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Oridonin ameliorates inflammation-induced bone loss in mice
via suppressing DC-STAMP expression

Bin-hua Zou'?, Yan-hui Tan'?, Wen-de Deng'?, Jie-huang Zheng'?, Qin Yang'?, Min-hong Ke'*, Zong-bao Ding' and Xiao-juan Li'?

Currently, dendritic cell-specific transmembrane protein (DC-STAMP), a multipass transmembrane protein, is considered as the
master regulator of cell-cell fusion, which underlies the formation of functional multinucleated osteoclasts. Thus, DC-STAMP has
become a promising target for osteoclast-associated osteolytic diseases. In this study, we investigated the effects of oridonin (ORI),
a natural tetracyclic diterpenoid compound isolated from the traditional Chinese herb Rabdosia rubescens, on osteoclastogenesis
in vivo and ex vivo. ICR mice were injected with LPS (5 mg/kg, ip, on day 0 and day 4) to induce inflammatory bone destruction.
Administration of ORI (2, 10mg-kg~"-d" ", ig, for 8 days) dose dependently ameliorated inflammatory bone destruction and
dramatically decreased DC-STAMP protein expression in BMM:s isolated from LPS-treated mice. Treatment of preosteoclast
RAW264.7 cells with ORI (0.78-3.125 uM) dose dependently inhibited both mRNA and protein levels of DC-STAMP, and suppressed
the following activation of NFATc1 during osteoclastogenesis. Knockdown of DC-STAMP in RAW264.7 cells abolished the inhibitory
effects of ORI on RANKL-induced NFATc1 activity and osteoclast formation. In conclusion, we show for the first time that ORI
effectively attenuates inflammation-induced bone loss by suppressing DC-STAMP expression, suggesting that ORI is a potential

agent against inflammatory bone diseases.
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INTRODUCTION

Osteoclasts are multinucleated cells derived from the same
lineage of monocyte progenitor cells as dendritic cells (DCs) and
macrophages and are responsible for dissolving the organic and
mineral components of bone [1, 2]. Classically, osteoclastogenesis
is initiated when RANKL binds to its cognate receptor RANK; this
process activates multiple signaling pathways that ultimately lead
to the induction and nuclear translocation of c-Fos and NFATc1,
thus stimulating osteoclast formation and bone resorption by
increasing the expression of osteoclast genes, including cathepsin
K and TRAP [3-6]. Through enhanced bone resorption activity,
overactivated osteoclasts play a key role in bone loss diseases,
which affect hundreds of millions of people [7-10]. Inhibition of
osteoclast differentiation has become a new therapeutic strategy
for bone diseases, including rheumatoid arthritis, osteoporosis,
and metastatic cancer [9, 11, 12].

DC-specific transmembrane protein (DC-STAMP), a multipass
transmembrane protein, is currently considered a master regulator
of osteoclastogenesis [12-14]. DC-STAMP is indispensable for the
fusion of osteoclastic precursor cells and the formation of
multinucleated mature osteoclasts [12, 14, 15]. During RANKL-
induced osteoclast differentiation, DC-STAMP expression is
increased in osteoclast precursors [16, 17]. DC-STAMP deficiency
completely abrogated the fusion of macrophages to form
multinucleated mature osteoclasts, even when cells were cultured
at densities that allowed migration-independent cell-cell contact

[13, 18]. DC-STAMP-knockout mice had few multinucleated
osteoclasts and increased bone density [19]. Conversely, DC-
STAMP Tg mice had an increased number of osteoclasts and bone
loss [20]. In addition, knocking out DC-STAMP reduced NFATc1
protein expression during osteoclastogenesis, and the decreased
NFATc1 expression in DC-STAMP™~ cells was restored by DC-
STAMP overexpression [19]. A DC-STAMP antibody inhibited
fusion and osteoclast differentiation in both murine and human
precursors in vitro and reduced bacteria-induced periodontal
bone destruction in vivo [21]. The frequency of circulating DC-
STAMP™ cells was recently reported to be elevated in inflamma-
tory bone destruction diseases such as psoriatic arthritis [22].
Therefore, DC-STAMP is a therapeutic target for the treatment of
osteoclast-associated osteolytic diseases.

