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Abstract: E3 ubiquitin ligases and deubiquitinating enzymes (DUBs) are pivotal regulators
of bone homeostasis, orchestrating osteoblast differentiation, proliferation, and osteoclast
activity by controlling protein degradation and stability. This review delineates the roles of
key E3 ligases (e.g., Smurfl, Smurf2, TRIM family) and DUBs (e.g., USP family) in bone
formation and resorption. E3 ligases such as Smurfl/2 inhibit osteogenesis by degrad-
ing BMP/Smad signaling components, while TRIM proteins and HERC ligases promote
osteoblast differentiation. Conversely, DUBs like USP2 and USP34 stabilize (3-catenin
and Smadl/RUNX2, enhancing osteogenic pathways, whereas USP10 and USP12 sup-
press differentiation. Dysregulation of these enzymes contributes to osteoporosis, fracture
non-union, and other bone disorders. The interplay between ubiquitination and deubiquiti-
nation, alongside the regulatory role of miRNA and environmental factors, underscores
their therapeutic potential. Future research should focus on developing therapies targeting
E3 ubiquitin ligases, deubiquitinases, miRNA regulators, and small-molecule inhibitors to
restore bone homeostasis in osteoporosis and fracture healing disorders.

Keywords: bone homeostasis; E3 ubiquitin ligases; DUBs; osteoblast differentiation;
ubiquitination

1. Introduction

Bone homeostasis, the delicate balance between bone formation by osteoblasts and
bone resorption by osteoclasts, is essential for maintaining skeletal integrity and strength.
This dynamic process is regulated by a complex interplay of signaling pathways and
molecular mechanisms, among which protein ubiquitination and deubiquitination play
crucial roles. These post-translational modifications, mediated by E3 ubiquitin ligases and
deubiquitinating enzymes (DUBs), modulate the stability and function of key proteins
involved in osteoblast differentiation, proliferation, and osteoclast activity. Dysregulation
of these processes has been implicated in various bone disorders, including osteoporosis
and fracture non-union, highlighting their clinical significance [1-5]. This review aims
to provide an in-depth exploration of the roles of E3 ubiquitin ligases and DUBs in bone
homeostasis, highlighting their mechanisms of action and potential as therapeutic targets
for bone diseases.

Bone homeostasis is maintained through the coordinated activities of osteoblasts,
which form bone, and osteoclasts, which resorb bone. Disruptions in this balance can lead
to bone disorders such as osteoporosis and fracture non-union [1,2] (Figure 1). Protein
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ubiquitination, a reversible post-translational modification, involves the covalent attach-
ment of ubiquitin molecules to target proteins, playing critical roles in the differentiation,
proliferation, and activity of osteoblasts and osteoclasts, and often marking substrates for
degradation by the proteasome. This process is catalyzed by E1, E2, and E3 enzymes, with
E3 ligases determining substrate specificity [3]. Conversely, DUBs remove ubiquitin chains
from target proteins, regulating their stability and function. DUBs are classified into several
families, including USP, UCH, OTU, and JAMM families, each with unique substrates and

functions [4,6].
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Figure 1. Schematic representation of osteoblast differentiation and its regulation of osteoclastogene-
sis. Pre-osteoblasts differentiate into mature osteoblasts through the activation of key transcription
factors such as Runx2 and Cbfb. The process is modulated by regulatory molecules including SOV
and miR-143. Mature osteoblasts secrete RANKL, which promotes osteoclast differentiation and
bone resorption. This figure illustrates the dynamic balance between bone formation and resorption,
highlighting potential regulatory checkpoints.

Recent studies demonstrate that ubiquitination through E3 ligases including Smurf1
and Smurf2 mediates degradation of osteogenic regulators [7,8], while deubiquitination
by USP7 and USP10 stabilizes key proteins involved in osteoblast differentiation and
proliferation [9,10], collectively modulating bone cell activities. These findings underscore
the importance of ubiquitin-mediated regulation in maintaining bone homeostasis and
suggest potential therapeutic targets for bone diseases [5,11].

The clinical relevance of ubiquitination regulation in orthopedic diseases is increas-
ingly recognized. Dysregulation of ubiquitin ligases and DUBs has been implicated in
osteoporosis, osteoarthritis, and fracture non-union [5]. Understanding the mechanisms
by which these enzymes regulate bone homeostasis could provide important theoretical
bases for developing novel treatment strategies. For example, USP7 stabilizes Axin to
suppress Wnt/[3-catenin signaling [9] and KDM6B to promote osteogenesis [12], while
USP10 maintains SKP2 levels to regulate Runx2 degradation [10]. Targeted inhibitors or
activators of these DUBs could precisely modulate bone formation and resorption, offering
new therapeutic options for patients with bone diseases [13-16].

Notably, osteocytes—the most abundant bone cells—orchestrate bone remodeling
through their lacunar—canalicular network. Emerging evidence reveals ubiquitin-mediated
regulation of osteocyte function. For instance, mechanical loading induces MDM2-mediated
degradation of sclerostin [17], while USP8 stabilizes 3-catenin to amplify Wnt signaling [18].
These findings expand our understanding of mechanotransduction in bone [19,20].
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2. The Role of E3 Ubiquitin Ligases in Bone Homeostasis

E3 ubiquitin ligases represent a diverse superfamily of over 600 enzymes in humans
that can be functionally categorized by their ubiquitin transfer mechanisms. RING-type
ligases constitute the largest group and mediate direct ubiquitin transfer from E2 enzymes
to substrates through specialized RING domains [21,22]. In contrast, HECT-type ligases
employ an intermediate catalytic mechanism involving transient thioester bond formation,
while RBR (RING-Between-RING) ligases utilize a unique hybrid mechanism that combines
aspects of both RING and HECT-type enzymes. The HECT domain family contains a

conserved cysteine residue that forms a thioester bond with ubiquitin, facilitating its
transfer to substrates [23]. The RBR domain family combines features of both RING and
HECT domains, exhibiting a unique ubiquitination mechanism (Figure 2) [24].

Ubiquitin transfer
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Figure 2. Structure, mechanism, and representative members of RBR E3 ubiquitin ligases. RBR (RING-
between-RING) E3 ligases mediate ubiquitin transfer through a sequential mechanism involving E2
recruitment by RING1 and ubiquitin transfer via the catalytic cysteine in RING2. The IBR (In-Between
RING) domain connects RING1 and RING2. Known regulatory mechanisms include autoinhibition
relieved by phosphorylation (e.g., Parkin) or protein-protein interactions (e.g., HOIP). Examples of
human RBR E3 ligases (~12 in total) include Parkin, Parc, RNF144A /B, HOIP, and HHARI, each
containing unique auxiliary domains such as Ubl, DOC, PUB, and Ariadne, contributing to their
specific regulatory functions.

2.1. Effects of E3 Ubiquitin Ligases on Osteoblast Differentiation

Smurfl and Smurf2 are key HECT-type E3 ubiquitin ligases that play crucial roles in
regulating bone homeostasis by modulating the BMP signaling pathway and osteoblast
differentiation. Smurfl targets multiple substrates, including Smad1/5 proteins and BMP
type I receptors, for ubiquitination and degradation, thereby inhibiting osteoblast differen-
tiation and bone formation [7,8,25]. Additionally, Smurfl can interact with Runx2, the core
transcription factor for osteoblast differentiation, leading to its degradation and further in-
hibition of bone matrix formation [26]. Recent studies have shown that Smurfl can undergo
SUMOylation modification, which enhances its enzymatic activity and promotes ALK2
proteolysis, further inhibiting the BMP signaling pathway [27]. This modification is regu-
lated by AMP-activated protein kinase (AMPK), which interacts with the E3 ligase PIAS to
enhance Smurfl SUMOylation levels [27]. Smurf2, another member of the NEDD4 family,
also inhibits osteoblast differentiation by targeting osteogenic regulators such as KLF5
and mediating the ubiquitination of other BMP signaling components [28,29]. Smurf2 can
ubiquitinate and degrade Smad1, thereby inhibiting the BMP signaling pathway [30]. Erk5
has been shown to regulate Smad signaling through Smurf2, influencing the osteogenic po-
tential of bone marrow mesenchymal stem cells (BM-MSCs). Erk5 phosphorylates Smurf2,
activating its E3 ubiquitin ligase activity, which inhibits Smad1/5/8-dependent signal
transduction by ubiquitinating Smad1, thus negatively regulating osteoblast differentia-
tion [11,30].
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The TRIM protein family also plays significant roles in osteogenesis. TRIM38 and
TRIM16 promote osteoblast differentiation by stabilizing key transcription factors and sig-
naling molecules involved in bone formation [17,18]. For example, TRIM38 has been shown
to enhance the differentiation of mesenchymal stem cells (MSCs) into osteoblasts by target-
ing and degrading negative regulators of osteogenesis [17]. Similarly, TRIM16 positively
regulates the osteogenic process by stabilizing Runx2 and other osteogenic factors [18].
These findings highlight the diverse roles of TRIM family members in regulating bone
homeostasis. Conversely, TRIM21 inhibits osteoblast differentiation by targeting Akt for
degradation, thereby reducing the activity of downstream signaling pathways that promote
osteogenesis [31]. Akt is a key protein kinase involved in cell survival and differentiation,
and its degradation by TRIM21 leads to the inhibition of osteoblast differentiation and
bone formation. This mechanism underscores the importance of TRIM21 in maintaining
the balance between osteoblast differentiation and proliferation.

Other notable E3 ligases include HERC proteins, which enhance osteoblast differentia-
tion by regulating C-RAF levels and ERK/p38 phosphorylation [32-34]. HERC proteins
belong to the E6AP carboxyl-terminal (HECT) ubiquitin ligase family and are character-
ized by an additional chromosome condensation regulator 1 (RCC1)-like domain. Their
reduction has been shown to enhance C-RAF levels, promoting ERK and p38 phospho-
rylation, and increasing the expression of key transcription factors involved in osteoblast
differentiation [33,34]. RSP5, also known as NEDDAL, is another HECT domain E3 ligase
that promotes osteogenic differentiation through Akt ubiquitination [35]. RSP5 induces
K63-linked ubiquitination of Akt, thereby activating downstream signaling pathways in-
volved in bone formation. This mechanism highlights the importance of RSP5 in regulating
osteoblast differentiation and bone homeostasis. Conversely, ligases like FBXW?7 and CHIP
inhibit osteogenesis by targeting HIF1a and RUNX2 for degradation, respectively [36-38].
FBXW?7 is a key E3 ubiquitin ligase that inhibits osteogenic differentiation and cartilage
formation by catalyzing the ubiquitination and degradation of HIF1«x [36,37]. Similarly,
CHIP (C-terminus of Hsc70-interacting protein) induces ubiquitin-dependent degradation
of RUNX2 during osteoblast lineage development, interfering with osteogenic differen-
tiation [38]. These findings underscore the diverse roles of E3 ligases in regulating bone
homeostasis [39].

