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Abstract

Osteoporosis develops because of impaired bone formation and/or excessive bone resorption. Several pharmacological treatment
of osteoporosis has been developed; however, new treatments are still necessary. Cholesterol and estrogen receptor-related
receptor alpha (ERRa) promote osteoclasts formation, survival, and cellular fusion and thus become high risk factors of
osteoporosis. In this study, we identified that carnosic acid (CA) suppressed bone loss by dual-targeting of sterol regulatory
element-binding protein 2 (SREBP2, a major regulator that regulates cholesterol synthesis) and ERRa. Mechanistically, CA
reduced nuclear localization of mature SREBP2 and suppressed de novo biogenesis of cholesterol. CA subsequently decreased
the interaction between ERRa and peroxisome proliferator-activated receptor gamma coactivator 1-beta (PGC1p), resulting in
decreased the transcription activity of ERRa and its target genes expression. Meanwhile, CA directly bound to the ligand-binding
domain of ERRa and significantly promoted its ubiquitination and proteasomal degradation. Subsequently, STUB1 was identified
as the E3 ligase of ERRa. The lysine residues (K51 and K68) are essential for ubiquitination and proteasomal degradation of
ERRa by CA. In conclusion, CA dually targets SREBP2 and ERRa, thus inhibits the RANKL-induced osteoclast formation and

improves OVX-induced bone loss. CA may serve as a lead compound for pharmacological control of osteoporosis.

Introduction

Osteoclasts and osteoblasts continuously remodel bone tis-
sue and maintain bone homeostasis by osteoclastic bone
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resorption and osteoblastic bone formation [1-3]. Osteo-
blasts are bone-forming cells that are differentiated from
pluripotent mesenchymal stem cells [4]. Osteoblasts pro-
duce bone extracellular matrix, deposit calcium, and express
osteoclastogenic factors to support bone formation [5].
Preosteoclasts differentiate from monocyte/macrophage
lineage cells after stimulation by macrophage colony-
stimulating factor (M-CSF) and receptor activator of NF-
kB ligand (RANKL). Subsequently, preosteoclasts fuse and
differentiate into mature multinucleated osteoclasts, leading
to bone resorption [6]. The imbalance in bone remodeling
caused by abnormal osteoclast differentiation may result in
skeletal diseases, such as osteoporosis and osteopetrosis [7].
Smoking, drinking alcohol, and lower estrogen levels in
postmenopausal women all results in increased osteoclast
activity, leading to bone loss and osteoporosis. Menopause
increases total cholesterol (TC) and low density-cholesterol
(LDL-c) increase substantially [8]. Many clinical studies
have shown that high cholesterol level deteriorates bone
health [9-12], therefore, women, especially those during
menopausal stage, have much higher rates of osteoporosis
than men at any given age [13, 14], at least partially due to
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increased cholesterol. Some in vitro and in vivo studies
indicated that osteoclasts formation, survival, and cellular
fusion depend on cholesterol [15, 16]. Cholesterol lowering
drugs greatly mitigates osteoclasts differentiation and
activity [17, 18], thus reduces osteoporosis-associated
fracture risk [19], while the use of fibrates or other lipid-
lowering drugs that mainly affect total triglycerides is not
related to a significantly decreased bone fracture risk [20],
suggesting selective reduction of cholesterol might be suf-
ficient to delay bone loss. Sterol regulatory element-binding
protein 2 (SREBP2), a key transcription factor that speci-
fically regulates cholesterol synthesis, was proved to reg-
ulate osteoclasts differentiation [21-23]. Moreover, recent
study reported that nuclear factor of activated T cells 1
(NFATcl), a key genes required for mature osteoclast for-
mation, is one target gene of SREBP2 [24]. Pharmacolo-
gical inhibition of SREBP2 by fatostatin or anhydroicaritin
protects bone mass by suppression of RANKL-mediated
osteoclasts differentiation [22, 23]. Together, SREBP2 is
considered as a new therapeutic target in osteopenic dis-
orders, such as osteoporosis.

Estrogen receptor-related receptor alpha (ERR«), one of
ERR family members (ERRa, ERRf, and ERRY), is one of
the first identified orphan nuclear receptors. ERRa and the
ERs share high amino acid sequence similarity (68%) in the
DNA-binding domain and a moderate similarity (36%) in
other parts of the proteins, such as the ligand-binding E
domain [25]. ERRa coordinates peroxisome proliferator-
activated receptor gamma coactivator 1-beta (PGC1p) to
enhance mitochondrial biogenesis and osteoclast function.
In recent years, several groups have reported that ERRa
regulates skeletal remodeling by controlling osteoclasto-
genesis [26-28]. In osteoclastogenesis, ERRa was identi-
fied as a pro-osteoclastic factor in vivo, and osteopetrosis
was exhibited in the ERRa knockout mice. Concomitantly,
osteoclastogenesis was significantly disturbed when ERRa
was knocked down in vitro [29]. Moreover, ERRa was also
implicated in osteoclasts mobility and actin cytoskeletal
organization by regulating the osteopontin-integrin b3
chain-activated c-src (phosphorylated at the Tyr416) path-
way causing the disruption of the specific actin structure
implicated in osteoclast adhesion, migration, and invasion
[30]. These reports suggest that ERRa is a therapeutic
target for osteoporosis [26]. Interestingly, a recent study
reports that cholesterol was identified as an endogenous
ERRa agonist [31]. Considering the interdependence of
cholesterol and ERRa, we reasoned that dual-targeting
SREBP2 and ERRa might be an ideal strategy to treat
0Steoporosis.

Carnosic acid (CA) is a phenolic acid compound first
found in Salvia officinalis L., with ~3% weight content in
air-dried leaves. CA exhibited potent anti-oxidation and
anti-ageing effects and is widely used for treating obesity,

cardiovascular diseases, and cancer [32]. However, there is
no report on the treatment of osteoporosis with CA. In this
study, we found CA suppressed SREBP2 activity and
inhibited the osteoclasts formation. Mechanistically, CA
directly bound to ERRa and promoted its degradation. All
together, we discovered a dual-targeting compound against
SREBP2 and ERRa with excellent antiosteoporosis effect.

