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HSP90B promotes osteoclastogenesis by dual-activation of
cholesterol synthesis and NF-kB signaling
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Heat shock protein 90B (Hsp90p, encoded by Hsp90ab1 gene) is the most abundant proteins in the cells and contributes to variety
of biological processes including metabolism, cell growth and neural functions. However, genetic evidences showing Hsp90B

in vivo functions using tissue specific knockout mice are still lacking. Here, we showed that Hsp90p exerted paralogue-specific role
in osteoclastogenesis. Using myeloid-specific Hsp90ab1 knockout mice, we provided the first genetic evidence showing the in vivo
function of Hsp90B. Hsp90p binds to lkkP and reduces its ubiquitylation and proteasomal degradation, thus leading to activated
NF-kB signaling. Meanwhile, Hsp90p increases cholesterol biosynthesis by activating Srebp2. Both pathways promote
osteoclastogenic genes expression. Genetic deletion of Hsp90ab1 in osteoclast or pharmacological inhibition of Hsp90@ alleviates
bone loss in ovariectomy-induced mice. Therefore, Hsp90B is a promising druggable target for the treatment of osteoporosis.

Cell Death & Differentiation (2023) 30:673-686; https://doi.org/10.1038/541418-022-01071-3

INTRODUCTION

Osteoporosis (OP) is mainly characterized by the degradation of bone
microstructure and bone mass. The main pathogenesis of osteo-
porosis is the decline of bone formation by osteoblasts and the
enhancement of bone resorption by osteoclasts [1]. Medications that
treat OP are characterized as either anabolic to induce bone
formation (teriparatide, abaloparatide, romosozumab) [2, 3], or anti-
resorptive to decrease the rate of bone resorption (bisphosphonates,
estrogens, calcitonin, and denosumab, etc) [4]. Macrophage colony-
stimulating factor (M-CSF) and receptor activator of NF-kB ligand
(RANKL) stimulate preosteoclasts differentiate from monocyte/macro-
phage lineage cells [5]. RANKL binds to its receptor RANK (receptor
activator of NF-kB), and the intracellular domain of RANK mediates
transforming growth factor B Activation of activated kinase 1 (TAK1),
together with TNF receptor related factor (TRAF).

Nuclear factor kB (nuclear factor-«kB, NF-kB) contains a family of
transcription factors that are essential for cell survival, differentia-
tion and apoptosis [6, 7]. Activation of NF-kB pathway promotes
osteoclasts differentiation. In the presence of RANKL, TRAF6 binds
to RANK and NF-kB is transported into the nucleus, increasing
c-FOS expression, which further binds and interacts with NFATC1.
NFATC1 starts the transcription of osteoclastogenesis gene, and
finally induces the formation of mature osteoclasts [8]. The
formation, survival and fusion of osteoclasts are dependent on the
presence of cholesterol [9, 10]. Cholesterol lowering drugs greatly
reduce the differentiation and activity of osteoclasts [11, 12],
thereby reducing the fracture risk associated with OP [13]. In
contrast, the use of fiber esters or other lipid-lowering drugs that

mainly affect total triglycerides is not associated with a significant
reduction in fracture risk [14]. These results suggest that selective
reducing cholesterol delays bone loss. Sterol regulatory element
binding protein 2 (SREBP2) is a key transcription factor that
regulates cholesterol synthesis, thus affecting osteoclasts differ-
entiation [15, 16]. In addition, NFATC1 is reported as one of the
target genes of SREBP2 [17]. Therefore, SREBP2 is considered as a
new therapeutic target for OP [15, 18, 19].

Heat shock protein 90 (HSP90) is a member of molecular
chaperone family. It is essential for the correct folding of a number
of newly synthesized proteins. Meanwhile, HSP90 also helps the re-
maturation of denatured or misfolded proteins under stressed
conditions. The HSP90 family consists of four paralogs: HSP90AA1
(encoding HSP90a), HSP90AB1 (encoding HSP903), HSP90B1 (encod-
ing glucose regulatory protein 94) and TRAP 1 (encoding TNF
receptor associated protein 1) [20]. Our previous study showed that
HSP90B, but not HSP90q, plays an important role in regulating fatty
acid and cholesterol metabolism by promoting the ubiquitylation of
hepatic SREBPs [21]. We then speculated that suppressing HSP90
might be beneficial against OP. However, the studies on HSP90
inhibition and osteoclastogenesis seem to be controversial. It was
reported that 17-AAG, a pan-HSP90 inhibitor that binds to the
N-terminal ATP binding pocket and can transiently activate c-Src
[22-25]. While another HSP90 inhibitor PF-4928473 with the same
binding pocket constitutively suppressed c-Src and prevented
osteoclast formation [26]. It should be noted that all of these results
were observed in cultured RAW264.7 cells. There is still no genetic
evidence on whether HSP90 affects osteoclastogenesis in vivo.
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HSP90 inhibition leads to impaired NF-kB activity. In Hodgkin’s
lymphoma, HSP90 inhibitor geldanamycin (GA) impaired IkB
kinase (IKK) activity, leading to reduced phosphorylation and
polyubiquitylation of IkB. NF-kB can not be liberated from
stabilized IkB and lose its transcriptional activity [27]. 17-AAG
inhibits NF-kB pathway in M1-Polarized macrophages [28] and in
human lung microvascular endothelial cells [29]. However, in
RAW264.7 cells, 17-AAG affects neither NF-kB nor c-Fos, probably
slightly inhibited NFATC1 activity [25]. The divergence of the
above research results strongly suggest that more evidence is
needed on the role of HSP90 in osteoclasts differentiation. We
believe genetic mouse models that the data obtained in
osteoclasts-specific HSP90 knockout mice will clarify the puzzle.

Although in pathological conditions, HSP90a [30] or HSP90[
[21] are increased, the genetic evidences showing paralog-specific
roles of HSP90 are lacking. Meanwhile, the mechanism controlling
this HSP90 overexpression remains elusive.

