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USP36 regulates the proliferation, survival, 2
and differentiation of hFOB1.19 osteoblast
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Abstract

Background Effective bone formation relies on osteoblast differentiation, a process subject to intricate post-
translational regulation. Ubiquitin-specific proteases (USPs) repress protein degradation mediated by the ubiquitin-
proteasome pathway. Several USPs have been documented to regulate osteoblast differentiation, but whether other
USPs are involved in this process remains elusive.

Methods In this study, we conducted a comparative analysis of 48 USPs in differentiated and undifferentiated
hFOB1.19 osteoblasts, identifying significantly upregulated USPs. Subsequently, we generated USP knockdown
hFOB1.19 cells and evaluated their osteogenic differentiation using Alizarin red staining. We also assessed cell viability,
cell cycle progression, and apoptosis through MTT, 7-aminoactinomycin D staining, and Annexin V/PI staining assays,
respectively. Quantitative PCR and Western blotting were employed to measure the expression levels of osteogenic
differentiation markers. Additionally, we investigated the interaction between the USP and its target protein using
co-immunoprecipitation (co-IP). Furthermore, we depleted the USP in hFOB1.19 cells to examine its effect on the
ubiquitination and stability of the target protein using immunoprecipitation (IP) and Western blotting. Finally, we
overexpressed the target protein in USP-deficient hFOB1.19 cells and evaluated its impact on their osteogenic
differentiation using Alizarin red staining.

Results USP36 is the most markedly upregulated USP in differentiated hFOB1.19 osteoblasts. Knockdown of USP36
leads to reduced viability, cell cycle arrest, heightened apoptosis, and impaired osteogenic differentiation in hFOB1.19
cells. USP36 interacts with WD repeat-containing protein 5 (WDR5), and the knockdown of USP36 causes an increased
level of WDRS5 ubiquitination and accelerated degradation of WDR5. Excessive WDR5 improved the impaired
osteogenic differentiation of USP36-deficient hFOB1.19 cells.

Conclusions These observations suggested that USP36 may function as a key regulator of osteoblast differentiation,
and its regulatory mechanism may be related to the stabilization of WDR5.
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Introduction

Osteoblasts are bone-forming cells that synthesize and
secrete bone matrix, playing an essential role in bone
formation, remodeling, and healing [1]. Dysfunction of
osteoblasts is responsible for multiple types of diseases
including osteoporosis, skeletal dysplasia, and primary
bone cancers [2]. Consequently, enhancing osteoblast
function holds promise for promoting bone regeneration.

The differentiation of osteoblasts is a multiple-step pro-
cess controlled by various genes and signaling pathways
[3]. Moreover, the key players for osteoblast differen-
tiation themselves are also tightly regulated at transcrip-
tional and post-translational levels. For instance, the
expression of RUNX2, a key transcription factor govern-
ing osteoblast commitment and differentiation, is regu-
lated by multiple signaling pathways such as WNT, BMP,
HH, and PTH pathways [4-7]. Moreover, the expression
of ¢-MYC, another essential transcription factor that
controls osteoblast differentiation [8], is targeted by the
WNT signaling [9]. While the mechanisms underlying
the regulation of these transcription factors have been
intensively investigated, their post-translational level
regulation during osteoblast differentiation received less
attention.

Ubiquitination is an essential cellular process for pro-
tein degradation, which is accomplished by a cascade of
enzymes known as E1-E2-E3 [10]. E3 ubiquitin ligases, a
class of enzymes within this cascade, are responsible for
selecting target proteins for ubiquitin conjugation, which
can be removed by deubiquitinating enzymes, includ-
ing ubiquitin-specific proteases (USPs) [11, 12]. Emerg-
ing research has highlighted the involvement of USPs in
the regulation of osteoblast differentiation. For example,
USP4 inhibits the differentiation of osteoblasts by stabi-
lizing Dishevelled, thereby reducing the canonical WNT
pathway [13]. By contrast, USP15 promotes bone forma-
tion by deubiquitinating [B-catenin in osteoblasts [14].
Moreover, USP34 facilitates osteoblast differentiation by
regulating the BMP2 signaling [15]. In addition, USP7
can either positively regulate osteoblast differentiation
by stabilizing RUNX2 [16], or exert an opposite function
by stabilizing AXIN protein, which inhibits the canoni-
cal WNT signaling [17]. Nevertheless, the precise roles
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of other USPs in osteoblast differentiation remain largely
unknown.

