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A B S T R A C T

Background: Abnormal osteoclast and osteoblast differentiation is an essential pathological process in osteopo-
rosis. As an important deubiquitinase enzyme, ubiquitin-specific peptidase 7 (USP7) participates in various dis-
ease processes through posttranslational modification. However, the mechanism by which USP7 regulates
osteoporosis remains unknown. Herein, we aimed to investigate whether USP7 regulates abnormal osteoclast
differentiation in osteoporosis.
Methods: The gene expression profiles of blood monocytes were preprocessed to analyze the differential expres-
sion of USP genes. CD14þ peripheral blood mononuclear cells (PBMCs) were isolated from whole blood collected
from osteoporosis patients (OPs) and healthy donors (HDs), and the expression pattern of USP7 during the dif-
ferentiation of CD14þ PBMCs into osteoclasts was detected by western blotting. The role of USP7 in the osteoclast
differentiation of PBMCs treated with USP7 siRNA or exogenous rUSP7 was further investigated by the F-actin
assay, TRAP staining and western blotting. Moreover, the interaction between high-mobility group protein 1
(HMGB1) and USP7 was investigated by coimmunoprecipitation, and the regulation of the USP7-HMGB1 axis in
osteoclast differentiation was further verified. Osteoporosis in ovariectomized (OVX) mice was then studied using
the USP7-specific inhibitor P5091 to identify the role of USP7 in osteoporosis.
Results: The bioinformatic analyses and CD14þ PBMCs from osteoporosis patients confirmed that the upregulation
of USP7 was associated with osteoporosis. USP7 positively regulates the osteoclast differentiation of CD14þ
PBMCs in vitro. Mechanistically, USP7 promoted osteoclast formation by binding to and deubiquitination of
HMGB1. In vivo, P5091 effectively attenuates bone loss in OVX mice.
Conclusion: We demonstrate that USP7 promotes the differentiation of CD14þ PBMCs into osteoclasts via HMGB1
deubiquitination and that inhibition of USP7 effectively attenuates bone loss in osteoporosis in vivo.
The translational potential of this article:The study reveals novel insights into the role of USP7 in the pro-
gression of osteoporosis and provides a new therapeutic target for the treatment of osteoporosis.
1. Introduction

Osteoporosis is a degenerative disease characterized by decreased
bone mass and destruction of the bone structure, which result in a
decrease in bone strength and an increase in the incidence of fractures
[1]. According to recent statistics, the prevalence rate of osteoporosis in
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the Chinese male and female population over the age of 40 years are
5.0% and 20.6%, respectively, and the prevalence rates of vertebral
fracture in these populations are 10.5% and 9.7%, respectively [2]. At
present, drug therapy is the main method used to treat osteoporosis, but
commonly used medications such as bisphosphonates, calcium, estrogen,
and selective estrogen receptor modulators [3] have drawbacks that
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should not be disregarded, such as varying degrees of side effects and a
lack of therapeutic targeting [4–6]. Therefore, it is necessary to further
elucidate the specific molecular mechanism of osteoporosis to help
identify new therapeutic targets.

There is an obvious imbalance in bone remodeling in osteoporosis,
and bone remodeling in vivo mainly depends on the balance between the
osteogenic ability of osteocytes and the bone resorption capacity of os-
teoclasts [7]. Human osteoclasts are mainly derived from CD14þ
monocytes [8]. After stimulation withmonocyte colonization stimulating
factor (M-CSF) and NF-κB ligand receptor activator (RANKL), monocytes
can differentiate into osteoclasts [9], and excessive activation of osteo-
clast differentiation plays a key role in the imbalance between osteoclasts
and osteoblasts [10]. Therefore, further research on the molecular
mechanism responsible for the abnormal activation of osteoclast differ-
entiation would be helpful for understanding the occurrence and devel-
opment of osteoporosis.

In recent years, posttranslational modification has been regarded as a
critical factor regulating various biological activities, including the regu-
lation of bone remodeling. As a crucial type of posttranslational modifi-
cation, ubiquitin‒proteasome proteins are specifically recognized by
proteasomes after binding with ubiquitin enzymes [11]. Many studies
have demonstrated that the ubiquitin‒proteasome system is crucial for
regulating bone remodeling [12]. We have previously revealed the
mechanisms through which Smurf2 ubiquitination-mediated degradation
positively regulates the osteogenic differentiation of human mesenchymal
stem cells [13]. In addition, ubiquitination is a reversible process because
deubiquitinating enzymes can prevent proteasome degradation by
removing ubiquitin from substrate proteins [14]. As an important deubi-
quitinase enzyme, ubiquitin-specific peptidase 7 (USP7) was recently re-
ported to be involved in the occurrence, progression and targeted therapy
of various diseases [15]. Furthermore, emerging evidence has indicated
the key role of USP7 in regulating bone remodeling. For example, USP7
regulates osteogenic differentiation by binding and deubiquitination of
AXIN, a key inhibitor of the Wnt signaling pathway and a key component
of the β-catenin complex [16]. However, the effect of USP7 on osteoclasts,
the significance of the occurrence and progression of osteoporosis and the
possibility of targeted therapy have not been clarified.

Here, we demonstrated that USP7 expression was significantly
upregulated in osteoporotic osteoclasts and increased during the process
of osteoclast differentiation from peripheral blood monocytes in vitro.
Osteoclast differentiation could be significantly inhibited by siRNA or a
specific inhibitor (P5091). Through protein spectrum analysis, we found
that USP7 can bind to HMGB1 and promote osteoclast formation. Given
the specific effect of USP7 on osteoclast formation and the current
research results, we propose that USP7 may be a key regulatory factor in
osteoclast differentiation of CD14þ PBMCs and a new target for targeted
therapy of osteoporosis in the future.

