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Abstract

treatment of bone-related disorders.

O-linked N-acetylglucosamine (O-GIcNAc) protein modification (O-GIcNAcylation) is a critical post-translational
modification (PTM) of cytoplasmic and nuclear proteins. O-GlcNAcylation levels are regulated by the activity of
two enzymes, O-GIcNACc transferase (OGT) and O-GlcNAcase (OGA). While OGT attaches O-GIcNAc to proteins,
OGA removes O-GIcNAc from proteins. Since its discovery, researchers have demonstrated O-GlcNAcylation

on thousands of proteins implicated in numerous different biological processes. Moreover, dysregulation of
O-GlcNAcylation has been associated with several pathologies, including cancers, ischemia-reperfusion injury,

and neurodegenerative diseases. In this review, we focus on progress in our understanding of the role of
O-GlcNAcylation in bone pathophysiology, and we discuss the potential molecular mechanisms of O-GIcNAcylation
modulation of bone-related diseases. In addition, we explore significant advances in the identification of
O-GlcNAcylation-related regulators as potential therapeutic targets, providing novel therapeutic strategies for the
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Introduction

The functional diversity of the proteome is considerably
augmented by post-translational modification through
glycosylation, phosphorylation, methylation, ubiquity-
lation, and acetylation. In recent years, the pathophysi-
ological roles of these post-translational modifications
(PTMs) have attracted a great deal of attention [1, 2]. Gly-
cosylation, the post-translational modification of proteins
with various carbohydrates, is one of the most impor-
tant classes of PTMs, with approximately half of all pro-
teins in living organisms exhibiting this modification
[3]. Glycosylation affects protein function, regulates cell
signaling, and modulates a range of biological processes
[4—6]. O-linked N-acetylglucosamine protein modifica-
tion (O-GlcNAcylation) was first identified by Hart and
Torres in 1984. These authors used bovine milk galac-
tosyltransferase to couple tritiated UDP-galactose to
N-acetylglucosamine (GIcNAc) residues on the surfaces
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of mouse lymphocytes [7]. Nowadays, after in-depth
research, the number of O-GIcNAcylated proteins identi-
fied has reached more than 4000 [8].

O-GlcNAcylated proteins are typically localized in the
nucleus, cytoplasm, or mitochondria [9, 10]. Extensive
research has revealed that O-GlcNAcylated proteins play
important roles in a variety of cellular processes, includ-
ing transcription, translation, apoptosis, the cell cycle,
protein transportation, mitochondrial function, and
signal transduction [11-13]. Moreover, dysregulation
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Fig. 1 The hexosamine biosynthesis pathway and O-GIcNAcylation

The hexosamine biosynthetic pathway (HBP) integrates four metabolic
intermediates, a carbohydrate (glucose), an amino acid (glutamine), a
lipid (Acetyl-CoA), and a nucleotide (UTP), to produce UDP-N-Acetlyglu-
cosamine (UDP-GIcNAC). O-GlcNAcylation is cycled on and off proteins by
two enzymes, O-GIcNAc transferase (OGT) and O-GIcNAcase (OGA), that
catalyze the addition and removal of O-GIcNAc, respectively
Abbreviations used in this figure: HK, hexokinase; GPI, glucose-6-phosphate
isomerase; GFAT, glutamine-fructose-6-phosphate amidotransferase; GNP-
NAT (EMeg32), glucosamine-phosphate N-acetyltransferase; PGM3/ AGM1,
GlcNAc phosphomutase; UAP/ AGX1, UDP-GIcNAc pyrophosphorylase
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of O-GlcNAcylation has been associated with several
pathologies, including cancers [14], ischemia-reperfusion
injury [15], and neurodegenerative diseases [16]. How-
ever, the precise role of O-GlcNAcylation in bone patho-
physiology remains incompletely understood. Here, we
focus on the effects of O-GlcNAcylation changes on bone
physiology and pathophysiology and discuss its potential
value as a target in clinical treatment.

0-GIcNAcylation and related enzymes
O-GlcNAcylation functions as a nutrient sensor through
the hexosamine biosynthetic pathway (HBP). Because the
HBP requires input from several molecules, including
glucose, glutamine, UTP, and acetate, it plays a crucial
role in sensing and integrating nutrients [17, 18]. Under
normal conditions, a fraction (2-3%) of the glucose
entering the cell is directed to the HBP [19]. In this path-
way, glutamine-fructose-6-phosphate amidotransferase
(GFAT) converts fructose 6-phosphate into glucosamine
6-phosphate, and this is ultimately converted into UDP-
N-acetylglucosamine (UDP-GIcNAc), which is a key sub-
strate for protein O-GlcNAcylation. The addition and
removal steps of UDP-GIcNAc modification are medi-
ated by two highly conserved enzymes, O-GlcNAc trans-
ferase (OGT) and O-GlcNAcase (OGA), respectively [20]
(Fig. 1).

