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Abstract

development.

Developing resistance to cancer treatments is a major challenge, often leading to disease recurrence and metastasis.
Understanding the underlying mechanisms of therapeutic resistance is critical for developing effective strategies.
O-GlcNAcylation, a post-translational modification that adds GIcNAc from the donor UDP-GIcNAC to serine

and threonine residues of proteins, plays a crucial role in regulating protein function and cellular signaling, which are
frequently dysregulated in cancer. Similarly, ubiquitination, which involves the attachment of ubiquitin to to proteins,
is crucial for protein degradation, cell cycle control, and DNA repair. The interplay between O-GIcNAcylation

and ubiquitination is associated with cancer progression and resistance to treatment. This review discusses recent
discoveries regarding the roles of O-GlcNAcylation and ubiquitination in cancer resistance, their interactions,

and potential mechanisms. It also explores how targeting these pathways may provide new opportunities

to overcome cancer treatment resistance in cancer, offering fresh insights and directions for research and therapeutic
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Introduction

Cancer development is associated with genetic mutations
and influenced by genetic and environmental factors
[1]. Treatments options include surgery, radiotherapy,
targeted therapy, immunotherapy, gene therapy and
cell therapy [2—4].However, challenges such as drug
resistance, heterogeneity, and metastasis remain
unresolved [5, 6]. In the future, the focus should be on
the in-depth exploration of molecular pathogenesis and
the development of new strategies such as precision
medicine, advanced immunotherapy, and gene editing,
with the aiming for personalized treatment.

Therapeutic resistance is a major obstacle to cancer
treatment because it enables cancer cells to withstand
the effects of chemotherapeutic agents, radiation, and
other stimuli [7]. Post-translational modification (PTM)
plays a crucial role in this process, impacting the efficacy
of chemotherapy by altering the function and stability
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of the drug’s target proteins [8]. For instance, abnormal
phosphorylation can activate cell survival pathways,
while modifications such as acetylation and methylation
can alter the activity of target proteins and affect cellular
sensitivity to chemotherapy [9]. These modifications can
also disrupt critical biological processes, such as the cell
cycle, DNA repair, and apoptosis, thereby contributing
to therapeutic resistance (Fig. 1) [10, 11]. Therefore,
understanding the role of PTM in therapeutic resistance
and developing new therapeutic strategies that target
these modifications is essential for improving cancer
treatments.

O-GlcNAcylation is a PTM that occurs at serine
or threonine residues of intracellular proteins and
is regulated by two enzymes: O-GIcNAc transferase
(OGT) and O-GlcNAcase (OGA) [12]. O-GlcNAcylation
is involved in various biological processes, such as
protein function, stability, and cell signalling [13].
In cancer therapy, abnormal O-GlcNAcylation
is closely associated with cancer initiation and
progression. Recent studies have highlighted its role
in chemoresistance. For example, Lee et al. found that
promoting DR4 O-GIcNAcylation intentionally using
2-deoxy-d-glucose or a high concentration of glucose
sensitized those resistant cancer cells to TNF-related
apoptosis-inducing ligand (TRAIL). It can be seen
that O-GlcNAcylation can enhance the efficacy of
chemotherapeutics by increasing the expression of drug
pumps in cancer cells and the intracellular concentration
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of chemotherapeutics [14]. Conversely, Zhang et al
demonstrated that O-GlcNAcylation can reduce the
efficacy of chemotherapeutics by altering the function
and stability of drug target proteins [15]. Investigating
the mechanisms of O-GlcNAcylation in chemotherapy
resistance and developing intervention strategies that
target O-GlcNAcylation is crucial for enhancing the
therapeutic outcomes in cancer.