2. Materials and methods

2.1. Data retrieval

The gene expression profile data in the GEO Platform dataset
GSE56814, which includes blood monocytes from 42 patients with a
normal bonemineral density (BMD) and 31 patients with a low BMD, and
the GEO Platform dataset GSE56815, which includes blood monocytes
from 40 premenopausal and 40 postmenopausal patients, were down-
loaded from the Gene Expression Omnibus (GEO, http://www.ncbi
.nlm.nih.gov/geo) database via the GEOquery package (2.64.2) in R
(4.2.0). The probes of the expression matrix were annotated into gene
symbols through the dplyr (1.0.10) package and the GEO Platform data.
Members of the USP gene family were obtained from the PathCards (htt
ps://pathcards.genecards.org/) database. Common USP genes in the
above mentioned three datasets were filtered using the dplyr (1.0.10)
package, and a Venn diagram was drawn with the ggVennDiagram
(1.2.2) package.
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2.2. Correlation analysis

Spearman's correlation coefficients of the USP genes with the meno-
pausal status and BMD were calculated, and correlation bubble charts
were plotted using ggcorrplot (0.1.4) packages.

2.3. Statistical test and box diagram preparation

The expression of USP25, USP7, USP9X, and USP16 in patients with
different clinical characteristics was analyzed by a t test, and box dia-
grams were plotted using the ggplot2 (3.4.0) package.

2.4. Cell isolation and culture

In this study, 30 healthy donors (HDs) and 30 patients diagnosed with
osteoporosis (osteoporosis patients, OPs) were recruited. The protocol
was approved by the Ethics Committee of The Eighth Affiliated Hospital
(Sun Yat-sen University, Guangzhou, China), and informed consent was
obtained from all subjects. Peripheral blood mononuclear cells (PBMCs)
were isolated from whole blood collected from the HDs and OPs. As
previously described [17], density-gradient centrifugation was used to
separated PBMCs. According to the manufacturer's instructions (Miltenyi
Biotech), CD14þ monocytes were isolated from PBMCs labeled with
magnetic-bead-conjugated anti-human CD14 mAbs via positive selec-
tion. Briefly, PBMCs were treated with fluorescein isothiocyanate
(FITC)-conjugated anti-CD14 mAb (BD Biosciences) for 30 min on ice in
the dark. Washed the cells with phosphate-buffered saline (PBS) three
times. Then a BD Influx cell sorter (BD Biosciences) was used to identify
the purity of the CD14þmonocytes. All the cells were cultured at 37 �C in
5% CO2 with α-MEM (Gibco, Waltham, MA, USA) supplemented with
10% fetal bovine serum (Gibco).

2.5. Source of clinical bone tissue specimens

In this study, spinous process specimens were obtained from the
above mentioned peripheral blood donors (including those in the HD and
OP groups) who needed open lumbar surgery, and the specimens cut
during the operation were subjected to decalcification, paraffin embed-
ding, and section treatment for the next experiment. The protocol was
approved by the Ethics Committee of The Eighth Affiliated Hospital (Sun
Yat-sen University, Guangzhou, China), and informed consent was ob-
tained from all subjects. Details of the donors are in Table 1.

2.6. H&E staining

The samples were dealkylated in xylene and hydrated with decreasing
ethanol concentrations. For H&E staining, the slices were first incubated
with hematoxylin for 5 min and then stained with eosin for 3 min after
clearance [17]. All sections were dehydrated and observed using a mi-
croscope (Nikon).

2.7. Immunohistochemical staining

Immunohistochemical staining was performed as previously
described [18]. In short, after antigen recovery, the section was sealed in
5% serum and then incubated with anti-USP7 (Abcam 264,422) at 4 �C
overnight. Subsequently, the sections were incubated with the appro-
priate biotin-conjugated secondary antibodies and then with streptavidin
solution. After staining, all the sections were dehydrated with increasing
ethanol and xylene concentrations. All sections were observed using an
optical microscope (Nikon).

2.8. Immunofluorescence staining

Immunofluorescence staining was performed as detailed by Xie et al.
[19]. As mentioned above, the slices were dewaxed with xylene and
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Table 1
Details of donors.

OP group

Gender T
score

Age Diagnosis Open surgery was
performed

Male �2.6 71 Vertebral compression fracture
(L1)

NO

Male �2.7 69 Vertebral compression fracture
(L1)

NO

Male �2.5 65 Lumbar disc Herniation (L4/5) YES
Male �2.6 75 Lumbar disc Herniation (L4/5) YES
Male �2.8 67 Vertebral compression fracture

(T12)
NO

Male �2.7 62 Vertebral compression fracture
(T12)

NO

Male �2.6 63 Lumbar spinal stenosis (L4/5) YES
Male �2.6 65 Lumbar spondylolisthesis (L4) YES
Male �2.7 65 Lumbar disc Herniation (L5/

S1)
NO

Male �2.6 72 Vertebral compression fracture
(L1)

NO

Male �2.5 80 Lumbar spinal stenosis (L4/5) YES
Male �2.5 77 Vertebral compression fracture

(L1、L3)
YES

Male �2.6 62 Lumbar spinal stenosis (L4/
5、L5/S1)

NO

Male �2.7 68 Vertebral compression fracture
(T10)

NO

Male �2.7 66 Lumbar spinal stenosis (L5/S1) NO
Female �2.8 62 Vertebral compression fracture

(L1)
NO

Female �2.8 70 Vertebral compression fracture
(L3)

YES

Female �2.7 59 Lumbar disc Herniation (L4/5) YES
Female �2.6 55 Lumbar spinal stenosis (L4/

5、L5/S1)
YES

Female �2.8 63 Lumbar spinal stenosis (L4/
5、L5/S1)

YES

Female �2.8 68 Vertebral compression fracture
(T8)

NO

Female �2.5 65 Lumbar spinal stenosis (L4/5) NO
Female �2.6 72 Lumbar spinal stenosis (L5/S1) YES
Female �2.5 76 Lumbar disc Herniation (L4/5) YES
Female �2.7 68 Vertebral compression fracture

(L1)
NO

Female �2.6 65 Lumbar spinal stenosis (L4/5) YES
Female �2.8 66 Lumbar spinal stenosis (L4/5) YES
Female �2.6 67 Vertebral compression fracture

(L3)
NO

Female �2.8 58 Lumbar spinal stenosis (L5/S1) YES
Female �2.7 69 Lumbar disc Herniation (L4/5) NO