O-GIcNAc transferase (OGT), which is encoded by a
single gene on the X chromosome (OGT), was first iso-
lated in 1992 from rat liver and subsequently cloned five
years later [21-23]. OGT is highly conserved in mam-
mals, and it is essential for embryonic stem cell viabil-
ity and development [21, 24]. Functional OGT enzymes
are composed of an N-terminal substrate recognition
domain and a C-terminal catalytic domain. In the cells
tested, three different transcripts are produced by alter-
native gene splicing, and these transcripts encode a
nucleocytoplasmic isoform (ncOGT, 116 kDa), a mito-
chondrial isoform (mOGT, 103 kDa), and a short iso-
form (sOGT, 75 kDa). As shown in Fig. 2, the C-termini
of these isoforms are identical, although their N-termini
differ in the number of the N-terminal tetratricopeptide
repeats (TPR) motifs [25]. The unique lengths of their
N-terminal domains and differences in the relative posi-
tioning of the TPR motifs allow for the targeting of dif-
ferent subsets of protein substrates within the proteome
[26]. Through this mechanism, OGT modulates almost
every biological process that occurs within the cell.

O-GlcNAcase (OGA) is the only enzyme capable of
hydrolyzing O-GlcNAcylation modifications from vari-
ous glycoprotein substrates. OGA has two major splice
isoforms, long (lIOGA) and short (sOGA). Both iso-
forms are comprised of a glycoside hydrolase 84 (GH84)
catalytic domain at the N-terminus and a helical bundle
stalk-like domain. However, while IOGA possesses a
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Fig. 2 Schematic representation of the OGT and OGA isoforms
Schematic representation of the OGT and OGA structural domains, with amino acids labeling the boundaries of each. While ncOGT and sOGT are both
distributed in the nucleus and cytoplasm, mOGT is mainly localized in the mitochondria. These isoforms have 13.5,9.5, and 2.5 (orange) TPRs, respectively.
The N-terminal catalytic domain (N-cat) and C-terminal catalytic domain (C-cat) are the two catalytic structural domains (blue), and the intervening
domain (Int-D) (green) is of unknown function. IOGA is distributed in the cytoplasm and nucleolus, while SOGA is located in the nucleus. Both isomers
contain the same N-terminal catalytic structural domain (Catalytic) (orange) and stalk structural domain (Stalk) (green), but the C-terminal HAT-like struc-
tural domain (pHAT) (blue) is absent in SOGA
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pseudo-histone acetyltransferase domain (pHAT) in its
C-terminal region, SOGA lacks this pHAT-like domain
[17, 27, 28]. The hydrolase activity responsible for remov-
ing O-GlcNAcylation is situated in the GH domain
(Fig. 2). To date, information concerning the mechanism
underlying substrate recognition by OGA is limited. Fur-
ther elucidation of the structural features of OGA should
uncover its substrate recognition mechanism.

In recent years, multiple studies have demonstrated
that O-GlcNAcylation plays a crucial role in regulat-
ing the dynamic balance of the bone matrix, ultimately
constituting a complex network involved in bone
metabolism. As a consequence of this important role,
O-GlcNAcylation exhibits potential for exploitation as a
new molecular marker and as a target for bone therapy.

0O-GIcNAcylation in bone physiology

The role of O-GIcNAcylation in BMSCs

As an important and dynamic post-translational modi-
fication in mammalian cells, O-GlcNAcylation plays a
crucial role in the differentiation of cell lineages, such
as bone marrow mesenchymal stromal cells (BMSCs),
neural stem cells (NSCs) [29], and hematopoietic stem
cells (HSCs) [30, 31]. BMSCs are a heterogeneous group
of multipotent stem cells, including osteochondral and
adipocyte progenitors, that exhibit niche forming and
immunomodulatory capabilities [32]. BMSCs are essen-
tial for maintaining bone homeostasis, tissue regenera-
tion, and global energy homeostasis. Glucose, fatty acids,
and amino acids are known to fuel BMSC differentiation.
Plasticity in energy metabolism enables BMSCs to meet
the different demands of osteo-adipogenic differentia-
tion. Targeting the metabolic pathways of BMSCs could
offer a new therapeutic approach for diseases related
to imbalanced BMSC differentiation [33]. Interest-
ingly, researchers have observed changes in intracellu-
lar O-GlcNAcylation levels during the differentiation of
BMSCs into adipogenic, chondrogenic, and osteogenic
cells [34]. In short, O-GlcNAcylation modifies and regu-
lates transcripts, which in turn affects the differentiation
fate and niche function of early BMSCs, ultimately coor-
dinating the early development of skeletal and hemato-
poietic systems.