Oridonin (ORI) is a plant-derived natural tetracyclic diterpenoid
compound isolated from Rabdosiarubescens, a traditional Chinese
medicinal herb that has therapeutic effects on inflammatory
disorders [23] and various cancers, such as colon cancer [24],
melanoma [25], lymphoma [26], breast cancer [27], osteosarcoma
[28], and leukemia [29]. Recently, ORI has been reported to inhibit
ifrd-1- and IkBa-mediated NF-kB translocation to suppress RANKL-
induced osteoclastogenesis of bone marrow-derived macro-
phages (BMMs) and RAW264.7 cells in vitro and ovariectomy-
induced osteoporosis in vivo. The mRNA and cytoplasmic c-Fos
and NFATc1 expression downstream of NF-kB in BMMs were also
reduced by ORI in vitro [30]. Increasing evidence shows that
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overactivated osteoclasts participate in inflammatory osteolytic
diseases, including rheumatoid arthritis, psoriatic arthritis, and
osteoarthritis, which affect hundreds of millions of individuals
around worldwide [31]. Notably, while ORI exhibits efficacy in
treating inflammatory diseases in animals safely [32], the role of
ORI in inflammatory bone loss is not yet known.

Here, we demonstrated a novel mechanism by which ORI
inhibited osteoclastogenesis in vitro and ex vivo by suppressing
DC-STAMP expression and subsequent NFATc1 activation. Our
data also revealed that ORI protected against inflammation-
induced bone loss in vivo.

MATERIALS AND METHODS

Reagents

ORI (PubChem CID: 34057) (purity >98%) was purchased from
Chengdumust (Sichuan, China). LPS (055:B5), a leukocyte acid
phosphatase (TRAP) kit, and cyclosporin A (CsA) (PubChem
CID:5284373) [33] were obtained from Sigma (St Louis, MO,
USA). RAW264.7 cells that were stably transfected with NFAT-
luciferase were generated as previously described [34]. a-MEM
and Australia fetal bovine serum (FBS) were obtained from Gibco
(Rockville, MD, USA). Soluble mouse RANKL and soluble recombi-
nant mouse M-CSF were provided by R&D (R&D Systems,
Minneapolis, MN, USA). A total isolation mini kit and SYBR Premix
Ex Taq were obtained from Promega (Madison, WI, USA). A
PrimeScript RT reagent kit was provided by TaKaRa (Dalian, China).
A nuclear extraction kit was provided by Wanleishengwu
(Wanleibio, Shenyang, China). NFATc1 (D15F1) mAb, B-actin mAb,
c-Fos (9F6) mAb, and lamin A/C (4C11) mAb were provided by Cell
Signaling Technology (Beverly, MA, USA). PLCy1 (1249) and p-
PLCy1 (Tyr 783) were provided by Santa Cruz Biotechnology
(Santa Cruz, CA, USA). An anti-DC-STAMP mAb (OM203458) was
provided by OmnimAbs (CA, USA).

Animal experiments and BMMs preparation

Six-to-eight-week-old female C57BL/6 mice and ICR mice were
provided by the Guangdong Medical Laboratory Animal Center
(Guangdong, China). The animal protocols were approved by the
Institutional Animal Care and Use Committee of Southern Medical
University (animal ethics ID: L2015075). BMMs were freshly
isolated from bone marrow as previously described [33]. The ICR
mice were used for the in vivo experiments.

In vitro osteoclastogenesis assay

RAW264.7 cells and BMMs were obtained and maintained as
previously described [33]. The cells were collected and seeded
into a 96-well plate at 1x 10%/well or 2 x 10*/well and cultured in
DMEM with 10% FBS and 100ng/mL RANKL or in o-MEM
supplemented with 30 ng/mL M-CSF, 100 ng/mL RANKL, and
10% FBS with or without different concentrations of ORI
(0.39-3.125 uM) at 37 °C in 5% CO,. After 4-5 days, the cells were
stained for TRAP using the leukocyte TRAP kit.

In vitro cell viability assay

The cytotoxic effects of ORI were determined using an MTT assay
[33]. Briefly, RAW264.7 cells were seeded in 96-well plates and
cultured in complete medium with or without different concen-
trations of ORI (0.39-3.125 puM) for 8 h, 24 h or 7 days. MTT solution
(0.5 mg/mL) was added during the last 4h of incubation. The
optical density was measured at a wavelength of 570 nm using a
96-well microplate reader (Tecan, Austria). Cell viability was
expressed as a percentage of the medium control.

Bone absorption assay

RAW264.7 cells and BMMs were seeded in hydroxyapatite-coated
plates (Corning, Lowell, MA, USA) at densities of 1 x 10* cells per
well and 2 x 10* cells per well, respectively, and cultured in DMEM
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with 10% FBS and 100 ng/mL RANKL or in a-MEM supplemented
with FBS, 100 ng/mL RANKL, and 20 ng/mL M-CSF with or without
different concentrations of ORI (0.39-3.125 uM) at 37 °C, 5% CO..
The medium was changed on day 3. Seven days later, the cells
were treated with a 10% bleach solution. Total resorption
pits were captured using a light microscope (IX71; Olympus). Pit
areas were quantified by Image-Pro Plus 6 software.