Ubiquitination is a crucial PTM that marks proteins
for degradation by attaching ubiquitin molecules to the
target protein [16]. In addition to marking proteins for
degradation, ubiquitination also plays important roles
in protein localization, function, protein kinase activity
and interactions with other proteins, thus plays a role
in signal transduction [17]. This process requires the
combined efforts of several enzymes, including ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin ligase (E3) [18]. Ubiquitination is
vital for maintaining intracellular protein homeostasis
and regulating various biological processes [19]. It affects
the resistance of tumor cells to chemotherapeutic agents
through multiple pathways such as degradation of target
proteins, cell cycle regulation, DNA damage repair,
signal transduction pathways, and protein interaction
networks [20-22]. Moreover, Chu et al. reported that
O-GlcNAcylation and ubiquitination jointly regulate the
proliferation of cancer cells by mutually regulating the
stability and function of target proteins [23], offering
new insights into cancer therapy resistance. However,
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reviews on the interplay between O-GlcNAcylation and
ubiquitination in therapy resistance are scarce.

This review comprehensively summarizes the
current understanding and potential mechanisms of
O-GlcNAcylation and ubiquitination in cancer therapy
resistance, highlighting their role in regulating therapy
resistance and suggesting that targeting O-GIlcNAcylation
and ubiquitination could help overcome therapeutic
resistance.

0-GlcNAcylation and ubiquitination

Important O-GlcNAcylation regulators

O-GlcNAcylation is a protein PTM that occurs on
serine or threonine residues of intracellular proteins
and is regulated by the enzymes OGT and OGA. It
plays a role in several biological processes, including
protein function, stability, and cell signaling. Abnormal
O-GlcNAcylation has been implicated in several
diseases, including diabetes, neurodegenerative diseases,
and cancer [24-26].

OGT, a crucial enzyme in the O-GlcNAcylation
process, attaches GIcNAc from uridine diphosphate
N-acetylglucosamine (UDP-GIcNAc) as the donor
substrate to serine or threonine residues on proteins. It
exists in three different splice forms: ncOGT, mOGT,
and sOGT. sOGT and ncOGT are primarily found in
the nucleus and cytoplasm, whereas EOGTis located
in the endoplasmic reticulum and mOGT is located
in the mitochondria [27]. In cancer, OGT facilitates
tumor cell growth and survival, enhances invasion and
metastasis, modulates the tumor microenvironment
(TME), contributes to chemoresistance, and affects gene
expression and epigenetics [28—30]. For instance, OGT
enhances the PI3K/AKT/mTOR signaling pathway by
modifying fatty acid synthase (FASN), which promotes
hepatoma cell proliferation [31]. Moreover, it influencd
transcriptional activation of connective tissue growth
factor and Snail family transcriptional repressor
1 (SNAIL) by regulating the O-GlcNAcylation of
CWe-like zinc finger 2 of the MORC family (MORC2).
That affected breast cancer (BC) cell migration and
invasion [32]. Additionally, OGT plays a critical role in
chemoresistance in hepatocellular carcinoma (HCC) and
other cancers [33].

In contrast to OGT, OGA, which removes the Ser/Thr-
O-GlcNAc from proteins during the O-GlcNAcylation
process, is encoded by the meningioma-expressed
antigen-5 (MGEAS5) gene and has two splice forms:
sOGA and ncOGA. ncOGA is located in both the
cytoplasm and nucleus and contains an N-terminal
O-GlcNAc hydrolase domain and a C-terminal histone
acetyltransferase-like ~ domain. sOGA, containing
only the hydrolase domains, is distributed in the
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endoplasmic reticulum and lipid droplets [27, 34]. In
pancreatic ductal adenocarcinoma (PDAC) cells, OGA
influences the regulation of NF-kB p65 subunit and
the O-GlcNAcylation of IKa and IKB, leading to the
phosphorylation of p65 Ser-536 and decreased NF-«xB
transcriptional activity, thus promoting cancer growth
[35]. Furthermore, OGA plays a significant role in tumor
dynamics by regulating protein stability, gene expression,
chemotherapy resistance, and TME [36, 37].
UDP-GIcNAc is a  crucial  substrate  for
O-GlcNAcylation, which plays a role in many biological
processes such as cell signaling, gene expression
regulation, protein stability, metabolism, and cell cycle
regulation [38]. The synthesis of UDP-GIcNAc is mainly
controlled by the hexosamine biosynthetic pathway
(HBP) [39], which converts 3—-5% of glucose into UDP-
GlcNAc. This substrate is essential for the production
of glycoproteins, glycolipids, proteoglycans, and
glycosaminoglycans. The HBP shares its initial steps with
glycolysis, followed by a specific synthetic pathway. Key
enzymatic steps involve glutamine-fructose-6-phosphate
aminotransferase =~ (GFAT/GFPT), which converts
fructose-6-phosphate and glutamine into glucosamine-6-
phosphate and glutamate, resulting in the UDP-GIcNAc
production [40]. HBP is often abberrantly activated in
cancer. Increased supply of nutrients such as glucose,
glutamine, fatty acids, and amino acids enhances HBP
flux and UDP-GIcNAc availability. O-GlcNAcylation,
regulated by UDP-GIcNAc substrates, integrates HBP
flux with other metabolic pathways and signaling
pathways, promoting cancer development (Fig. 2).