Materials and methods
Materials

CA was purchased from Shanghai U-sea Bio-tech co., Ltd
(Shanghai, China). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazoliumbromide (MTT), cholesterol, filipin, 25-
hydroxycholesterol, and  4,6-diamidino-2-phenylindole
(DAPI) were purchased from Keygen Biotech (Nanjing,
China). RANKL, M-CSF were from R&D Biosystems
(Minneapolis, USA). The TRAP staining kit was from Sigma-
Aldrich (St. Louis, USA). DMEM, a-MEM and FBS (fetal
bovine serum) was from GIBCO (Grand Island, New York,
USA); rhodamine-labeled phalloidin (RP) from YEASEN
(Shanghai, China); MG-132 was from MedChem Express
(Shanghai, China). Cycloheximide was purchased from Sell-
eckchem (Shanghai, China). Anti-ERRa (catalogue no.
ab76228), anti-PGC1p (catalogue no. ab176328), and anti-
SREBP2 (catalogue no. ab30682) antibodies were purchased
from Abcam (Cambridge, UK), Anti-HA (catalogue no.
AEO008) and anti-Histone H3 (catalogue no. A2348) anti-
bodies were purchased from ABclonal Technology (Wuhan,
Hubei, China). SREBP1 (catalogue no. sc-8984) antibody
was from Santa Cruz (Dallas, TX, USA). His-ERRa«, His-
ERRa (Q390A, G793A mutation), His-ERRa (6KA muta-
tion), His-ERRa (K14A), His-ERRa (K24A), His-ERRa
(K51A), His-ERRa (K68A), His-ERRa (K189A), His-ERRa
(K208A), Flag-NEDD4, Flag-BARDI1, Flag-MDM?2, Flag-
STUBI1, Flag-SUMPF1 plasmids were constructed by gene
synthesis and site-directed mutagenesis. siRNA MDM?2#1
(CCUACUGAUGGUGCUGUAATT), MDM2#2 (CCUGC
UUUACAUGUGCAAATT), STUB1#1 (GGAGAUGGAG
AGCUAUG AUTT), STUB1#2 (CCAAGCACGACAAGU
ACAUTT) were purchased from GenePharma (Shanghai,
China). Scrambled siRNA (UUCUCCGAACGUGUCACG
UTT) was used as control.

Cell culture

The murine monocytic cell line RAW264.7, MC3T3-El,
HeLa, MDA-MB-231, MCF7, 293T (ATCC, VA) was
cultured in a humid incubator with 5% CO, at 37 °C, and
maintained in DMEM containing 10% FBS, 100 units/ml
penicillin and 100 pg/ml streptomycin. The primary mature
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osteoclasts were generated from BMMSs (bone marrow-
derived monocytes) as described [33]. Briefly, BMMs were
isolated from tibiae and femurs from 6-week-old C57BL6
mice. BMMs (1-2 x 10°) were seeded into a well of a 24-
well plate and 1 x 10° BMMs were seeded into a well of a
six-well plate. The cells were cultured in a-MEM contain-
ing 10% (v/v) FBS, 100 ng/ml RANKL and 30 ng/ml M-
CSF at 37 °C in a humidified atmosphere containing 5%
CO, for 4-6 days.

Viability assay

Cell viability was detected by the MTT assay. Briefly,
RAW264.7 cells were seeded at the density of 2 x 10* cells/
well into 96-well plates. After 24 h, cells were treated
with CA as indicated for 3 days. After the treatment, MTT
(5 mg/ml) was added and cells were incubated for 4 h. The
cytotoxicity of CA was determined by microplate reader
(Multiskan FC).

Western blotting

RAW264.7 cells were washed with ice-cold PBS and dis-
solved with RIPA buffer (50 mM Tris —HCl, pH 8.0, 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, 1mM EDTA and protease inhibitors). Whole-cell
extracts were separated by SDS-PAGE and transferred into
polyvinylidene fluoride membranes. The membranes were
blocked with 5% skim milk in TBS with Tween-20 (PBST).
Then, anti-SREBP2 antibody (Abcam, USA) or antiactin
antibody (Beyotime Biotechnology, China) was bound over-
night at 4 °C. After washing with TBST, HRP-conjugated
secondary antibody (Beyotime Biotechnology, China) was
bound for 1 h at room temperature. Immunoreactive signals
were detected with Chemi-Lumi One Ultra (Tanon, China).

Quantitative RT-PCR

Total RNA was extracted from cells using TRIzol reagent
(Vazyme, China) according to the manufacturer’s instruc-
tions. RNA concentrations were equalized and converted
into cDNA using a kit (Hiscript II reverse transcriptase,
Vazyme, Nanjing, China). Gene expression was measured
in a LightCycler® 96 System (Roche, Basel, Switzerland)
using SYBR-green dyes (Vazyme, China). Gene expression
was normalized to GAPDH. The sequences of primers used
in the experiments are listed in Supplemental Table 1.

Osteoclast formation and TRAP staining
Monocyte/macrophage cell line RAW264.7 (2 x 10° cells/

well) were cultured in 96-well plates in DMEM with 10%
FBS, 100 ng/ml of RANKL for 24 h. Then, cells were
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treated with DMEM containing 10% FBS, 100 ng/ml of
RANKL in the presence or absence of CA for 4 days. After
4 or 5 days of culture, the cells were fixed and stained for
tartrate-resistant acid phosphatase (TRAP) activity. Multi-
nucleated (>3 nuclei) TRAP-positive cells were calculated.

Actin-ring formation assay

After stimulation with M-CSF (30 ng/ml) and RANKL (30
ng/ml), we fixed the cells with 4% paraformaldehyde (PFA)
for 10 min and washed three times with PBS. Then, the cells
were incubated with TRITC—phalloidin (Sigma) for 1h
followed with DAPI staining (Sigma) for 10 min.

Filipin staining

Cells were seeded into 24-well plates at the density of 5 x
10* cells/well and maintained in 5% CO, at 37 °C for 24 h.
Then, cells were transfected with siRNA for 48 h. After that,
cells were incubated in medium D for 24 h, or medium D
with the indicated concentrations of CA for 16 h. After the
treatment, 50 ug/ml fillipin were used to stain the treated
cells for 30 min at 24 °C. The filipin stained cells were
analyzed with EVOS FL Auto microscope (Life technolo-
gies). The quantification of the cellular neutral lipids or
cholesterol was analyzed by Image-Pro Plus.