RNA extraction and quantitative PCR analysis

Quantitative PCR was used to measure specific gene expression
during osteoclast formation. RAW264.7 cells (1 x 10° cells/well)
were seeded, treated with ORI for 2 h, and then stimulated with
RANKL (100 ng/mL) for 24 h. Total RNA was extracted using an
RNeasy mini kit (Promega, Madison, WI, USA). The cDNA was
synthesized from 1 pg of total RNA using reverse transcriptase
(TaKaRa Biotechnology, Otsu, Japan). Real-time PCR was per-
formed using SYBR Premix Ex Tag"™ Il (Tli RNase H Plus) (Promega,
Madison, WI, USA) and detected using an ABI 7500 sequencing
detection system (Applied Biosystems, Foster City, CA, USA). PCR
amplification was performed as previously described [33]. The
primer sequences of osteoclast-related genes were as follows [33]:
OSCAR-F: 5-CTG CTG GTA ACG GAT CAG CTC CCC AGA-3’, OSCAR-
R: 5-CCA AGG AGC CAG AAA AAC T-3/; c-Fos-F: 5'-CCA GTC AAG
AGC ATC AGC AA-3/, c-Fos-R: 5/-AAG TAG TGC AGC CCG GAG TA-
3/; DC-STAMP-F: 5'-TGA AAC TAC GTG GAG AGA AGC AA-3/, DC-
STAMP-R: 5/-CAG ACA CAC TGA GAC GTG GT-3/; and Fra-2-F: 5/-
ATC CAC GCT CAC ATC CCT AC-3/, Fra-2-R: 5/-GTT TCT CTC CCT
CCG GAT TC-3'. Values were normalized to the mean expression
of GAPDH.

Western blot analysis

RAW264.7 cells (1 x 10° cells/well) were seeded in six-well plates.
After treatment with ORI (0.39-3.125 pM) for 2 h, the cells were
stimulated with 100 ng/mL RANKL for 30 min or 24 h. Total protein
was prepared with RIPA lysis buffer (Fdbio Science, Hangzhou,
China), nuclear and cytosolic extracts were generated according to
the protocol of the nuclear extraction kit (Wanleibio, Shenyang,
China), and protein concentrations were determined using a BCA
kit (BCA, Thermo Fisher, MA, USA). Next, 20-30 ug of each protein
lysate was separated by 10% sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE, Sigma-Aldrich, St
Louis, MO, USA) and transferred to PVDF membranes (Millipore,
Bedford, MA, USA). The membranes were blocked in 5% nonfat
milk, blotted with the indicated primary antibodies at 4°C and
then incubated with secondary antibodies. Finally, the protein
bands were detected using an ECL system (Yeasen Biotech,
Shanghai, China) and a multifunctional imaging analysis system
(Protein Simple, CA, USA), and the obtained images were analyzed
with ImageJ software.

Luciferase reporter gene assays for NFATc1

The effects of ORI on the RANKL-induced NFATc1-luciferase
reporter gene were determined as previously described [34].
Briefly, RAW264.7 cells were stably transfected with NFAT-
luciferase and seeded in 96-well plates overnight. The cells were
then pretreated with ORI or CsA (1 uM) for 30 min, followed by
RANKL stimulation for 24 h. NFAT luciferase activity was measured
using a luciferase assay system (Promega, Madison, WI, USA).

Knockdown of DC-STAMP by small interfering RNA (siRNA)