Mutual regulation between O-GlcNAcylation

and ubiquitination

Ubiquitination modification is a critical process in
protein degradation that covalent attachment of
attaching ubiquitin molecules to target proteins. Such
modification includes forms such as monoubiquitination,
polyubiquitination (primarily through Lys48
connections), chain ubiquitination (e.g., Lys63
connections), branching, and internal modifications
[41, 42]. The process of ubiquitination, which includes
ubiquitin activation, transmission, and linking, is crucial
for maintaining cellular stability and managing biological
stress [43]. Ubiquitination affects protein stability and
degradation and plays a role in many biological processes
such as cell signaling, cell cycle, DNA damage repair,
inflammation, immune response, apoptosis, chromatin
remodeling, chaperone-mediated folding, endocytosis,
and membrane protein turnover [44—46]. Ubiquitination
has implications in cancer, neurodegenerative diseases,
genetic disorders, autoimmune diseases, and metabolic
diseases [45, 47, 48].
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Fig. 2 O-GIcNAcylation cycling and UDP-GIcNAc synthesis. The dynamic process of the O-GIcNAcylation cycle is controlled by OGT and OGA

by adding and removing UDP-GIcNAC to proteins. Specifically, OGT utilizes UDP-GIcNAc to generate proteins, whereas OGA reverses this process

by deglycosylation. This regulation of O-GlcNAcylation plays a key role in the control of various cellular activities and operations. Proteins labeled

G have been shown to be O-GIcNAcylation. The hexosamine biosynthetic pathway (HBP) is an auxiliary pathway produced by glycolysis. Glucose

is converted to glucosamine-6-phosphate (GIcN-6-P) by glutamine fructose-6-phosphate transaminase (GFAT1). Subsequent reactions produce

the substrate of O-GIcNAc, UDP-GIcNAc. OGT has several isoforms in different cellular compartments: nucleoplasmic OGT (ncOGT) and truncated
short OGT (sOGT) are found predominantly in the nucleus and cytoplasm; mitochondrial OGT (mOGT) and ncOGT operate within the mitochondria.
The EGF structural domain-specific O-GIcNAc transferase (EOGT) is mainly located in the endoplasmic reticulum (ER) and mediates the transfer

of UDP-GIcNAC to extracellular proteins. There are two main isoforms of OGA: the nucleocytoplasmic long isoform (IOGA); and the short isoform

of OGA present in mitochondria (sOGA)

Strikingly, O-GlcNAcylation significantly
affects ubiquitination functions [49]. The roles of
O-GlcNAcylation in ubiquitination primarily focus
on four aspects: (1) O-GlcNAcylation can inhibit the
ATPase activity of the 26S proteasome. Zhang et al
showed that glycosylation modifies the 26S proteasome,
inhibiting its ATPase activity and the proteolysis of
transcription factor Spl and hydrophobic peptides
[50]. (2) Reduction of ubiquitin-mediated protein
degradation: O-GlcNAcylation and phosphorylation
have the same modification site, and there is
competition and mutual inhibition in the process of
post-translational modification. The O-GlcNAcylation
site is often located in the PEST sequence associated
with protein degradation (sequence rich in proline,
glutamate, serine, and threonine), which is the
signal of the target protein targeted in the ubiquitin
proteasome pathway [51]. PEST sequence activation
usually occurs after phosphorylation. Due to the
competitive relationship between O-GlcNAc and