HD group

Gender T
score

Age Diagnosis Open surgery was
performed

Male �0.3 26 Lumbar disc Herniation (L4/5) NO
Male 0.5 25 Lumbar disc Herniation (L4/5) NO
Male 0.7 26 Lumbar disc Herniation (L4/

5、L5/S1)
YES

Male 0.1 24 Vertebral compression fracture
(L3)

YES

Male 0.2 23 Lumbar disc Herniation (L4/5) NO
Male �0.5 27 Vertebral compression fracture

(L3)
YES

Male �0.4 35 Lumbar disc Herniation (L4/
5、L5/S1)

YES

Male 0.3 21 Burst fracture of spine (L1) YES
Male �0.5 25 Lumbar disc Herniation (L4/5) NO
Male �0.6 26 Lumbar disc Herniation (L4/

5、L5/S1)
NO

Male �0.7 30 Lumbar disc Herniation (L4/5) YES
Male 0.6 25 Burst fracture of spine (T12、

L1、L2)
Male 0.1 27 Lumbar disc Herniation (L4/

5、L5/S1)
YES

Male 0 31 YES

Table 1 (continued )

OP group

Gender T
score

Age Diagnosis Open surgery was
performed

Lumbar disc Herniation (L4/
5、L5/S1)

Male 0.8 28 Lumbar disc Herniation (L4/
5、L5/S1)

NO

Female �0.2 23 Burst fracture of spine (L1) YES
Female �0.5 25 Lumbar disc Herniation (L4/5) NO
Female �0.3 28 Vertebral compression fracture

(L1)
YES

Female �0.1 29 Lumbar disc Herniation (L4/5) NO
Female 0.6 27 Vertebral compression fracture

(L1)
NO

Female 0.4 26 Lumbar disc Herniation (L4/5) YES
Female 0.3 25 Lumbar disc Herniation (L4/5) NO
Female 0.8 32 Lumbar disc Herniation (L4/5) NO
Female �0.5 24 Lumbar disc Herniation (L4/

5、L5/S1)
NO

Female �0.6 25 Lumbar spondylolisthesis (L4) YES
Female 0.5 27 Lumbar disc Herniation (L4/5) NO
Female 0.4 26 Vertebral compression fracture

(L1)
NO

Female 0.6 24 Lumbar disc Herniation (L4/
5、L5/S1)

YES

Female 0.8 26 Vertebral compression fracture
(L1)

NO

Female �0.2 27 Lumbar disc Herniation (L4/5) NO
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ethanol. The cells were then fixed with 4% paraformaldehyde and
incubated with 0.1% Triton X-100 at room temperature for 10 min. After
blocking with goat serum, the cells were incubated with anti-USP7
(Abcam 264,422) and anti-TRAP (Abcam 191,406) antibodies over-
night at 4 �C. The appropriate secondary antibody was subsequently
added, and the cells were incubated at room temperature for 1 h. The
sections were then restained with 40,6-diamino-2-phenylindole (DAPI) to
label the nucleus. After application of anti-fading installation medium
(P0126 Magi Beyotime), the slides were covered with cover slips. An
image of the sample was captured using an Axio Observer imaging sys-
tem (Carl Zeiss).

2.9. Real-time quantitative reverse transcription–polymerase chain
reaction (qRT‒PCR)

The experiment was performed as described by Cen et al. in detail
[20]. Briefly, the cells were washed three times with PBS, and total RNA
was extracted after the addition of TRIzol (Invitrogen). According to the
instructions, the PrimeScript RT kit (TaKaRa) was used for the tran-
scription of complementary DNA from 1 μg RNA. The LightCycler ®480
PCR system (Roche) and SYBR Premix Ex Taq (TaKaRa) were used for
qRT‒PCR. The qRT‒PCR procedure was 95 �C for 30 s and 40 cycles of
95 �C for 5 s and 60 �C for 20 s. Each sample was analyzed in triplicate,
and the average mRNA level was calculated. For confirmation of the
specific magnification of the target, the melting curve of each sample was
analyzed. GAPDH was used as an internal control, and the 2-delta Ct
method was used. The forward and reverse primers for the target genes
are shown in Table 2.

2.10. Western blot analysis

As described previously [21], the cells were lysed on ice for 30 min in
RIPA buffer (Sigma) with 1% protease and phosphatase inhibitor
(Roche). The lysate was then centrifuged at 12,000 rpm at 4 �C for 30
min, and the protein in the supernatant was quantified using a BCA
Analysis Kit (Sigma) according to the manufacturer's instructions. The
same amount of protein was diluted in sodium dodecyl sulfate (SDS)
loading buffer, separated by 10% SDS-polyacrylamide gel electropho-
resis, and electrotransferred to a polyvinylidene fluoride (EMD Millipore



Table 2
Primers.

Gene
symbol

Forward (5’→30) Reverse (3’→50)

hGAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
hUSP7 GGAAGCGGGAGATACAGATGA AAGGACCGACTCACTCAGTCT
hCTSK GCAGAAGAACCGGGGTATTGA GAAGGAGGTCAGGCTTGCAT
hACP5 GACTGTGCAGATCCTGGGTG GACTGTGCAGATCCTGGGTG
hNFATC1 CACCGCATCACAGGGAAGAC GCACAGTCAATGACGGCTC
hMMP9 AGACCTGGGCAGATTCCAAAC CGGCAAGTCTTCCGAGTAGT
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Billerica) membrane. The membrane was blocked in TBST with 5% skim
milk at room temperature for 60 min and incubated overnight with pri-
mary antibodies against GAPDH (CST 5174), CTSK (Abcam 85,716),
USP7 (CST 4833 AND Abcam 264,422) and HMGB1 (Abcam 18,256) at
4 �C. The membrane then was washed three times with TBST and incu-
bated at room temperature with the appropriate secondary antibody
against horseradish peroxidase (HRP) (diluted 1:1000, Santa Cruz
Biotechnology) for 60 min. The membrane was washed three times with
TBST, and the signal was detected with Immobilon Western Chem-
iluminescence HRP Substrate (Millipore).