The role of O-GIcNAcylation in osteogenic differentiation

Osteoblasts, which are bone-forming cells, play a cru-
cial role in the modeling and remodeling of bones.
Osteogenic differentiation is dependent upon multiple
signaling pathways, including the Wnt, BMP (bone mor-
phogenetic protein), TGF-p, and hedgehog (Hh) path-
ways [35]. However, the molecular mechanisms that
underlie this process are not completely understood.
Runt-related transcription factor 2 (Runx2), a master
transcription factor for osteogenesis, orchestrates the
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differentiation of mesenchymal stem cells into osteo-
blasts, and these then mature into osteocytes [36].
Researchers have partially elucidated the mechanisms
through which O-GlcNAcylation affects the activity of
Runx2. Kim et al. first reported that O-GlcNAcylation
modification of Runx2 positively regulates its transcrip-
tional activity, resulting in increased expression of its
target gene osteocalcin, which may itself indirectly par-
ticipate in osteoblastic differentiation [37]. Additionally,
by modifying and activating Runx2, O-GlcNAcylation
promotes osteogenic differentiation of BMSCs, thus
controlling niche function [38]. Inhibition of OGA also
augmented the transcriptional activity of Runx2, which
in turn influenced the production of alkaline phospha-
tase (ALP), a matrix maturation marker, during the early
phases of osteoblast differentiation [39].

As mentioned above, osteogenic differentiation is
also dependent upon the Wntpathway. The Wnt signal-
ing pathway can be divided into two main pathways,
the canonical pathway, and the non-canonical pathway.
The canonical Wnt signaling pathway is mediated by
[-catenin, which promotes osteogenesis [40]. A study by
Garg et al. demonstrated that treatment with triptolide
reduced the expression level of OGT and decreased
O-GlcNAcylation modification of B-catenin, thus inhibit-
ing the canonical pathway in pancreatic cancer cells [41].
OGT-mediated O-GlcNAcylation is also known to regu-
late embryonic neurogenesis and neuronal development
in vivo and in vitro by increasing B-catenin levels [42].
Although the mechanism underlying osteogenic differ-
entiation remains unclear, this topic still provides reliable
insights for our study.

Interestingly, several studies have reported that
O-GlcNAcylation has the opposite effect on osteogenic
differentiation, which reveals the contradictory nature
of O-GlcNAcylation regulation. For instance, diabetic
patients under hyperglycemic conditions may experience
an abnormal increase in O-GlcNAcylation. In C2C12
cells, an increase in O-GlcNAcylation was followed by
a reduction in bone BMP2-induced osteogenic differen-
tiation [43]. The p38 mitogen-activated protein kinase
(MAPK) pathway — one of the three major MAPK sig-
naling pathways, along with the extracellular signal-reg-
ulated kinase (ERK) pathway and the c-Jun N-terminal
protein kinases (JNK) pathway — is known to be involved
in inducing osteogenic differentiation [44]. Papanicolaou
et al. found that decreasing O-GlcNAcylation caused
activation of basal p38 phosphorylation (and downstream
signaling) in the early phase of cardiac myocytes [45].
Similarly, Goldberg et al. [46]. revealed that high levels of
O-GlcNAcylation promote cancer progression by down-
regulation of p38 MAPK activity in the tumor microenvi-
ronment (Fig. 3). This opposing effect also occurs in other
types of stem cells, such as NSCs [29, 47], which suggests
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Fig. 3 The molecular mechanism and physiological regulation roles of O-GlcNAcylation modification in bone
O-GlcNAcylation is involved in osteogenic differentiation, osteoclastic differentiation, adipogenic differentiation, and chondrogenic differentiation, there-
in regulating the expression of potential target genes and related signaling pathways. Dotted arrows represent a possible but not yet established effect

that O-GlcNAcylation has a diverse and multifaceted
role in regulating cytogenesis. Hence, O-GlcNAcylation
should be considered an important molecular target for
the osteogenic differentiation of BMSCs, and further
research into its role could offer a new approach to clini-
cal therapy of bone-related diseases.

The role of O-GlcNAcylation in osteoclastic differentiation
Osteoclasts are tissue-specific macrophage polykary-
ons that degrade bone matrix, and they are known to

differentiate from monocyte/ macrophage precursor
cells at or near the bone surface [48]. Recent studies have
demonstrated that O-GIcNAcylation is a prerequisite for
osteoclast differentiation from these precursor cells, indi-
cating that O-GlcNAcylation also plays a role in the for-
mation of osteoclasts.