Interestingly, TRIM16 can decrease CHIP expression and increase CHIP ubiquitina-
tion, thereby stabilizing RUNX2 expression and promoting osteoblast differentiation [18].
This interaction highlights the complex regulatory mechanisms involving TRIM16 and
CHIP in bone homeostasis. By modulating the expression and activity of these E3 ligases,
TRIM16 plays a crucial role in maintaining the balance between osteoblast differentiation
and proliferation.

2.2. Effects of E3 Ubiquitin Ligases on Osteoblast Proliferation

E3 ligases also influence osteoblast proliferation. For example, NEDD4 promotes
osteoblast proliferation by degrading pSMAD1 and upregulating pERK1/2 [40]. This
regulation is crucial for maintaining the balance between osteoblast differentiation and pro-
liferation, ensuring proper bone formation and remodeling. Recent studies have shown that
NEDD4 can specifically target pPSMADI activated by TGF(1, thereby inhibiting the TGF{31
signaling pathway and promoting osteoblast proliferation [40]. This finding highlights the
importance of NEDD4 in regulating osteoblast proliferation and bone homeostasis.

2.3. The Role of E3 Ubiquitin Ligases in Osteoclasts

Osteoclast differentiation is tightly regulated by E3 ligases. NFATc1, a key transcription
factor for osteoclastogenesis, is regulated by multiple E3 ligases, including Cbl-b and
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¢c-Cbl, which inhibit osteoclast formation [41]. TRAF6, a critical mediator of RANKL
signaling, is regulated by Actl, an E3 ligase that induces TRAF6 degradation [42]. Other
factors like DCAF1 and PMEPA1 also modulate osteoclast activity through ubiquitination
pathways [43,44].

NFATc1 is a master regulator of osteoclastogenesis, and its activity is tightly controlled
by ubiquitination and degradation processes. Studies have shown that RING finger E3
ubiquitin ligases Cbl-b and c-Cbl negatively regulate osteoclast formation by targeting
NFATc1 for ubiquitination and degradation [41]. This regulation is crucial for maintaining
the balance between osteoclast differentiation and bone resorption. Additionally, TBD11
has been shown to promote NFATcl degradation by interacting with Cullin3, thereby
inhibiting osteoclast differentiation [41]. These findings highlight the complex regulatory
mechanisms involving E3 ligases in osteoclastogenesis.

TRAF6 is a critical mediator of RANKL signaling, which is essential for osteoclast
differentiation and activation. TRAF®6 stability is regulated by its upstream E3 ligase Act1,
which induces TRAF6 degradation [42]. This regulation is crucial for maintaining the
balance between osteoclast differentiation and bone resorption. Recent studies have shown
that the newly synthesized diterpenoid RTA-408 inhibits NF-«B signaling and osteoclas-
togenesis by blocking the association between TRAF6 and STING, thereby disrupting
K63-mediated STING ubiquitination [45]. This finding highlights the importance of TRAF6
and Actl in regulating osteoclast activity and bone homeostasis.

Transforming growth factor-p1 (TGF-31) significantly downregulates RANKL ex-
pression and inhibits osteoclast support activity by degrading the retinoid X receptor «
(RXR-«x) protein through the ubiquitin—proteasome system [46]. This regulation is crucial
for maintaining the balance between osteoclast differentiation and bone resorption. Addi-
tionally, the non-canonical regulatory factor DCAF1 of ubiquitin E3 ligases is also involved
in regulating osteoclast-related signaling pathways. DCAF1 accelerates Nrf2 ubiquitination
and subsequent degradation [43]. Conversely, microRNA-3175 effectively activates the
Nrf2 signaling pathway by specifically targeting and silencing DCAF1 gene expression [47].
These findings highlight the complex regulatory mechanisms involving TGF-f31, RXR-«,
and DCAF]1 in osteoclastogenesis.[48]

PMEPAL, as a vesicular membrane protein, regulates osteoclast proton production by
binding to NEDD4 family members of ubiquitin ligases, exerting a positive regulatory effect
on osteoclasts [44]. This regulation is crucial for maintaining the balance between osteoclast
differentiation and bone resorption. Additionally, Pellino-1, a member of the ubiquitin
E3 ligase family, participates in immune and bone metabolism by influencing signaling
pathways such as TNF receptor-associated factor 6 (TRAF6) and is a major regulator of
osteoclast differentiation [49]. These findings highlight the complex regulatory mechanisms
involving PMEPA1, NEDD4, and Pellino-1 in osteoclastogenesis.

Beyond E3 ligases, the ubiquitin-binding adaptor SQSTM1/p62 critically regulates
bone metabolism. As a selective autophagy receptor, SQSTM1 recognizes K63-linked ubig-
uitin chains to modulate RANKL-induced NF-«kB activation [41]. Clinically, the SQSTM1
P392L mutation enhances TRAF6 binding and underlies familial Paget’s disease [50]. In
osteocytes, SQSTM1 activates Nrf2 by sequestering Keap1, offering therapeutic potential
against oxidative-stress-related osteoporosis [42].

3. The Role of Deubiquitinating Enzymes in Bone Formation

Deubiquitinating enzymes (DUBs) are classified into two categories based on sequence
and structural similarities: cysteine proteases (including USP, UCH, OTU, etc.) and metallo-
proteinases (JAMM family). These enzymes remove ubiquitin chains from target proteins,
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thereby regulating protein stability and function [6]. The largest group is the USP family,
with 54 members involved in various cellular processes [51].

3.1. Effects of Deubiquitinating Enzymes on Osteoblast Differentiation
3.1.1. The USP Family Plays a Key Role in Osteoblast Differentiation

The USP family plays a pivotal role in regulating osteoblast differentiation through di-
verse mechanisms. USP2, for instance, stabilizes (3-catenin via deubiquitination, activating
the Wnt/ 3-catenin pathway to drive osteoblast differentiation, a process critical for bone
matrix synthesis. This effect is further amplified by the long non-coding RNA USP2-AS1,
which enhances transcriptional activation of the USP2 gene by facilitating interactions
between KDM3A and ETSI1 at the promoter region, thereby reinforcing (-catenin stability
and promoting human bone marrow mesenchymal stem cell (HBMSC) differentiation
into osteoblasts [52-54]. In contrast, USP7 exhibits dual regulatory roles: it suppresses
Wnt-induced 3-catenin accumulation by stabilizing Axin, thereby inhibiting osteoblast
differentiation under normal conditions. However, inhibition of USP7 enhances Wnt/3-
catenin signaling and promotes osteogenesis. Additionally, USP7 stabilizes KDM6B and
YAP1, counteracting osteoporosis and facilitating osteogenic differentiation through both
Wnt/3-catenin and Hippo pathways. Notably, miR-15b antagonizes USP7 expression,
indirectly impairing osteogenesis, while USP7 also maintains the pluripotency of HBMSCs
by regulating the USP7-SOX2 and USP7-NANOG axes, essential for their differentiation
into osteoblasts, adipocytes, and chondrocytes (Figure 3) [9,12,55-57].

Recycling \ . /
Degradation

Figure 3. Multifunctional roles of deubiquitinating enzymes (DUBs) in ubiquitin homeostasis and
protein regulation. DUBs mediate several key processes in the ubiquitin system. These include the
removal of non-degradative ubiquitin signals to restore protein function, editing of ubiquitin chains
to regulate signaling outcomes, processing of ubiquitin precursors (e.g., UBA52, UBA80, UBB, UBC)
to generate free ubiquitin, and rescuing proteins from proteasomal degradation. In addition, DUBs
dissociate free ubiquitin chains and recycle ubiquitin molecules into the free ubiquitin pool, ensuring
a steady supply of functional ubiquitin for cellular processes.
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Other USP members contribute uniquely to bone homeostasis. USP8 stabilizes the
Wnt receptor FZD5, ensuring sustained Wnt/3-catenin signaling and osteogenic differ-
entiation during skeletogenesis [58]. Conversely, USP10 stabilizes SKP2, which promotes
Runx2 degradation via the ubiquitin-proteasome system, thereby inhibiting osteogene-
sis. However, miR-20a-5p counteracts this by downregulating USP10, enhancing SKP2
degradation and promoting osteoblast differentiation [10]. USP12, under cyclic tensile
stress, inhibits osteogenic differentiation in periodontal ligament stem cells by activating
the PERK-elF2a-ATF4 pathway, while its depletion reverses this effect by enhancing en-
doplasmic reticulum stress-mediated differentiation [59]. USP17 safeguards Osx (Sp7),
a master regulator of osteoblast differentiation, from degradation, ensuring bone matrix
synthesis and mineralization [60]. USP26 and USP34 further promote osteogenesis by
stabilizing 3-catenin and activating the BMP-2 pathway through Smad1/RUNX2 stabi-
lization, respectively [61,62]. USP36 enhances Wnt signaling by deubiquitinating WDRS5,
a transcriptional coactivator of Wntl, c-Myc, and Runx2, thereby accelerating osteoblast
differentiation [63]. USP47 maintains SIRT1 stability, crucial for bone marrow stromal cell
differentiation into osteoblasts [64]. Lastly, USP53 exhibits context-dependent roles: it
generally inhibits osteogenesis but stabilizes 3-catenin via FBXO31 interaction to promote
Whnt signaling [65], while also enhancing osteoclastogenesis through VDR-SMAD3 complex
formation [66-73].

Collectively, these findings underscore the USP family’s complexity in bone home-
ostasis, where individual members modulate osteoblast differentiation through dis-
tinct substrates and signaling pathways, highlighting their therapeutic potential in
bone-related disorders.

3.1.2. Non-USP DUB Plays an Important Role in Osteoblast Differentiation

Non-USP DUBs also play significant roles in osteoblast differentiation. For example,
OTUB1 stabilizes FGFR2 by inhibiting its ubiquitination and degradation, ensuring the
stable presence of this core regulator of skeletal development [74]. FGFR2 is a key regulator
of osteoblast function and bone formation, and its stabilization by OTUB1 highlights the
importance of this DUB in maintaining proper bone homeostasis.