2.11. TRAP staining

At days 0, 3, 6 and 9 after RANKL induction, the cells were collected
and washed three times with PBS, and the TRAP activity was detected
with a leucocyte acid phosphatase kit (Sigma #387A) according to the
manufacturer's instructions. Paraffin sections of mouse femurs were
treated as described above. TRAP-positive cells with at least three nuclei
were considered osteoclasts. At least 5 visual fields covering the entire
plate were evaluated, and the average number of osteoclasts was calcu-
lated [17].

2.12. F-actin assay

At days 0, 3, 6 and 9 after adding RANKL, the cells were fixed with 4%
paraformaldehyde for 5 min and washed extensively with PBS. Then, the
cells were stained at room temperature with FITC-conjugated phalloidin
(Sigma) and 4-diamino-2-phenylindole for 40 min [22]. Subsequently,
the cells were washed three times with PBS and observed with an Axio
Observer fluorescence microscope (Carl Zeiss).

2.13. Coimmunoprecipitation and LC‒MS/MS

CD14þ PBMCs were inoculated into 10 cm dishes, lysed and coim-
munoprecipitated using a DynabeadsTM protein G immunoprecipitation
kit (Invitrogen 1007D) according to the manufacturer's instructions. The
primary antibodies used in this experiment included USP7 (Abcam
264,422), HMGB1 (Abcam 18,256) and their IgG control (CST 37988).
The immunoprecipitate was collected, washed and boiled in Laemmli
sample buffer for 10 min. The samples were separated by SDS‒PAGE and
then stained using a Coomassie blue staining kit (Beyotime Institute of
Biotechnology). The different bands were collected for further LC‒MS/
MS analysis of USP7-interacting proteins in PBMCs. As mentioned above,
Western blotting was performed to confirm the interaction between the
two proteins [23,24].

2.14. Animal studies

Twenty female C57BL/6 mice (body weight, 22.2 � 0.13 g) were
purchased from the Laboratory Animal Center of Sun Yat-sen University
at two months of age and housed in public facilities at the School of
Medicine of Sun Yat-sen University (Guangzhou, China). The animals
were housed in pathogen-free facilities with a temperature of 25 �C, 75%
humidity, a 12 h light/dark cycle, and water and food provided at will.
The animal experiments were conducted in accordance with the
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Guidelines for the Care and Use of Laboratory Animals (8th Edition,
ISBN-10:0–309-15396-4). The protocol was approved by the Committee
on the Management and Use of Laboratory Animals of Sun Yat-sen Uni-
versity and the Ethics Committee for Laboratory Animals of Sun Yat-sen
University (Ethics number: SYSU-IACUC-2023-000298).

The mice were randomly divided into different groups according to
their average body weight using the random function in Excel. Mouse
models of estrogen consumption were established by sham operation (n
¼ 5) or ovariectomy (OVX, n ¼ 20) to simulate the clinical situation of
osteoporosis patients [25]. OVX mice were randomly divided into 4
groups: OVX group, OVXþ P5091 group (P5091, 5 mg/kg, twice a week,
intravenous injection) and OVXþ P5091 group (P5091, 10 mg/kg, twice
a week, caudal intravenous injection). The mice were anesthetized with
isoflurane during the procedure.

The sham, OVX, and OVX þ P5091 groups started treatment 3 days
after surgery. The mice in the sham and OVX groups were injected with
0.9% normal saline. After 6 weeks of treatment, the mice were sacrificed
by cervical dislocation after isoflurane anesthesia to relieve pain. Both
femurs of the mice were removed and placed in 10% formalin solution
for subsequent examination. The trabecular microstructure of the left
femur was measured by microCT. The right femur was decalcified,
embedded in paraffin and sectioned, and histopathologic detection was
then performed with H&E staining, TRAP staining and immunohisto-
chemical methods.

2.15. Statistical analysis

All experiments in vitro were repeated at least three times. SPSS 22.0
software (Chicago, IL, USA) was used to perform the statistical analysis.
The normality of data was verified with Shapiro–Wilk test. All normally
distributed values were expressed as means�SDs. Student's t test was
used to compare two groups, while one-way analysis of variance
(ANOVA) was performed to compare three or more groups followed by a
Bonferroni test. Correlation analyses was performed with the Pearson
correlation test. A P value < 0.05 was considered as statistically
significance.

3. Results

3.1. The deubiquitination enzyme USP7 may be involved in the
pathogenesis of osteoporosis

Two gene chips of human peripheral blood monocytes were obtained
from the GEO database: one for premenopausal and postmenopausal
women and one for human peripheral blood monocytes from patients
with high and low BMD. We compared the USP family genes in the
PathCards database with two gene chips. The Venn diagram showed that
GSE56814 contained 47 USP genes, GSE56815 contained 39 USP genes
and PathCards contained 55 USP genes and that 23 USP genes were
found in the three datasets (Fig. 1A). Subsequently, the relationship be-
tween 23 USP genes and clinical characteristics was analyzed, and the
results demonstrated that USP7, USP9X, USP14, USP16 and USP25 were
significantly correlated with menopause status (Fig. 1B) and BMD
(Fig. 1C). Moreover, the gene expression of USP7, USP9X, USP10 and
USP14 was significantly upregulated in postmenopausal women
compared with premenopausal women (Fig. 1D P ¼ 0.0072, P ¼ 0.0041,
P ¼ 0.0099 and P ¼ 0.0022), and USP7, USP9X, USP16 and USP25 were
significantly upregulated in women with a low BMD compared with
women with a high BMD (Fig. 1E P¼ 0.00071, P¼ 0.00021, P¼ 0.00031
and P ¼ 0.00067). We collected CD14þ peripheral blood mononuclear
cells (PBMCs) from 9 patients with osteoporosis and 9 healthy donors.
Flow cytometry confirmed that the purification rate of CD14þ PBMCs
was >95% (Supplementary Figure S1). Subsequently, we extracted RNA
according to the above mentioned steps and detected the mRNA
expression of USP10, USP16, USP14, USP25, USP7 and USP9X. We found
that the mRNA level of USP7 in OPs was significantly higher than that in