Activation of nuclear factor-kappaB (NF-kB) path-
ways is also required for the maturation and activa-
tion of osteoclasts [49]. Moreover, nuclear factor of
activated T-cells c1 (NFATcl), a transcription factor,
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is known to play a crucial role in regulating the expres-
sion of osteoclast-specific downstream target genes [50].
Kim’s group found that HBP was activated during the dif-
ferentiation of murine osteoclasts. Furthermore, OGT
deficiency inhibited the O-GlcNAcylation of NF-kB p65
and NFATc], preventing their transfer to the nucleus and
reducing downstream transcriptional activities that con-
trol osteoclast differentiation [51]. Similarly, a genetic
deletion of OGT inhibited osteoclast formation and
downregulated markers related to their differentiation
and function, such as «(v) integrin and cathepsin K [52].
Interleukin-6 (IL-6) is a cytokine that regulates B-cell
differentiation and was first identified and cloned by
Kishimoto and Hirano in 1986 [53, 54]. In a co-culture
system comprised of RAW?264.7 cells and the human
synovial sarcoma cell line SW982, IL-6 enhanced the
expression of NFATcl, leading to the induction of
osteoclast differentiation [53]. Hu et al. found that the
increased O-GlcNAcylation of p65 enhanced its activity
and nuclear translocation, leading to the upregulation
of IL-6 in the skeletal muscle of mice during exposure to
cold temperatures [55]. In addition, amyloid beta (Ap)
is known to increase O-GlcNAcylation of c-Fos, a vital
component of activator protein-1. As shown in Fig. 3,
O-GlcNAcylation increases the stability of c-Fos, stimu-
lating both its interaction with c-Jun and transcriptional
activity in neuronal cells [56, 57]. This process may also
be essential for osteoclast differentiation [58]. Together,
the above findings should guide future research on osteo-
clastic differentiation of BMSCs, even if not all these
mechanisms have been observed in osteoclasts.

The role of O-GIcNAcylation in adipogenic differentiation

Bone marrow adipocytes are a unique cell population
originating from BM mesenchymal progenitors and
marrow adipogenic lineage precursors, and they play
important physiological roles in hematopoiesis and bone
metabolism [59]. As discussed above, O-GIlcNAcylation
modification is a novel and essential post-transcriptional
modulator of gene expression, and several studies have
linked it to adipogenic differentiation. Zhang et al. dem-
onstrated that O-GlcNAcylation negatively affects C/
EBPB-dependent marrow adipogenesis [38]. As an early
transcription factor, C/EBPP plays a decisive role in
adipogenic differentiation of BMSCs [60, 61]. However,
Ishihara et al. found that O-GlcNAcylation was drasti-
cally increased during adipogenic differentiation of 3T3-
L1 preadipocytes, and that this increase was associated
with C/EBPP expression [62]. GFAT-1 is also known to
regulate adipogenesis by increasing the expression lev-
els of critical transcription factors (C/EBPJ, PPARYy),
fatty acid synthase (FAS), and lipid droplet (LD) pro-
teins in 3T3-L1 cells [63]. These results suggest that
the effects of O-GlcNAcylation are cell-specific and
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condition-specific. Further studies are needed to eluci-
date these mechanisms.

Notch signaling is a critical communication pathway
between cells that influences numerous cell fate deci-
sions during development [64]. Osathanon et al. found
that the Notch pathway demonstrates both inhibitory
and stimulatory effects on adipogenic differentiation [65].
Hao et al. provided evidence that the expression levels
of Notch signaling-activated genes, Rbpj and HeslI, were
significantly induced in wild-type (Eogt™'*) CD4* T cells
but not in Eogt knockout (Eogt’") counterparts. Thus,
loss of Eogt appears to suppress Notch signaling pathway
[66]. The Hedgehog (Hh) family of signaling proteins is
known to control differentiation and proliferation dur-
ing development [67]. During the adipogenic differen-
tiation of BMSCs, Hh signaling is downregulated due to
the decreased expression of transcription factor Gli [68].
Interestingly, O-GlcNAcylation modification functionally
increased transcriptional activity in the Hh/ Gli pathway
in tumor cells (Fig. 3) [69]. Although there is no direct
evidence that regulation of adipogenic differentiation by
O-GlcNAcylation involves the above mechanisms, these
studies provide new directions for further research on
adipogenic differentiation.