phosphorylation, O-GIcNAc modification can be
assumed to counteract phosphorylation and thus
protect proteins from ubiquitin-mediated protein
degradationubiquitin-mediated protein degradation
of certain substrate proteins [52]. For instance, Yang
et al. found that hepatitis B virus (HBV) infection
increased O-GlcNAcylation of YTHDEF2, inhibiting
its ubiquitination and thereby boosting its protein
stability and oncogenic potential [53]. Similarly,
Hu et al. observed that HBP and O-GlcNAcylation
enhance the natural antiviral response to HBV by
regulating the ubiquitination of SAMHDI, affecting
its stability and antiviral activity [54]. (3) Modification
of ubiquitination-related enzymes: O-GlcNAcylation
modifies enzymes related to ubiquitination and alters
their functions. For example, elevated extracellular
glucose levels increase the stability of DOTI1L protein
via HBP. DOTI1L is glycosylated by O-GlcNAcylation
at an evolutionarily conserved S1511 site at the
C-terminus, which influences its interaction with
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UBE3C, affecting its ubiquitination and subsequent
degradation. This modification affects the methylation
of H3K79 and the expression of DOT1L target genes
such as HOXA9/MEIS1, promoting the proliferation
of MLL-fused leukemia cells [55]. Additionally, the
S-phase kinase-associated protein 2 (Skp2) F-box
protein is the substrate recruiting component of the
SCF ((Skpl-Cullin 1-F-box) type of E3 ubiqutin-
ligase complexes. The SCF complex consists of four
components: the invariable component Skpl, Rbx1
and Cullinl, and the interchangeable F-box protein
that functions as a receptor for target proteins [56].
The substrate protein is recognized in the process
of protein ubiquitin-mediated protein degradation,
thus promoting protein degradation through the
ubiquititation-proteasome pathway. Feng et al
suggested that the O-GlcNAcylation of SKP2, a
significant E3 ubiquitin ligase, enhances its binding
with SKP1, improving its ligase activity, crucial
for promoting HCC proliferation [57]. (4) Indirect
effects on protein ubiquitination: O-GlcNAcylation
also indirectly affects protein ubiquitination. For
example, OGT-mediated O-GlcNAcylation can
activate the ubiquitin-mediated protein degradation
of transcription factor FOXA2, reducing the
transcription of E-cadherin and promoting the
migration and invasion of HCC cells [58]. Conversely,
Chen et al. discovered that O-GlcNAcylation activates
the transcriptional activity of Nrfl, promoting the
ubiquitination and degradation of the cap'n’colla basic
region-leucine zipper (CNC-bZIP) protein [59]. In
summary, O-GlcNAcylation plays a crucial role in
regulating the growth, proliferation, and invasion
of cancer cells. One of the mechainsms of that is
O-GlcNAcylation modulated the ubiquitination of
target proteins and then affected their stability and
function.

Ubiquitination  also  influences the level of
O-GlcNAcylation in cancer. For instance, Tang et al
demonstrated that the ubiquitin-specific peptidase 8
(USP8) stabilized OGT by removing its K48-specific
poly-ubiquitination at the K117 site. OGT can
O-GlcNAcylate the solute carrier family 7, member
11 (SLC7A11) at Ser26, inhibiting ferroptosis and
promoting the progression of HCC [60]. Additionally,
Peng et al. discovered that OGT is a ubiquitination target
of the HECT-type E3 ubiquitin ligase E6AP, leading to
the degradation of OGT and reduced O-GlcNAcylation
when overexpressed in HEK293 cells [61]. In summary,
O-GlcNAcylation  significantly affects ubiquitination
functions in four aspects, including inhibition of the
ATPase activity of the 26S proteasome, reduction of
ubiquitin-mediated protein degradation, modification
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of ubiquitination-related enzymes and indirect effects
on protein ubiquitination. Therefore, O-GlcNAcylation
not only regulates the biogenesis and function of
ubiquitination but is also affected by ubiquitination.

O-GIcNAcylation involved in regulating cancer
therapeutic resistance

In recent years, significant advances in cancer treatment
strategies have emerged, including immunotherapy,
targeted  therapy, individualized therapy, and
radiotherapy. However, chemotherapy resistance remains
a major challenge. O-GlcNAcylation plays a critical
role in cancer cell growth, invasion and metastasis.
This section primarily focus how O-GlcNAcylation
influences cancer response to therapies through various
mechanisms (Fig. 3, Table 1).