In this study, we aim to identify additional USPs that
may influence osteoblast differentiation and delineate the
underlying mechanism. To accomplish this, we initially
compared the expression profiles of USPs in differenti-
ated and undifferentiated hFOB1.19 osteoblasts, identi-
fying USP36 as the most upregulated USP in these cells.
Subsequently, we depleted USP36 in hFOB1.19 cells and
evaluated their osteogenic differentiation, viability, cell
cycle, and apoptosis. We then predicted the substrate
protein of USP36 and investigated their interaction in
hFOB1.19 cells. Finally, we overexpressed this protein in
USP36-deficient hFOB1.19 cells to determine if it could
rescue the mitigated osteogenic differentiation of these
cells.

Materials and methods

Cell lines

hFOB1.19 and HEK293T cells were purchased from
Immocell Biotechnology (Xiamen, China) and main-
tained in DMEM/F12 medium (IMC-205, Immocell Bio-
technology) supplemented with 10% fetal bovine serum
(Gibco, Carlsbad, CA, USA) and 100U/mL penicillin-
streptomycin in incubators at 33.5-37 °C, respectively,
with 5% CO,. Osteogenic differentiation was induced by
treatment of the following osteogenic medium: DMEM/
F12 medium supplemented with 10% fetal bovine serum,
2 mM L-Glutamine (25030-149, Gibco), 0.1 uM dexa-
methasone (D4902-25M@G, Sigma-Aldrich, Burlington,
MA, USA), 10 mM Beta-glycerophosphate disodium
salt hydrate (G9422-10G, Sigma-Aldrich), and 50 pg/mL
L-ascorbic acid (A4034-100G, Sigma-Aldrich).

Construction of plasmid

The USP36-targeting short hairpin RNA or scrambled
control was inserted into PLKO.1-TRC-puro vector, and
the resulting plasmids were named shUSP36 and shNC,
respectively. Subsequently, the plasmids were sequenced
to confirm the accuracy of the inserted sequences. The
primer sequences are shown in Table 1.

Name Sequence (5'-3')

shNC-F CCGGTTCTCCGAACGTGTCACGTCTCGAGACGTGACACGTTCGGAGAATTTTT
shNC-R AATTAAAAATTCTCCGAACGTGTCACGTCTCGAGACGTGACACGTTCGGAGAA
shUSP36-1-F CCGGCGAGTGTGATTCCAGATCACTCTCGAGAGTGATCTGGAATCACACTCGTTTTT
shUSP36-1-R AATTAAAAACGAGTGTGATTCCAGATCACTCTCGAGAGTGATCTGGAATCACACTCG
shUSP36-2-F CCGGTGCTGTGTGTCATGCAGAACCCTCGAGGGTTCTGCATGACACACAGCATTTTT
shUSP36-2-R AATTAAAAATGCTGTGTGTCATGCAGAACCCTCGAGGGTTCTGCATGACACACAGCA
shUSP36-3-F CCGGGAGCAAATATGTGTTGCTCAACTCGAGTTGAGCAACACATATTTGCTCTTTTT

shUSP36-3-R

AATTAAAAAGAGCAAATATGTGTTGCTCAACTCGAGTTGAGCAACACATATTTGCTC
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Lentiviral transfection

To prepare the lentiviral particles, 9 pg of shUSP36
or shNC and the suitable packaging plasmids (3 pg of
pMD2G and 6 pg of pspax2) were co-transfected into
1.4x 107 HEK293T cells using Lipofectamine® 2000 (Invi-
trogen, Waltham, MA, USA). After 48 h, the virus-con-
taining supernatant was collected for concentration, and
the virus titer was determined as described previously
[18]. Subsequently, the lentivirus was incubated with
hFOBL1.19 cells at a multiplicity of infection (MOI) of 10,
in the presence of 8 pg/ml polybrene (107,689, Sigma-
Aldrich). After another 48 h of culture, the medium was
replaced by the freshly prepared culture medium con-
taining 1.0 pg/ml puromycin (P9620, Sigma-Aldrich).
After another 72 h of culture, the cells were subject to
further analysis.