The role of O-GlcNAcylation in chondrogenic
differentiation
Cao et al. utilized the chondrogenic differentiation of
BMSCs for treating and repairing cartilage defects [70].
In fact, some promising in vitro studies have reported
the chondrogenic effects of glucosamine (GlcN), which
include chondrocyte proliferation [71, 72]. However, the
mechanisms regulating O-GlcNAcylation modification
during this process are not fully understood.
O-GlcNAcylated protein expression is increased during
insulin-induced Pre-chondrogenic ATDCS5 cell differen-
tiation, suggesting a possible link between O-GlcNAc-
ylation and chondrocyte differentiation. In addition,
accumulation of O-GlcNAcylation after inhibition of
OGA leads to pre-hypertrophic chondrocyte differen-
tiation in vitro and in vivo in newborn mice (Fig. 3) [73].
However, our current understanding of this topic is lim-
ited, and further research is needed to better understand
the role of O-GlcNAcylation in regulating chondrogenic
differentiation and development.

0-GIcNAcylation participates in pathological bone
diseases

Rheumatoid arthritis (RA)

RA is a chronic inflammatory joint disease associated
with loss of cartilage, bone damage, and disability [74].
An accumulation of immune cells and expansion of resi-
dent stromal and vascular cells in the local pathology
generates an aggressive environment that leads to gradual
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bone mass loss [75]. However, the pathogenic cause of
this disease is not yet fully understood. Establishing an
early diagnosis, initiating prompt treatment, and design-
ing novel treatment strategies to control inflammation,
minimize damage, and prevent further complications are
crucial.

Tumor necrosis factor alpha (TNF-a), a key mediator
of inflammation in arthritis, fosters the dynamic regu-
lation of O-GlcNAcylation during osteoclastogenesis
[76]. Mechanically, TNF-a enhances osteoclastogenesis
in inflammatory arthritis by increasing the expression
levels of OGT and OGA. Kim et al. found that hyper-
O-GlcNAcylation of p65 significantly aggravated the
severity of RA in response to TNF-a. This was due to
increased nuclear translocation of p65, increased bind-
ing of p65 protein to DNA, and enhanced transcrip-
tional activity [77]. The cytokine Interleukin-13 (IL-1p)
is involved in the perpetuation of the chronic inflam-
mation state characterizing RA [78]. Umar et al. found
that Penta-o-galloyl-beta-d-Glucose (PGG) could inhibit
O-GlcNAcylation of transforming growth factor beta-
activated kinase 1-binding protein 1 (TAB1) and reduce
TGEF-B-activated kinase 1 (TAK1) activation in IL-1p-
stimulated human RA synovial fibroblasts (RASFs). The
resulting reduction in TAK1 signaling led to a reduction
in inflammation and tissue destruction [79]. Another
critical inflammatory pathway in RA is the NF-kB sig-
naling pathway [80]. Previous studies have shown that
O-GlcNAc modification of NF-kB positively regulates its
gene transcription functions in different cell types [81-
84]. These findings may inform future treatments for RA.

Dendritic cells (DCs) are specialized cells that present
antigens, and they play a crucial role in immunity and
immune tolerance [85]. In RA, there is a massive infil-
tration of DCs in the synovium. Monocyte-derived den-
dritic cells (moDCs) in the RA synovium facilitate the
production of pro-inflammatory cytokines [86]. Weiss’s
group demonstrated that OGT-mediated O-GlcNAc-
ylation modulates the AKT and MEK/ ERK pathways
in moDCs, ultimately hindering the differentiation of
monocytes into immature DCs, and impeding the matu-
ration process in already differentiated immature moDCs
[87].

Macrophages in the immune system can be divided
into two types: classically activated macrophages (M1)
and alternatively activated macrophages (M2), which
perform pro-inflammatory and anti-inflammatory func-
tions, respectively [88]. In RA, the imbalance between
pro-inflammatory M1 and anti-inflammatory M2 mac-
rophages leads to synovial inflammation, autoimmunity,
and joint damage [89]. Yang et al. reported that OGT-
mediated O-GlcNAcylation modifications suppress mac-
rophage pro-inflammatory polarization by regulating S6
kinase beta 1 (S6K1) O-GlcNAcylation/ phosphorylation
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and S6K1 activation [90]. Nagai-Singer et al. demon-
strated that NOD-like receptor (NLR) X1 (NLRX1) sup-
presses pro-inflammatory NF-kB signaling and blocks
downstream pro-inflammatory factors [91]. Chen et al.
found that elevated O-GlcNAcylation levels promoted
NLRX1 ubiquitination, which enhanced the binding of
NLRX1 and IkappaB kinase-alpha (IKK-«). This ulti-
mately led to a reduction in the expression of the inflam-
matory cytokine IL-1f in M1 macrophages [92].