Triacylglycerol and cholesterol measurement

For measurement of intracellular total triacylglycerol (TG)
and total cholesterol (TC), the cells were cultured in six-
well plates and collected in 1ml PBS. One hundred
microliters of the total cell suspension was transferred into a
new tube and centrifuged at 1000 x g for 5min at 4 °C.
Then, this portion of the cells were lysed in lysis buffer
(RIPA lysis buffer) and used for protein quantification. The
remaining cell suspension was used for lipid extraction.
After centrifugation at 1000 x g for 5 min at 4 °C, the col-
lected cells were mixed with 1 ml of chloroform/methanol
(2:1, v/v) adequately on a shaker for 3h at 24 °C. Then,
500 ul NaCl (0.1 M) was added into each reaction tube and
mixed thoroughly, followed by centrifugation at 3700 rpm
for 10 min. The lower organic phase was transferred and
evaporated to dryness. The residual liquid was resuspended
in 50 ul of 1% Triton X-100 in absolute ethanol, and the
concentrations of lipids were measured using the TG and
TC determination kit according to the manufacturer’s
instructions, respectively (Kehua, Shanghai, China).

Microscale thermophoresis analysis

CA were titrated in different concentrations to purified
recombinant human ERRa and mutation proteins. The
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reaction was performed in 50 mM Hepes, 50 mM NaCl,
0.01% Tween-20, and 2 mM MgCl,. Then, the samples
were incubated at room temperature for 5 min before ana-
lyzing by microscale thermophoresis (MST). A Nano-
Temper Monolith Instrument (NT.115) was used for
measuring thermophoresis. In this instrument, an infra blue
Laser (IB Laser) beam couples into the path of light (i.e.,
fluorescence excitation and emission) with a dichroic mirror
and is focused into the sample fluid through the same
optical element used for fluorescence imaging. The IB laser
is absorbed by the aqueous solution in the capillary and
locally heats the sample with a 1/e® diameter of 25 um. Up
to 24 mW of laser power where used to heat the sample,
without damaging the biomolecules. To analyze the ther-
mophoresis of a sample, 10ul of sample solution were
transferred in a glass capillary (NanoTemper, hydrophilic
treated). Thermophoresis of the protein in presence of
varying concentrations of compound was analyzed for 30 s.
Measurements were performed at room temperature and
standard deviation was calculated from three independent
experiments.

Immunofluorescence

In brief, cells were fixed with 4% PFA for 15 min, and then
permeabilized with 0.1% Triton X-100 in PBS for 15 min.
after blocking in 3% BSA for 1 h, the cells were incubated
with the primary and corresponding fluorophore-conjugated
secondary antibodies. Confocal images were captured with
an LSM 710 confocal microscope (ZEISS). The merged
pictures were generated by LSM 7 IMAGE browser (Zeiss,
Germany).

Reporter gene assay

RAW264.7 cells were transfected with luciferase reporter
plasmids containing ERRa, ERRf, ERRy, or Nur77
enhancers respectively using X-tremeGENE HP DNA
Transfection Reagent (Roche) for 24 h. p-galactosidase
expression plasmid was co-transfected with luciferase
reporters as an internal control. Cells were then exposed to
different concentrations of CA. Cells were lysed in 100 ul
lysis buffer sufficiently on a shaker for 40 min at room
temperature. Fifty microliters of the total cell suspension
was transferred into a 96-well white plate (Perkin Elmer) for
luciferase activity detection. The remaining cell suspension
was tested for B-galactosidase activity using a f-Gal reporter
gene assay kit (Beyotime) according to instructions of the
manufacturer. The luciferase activity was measured imme-
diately after adding 50 ul luciferase substrates with a
microplate reader and the intensity of p-Gal was also
measured as the internal control.

Animal experiment

The laboratory animal facility in the animal center has
been accredited by Association for Assessment and
Accreditation of Laboratory Animal Care International.
All experiments and animal care in this study were con-
ducted in accordance with the Provision and General
Recommendation of Chinese Experimental Animals
Administration Legislation and approved by the Science
and Technology Department of Jiangsu Province (SYXK
(SU) 2016-0011). Female C57BJ/6L mice (SPF grade,
8 weeks old, 20-22g) were purchased from Nanjing
University (Nanjing, China). The animals were kept under
a consistent temperature (24 °C) with 12 h light/dark cycle
and fed standard food pellets with the access to sterile
water ad libitum. Mice were ovariectomized (OVX) under
ketamine (120 mg/kg)/xylazine (16 mg/kg) anesthesia.
Seven days after ovariectomy, mice were randomly and
blindingly divided into five groups (n = 12/group) and
receive daily intragastric administration for 16 weeks:
sham operated mice (Sham), ovariectomized mice treated
with vehicle (OVX), OVX mice treated with 0.1 mg/kg E2
(OVX +E2 0.1 mg/kg), OVX mice treated with 30 mg/kg
CA (OVX + CA 30 mg/kg), and OVX mice treated with
60 mg/kg CA (OVX 4 CA 60 mg/kg).

Microcomputed tomography (puCT) analysis

Tibias were fixed with 70% ethanol and subjected to uCT
analysis using a SkyScan 1176 system (Bruker, Germany)
with an isotropic voxel size of 6 um for trabecular ana-
lyses according to the manufacturer’s instructions and the
guidelines of the American Society for Bone and Mineral
Research (ASBMR). Two hundred slices of proximal
tibial metaphysis starting at 0.6 mm from the end of the
growth plate were scanned and analyzed. Three-
dimensional reconstructions were generated and ana-
lyzed according to the manufacturer’s instructions and the
ASBMR guidelines.

Bone histomorphometry

For TRAP staining, tibias were fixed in 70% ethanol for
3 days, and the nondecalcified bones were embedded in
methyl methacrylate. Longitudinal 5-pm-thick sections
were cut on a microtome (Leica RM2255, Leica Micro-
systems, Germany) and subjected to TRAP staining using a
TRAP Stain kit (Sigma, USA) according to the manu-
facturer’s protocol. Histomorphometry of the secondary
spongiosa was performed with the OsteoMeasure analysis
system (OsteoMetrics, USA) at 200-fold magnification
according to the ASBMR guidelines.

SPRINGER NATURE
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Immunohistochemistry

Immunohistochemistry was carried out using 3-um-thick
sections fixed in 4% PFA. After deparaffinization, rehy-
dration, and antigen retrieval, sections were incubated in
blocking buffer containing 10% normal goat serum in PBS.
Sections were incubated with described antibodies followed
by washing and incubated with HRP-tagged goat anti-rabbit
secondary antibody. Samples were subsequently rinsed in
wash buffer and incubated in diaminobenzidine (Sigma, St.
Louis, MO) for 5min and counterstained in hematoxylin.
Tissue slides were scored in a blinded fashion. No staining
was observed with negative control rabbit anti-IgG anti-
body. The images were measured blindly by one observer
using Image-Pro Plus (Media Cybernetics, Silver
Spring, USA).