RAW264.7 cells were transfected with 40 nM DC-STAMP siRNA
(GenePharma Co., Ltd., 199 Dongping Street, Suzhou, China) using
Lipofectamine RNAIMAX (Invitrogen) according to the manufac-
turer’s instructions. The RNA oligo sequences were as follows: DC-
STAMP-siRNA-1 (sense: 5/-CCA GUG GAU UUA CGG CCU UTT-3/;
antisense: 5-AAG GCC GUA AAU CCA CUG GTT-3’), DC-STAMP-
siRNA-2 (sense: 5'-GCU CAU AUG AAU GAC ACU ATT-3’; antisense:
5-UAG UGU CAU UCA UAU GAG CTT-3’), DC-STAMP-siRNA-3
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(sense: 5/-CCA UGA UUC UGC CUU UAA UTT-3; antisense: 5’-AUU
AAA GGC AGA AUC AUG GTT-3'), DC-STAMP-siRNA-4 (sense: 5'-
CCC UGC AAA UGA AGA UGA UTT-3/; antisense: 5'-AUC AUC UUC
AUU UGC AGG GTT-3/), GAPDH-siRNA (sense: 5'-CAC UCA AGA
UUG UCA GCA ATT-3’; antisense: 5’-UUG CUG ACA AUC UUG AGU
GAG-3'), and negative control siRNA (sense: 5’-UUC UCC GAA CGU
GUC ACG UTT-3’; antisense: 5-ACG UGA CAC GUU CGG AGA ATT-
3/). Two days after transfection, mRNA or protein was isolated and
analyzed to determine the transfection efficiency. For TRAP
staining after interference, RAW264.7 cells were collected, seeded
into 24-well plates at 2 x 10%/well, and cultured in DMEM with 10%
FBS. After 24 h of siRNA interference, the media were changed,
and RANKL (100 ng/mL) with or without different concentrations
of ORI (0.39-3.125 uM) was added. The media were changed
every 2 days. After 4-5 days, the cells were stained using the TRAP
assay kit. NFAT-luc RAW264.7 cells were transfected with DC-
STAMP siRNA for 24 h and stimulated with RANKL for 24 h; then,
luciferase activity was measured to evaluate NFATc1 transcrip-
tional activity.

Effects of ORI on LPS-induced osteolysis in vivo

We examined the protective effect of ORI on inflammation-
induced bone loss in an LPS-induced mouse model [35-38]. Six-
week-old female ICR mice were divided into four groups (n=7):
PBS treatment (control); LPS injection (LPS); LPS plus 2 mg/kg ORI
treatment (LPS + Ori2 mg/kg); and LPS plus 10 mg/kg ORI treat-
ment (LPS + Ori10 mg/kg). The mice received intraperitoneal
injections of LPS (5mg/kg body weight) on days 0 and 4 to
induce inflammatory bone destruction. The 2 and 10 mg/kg ORI
groups received intragastric administration every day starting on
the day before the first LPS injection. All mice were sacrificed on
day 7 after the initial injection of LPS. BMM:s in the left tibia and
femur of each animal were flushed with a-MEM and used for TRAP
staining, bone resorption pit assays, and mRNA and protein
extraction. The right femur of each animal was scanned using
high-resolution microcomputed tomography (micro-CT) (CT80,
Scanco Medical, Zurich, Switzerland) with the following instru-
ment parameters: 50 kV, 500 yA, and 0.7° rotation step. After
scanning, the right femurs were fixed and decalcified for H&E
staining to examine the level of bone erosion and count the
number of osteoclasts. Bone histomorphometric analyses were
performed using the micro-CT data, and section images
were analyzed using a SkyScan™ CT analyzer and light micro-
scope; the numbers of osteoclasts per bone surface were
quantified with Image-Pro Plus software.

Statistical analysis

All experiments, except the in vivo mouse studies, were performed
at least three times. One-way ANOVA, followed by Dunnett's
multiple comparison post hoc test, was used to determine
differences between different groups. A value of P<0.05 was
considered a statistically significant difference.

RESULTS

ORI ameliorated inflammation-induced bone loss in vivo

The protective effect of ORI against LPS-induced bone loss was
first examined. The micro-CT results and 3D reconstruction images
showed that LPS induced extensive bone loss in the mouse
femurs (Fig. 1a-c). In addition, the BMD, BV/TV, and Th.N in the
LPS treatment group were markedly decreased in comparison
with those parameters in the PBS treatment group, whereas the
Th.Sp was increased in LPS-treated mice. Compared with the LPS
group, the groups treated with 2 and 10 mg/kg ORI exhibited
notable increases in BMD, Th.N, and BV/TV, as well as markedly
reduced Th.Sp (Fig. 1¢c, d). Furthermore, histological examination
confirmed that ORI treatment prevented LPS-induced bone
destruction (Fig. 1e). Dramatic inflammatory bone erosion was
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observed in the LPS group, while ORI treatment considerably
blocked inflammatory bone erosion, as shown by H&E staining
(Fig. 1e). Collectively, these data demonstrated that ORI prevented
LPS-induced osteolysis in vivo.