The pro-inflammatory function of Th17 cells, which
originate from CD4* Th cells, is enhanced in RA. Inter-
leukin-17 A (IL-17 A) is the major cytokine that medi-
ates the function of Th17 cells, and it plays a pivotal role
in promoting inflammatory reactions [93]. Recent stud-
ies have demonstrated the critical role of O-GlcNAcyl-
ation nutrient sensing in regulating Th17 cell function.
Excessive O-GlcNAcylation can lead to an increase in
acetyl-CoA carboxylase 1 (ACC1) O-GlcNAcylation and
alterations in the lipidome. These changes in lipid expres-
sion activate RORyt, leading to an increase in IL-17
production (Fig. 4) [94]. The above studies hint that regu-
lation of O-GlcNAcylation metabolism in these cells may
have clinical applications. However, further research is
required to determine whether O-GlcNAcylation directly
regulates RA and its underlying mechanisms through the
above cells.

Osteoarthritis (OA)
O-GlcNAcylation is known to play a crucial role in regu-
lating various cellular processes during embryonic devel-
opment and during immune responses [79]. Nonetheless,
the impact of O-GlcNAcylation on inflammation is still
not clear. OA is a prevalent and chronic joint disease that
causes progressive cartilage degradation, subchondral
bone remodeling, bone marrow lesions, meniscal dam-
age, and synovitis [95]. The classical view of the patho-
genesis of OA is that subchondral sclerosis is associated
with age-related joint degeneration. Notably, clinical
investigations on OA patients and research using ani-
mal models suggest that there is a connection between
abnormal glycosylation and the onset and advancement
of OA [96]. An analysis of gene expression data revealed
that glycosyltransferase expression was affected by pro-
inflammatory cytokines, potentially resulting in protein
degradation and an acceleration of OA pathology [97].
O-GlcNAcylation levels are also known to change sig-
nificantly during the progression of OA. Glucosamine
(GIcN) is a naturally occurring amino monosaccharide
widely used as a dietary supplement for OA [98-103].
Someya et al. reported that GIcN exerts an anti-inflam-
matory effect on synovial cells in OA by suppressing the
gene expression of multiple pro-inflammatory cytokines
(including IL-6, IL-24, and TNF-a) via O-GlcNAc modi-
fication. Thus, GlcN exhibits a protective effect on OA
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Rheumatoid arthritis (RA) is a chronic inflammatory joint disease associated with loss of cartilage, bone damage, and disability. O-GIcNAcylation may
affect the progression of RA by targeting proteins or regulating signaling pathways. Dotted arrows represent a possible but not yet established effect

[104]. Interleukin-1 (Il-1), a multifunctional monokine,
plays a significant role in the destruction of articular car-
tilage in degenerative arthropathies [105]. Interestingly,
research has shown that the concentration of IL-1a is also
increased in OA joints. Moreover, IL-1a induced an accu-
mulation of O-GlcNAcylation in cultured human OA
chondrocytes (HOC), thus providing evidence for a link
between OA and O-GlcNAc levels (Fig. 5) [106].

Intervertebral disc degeneration (IDD)

IDD is a common finding on spine imaging, and it
becomes more prevalent with age [107]. IDD is charac-
terized by the increased secretion of pro-inflammatory
cytokines, including TNF, IL-1«, IL-1B, IL-6, and IL-17,
from intervertebral disc (IVD) cells. These cytokines
facilitate extracellular matrix degradation, chemokine
production, and changes in IDD cell phenotype [108].
Recent studies provide evidence of a direct interac-
tion between OGT and FAM134B protein, resulting in

the stabilization of FAM134B via inhibition of ubiqui-
tin-mediated degradation. In addition, this interaction
improves the adaptive capability of nucleus pulposus
(NP) cells and retards IDD progression by modulating
FAM134B-mediated ER-phagy [109]. However, a study
on human degenerated intervertebral discs revealed
that disc degeneration was associated with increased
O-GlcNAcylation of nuclear and cytoplasmic proteins
in IVD cells [110]. Diabetes is known to exacerbate disc
degeneration by increasing apoptosis and senescence in
nucleus pulposus cells [111]. Further study claimed that
glucose-induced O-GlcNAcylation of Sox9 and Runx2
altered the fate of chondro-osteogenic differentiation of
cartilage endplate stem cells (CESCs), leading to faster
degeneration of the intervertebral disc (Fig. 5) [112]. The
different reported outcomes of O-GlcNAcylation modi-
fication in IDD demonstrate the complexity of this path-
way and suggest the importance of additional research.
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Fig. 5 The role of O-GIcNAcylation modification in other bone-related diseases
O-GlcNAcylation also plays a role in other bone-related diseases, including OA (Osteoarthritis), osteolysis, bone metastasis and IDD (Intervertebral disc
degeneration). Generally, aberrant O-GIcNAcylation modifications on diverse substrates promote or suppress bone-related disease progression