Statistical analysis

All data are expressed as the means standard error. The
comparisons between groups were made using one-way
ANOVA (Tukey’s multiple comparisons test). The sig-
nificance of differences between two groups was
determined using Student’s unpaired ¢ test. Differences with
p <0.05 were considered to be statistically significant.

Results

CA is identified as an inhibitor for both SREBP and
osteoclast formation

In our previous work, we screened a number of SREBPs
inhibitors from a small molecule pool containing about 400
natural products using a reporter genes assay [8] (Fig. S1A).
To identify whether these SREBPs inhibitor suppresses
osteoclasts formation, RAW264.7 cells, a murine macro-
phage cell line, were treated with RANKL to differentiate
into multinuclear TRAP-positive osteoclast-like cells [34].
Thirteen out of twenty-two SREBPs inhibitors suppressed
RANKL-induced osteoclast-like cells formation (Fig. S1B,
C). CA (Fig. S1D) exhibited the strongest activity to inhibit
osteoclastogenesis (Fig. S1B, C). Meanwhile, CA did not
obviously affect the cell viability of RAW264.7 cells or
BMMs, even at the dose of CA up to 60 uM (Fig. S1E).
Thus, CA was selected for further studies.

CA suppresses RANKL-induced osteoclast
differentiation and function

To determine the effects of CA on osteoclastogenesis,
RAW264.7 and primary BMMs were used. In the solvent

treated group, we observed the formation of TRAP-positive
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multinucleated osteoclasts in both BMMs (Fig. la, b) and
RAW264.7 cells (Fig. S2A, B). The formation of osteo-
clasts was inhibited following the CA treatment in a
concentration-dependent manner (Figs. 1a, b and S2A, B).
The osteoclasts area and TRAP intensity were also dose
dependently decreased (Figs. 1a, b and S2A, B) treated with
CA. We next detected the differentiation process of BMMs
or RAW264.7 cells with RANKL stimulation. Treatment
with CA during the 1-3 days of differentiation obviously
inhibited RANKL-induced osteoclasts differentiation
(Figs. 1c, d and S2C, D). In comparison, if CA was added at
later stage (day 5), it only slightly reduced the osteoclasts
number, osteoclasts area and TRAP intensity (Figs. lc, d
and S2C, D). These data suggested that CA inhibited
RANKL-induced osteoclasts differentiation at early stage.

To further assess the effects of CA on osteoclastogenesis,
differentiated BMMs and RAW264.7 cells by RANKL
treatment formed obvious actin-ring structures as stained
with TRITC-phalloidin (Figs. le and S2E). In comparison,
the number and size of actin ring were obviously reduced by
CA treatment dose dependently (Figs. le and S2E). The
expression of the osteoclastogenesis marker genes, such as
acid phosphatase (Acp5), cathepsin K, TRAP, Nuclear factor
of activated T cells, cytoplasmic 1 (NFATcl), and cellular
oncogene fos (C-Fos), was significantly inhibited by CA
(Figs. 1f and S2F). Next, we assessed the effect of CA on
osteoblasts formation and mineralization in vitro. The
results showed that CA treatment did not affect the cell
viability of osteoblasts (Fig. S3A) and did not influence the
expression of the osteogenesis-related genes, such as alka-
line phosphatase, type 1 collagen, osteocalcin, runt-related
transcription factor 2, and Osteoprotegerin (Fig. S3B—F).
Taken together, these in vitro data suggested that CA
inhibited osteoclastogenesis.

CA improves ovariectomy-induced bone loss by
inhibiting osteoclast activity

To evaluate the antiosteoporosis effect of CA in vivo, mice
were either sham operated or OVX, and then were treated
with CMC-Na, estradiol valerate (E2, 0.1 mg/kg) or CA (30,
60 mg/kg) for 16 weeks. There were no obvious adverse
events recorded after the OVX procedure or the subsequent
treatment with CA. The body weight was significantly
decreased in CA and E2 treatment group (Fig. 2a). After
16 weeks of CA administration, the levels of serum alkaline
phosphatase, bone gla protein, serum 1 collagen crosslinked
c-terminal peptide (CTX-1), and TRAP (strACP) increased
in the ovariectomized mice, similar to the effect of E2
(Fig. 2b—e). The level of the blood calcium did not change in
the ovariectomized and CA-treated mice (Fig. 2f). Treatment
with CA (60 mg/kg) or E2 significantly reversed the blood
phosphorus level in ovariectomized mice (Fig. 2g).
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Fig. 1 CA inhibits RANKL-
induced osteoclastogenesis and
bone resorption without
cytotoxic effects in vitro.

a TRAP-positive osteoclast
treated with indicated
concentrations of CA followed
by stimulation with 100 ng/ml
RANKL and 30 ng/ml M-CSF
for 7 days. b Quantification of
area of osteoclasts, TRAP-
positive multinuclear cells, and
TRAP intensity. ¢ BMMs were
seeded and treated with 15 uM
CA for the indicated days during
osteoclastogenesis.

d Quantification of area of
osteoclasts, TRAP-positive
multinuclear cells, and TRAP
intensity. € BMMs were
incubated with or without 100
ng/ml RANKL and 30 ng/ml M-
CSF, followed by treatment with
indicated concentration of CA.
Cells were fixed and stained for
F-actin (left). Osteoclasts having
actin rings were counted (right).
f BMMs cells were incubated
with or without 100 ng/ml
RANKL and 30 ng/ml M-CSF,
followed by treatment with
indicated concentration of CA
for 96 h. RT-qPCR (n =3
biological replicates) was used
to assess relative mRNA
expression levels of indicated
genes. Bars represent means +
SD. *p<0.05, **p <0.01,

##%p < 0.005.