In this study, we found HSP90 is highly expressed in osteoclasts of
OVX-mice and OP patients. We then generated osteoclast-specific
Hsp90B knockout mice and found that Hsp90f is an osteoclast
activator by dual-targeting against Srebp2 and NF-kB. Abnormal high
expression of Hsp90B in pathological state of OP is via c-Jun
mediated transcriptional activation. Corylin, the active component
contained in Psoralea corylifolia, a traditional Chinese herbal medicine
for the treatment of OP, binds to HSP90@ and simultaneously inhibits
Srebp2 and |kk mediated NF-kB activation to reduce cholesterol
synthesis and Nfatc1 mediated osteoclast-forming genes expression.

MATERIALS AND METHODS

Materials

Corylin was purchased from Chengdu Pufei De Biotech co., Ltd. (Chengdu,
China). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide
(MTT), 4', 6-diamidino-2-phenylindole (DAPI) were purchased from Keygen
Biotech (Nanjing, China). RANKL and M-CSF were from R&D Biosystems
(Minneapolis, USA). TRAP staining kit was from Wako (Japan). FBS and a-
MEM were from GIBCO (Grand Island, New York, USA); TRITC-Phalloidin was
from YEASEN (Shanghai, China); MG-132 and Cycloheximide were from
MedChem Express (Shanghai, China).

Generation of myeloid Hsp90ab1 knockout mice

Exon1, exon2 and exon3 of the mouse Hsp90ab1 gene were flanked by two
LoxP sites to generate a conditional Hsp90abl targeting mouse strain
(Supplementary Fig. 1). All mice are maintained on C57BL/6 background.
An Hsp90ab1 gene sequence containing exonl, exon2 and exon3 was
inserted in the targeting vector for generating donor DNA. The resultant
donor DNA was confirmed by sequencing and used for generating
Hsp90ab1 floxed mice. In order to generate Hsp90ab1 floxed mice, Cas9
nickase, Hsp90ab1-L4 (AGTCAAACTCTTGAACATTGG) and Hsp90abi1-R8
(TATAGAATACAACGTCTAAGG) were transcribed into mRNA and RNA
in vitro, with donor DNA were microinjected into the fertilized eggs of
mice. Next, these mice were mated with LysM-Cre mice (kindly provided by
Prof. Chaojun Li, Nanjing Medical University) to confirm their genotype. For
genotyping by PCR, the following primers were used: F1, CCCAATGAGGA-
GATTGTAGT; R1, CCAGAACAGATGCCCAAA; F2, GAGGCAGCAGGCTACATT;
R2, CACCTACAGAGAACAAATCAAG (Supplementary Fig. 1).

Cell culture

The murine monocytic cell line RAW264.7 and 293 T (ATCC, VA) were
grown in an incubator with 5% CO, at 37 °C. The cell lines were cultured in
DMEM containing 10% FBS, 100 units/ml penicillin and 100 pg/ml
streptomycin. The cell lines were not contaminated with mycoplasma.
And the source of them was identified by STR profiling.

Preparation and culture of mouse bone marrow-derived
macrophages

The primary mature osteoclasts were generated from BMMs (bone
marrow-derived monocytes), BMMs were flushed from tibias and femora
of 6-week-old C57BL/6 mice, as described previously [19]. BMMs were
seeded at 2x 10° into a well of a 24-well plate and 1 x 10° BMMs into a
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well of a six-well plate. The cells were grown in a-MEM containing 10% FBS,
100 ng/ml RANKL and 30 ng/ml M-CSF at 37 °C in a humidified atmosphere
containing 5% CO, for 4-7 days.

Viability assay

The effect of corylin on viability of RAW264.7 was detected by MTT assay.
Briefly, RAW264.7 cells were plated at the density of 2 x 10* cells/well in 96-
well plates. After 24 h, cells were treated with indicated concentration of
corylin for 48 or 96 h. Afterwards, 5 mg/mL MTT was added to each well,
and then cells were incubated for 4 h at 37 °C. The cytotoxicity of corylin
was determined by microplate reader (Multiskan FC).

Western blotting

Indicated cells were washed with precooling PBS and dissolved with SDS
Lysis Buffer. Whole-cell extracts were separated by SDS-PAGE and
transferred to nitrocellulose filter (NC) membranes. The membranes were
blocked with 5% skim milk in TBS with Tween-20 (TBST). Then, antibody
(Supplementary Table 1) was bound overnight at 4 °C. After washing with
TBST, HRP-conjugated secondary antibody (Beyotime Biotechnology,
China) was bound for 1h at room temperature. Inmunoreactive signals
were detected with Chemi-Lumi One Ultra (Tanon, China).

qRT-PCR

Total RNA was collected from cells using RNA-easy isolation reagent
(Vazyme, Nanjing, China) according to the manufacturer’s instructions. RNA
was reverse transcribed to cDNA using Hiscript Il reverse transcriptase
(Vazyme, Nanjing, China). Gene expression was measured by quantitative
PCR (Roche, Basel, Switzerland) using SYBR-green dye (Vazyme, Nanjing,
China). Gene expression was normalized to Gapdh. The primer sets used
were listed in Supplementary Table 2.

Osteoclast formation and TRAP staining

BMMs (2 x 10° cells/well) were cultured in 24-well plates in a-MEM with
10% FBS, 30ng/ml of M-CSF, 100 ng/ml of RANKL for 5-7 days, as
described previously [19]. TRAP staining was used to identify mature OCs
that contains more than 3 multinucleated TRAP-positive cells.

Actin-ring formation and pit assay

BMMs cells were stimulated with M-CSF (30 ng/ml) and RANKL (100 ng/ml).
Then the cells were fixed with 4% paraformaldehyde for 30 min, after
washing with PBS, the cells were incubated with TRITC-Phalloidin for 1 h
followed with DAPI staining for 10 min.