CYLD, another DUB, regulates TGF( signaling in mechanically stimulated bone cells,
thereby influencing osteoblast activity and bone formation [75]. CYLD inhibits TGFf3
signaling through the proteasome mechanism, and it itself is also inhibited by mechanical
stimulation, which is crucial for load-mediated bone formation. Through its deubiquiti-
nating activity, CYLD can directly or indirectly regulate the stability of key molecules in
the TGFp pathway, such as TBRI (TGFf3 receptor I), Smad7, and Smad3. These molecules
play vital roles in TGFf signal transduction. Particularly in mechanically stimulated bone
cells, increased activity of CYLD helps to reduce the phosphorylation levels of Smad2/3,
thereby inhibiting TGFf signaling and promoting the activity of osteoblasts and bone for-
mation [75]. UBE2C promotes bone formation by stabilizing SMAD1/5 proteins rather than
mediating their degradation [76]. This mechanism highlights the importance of UBE2C in
maintaining the balance between osteoblast differentiation and proliferation.

3.2. Effects of Deubiquitinating Enzymes on Osteoblast Proliferation

USP14 stabilizes p53, inducing apoptosis in osteoblasts. Inhibitors of USP14, such
as M19, can protect against osteoblast apoptosis and may serve as potential therapeutic
agents for osteoporosis [77]. This regulation is crucial for maintaining the balance between
osteoblast proliferation and apoptosis, ensuring proper bone formation and remodeling.
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3.3. Role of Deubiquitinating Enzymes in Osteoclasts

The deubiquitinating enzymes (DUBs) USP13, USP25, USP34, and UCHLI play critical
yet distinct roles in regulating osteoclastogenesis and osteoclast function. USP7, while
not directly among the listed enzymes, demonstrates a dual regulatory role: it stabilizes
HMGB], a key mediator of osteoclast differentiation, thereby promoting osteoclastogenesis.
Paradoxically, USP7 also inhibits TRAF6 signaling and protects STING from degradation, ef-
fectively suppressing osteoclast differentiation [78-80]. This duality underscores HMGB1's
pivotal role in bone homeostasis and highlights USP7’s context-dependent effects [81].

USP13 acts as a suppressor of osteoclastogenesis by modulating the RANK/RANKL/
OPG axis. It directly interacts with PTEN to dampen AKT overactivation, reducing inflam-
mation, oxidative stress, and apoptosis. This cascade inhibits NF-«B signaling and dimin-
ishes pro-inflammatory cytokine secretion, ultimately attenuating bone resorption [82]. In
contrast, USP25 promotes osteoclast differentiation by stabilizing TRAF6. By cleaving Actl1-
mediated K63-linked polyubiquitin chains on TRAF6, USP25 prevents its ubiquitination
and degradation, amplifying RANKL-induced osteoclastogenesis [83,84].

USP34 counterbalances osteoclast hyperactivity by stabilizing IkBx, a natural in-
hibitor of NF-«kB. Through deubiquitination, USP34 preserves IkBo levels, blocking
RANK/RANKL-driven NF-«B activation. USP34 deficiency disrupts this balance, leading
to low bone mass and excessive osteoclast activity [85]. Lastly, UCHL1, primarily active
in neuronal tissues, exerts unique effects on bone metabolism. It stabilizes TAZ by pre-
venting its ubiquitination, activating the TAZ/NFATC1 pathway to promote osteogenic
differentiation while concurrently inhibiting osteoclastogenesis [86].

Collectively, these DUBs exemplify the intricate interplay between ubiquitination and
deubiquitination in bone homeostasis. Their opposing or synergistic actions ranging from
suppressing NF-kB (USP13, USP34) to enhancing TRAF6 stability (USP25) or bridging
osteoblast-osteoclast crosstalk (UCHL1), highlight their potential as therapeutic targets for
bone diseases like osteoporosis and inflammatory bone loss.

4. The Role of Molecules with Deubiquitinating Activity in
Bone Homeostasis

In addition to canonical DUBs, other molecules can exhibit deubiquitinating activity or
influence ubiquitination processes. For example, PTPR] mimics DUB function by inhibiting
the ubiquitination and degradation of NFATc1, thereby promoting osteoclast differentia-
tion [87]. Another example is Koumine, an indole alkaloid, which inhibits RANKL-induced
K63-linked polyubiquitination and subsequent NF-kB activation, thereby suppressing
osteoclastogenesis and bone resorption [88].

4.1. Non-Canonical Deubiquitinating Enzymes

PTPRJ (receptor-type protein tyrosine phosphatase) mimics the function of DUBs by
inhibiting the ubiquitination and degradation of NFATcl, thereby promoting osteoclast
differentiation [87]. NFATc1 is a key transcription factor for osteoclastogenesis, and its
stabilization by PTPR] highlights the importance of this enzyme in maintaining proper
bone homeostasis.

Koumine, an indole alkaloid extracted from Gelsemium elegans, inhibits RANKL-
induced K63-linked polyubiquitination, thereby inhibiting the activation of NF-«B and
subsequently suppressing osteoclastogenesis and bone resorption [88]. This mechanism
underscores the importance of Koumine in maintaining the balance between osteoclast
differentiation and bone resorption.



Biomolecules 2025, 15, 679

9of 17

4.2. Cytokines and Signaling Molecules

TGF-p is a key cytokine that exhibits dual effects on osteoblast differentiation. It
promotes the differentiation of mesenchymal stem cells (MSCs) into osteoblasts by inhibit-
ing the ubiquitin-mediated degradation of Runx2. However, during the mineralization
phase, it inhibits bone mineralization through the SMURF1-C/EBP3-DKK1 axis [89-91].
This fine-tuning is dose-dependent, with low doses of TGF-f31 promoting early osteoblast
differentiation and high doses potentially leading to cell death [90]. This dual role of TGF-f3
highlights its importance in maintaining the balance between osteoblast differentiation and
proliferation (Figure 4).

Macrophage

Tumor cell
M1 --meeeeee-p M2
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Figure 4. Transforming growth factor-beta (TGF-f3) orchestrates the immunosuppressive tumor mi-
croenvironment by modulating immune cell polarization. TGF-f3 promotes epithelial-mesenchymal
transition (EMT) in tumor cells and polarizes macrophages from pro-inflammatory M1 to immuno-
suppressive M2 phenotypes. It shifts neutrophils from tumor-suppressive N1 to tumor-promoting
N2 subtypes. In T cells, TGF-f3 suppresses Th1 responses while promoting the differentiation of Th2
and regulatory T cells (Tregs), collectively contributing to immune evasion and tumor progression.

TNFAIP3 (also known as A20) is an inducible protein that exhibits deubiquitinating
activity. It inhibits the NF-«B signaling pathway, reducing the expression of inflamma-
tory factors and potentially promoting osteogenic differentiation [92-94]. Additionally,
y-aminobutyric acid (GABA) can induce the expression of TNFAIP3, significantly promot-
ing the differentiation of MSCs into osteoblasts [92,95]. This mechanism underscores the
importance of TNFAIP3 in maintaining the balance between osteoblast differentiation and
inflammation [96,97].

4.3. Post-Transcriptional Regulation by miRNAs and IncRNAs

MicroRNAs (miRNAs) and long non-coding RNAs (IncRNAs) are pivotal regulators
of bone homeostasis, exerting their effects through targeted modulation of E3 ubiquitin lig-
ases and deubiquitinating enzymes (DUBs). For example, miR-497-5p enhances osteoblast
differentiation by suppressing Smurf2, which stabilizes the TGF-f3 /Smad pathway and
promotes osteogenic activity [98]. Similarly, miR-136-5p facilitates osteogenesis by inhibit-



Biomolecules 2025, 15, 679

10 of 17

ing Smurfl, thereby preserving key osteogenic signaling molecules such as Smad1/5 and
Runx2 to maintain bone matrix synthesis [99]. In contrast, miR-708-5p delays osteoblast
differentiation through its inhibition of SMAD-specific E3 ligase 2, serving as a regulatory
brake to balance proliferation and differentiation processes [100].

The regulatory network extends further with miR-19b, which promotes osteogenic dif-
ferentiation and fracture repair by targeting both WWP1 and Smurf2. This dual inhibition
stabilizes KLF5 and activates the Wnt/ 3-catenin pathway, driving bone formation [101].
Conversely, the IncRNA MEGS3 suppresses osteogenesis by downregulating miR-543, lead-
ing to indirect upregulation of SMURF1 and subsequent disruption of osteoblast activ-
ity [102]. Notably, miR-101, encapsulated in MSC-derived exosomes, accelerates osteogenic
differentiation by inhibiting FBXW?7. This action elevates HIF1x and FOXP3 levels, further
enhancing bone formation [37].

Together, these non-coding RNAs exemplify a dynamic equilibrium in bone homeosta-
sis: miR-497-5p, miR-136-5p, miR-19b, and miR-101 act as pro-osteogenic drivers, while
miR-708-5p and MEGS3 provide counter-regulatory constraints. Their coordinated inter-
play underscores the complexity of bone remodeling and highlights potential therapeutic
avenues for addressing conditions such as osteoporosis and impaired fracture healing.

4.4. Environmental Factors

Microgravity environments have been shown to promote deubiquitination effects.
Under microgravity conditions, the protein expression of CKIP-1, a key factor inhibiting
bone formation, increases while its ubiquitination degree decreases, thereby inhibiting
osteogenic activity [103]. This finding highlights the potential impact of environmental
factors on bone health and underscores the importance of considering such factors in bone
homeostasis research.

5. Discussion and Perspectives
5.1. Complexity and Diversity of E3 Ligases and DUBs in Bone Homeostasis

E3 ubiquitin ligases and deubiquitinating enzymes (DUBs) exhibit complex and di-
verse roles in regulating bone homeostasis. Different enzymes may exert opposite effects
through the same signaling pathway or influence the same physiological processes through
distinct mechanisms. For example, while many E3 ligases inhibit osteogenic differenti-
ation by ubiquitinating and degrading osteogenic-related factors, certain E3 ligases can
also inhibit negative regulators of osteogenesis, thereby promoting the osteogenic pro-
cess [7,18,28,38]. Similarly, DUBs such as USP7 and USP10 can either promote or inhibit os-
teogenic differentiation depending on their specific substrates and signaling contexts [9,10].