To evaluate the effects of CA on bone mass loss in
ovariectomized mice, the tibiac of mice were then collected
for uCT analysis. Representative 3D reconstructions of
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model index were significantly reduced in the OVX 4+ CA  ovariectomy-induced bone loss. Then, the histomorphometric
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<« Fig. 2 CA improves blood biochemical indicators in OVX-induced

osteoporotic mice. The fixed vertebral bodies of OVX mice were
divided into four groups, 12 mice/group. The mice were treated E2
(0.1 mg/kg) or CA (30, 60 mg/kg) for 16 weeks. a Body weight.
b—g Effect of CA on blood ALP, BGP, CTX-1, strACP, calcium, and
phosphorus. h CA suppressed bone loss in an OVX-induced bone loss
model. Representative reconstructed 3D pCT images of proximal
tibia in mice treated with CMC-Na, or E2 (0.1 mg/kg) or CA (30 or
60 mg/kg). i-n Quantitative nCT analysis of trabecular structure in
mice of each group. 0 H&E and TRAP staining, respectively, of the
vertebral body sections (black arrows, TRAP-positive cells). p OcS/BS
(%) in treatment groups. Bars represent means + S.D., n = 12/group,
*p <0.05, **p <0.01, and ***p <0.001 vs control.

analyses of proximal tibial trabecular bones by TRAP staining
were also performed to further confirm the effect of CA.
Consistent with the uCT results, the osteoclasts surface/bone
surface was decreased in CA-treated OVX mice (Fig. 20, p).
These results suggest that CA protects against OVX-induced
bone loss by inhibiting osteoclasts formation.

CA decreases cholesterol level by inhibiting SREBP2
activity in RANKL-induced osteoclasts

It has been demonstrated that CA promotes the degradation
of mature form of SREBP2 via the 26S proteasome in liver
cells, thus inhibits the hepatic de novo lipogenesis, espe-
cially, the synthesis of cholesterol [35]. Next, we examined
whether CA inhibits the activation of SREBPs in osteo-
clasts. The reporter assay indicated that RANKL increased
the transcription activity of SREBPs (Fig. 3a). The mature
SREBP2 (mSREBP2) level was increased by RANKL sti-
mulation and was significantly inhibited by CA (Figs. S4A
and 3b). In comparison, RANKL and CA did not induce the
mSREBP1 level (Fig. S5A, C). Furthermore, CA sig-
nificantly inhibited RANKL-induced nuclear localization of
SREBP2 (Fig. 3c). Similar results were observed in vivo
(Fig. 3d). The expression of the SREBP?2 target genes, such
as hydroxymethylglutaryl coenzyme A reductase, hydro-
xymethylglutaryl coenzyme A synthase, low-density lipo-
protein receptors, mevalonate kinase, and farnesyl
diphosphate synthase, was significantly decreased by CA
treatment (Figs. S4B—F and 3e—i). In comparison, the gene
expression of SREBPIc was not influenced by CA treat-
ment (Figs. 3j and S4G). These results indicated that CA
specifically inhibited SREBP2 activity and may inhibit de
novo synthesis of cholesterol and intracellular transport of
LDL-c in osteoclasts. Next, we detected the level of TC and
TG in osteoclasts formed from either BMMs (Figs. S4H and
S5D) or RAW264.7 cells (Figs. 3k and S5A). It was shown
that CA significantly decreased TC content in a dose-
dependent manner (Figs. 3k and S4H) but it did not affect
cellular TG level (Fig. S5B, D). The effect of CA on cellular
TC content was further confirmed by filipin staining
(Figs. 31 and S4I). Taken together, these results

demonstrated that CA decreased the level of cholesterol by
inhibiting SREBP?2 activity in RANKL-induced osteoclasts.

CA disrupts the formation of ERRa/PGC1B complex
and inhibits the ERRa activity partially depend on
reduction of cellular cholesterol in osteoclasts

In recent studies, it has been shown that the nuclear receptor
ERRa regulates skeletal remodeling by controlling osteo-
clastogenesis, a key cellular differentiation process essential
for bone resorption. Wei et al. demonstrated that cholesterol
is an endogenous ligand of ERRa and promotes osteo-
clastogenesis by increasing the interaction of ERRa and
PGCI1p [31]. As CA suppressed de novo cholesterol bio-
synthesis and reduced intracellular cholesterol, we reasoned
that the interaction between ERRa/PGCI1p would be wea-
kened. First, we found that CA significantly suppressed
RANKUL-induced ERRa transactivation in a dose-dependent
manner (Fig. 4a), while the transcriptional activity of other
members of ERR family including ERRp, ERRy or Nur77
were not affected (Fig. 4b—d). The interaction between
ERRa and PGC1p was largely disrupted after CA treatment
(Fig. 4e, ). RANKL stimulated the expression of ERRa
target genes that promote mitochondrial and osteoclast
activity, such as Aconitate hydratase 2, Isocitrate Dehy-
drogenase 3 (NAD (+)) alpha (IDH3a), Acp5, Short-chain
specific acyl-CoA dehydrogenase (SCAD), Medium-chain
specific acyl-CoA dehydrogenase (MCAD), ATP synthase
subunit beta (ATP5b), and Ndg2 (Figs. S6A-F and 4g—m).
CA significantly decreased these ERRo target genes
expression (Figs. S6A-F and 4g-m). These results
demonstrated that CA significantly disrupted the RANKL-
induced activity of ERRa.

Surprisingly, when exogenous cholesterol was added to
CA-treated cells, the inhibition of ERRa activity was only
partially reversed (Fig. 5a), although the ERRa and PGC1p
binding were completely recovered (Fig. 5b). Consistently,
there was only a partial reversal of the suppressed ERRa
target gene expression (Fig. Sc—j). Similarly, the inhibition
effect of osteoclasts formation by CA was also partially
mitigated in cholesterol replenishment experiment
(Fig. 5k-1). In addition, exogenous overexpression of
mSREBP2 reproduced the cholesterol replenishment
experiment (Fig. S7TA-D). These results indicated that CA
suppressed osteoclastogenesis only partially depending on
reducing the cholesterol content and ERRa/PGC1f com-
plex formation.