Immunofluorescence

Cells were fixed with 4% PFA for 15 min, and then permeabilized with 0.1%
Triton X-100 in PBS for 15 min. Immunofluorescence staining was performed as
described [19] using primary antibodies and corresponding fluorophore-
conjugated secondary antibodies. Fluorescence signals of stained cells or
tissues sections were analyzed with an FV3000 confocal microscope (Olympus).

Reporter gene assay

As previously described [19], RAW264.7 cells were transfected with NF-kB
luciferase reporter plasmids and -galactosidase expression plasmids using
X-tremeGENE HP DNA Transfection Reagent (Roche) for 24 h. Cells were
then exposed to indicated concentrations of corylin. The intensity of 3-Gal,
as the internal control, and the luciferase activity were measured using a
microplate reader.

Micro-computed tomography (uCT) analysis

The tibias from mice were collected, fixed in 4% PFA and scanned using
Quantum GX uCT scanner (PerkinElmer, America; 90 kV, 88 A, 14 min scan
time, 18 mm FOV, 36 um voxel size). The reconstruction of scanned images
was performed using the supporting software, followed by generation of
three-dimensional models. Three hundred slices of proximal tibial
metaphysis starting at 0.6 mm from the end of the growth plate were
analyzed using the manufacturer’s evaluation software.

Histology
The femora were fixed in 4% PFA at 4 °C for 1 day, decalcified in 10% EDTA
for 4-5 days. Subsequently the femora were dehydrated and embedded in
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paraffin. The femora slices were used for TRAP staining according to
manufacturer’s instructions (Sigma, USA), H&E staining, immunohisto-
chemical staining, and immunofluorescence staining.

Animal experiment

Ovariectomy (OVX)-induced osteoporosis mice model was performed 7-
week-old female C57BL/6 mice, as previously described [19]. The mice were
randomly and blindingly divided into five groups: 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
corylin (OVX + corylin 30 mg/kg), and OVX mice treated with 60 mg/kg
corylin (OVX + corylin 60 mg/kg). Each group contained six mice, and these
mice were intragastrically administrated with vehicle control or corylin for
16 weeks. E2 was injected intraperitoneally once every 2 days for 16 weeks.

Bone resorption assay

BMMs were seeded on the Osteo assay plate (Corning, USA) at a density of
1% 10* cells/well and stimulated with 30 ng/ml M-CSF and 100 ng/ml
RANKL, followed by treatment with indicated concentration of corylin for
7 days. Subsequently, plates were treated with 5% sodium hypochlorite for
5min to remove the cells. Afterwards, resorption pits on plates were
visualized and imaged by an inverted fluorescence microscope (Nikon
Ts2R, Japan).

Human bone samples

Human bone samples were obtained either from osteoporosis patients
undergoing knee joint replacement (female) or from tibia fracture
undergoing Open Reduction Internal Fixation (Department of Orthopedics,
Guangdong Provincial People’s Hospital, Guangdong Academy of Medical
Sciences, Guangdong, China and Division of Orthopedic Surgery, the
Affiliated Nanjing Hospital, Nanjing Medical University, Nanjing, China).
This clinical study was approved by the Ethnic Committee of Guangdong
Provincial People’s Hospital (Guangdong Academy of Medical Sciences)
and the Affiliated Nanjing Hospital, Nanjing Medical University, and written
informed consents were obtained from the patients before procedure [31].

Statistical analysis

All statistical analyses were performed in GraphPad Prism Version 8.
Statistical comparisons between two groups were made using the two-
tailed Student’s t test; comparisons among multiple groups were made by
the one-way analysis of variance (ANOVA). The groups being compared
have the similar variance. All experiments were repeated at least three
times. All results are presented as the mean £ S.D. In all cases, differences
were considered significant at *P < 0.05. P-values are indicated in each
figure as *P < 0.05, **P <0.01, or ***P < 0.001.

RESULTS

Hsp90p is upregulated during osteoclastogenesis

To evaluate potential roles of Hsp90 in the pathogenesis of OP, we
first measured Hsp90 protein levels in BMMs treated with RANKL.
During RANKL mediated osteoclast differentiation, we observed a
significant increase of Hsp90B from the 3rd day (Fig. 1A, B). In
contrast, Hsp90a protein level remained unchanged during
osteoclastogenesis (Fig. 1C, D). We observed that the mRNA
levels of Hsp90ab1, but not Hsp90aal, was markedly increased
during osteoclastogenesis (Fig. 1E, F). Consistently, the distinct
overexpression pattern of Hsp90p was also present in osteoclasts
(TRAP positive cells) of OVX-group mice (Fig. 1G) or OP patients
(Fig. TH). We therefore considered the possible role of Hsp90f in
osteoclastogenesis.

Osteoclast Hsp90ab1 deletion reduces osteoporosis
phenotypes

To investigate Hsp90B function in the OP development, we
intercrossed floxed Hsp90ab1 (Hsp90ab1™) mice with the Lyso-
zyme 2-Cre (LysM-Cre) line to obtain myeloid-specific Hsp90ab1-
knockout (Hsp90ab1™; LysM-Cre) mice. Bone marrow-derived
macrophages (BMMs) were collected to check the expression of
HSP90 isoforms. Macrophages in Hsp90ab1™; LysM-Cre mice
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showed nice deletion of Hsp90abl, but did not affect Hsp90aal
(Fig. 2A, B). Protein level of Hsp90ab1 also decreased in Hsp90ab1™';
LysM-Cre mice (Fig. 2C). To characterize the effects of Hsp90ab1
deletion upon osteoclast formation, we collected primary BMMs
cultured with M-CSF and RANKL for 7 days, as described previously
[19]. TRAP™ cells with >3 nuclei by light microscopy were counted
multinucleated cells (MNCs) or osteoclasts. BMMs from Hsp90ab1™f
mice formed approximately 300 TRAP™ cells. Hsp90ab1 deletion
yielded 2/3 reduction of osteoclasts (Fig. 2D, E). Osteoclasts from
Hsp90ab1™ mice formed actin ring structures, which got lost in
Hsp900b1f/f; LysM-Cre mice (Fig. 2F, G). Genes involved in
osteoclastogenesis, such as acid phosphatase [Acp5 or Trap
(tartrate-resistant Acid Phosphatase Type 5)], cathepsin K (Ctsk),
nuclear factor of activated T cells, cytoplasmic 1 (Nfatcl) and
cellular oncogene Fos (c-Fos) were decreased in Hsp900b1f/f; LysM-
Cre mice (Fig. 2H). Taken together, these data suggested that
Hsp90B is required for osteoclastogenesis in vitro.