O-GlcNAcylation-induced alterations in drug concentration
The study of the intracellular concentration of anticancer
drugs is essential to assess their efficacy. Cisplatin, a
platinum-based chemotherapeutic agent that approved
by the US Food and Drug Administration in 1978, is
used to treat testicular, ovarian, and bladder cancer.
Resistance to cisplatin can arise through several
mechanisms, such as reduced intracellular accumulation
of the drug, increased drug detoxification, enhanced
DNA repair capacity, tolerance to DNA damage, and
increased cellular resistance to death signals [62]. Recent
studies suggest that reducing OGT expression lowers
O-GlcNAcylation on SNAP-23, facilitating the assembly
of SNARE complexes and the production of exosomes
in ovarian cancer cells (Fig. 3). This O-GlcNAcylation-
dependent mechanism contributes to chemoresistance
by promoting the efflux of cisplatin through exosomes
[63]. In addition, drug transporters play a crucial role
in regulating drug transport into and out of tumor cells.
Increased efflux and decreased influx are primary factors
in drug resistance [64, 65]. Many anticancer drugs,
including cisplatin and paclitaxel, are substrates for ABC
transporter family proteins, which are responsible for
drug efflux [66, 67]. The ABC transporter family proteins
consist of transmembrane domains (TMDs) and an
ATP-binding region in the cytoplasm [68], which after
binding ATP, transports substrates to the membrane by
hydrolyzing ATP. The TMDs form a channel that allows
drugs to pass through by binding to the transported
substrates [69]. Li et al. showed that targeting AKT
enhanced the cytotoxic effects of taxol and cisplatin by
downregulating ABC transporters [66]. Additionally,
studies have shown that hypo-O-GlcNAcylation inhibits
AKT activation in HepG2 cells [33].
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Fig. 3 Altered O-GIcNAcylation in cancer therapeutic resistance. O-GlcNAcylation is dynamically modulated by OGT and OGA, and these
O-GlcNAcylation proteins play vital roles in therapeutic resistance. (1) In chemotherapy: O-GlcNAcylation can reduce chemosensitivity

through facilitating drug efflux, autophagy, DNA damage repair and apoptosis. (2) In radiotherapy: O-GlcNAcylation can promote radioresistance
via DNA damage repair. (3) In targeted therapy: O-GIlcNAcylation can increase drug efflux and blocking apoptosis, thereby weakening the efficacy
of target therapy. (4) In immunotherapy: O-GlcNAcylation can remodel the TME, and further lead to immunotherapy resistance

O-GlcNAcylation modulates autophagy

Autophagy is a cell survival mechanism that maintains
nutrient homeostasis and responds to stress by
degrading and recycling intracellular components [70]. In
chemotherapy, autophagy can confer resistance to cancer
cells by degrading chemotherapeutic agents, removing
damaged organelles to reduce oxidative stress and DNA
damage, and inhibiting apoptosis signaling pathways [71,
72]. O-GlcNAcylation is involved in autophagy activation
and the formation of autophagosomes that process
chemotherapy drugs. For example, knocking down of

OGT increased cisplatin-induced autophagy, reduced
apoptosis, and promoted autophagy lysosome formation
due to decreased O-GlcNAcylation of synaptosomal-
associated protein 29 (SNAP-29), which, in turn,
promoted SNARE complex formation and autophagy
flux [73]. In another study, Pellegrini et al. discovered
that small molecule 15 (SM15) inhibited basal autophagy
flux by preventing the fusion of autophagosomes and
lysosomes, thereby enhancing apoptosis associated
with reactive oxygen species production. SM15 also
blocked SNARE complex formation by increasing
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Table 1 Altered O-GIcNAcylation in cancer therapeutic resistance
Therapeutic resistance Mechanisms Cancer types O-GIcNAcylation protein Functions Ref
Chemoresistance Drug transport Ovarian cancer SNAP-23 Cisplatin resistance [62]
Autophagy Ovarian cancer SNAP-29 Cisplatin resistance [73]
Lung carcinoma YAP Cisplatin resistance [76]
Glioblastoma / Temozolomide resistance [99]
DNA damage repair HCC DNMT1 Cisplatin resistance [84]
HCC Poln Cisplatin resistance [88]
Apoptosis Prostate cancer OGT expression Docetaxel resistance
Radioresistance DNA damage repair Breast cancer MDC1 Radioresistance [86]
Targeted therapy resistance Drug transport Ovarian cancer ABC transporter Cisplatin resistance [66]
Immunotherapy resistance TME HNSCC HGS Anti-PD-1 resistance [95]
Pancreatic cancer cMYC Anti-PD-1 resistance [96]