Smurfl and Smurf2 are prime examples of this complexity. Smurfl predominantly
degrades osteogenic factors like Smad1/5, BMP type I receptors, and Runx2, thereby in-
hibiting osteoblast differentiation and bone formation [7,8,26]. However, under specific
conditions, Smurfl can also promote osteogenic differentiation by targeting negative regu-
lators. For instance, Smurfl can degrade MEKK2, which is independent of BMP signaling,
thereby modulating osteoblast function [104]. Smurf2, on the other hand, inhibits osteoblast
differentiation by degrading KLF5 and other osteogenic regulators [28,29]. This dual role
underscores the importance of context-dependent regulation in bone homeostasis [11].

The TRIM family also exemplifies this diversity. TRIM38 and TRIM16 promote os-
teoblast differentiation by stabilizing key transcription factors and signaling molecules
involved in bone formation [17,18]. Conversely, TRIM21 inhibits osteoblast differentiation
by targeting Akt for degradation, thereby reducing the activity of downstream signaling
pathways that promote osteogenesis [31]. This highlights the importance of understanding
the specific roles of each TRIM family member in bone homeostasis.
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HERC proteins enhance osteoblast differentiation by regulating C-RAF levels and
ERK/p38 phosphorylation [32-34]. Similarly, RSP5 promotes osteogenic differentiation
through Akt ubiquitination, thereby activating downstream signaling pathways involved
in bone formation [35]. These findings underscore the importance of these E3 ligases in
promoting osteogenesis and maintaining bone health. Conversely, ligases like FBXW?7
and CHIP inhibit osteogenesis by targeting HIF1x and RUNX2 for degradation, respec-
tively [36-38]. FBXW7 inhibits osteogenic differentiation and cartilage formation by cat-
alyzing the ubiquitination and degradation of HIF1«x [36,37]. CHIP induces ubiquitin-
dependent degradation of RUNX2 during osteoblast lineage development, interfering with
osteogenic differentiation [38]. These findings highlight the importance of these E3 ligases
in maintaining the balance between osteoblast differentiation and proliferation.

Interestingly, TRIM16 can decrease CHIP expression and increase CHIP ubiquitination,
thereby stabilizing RUNX2 expression and promoting osteoblast differentiation [18]. This
interaction underscores the importance of TRIM16 in modulating RUNX2 stability and
promoting osteogenesis. By modulating the expression and activity of these E3 ligases,
TRIM16 plays a crucial role in maintaining the balance between osteoblast differentiation
and proliferation [105].

Of particular interest is the nascent field of ubiquitination in osteocytes. Current
evidence suggests mechanical loading alters vesicle secretion via CUL3 [88], while SQSTM1-
mediated autophagy may remodel osteocyte dendrites [89]. These discoveries bridge the
gap between bone mechanosensation and ubiquitin-dependent signaling.

5.2. Future Research Directions

Future research should focus on several key areas to further elucidate the roles of
E3 ubiquitin ligases and DUBs in bone homeostasis and to identify potential therapeutic
targets for bone diseases.

Continued efforts are needed to identify new E3 ubiquitin ligases and deubiquitinating
enzymes involved in bone homeostasis. This will help improve our understanding of the
regulatory network and identify potential therapeutic targets. For example, recent studies
have identified several novel E3 ligases and DUBs with potential roles in bone forma-
tion and resorption [6,51]. Further characterization of these enzymes will provide new
insights into the mechanisms underlying bone homeostasis. Further research is required
to explore the functions of these enzymes under overall physiological and pathological
conditions. This includes investigating their specific roles in skeletal development, fracture
healing, osteoporosis, and other bone diseases. For example, recent studies have shown
that dysregulation of specific E3 ligases and DUBs is associated with osteoporosis and
fracture non-union [5]. Understanding the mechanisms by which these enzymes con-
tribute to these conditions will provide important theoretical bases for developing novel
treatment strategies.

Given the complexity of the skeletal system, it is essential to consider the influence
of multiple factors, such as genetic background, environmental factors, and lifestyle, to
fully understand the regulatory mechanisms of bone homeostasis. For example, recent
studies have shown that microgravity environments can promote deubiquitination effects,
thereby inhibiting osteogenic activity [103]. This highlights the importance of considering
environmental factors in bone homeostasis research. Based on existing research findings,
novel therapeutic strategies against bone diseases should be developed. This includes the
development of small molecules, antibodies, or gene therapies targeting specific E3 ligases
or DUBs to modulate bone formation and resorption. For example, inhibitors or activators
of specific E3 ligases or DUBs could be developed to modulate bone homeostasis, offering
new therapeutic options for patients with bone diseases [5].



Biomolecules 2025, 15, 679 12 of 17

Future research should focus on developing small molecules or antibodies that specifi-
cally target Smurfl and Smurf2 to modulate their activity in bone diseases. Additionally,
gene therapy approaches targeting key regulatory enzymes like USP7 and USP10 could
offer novel therapeutic strategies for osteoporosis [11].

6. Conclusions

This comprehensive review highlights the intricate roles of E3 ubiquitin ligases and
DUBs in bone homeostasis. E3 ligases, such as Smurfl/2, TRIMs, and FBXW?7, regulate
osteoblast differentiation and osteoclastogenesis by targeting key signaling molecules (e.g.,
Smads, RUNX2, Akt) for degradation. Conversely, DUBs like USP2, USP34, and OTUBI sta-
bilize osteogenic factors (e.g., f-catenin, Smad1) to promote bone formation. The duality of
these enzymes is evident: Smurfl/2 predominantly inhibit osteogenesis but may enhance
it under specific contexts, while USP7 exhibits substrate-dependent pro- or anti-osteogenic
effects. miRNAs (e.g., miR-20a-5p, miR-136-5p) and environmental factors (e.g., micrograv-
ity) further modulate these pathways. Clinically, dysregulation of ubiquitination machinery
is linked to osteoporosis and impaired fracture healing, emphasizing their potential as ther-
apeutic targets. Future directions include elucidating novel enzymes, exploring their roles
in pathological conditions, and developing targeted therapies (e.g., inhibitors of Smurf1/2
or activators of USP34) to restore bone homeostasis. This field promises transformative
insights into bone disease mechanisms and precision medicine applications.

Funding: Lanzhou Science and Technology Plan Program: 2021-RC-102 (Y.X.); Natural Science
Foundation of Gansu Province: 22JR5RA943, 23]JRRA1500 (B.G.), 22JR5RA956 (Y.X.); Cuiying Scientific
and Technological Innovation Program of Lanzhou University Second Hospital: CY2021-MS-A07
(B.G.); National Natural Science Foundation of China (NSFC): 82060405, 82360436 (Y.X.), 81960403
(B.G.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425-479. [CrossRef] [PubMed]

2. Herhaus, L.; Al-Salihi, M.A,; Dingwell, K.S.; Cummins, T.D.; Wasmus, L.; Vogt, J.; Ewan, R.; Bruce, D.; Macartney, T.; Weidlich, S.;
et al. USP15 targets ALK3/BMPR1A for deubiquitylation to enhance bone morphogenetic protein signalling. Open Biol. 2014, 4,
140065. [CrossRef] [PubMed]

3. Ciechanover, A. The unravelling of the ubiquitin system. Nat. Rev. Mol. Cell Biol. 2015, 16, 322-324. [CrossRef]

4. Mevissen, T.E.T.; Komander, D. Mechanisms of Deubiquitinase Specificity and Regulation. Annu. Rev. Biochem. 2017, 86, 159-192.
[CrossRef] [PubMed]

5. Huang, J.; Zhou, H.; He, L.; Zhong, L.; Zhou, D.; Yin, Z. The promotive role of USP1 inhibition in coordinating osteogenic
differentiation and fracture healing during nonunion. J. Orthop. Surg. Res. 2023, 18, 152. [CrossRef]

6.  Snyder, N.A.; Silva, G.M. Deubiquitinating enzymes (DUBs): Regulation, homeostasis, and oxidative stress response. J. Biol.
Chem. 2021, 297, 101077. [CrossRef]

7. Murakami, G.; Watabe, T.; Takaoka, K.; Miyazono, K.; Imamura, T. Cooperative inhibition of bone morphogenetic protein
signaling by Smurfl and inhibitory Smads. Mol. Biol. Cell 2003, 14, 2809-2817. [CrossRef]

8. Lin, H.; Ying, Y,; Wang, Y.Y.; Wang, G.; Jiang, S.S.; Huang, D.; Luo, L.; Chen, Y.G.; Gerstenfeld, L.C.; Luo, Z. AMPK downregulates
ALK2? via increasing the interaction between Smurfl and Smadsé, leading to inhibition of osteogenic differentiation. Biochim.
Biophys. Acta Mol. Cell Res. 2017, 1864, 2369-2377. [CrossRef]

9. Ji,L;Lu, B;; Zamponi, R.; Charlat, O.; Aversa, R.; Yang, Z.E,; Sigoillot, F.; Zhu, X.; Hu, T.; Reece-Hoyes, ].S.; et al. USP7 inhibits
Wnt/ 3-catenin signaling through promoting stabilization of Axin. Nat. Commun. 2019, 10, 14. [CrossRef]


https://doi.org/10.1146/annurev.biochem.67.1.425
https://www.ncbi.nlm.nih.gov/pubmed/9759494
https://doi.org/10.1098/rsob.140065
https://www.ncbi.nlm.nih.gov/pubmed/24850914
https://doi.org/10.1038/nrm3982
https://doi.org/10.1146/annurev-biochem-061516-044916
https://www.ncbi.nlm.nih.gov/pubmed/28498721
https://doi.org/10.1186/s13018-023-03594-y
https://doi.org/10.1016/j.jbc.2021.101077
https://doi.org/10.1091/mbc.e02-07-0441
https://doi.org/10.1016/j.bbamcr.2017.08.009
https://doi.org/10.1038/s41467-019-12143-3

Biomolecules 2025, 15, 679 13 of 17

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Wang, H.; Liu, Z.; Niu, D.; Li, H.; Han, Y,; Peng, J.; Qian, Q. Carbamazepine regulates USP10 through miR-20a-5p to affect the
deubiquitination of SKP2 and inhibit osteogenic differentiation. J. Orthop. Surg. Res. 2023, 18, 820. [CrossRef]

Watanabe, M.; Hatakeyama, S. TRIM proteins and diseases. . Biochem. 2017, 161, 135-144. [CrossRef]

