0.05, **P < 0.01, *P < 0.005 vs PBS. (C) H&E staining and TRAP staining of histological
sections of proximal tibiae. Scale bars = 100 um. (D) Osteoclast surface per bone surface, osteoclast number per bone surface, osteoblast surface
per bone surface, and osteoblast number per bone surface were assessed. The data are represented as the mean + SD. *P < 0.05, “P < 0.005 vs

PBS.
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of GSK4112 obviously suppressed RANKL-induced bone
destruction (Fig. 8B). Next, to confirm bone loss recovery by
GSK4112 administration at the cellular level in trabecular
bones of the proximal tibia of mice, immunohistochemistry
analysis was performed for quantification using TRAP and
H&E staining, respectively. After RANKL injection, there was
an increase in the number of TRAP-positive osteoclasts, while
osteoclast number was significantly decreased in trabecular
bones of mouse injected with GSK4112. However, the num-
ber of osteoblasts in trabecular bone remained unchanged
between RANKL and GSK4112 administration, demonstrat-
ing that reduction of bone loss by GSK4112 was due to
inhibition of osteoclast formation in vivo (Figs. 8C and 8D).
Therefore, these results suggest that Rev-erb agonist may be
useful for the treatment of bone disease characterized by ex-
cessive bone resorption.

DISCUSSION

Bone homeostasis is maintained via the balance between
bone resorption and bone formation by osteoclasts and
osteoblasts. Since the two processes are closely related, it is
necessary to develop therapeutic agents that are able to in-
hibit bone resorption and promote bone formation in bone
diseases such as osteoporosis.

Recently, it was reported that the circadian clock controls
many aspects of energy metabolism, the immune system,
and cardiovascular physiology (Maury et al., 2014). It has
been reported that circadian rhythms are identified in bone
and that the clock and clock control genes in the bones are
crucial to bone metabolism (limura et al., 2012). Osteoclasts
and osteoblasts have been shown to express clock genes as-
sociated with the circadian signaling pathway and exhibit cir-
cadian rhythmicity controlled by various endocrine hormones
and cytokines (Fujihara et al., 2014; McElderry et al., 2013).

In this study, we revealed that Rev-erba acts as a negative
regulator in osteoclasts and osteoblasts. The overexpression
of Rev-erbo and Rev-erbp showed anti-osteoclastogenic
activity through regulation of p38 MAPK activation and
NFATc1 expression. Conversely, knockdown of Rev-erba and
Rev-erbp in BMMs, by small interfering RNA, showed the
opposite effects. In addition, administration of GSK4112, a
Rev-erb agonist, prevented RANKL-induced bone destruction
by attenuating osteoclast formation, suggesting that Rev-
erb agonist may be beneficial as therapeutic target for bone
diseases such as osteoporosis. Consistent with our results, it
has been reported that SR9009, a structurally distinct Rev-erb
agonist, inhibited osteoclast differentiation, and the pharma-
cologic activation of SR9009 has been reported to improve
ovariectomy-induced bone loss (Song et al., 2018).

Our study revealed that Rev-erba knockdown significantly
enhanced osteoblast differentiation, while overexpression of
Rev-erba attenuated osteoblast differentiation and function,
and inhibited Runx2 activity via p38 MAPK signaling path-
way. However, downregulation of Rev-erbp did not affect
osteoblast differentiation, suggesting that Rev-erba plays a
predominant role in osteoblasts. Accumulating studies have
focused on the relationship between Rev-erba and adipo-
genesis, while little is known about mechanism of Rev-erba.
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in osteogenesis (Fontaine et al., 2003). According to a recent
report, Rev-erba expression is declined during BMSC-induced
osteoblast differentiation and Rev-erba promotes BMSC
aging, suggesting that Rev-erba, may be a negative regulator
during the late phase of osteogenesis (He et al., 2015). These
results are partly consistent with our results that overexpres-
sion of Rev-erba inhibits BMSC-induced osteoblast differ-
entiation. Unlike the reported results, we showed that the
expression of Rev-erba was induced by osteogenic factors in
the BMSCs (Fig. 4). These discrepancies may be possibly be-
cause of the difference in the cell culture method such as cell
source, and/or cell density, and/or cell differentiation factor in
given cell culture conditions.

Interestingly, it has been reported that circadian rhythms
are prevalent in bone metabolism. Indeed, the transcription
factor BMAL1, controlled by Rev-erb, plays a role in the circa-
dian clock by adjusting the balance between bone formation
and bone resorption, which is important for bone homeosta-
sis (Li et al., 2018; Samsa et al., 2016; Xu et al., 2016). More-
over, osteoclast-related genes such as CTSK and NFATc1, but
not another marker TRAP showed circadian rhythmicity in the
femur of mice. In addition, osteoblast-related genes such as
type | collagen and Runx2 in calvarial bone showed circadian
variation (Fujihara et al., 2014; Zvonic et al., 2007). Rev-erba.
and Rev-erbp have been characterized as potent transcrip-
tional factors that repress recruitment of the corepressor mol-
ecules such as NCoR and HDAC3 to the target gene promot-
ers involved in the circadian cycle (Lazar, 2016; Yin and Lazar,
2005). According to recent studies, NCoR inhibits the binding
of c-Jun/c-Fos hetero dimer to an AP-1 target gene involved
in inflammatory responses (Ogawa et al., 2004) and HDAC3
interacts with Runx2 to repress the osteocalcin promoter
(Schroeder et al., 2004). These data support our results that
Rev-erba results in the transcriptional repression of genes in-
volved in the circadian rhythm such as NFATcT and Runx2. It
is thought that Rev-erb is accompanied by co-repressors and
represses target gene transcription, leading to histone modi-
fication of critical circadian genes.

In the present study, we found that Rev-erba not only at-
tenuated the RANKL-induced phosphorylation of p38 MAPK
in BMMs, but also inhibited the IGF-induced p38 MAPK
phosphorylation in BMSCs. Indeed, p38 MAPK has been
known to play a critical role in skeletal development and bone
homeostasis. In osteoclasts, it has been shown that activat-
ed p38 MAPK can trigger translocation of NFATc1 to nuclei
via phosphorylation followed by formation of a complex of
NFATc1/PU.1 in response to RANKL, so as to increase CTSK
and TRAP gene expression (Bohm et al., 2009; Matsumoto
et al., 2004). Moreover, p38 MAPK has been identified as
a positive regulator of osteoblast differentiation and func-
tion, in part by regulating the transcription activity of Runx2
(Greenblatt et al., 2010). Taken together, our results suggest
that Rev-erba negatively regulates bone remodeling by inhib-
iting p38 MAPK signaling pathways that consequently down-
regulate the expression and activity of NFATc1 and Runx2 in
osteoclasts and osteoblasts, respectively.

Rev-erbe acts in a tissue-specific manner to regulate circa-
dian rhythms and metabolism and in some cases exhibits re-
dundant functions with Rev-erbp (Lazar, 2016). Intriguingly,
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we observed that Rev-erba and Rev-erbp regulate osteoclast
differentiation, but Rev-erbp did not participate in osteoblast
differentiation despite it being present during the differentia-
tion process. These data suggest that Rev-erba and Rev-erbp
have distinct roles in both the bone cells.

Collectively, we demonstrated that Rev-erba acts as a neg-
ative regulator in osteoclasts and osteoblasts. Further, our
finding suggests that development of dissociated synthetic
pharmacological agonist of Rev-erbs can serve as an ap-
proach for therapeutic treatment of bone disease character-
ized by excessive bone resorption.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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