ORI decreased DC-STAMP protein expression in vivo

To further reveal the intrinsic mechanism by which ORI slows LPS-
induced bone destruction in vivo, we determined the mRNA
expression of osteoclast-specific genes, such as TRAP and OSCAR,
in BMMs from the model and ORI-treated groups. The results
showed that 2 and 10 mg/kg ORI treatment decreased the mRNA
levels of OSCAR and TRAP compared with those of the model
condition, indicating that ORI may have an inhibitory effect on
osteoclast formation in LPS-induced osteolysis in vivo (Fig. 1f, g).
In addition, we found that 2 and 10mg/kg ORI treatment
dramatically downregulated DC-STAMP protein expression in
BMMs from LPS-injected model mice (Fig. 1h, i). Collectively,
these results suggest that ORI prevents LPS-induced osteolysis
in vivo by inhibiting osteoclastogenesis and downregulating DC-
STAMP expression.

ORI decreased osteoclast formation and osteoclast resorption in
BMMs ex vivo and RANKL-induced osteoclastogenesis in
RAW264.7 cells in vitro

BMMs from inflammatory model mice and ORI-treated mice were
obtained and differentiated into osteoclasts with 20 ng/mL RANKL
for 3 or 7 days for TRAP and pit assays, respectively. The BMMs
from LPS-injected model mice showed dramatically increased
TRAPT osteoclast formation and bone resorption activity com-
pared with those of control mice. Moreover, BMMs from 2 and 10
mg/kg ORI-treated mice had markedly reduced osteoclast
formation, as shown by the TRAP assay, and reduced resorption
functions, according to the osteoclastic pit assay, compared with
those of model mice. BMMs are precursor cells of osteoclasts in
mice, and these results further demonstrated that ORI reduced
osteoclastogenesis to attenuate inflammatory bone destruction
in vivo (Fig. 2a-c).

As typical osteoclast precursors, RAW264.7 cells form TRAP-
positive multinucleated osteoclasts and resorb bone in the
presence of RANKL [39]. Consistent with a previous report [30],
we observed that ORI at concentrations of 0.39-3.125puM
suppressed osteoclast formation and bone resorption without
cytotoxicity (Fig. 2d-g). Therefore, ORI inhibited RANKL-induced
osteoclast formation and resorption in RAW264.7 cells beginning
at a concentration of 0.39 pM in vitro.

ORI inhibited DC-STAMP expression during osteoclastogenesis in
RAW264.7 cells in vitro

DC-STAMP is necessary for the fusion of precursor cells to form
mature and functional osteoclasts, and the expression of DC-
STAMP was upregulated in RAW264.7 cells stimulated with RANKL
[16]. Our results showed that pretreatment with 1.56 or 3.25 uM
ORIl inhibited RANKL-induced mRNA and protein expression of DC-
STAMP (Fig. 3a-c).

ORI suppressed c-Fos and NFATc1 activation in RAW264.7 cells
in vitro
DC-STAMP can mediate osteoclastogenesis by promoting the
expression of c-Fos and NFATc1 [19, 39, 40]. DC-STAMP deficiency
decreases NFATc1 expression [19]. The RANKL-induced increases
in c-Fos mRNA and total protein levels in RAW264.7 cells were
abrogated upon treatment with 0.78, 1.56, or 3.125uM ORI
(Fig. 4a-c). Furthermore, ORI dramatically decreased the nuclear
translocation of c-Fos during RANKL-induced osteoclastogenesis
(Fig. 4d, e).

In addition, RANKL-upregulated NFAT-luciferase activity was
dose dependently suppressed by ORI and 1uM CsA (Fig. 5a).
NFATc1 mRNA and total protein levels and nuclear translocation
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Fig. 1

ORI ameliorated inflammation-induced bone loss and DC-STAMP in vivo. a Molecular structure of oridonin (ORI). b Mice were

intraperitoneally injected with LPS (5 mg/kg) or PBS at 0 and 4 days. ORI (2 and 10 mg/kg) was administered intragastrically daily for 8 days.
¢ Representative 3D micro-CT reconstructed images of trabecular bone from the femurs of mice in each group (control group, LPS group, and
LPS group treated with 2 or 10 mg/kg ORI) (n=7). d The microstructural parameters, including Tb.N, Tb.Sp, BMD, and BV/TV. e The right
femurs were fixed and stained with H&E. The BMMs from the left tibias and femurs of mice in each group were collected to measure the
mMRNA expression of f TRAP and g OSCAR and h, i the protein expression of DC-STAMP. The results are presented as the mean +SD of
representative experiments. ***P <0.001 vs the control group; **P < 0.01, ***P <0.001 vs the LPS group.