CA promotes the ubiquitination-proteasomal
degradation of ERRa

Next, we found that CA significantly decreased the protein
level of ERRa (Figs. 6a and S8A) without affecting its
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Fig. 3 CA decreases the level of cholesterol by inhibiting SREBP2
activity in RANKL-induced osteoclasts. a The SRE luciferase
reporter plasmid was co-transfected into the RAW264.7 cells with
expression plasmid for B-gal for 24 h. The cells then were incubated
with or without the indicated concentrations of CA and stimulated with
100 ng/ml of RANKL for another 24 h. Cell supernatants were col-
lected and assayed for luciferase activity. b—¢ RAW264.7 cells were
incubated with or without 100 ng/ml RANKL, followed by treatment
with indicated concentration of CA for 48 h. b The cells were lysed
and the mature SREBP2 were detected by western blot (WB) (left) and
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quantification of normalized mature SREBP2 levels to actin controls
(right). ¢ The localization of SREBP2 in cells was visualized by
immunofluorescence. d The localization of SREBP2 in osteoclast of
treated mice by immunochemistry. e—j RT-qPCR was used to assess
relative mRNA expression levels of indicated genes. k-1 RAW264.7
cells were incubated with or without 100 ng/ml RANKL, followed by
treatment with indicated concentration of CA for 5 days. k The cellular
TC was detected by the detection kit. 1 Cholesterol was stained by
Filipin. All experiments were repeated three times. Bars represent
means * SD. *p <0.05, **p <0.01, ***p <0.005.
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Fig. 4 CA inhibits the ERRax activity in RANKL-induced osteo-
clasts. a—d The indicated luciferase reporter plasmid was co-
transfected into the RAW264.7 cells with expression plasmid for
B-gal for 24 h. The cells then were incubated with or without the
indicated concentrations of CA and stimulated with 100 ng/ml of
RANKL for another 24 h. Cell supernatants were collected and
assayed for luciferase activity. e Co-immunoprecipitation analysis of
the effects of CA on ERRa and PGC1p interaction. RAW264.7 cells

mRNA expression (Figs. 6b and S8B). This effect was
comparable with XCT790, an inverse antagonist of ERR«
[36]. Consistently, the protein level of ERRa was also
obviously decreased in CA-treated OVX mice (Fig. 6c¢).
Although XCT790 obviously promotes ERRa degradation,
it significantly exhibited cytotoxicity at 20 uM concentra-
tion (Fig. S9A). Moreover, XCT790 greatly increased
mSREBP2 proteins (Fig. S9B), subsequently increases
expression of SREBP2 target genes (Fig. SO9C-H). As CA

were treated with 100 ng/ml RANKL for 5 days in the presence of
15uM CA. f Quantification of indicated protein levels of Fig. Se.
g-m RAW264.7 cells were incubated with or without 100 ng/ml
RANKL, followed by treatment with indicated concentration of CA
for 5 days. RT-qPCR was used to assess relative mRNA expression
levels of indicated genes. All experiments were repeated three times.
Bars represent means + SD. *p <0.05, **p <0.01, ***p <0.005.

reduced both SREBP2 and ERRa protein levels without
causing cytotoxicity, CA has certain therapeutic advantages
compared with XCT790. As shown in Fig. 6d, the reduction
of ERRa was caused by the increased turnover of ERRa.
CA substantially increased the ubiquitination of ERRa
(Fig. 6f). MG-132, a proteasome inhibitor, abolished the
effect of ERRa depletion by CA (Fig. 6e). These results
indicated that CA promoted ERRa proteasomal
degradation.
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Fig. 5 Cholesterol partially reverses the inhibition of ERR«a
activity and osteoclastogenesis by CA treatment. a The ERR«
luciferase reporter plasmid was transfected into the RAW264.7 cells
with expression plasmid for -gal for 24 h. Cells then were incubated
with or without 15 uM CA or 10 uM cholesterol and stimulated with
100 ng/ml of RANKL for another 24 h. Cell supernatants were col-
lected and assayed for luciferase activity. b—j RAW?264.7 cells were
treated with 100 ng/ml RANKL for 5 days in the presence of 15 uM

SPRINGER NATURE

CA or 10 uM cholesterol. b The cells were lysed and the proteins were
detected by WB (left), quantification of indicated protein levels (right).
c—j RT-gPCR was used to assess relative mRNA expression levels of
indicated genes. k TRAP-positive osteoclast treated with 15 uM CA or
10 uM cholesterol followed by stimulation with 100 ng/ml RANKL for
5 days. 1 Quantification of area of osteoclasts, TRAP-positive multi-
nuclear cells and TRAP intensity. All experiments were repeated three
times. Bars represent means + SD. *p <0.05, **p <0.01, ***p <0.005.
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Fig. 6 CA promotes the ubiquitination proteasome degradation of
ERRa. RAW264.7 cells were treated with 100 ng/ml RANKL for
5 days in the presence of CA (7.5, 15 uM) or XCT790 (10 uM). a The
cells were lysed and the proteins were detected by WB (left), quan-
tification of indicated protein levels (right). b RT-qPCR was used to
assess relative mRNA expression levels of ERRa genes. ¢ The protein
level of ERRa in mice was detected by immunohischemistry.
d 293T cells were transfected with His-ERRa plasmid for 24 h, and
then incubated with 100 uM cycloheximide for 1h, afterwards, the
cells were supplemented with 50 uM cycloheximide plus vehicle, or
7.5 uM CA for indicated time. His-ERRa was detected by WB (left),

STUB1 is identified as the E3 ligase of ERRa and
mediates its ubiquitylation and proteasomal
degradation

To identify the E3 ligase (E3s) of ERRa, we employed
UbiBrowser25, an integrated bioinformatics platform to
predict the proteome-wide E3-substrate network based on
naive Bayesian network (http://ubibrowser.ncpsb.org). We
queried ERRa as substrate, 108 predicted E3 ligases in
UbiBrowser are presented in Fig. 7a. These E3s were
classified into different families and shown in the E3 family

quantification of His-ERRa protein levels (right). e RAW264.7 cells
were treated with 100 ng/ml RANKL for 5 days in the presence of CA
(7.5 uM) or MG-132 (10 uM). The cells were lysed and the proteins
were detected by WB (left), quantification of indicated protein levels
(right). £293T cells were transfected with His-ERRa and HA-ubiquitin
plasmids for 24 h, the cells then were supplemented with or without
7.5uM CA for another 24 h, the cells were lysed and proteins were
detected by WB (left), quantification of indicated protein levels (right).
All experiments were repeated three times. Bars represent means + SD.
*p <0.05, *#p <0.01, ***p <0.005.

hierarchical tree (Fig. 7a, right panel). Five E3 ligases with
top confidence scores among 108 predicted E3s were fil-
tered and listed (Fig. 7b). To further confirm the E3 ligase
of ERRa, we separately overexpressed these five E3s
(NEDD4, BARD1, MDM2, STUBI1, and SMUPF1) and
examined the ERRa level accordingly. Only MDM?2 and
STUBI1 overexpression led to decreased ERRa protein level
(Fig. 7c). Further, we assessed protein level of ERRa in
cells transfected with either MDM2 or STUBI siRNAs.
STUB1 knockdown significantly increased the ERRa pro-
tein level (Fig. 7d), while MDM2 knockdown did not affect
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ERRa protein level (Fig. S10). These data suggest that only  its potent E3 ligase (STUB1). STUBI was co-immun-
STUBI1 is sufficient and required for ERRa degradation. oprecipitated with ERRa (Fig. 7e). Taken together, these
We then validated the interaction between ERRa and  data suggested that STUBI as a bona fide E3 ligase of
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<« Fig. 7 STUBI is identified as E3 ligase of ERRa and mediated the