Alizarin red staining

hFOB1.19 cells cultured with the osteogenic medium
for 21 days were gently washed with phosphate-buft-
ered solution (PBS) and incubated with 4% paraformal-
dehyde for 30 min at room temperature (RT), followed
by another wash of PBS. After incubating with Alizarin
Red S Solution (ALIR-10,001, OriCell, Shanghai, China)
for 15 min, the cells were gently washed with PBS again
and subject to observation and imaging using an optical
microscope.

MTT assay

MTT assay was conducted to evaluate the cell viability.
Briefly, control or USP36-deficient hFOB1.19 cells were
seeded into 96-well plates at a density of 8 x10° cells/well,
and cultured for 0, 24, 48, or 72 h. Then, the cells were
incubated with 0.5% MTT for 3 hours and treated with
100 uL DMSO on a shaker for 15 min. Finally, the opti-
cal density (OD) values at 490 nm were measured by a
microplate reader.

Cell cycle detection

7-aminoactinomycin D (7-AAD) staining assay was
carried out for cell cycle detection. In brief, control or
USP36-deficient hFOB1.19 cells were seeded into 6-well
plates at a density of 3x10° cells/well and cultured for
24 h, followed by fixation using ice-cold 70% ethanol for
6 h at 4 °C. Subsequently, the fixed cells were washed
twice with PBS and treated with PBS containing 0.2%
Triton X-100 and 10 pg/ml RNase at 37 °C for 30 min.
After that, the cells were stained with 20 mg/mL 7-AAD
solution (Beyotime Biotechnology, Haimen, China) at RT
for 30 min in the dark. Finally, the cells were subject to
flow cytometry using a NovoCyte flow cytometer (Agi-
lent Technologies, Santa Clara, CA, USA), and the data
were analyzed by NovoExpress® software 1.4.1 (Agilent
Technologies).
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qPCR
Total RNA was extracted from hFOB1.19 cells using the
TRIzol reagent (Invitrogen) and was reverse transcribed
into cDNA with a HiScript II 1st Strand cDNA Synthe-
sis kit (Vazyme, Nanjing, China), according to the man-
ufacturer’s instructions. qPCR was carried out using a
ChamQ SYBR qPCR Master Mix kit (Vazyme) on an iQ5
Real-Time PCR Detection System (Bio-Rad Laboratories,
Hercules, CA, USA). The expression of target genes was
normalized with 18S RNA using the 2724€T method. The
primer sequences for qPCR are listed in Table 2.

Apoptosis detection

Annexin V/PI staining was employed to assess the
apoptosis of control and USP36-deficient cells using
the Annexin V FITC Kit (Beyotime Biotechnology) fol-
lowing the manufacturer’s guide. In brief, 1x10° cells
were seeded into each well of 6-well plates. After 24 h
of culture, the cells were collected and treated with the
Annexin V-FITC/PI working solution prepared from the
kit in the dark for 15 min. Finally, the cells were analyzed
using a NovoCyte flow cytometer (Agilent Technologies),
and the results were analyzed with NovoExpress® soft-
ware 1.4.1 (Agilent Technologies).

Western blotting

Cells were lysed with RIPA buffer containing phosphatase
inhibitors (Beyotime Biotechnology), with homogeniza-
tion on ice. After centrifugation, the supernatants were
collected, and the protein concentration was determined
using a BCA kit (PA115-02; TIANGEN Biotechnology,
Beijing, China). Then the samples were denatured, sepa-
rated via 10% SDS-PAGE, and transferred onto Polyvi-
nylidene fluoride (PVDE, Sigma-Aldrich) membranes.
Subsequently, the membranes were blocked with 5%
skimmed milk at RT for 1 h, followed by 2 h of incubation
with primary antibody solutions at RT. Next, the mem-
branes were washed with 1X Tris-Buffered Saline+0.1%
Tween 20 (TBST, Sigma-Aldrich) three times and incu-
bated with the secondary antibody solution for 1 h at RT.
After three washes of TBST, the membranes were incu-
bated with an enhanced chemiluminescent kit (Thermo
Fisher Scientific, Waltham, MA, USA), and the signal
was visualized and documented by a ChemiDoc imaging
system (Bio-Rad Laboratories). The band intensity was
quantified by Image] v1.48 (NIH, Bethesda, MD, USA).
The antibody information is present in Table 3.