were also blocked upon treatment with 0.78, 1.56, or 3.125 uM ORI
(Fig. 5b—f). PLCy1 is related to Ca*" signaling, which is upstream of
NFATc1 activation [33]. Treatment with 0.78-3.125 uM ORI for 30
min reduced the RANKL-induced phosphorylation of PLCy1l
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(Fig. 5g, h). These data indicated that ORI could inhibit c-Fos
and NFATc1 activation in RAW264.7 cells during RANKL-induced
osteoclasts formation, which was consistent with the reduced
osteoclastogenesis and DC-STAMP results.
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Fig. 2 ORI decreased osteoclast formation and bone resorption in BMMs ex vivo and in RAW264.7 cells in vitro. BMMs from the control
group, LPS group, and ORI-treated groups were obtained as described in “Materials and methods” and differentiated into osteoclasts with 20
ng/mL M-CSF and 20 ng/mL RANKL for 3 days for a, b TRAP staining (scale bars, 100 pm). a, ¢ Bone resorption pit assays (scale bars, 100 pm).
Representative images of d, e TRAP staining and d, f resorption pits in RAW264.7 cells were collected (scale bars, 100 pm) and analyzed. g Cell
viability of RAW264.7 cells after ORI treatment was measured by MTT assays. The results are presented as the mean + SD of representative
experiments. #*P < 0.001 vs the control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs the LPS group.
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Fig. 4 ORI suppressed the activation of c-Fos in RAW264.7 cells. a RAW264.7 cells were pretreated with or without ORI for 2 h and
then stimulated with RANKL (100 ng/mL) for 24 h to examine the mRNA expression of c-Fos. b, ¢ RAW264.7 cells were induced by RANKL
(100 ng/mL) for 30 min to examine the protein expression of c-Fos. d, e Nuclear extracts from RAW264.7 cells were analyzed by Western
blotting with c-Fos, p-actin, and lamin A/C antibodies. #P < 0.01, *#P < 0.001 vs the control group; *P < 0.05, **P < 0.01, **P < 0.001 vs the
RANKL-treated group.
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Fig. 5 ORI suppressed the RANKL-induced PLCy-NFATc1 signaling pathway in RAW264.7 cells. a RAW264.7 cells stably expressing the
NFAT-luc luciferase reporter construct were pretreated with ORI and CsA and then stimulated for 24 h with RANKL (100 ng/mL). Then, the
luciferase activity was measured. b RAW264.7 cells were cultured as described above, and real-time PCR was performed on cells stimulated

with or without RANKL and ORI for 24 h to examine NFATcT mRNA expre
with ORI and stimulated with RANKL (100 ng/mL) for 24 h were analyzed

ssion. c—f Total and nuclear extracts from RAW264.7 cells pretreated
by Western blotting with antibodies against NFATc1, lamin A/C, and

B-actin. g, h RAW264.7 cells were pretreated for 30 min with ORI, stimulated with RANKL for 30 min, and analyzed by Western blotting with p-
PLCy1 (Tyr 783), p-actin, and PLCy1 (1249) antibodies. **P < 0.01, ##P < 0.001 vs the control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs the

RANKL-treated group.

ORI downregulated RANKL-induced osteoclast marker gene
expression in RAW264.7 cells

NFATc1 works together with AP-1 in the nucleus to induce the
expression of various osteoclast-specific genes [41-43]. Therefore,
we examined the expression of osteoclast-specific genes in
RAW264.7 cells during osteoclastogenesis. We found that ORI at
concentrations from 0.78 to 3.125 uM significantly inhibited the
expression of osteoclast-associated genes, including OSCAR, TRAP,

SPRINGERNATURE

¢-Src, Fra-2, MMP-9, and cathepsin K, after RANKL stimulation of
preosteoclast RAW264.7 cells (Fig. 6).

DC-STAMP-siRNA blocked the inhibitory effects of ORI on NFATc1-
luciferase activity and osteoclastogenesis in RAW264.7 cells

We observed that ORI treatment downregulated osteoclastogen-
esis and the expression of DC-STAMP both in vivo and in vitro. To
explore whether ORI acts on osteoclastogenesis by targeting DC-
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Fig. 6 ORI inhibited RANKL-induced osteoclast marker gene expression in RAW264.7 cells in vitro. RAW264.7 cells were cultured
as described above, and qRT-PCR was performed to measure the expression of osteoclast marker genes, including OSCAR, TRAP, c-Src,
Fra-2, MMP-9, and cathepsin K. The results are presented as the mean + SD of representative experiments. **#P < 0.001 vs the control group;

*P<0.05, **P < 0.01, ***P < 0.001 vs the RANKL-treated group.