ERRo degradation by CA treatment. a A network view of E3-
ERRa interactions (left panel) and the E3 hierarchical tree for ERRa
(right panel). UbiBrowser was employed to explore the E3 ligases for
ERRa. The representative predicted E3 ligases surround ERRa. The
node colors and characters reflect the E3 type. The edge width, the
node size, and the edge shade are corrected with the confidence score.
The predicted E3s and their position in the E3 family hierarchical tree
was presented. In this tree, texts in each circle (just like “U,” “R,” and
“H”) represent the E3 family. The number in the bracket following
each E3 family represents the number of corresponding predicted E3-
ERRa interaction. b The information of top five confidence of ERRa
E3 ligases. ¢ 293T cells were transfected with indicated plasmids for
24 h. Cells were then lysed and the proteins were detected by WB
(left), quantification of His-ERRa protein levels (right). d 293T cells
were transfected with indicated siRNAs for 72 h. Cells were then lysed
and the proteins were detected by WB (left), quantification of His-
ERRa protein levels (right). e The interaction of ERRa with STUB1
was detected by co-immunoprecipitation. £ 293T cells were transfected
with indicated siRNAs and His-ERRa plasmids for 72 h. The cells
then treated with CA for 24 h. Cells then lysed and the proteins were
detected by WB (left), quantification of His-ERRa protein levels
(right). g Molecular docking of CA to ERRa. h The interaction
between ERRa and CA was detected by MST. i The interaction
between a mutant (Q390A, G793A) form of ERRa and CA was
detected by MST. j 293T cells were transfected with indicated plas-
mids for 24 h. Cells were then treated with CA for another 24 h. the
cells then lysed and the interaction of ERRa with STUBI and Ubi-
quitin was detected by co-immunoprecipitation. k 293T cells were
transfected with indicated plasmids for 24 h. the cells then treated with
CA for another 24 h. the cells then lysed and the proteins were detected
by WB. All experiments were repeated three times. Bars represent
means + SD. *p <0.05, **p <0.01, ***p <0.005.

ERRa. Consistently, in STUB1 knockdown cells, CA no
longer reduced ERRa protein level (Fig. 7f), suggesting CA
promotes ERRo proteasomal degradation via STUBI
mediated ubiquitination.

CA binds directly to ERRa and promotes its
proteasomal degradation

Based on the above results, we reasoned that CA might be
an ERRa inverse agonist that reduces the stability of ERRa.
In order to verify this conjecture, we first assessed whether
CA binds to ERRa through a virtual docking assay. The
results showed that the binding energy between ERRa and
CA is —11.27kJ/mol. More specifically, two hydrogen
bonds are formed between the two phenolic hydroxyl
groups of CA and GIn390 and Gly393 in the ligand-binding
domain of ERRa (Fig. 7g). Afterwards, a direct binding
between CA and ERRa was detected by the MST assay, the
result showed that the K between CA and ERRa was 1.63
+0.88 uM (Fig. 7h). After the residues GIn390 and Gly393
of ERRa were mutated to alanine (Q390A, G793A) to
prevent hydrogen bond formation, the binding between CA
and the mutated ERRa protein got lost (Fig.7i). CA
increased the binding ERRa and STUBI, and increased the
ubiquitination of ERRa (Fig. 7j). CA neither increased the

interaction of mutated ERRa (Q390A, G793A) with
STUB1 nor upregulated the ubiquitination of mutated
ERRa (Q390A, G793A) (Fig. 7j). Consequently, CA did
not lead to the mutated ERRa (Q390A, G793A) degrada-
tion (Fig. 7k). In conclusion, these results suggest that CA
directly binds to ERRa, promoting its interaction with its E3
ligase STUB1. Then ERRa undergoes ubiquitination and
proteasomal degradation.

CA promotes STUB1 mediated ERRa ubiquitination
at K51 and K68

We then used the UbPred database (http://www.ubpred.org)
to predict the ubiquitination site of ERRa. As shown in
Fig. S11A, B, six lysine residues were predicted to be
ERRa ubiquitination sites. When all six lysine residues
were mutated to alanines, the mutated ERRa (6KA) were
resistant to CA-mediated proteasomal degradation (Fig. 8a).
We further mutated each of these six lysines to alanines. It
turned out that K51A and K68A mutations got resistance
against CA induced proteasomal degradation (Fig. 8b).
Thus, the ubiquitination sites of ERRa were successfully
identified. In conclusion, CA bound to ERRa, leading to
STUB1 mediated ubiquitination at K51 and K68, causing
ERRa proteosomal degradation. Next, we co-transfected
PGCI1pB and ERRa wild type or mutant (6KA) over-
expression plasmids in RAW264.7 cells. The ERRa target
genes suppressed by CA were reversed (Fig. 8c, d) by
mutant ERRa (6KA), but not wild-type ERRa, consistent
with results in Fig. 8a. Meanwhile, the inhibition effect of
osteoclasts formation by CA was also obviously reversed in
cells overexpressed ERRa (6KA), but not wild-type ERRa
(Fig. 8e, f). These data suggest that ERRa degradation is
essential for CA efficacy in inhibiting osteoclasts
differentiation.