Lu, X.; Zhang, Y.; Zheng, Y.; Chen, B. The miRNA-15b/USP7/KDMB6B axis engages in the initiation of osteoporosis by modulating
osteoblast differentiation and autophagy. J. Cell Mol. Med. 2021, 25, 2069-2081. [CrossRef] [PubMed]

Li, W,; Bengtson, M.H.; Ulbrich, A.; Matsuda, A.; Reddy, V.A.; Orth, A.; Chanda, S.K,; Batalov, S.; Joazeiro, C.A. Genome-wide
and functional annotation of human E3 ubiquitin ligases identifies MULAN, a mitochondrial E3 that regulates the organelle’s
dynamics and signaling. PLoS ONE 2008, 3, e1487. [CrossRef] [PubMed]

Hou, W.Y,; Sun, C.S.; Han, X.; Fan, M.Y.; Qiao, W.J. NEDDA4L affects stability of the CHEK2/TP53 axis through ubiquitination
modification to enhance osteogenic differentiation of periodontal ligament stem cells. Connect. Tissue Res. 2024, 65, 433—-446.
[CrossRef] [PubMed]

Upadhyay, V.; Singh, A K.; Sharma, S.; Sethi, A.; Srivastava, S.; Chowdhury, S.; Siddiqui, S.; Chattopadhyay, N.; Trivedi, A.K.
RING finger E3 ligase, RNF138 inhibits osteoblast differentiation by negatively regulating Runx2 protein turnover. J. Cell Physiol.
2024, 239, 17. [CrossRef]

Liu, J.; Han, L.; Li, B; Yang, J.; Huen, M.S,; Pan, X.; Tsao, SW.; Cheung, A.L. F-box only protein 31 (FBXO31) negatively
regulates p38 mitogen-activated protein kinase (MAPK) signaling by mediating lysine 48-linked ubiquitination and degradation
of mitogen-activated protein kinase kinase 6 (MKK®). J. Biol. Chem. 2014, 289, 21508-21518. [CrossRef]

Kim, K,; Kim, ]. H.; Kim, I; Seong, S.; Kim, N. TRIM38 regulates NF-«B activation through TAB2 degradation in osteoclast and
osteoblast differentiation. Bone 2018, 113, 17-28. [CrossRef]

Zhao, Y.; Zhai, Q.L,; Liu, H,; Xi, X.; Chen, S.; Liu, D.X. TRIM16 Promotes Osteogenic Differentiation of Human Periodontal
Ligament Stem Cells by Modulating CHIP-Mediated Degradation of RUNX2. Front. Cell Dev. Biol. 2021, 8, 14. [CrossRef]

Qu, M.Y,; Gong, Y,; Jin, Y.Y.; Gao, R.B.; He, Q.Q.; Xu, Y.A,; Shen, T.; Mei, L.; Xu, C.; Hussain, M.; et al. HSP90 chaperoning
SMURF1-mediated LATS proteasomal degradation in the regulation of bone formation. Cell Signal. 2023, 102, 12. [CrossRef]
Winter, J.; Jung, S.; Keller, S.; Gregory, R.I.; Diederichs, S. Many roads to maturity: microRNA biogenesis pathways and their
regulation. Nat. Cell Biol. 2009, 11, 228-234. [CrossRef]

Metzger, M.B.; Hristova, V.A.; Weissman, A.M. HECT and RING finger families of E3 ubiquitin ligases at a glance. J. Cell Sci. 2012,
125,531-537. [CrossRef] [PubMed]

Budhidarmo, R.; Nakatani, Y.; Day, C.L. RINGs hold the key to ubiquitin transfer. Trends Biochem. Sci. 2012, 37, 58-65. [CrossRef]
Pao, K.C.; Wood, N.T.; Knebel, A.; Rafie, K.; Stanley, M.; Mabbitt, P.D.; Sundaramoorthy, R.; Hofmann, K.; van Aalten, D.M.E;
Virdee, S. Activity-based E3 ligase profiling uncovers an E3 ligase with esterification activity. Nature 2018, 556, 381-385. [CrossRef]
Wenzel, D.M,; Klevit, R.E. Following Ariadne’s thread: A new perspective on RBR ubiquitin ligases. BMC Biol. 2012, 10, 24.
[CrossRef] [PubMed]

Sangadala, S.; Rao Metpally, R.P.; Reddy, B.V.B. Molecular Interaction Between Smurfl WW2 Domain and PPXY Motifs of Smadl,
Smadb5, and Smad6-Modeling and Analysis. J. Biomol. Struct. Dyn. 2007, 25, 11-23. [CrossRef]

Shimazu, J.; Wei, J.; Karsenty, G. Smurf1 Inhibits Osteoblast Differentiation, Bone Formation, and Glucose Homeostasis through
Serine 148. Cell Rep. 2016, 15, 27-35. [CrossRef] [PubMed]

Chen, J.; Dang, Y.M.; Liu, M.C.; Gao, L.; Guan, T.; Hu, A.; Xiong, L.; Lin, H. AMPK induces PIAS3 mediated SUMOylation of E3
ubiquitin ligase Smurfl impairing osteogenic differentiation and traumatic heterotopic ossification. Biochim. Biophys. Acta Mol.
Cell Res. 2024, 1871, 119771. [CrossRef]

Rotin, D.; Kumar, S. Physiological functions of the HECT family of ubiquitin ligases. Nat. Rev. Mol. Cell Biol. 2009, 10, 398-409.
[CrossRef]

Ganji, A.; Roshan, H.M.; Varasteh, A.; Moghadam, M.; Sankian, M. The effects of WW2/WW3 domains of Smurf2 molecule on
TGEF-f3 signaling and arginase I gene expression. Cell Biol. Int. 2015, 39, 690-695. [CrossRef]

Horie, T.; Fukasawa, K.; Yamada, T.; Mizuno, S.; Iezaki, T.; Tokumura, K.; Iwahashi, S.; Sakai, S.; Suzuki, A.; Kubo, T.; et al. Erk5
in Bone Marrow Mesenchymal Stem Cells Regulates Bone Homeostasis by Preventing Osteogenesis in Adulthood. Stem Cells
2022, 40, 411-422. [CrossRef]

Xian, J.; Liang, D.; Zhao, C.; Chen, Y.; Zhu, Q. TRIM21 inhibits the osteogenic differentiation of mesenchymal stem cells by
facilitating K48 ubiquitination-mediated degradation of Akt. Exp. Cell Res. 2022, 412, 113034. [CrossRef] [PubMed]
Sénchez-Tena, S.; Cubillos-Rojas, M.; Schneider, T.; Rosa, J.L. Functional and pathological relevance of HERC family proteins: A
decade later. Cell Mol. Life Sci. 2016, 73, 1955-1968. [CrossRef]

Pedrazza, L.; Martinez-Martinez, A.; Sinchez-de-Diego, C.; Valer, ].A.; Pimenta-Lopes, C.; Sala-Gaston, J.; Szpak, M.; Tyler-Smith,
C.; Ventura, F; Rosa, J.L. HERC1 deficiency causes osteopenia through transcriptional program dysregulation during bone
remodeling. Cell Death Dis. 2023, 14, 11. [CrossRef] [PubMed]

Lavoie, H.; Therrien, M. Regulation of RAF protein kinases in ERK signalling. Nat. Rev. Mol. Cell Biol. 2015, 16, 281-298.
[CrossRef] [PubMed]


https://doi.org/10.1186/s13018-023-04169-7
https://doi.org/10.1093/jb/mvw087
https://doi.org/10.1111/jcmm.16139
https://www.ncbi.nlm.nih.gov/pubmed/33434305
https://doi.org/10.1371/journal.pone.0001487
https://www.ncbi.nlm.nih.gov/pubmed/18213395
https://doi.org/10.1080/03008207.2024.2406794
https://www.ncbi.nlm.nih.gov/pubmed/39373023
https://doi.org/10.1002/jcp.31217
https://doi.org/10.1074/jbc.M114.560342
https://doi.org/10.1016/j.bone.2018.05.009
https://doi.org/10.3389/fcell.2020.625105
https://doi.org/10.1016/j.cellsig.2022.110523
https://doi.org/10.1038/ncb0309-228
https://doi.org/10.1242/jcs.091777
https://www.ncbi.nlm.nih.gov/pubmed/22389392
https://doi.org/10.1016/j.tibs.2011.11.001
https://doi.org/10.1038/s41586-018-0026-1
https://doi.org/10.1186/1741-7007-10-24
https://www.ncbi.nlm.nih.gov/pubmed/22420831
https://doi.org/10.1080/07391102.2007.10507151
https://doi.org/10.1016/j.celrep.2016.03.003
https://www.ncbi.nlm.nih.gov/pubmed/27052174
https://doi.org/10.1016/j.bbamcr.2024.119771
https://doi.org/10.1038/nrm2690
https://doi.org/10.1002/cbin.10446
https://doi.org/10.1093/stmcls/sxac011
https://doi.org/10.1016/j.yexcr.2022.113034
https://www.ncbi.nlm.nih.gov/pubmed/35051432
https://doi.org/10.1007/s00018-016-2139-8
https://doi.org/10.1038/s41419-023-05549-x
https://www.ncbi.nlm.nih.gov/pubmed/36635269
https://doi.org/10.1038/nrm3979
https://www.ncbi.nlm.nih.gov/pubmed/25907612

Biomolecules 2025, 15, 679 14 of 17

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Liang, C.X,; Liang, G.Y.; Zheng, X.Q.; Huang, Y.X.; Huang, S.H.; Yin, D. RSP5 Positively Regulates the Osteogenic Differentiation
of Mesenchymal Stem Cells by Activating the K63-Linked Ubiquitination of Akt. Stem Cells Int. 2020, 2020, 13.