Fig. 1. The deubiquitination enzyme USP7 may be involved in the pathogenesis of osteoporosis. The gene chips GSE56815 and GSE56815 of premenopausal and
postmenopausal women and patients with osteoporosis were obtained from the GEO database, and the datasets of USP family members were obtained from PathCards.
(A) The Venn diagram shows 23 common USP genes in the three datasets. (B, D) Heatmap and box map showing that the expression of the USP7, USP9X, USP10 and
USP14 genes in postmenopausal women was significantly higher than that in premenopausal women (P ¼ 0.0072, 0.0041, 0.0099 and 0.0022). (C, E) Heatmap and
box map showing that the expression of the USP7, USP9X and USP16 and USP25 genes in patients with a low BMD was significantly higher than that in patients with a
high BMD (P ¼ 0.00071, 0.00021, 0.0031 and 0.00067). (F) The CD14þ PBMCs of 9 patients with osteoporosis and healthy donors were collected, and the expression
of USP7, USP10, USP16, USP14, USP25 and USP9X was measured by qRT‒PCR, which revealed that the more significant difference was found for USP7. All data are
presented as the means � standard deviations. *P < 0.05, **P < 0.01, ***P < 0.001.
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HDs (Fig. 1F); thus, USP7 may be a key molecule in the deubiquitinase
family that can affect osteoclast production.
3.2. USP7 is highly expressed in CD14þ PBMCs of osteoporosis patients

To compare the difference in USP7 expression between OPs and HDs,
Western blotting, immunofluorescence, and immunohistochemistry were
used to detect the specimen of OPs, HD. The immunofluorescence results
showed that the expression of TRAP and USP7 in bone tissue in the OP
group was significantly higher than that in the HD group (Fig. 2A). In
addition, the immunohistochemistry results showed that the expression
of USP7 in bone tissue was significantly increased in the OP group, and
this result was semiquantitatively verified by ImageJ (Fig. 2B and C). To
further explore the difference in USP7 expression between the OP group
and the HD group, we collected CD14þ PBMCs from 9 OPs and HDs and
extracted proteins for protein electrophoresis. The expression of the
USP7 protein in the OP groupwas significantly higher than that in the HD
group (Fig. 2D). Quantitative analysis showed that there was a significant
difference in USP7 expression between the two groups (Fig. 2E).
Together, our findings demonstrated that USP7 was significantly upre-
gulated in CD14þ PBMCs of osteoporosis patients.
3.3. USP7 is positively correlated with the osteoclast differentiation of
CD14þ PBMCs

To further analyze the changes in USP7 expression during the process
of osteoclast differentiation, we examined osteoclast differentiation
induced by CD14þ PBMCs at days 0, 3, 6, and 9 by F-actin immunoflu-
orescence, TRAP staining, and Western blotting. Our results showed that
the osteoclasts identified in the F-actin ring and TRAP staining analyses
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increased gradually from day 0 to day 9 (Fig. 3A). Quantitative analysis
showed that the number of osteoclasts and F-actin rings increased with
increasing induction time (Fig. 3B and C). In addition, the protein level of
USP7 increased with increasing induction time. Consistent with these
results, the protein expression of CTSK, a key marker of osteoclast dif-
ferentiation, gradually increased within 9 days during osteoclast differ-
entiation (Fig. 3D and E). Further analysis showed that a strong positive
correlation between the expression of USP7 and CTSK (Fig. 3F). In other
words, USP7 is positively correlated with the osteoclast differentiation of
CD14þ PBMCs.
3.4. USP7 positively regulates the osteoclast differentiation of CD14þ
PBMCs in vitro

To confirm that USP7 is involved in the osteoclast differentiation of
CD14þ PBMCs, we constructed siRNA to reduce the expression of USP7
and evaluated the role of USP7 in osteoclast formation. The mRNA
(Fig. 4A) and protein (Fig. 4B and C) level of USP7 in the siRNA group
was significantly lower than that in the Negative control (NC) group, and
no significant difference in knockdown efficiency was found between the
two different sequences of siRNA tested. The results showed that siRNA
interfered with the production of USP7 protein, and Si-1 was chosen for
the further experiments.

In addition, human recombinant USP7 (rUSP7) was added to con-
structed high-level USP7 system in CD14þPBMCs. CCK-8 demonstrated
that the activity of cells was not significantly affected by 0–2 μg/mL
rUSP7 (Supplementary Figure S2A). Also, the endotoxin of rUSP7 was
observed and indicated that rUSP7 contained little endotoxin (Supple-
mentary Figure S2B). Furthermore, 0.5 μg/mL rUSP7 positively induced
osteoclast formation (Supplementary Figure S2C) and upregulated USP7



Fig. 2. USP7 is highly expressed in CD14þ PBMCs of osteoporosis patients. Bone tissue from vertebrae was collected from healthy donors and osteoporotic patients (n
¼ 3). (A) The expression and location of TRAP (red) and USP7 (green) in these tissues were detected by immunofluorescence. TRAP is considered a marker of os-
teoclasts. Scale bar: 20 μm (B) The expression of USP7 was detected by immunohistochemistry. Scale bar: 100 μm (C) Immunohistochemical sections were semi-
quantitatively detected with ImageJ. (D, E) The CD14þ PBMCs of 9 OPs and healthy donors were collected, and the level of USP7 was detected by Western blotting. All
data are presented as means � standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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protein levels in CD14þ PBMC (Supplementary Figure S2D).
To further explore the function of USP7 on the osteoclast differenti-

ation of CD14þ PBMCs, we detected the formation of the F-actin ring and
the production of TRAP-positive cells in the knockdown (Si) group and
rUSP7 (0.5 μg/mL) group. The results demonstrated that the formation of
F-actin rings and the production of TRAP-positive cells was significantly
decreased by USP7 siRNA compared to control group, suggesting USP7
knockdown inhibited the osteoclast differentiation of CD14þPBMCs. In
addition, rUSP7 significantly upregulated the formation of F-actin rings
and the number of TRAP-positive cells (Fig. 4D). The similar trend in F-
actin and TRAP were also observed in CD14þPBMCs (Fig. 4E and F).