Co-immunoprecipitation (Co-IP)

The coding sequence of UUSP36 and WDRS5 was inserted
into pcDNA3.1-HA or pcDNA3.1-Flag Plasmids, respec-
tively, and named HA-USP36 and Flag-WDR5 (WDR5
OE). They were co-transfected into hFOB1.19 cells to
elucidate the interaction between USP36 and WDR5. To
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Target gene

Primer-F (5’-3’)

Primer-R (5’-3')

USP36
Collagen |
OCN
RUNX2
ALP
185
USP1
UsP2
USP3
USP4
USP5
USP6
usp7
USP8
USPIX
USP10
USPT1
USP12
USPI13
USP14
USP15
USsP16
USP17
USP18
USP19
USP20
UspP21
UspP22
UsP24
USP25
USP26
uspP27
USP28
USP29
USP30
USP31
USP32
USP33
USP34
USP35
USP36
USP37
USP38
USP39
USP40
USP42
USP43
USP44
USP45
USP46
USP47
USP48
USP49
USP50

AGCAGATGTCCTGAGTGGAGAG
GATTCCCTGGACCTAAAGGTGC
CGCTACCTGTATCAATGGCTGG
CCCAGTATGAGAGTAGGTGTCC
AGCGTGACTTGAAGTGTTGCATG
CGACGACCCATTCGAACGTCT
TGGTTTGGAGTTTGATTG
GGAGGTGGGAGAGAGTCAGG
CTGTGGAAGTTATCGCTGTG
ACACCTACGAGCAGTTGAGC
GAGCTCGACATCTCCCAGTT
GCAGTCACTTCCCTCCACTC
GTGTCCTATATCCAGTGTAA
AGATGGGCATTTGGCGAGAA
TGACCTTTGGCCCTCTACTG
ATCGCGGAGTCCCAATGAAA
TCAGTCACCGCTTCTATA
ATCAATTACTCACTGCTTA
TGGCTCTGTGTCAGGTAACAA
CAGCTGTTTGCGTTGACTGG
ATGGTGATGCCCAGTCACTT
GGTCACTCTGGCTTCGACTC
TTCTGAATATGACCTACTGA
GGCTCCTGAGGCAAATCTGT
CAGATGCTGCAACCTTGGTG
CAGTTGCGAGTGCAGGCTC
CGAAGCTGTGAATCCTACT
CCATGGACGCCGAGCTG
CTGGAATTGATAGGAATGGA
CTGAAACAGTTTTGCAGTCGATCA
TGTGGAGCTGAACTTGCAAAA
AGGCACTGCAAAGGTGATGA
AGGAGTGAGATTGAACAAGATA
TTAACAATTCCCGGCGTGGT
ACTAGGGTCCATCCTCTGGG
TCTTTGACGTGTCCTCATTGTCA
CAACAGTGAGAACTACCT
GAGACACCGGAAGGAGCC
CATGGACTGTGTGGCAGCTA
TCAGATATGGAAGTAAGACCTAAG
TGTCTGTGCAGGATTCAGGTC
CAGTCAGAAGAGAATAGG
CCACACTACTGCCTTCCCTG
TAGGAAACAAGGACTTCGGCT
ATGGGGAGTGACGTTCAACC
ATGGCCAGGGTGATTGAAAAC
TGCACAGACAGCATTGCTATTATC
CCTGATGGAAACTGGGCGAT
TATGGTCGCCGCAGTTTCTC
CCCCTTGTAAAGATGGCGGT
GGTCCCGAAAGAGATAGAAAATGC
AAGCAGCAGTAAAGGGCGAT
TGGGGTCCATGTCGTCTTTG
AAGCCAGCGTTAACAGGCTC