O-GlcNAcylation of SNAP29, suggesting a key role for
O-GlcNAcylation of SNAP29 in impeding autophagy
flux and influencing tumor therapy [74]. Additionally,
autophagy selectively degrades other intracellular
components, including some oncogenes. Yes-associated
protein (YAP) acts as a critical transcriptional
co-activator that fosters cancer progression by promoting
cell growth and enabling cells to evade programmed cell
death [75]. The von Hippel-Lindau tumor suppressor
protein (pVHL) curbs the proliferation and migration of
lung cancer cells by regulating the lysosomal degradation
of YAP, thus enhancing the chemotherapy sensitivity
to cisplatin. O-GlcNAcylation can inhibit this process,
providing new insights into the tumor-suppressive
effects of Pvhl (Fig. 3) [76]. Therefore, O-GlcNAcylation-
mediated autophagy plays a significant role in
chemoresistance.

Role of O-GlcNAcylation in DNA damage repair

DNA damage is a critical factor in cancer development
and a potential target for cancer [77] treatments such as
chemotherapy and radiotherapy, which destroy cancer
cells by inducing DNA damage. However, cancer cells
can activate their DNA repair mechanisms to counteract
these treatments, making strategies targeting DNA
damage often ineffective [78, 79]. Certain DNA damage
repair proteins are crucial in developing resistance to
chemoradiotherapy. Additionally, the levels of these
proteins are tightly linked to O-GlcNAcylation. For
example, DNA methyltransferase 1 (DNMT1), a key
enzyme in DNA methylation [80], is associated with
resistance to cisplatin in several cancers, including non—
small cell lung cancer (NSCLC), lung cancer, and ovarian
cancer [81-83]. To explore the role of O-GIcNAcylation
in chemotherapy resistance further, Shin et al. found
that O-GlcNAcylation of DNMT1 at Ser 878 hampers

its DNA methylation ability, leading to decreased overall
DNA methylation, especially in partially methylated
domains. This reduction in methylation correlates with
higher DNA damage and increased cell apoptosis (Fig. 3)
[84]. DNA double strand breaks (DSBs), one of the most
detrimental types of DNA damage, can be repaired by
slow but highly accurate homologous recombination
repair (HRR) [85]. Averbek et al. investigated DSB
rejoining, protein accumulation, and chromatin states
after treating cells with OGT or OGA inhibitors, focusing
on the role of GlcNAcylation in DNA damage response
(DDR) and chromatin remodelling [86]. Notably, MDC1’s
O-GlcNAcylation increases upon irradiation, aiding
the recruitment of other HRR factors such as CtIP and
BRCA1, which also show increased O-GlcNAcylation
following radiotherapy (Fig. 3) [86]. Furthermore,
DNA polymerase n (Poln) facilitates translesion DNA
synthesis (TLS) across ultraviolet- and cisplatin-induced
lesions, linked to skin cancer and chemoresistance [87]
development. Notably, O-GlcNAcylation of human Poln
at Thr 457 is crucial for TLS regulation and maintaining
genome stability. A deficiency in O-GlcNAcylation
impairs TLS and heightens cisplatin sensitivity,
suggesting a novel approach to enhance chemotherapy
effectiveness [88].