Osteolysis

Osteolysis is the loss of bone tissue due to a pathologi-
cal process [113]. The main mechanism of osteolysis
involves an immunologic response to particulate debris,
leading to progressive bone loss and implant loosening
[114]. To date, an osteolysis diagnosis remains challeng-
ing, and the treatments are considered controversial.
Massaccesi’s group reported that Vitamin E significantly
increased levels of OGT, improving the ability of osteo-
blasts to respond to oxidative stress and ultimately reduc-
ing osteolysis caused by oxidation (Fig. 5) [115]. This
study provides new insights into preventing osteolysis
and improving the longevity of total joint replacements.

Bone metastasis

Bone is one of the most common sites targeted in
advanced solid tumors, and cancer cells undergo complex
biochemical, morphological, pathophysiological, and
genetic changes in order to colonize bone sites [116, 117].
Unfortunately, once cancer has spread to the bone, it is
rarely curable, and bone cancer is associated with pain,
increased risk of fracture, and hypercalcemia [118]. It has
been observed that higher levels of O-GIlcNAcylation and

OGT in cancer patients are associated with cancer pro-
gression and a poor prognosis. By reducing OGT levels,
the expression level and angiogenic potential of inva-
sion and angiogenesis effectors (MMP-2, MMP-9, and
VEGF) in PC3-ML cells can be inhibited, and this pro-
cess is dependent on increased degradation of FoxM1
[119]. It is important to note that this mechanism could
inhibit prostate cancer metastasis to bone (Fig. 5). This
discovery sheds light on the significance of OGT-medi-
ated O-GIcNAcylation in bone metastasis. Moreover, it
suggests that OGT may be a novel therapeutic target for
treating tumor-associated bone metastasis.

The promising role of O-GlcNAcylation in the
treatment of bone diseases

Since the discovery of O-GlcNAcylation in the early
1980s, several studies have addressed the role of protein
O-GlcNAcylation in various human diseases. Although
we have explored some of its important mechanis-
tic details, research on the treatment of bone diseases
through modulation of O-GlcNAcylation is limited.
Nonetheless, O-GlcNAcylation is expected to become
a new molecular marker and target for the treatment of
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bone disease. There are currently two main strategies
for regulating the O-GlcNAcylation pathway to achieve
therapeutic effects [120]. The first strategy involves the
targeting of O-GlcNAcylation modifying enzymes, OGT
and OGA. The second strategy is more targeted, and it
involves changing the O-GIcNAcylation moieties on spe-
cific target proteins. This targeted approach has obvious
advantages.

Previous reports have described the effects of several
small molecule inhibitors of OGT and OGA on dis-
ease states. OSMI-1 is a cell-permeable, small-molecule
inhibitor of OGT that inhibits O-GlcNAcylation [121].
Zoledronic acid is a potent amino bisphosphonate that
is commonly used worldwide for the treatment of pri-
mary or secondary osteoporosis and low bone mass
[122]. An investigation into the mechanism by which
OSMI-1 interferes with osteoclastogenesis revealed that
the effects of OSMI-1 and zoledronic acid on osteoclast
differentiation were synergistic [51]. Interestingly, PUG-
NAc and Thiamet-G, commonly used in vitro and in
vivo inhibitors of OGA, have also demonstrated inhibi-
tion of osteoclast differentiation [123-126]. This result
can be explained by considering the complex off-target
effects of inhibitors in different cell environments under
different treatment regimens. Similarly, according to a
study by Riegger’s group, PUGNAc exhibits both chon-
droprotective effects and chondroanabolic effects after
cartilage trauma [127] (Fig. 6). Thiamet-G has also been
shown to evoke both chondrocyte differentiation and
matrix remodeling by increasing the presence of different
matrix metalloproteinases (MMPs). Despite the promis-
ing pre-clinical data from the above findings, there are
still many issues that need to be addressed. Inhibitors of

Osteoclast-activated
bone diseases

°o
° °
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Zoledronic acid « °,
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OGT and OGA have a broad specificity and may alter
the O-GlcNAcylation of thousands of proteins. Unspeci-
fied alterations in the patterns of O-GlcNAcylation on
affected proteins could lead to severe side effects or new
conditions. In addition, their high toxicity, low efficiency,
low water solubility and cell permeability make in vivo
studies difficult [128, 129].