Li, Q. Li, Y,; Li, J.; Ma, Y;; Dai, W,; Mo, S.; Xu, Y.; Li, X; Cai, S. FBW7 suppresses metastasis of colorectal cancer by inhibiting
HIF1o/CEACAMS functional axis. Int. J. Biol. Sci. 2018, 14, 726-735. [CrossRef]

Li, Y; Wang, J.; Ma, Y.; Du, W,; Feng, K.; Wang, S. miR-101-loaded exosomes secreted by bone marrow mesenchymal stem cells
requires the FBXW7/HIF1«/FOXP3 axis, facilitating osteogenic differentiation. J. Cell Physiol. 2021, 236, 4258-4272. [CrossRef]
Li, X.;; Huang, M.; Zheng, H.; Wang, Y.; Ren, F,; Shang, Y.; Zhai, Y.; Irwin, D.M.; Shi, Y.; Chen, D.; et al. CHIP promotes Runx2
degradation and negatively regulates osteoblast differentiation. J. Cell Biol. 2008, 181, 959-972. [CrossRef]

Thacker, G.; Kumar, Y.; Khan, M.P; Shukla, N.; Kapoor, I.; Kanaujiya, J.K.; Lochab, S.; Ahmed, S.; Sanyal, S.; Chattopadhyay, N.;
et al. Skp2 inhibits osteogenesis by promoting ubiquitin-proteasome degradation of Runx2. Biochim. Biophys. Acta. 2016, 1863,
510-519. [CrossRef]

Jeon, S.A.; Lee, ]. H.; Kim, D.W.; Cho, ].Y. E3-ubiquitin ligase NEDD4 enhances bone formation by removing TGF{31-induced
PSMADI1 in immature osteoblast. Bone 2018, 116, 248-258. [CrossRef]

Narahara, S.; Sakai, E.; Kadowaki, T.; Yamaguchi, Y.; Narahara, H.; Okamoto, K.; Asahina, I.; Tsukuba, T. KBTBD11, a novel
BTB-Kelch protein, is a negative regulator of osteoclastogenesis through controlling Cullin3-mediated ubiquitination of NFATc1.
Sci. Rep. 2019, 9, 13. [CrossRef] [PubMed]

Liu, C; Qian, W; Qian, Y.; Giltiay, N.V,; Lu, Y.; Swaidani, S.; Misra, S.; Deng, L.; Chen, Z.].; Li, X. Actl1, a U-box E3 ubiquitin ligase
for IL-17 signaling. Sci. Signal. 2009, 2, ra63. [CrossRef]

Chen, Y.; Evankovich, J.W.; Lear, T.B.; Tuncer, F.; Kennerdell, J.R.; Camarco, D.P,; Shishido, M.S.; Liu, Y.; Chen, B.B. A small
molecule NRF2 activator BC-1901S ameliorates inflammation through DCAF1/NRF2 axis. Redox Biol. 2020, 32, 101485. [CrossRef]
Hirata, H.; Xu, X.H.; Nishioka, K.; Matsuhisa, F.; Kitajima, S.; Kukita, T.; Murayama, M.; Urano, Y.; Miyamoto, H.; Mawatari, M.;
et al. PMEPA1 and NEDD4 control the proton production of osteoclasts by regulating vesicular trafficking. Faseb . 2021, 35, 21.
[CrossRef]

Sun, X.W,; Xie, Z.; Hu, B.; Zhang, B.Y.; Ma, Y,; Pan, X.; Huang, H.; Wang, J.; Zhao, X; Jie, Z.; et al. The Nrf2 activator RTA-408
attenuates osteoclastogenesis by inhibiting STING dependent NF-«b signaling. Redox Biol. 2020, 28, 14. [CrossRef] [PubMed]
Inoue, M.; Nagai-Yoshioka, Y.; Yamasaki, R.; Kawamoto, T.; Nishihara, T.; Ariyoshi, W. Mechanisms involved in suppression of
osteoclast supportive activity by transforming growth factor-B1 via the ubiquitin-proteasome system. PLoS ONE 2022, 17, 14.
[CrossRef]

Chen, J.; Liang, ].Q.; Zhen, Y.F; Chang, L.; Zhou, Z.T.; Shen, X.]. DCAF1-targeting microRNA-3175 activates Nrf2 signaling and
inhibits dexamethasone-induced oxidative injury in human osteoblasts. Cell Death Dis. 2021, 12, 11. [CrossRef] [PubMed]
Wang, HH.; Lee, YN.; Su, C.H.; Shu, K.T,; Liu, W.T,; Hsieh, C.L.; Yeh, H.I.; Wu, Y]. S-Phase Kinase-associated Protein-2
Rejuvenates Senescent Endothelial Progenitor Cells and Induces Angiogenesis in Vivo. Sci. Rep. 2020, 10, 6646. [CrossRef]
[PubMed]

Yoon, D.S.; Oh, S.E.; Lee, KM.; Jung, S.J.; Ko, E.A.; Kim, T.G.; Park, K.H.; Lee, ]. W. Age-Related Decrease in Pellino-1 Expression
Contributes to Osteoclast-Mediated Bone Loss. Adv. Biol. 2024, 8, 6. [CrossRef]

Dunphy, G.; Flannery, S.M.; Almine, J.E.; Connolly, D.].; Paulus, C.; Jensson, K.L.; Jakobsen, M.R.; Nevels, M.M.; Bowie, A.G.;
Unterholzner, L. Non-canonical Activation of the DNA Sensing Adaptor STING by ATM and IFI16 Mediates NF-«B Signaling
after Nuclear DNA Damage. Mol. Cell 2018, 71, 745-760.e5. [CrossRef]

Clague, M.].; Urbé, S.; Komander, D. Breaking the chains: Deubiquitylating enzyme specificity begets function. Nat. Rev. Mol. Cell
Biol. 2019, 20, 338-352. [CrossRef] [PubMed]

Luo, W.; Zhang, N.; Wang, Z.; Chen, H.; Sun, J.; Yao, C.; Zhang, Y. LncRNA USP2-ASI facilitates the osteogenic differentiation of
bone marrow mesenchymal stem cells by targeting KDM3A /ETS1/USP2 to activate the Wnt/ 3-catenin signaling pathway. RNA
Biol. 2024, 21, 1-13. [CrossRef] [PubMed]

Hang, K.; Ye, C.; Xu, J.; Chen, E.; Wang, C.; Zhang, W.; Ni, L.; Kuang, Z.; Ying, L.; Xue, D.; et al. Apelin enhances the osteogenic
differentiation of human bone marrow mesenchymal stem cells partly through Wnt/ 3-catenin signaling pathway. Stern Cell Res.
Ther. 2019, 10, 189. [CrossRef]

Fan, Q.; Li, Y,; Sun, Q.; Jia, Y.; He, C.; Sun, T. miR-532-3p inhibits osteogenic differentiation in MC3T3-E1 cells by downregulating
ETS1. Biochem. Biophys. Res. Commun. 2020, 525, 498-504. [CrossRef] [PubMed]

Kim, YJ.; Park, K.H.; Lee, KM.; Chun, Y.M.; Lee, ].W. Deubiquitinating Enzyme USP7 Is Required for Self-Renewal and
Multipotency of Human Bone Marrow-Derived Mesenchymal Stromal Cells. Int. J. Mol. Sci. 2022, 23, 8674. [CrossRef]

Wang, X.; Zou, C.; Hou, C,; Bian, Z,; Jiang, W.; Li, M.; Zhu, L. Extracellular vesicles from bone marrow mesenchymal stem
cells alleviate osteoporosis in mice through USP7-mediated YAP1 protein stability and the Wnt/ 3-catenin pathway. Biochem.
Pharmacol. 2023, 217,115829. [CrossRef]

Sun, X.; Ding, Y.; Zhan, M.; Li, Y.; Gao, D.; Wang, G.; Gao, Y.; Li, Y.; Wu, S; Lu, L.; et al. Usp7 regulates Hippo pathway through
deubiquitinating the transcriptional coactivator Yorkie. Nat. Commun. 2019, 10, 411. [CrossRef]


https://doi.org/10.7150/ijbs.24505
https://doi.org/10.1002/jcp.30027
https://doi.org/10.1083/jcb.200711044
https://doi.org/10.1016/j.bbamcr.2016.01.010
https://doi.org/10.1016/j.bone.2018.08.012
https://doi.org/10.1038/s41598-019-40240-2
https://www.ncbi.nlm.nih.gov/pubmed/30837587
https://doi.org/10.1126/scisignal.2000382
https://doi.org/10.1016/j.redox.2020.101485
https://doi.org/10.1096/fj.202001795R
https://doi.org/10.1016/j.redox.2019.101309
https://www.ncbi.nlm.nih.gov/pubmed/31487581
https://doi.org/10.1371/journal.pone.0262612
https://doi.org/10.1038/s41419-021-04300-8
https://www.ncbi.nlm.nih.gov/pubmed/34716304
https://doi.org/10.1038/s41598-020-63716-y
https://www.ncbi.nlm.nih.gov/pubmed/32313103
https://doi.org/10.1002/adbi.202400210
https://doi.org/10.1016/j.molcel.2018.07.034
https://doi.org/10.1038/s41580-019-0099-1
https://www.ncbi.nlm.nih.gov/pubmed/30733604
https://doi.org/10.1080/15476286.2023.2290771
https://www.ncbi.nlm.nih.gov/pubmed/38131611
https://doi.org/10.1186/s13287-019-1286-x
https://doi.org/10.1016/j.bbrc.2020.02.126
https://www.ncbi.nlm.nih.gov/pubmed/32111353
https://doi.org/10.3390/ijms23158674
https://doi.org/10.1016/j.bcp.2023.115829
https://doi.org/10.1038/s41467-019-08334-7

Biomolecules 2025, 15, 679 15 of 17

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Chaugule, S.; Kim, ].M; Yang, Y.S.; Knobeloch, K.P; He, X.; Shim, ].H. Deubiquitinating Enzyme USP8 Is Essential for Skeletogen-
esis by Regulating Wnt Signaling. Int. J. Mol. Sci. 2021, 22, 13. [CrossRef]

Liu, X.Y.; Wang, B.K,; Chang, M.L.; Zhang, X.C.; Zou, H.; Zhang, Z.; Han, G. USP12 regulates ER stress-associated osteogenesis in
human periodontal ligament cells under tension stress. Cell Signal. 2024, 114, 14. [CrossRef]

Kim, M.].; Piao, M; Li, Y.; Lee, S.H.; Lee, K.Y. Deubiquitinase USP17 Regulates Osteoblast Differentiation by Increasing Osterix
Protein Stability. Int. J. Mol. Sci. 2023, 24, 12. [CrossRef]

Li, CW,; Qiu, M.L,; Chang, L.L.; Qi, J.; Zhang, L.F; Ryffel, B.; Deng, L. The osteoprotective role of USP26 in coordinating bone
formation and resorption. Cell Death Differ. 2022, 29, 1123-1136. [CrossRef] [PubMed]