GATGTTCTGTGGATGGTGAAGCG
AGCCTCTCCATCTTTGCCAGCA
CTCCTGAAAGCCGATGTGGTCA
GGGTAAGACTGGTCATAGGACC
GAAAGGACCTGGACCACACAGA
CTCTCCGGAATCGAACCCTGA
ATTGTAATGCCACTATGC
TTTCGAAGACCAGCCAGACC
CAAGTTCTGTAAGTGTTCTCTGA
AGGCGCAGTGCTTGATTTTG
CGATGTCGGAGAGGAGAAGTG
TGCACCCAGTTCCTCATCAC
TTCTCTGCTTCCTGTAAG
GAGCTTGTCTCCGGGGTAAC
TGTTCAGTTCCAAGTGTAGCCT
AAGACGGGACAGAATGGCAG
ACACCTCATAGACGAAGA
TAACTTTCATCCGTTTGT
CCAGAGGTTTTCTCGCAGGT
TTGGCTGAGGGTTCTTCTGG
CCCTGTTCAACCACCTTTCG
AAGCAAACAAGTTCCACGGC
CAACAACTGACGAATGAA
CAACCAGGCCATGAGGGTAG
GTGAAGTCCTGCTCACGGAA
GGAGTCAAGGTGAGGGCAAA
CATCCTGCTGGCTGTATC
CGCCACAGACATGGCAGATA
AACTGGCTGCTTCTAATC
AACCAACCTTGCATATTCCAACT
AACCACGTAGGAATAGGGCAG
GTCCCAGCATGGGTCTATCG
GATAAGGCACCTGACGAA
CGGCAGGAGTTAGGGTTCAG
GCACAAGCCCTTTTCTACGC
GCCTTGATACACTTGTGTGGG
GGAACCTTGTGTCTATCTA
TCCGCAAGCTCCTCTTTTCC
GATCACCAGCAGCCTTCCTT
TCGGCTGCTTCAAGTTAA
CGCGGAGCTCCTGAATGTAA
CATTAGTCCTGTCTAAGTTA
AGGGCTTGGGTCATACTTGC
GGAAGGGTGAAAAGCTGTTAATGG
CCAGGCATCTCCTTGTAGGC
GAAGCACCACGCAGATTGGA
GTAAACCGACAGACCTGGGTT
GCCCAACATGTTTGCACGTA
AGGGATCAGGAAGCCGAGT
TTCCAGAGCAGAGGCATTGG
CCCCACACCAAGTCAAAGGT
ACCGTTCATCTTTCCGTTGC
TGCAGTGGACCCAAAAACCT
CACTCTGCAAGGACGTGGTA
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Table 3 Antibodies used for Western blotting

Target Company Catalogue number Dilution
ALP Abcam (Cambridge, UK) ab229126 1:3000
Collagen | Proteintech (Wuhan, China) 14695-1-AP 1:3000
OCN Abcam ab93876 1:3000
RUNX2 Proteintech 20700-1-AP 1:3000
USP36 Proteintech 14783-1-AP 1:3000
WDR5 Proteintech 15544-1-AP 1:3000
Flag-Tag Proteintech 20543-1-AP 1:20000
HA-Tag Proteintech 51064-2-AP 1:5000
His-Tag Proteintech 10001-0-AP 1:2000
B-ACTIN Proteintech 23660-1-AP 1:5000
Horseradish peroxidase-conjugated goat anti-rabbit IgG Proteintech SA00001-2 1:10000

understand the impact of USP36 on WDR5 ubiquitina-
tion, shUSP36 and/or Flag-WDR5 expression plasmids
were co-transfected with His-tag conjugated ubiqui-
tin (His-Ub) plasmid into hFOB1.19 cells. HA-USP36,
Flag-WDR5, and His-Ub plasmids were purchased from
Miaoling Biotechnology (Wuhan, China), and were
sequenced to confirm the accuracy of the DNA sequence.
24 h after transfection, hFOB1.19 cells were collected,
and cell lysates were prepared and subjected to co-IP
experiments according to the instructions of the Flag-
tag Protein IP Assay Kit with Magnetic Beads (Beyotime
Biotechnology) and the HA-tag Protein IP Assay Kit with
Magnetic Beads (Beyotime Biotechnology). The antibody
information is listed in Table 3.