To address these problems, novel approaches for the
selective protein regulation of O-GIcNAc are required.
The development of liquid chromatography-mass spec-
trometry (LC-MS) has enabled accurate and large-scale
prediction of O-GlcNAcylation sites in specific proteins.
Retention and slow release of small molecules drugs at
the lesion site by constructing a drug delivery system
improves the targeting ability of O-GlcNAcylation and
reduces systemic side effects. Yang et al. reported that
nanocarriers allow selective delivery of OGT inhibitors
or other compounds to target cells, thereby improv-
ing the efficiency of O-GlcNAcylation targeting [129].
In addition, Zhu et al. developed a notable strategy that
involves using short peptides containing glycosylation
sites to competitively inhibit glycosylation in a specific
protein [130]. These strategies should provide future
opportunities for designing targeted drug therapies.
However, the relevant research is still evolving, and there
is a long way to go to take these developments through to
clinical applications.

Conclusions

Researchers have extensively studied the mechanism
of protein O-GlcNAcylation over the past 30 years.
O-GlcNAcylation is an essential component in the inte-
gration of metabolism with transcription, translation,

Cartilage-related
diseases

PUGNAc \
androcyte
(o
2%.° Thiamet-G \_/

Fig. 6 Strategy for targeting O-GIcNAcylation in the treatment of bone diseases
OSMI-1, PUGNAC, and Thiamet-G mediated O-GlcNacylation can inhibit osteoclast differentiation and may have potential use in the future for preventing
or treating osteoclast-activated bone diseases. PUGNAc and Thiamet-G administration may offer new avenues for studying cartilage formation, metabo-

lism, and repair, by acting on chondrocytes
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proteostasis, and signaling (among others). Although
the significance of O-GlcNAcylation in bone is increas-
ingly recognized, our understanding of the molecular
mechanisms by which O-GlcNAcylation regulates sig-
naling events in bone and how this alters bone patho-
physiology is still superficial. Hence, these are essential
areas for future research. Moreover, through the devel-
opment and increased accessibility of tools for detecting
O-GlcNAcylation, especially LC-MS, our understand-
ing of O-GlcNAcylation in the proteome is constantly
being increased. With a comprehensive knowledge of
O-GlcNAcylation in the proteome, we will be better able
to understand its complex role in biological processes
and to develop its potential as a therapeutic target for
various types of bone diseases.

Abbreviations

O-GlcNAcylation O-linked N-acetylglucosamine protein modification

PTM post translational modification

GlcNAC N-acetylglucosamine

HBP hexosamine biosynthetic pathway

UDP-GIcNAc UDP N-acetyl-glucosamine

HK hexokinase

GPI glucose 6-phosphate isomerase
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GlcN-6P glucosamine 6-phosphate

GNPNAT, EMeg32  glucosamine phosphate N-acetyltransferase

GIcNACc-6P N-acetylglucosamine-6-phosphate

PGM3/AGM1 GIcNAc phosphomutase

GIcNAC-1P N-acetylglucosamine-1-phosphate

UAP/AGX1 pyrophosphorylase

TPR tetratricopeptide repeats

PPIs protein protein interactions

GH84 84 glycoside hydrolase

pHAT pseudo histone acetyltransferase domain

BMSCs bone marrow mesenchymal stromal cells

NSCs neural stem cells

HSCs hematopoietic stem cells

BMP bone morphogenetic protein

Hh hedgehog

Runx2 Runt related transcription factor 2

ALP alkaline phosphatase

MAPK mitogen activated protein kinase

ERK extracellular signal regulated kinase

JNK Jun N-terminal protein kinases

NF-kB nuclear factor kappaB; nuclear factor of activated T cells
cl

IL-6 Interleukin 6

FAS fatty acid synthase

LD lipid droplet

GlcN glucosamine

RA Rheumatoid arthritis

TNFa Tumor necrosis factor alpha

=18 Interleukin 1B

TAB1 transforming growth factor beta activated kinase
1-binding protein 1

TAK1 TGFB activated kinase 1

RASFs RA synovial fibroblasts

DCs Dendritic cells

moDCs Monocyte derived dendritic cells

M1 classically activated macrophages

M2 alternatively activated macrophages

SeK1 S6 kinase beta 1

NLRX1 NOD like receptor (NLR)X1

IL-17 A Interleukin 17 A

ACC1 acetyl-CoA carboxylase 1

OA Osteoarthritis
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I1-1 Interleukin-1

HOC human OA chondrocytes

IDD Intervertebral disc degeneration

CESCs cartilage endplate stem cells

VEGF vascular endothelial derived growth factor
LC-MS liquid chromatography-mass spectrometry
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