STAMP, we knocked down DC-STAMP with a specific siRNA in
RAW264.7 cells during osteoclastogenesis (Fig. 7a-d). We found
that the inhibitory effects of 1.56 uM ORI on osteoclast formation
were lost after knockdown of DC-STAMP (Fig. 7e, f). Furthermore,
DC-STAMP siRNA decreased the RANKL-induced upregulation of
NFATc1-luciferase activity, and the effects of ORI (1.56-3.125 uM)
on NFATc1 activity were abrogated after knocking down DC-
STAMP (Fig. 7g). These results were consistent with the effect of
ORI on osteoclastogenesis, as shown in Fig. 7e. Collectively, these
results demonstrated that the inhibition of osteoclast differentia-
tion by ORI was diminished by interfering with DC-STAMP
expression. These results further indicate that ORI suppresses
osteoclastogenesis by suppressing DC-STAMP expression.

DISCUSSION

Osteoclast differentiation is regarded as a therapeutic target for
developing novel drugs to treat bone destruction diseases [2, 8].
Although osteolytic disease treatments aimed at inhibiting osteo-
clasts, such as anti-RANKL Abs, have been extensively developed
during recent decades, oral osteoclast differentiation inhibitors
with few side effects are still needed [44-47]. Numerous reports
have shown that bone loss is related to inflammatory diseases, in
which many prostaglandins and inflammatory cytokines are
released [43, 48]. The increased levels of prostaglandins and
inflammatory cytokines upregulate the expression of RANKL,
which stimulates osteoclast differentiation and function, in multi-
ple cells, such as osteoblasts, activated T cells, synovial fibroblasts,
and malignant tumor cells [48, 49]. Here, we observed that ORI
could protect against inflammatory bone erosion in vivo and
described the mechanism of ORI on osteoclastogenesis.

In LPS-induced inflammatory mice, oral administration of 2 and
10 mg/kg ORI attenuated bone loss and bone erosion in vivo,
according to micro-CT and H&E staining results. OSCAR and TRAP
mMRNA levels were increased in BMMs from model mice. ORI
treatment downregulated OSCAR and TRAP mRNA expression and
subsequently inhibited osteoclast formation and bone resorption
functions ex vivo. Together with ORI-mediated inhibition of
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RANKL-induced osteoclast differentiation and osteoclast resorp-
tion in preosteoclast RAW264.7 cells in vitro, these findings
indicate that ORI possesses potential therapeutic effects against
inflammatory osteolysis by suppressing osteoclastogenesis.

Interestingly, we observed that DC-STAMP protein expression
was increased dramatically in BMMs from LPS-injected mice.
Treatment with 2 and 10 mg/kg every day ORI abrogated the
upregulation of DC-STAMP expression in preosteoclastic BMMs in
comparison with cells from model mice. As DC-STAMP is critical
for regulating cell-cell fusion during osteoclastogenesis and
because the loss of DC-STAMP results in mature osteoclast
deficiency [13, 18, 50], we further explored whether ORI could
inhibit osteoclastogenesis by reducing DC-STAMP levels in
RAW264.7 cells. As expected, RANKL upregulated DC-STAMP
expression. ORI administration inhibited both the mRNA and
protein expression of DC-STAMP in RAW264.7 cells during RANKL-
induced osteoclastogenesis in vitro.

DC-STAMP-knockdown reduces Ca?"-NFATc1 signaling during
osteoclastogenesis [19]. NFATc1-deficient osteoclast precursors
fail to differentiate into osteoclasts but can efficiently form
osteoclasts after NFATc1 overexpression, even in the absence of
RANKL [5, 41]. NFATc1-deficient mice exhibit an osteopetrotic
phenotype due to a severe defect in osteoclast formation [4, 41].
NFATc1 is a master regulator of osteoclastogenesis and bone
absorption functions [11]. In the present study, cytoplasmic and
nuclear NFATc1 expression and NFAT-luciferase activity were
strongly inhibited by ORI in RAW264.7 cells during RANKL-induced
osteoclastogenesis. In addition, PLCy1 phosphorylation, which can
initiate the activation and nuclear translocation of NFATc1 [33],
was downregulated by ORI in RANKL-induced osteoclast differ-
entiation in vitro. The reduced PLCy1 and NFATc1 activation were
consistent with the decreased DC-STAMP expression in RAW264.7
cells after RANKL stimulation.

c-Fos, a component of the AP-1 complex, is activated by RANKL
and required for NFATc1 expression during osteoclastogenesis
[41-43]. c-Fos-deficient mice displayed reduced NFATc1 expres-
sion and an osteopetrotic bone phenotype [4, 41, 51]. Here, we
found that the mRNA expression of c-Fos was drastically

SPRINGER NATURE

751



Suppressing DC-STAMP with oridonin ameliorates bone loss
BH Zou et al.