Statistical analysis

All experiments were performed in triplicates in this
study for quantification purposes unless otherwise indi-
cated. Bar chart generation and statistical analysis were
done by Prism (version 8.0, GraphPad Software, Boston,
MA, USA). Data are presented as means with standard
deviations. Shapiro—Wilk test was employed to evalu-
ate the normality of the data. Two-tailed Student’s t-test
(unpaired) was used to compare the difference between
two groups of data, while One-way ANOVA followed by
Tukey’s post-hoc test was used to identify the significant
differences among multiple groups of data. P<0.05 is
considered significant.

Results

USP36 is highly expressed during hFOB1.19 cell
differentiation

To screen USPs that may regulate osteoblast differentia-
tion, we initially evaluated the expression of 48 USPs in
hFOBL1.19 cells, which are capable of undergoing osteo-
genic differentiation upon treatment with osteogenic
medium [19, 20]. Alizarin red staining confirmed suc-
cessful osteogenic differentiation in hFOB1.19 cells after
21 days of culture (Fig. 1A). Subsequently, we compared
the expression of these 48 USPs between differentiated

and undifferentiated hFOB1.19 cells using qPCR, reveal-
ing significant changes in the expression of multiple USPs
during osteogenic differentiation. Notably, USP36 exhib-
ited the most substantial increase in expression (Fig. 1B),
suggesting its potential role in regulating osteogenic dif-
ferentiation in hFOB1.19 cells.

USP36 deficiency caused reduced proliferation, cell cycle
arrest, and increased apoptosis of hFOB1.19 cells

To investigate the role of USP36 in hFOB1.19 cells, we
constructed three shUSP36 variants and observed that all
of them efficiently reduced L/SP36 mRNA levels in trans-
fected hFOB1.19 cells when compared to shNC (Fig. 2A).
Given that shUSP36-1 displayed the highest knockdown
efficiency, we selected it to generate USP36-deficient
hFOB1.19 cells. We observed a significant downregula-
tion in the proliferation of hFOB1.19 cells upon USP36
knockdown, as indicated by the results of the MTT assay
(Fig. 2B). Furthermore, USP36 deficiency resulted in
cell cycle arrest, as evidenced by 7-AAD staining results
(Fig. 2C and D). Additionally, Annexin V/PI staining
data revealed that the knockdown of USP36 significantly
increased the apoptosis of hRFOB1.19 cells (Fig. 2E and F).
These findings suggest that USP36 plays a critical role in
controlling the proliferation, cell cycle, and survival of
hFOB1.19 cells.

USP36 knockdown impaired the osteogenic differentiation
of hFOB1.19 cells

To determine whether USP36 regulates the osteogenic
differentiation of hFOB1.19 cells, we cultured both con-
trol and USP36-deficient hFOB1.19 cells in the presence
of osteogenic medium. Our observations revealed that
USP36-deficient cells formed fewer calcified nodules
than control cells, as demonstrated by Alizarin red stain-
ing (Fig. 3A and B). Furthermore, we noted a significant
reduction in the levels of OCN, RUNX2, Collagen I, and
ALP, which serve as markers for osteogenic differentia-
tion [21, 22], in USP36-deficient cells compared to con-
trol cells, as evidenced by qPCR and Western blotting
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Relative mRNA level

hFOB1.19

Fig. 1 USP36 expression is strongly induced in hFOB1.19 cells undergoing osteogenic differentiation. (A) The morphology of undifferentiated hFOB1.19
cells and Alizarin red-stained hFOB1.19 cells cultured with the osteogenic medium for 21 days. Note the presence of mineralized nodules (yellow ar-
rowheads). (B) The gPCR results indicated the expression ratio of each USP in differentiated hFOB1.19 cells compared to undifferentiated hFOB1.19 cells

data (Fig. 3C and E). These results conclusively establish
the pivotal role of USP36 in the osteogenic differentiation
of hFOB1.19 cells.