In addition, we detected the expression level of CTSK, a marker
protein related to osteoclast differentiation. The results showed that
CTSK expression was significantly downregulated by USP7 siRNA,
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whereas the rUSP7 resulted in significant upregulation of CTSK
compared to the control group (Fig. 4G and H). Furthermore, the changes
of osteoclast-related markers were detected by qRT-PCR. The mRNA
levels of CTSK, NFATC1, ACP5 and MMP9 were significantly decreased
by USP7 siRNA, but increased in the rUSP7 group compared to the
control group (Fig. 4I). In summary, USP7 positively regulates the oste-
oclast differentiation of CD14þ PBMCs in vitro.
3.5. USP7 regulates osteoclast differentiation by binding to and
deubiquitination of HMGB1

To explore the regulatory mechanism of USP7 on osteoclast forma-
tion, Co-IP and LC‒MS/MS experiments were performed to determine the
interacting proteins of USP7 during osteoclast differentiation. Several



Fig. 3. USP7 is positively correlated with the osteoclast differentiation of CD14þ PBMCs. (A) F-actin and TRAP staining showed a gradual increase in the number of
osteoclasts from day 0–9. Scale bar: 100 μm (B, C) Semiquantitative analysis showed the degree of F-actin ring formation and the number of TRAP-positive cells from
day 0–9. (D, E) Western blotting showed that the protein levels of USP7 and CTSK increased gradually during osteoclast differentiation (0 d, 3 d, 6 d, 9 d). (F) The
Pearson correlation test showed a strong positive correlation between USP7 expression and CTSK expression. All data are displayed as means � standard deviations
(three independent experiments and three different PBMC samples). *P < 0.05, **P < 0.01, ***P < 0.001.
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proteins were identified that may interact with USP7. The iBAQ value of
HMGB1 detected in the Co-IP complex was the highest, indicating that
HMGB1 may be the binding partner of USP7 (Fig. 5A and B). Subse-
quently, mutual co-IP detection results showed that endogenous USP7
could interact with HMGB1 in CD14þ PBMCs (Fig. 5C and D).

P5091 is an active inhibitor of USP7, and the CCK8 assay results
suggested that 5 μM P5091 had no significant effect on cell activity
(Supplementary Figure S3A). To verify the specific mechanism by which
USP7 regulates HMGB1, we first compared the protein levels of HMGB1
in the NC group, knockdown group and P5091 group and found that the
HMGB1 protein levels were significantly decreased in the knockdown
group and inhibitor group (Fig. 5E and F). In addition, we detected the
HMGB1 expression level in CD14þ PBMCs from 9 patients in the OP
group and HD group, which was consistent with previous results. The
level of HMGB1 protein in the OP group was significantly higher than
that in the HD group (Fig. 5G and H). Similarly, human recombinant
HMGB1 (rHMGB1) was used to investigate the role of HMGB1 in the
USP7-mediated regulation of the osteoclast differentiation of CD14þ
PBMCs. The CCK8 results showed that 0–1 μg rHMGB1 had no significant
effect on cell activity (Supplementary Figure S4A). The endotoxin of
rHMGB1 was not significantly different from that of PBS (Supplementary
Figure S4B). TRAP staining suggested that 0.25 μg/mL rHMGB1 could
induce the differentiation of an increased number of osteoclasts (Sup-
plementary Figure S4C). Western blotting showed that the HMGB1 pro-
tein levels in the Si þ rHMGB1 group were higher than those in the Si
group (Supplementary Figure S4D). To further verify the previous results,
we added 0.25 μg/mL exogenous rHMGB1 (rH) to the knockdown group
and found that the protein level of CTSK increased (Fig. 5I).

As an important deubiquitinase enzyme, USP7 can remove the
ubiquitin molecules of substrate proteins and prevent substrate proteins
from being recognized and degraded by proteasomes. Therefore, we
further investigated the effect of USP7 on the deubiquitination of
HMGB1. MG132 (10 nmol, 24 h) was used to inhibit the function of the
proteasome. The level of HMGB1 ubiquitination in the knockdown group
was significantly higher than that in the NC group (Fig. 5J). In addition,
we used cycloheximide (CHX) to inhibit protein synthesis and detected
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the protein degradation rate of the NC group and the knockdown group.
The results demonstrated that the degradation rate of HMGB1 was
significantly increased after USP7 knockdown (Fig. 5 K). In summary,
HMGB1 is the binding companion of USP7 and plays an important reg-
ulatory role in the process of osteoclast differentiation.
3.6. P5091 attenuated bone loss in OVX mice

To further demonstrate the role of USP7 in osteoporosis in vivo, we
investigated the effect of P5091 on bone mass in OVX mice. First,
immunohistochemical determined that USP7 significantly increased the
bone tissue of the distal femur of OVX mice compared with that of the
Sham group (Fig. 6A and B), which is similar to the expression tend in the
bone tissue of OPs. According to the instructions, three doses of P5091
were established to explore its therapeutic effect. MicroCT was used to
analyze the changes in the trabeculae of the distal femur in the different
model groups. The results determined that a dose of 10 mg/kg effectively
attenuated bone loss in OVX mice (Supplementary Figure S5A).
Furthermore, compared with the OVX group, the values of BV/TV, Tb.N
and Tb. th in the OVX þ P5091 group were significantly higher, and that
of Tb. sp was lower. In short, P5091 significantly attenuated trabecular
bone loss in OVXmice (Fig. 6C, D, E). In addition, OVXþ P5091mice lost
significantly more weight than OVX mice during the whole process
(Supplementary Figure S6A). Subsequently, H&E staining of femur sec-
tions was performed and demonstrated that the trabecular BMD of the
distal femoral growth plate was decreased in the OVX group (Fig. 6F).
Furthermore, TRAP staining of femur sections demonstrated that the
number of distal osteoclasts in the OVX þ P5091 group was significantly
lower than that in the OVX group but was not significantly different from
that in the sham group (Fig. 6G). Overall, P5091 effectively attenuated
bone loss by reducing osteoclast production in OVX mice.