Hsp90ab1 deletion improves ovariectomy-induced bone loss

by inhibiting osteoclast activity

To further evaluate the Hsp90B function in OP development
in vivo, female Hsp90ab1”" or Hsp90ab1™; LysM-Cre mice under-
went ovariectomy (OVX) at week 7, and recovered for additional
15 weeks (Fig. 3A). Hsp90ab1™; LysM-Cre mice exhibited a slight
but not significant decrease in bodyweight compared to
Hsp90ab1”f mice (Fig. 3B). The levels of carboxy-terminal cross-
linked telopeptide of type 1 collagen (CTX-1), a bone resorption
biomarker [32] decreased in Hsp90ab1™": LysM-Cre mice (Fig. 3C).
Calcium concentration and the bone formation markers, such as
alkaline phosphatase (ALP) [32] did not change after Hsp90ab1
deletion (Fig. 3D, E). Quantitative computed tomography (u-CT)
analysis was applied to determine the in vivo effects of Hsp90p
within the skeletal system. Trabecular bone mass was significantly
increased in OVX Hsp90ab1™; LysM-Cre mice (Fig. 3F), confirmed
by increased bone mineral density (BMD, Fig. 3G), connectivity
density (Conn.D, Fig. 3H), trabecular thickness (Tb.Th, Fig. 3l),
trabecular number (Th.N, Fig. 3J), trabecular bone volume (BV/TV,
Fig. 3K) and decreased trabecular spacing (Tb.Sp, Fig. 3L) [33]. H&E
staining showed a decreased lipid composition in distal femoral
trabecular bones in Hsp900b1f/f; LysM-Cre mice compared to their
wildtype littermates. In addition, tartrate-resistant acid phospha-
tase (TRAP) staining confirmed the decrease of osteoclasts along
the surface of trabecular bone in Hsp90ab1™; LysM-Cre mice
(Fig. 3M). These results indicated that Hsp90ab1 deletion protected
against OVX-induced bone loss, most probably by inhibiting
osteoclastogenesis. It should be noted that Hsp90B did not
express at high level in normal animal osteoclasts (Fig. 1G),
therefore, OC knockout of Hsp90B did not cause obvious bone
phenotypes (Supplementary Fig. 2).

Hsp90ab1 deletion attenuates NF-kB signaling

RANKL activated NF-kB signaling is required for osteoclast
formation [34]. As such, we next checked NF-kB activity when
Hsp90ab1 was genetically inhibited. When treated with 100 ng/ml
RANKL, BMMs harvested from Hsp900b1f/f; LysM-Cre mice have
dramatically decreased nuclear NF-kB (p65 subunit). It seems that
p65 was sequestered in the cytoplasm (Fig. 4A, B). NF-kB
transcription factors are normally kept inactive in the cytoplasm
by interaction with their inhibitors called IkBs. IkBs lose their
inhibitor effects after being phosphorylated by IKKs (Inhibitor of
nuclear factor Kappa B kinase) complex that consists of two
catalytic subunits (IKKa and IKKB) and a regulatory subunit, IKKy
[35]. Hsp90ab1 deletion significantly reduced Ikkf, subsequently
decreased IkB phosphorylation in BMMs (Fig. 4C). There was a
direct interaction between Ikkp and Hsp90pB (Fig. 4D, E). When
Hsp90ab1 was knocked down by siRNAs, a much quicker turnover
rate of Ikkp was observed (Fig. 4F, G). It seems that the reduced

SPRINGER NATURE

675



H.-M. Cheng et al.

676

A C
RANKL (100 ng/mi) [ 0 [ 1] 3] 5| (days) RANKL (100 ng/ml) [ 0 [ 1 [3[ 5] (days)
Hspo0p [==—=wm= | 90kDa Hsp90a [= == = =] g0kDa
B-actin [smem = | 45(Da p-actin [Emememem] 42kDa
B D
o] 55
OZgE 15 - B g:éi 2.0
T51.0 £g15
_g 2 _g 210 ns ns S
505 g2
& % ’ ¢ 505

0.0+— T T T

e ————
RANKL (100ng/m)[ 0 | 1 | 3 | 5 |cdays)  RankL(toongm)| 0 [ 1 [ 3 [ 5 |(days)

E r
= Hsp90ab1 < Hsp90aat1
e * 4
£ 20 £ 20
o
’g 1.5 % 15
§ 10 E 1.0
205 2 05
= =
g 00 g 00

RANKL (100 ng/ml)_ [ 5 | (days) RANKL (100 ng/ml _(days

G
HSP90B TRAP DAPI HSP90B/TRAP/DAPI H&E
Sham
ovX
H HSP90B TRAP DAPI HSP9O0B/TRAP/DAPI H&E
,)" x" “ ‘XV, /I
5 "\‘\'\,/AW' 0.8X
el Ay
Normal —9 o
,‘b{" N 2X
\ L
A
® e
B 8 0.8X
by
\.
Patient =