Remodeling of tumor microenvironment

by O-GlcNAcylation

The TME consists of a variety of cell types and
molecules, such as immune cells, vascular endothelial
cells, stromal cells, and the extracellular matrix (ECM).
These components significantly influence tumor
growth, invasion, metastasis and drug resistance [89,
90]. Recently, the role of O-GlcNAcylation in TME has
gained attention, especially in tumor immunotherapy.
For instance, in B16 melanoma cells, increased
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O-GlcNAcylation in the TME has been shown to reduce
the production of inflammatory cytokines, thereby
promoting cancer progression through suppressing p38
MAPK activity and enhancing the ERK1/2 signaling
pathway [91]. Additionally, Shi et al. demonstrated
that enhanced glucose metabolism could drive cancer
metastasis and chemotherapy resistance by increasing
O-GlcNAcylation of cathepsin B in tumor-associated
macrophages, thus facilitating their —maturation
and secretion [28]. Recent breakthroughs in cancer
immunotherapy, such as pembrolizumab, capitalize
on the discovery that many tumors evade T cell attacks
by upregulating PD-L1. Pembrolizumab works by
inhibiting the PD-1/PD-L1 interaction, rejuvenating
T cell activity to target and destroy tumor cells, which
shows promising antitumor effects [92-94]. In addition,
emerging studies indicate that O-GlcNAcylation of
certain proteins, such as the hepatocyte growth factor—
regulated tyrosine kinase substrate (HGS), can trigger
T cell-mediated antitumor responses by affecting the
lysosomal degradation of programmed-death ligand
1 (PD-L1) [95]. Similarly, Shang et al. found that the
enzyme methylenetetrahydrofolate dehydrogenase 2
promotes the folate cycle and the production of critical
metabolites including UDP-GIcNAc. This, in turn, boosts
O-GlcNAcylation of proteins such as ¢cMYC, which
stabilizes cMYC and promotes the transcription [96] of
PD-L1, offering a theoretical basis for immunotherapy of
pancreatic cancer (Fig. 3).

Other mechanisms mediated by O-GIcNAcylation
Furthermore, other mechanisms such as glucose
metabolism and abnormal apoptosis also play roles in
therapeutic resistance. The influence of O-GIlcNAcylation
on these processes remains be an active area of research.
Apoptosis, or programmed cell death, is a critical
biological process. The B-cell lymphoma 2 (BCL-2)
family of proteins plays a central role in regulating
this process. In cancer, overexpression of anti-
apoptotic proteins of the BCL-2 family can leads to
chemoresistance [97]. For example, in Mantle cell
lymphoma, the increased production of the anti-
apoptotic protein Bcl-xL and decreased levels of the
pro-apoptotic protein Bax, combined with decreased
OGT activity, contribute to resistance to the drug
bortezomib [98]. Additionally, research by Leonel
et al. has shown that decreased O-GlcNAcylation
enhanced the sensitivity of Glioblastoma cells to
the chemotherapy drug temozolomide by inhibiting
autophagy and promoting cell apoptosis [99].
Furthermore, studies indicate that OSMI-1, either
alone or combined with doxorubicin, was effective
in decreasing OGT enzyme levels and increasing
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apoptosis in prostate cancer cells, presenting a
potential alternative treatment strategy for enhancing
cancer therapy effectiveness [100]. Likewise, treatment
with docetaxel upregulates miR-140 expression in
prostate cancer cells, and miR-140 can directly bind to
the 3’-untranslated region of OGT mRNA to suppress
its expression, thereby enhancing the drug sensitivity of
PC cells to docetaxel (Fig. 3) [101]. Therefore, OGT is
expected to be a potential therapeutic target to improve
drug sensitivity by regulating cell death.

Altered energy metabolism is a characteristic of
cancer cells. Recent research has demonstrated that
cisplatin increases O-GlcNAcylation of proteins by
affecting the function of OGT, OGA, and AMPK, both
in vitro and in vivo. This alteration a decrease in the
reduced activation of AMPK and a decrease in the
phosphorylation of glutamine-fructose-6-phosphate
aminotransferase 1 (GFAT1), thereby increasing GFAT1
activity and enhancing the production of the substrate
UDP-GIcNAc following cisplatin treatment [36]. Nie
et al suggested that inhibiting O-GlcNAcylation of
phosphoenolpyruvate carboxykinase 1 (PCK1) at
threonine 255 reduces colon cancer cell proliferation,
decreased glycolysis, incerased tricarboxylic acid
cycle activity, and inhibitd tumor growth in xenograft
models. Another study found that decreased levels of
PCK1 increase O-GlcNAcylation of CHK2 at threonine
378, which destabilizing CHK2 and preventing its
dimerization. This disruption leads to enhanced CHK2-
mediated phosphorylation of Rb and promotes rapid
growth of HCC[102].