4. Discussion

In this study, we evaluated the role of USP7 in the osteoclast differ-
entiation of CD14þ PBMCs and observed high expression of USP7 around



Fig. 4. USP7 positively regulates the osteoclast differentiation of CD14þ PBMCs in vitro. In the knockdown group, CD14þ PBMCs were transfected with siRNA for 5
h, and the medium was then replaced with osteoclast induction medium. In the rUSP7 group, the cells were cultured with 0.5 μg/ml rUSP7 when the osteoclast culture
medium was replaced and then cultured for 9 days. (A) The knockdown efficiency of two different sequences of siRNA for USP7 was measured by qRT‒PCR. (B, C)
Western blotting was used to detect the changes in USP7 protein levels after USP7 knockdown. (D, E, F) F-actin and TRAP staining results showed that the knockdown
group exhibited significantly decreased osteoclast production, whereas rUSP7 promoted the osteoclast differentiation of CD14þ PBMCs. Scale bar: 100 μm (G, H)
Western blotting showed that the protein level of CTSK, a marker of osteoclast differentiation, was decreased in the knockdown group, whereas that in the rUSP7
group was increased. (I) The mRNA levels of osteoclast-related markers (CTSK, NFATC1, ACP5 and MMP9) in the NC group, knockdown group, control group and
rUSP7 group were measured by qRT‒PCR. All data are displayed as the means � standard deviation (three independent experiments and three different PBMC
samples). *P < 0.05, **P < 0.01, ***P < 0.001.
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the bone trabeculae in OPs and osteoporotic mice. As a deubiquitinating
enzyme, USP7 mediates the deubiquitination of HMGB1 and prevents it
from being recognized and degraded by proteasomes, which results in
positive regulation of the process of osteoclast differentiation. In addi-
tion, we evaluated the effect of P5091, a specific inhibitor of USP7, on
bone mass in OVX mice and observed that P5091 could effectively
attenuate bone mass loss by reducing osteoclast production in OVX mice.

USP7 has received extensive attention and been the subject of much
research in recent due to its role in the pathogenesis and progression of
various diseases (such as tumors and inflammation) [26–28]. Previous
studies have clearly shown that USP7 plays an important role in the
regulation of bone remodeling [29]. Ji et al. demonstrated that USP7 can
stabilize AXIN1, a key protein in the Wnt pathway, and increase the
degradation of β-catenin in osteoblasts, thus participating in the regula-
tion of osteogenic differentiation [30]. However, few subsequent studies
have focused on the effect of USP7 on the osteoclast differentiation of
CD14þ PBMCs. It has been suggested that other deubiquitinase enzymes
affect osteoclast differentiation. For example, CYLD can deubiquitinate
TRAF6, a key protein downstream of RANKL, and negatively regulate
osteoclast formation [31]. In addition, another member of the USP
family, USP34, inhibits osteoclast differentiation by deubiquitinating the
activity of IκBα, a key inhibitor of the NF-κB signaling pathway [32].
Therefore, we speculate that USP7 is also involved in the regulation of
osteoclast differentiation. In this study, we evaluated the expression of
USP7 in bone tissues of OPs and mice with osteoporosis, further analyzed
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its expression during the osteoclast differentiation in CD14þ PBMCs, and
observed that manipulating the expression of USP7 significantly changed
the osteoclast differentiation of CD14þ PBMCs in vitro. This result em-
phasizes for the first time the key role of USP7 not only in the osteoclast
differentiation of CD14þ PBMCs but also in the progression of
osteoporosis.

However, how USP7 regulates the osteoclast differentiation of
CD14þ PBMCs remains unknown. To further explore the regulatory
mechanism of USP7 in the process of osteoclast differentiation, we first
screened the proteins that interact with USP7 in CD14þ PBMCs. We
believe that HMGB1 is a downstream regulatory protein in this process.
HMGB1 is a nonhistone nuclear protein that is released into the extra-
cellular environment by mononuclear macrophages after cell activation
[33]. Previous studies have shown that the expression of HMGB1 is
upregulated during the osteoclast differentiation of CD14þ PBMCs
induced by RANKL in vitro, and the recombination of the actin cyto-
skeleton of osteoclasts is regulated by the receptor for advanced glycation
end products (RAGE) [34]. In addition, Yu et al. reported that the absence
of HMGB1 led to normal trabecular arrangement and increased the bone
mass in OVX mice, which further confirmed that HMGB1 promoted
osteoclast formation by activating the NF-κB signaling pathway [35].
However, the upstream mechanism by which HMGB1 expression is
regulated during osteoclast differentiation is unclear. In the study, we
confirmed that USP7 increased in the process of osteoclast differentiation
of CD14þ PBMCs and increased the expression of HMGB1 to promote the



Fig. 5. USP7 regulates osteoclast differentiation by binding to and deubiquitination of HMGB1. (A, B) LC‒MS/MS results showed that the polypeptide sequence of
HMGB1 protein was detected in the Co-IP complex. (C, D) The results of Co-IP detection showed that endogenous USP7 could interact with HMGB1 in CD14þ PBMCs.
(E, F) The siRNA and USP7 inhibitor P5091 (5 μM) were used to detect the effect of USP7 on HMGB1. The Western blotting results showed that the expression of
HMGB1 protein was decreased in the knockdown group and the P5091 group. (G, H) The CD14þ PMBCs of 9 patients in the OP group and HD group were collected,
and the expression of HMGB1 was detected by Western blotting. (I)The expression of USP7 and CTSK in USP7 knockdown CD14þ PMBCs treated with or without
rHMGB1 (rH) were detected by Western blotting. (J) After treatment with 10 nmol MG132 for 24 h, the ubiquitination level of the Co–IP complex of HMGB1 was
detected in the NC group, Si group and IgG group. (K) After CHX interference of protein synthesis, the HMGB1 degradation rate of HMGB1 in the NC group and Si
group was detected. All data are displayed as the means � standard deviation (three independent experiments and three different CD14þ PBMC samples). *P < 0.05,
**P < 0.01, ***P < 0.001.
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process of osteoclast differentiation. These results suggest that USP7 may
be an important upstream molecule regulating the expression of HMGB1
in CD14þ PBMCs during osteoclast differentiation. These results suggest
that the USP7-HMGB1 axis may promote osteoclast differentiation of
CD14þ PBMCs and that USP7 increases the expression of HMGB1 and
positively regulates the formation of actin rings and the production of
osteoclasts. Therefore, our study complements the existing knowledge
about the ubiquitination-deubiquitination regulatory network of osteo-
clast differentiation and contributes to a better understanding of the
molecular mechanism of the osteoclast differentiation of CD14þ PBMC
and the pathological process of osteoporosis.