USP36 interacts with WDR5 and regulates its
ubiquitination

To elucidate the mechanism underlying the regula-
tory effect of USP36 on the osteogenic differentiation
of hFOB1.19 cells, we searched the BioGRID database
to screen its potential substrates [23]. We selected WD
Repeat-Containing Protein 5 (WDR5) as it plays an
essential role in regulating osteoblast differentiation [24,
25]. Indeed, co-IP experiment results revealed an inter-
action between USP36 and WDR5 in hFOBI1.19 cells
(Fig. 4A). To determine whether USP36 influences the
ubiquitination of WDR5, we knocked down USP36 in
hFOBL1.19 cells and concurrently introduced His-Ub. IP
data indicated that USP36 deficiency caused an increased
level of WDR5 (Fig. 4B). To further explore whether
USP36 controls the stability of WDR5 protein, we treated

control and USP36-deficient hRFOB1.19 cells with protein
synthesis inhibitor cycloheximide (CHX). Because CHX
blocks WDR5 synthesis, we can measure the stability of
existing WDR5. Western blotting results showed that
USP36 knockdown significantly accelerated the degrada-
tion of WDR5 in hFOB1.19 cells (Fig. 4C). These results
demonstrate that USP36 could interact with and stabilize
WDR5 by promoting its deubiquitination level.

Excessive WDR5 rescues the mitigated osteogenic

differentiation of USP36-deficient hFOB1.19 cells

To determine whether USP36 controls the osteo-
genic differentiation of hFOB1.19 cells by regulating
the expression of WDR5, we overexpressed WDR5 in
USP36-deficient hFOB1.19 cells and observed their
osteogenic differentiation by Alizarin red staining. The
results showed that overexpression of WDR5 signifi-
cantly increased the number of mineralized nodules
formed by USP36-deficient cells to a level comparable
to that formed by control cells (shNC) (Fig. 5A and B).
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Annexin V

Fig. 2 USP36 knockdown causes decreased proliferation, cell cycle arrest, and increased apoptosis in hRFOB1.19 cells. (A) gPCR data showed that all
three shUSP36s could efficiently reduce the mRNA level of USP36 in hFOB1.19 cells. (B) MTT assay results indicated that USP36-deficient hFOB1.19 cells
were less proliferative than control hFOB1.19 cells. (C) 7-AAD staining data showed that USP36 knockdown resulted in cell cycle arrest in hFOB1.19 cells.
(D) Quantification of the 7-AAD staining data present in (C). (E) Annexin V/PI staining results suggested that the apoptosis of hNFOB1.19 cells was increased
upon USP36 deficiency. (F) Quantification of the results in (E). NC, negative control

These results further support the notion that USP36 reg-
ulates the osteogenic differentiation of hRFOB1.19 cells by
stabilizing WDRS5.

Discussion
More than 50 USPs have been identified in the human
genome, and they regulate various physiological and
pathological processes [26, 27]. As previously mentioned,
multiple USPs have been implicated in regulating the
function and osteogenic differentiation of osteoblasts.
Given the large number of USPs, we speculate that other
USPs may also contribute to the regulation of osteoblasts.
Therefore, we evaluated the expression of 48 USPs in dif-
ferentiated and undifferentiated hRFOB1.19 osteoblasts.
Notably, we found that the expression of USP4, which
represses osteoblast differentiation, was significantly
decreased in differentiated hFOB1.19 cells, consistent
with its inhibitory role in osteoblast differentiation. Inter-
estingly, USP15 expression was also markedly downregu-
lated in differentiated hFOB1.19 cells, possibly because
the cells no longer require the pro-differentiation func-
tion of USP15. Meanwhile, the expression of USP7 was

also remarkably reduced in hFOB1.19 cells that under-
went osteogenic differentiation.