Fig. 1 Hsp90B is upregulated during osteoclastogenesis. A, B Protein expression of Hsp90p in BMM:s in the presence of 100 ng/ml RANKL
and 30 ng/ml M-CSF (*compared with day 0; @ compared with day 1). C, D Protein expression of Hsp90a in BMMs in the presence of 100 ng/
ml RANKL and 30 ng/ml M-CSF. E, F The mRNA level of Hsp90ab1 and Hsp90aal during osteoclastogenesis. Bars represent means + SD.
*p < 0.05, **p < 0.01, ***p < 0.001. Each experiment was performed at least three times. G TRAP (green) and Hsp90p (red) immunofluorescence
staining of femora sections from Sham and OVX mice. Scale bar, 200pum. H Representative confocal images of TRAP/HSP90J
immunofluorescence staining in the tibia of normal and osteoporotic patients (n = 2). Scale bar, 1000 pm and 500 pm, respectively.
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quantify relative mRNA expression levels of indicated genes. Bars represent means + SD. *p < 0.05, **p < 0.01, ***p < 0.001. Each experiment

was performed at least three times.

protein stability is due to the increased Ikk( ubiquitylation after
the knockdown of Hsp90ab1 (Fig. 4H).

Hsp90ab1 deletion reduces cholesterol biosynthesis

In our previous work, knockdown of Hsp90abl blunted de novo
lipogenesis in hepatocytes [21]. As Osteoclasts formation, survival
and morphology are highly dependent on cholesterol [9], we then
checked lipid metabolic features in BMMs from Hsp90ab1™": LysM-
Cre mice. Sterol regulatory element-binding protein 2 (SREBP2) is a
master regulator of cholesterol biosynthesis [36]. Consistent with
former report in liver [21], Srebp2, as well as its downstream target
genes involved in cholesterol metabolism, is downregulated in

Cell Death & Differentiation (2023) 30:673 - 686

BMMs from Hsp90ab1™; LysM-Cre mice (Supplementary Fig. 3A-F).
When Hsp90ab1 was knocked down, the trend of total cholesterol
content increase by RANKL treatment was fully reversed in BMMs
(Supplementary Fig. 3G). Notably, neither RANKL, nor Hsp90ab1
knockdown, changed the total triacylglycerol content (Supplemen-
tary Fig. 3H), suggesting that Hsp90abl specifically affected
cholesterol biosynthesis in BMMs. Meanwhile, the absence of
Hsp90ab1 significantly inhibited RANKL-induced nuclear localization
of Srebp2 (Supplementary Fig. 3l). Cholesterol is an endogenous
ERRa agonist [37], when Hsp90ab1 was abrogated, the expression of
ERRa and ERRa target genes significant declined due to reduced
cholesterol biosynthesis (Supplementary Fig. 3J-M).
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Fig.3 Hsp90ab1 deletion improves ovariectomy-induced bone loss by inhibiting osteoclast activity. A Schematic for ovariectomy-induced
bone loss mice model. B Body weight after OVX was recorded for 15 weeks. C-E Serum CTX-1, ALP and calcium concentration in myeloid
Hsp90ab1 knockout mice (n = 6). F Representative reconstructed 3D pCT images of proximal tibia in myeloid Hsp90ab1 knockout mice (n = 6).
G-L Quantification of BMD, Conn.D, Tb.Th, Tb.N, BV/TV and Tbh.Sp from pCT images. M H&E and TRAP staining of the femora from OVX-mice
(black arrows, TRAP-positive cells). Scale bars, 500 pm and 100 pum. Bars represent means +S.D. *p < 0.05, **p < 0.01, ***p < 0.001.

Pathological up-regulation of Hsp90ab1 is transcriptionally
regulated by c-Jun

Although lines of evidence prompted pathological relevance
between HSP90B and metabolic diseases [21], the underlying
mechanisms  controlling Hsp90abl mis-regulation remain
unknown. To unravel the transcriptional regulation of Hsp90ab1,
we predicted the transcription factors (TFs) and related TFs
binding sites using match tools from TRANSFAC [38]. In the
Hsp90ab1 promoter region, we found 6 putative TFs and their
binding sites (Supplementary Table 3). We then knocked down
each of these TFs using siRNAs (Supplementary Table 4) in BMMs

SPRINGER NATURE

to examine the Hsp90abl up-regulation trend by RANKL
treatment. Increased trend of Hsp90ablgot diminished only
when c-Jun was knocked down (Fig. 5A, B). c-Jun is the substrate
for phosphorylation-activated JNKs, thus SP600125 and DB07268,
two JNK inhibitors also reversed RANKL-induced Hsp90ab1
upregulation (Fig. 5C, D). To further validate the binding of
c-Jun to Hsp90ab1 promoter region, chromatin immunoprecipita-
tion (ChIP) assays were performed. c-Jun was recruited to the
1807-1936 region that contains a predicted c-Jun binding motif in
the presence of RANKL (Fig. 5E, F). ChIP results demonstrated that
the binding of c-Jun to the promoter region of Hsp90abl was
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Fig. 4 Osteoclast Hsp90ab1 deletion attenuates NF-kB signaling. A BMMs from Hsp90ab1™’; LysM-Cre (f/f; Cre) mice and Hsp90ab1™f (f/f)
littermates were incubated with 100 ng/ml RANKL and 30 ng/ml M-CSF, p65 expression in the nucleus and cytoplasm was analyzed by western
blot. B Nuclear translocation of p65 was visualized using immunofluorescence staining. Scale bars: 100 pm. C Protein expression of Ikkp and
p-lkBa in BMMs treated with 100 ng/ml RANKL and 30 ng/ml M-CSF. D, E 293 T cells were transfected with Myc-HSP90p, Flag-IKKB. Flag
immunoprecipitates or Myc immunoprecipitates were further analyzed by immunoblotting with corresponding antibodies. F BMMs were
transfected with siRNA targeting Hsp90ab1 for 48 h, afterwards, the cells were supplemented with 10 uM cycloheximide following the
indicated time. Ikkp was detected by western blot. G Quantification of Ikkf protein levels in panel F. H 293 T cells were transfected with Flag-
IKKB and HA-ubiquitin plasmids for 48 h, and the cells were supplemented with control siRNA or siRNA targeting HSP90AB1 for 48 h, the cells
were lysed and proteins were detected by WB (left), quantification of indicated protein levels (right). Bars represent means + SD. *p < 0.05,
**p <0.01, ***p < 0.001. Each experiment was performed at least three times.