Previous studies have shown that USP7, as an important deubiquiti-
nase enzyme, reduces proteasome degradation of substrate proteins
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mainly by removing ubiquitin binding to substrate proteins [36].
Degradation is one of the most common and important types of
post-translational modification and maintains physiological homeostasis
by regulating the stable level of protein expression [37]. In our study, we
found that the ubiquitin level of HMGB1 in the knockdown group
increased significantly after the function of the proteasome was blocked
with MG132. In addition, we used CHX to block protein synthesis, and
the protein level of HMGB1 in the USP7 knockdown group decreased
significantly. This result shows that USP7 reduces proteasome recogni-
tion and degradation by removing ubiquitin fromHMGB1. Therefore, our
study proved for the first time that USP7 acts as an upstream regulatory
molecule of HMGB1 to regulate the osteoclast differentiation of CD14þ
PBMCs.



Fig. 6. P5091 alleviated bone loss in OVX mice. (A, B) The expression of USP7 in the distal femurs of the sham group and OVX group was detected by immuno-
histochemistry. Scale bar: 100 μm (C, D, E) MicroCT was used to scan the images and three-dimensional reconstruction models of distal femoral metaphysis in the
sham group, OVX group and OVX þ P5091 group. The histogram shows the trabecular structure parameters of the distal femur: BV/TV, Tb.N, Tb.N, and Tb.Th. (F)
Sections of distal femurs were stained with HE. Scale bar: 100 μm (G) TRAP staining of the distal femurs of mice in the Sham group, OVX group and OVX þ P5091
group was performed. Scale bar: 100 μm. All data are presented as the means � standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001.
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Interestingly, our results were different from those obtained in pre-
vious studies on the regulation of osteoclast differentiation by deubi-
quitinase [38,39]. The following reasons could explain this discrepancy.
First, the cells used in the previous studies were RAW264.7 cell lines or
mouse bone marrow macrophages, whereas in this study, to better
simulate the disease situation of human osteoporosis, we chose CD14þ
PBMCs as the only research object, which is more suitable for the
application of human life science. Second, different proteins in the same
family may have different regulatory effects on the same life activity. For
example, studies of the osteogenic differentiation of mesenchymal stem
cells (MSCs) have proven that USP34 is essential for the differentiation
and bone formation of MSCs. Conditional deletion of USP34 in MSCs
weakens the activation of BMP2 by stabilizing the key osteogenic pro-
teins Smad1 and RUNX2 in vitro [40]. Similarly, USP7 stabilizes the
scaffold protein AXIN, promotes the complex destroyed by β-catenin
(APC-AXIN-GSK-3 β), promotes the degradation of β-catenin, and main-
tains a very low concentration in normal cells, which results in inhibition
of Wnt signal transduction and osteoblast formation [30,41]. However,
USP15 and USP4 have related roles in osteogenesis. USP15 is a positive
regulator of the BMP signaling pathway, which enhances BMP-mediated
SMAD1 phosphorylation by deubiquitination of ALK3 (type I BMP re-
ceptor) [42]. In addition, USP4 enhances the Wnt signaling pathway and
regulates osteogenic differentiation by deubiquitinating and stabilizing
β-catenin [43]. Therefore, we hypothesize that different USP family
proteins play a regulatory role in certain life processes by binding to their
specific substrates and forming regulatory networks to maintain ho-
meostasis. Generally, the USP7-HMGB1 axis is one of the members of the
whole bone homeostasis regulation and plays a positive regulatory role.

Currently, targeted therapy is considered the most promising treat-
ment for all types of inflammation and cancer. However, due to the
complexity of the molecular mechanism related to osteoporosis, it is
difficult to develop related targeted drugs, which hinders the further
development of precision targeted therapy. At present, a number of
studies have targeted osteoclast overactivation, which will broaden the
idea of targeted treatment for osteoporosis in the future [44–46].
Therefore, our results suggest that USP7 may be a prospective target to
improve the targeting efficiency to reduce the excessive activation of
osteoclast differentiation of monocytes. We also found that the bonemass
loss of osteoporotic mice treated with the USP7-specific inhibitor P5091
was significantly alleviated. Previous studies have shown that the
abnormal USP7 expression plays an important role in the pathogenesis of
multiple myeloma, gastric cancer, prostate cancer, rheumatoid arthritis
and other diseases [47]. Therefore, we found abnormally high expression
in OPs and mice with osteoporosis, suggesting that USP7 may play an
important role in the pathogenesis of bone metabolic disorders such as
osteoporosis. Further study of USP7 may provide new insights into the
pathogenesis of bone metabolic disorders and reveal new therapeutic
targets. However, this study has some limitations. On the one hand, The
transport, intracellular localization and biological activity of recombi-
nant proteins are all extremely concerning. our supplementary experi-
ments cannot be excluded that rUSP7 and rHMGB1 largely reflect the
non-physiological and artificial activity of the recombinant protein. On
the other hand, to further explore the specific role of USP7 in osteoclast
differentiation, researchers must specifically knock in or knock out USP7
in the cells of the osteoclast lineage in transgenic mice, and we are
currently developing these transgenic mice for future research.

In conclusion, the study demonstrates that USP7 promotes the pro-
gression of osteoporosis via osteoclast differentiation by binding to and
deubiquitinating HMGB1 in human peripheral blood monocytes. Our
study reveals the significance and mechanism of USP7 in osteoporosis. In
addition, P5091 effectively alleviates bone loss by reducing osteoclast
production in mice with osteoporosis. These findings may provide a new
and effective therapeutic target for the treatment of osteoporosis.
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