Guo, Y.C; Wang, M.Y.; Zhang, SSW.; Wu, Y.S.; Zhou, C.C.; Zheng, R.X,; Shao, B.; Wang, Y.; Xie, L.; Liu, W.Q.; et al. Ubiquitin-
specific protease USP34 controls osteogenic differentiation and bone formation by regulating BMP2 signaling. Embo J. 2018, 37,
€99398. [CrossRef] [PubMed]

Yan, J.F; Gu, X.E; Gao, X.L.; Shao, Y.; Ji, M.H. USP36 regulates the proliferation, survival, and differentiation of hFOB1.19
osteoblast. . Orthop. Surg. Res. 2024, 19, 11. [CrossRef]

Wang, H.; Zhang, H.; Zhang, Y.; Wang, P. Icariin promotes osteogenic differentiation of human bone marrow mesenchymal stem
cells by regulating USP47/SIRT1/Wnt/ 3-catenin. Chem. Biol. Drug Des. 2024, 103, e14431. [CrossRef] [PubMed]

Kim, ].M,; Yang, Y.S.; Park, K.H.; Ge, X.; Xu, R.; Li, N.; Song, M.; Chun, H.; Bok, S.; Charles, J.F,; et al. A RUNX2 stabilization
pathway mediates physiologic and pathologic bone formation. Nat. Commun. 2020, 11, 2289. [CrossRef]

Li, ].T.; Wang, P; Xie, Z.Y.; Wang, S.; Cen, S.Z.; Li, M.; Liu, W.; Tang, S.; Ye, G.; Zheng, G.; et al. TRAF4 positively regulates the
osteogenic differentiation of mesenchymal stem cells by acting as an E3 ubiquitin ligase to degrade Smurf2. Cell Death Differ. 2019,
26, 2652-2666. [CrossRef]

Upadhyay, V.; Sharma, S.; Sethi, A.; Singh, A.K.; Chowdhury, S.; Srivastava, S.; Mishra, S.; Singh, S.; Chattopadhyay, N.; Trivedi,
A K. Hakai, a novel Runx2 interacting protein, augments osteoblast differentiation by rescuing Runx2 from Smurf2-mediated
proteasome degradation. . Cell Physiol. 2024, 19, e31388. [CrossRef]

Huang, H,; Lu, J.R; Aukhil, L; Yu, C.; Bhut, B.; Marchesan, J.; Nieto, M.A. FBXO11 regulates bone development. Bone 2023, 170, 9.
[CrossRef]

de Frutos, C.A.; Dacquin, R.; Vega, S.; Jurdic, P.; Machuca-Gayet, I.; Nieto, M. A. Snaill controls bone mass by regulating Runx2
and VDR expression during osteoblast differentiation. Embo J. 2009, 28, 686—-696. [CrossRef]

Jin, Y,; Shenoy, A K.; Doernberg, S.; Chen, H.; Luo, H.; Shen, H.; Lin, T.; Tarrash, M.; Cai, Q.; Hu, X.; et al. FBXO11 promotes
ubiquitination of the Snail family of transcription factors in cancer progression and epidermal development. Cancer Lett. 2015,
362, 70-82. [CrossRef]

Hariri, H.; Addison, W.N.; St-Arnaud, R. Ubiquitin specific peptidase Usp53 regulates osteoblast versus adipocyte lineage
commitment. Sci. Rep. 2021, 11, 18. [CrossRef]

Hariri, H.; Kose, O.; Bezdjian, A.; Daniel, S.J.; St-Arnaud, R. USP53 Regulates Bone Homeostasis by Controlling Rankl Expression
in Osteoblasts and Bone Marrow Adipocytes. ]. Bone Miner. Res. 2023, 38, 578-596. [CrossRef] [PubMed]

Baek, D.; Park, K.H.; Lee, KM.; Jung, S.; Joung, S.; Kim, J.; Lee, ].W. Ubiquitin-specific protease 53 promotes osteogenic
differentiation of human bone marrow-derived mesenchymal stem cells. Cell Death Dis. 2021, 12, 15. [CrossRef] [PubMed]

Zhu, Q.; Fu, Y.S; Cui, C.P; Ding, Y.; Deng, ZK.; Ning, C.; Hu, F; Qiu, C.; Yu, B.; Zhou, X.; et al. OTUB1 promotes osteoblastic
bone formation through stabilizing FGFR2. Signal Transduct. Target. Ther. 2023, 8, 13. [CrossRef]

Nguyen, J.; Massoumi, R.; Alliston, T. CYLD, a mechanosensitive deubiquitinase, regulates TGFf signaling in load-induced bone
formation. Bone 2020, 131, 115148. [CrossRef]

Zhang, H.; Du, Y;; Lu, D.; Wang, X,; Li, Y.; Qing, J.; Zhang, Y,; Liu, H.; Lv, L.; Zhang, X,; et al. UBE2C orchestrates bone formation
through stabilization of SMAD1/5. Bone 2024, 187, 117175. [CrossRef] [PubMed]

Zhou, PY.; Xia, D.M.; Wang, Y.; Lv, H.D.; Wang, Z.Q.; Xing, M.; Zhao, Q.; Xu, S. Matrine derivate MASM protects murine
MC3T3-E1 osteoblastic cells against dexamethasone-induced apoptosis via the regulation of USP14/p53. Artif. Cell Nanomed.
Biotechnol. 2019, 47, 3720-3728. [CrossRef]

Lin, Y.C.; Zheng, G.; Liu, H.T.; Wang, P; Yuan, W.Q.; Zhang, Y.H.; Peng, X.S.; Li, G.J.; Wu, Y.F,; Shen, H.Y. USP7 promotes the
osteoclast differentiation of CD14+ human peripheral blood monocytes in osteoporosis via HMGB1 deubiquitination. J. Orthop.
Transl. 2023, 40, 80-91. [CrossRef]

Yu, H.; Zhou, W.; Zhong, Z.; Qiu, R.; Chen, G.; Zhang, P. High-mobility group box chromosomal protein-1 deletion alleviates
osteoporosis in OVX rat model via suppressing the osteoclastogenesis and inflammation. J. Orthop. Surg. Res. 2022, 17, 232.
[CrossRef]

Xie, Z.A.; Wu, Y.Z,; Shen, Y.; Guo, ].D.; Yuan, P.T.; Ma, Q.L.; Wang, S.; Jie, Z.; Zhou, H.; Fan, S.; et al. USP7 Inhibits Osteoclasto-
genesis via Dual Effects of Attenuating TRAF6/TAK1 Axis and Stimulating STING Signaling. Aging Dis. 2023, 14, 2267-2283.
[CrossRef]


https://doi.org/10.3390/ijms221910289
https://doi.org/10.1016/j.cellsig.2023.111015
https://doi.org/10.3390/ijms242015257
https://doi.org/10.1038/s41418-021-00904-x
https://www.ncbi.nlm.nih.gov/pubmed/35091692
https://doi.org/10.15252/embj.201899398
https://www.ncbi.nlm.nih.gov/pubmed/30181118
https://doi.org/10.1186/s13018-024-04893-8
https://doi.org/10.1111/cbdd.14431
https://www.ncbi.nlm.nih.gov/pubmed/38373741
https://doi.org/10.1038/s41467-020-16038-6
https://doi.org/10.1038/s41418-019-0328-3
https://doi.org/10.1002/jcp.31388
https://doi.org/10.1016/j.bone.2023.116709
https://doi.org/10.1038/emboj.2009.23
https://doi.org/10.1016/j.canlet.2015.03.037
https://doi.org/10.1038/s41598-021-87608-x
https://doi.org/10.1002/jbmr.4778
https://www.ncbi.nlm.nih.gov/pubmed/36726200
https://doi.org/10.1038/s41419-021-03517-x
https://www.ncbi.nlm.nih.gov/pubmed/33664230
https://doi.org/10.1038/s41392-023-01354-2
https://doi.org/10.1016/j.bone.2019.115148
https://doi.org/10.1016/j.bone.2024.117175
https://www.ncbi.nlm.nih.gov/pubmed/38917963
https://doi.org/10.1080/21691401.2019.1664563
https://doi.org/10.1016/j.jot.2023.05.007
https://doi.org/10.1186/s13018-022-03110-8
https://doi.org/10.14336/AD.2023.0325-1

Biomolecules 2025, 15, 679 16 of 17

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Shrestha, R.K.; Ronau, J.A.; Davies, C.W.; Guenette, R.G.; Strieter, E.R.; Paul, L.N.; Das, C. Insights into the mechanism of
deubiquitination by JAMM deubiquitinases from cocrystal structures of the enzyme with the substrate and product. Biochemistry
2014, 53, 3199-3217. [CrossRef]

Huang, ] M.; Ye, Z.Y.; Wang, J.; Chen, Q.C.; Huang, D.L.; Liu, H.Y. USP13 mediates PTEN to ameliorate osteoarthritis by
restraining oxidative stress, apoptosis and inflammation via AKT-dependent manner. Biomed. Pharmacother. 2021, 133, 17.
[CrossRef] [PubMed]

Mennerich, D.; Kubaichuk, K.; Kietzmann, T. DUBs, Hypoxia, and Cancer. Trends Cancer 2019, 5, 632-653. [CrossRef] [PubMed]
Shen, J.; Fu, B.; Wu, Y,; Yang, Y.; Lin, X,; Lin, H.; Lin, H.; Liu, H.; Huang, W. USP25 Expression in Peripheral Blood Mononuclear
Cells Is Associated With Bone Mineral Density in Women. Front. Cell Dev. Biol. 2021, 9, 811611. [CrossRef]

Li, Q.W.,; Wang, M.Y.; Xue, H.X,; Liu, W.Q.; Guo, Y.C.; Xu, R.S,; Shao, B.; Yuan, Q. Ubiquitin-Specific Protease 34 Inhibits Osteoclast
Differentiation by RegulatingNF-«kBSignaling. J. Bone Miner. Res. 2020, 35, 1597-1608. [CrossRef]

Feng, Z.H.; Tao, S.Y,; Huang, Z.B.; Zheng, B.].; Kong, X.X.; Xiang, Y.F.,; Zhang, Q.; Song, H.; Xu, Z.; Wei, X; et al. The deubiquitinase
UCHLI1 negatively controls osteoclastogenesis by regulating TAZ/NFATC1 signalling. Int. ]. Biol. Sci. 2023, 19, 2319-2332.
[CrossRef]