Discussion

Bone maintenance depends on a balance between bone
formation and bone resorption that implicates osteoblasts
and osteoclasts and the osteocytes that modulate response of
bone mechanical stress [37, 38]. Many studies have iden-
tified a link between dyslipidemia and low BMD for post-
menopausal women [39]. Interestingly, osteoporosis is
mainly due to an excess of osteoclasts since the amount of
bone resorbed by the osteoclasts is not restored with the
new bone deposited by the osteoblasts, suggesting that
cholesterol may directly act through osteoclasts to induce
bone loss in postmenopausal women [40]. Recently, cho-
lesterol was shown to be the exogenous ligands of ERRaq,
and has the ability to recruit coactivators PGC1f to ERRa
in osteoclasts. ERRa mediated the effect of cholesterol on
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Fig. 8 CA mediated ERRa ubiquitination at K51 and K68 is
essential for inhibiting osteoclast differentiation. a 293T cells were
transfected with indicated plasmids for 24 h. The cells then treated
with CA for 24 h, the cells then lysed and the proteins were detected
by WB (left), quantification of His-ERRa protein levels (right). b
293T cells were transfected with indicated ERRa mutation plasmids
for 24 h, the cells then treated with CA for 24 h, the cells then lysed
and the proteins were detected by WB. c—e The wild-type ERRa and
mutated ERRa (6KA) plasmids were co-transfected with PGC1f into

bone resorption and skeletal remodeling [31]. Therefore,
inhibition of intracellular cholesterol level may be a strategy
to inhibit the osteoclasts formation. In previous studies, it
has been demonstrated that SREBP2 is associated to
osteoclast differentiation and SREBP2 inhibitors, such as

SPRINGER NATURE

the RAW?264.7 cells for 24 h, the cells then were incubated with or
without CA and stimulated with 100 ng/ml of RANKL for another
5 days. e-d qRT-PCR was used to assess relative mRNA expression
levels of indicated ERRa target genes. e TRAP-positive osteoclasts
were stained by kit. f Quantification of area of osteoclasts, TRAP-
positive multinuclear cells and TRAP intensity. All experiments were
repeated three times. Bars represent means + SD. *p <0.05, **p<
0.01, ***p <0.005.

fatostatin and anhydroicaritin inhibit osteoclast formation
[21-23]. However, the physiological functions of SREBP2
in osteoclast remain unclear. Here, we reported that
RANKL activates SREBP2 transcription activity, increases
the content of cholesterol, which is the endogenous agonist
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Osteoclast
(bone resorption)

Fig. 9 Schematic diagram of CA. a Binding of RANKL to its cog-
nate receptor RANK leads to activation of SREBP2 and de novo
cholesterol synthesis. Cholesterol promotes ERRa and PGC1p binding
and increases osteoclastogenesis gene expression. b CA prevents

of ERRa, therefore, accelerates osteoclasts formation. CA, a
potent inhibitor of SREBP2, reduced the ERRa activity and
inhibits osteoclasts formation through decreasing the level
of cholesterol.

In view of the important role in the pathogenesis of
osteoporosis, SREBP2, and ERRa have been considered as
therapeutic targets for the treatment of osteoporosis. In this
study, for the first time, we found CA as a dual-targeted
drug against SREBP2 and ERRa with a potent effect to treat
osteoporosis. Although SREBP2 and ERRa also have a
correlation with the regulation of osteoblasts, CA has no
significant effect on osteoblast formation. Moreover, there
was no significant effect on SREBPI1c expression and fatty
acid metabolism in osteoclasts. These data show that CA
has a good specific inhibitory effect of cholesterol
metabolism.

Currently, the drugs for clinical treatment of osteoporosis
are mainly divided into basic supplements, bone resorption
inhibitors, and bone formation accelerating agents. Hor-
mone replacement therapies (HRT) preserve BMD and
prevent fractures during menopause [41]. However, estro-
gen exposure is suspected to have an association with
increased risk of breast cancer, endometrial cancer, and
cervical cancer [42-44]. Therefore, safer treatment regi-
mens are needed for postmenopausal women with osteo-
porosis. Cholesterol promotes breast tumor growth and
metastasis in murine models [45, 46]. SREBP2, the major
transcription factor that control cholesterol biosynthesis,
was found to be highly expressed in breast cancer tissues
and correlated with a poor prognosis. SREBP2 was simi-
larly under the transcriptional control of CREB and its
induction regulates the expression of matrix metalloprotei-
nases, key degradative enzymes involved in bone metas-
tases by breast cancer cells. Accordingly, targeting of
SREBP2 with fatostatin attenuated breast cancer-induced
osteolysis in vivo [24]. Meanwhile, ERRa was reported to

Cholesterol

/T

Proteasome |

= \'d,egra'daﬂbn W\ /
- AIWAN)
o | W\

Osteoclast

(bone resorption)

SREBP2 nucleus translocation and reduced cholesterol level in
osteoclasts. Meanwhile, CA binds to ERRa and leads to K51 and K68
ubiquitination via STUB1. ERRa then undergoes proteosomal degra-
dation and osteoclastogenesis gene expression is suppressed.

be a potent diagnostic and prognostic factor in human breast
carcinoma [47, 48]. The overexpression of ERRa stimulates
VEGF expression in primary tumors, promoting angiogen-
esis [49]. ERRa also supports breast cancer bone metastasis
by increasing RANK expression [50]. In conclusion,
SREBP2 and ERRa are considered to be important targets
for the treatment of breast cancer. In our study, CA exerted
both SREBP2 and ERRa inhibitory effects, thus leading to
suppress breast cancer and cervical cancer progression
(Fig. S12A-F). Taken together, our strategy by dual tar-
geting of SREBP2 and ERRa has significant security
advantages over traditional HRT. Therefore, inhibition of
SREBP2 and ERRa may become a new generation of
therapeutic strategy for osteoporosis in menopausal women.

PROteolysis-TArgeting Chimeras (PROTACS) technol-
ogy has been used for eliminating “undruggable” proteome
for targeted therapies [51, 52]. ERRa has receiving much
attention in developing PROTACs molecules [53, 54].
These compounds are all designed via von Hippel-Lindau
protein-based ubiquitination and proteasomal degradation
[55]. The ERRa E3 ligases, as well as its ubiquitination
sites, are yet to be clarified. In this study, we found that CA-
promoted ERRa ubiquitination and proteasomal degrada-
tion by directly interacting with ERRa. STUB1 was dis-
covered to regulate ERRa protein stability in osteoclasts.
After CA binds to ERRa, STUB1 was recruited to bind and
ubiquitinate ERRa at K51 and K68. Thus, CA promoted
ERRa degradation (Fig. 9). In a former report, STUB1 was
shown to regulate osteoclasts formation by promoting
tumor necrosis factor receptor associated factor 6 degrada-
tion [56]. The bone remodeling phenotype of STUB1 '~
mice might also attribute to decreased ERRa ubiquitination
and degradation.

In conclusion, we have discovered that CA functions as
the first dual-targeted small molecule against SREBP2 and
ERRa. CA inhibits RANKL-induced osteoclast formation
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and ovariectomy-induced bone loss by inhibiting the
SREBP2/cholesterol/ERRa signal pathway. This discovery
enriches the pharmacological activity of CA and provides
an experimental evidence for the diversity function of
rosemary as a food additive. CA can serve as a lead com-
pound for pharmacological control of osteoporosis.
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