significantly decreased in RAW264.7 cells upon c-Jun silencing
(Supplementary Fig. 4A). In comparison, RANKL did not affect the
binding of Hnf4 that did not affect Hsp90ab1 transcription (Fig. 5G
and Supplementary Fig. 4B). In reporter assays, overexpression of
Flag-c-Jun induced luciferase expression driven by the genomic
fragment containing response elements (TGACGTCA) but not
mutants (GGCTTAAC) (Supplementary Fig. 4C). These data
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suggest that RANKL increases the expression of Hsp90abl via
c-Jun.

Corylin inhibits osteoclasts formation and improves
ovariectomy-induced bone loss

The above results showed that HSP90R is a potent drug target to treat
OP. To prove this concept, compounds specifically target HSP90(3
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Fig. 5 Pathological up-regulation of Hsp90ab1 is transcriptionally regulated by c-Jun. A BMMs were transfected with siRNA targeting
potential Hsp90ab1 transcription factors for 48 h. qRT-PCR was used to assess the knockdown efficiency of indicated genes. B Hsp90ab1
expression was analyzed by qRT-PCR after transcription factors were knocked down. C, D BMMs were treated with JNK inhibitor SP600125 or
DB07268, and the mRNA level of Hsp90ab1 was analyzed by gqRT-PCR. E Putative c-Jun and Hnf4 binding sites, ChIP primers in the Hsp90ab1
promoter region. F In the presence/absence of RANKL, the binding of c-Jun to the Hsp90ab1 promoter region was analyzed by ChIP analysis in
RAW264.7 cells. G In the presence/absence of RANKL, the binding of Hnf4 to the Hsp90ab1 promoter region was analyzed by ChIP analysis in
RAW264.7 cells. Bars represent means = SD. *p < 0.05, **p < 0.01, ***p < 0.001. Each experiment was performed at least three times.

have therapeutic effects in the treatment of OP. Psoralea Fructus is
the fruit of Psoralea corylifolia L, commonly known as “Buguzhi” in
Chinese. Psoralea Fructus is a traditional Chinese medicinal herb that
is widely used in treating osteoporosis [39]. However, the active
components and their therapeutic targets remain largely elusive. We,
therefore, performed virtue screening to search compounds from
Psoralea Fructus that have higher binding affinity to HSP90B (PDB ID
code 3PRY). Among the 30 compounds contained in Psoralea Fructus,

SPRINGER NATURE

6 compounds were found to bind HSP90B in a Bio-Layer
Interferometry method, and corylin exhibited the highest binding
affinity (Supplementary Table 5). We then evaluated the anti-
osteoclastogenesis effects of corylin in BMMs. RANKL-stimulated the
formation of TRAP™ multinucleated osteoclasts were largely disrupted
by corylin treatment in dose- and time- dependent manners
(Fig. 6A, B). Smaller “resorption pits” in corylin treated osteoclasts
were observed (Fig. 6C). Corylin dose-dependently blocked the

Cell Death & Differentiation (2023) 30:673 - 686
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Fig. 6 Corylin inhibits RANKL-induced osteoclastogenesis and bone resorption in vitro. A Representative TRAP-positive osteoclasts treated
with indicated concentrations of corylin followed by stimulation with 100 ng/ml RANKL and 30 ng/ml M-CSF (left). Scale bars, 100 pm.
Quantification of TRAP-positive multinuclear cells (right). B BMMs were treated with 20uM corylin for the indicated days during
osteoclastogenesis (left). Scale bars: 100 pm. Quantification of TRAP-positive multinuclear cells (right). C Representative images showing
resorption pits in BMMs grown on OsteoAssay plates for 7 days. Scale bars: 100 pm. D BMMs were incubated with or without 100 ng/ml RANKL
and 30 ng/ml M-CSF, followed by treatment with indicated concentration of corylin. Cells were fixed and stained for F-actin (left). Scale bars,
100 pm. Osteoclasts having actin rings structures were counted (right). E qRT-PCR was used to assess relative mRNA expression levels of
indicated genes. Bars represent means + SD. *p < 0.05, **p < 0.01, ***p < 0.001. Each experiment was performed at least three times.

formation of actin ring structures in the presence of RANKL (Fig. 6D).
The expression of osteoclastogenesis related genes that are
stimulated by RANKL, including Acp5, Ctsk, Nfatc1 and c-Fos was
suppressed by corylin (Fig. 6E). The effects of corylin in vitro were
consistent with Hsp90ab1 knockout BMMs.

Corylin inhibits NF-kB and Srebp2 activities

As deletion of Hsp90abl led to decreased NF-kB and Srebp2
activities, we next checked whether corylin exhibited similar effects
in RAW264.7. Corylin treatment under 20 pM concentrations did not
cause obvious cytotoxicity (Fig. 7A). Corylin blocked RANKL-induced

Cell Death & Differentiation (2023) 30:673 - 686

NF-kB transcriptional activation corylin (Fig. 7B) by suppression of
p65 nuclear localization (Fig. 7C-E). This effect is concentration- and
time- dependent. Corylin blunted lkk complex activity mainly by
reducing Ikkp protein levels. The effect of RANKL on lkk complex
was also mainly manifested in promoting the expression of Ikk(
(Fig. 7F, G), the effect was probably due to corylin increased Ikkf
protein degradation (Fig. 7H). RANKL induced strong interaction
between Hsp90B and IkkP, which could be disrupted by corylin
treatment (Fig. 71, J). When liberated from Hsp90f protection, Ikk
was more susceptible to E3 ligase recognition and subsequently
was ubiquitylated (Fig. 7L) and degradated in 26 S proteasome, as
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MG-132, a specific 26 S proteasome inhibitor totally blocked corylin-
induced Ikkf degradation (Fig. 7K).