Shalev, M.; Arman, E.; Stein, M.; Cohen-Sharir, Y.; Brumfeld, V.; Kapishnikov, S.; Royal, I.; Tuckermann, J.; Elson, A. PTPR]
promotes osteoclast maturation and activity by inhibiting Cbl-mediated ubiquitination of NFATc1 in late osteoclastogenesis. Febs
J. 2021, 288, 4702-4723. [CrossRef]

You, J.; Xu, D.; Zhang, C.; Chen, Y.; Huang, S.; Bian, H.; Lv, ].; Chen, D.; Su, L.; Yin, H.; et al. Koumine inhibits RANKL-induced
ubiquitination and NF-«B activation to prevent ovariectomy and aging-induced bone loss. J. Cell Biochem. 2024, 125, 100-114.
[CrossRef] [PubMed]

Yu, Z,; Li, Y,; Wang, Y.N.; Chen, Y.T.; Wu, M.E; Wang, Z.].; Song, M.; Lu, F; Lu, X.; Dong, Z. TGF-{3 prevents the denervation-
induced reduction of bone formation and promotes the bone regeneration through inhibiting ubiquitin-proteasome pathway.
Biosci. Rep. 2019, 39, 12. [CrossRef]

Nam, B.; Park, H.; Lee, Y.L.; Oh, Y,; Park, J.; Kim, S.Y.; Weon, S.; Choi, S.H.; Yang, ].H.; Jo, S.; et al. TGFf31 Suppressed Matrix
Mineralization of Osteoblasts Differentiation by Regulating SMURF1-C/EBP3-DKK1 Axis. Int. J. Mol. Sci. 2020, 21, 15. [CrossRef]
Sun, X,; Xie, Z.; Ma, Y; Pan, X.; Wang, ]J.; Chen, Z.; Shi, P. TGF-f inhibits osteogenesis by upregulating the expression of ubiquitin
ligase SMURF1 via MAPK-ERK signaling. J. Cell Physiol. 2018, 233, 596—606. [CrossRef] [PubMed]

Li, H; Wu, Y,; Huang, N.; Zhao, Q.; Yuan, Q.; Shao, B. y-Aminobutyric Acid Promotes Osteogenic Differentiation of Mesenchymal
Stem Cells by Inducing TNFAIP3. Curr. Gene Ther. 2020, 20, 152-161. [CrossRef]

Zhai, Q.L.; Zhao, Y.; Wang, L.P; Dai, Y.; Zhao, P.Q.; Xiang, X.X; Liu, K.; Du, W,; Tian, W.; Yang, B.; et al. CircRNA hsa_circ_0008500
Acts as a miR-1301-3p Sponge to Promote Osteoblast Mineralization by Upregulating PADI4. Front. Cell Dev. Biol. 2020, 8, 14.
[CrossRef]

Mishima, K.; Kitoh, H.; Ohkawara, B.; Okuno, T.; Ito, M.; Masuda, A.; Ishiguro, N.; Ohno, K. Lansoprazole Upregulates
Polyubiquitination of the TNF Receptor-Associated Factor 6 and Facilitates Runx2-mediated Osteoblastogenesis. EBioMedicine
2015, 2, 2046-2061. [CrossRef]

He, Q.; Liu, Z.B.R;; Xia, X.; Zeng, J.; Liu, Y.L.; Xun, J].Q.; Liu, M.; Mei, Y,; Dai, R. Amlexanox Enforces Osteogenic Differentiation
and Bone Homeostasis Through Inhibiting Ubiquitin-Dependent Degradation of 3-Catenin. Int. J. Biol. Sci. 2024, 20, 5254-5271.
[CrossRef]

Zhu, B.; Xue, F; Zhang, C.Q.; Li, G.Y. LMCD1 promotes osteogenic differentiation of human bone marrow stem cells by regulating
BMP signaling. Cell Death Dis. 2019, 10, 11. [CrossRef] [PubMed]

Jiang, G.Y,; Cai, Y.; Cheng, D.; Wang, H.; Deng, G.Y.; Xiang, D.Y. CYLD alleviates NLRP3 inflammasome-mediated pyroptosis in
osteoporosis by deubiquitinating WNKT. J. Orthop. Surg. Res. 2024, 19, 12. [CrossRef] [PubMed]

Liu, J.Q.; Wang, X.L.; Song, M.X.; Du, J.; Yu, ].L.; Zheng, W.Z.; Zhang, C.; Wang, Y. MiR-497-5p Regulates Osteo/Odontogenic
Differentiation of Stem Cells From Apical Papilla via the Smad Signaling Pathway by Targeting Smurf2. Front. Genet. 2020, 11, 12.
[CrossRef]

Duan, G,; Lu, YE; Chen, H.L.; Zhu, Z.Q.; Yang, S.; Wang, Y.Q.; Wang, ].Q.; Jia, X.H. Smurfl-targeting microRNA-136-5p-modified
bone marrow mesenchymal stem cells combined with 3D-printed (-tricalcium phosphate scaffolds strengthen osteogenic activity
and alleviate bone defects. Kaohsiung J. Med. Sci. 2024, 40, 621-630. [CrossRef]

Wang, R.R.; Feng, YH.; Xu, H.Y,; Huang, H.R.; Zhao, S.; Wang, Y.H,; Li, H,; Cao, J.; Xu, G.; Huang, S. Synergistic effects of
miR-708-5p and miR-708-3p accelerate the progression of osteoporosis. J. Int. Med. Res. 2020, 48, 20. [CrossRef]

Huang, Y.; Xu, Y.; Feng, S.; He, P.; Sheng, B.; Ni, ]. miR-19b enhances osteogenic differentiation of mesenchymal stem cells and
promotes fracture healing through the WWP1/Smurf2-mediated KLF5/ 3-catenin signaling pathway. Exp. Mol. Med. 2021, 53,
973-985. [CrossRef] [PubMed]


https://doi.org/10.1021/bi5003162
https://doi.org/10.1016/j.biopha.2020.111089
https://www.ncbi.nlm.nih.gov/pubmed/33378983
https://doi.org/10.1016/j.trecan.2019.08.005
https://www.ncbi.nlm.nih.gov/pubmed/31706510
https://doi.org/10.3389/fcell.2021.811611
https://doi.org/10.1002/jbmr.4015
https://doi.org/10.7150/ijbs.82152
https://doi.org/10.1111/febs.15778
https://doi.org/10.1002/jcb.30509
https://www.ncbi.nlm.nih.gov/pubmed/38031891
https://doi.org/10.1042/BSR20190350
https://doi.org/10.3390/ijms21249771
https://doi.org/10.1002/jcp.25920
https://www.ncbi.nlm.nih.gov/pubmed/28322449
https://doi.org/10.2174/1566523220999200727122502
https://doi.org/10.3389/fcell.2020.602731
https://doi.org/10.1016/j.ebiom.2015.11.024
https://doi.org/10.7150/ijbs.101507
https://doi.org/10.1038/s41419-019-1876-7
https://www.ncbi.nlm.nih.gov/pubmed/31501411
https://doi.org/10.1186/s13018-024-04675-2
https://www.ncbi.nlm.nih.gov/pubmed/38561786
https://doi.org/10.3389/fgene.2020.582366
https://doi.org/10.1002/kjm2.12847
https://doi.org/10.1177/0300060520978015
https://doi.org/10.1038/s12276-021-00631-w
https://www.ncbi.nlm.nih.gov/pubmed/34035464

Biomolecules 2025, 15, 679 17 of 17

102.

103.

104.

105.

Zhao, L.D.; Xu, W.C,; Cui, J.; Liang, Y.C.; Cheng, W.Q.; Xin, B.C.; Song, J. Long non-coding RNA maternally expressed gene
3 inhibits osteogenic differentiation of human dental pulp stem cells via microRNA-543/smad ubiquitin regulatory factor
1/runt-related transcription factor 2 axis. Arch. Oral. Biol. 2020, 118, 8. [CrossRef] [PubMed]

Wei, Y.E.; Wu, B.; Liu, M.Q.; Cui, C.P. The Discovery of a Specific CKIP-1 Ligand for the Potential Treatment of Disuse Osteoporosis.
Int. J. Mol. Sci. 2024, 25, 18. [CrossRef] [PubMed]

Yamashita, M.; Ying, S.X.; Zhang, G.M.; Li, C.; Cheng, S.Y.; Deng, C.X.; Zhang, Y.E. Ubiquitin ligase Smurf1 controls osteoblast
activity and bone homeostasis by targeting MEKK2 for degradation. Cell 2005, 121, 101-113. [CrossRef]

Lopez, V.A,; Park, B.C.; Nowak, D.; Sreelatha, A.; Zembek, P.; Fernandez, J.; Servage, K.A.; Gradowski, M.; Hennig, J.; Tomchick,
D.R.; et al. A Bacterial Effector Mimics a Host HSP90 Client to Undermine Immunity. Cell 2019, 179, 205-218.e21. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.archoralbio.2020.104838
https://www.ncbi.nlm.nih.gov/pubmed/32711339
https://doi.org/10.3390/ijms25168870
https://www.ncbi.nlm.nih.gov/pubmed/39201556
https://doi.org/10.1016/j.cell.2005.01.035
https://doi.org/10.1016/j.cell.2019.08.020

	Introduction 
	The Role of E3 Ubiquitin Ligases in Bone Homeostasis 
	Effects of E3 Ubiquitin Ligases on Osteoblast Differentiation 
	Effects of E3 Ubiquitin Ligases on Osteoblast Proliferation 
	The Role of E3 Ubiquitin Ligases in Osteoclasts 

	The Role of Deubiquitinating Enzymes in Bone Formation 
	Effects of Deubiquitinating Enzymes on Osteoblast Differentiation 
	The USP Family Plays a Key Role in Osteoblast Differentiation 
	Non-USP DUB Plays an Important Role in Osteoblast Differentiation 

	Effects of Deubiquitinating Enzymes on Osteoblast Proliferation 
	Role of Deubiquitinating Enzymes in Osteoclasts 

	The Role of Molecules with Deubiquitinating Activity in Bone Homeostasis 
	Non-Canonical Deubiquitinating Enzymes 
	Cytokines and Signaling Molecules 
	Post-Transcriptional Regulation by miRNAs and lncRNAs 
	Environmental Factors 

	Discussion and Perspectives 
	Complexity and Diversity of E3 Ligases and DUBs in Bone Homeostasis 
	Future Research Directions 

	Conclusions 
	References