On the other hand, we identified multiple USPs that
were greatly overexpressed in differentiated hFOB1.19
cells. In particular, USP36 was the most upregulated
USP, and its function in regulating osteoblast activities
remains unclear. A similar increase in USP36 expres-
sion was observed in MC3T3-E1 osteoblasts undergoing
osteogenic differentiation triggered by intermittent treat-
ment with PTH [28]. These results indicate that USP36
may function as a vital regulator of osteoblast function
and activities. Indeed, our functional analyses of USP36-
deficient hFOB1.19 cells provide direct evidence that
USP36 promotes the proliferation, survival, and differen-
tiation of hFOB1.19 cells.

USP36 was initially isolated and characterized from
ovarian cancer cells [29], and it can stabilize ALKBHS5,
¢-MYC, SOD2, and YAP to control tumorigenesis, drug
sensitivity, and mitochondrial oxidative stress [30—33].
Knockdown of USP36 represses proliferation and induces
apoptosis in multiple cell types, not limited to osteoblast
[34], consistent with its role in osteoblast. These results
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Fig. 3 USP36 deficiency disrupts the osteogenic differentiation of hFOB1.19 cells. (A) Alizarin red staining data showed that USP36-deficient hFOB1.19
cells formed fewer nodules than control cells. (B) Quantification of the results in (A). (C) gPCR results indicated that the mRNA levels of USP36, OCN,
RUNX2, Collagen I, and ALP were significantly downregulated in hFOB1.19 cells cultured with the osteogenic medium for 21 days upon USP36 deficiency.
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cultured with the osteogenic medium for 21 days upon USP36 knockdown. (E) Quantification of the Western blotting data shown in (D). NC, negative
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between USP36 and WDR5. (B) IP assay data revealed that knockdown of USP36 resulted in an increased level of WDR5 ubiquitination. (C) Western blot-
ting assays indicated that knockdown of USP36 promoted the degradation of the Flag-WDRS5 protein. TCL, total cell lysate

suggest that USP36 may regulate cell proliferation and
survival through a common mechanism across different
cell types.

To elucidate the mechanism by which USP36 regu-
lates osteoblast activities, we investigated its impact on
WDR5. WDR5 accelerates osteoblast differentiation by
directly binding to the promoter of Wntl and its tar-
get genes c-Myc and Runx2, thereby facilitating their
expression [25]. However, the mechanism controlling
WDR5 itself, particularly at the post-translational level
in osteoblasts, remains incompletely understood. It has

been reported that WDR5 ubiquitination is promoted
by the SKP1-CUL1-F-Box E3 ubiquitin ligase com-
plex and E3 ligase RNF220 in different contexts [35,
36]. By comparison, deubiquitinases like USP44 remove
WDR5 ubiquitination in other scenarios [37]. Our find-
ing that USP36 decreases the ubiquitination of WDR5
supports the notion that WDRS5 stability is tightly con-
trolled at the post-translational level. However, the inter-
acting domains of USP36 and WDR5, and the type of
ubiquitination (such as K48-linked and/or Ké63-linked
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Fig. 5 Overexpression of WDR5 rescued the osteogenic differentiation of USP36-deficient hFOB1.19 cells. (A) Alizarin red staining data showed that
USP36 knockdown hFOB1.19 cells formed fewer mineralized nodules compared to control cells, while overexpression of WDR5 rescued this defect. (B)

Quantification of the results in (A)

ubiquitination) of WDR5 controlled by USP36, require
further characterization.

Interestingly, WDR5 can activate ¢c-MYC transcrip-
tion, as mentioned above, and USP36 may also directly
deubiquitinate c-MYC in hFOB1.19 cells, similar to its
action in another context [32]. This suggests a vital role
of ¢-MYC in mediating the influence of the USP36-
WDR5 axis on osteoblast activities. Nevertheless, given
the diverse substrates of USP36, it is possible that USP36
regulates osteoblast activities by regulating other targets.
Further investigations are warranted to explore these
possibilities.

In summary, our data reveal that USP36 is a potent
regulator of osteoblast function and activity and that the
mechanism of its regulatory action on osteoblast func-
tion is closely related to the reduction of ubiquitination
levels in WDR5. These findings expand our knowledge
about the function of USPs in osteoblast biology. Never-
theless, our conclusion is solely based on investigation in
hFOBL1.19 cells, it will be essential to verify these findings
in other osteoblast cell lines and mouse models.
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