RANKL-induced increase of Srebp2 protein level, as well as its
transcriptional activity. Corylin dose-dependently mitigated the

SPRINGER NATURE

E 42kDa

increase of Srebp2 protein, its transcriptional activity and the
expression of its downstream genes involved in cholesterol
synthesis in BMMs (Supplementary Fig. 5A-E). As cholesterol
biosynthesis was abrogated, Erra was then less activated
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Fig. 7 Corylin inhibits NF-kB activity. A Effects of corylin on RAW264.7 cells viability at 48 and 96 h. B The NF-«xB luciferase reporter gene
assay was performed in the presence of corylin at indicated concentrations. C RAW264.7 cells were incubated with or without 100 ng/ml
RANKL, followed by treatment with indicated concentration of corylin for 8 h, relative protein expression of p65 was detected in the nucleus
and cytoplasm fractions by western blot. D RAW264.7 cells were treated with 20 pM corylin for indicated time period, relative protein
expression of p65 was detected in the nucleus and cytoplasm fractions. E Nuclear translocation of p65 was visualized using
immunofluorescence staining. Scale bars: 100 pm. F Expression levels of the indicated proteins in RAW264.7 cells treated with 20 pM corylin
for indicated time period. G Expression levels of the indicated proteins in RAW264.7 cells treated with indicated concentration of corylin for
8h. H 293 T cells were incubated with 50 uM cycloheximide, followed by the treatment of 20 uM corylin for the indicated time period. IKK(
amount was detected by western blot (left). Quantification of IKKB protein levels (right). | RAW264.7 cells were incubated with 100 ng/ml
RANKL, followed by the treatment of 20 uM corylin for 8 h. The cells lysates were immunoprecipitated with Ikkp and detected by anti-Hsp90p
antibody. J RAW264.7 cells were incubated with 5 pM MG-132, followed by the treatment of 100 ng/ml RANKL and 20 uM corylin for 8 h. The
cells lysates were immunoprecipitated with Hsp90p and detected by anti-lIkkp antibody. K RAW264.7 cells were incubated with 5 yM MG-132,
followed by treatment with 20 uM corylin for 8 h, expression of Ikkp was detected. L 293 T cells were transfected with Flag-IKKp and HA-
ubiquitin overexpression plasmids for 48h, and the cells were supplemented with 20 uM corylin for 48h, the cells lysates were
immunoprecipitated with Flag and detected by anti-HA antibody to show the ubiquitylation of IKKB. Bars represent means + SD. *p < 0.05,

**p <0.01, ***p < 0.001. Each experiment was performed at least three times.

(Supplementary Fig. 5F), Erra target gene expression was also
decreased (Supplementary Fig. 5G-I). In summary, the effects of
corylin in BMMs are similar in regulating NF-kB and Srebp2
activities, comparable to the effect of Hsp90ab1 deletion. These
data suggest that interfering Hsp90f activity might be useful to
counteract the osteoclastogenesis effects of RANKL.

Next, the anti-osteoporosis effect of corylin in vivo was
evaluated in an ovariectomy-induced bone loss mouse model.
Corylin treatment blunted the bodyweight gain in OVX mice
(Fig. 8A) without causing obvious adverse events. Serum CTX-1,
ALP and TRAP (strACP) increased significantly in OVX mice. This
trend was abrogated dose-dependently by corylin treatment,
comparable to estradiol (E2) controls (Fig. 8B-D). All the treatment
did not affect serum calcium concentration (Fig. 8E). Representa-
tive 3D reconstructions of proximal tibial trabecular bone by puCT
showed a decreased bone loss in OVX mice treated with E2 or
corylin (Fig. 8F). The histomorphometric of proximal tibial
trabecular bone confirmed that corylin significantly increased
BMD, BV/TV (%), Tb.N in OVX mice (Fig. 8G-I). In addition,
increased Th.Sp and SMI (Structure model index) in OVX mice
were reversed by E2 and corylin treatment (Fig. 8J, K). TRAP
positive osteoclasts in OVX mice were dramatically reduced in E2
or corylin treated groups (Fig. 8L). In conclusion, our data
demonstrate that corylin protects against OVX-induced bone loss
by inhibiting osteoclasts formation.

DISCUSSION

Bone remodeling is a balance between bone formation and bone
resorption. It is the key to maintain bone structural integrity and
mineral homeostasis. The dysfunction of osteoclasts is the main
cause of osteoporosis and bone loss [1]. Osteoclasts are highly
differentiated multinucleated giant cells, mainly derived from
monocyte/macrophage hematopoietic stem cell lines. RANK/
RANKL/OPG (osteoprotegerin) system plays the central role in
regulating the differentiation and maturation of osteoclasts [40].
RANKL stimulates both canonical and non-canonical NF-kB
signaling, leading to increased expression of transcription factors
involved in osteoclast precursor differentiation, such as c-Fos and
NFATC1 [34]. RANKL also stimulates the expression of SREBP2
during osteoclast differentiation [15, 19]. The cross-talk between
NF-kB and SREBP2 plays an important role in macrophage foam
cell formation [41]. However, there is no sufficient evidence to
demonstrate a direct link between the two pathways. In this work,
we found that HSP90@ is an important upstream activator of both
NF-kB and Srebp2 during osteoclastogenesis (Fig. 4 and Supple-
mentary Fig. 3). This finding provides very important evidence for
us to understand the relationship between cholesterol and NF-kB,
the two important factors downstream RANKL that affect
osteoporosis.