752

Q
(o

48h-DC-STAMP

72h-DC-STAMP

3 3
315 3
- S
»n 1.0 »n
o} o
S o
z: dedkk s g
& 0.5 @
2 2 P
s 3
T 0.0 o
(4 (SR T R - B
é\x\(’ PN G S F & & &
C ] . . . ) 72h-DC-STAMP
si-NC si1 si-2 si-3 si4 d ]
315 -
DC-STAMP - S
B
(7]
: o
B-actin T e S e e =
]
()
2
s
[)
[+'4
e Ctrl 1.56pM
si-NC
£
(&)
=
=
o
=
si-DC-STAMP =
g =
=
7
[*]
©
[<}]
[72]
4
2
[*}
3
[
<
[
=

Fig. 7 DC-STAMP-siRNA abolished the inhibitory effects of ORI on osteoclast formation and NFATc1 expression. We synthesized four
target siRNA sequences and verified their knockdown efficiency by a, b qPCR and ¢, d WB; the siRNA with the highest knockout efficiency was
used for the follow-up experiments. @ RAW264.7 cells were seeded and transfected with siRNA-DC-STAMP (40 nM) using Lipofectamine
RNAIMAX. After ~24 h of siRNA interference, the cells were stimulated by RANKL with or without ORI (1.56 pM). The media were changed every
2 days. After 4 days, the cells were stained with TRAP. f TRAP™ multinucleated cells (>3 nuclei) were counted as mature OCs. g RAW264.7 cells
stably expressing the NFAT-luc luciferase reporter construct were transfected with siRNA-DC-STAMP for 24 h and then treated with ORI
(1.56-3.125 pM) and RANKL (100 ng/mL) for 24 h. The luciferase activity was measured to indicate NFATc1 transcription. a-f *P < 0.05, ***P <
0.001 vs the si-NC group. g **#P <0.001 vs the si-NC group; *P < 0.05, ***P < 0.001 vs the RANKL-treated group.

attenuated after ORI treatment in RANKL-stimulated RAW264.7
cells in vitro. In addition, suppression of the nuclear expression of
c-Fos by ORI was observed in RAW264.7 cells during
osteoclastogenesis.

Nuclear NFATc1 can bind to DNA and directly induce the
expression of osteoclast-related genes in cooperation with c-Fos
[52-54]. Consistent with the decreased protein levels of nuclear c-
Fos and NFATc1, ORI inhibited the expression of osteoclast-related

SPRINGERNATURE

genes, including Cathepsin K, c-Src, MMP-9, TRAP, OSCAR, and Fra-
2, in RANKL-stimulated preosteoclast RAW264.7 cells, which
contributed to osteoclastogenesis and bone absorption in vitro.
These results showed that ORI decreased DC-STAMP expression
and downstream factors, including c-Fos and NFATc1, when
suppressing osteoclastogenesis. We further evaluated whether ORI
exerted inhibitory effects on osteoclastogenesis by targeting DC-
STAMP. We knocked down DC-STAMP expression in RAW264.7
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cells during osteoclastogenesis using DC-STAMP siRNA. Notably,
after knocking down DC-STAMP, ORI exhibited no suppressive
effects on osteoclastogenesis; in addition, ORI showed no obvious
inhibition of NFATc1-luciferase activity after RANKL stimulation in
NFAT-luc-RAW264.7 cells, which suggested that ORI-mediated
inhibition of NFATc1 activity during osteoclastogenesis was also
abolished after knocking down DC-STAMP by siRNA. These
observations further demonstrate that ORI can inhibit osteoclast
differentiation through DC-STAMP.

In summary, we demonstrated that DC-STAMP expression was
increased in mice with LPS-induced bone loss, and oral ORI
attenuated inflammation-induced osteolysis in vivo by reducing
DC-STAMP expression. Our data also suggest that ORI suppresses
osteoclastogenesis via a new mechanism, suppressing DC-STAMP
expression and subsequently decreasing the downstream c-Fos
and PLCy-NFATc1 signaling pathways. Thus, ORI is a potential
treatment for osteoclast-related inflammatory osteolytic diseases,
such as psoriatic arthritis, rheumatoid arthritis, and periodontitis,
by suppressing DC-STAMP. Recently, it has been reported that ORI
is an NLRP3 inhibitor with strong anti-inflammatory activity [32],
but there has been no report to address the relationship between
NLRP3 and osteoclasts. Our data provide a novel pathway by
which ORI can be used to treat bone loss diseases with osteoclast
overactivation through modulating DC-STAMP. The therapeutic
effects and mechanisms of ORI on DC-STAMP-mediated bone
diseases in humans deserve further exploration.
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