Cell Death & Differentiation (2023) 30:673 - 686

HSP90 acts as a molecular chaperone to help protein folding
that is important for cell signaling [42]. HSP90 has been
considered as a drug target for treating cancer [43], neurodegen-
eration diseases [44] and metabolic diseases [21, 45]. It should be
noted that HSP90a and HSP90B share more than 86% of protein
identity and more than 90% of protein similarity. It is very difficult
to distinguish paralog-specific roles of HSP90 in different diseases.
Homozygous mutation in Hsp90ab1 leads to embryonic lethal [46],
while mice without Hsp90a are apparently normal [47]. Although
the difference between the gene-trap strategy might contribute to
the difference (Hsp90ab1 was trapped in the 9th exon while
Hsp90aa1l was trapped in the intron before the last exon). There
are still differences in molecular functions between these two
proteins, for example, only HSP90B is considered to regulate
SREBPs. Knocking down HSP90q, but not HSP90B, affects the
stability of their client protein GZMA and H2AFX [21]. According to
these research results, it is indeed necessary to use tissue-specific
gene knockout mouse model to clarify the paralog-specific
function of HSP90. HSP90a and HSP90P are highly expressed in
peripheral mononuclear blood of patients with Ankylosing
spondylitis [48]. HSP90a is involved in the regulation of
rheumatoid arthritis [49] and osteoporosis [50]. FSH stimulates
the expression of HSP90a and aggravates osteoporosis through
FSHR independent of estrogen [50]. HSP90P regulates a variety of
bone diseases, including multiple myeloma [51], rheumatoid
arthritis [52], Ankylosing spondylitis [48], and osteoporosis [53].
However, the mechanism by which Hsp90p regulates osteoporosis
is not well understood. In this study, we observed abnormally
expression of Hsp90B, but not Hsp90a during RANKL-induced
osteoclasotogenesis (Fig. 1A-F). Meanwhile, HSP90B is highly
expressed in osteoclasts in OP patients (Fig. TH), suggesting its
distinct role in controlling osteoclast formation. For the first time,
we constructed Hsp90ab1™: LysM-Cre mice. Deletion of Hsp90ab1
was found to hinder the formation of osteoclasts (Fig. 2). Our
results are opposite to a former report in which the authors
showed that knockdown of Hsp90aal and HSP90ab1 by siRNAs or
pan-HSP90 inhibitor 17-AAG promoted osteoclasotgenesis [54]. In
this study, the authors used RAW-D cells (pre-osteoclasts, pre-
0OCs), selectively cloned from the RAWD264 cell line. We used both
RAW264.7 cells and primary BMDMs from both Hsp90ab1™f and
Hsp90ab1™: LysM-Cre mice and the results are consistent.
Raw264.7 cells are SV40 transformed peritoneal macrophages
from a male BALB/c mouse. There are quite differences between
RAW264.7 cell lines and primary cells. With continuous culture and
passage, phenotypes and functions of the cell lines may change
[55]. Therefore, responses observed in a cell line may not reflect
normal physiology. In addition, chemical compounds and siRNAs
normally have off-target effects [56, 57], 17-AAG and siRNAs
induced osteoclastogenesis may not necessarily be caused by
targeting HSP90. In Hsp90ab1™; LysM-Cre mice, OVX-induced bone
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Fig. 8 Corylin improves ovariectomy-induced bone loss. The OVX mice were divided into four groups (n = 6 in each group). The mice were
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from five group mice (black arrows, TRAP-positive cells). Scale bars, 500 pm and 100 pm. Bars represent means + SD. *p < 0.05, **p < 0.01,

**%p < 0.001.

loss was greatly reversed (Fig. 3). We also observed reduced
TRAP™ osteoclasts in bone (Fig. 3M), consistent with our in vitro
data. These evidences suggest that tissue-specific knockout mice
models are irreplaceable to clarify the paralog-specific roles
of HSP90.
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We further looked for the transcription factor of Hsp90ab1 and
found that c-Jun may regulate Hsp90ab1 (Fig. 5). JNK induces the
activation of AP-1 (activating protein 1, formed by c-Jun/c-Fos
heterodimers) [58]. Although activation of JNK1 [59], c-Fos [60]
and cJun [61] are essential for osteoclastogenesis, the
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downstream signaling pathway remains elusive. Our results
showed that in osteoclast precursors, when RANKL binds with
RANK, the activated JNK increases Hsp90ab1 expression in a c-Jun
dependent manner (Fig. 5F), subsequently stimulates both
cholesterol biogenesis (Supplementary Fig. 3) and NF-kB activa-
tion (Fig. 4). These results expand our understanding of how
RANKL/RANK pathway regulates osteoclast differentiation and
causes osteoporosis.

Finally, by virtue screening, we found corylin, an active
compound from Psoralea corylifolia, binds to HSP90B. Corylin
inhibits RANKL-induced osteoclast formation and improves OVX-
induced bone loss by inhibiting the entry of NF-kB and Srebp2
into the nucleus (Supplementary Fig. 6). Here, we found increased
ubiquitylation Ikk and decreased Ikk3 protein levels after the
genetic or pharmacological inhibition of Hsp90B. Deceased Ikk(3
leads to dephosphorylation and stabilization of IkB, which keeps
NF-kB inactive. However, the detailed mechanism that caused the
change of IkkB still remains elusive. The degradation machinery
involved in Ikkp during osteoclastogenesis needs to be further
studied. In conclusion, our study illustrates for the first time how
HSP90B participates in the osteoclasts differentiation process. In
vivo experiments suggest that HSP90P might be a potential target
for the treatment of OP.

DATA AVAILABILITY
All data in this study are provided in the paper and Supplementary Materials.
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