Ubiquitination and cancer therapeutic resistance
Ubiquitin (Ub) is a 76-amino acid protein that is highly
conserved in all eukaryotes. It serves as one of the
most prevalent protein post-translational modifiers,
regulating various crucial cellular functions [103].
The process of ubiquitination involves the covalent
attachment of ubiquitin to a target protein, facilitated
by a series of enzymes [104]. This modification enables
ubiquitin to regulate the degradation of different
protein substrates, thus playing a role in nearly all vital
regulatory functions related to life, such as the cell cycle,
proliferation, apoptosis, differentiation, gene expression,
immunity, and so on [105]. Ubiquitination affects cancer
progression through multiple pathways, acting as a
double-edged sword that can both promote and inhibit
cancer development. Increasing evidence suggests that
ubiquitination also impacts cancer therapeutic resistance
through several mechanisms, including DNA damage
repair, apoptosis, TME, autophagy, and cancer stem cells
(CSCs) (Fig. 4, Table 2).
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Fig. 4 Ubiquitination associated with cancer therapeutic resistance. Ubiquitination can affect sensitivity to cancer therapy through multiple
mechanisms, including modulation of drug transport (such as ABCB1, AMFR and DJ-1), DNA damage repair (such as MRE11, PD-L1, MCM5
and SIRT7), apoptosis (such as SF3A2, p53 and AKT), Autophagy (such as Smad3, SIRT7, 3-catenin), TME (such as HIF1a, IGF2BP1, PD-L1 and CD274)

and CSCs (such as 3-catenin, NICD1 and RBM15)

Table 2 Ubiquitination and cancer therapeutic resistance

Therapeutic resistance Mechanisms Cancer types Ubiquitination Functions Ref
protein
Chemoresistance resistance Autophagy NSCLC SIRT7 Cisplatin resistance [120]
HCC SIRT7 Sorafenib resistance [121]
DNA damage repair Breast cancer SIRT7 Cisplatin resistance [112]
Apoptosis TNBC SF3A2 Cisplatin resistance [115]
Ovarian cancer p53 Cisplatin resistance [116]
Gastric cancer AKT MDR [117]
CSCs HCC DJ-1 Cisplatin resistance [108]
LUAD f3-catenin Osimertinib resistance [133]
NSCLC NICD1 Drug resistance [135]
Prostate cancer RBM15 Docetaxel resistance [136]
TME HCC HIF1a Sorafenib resistance [125]
Radioresistance DNA damage repair TNBC MRE11 Radioresistance [109]
Immunotherapy resistance DNA damage repair HNSCC PD-L1 Anti-PD-1 resistance [110]
TME HCC IGF2BP1 Anti-PD-1 resistance [130]
Autophagy PDAC CD274 immunochemotherapy [132]

Ubiquitination and drug transport

Ubiquitination can modulate therapeutic resistance by
influencing ABC transporters. For example, Zou et al
found that the ABC subfamily B member 1 (ABCBI)
interacts directly with the E3 ubiquitin ligase membrane—
associated RING-CH 8 (MARCHS). Rutaecarpine can
enhance the ubiquitination and degradation of ABCB1 by
upregulating MARCHS, thereby counteracting ABCB1-
mediated multidrug resistance (MDR) [106]. Similarly,
Saeed et al. discovered that betulinic acid (BetA) can
also reduce MDR by affecting ABCB1 ubiquitination

and AMFR activity in treatment-resistant tumors [107].
Additionally, in chemoresistant HCC, the STAT3-
mediated ubiquitin-mediated protein degradation of
DJ-1 can influence chemotherapy resistance in HCC cells
by regulating CSC markers and ABC transporters [108].
However, the role of ubiquitination on the regulation of
drug concentration has not been reported yet.

Ubiquitination and DNA damage repair
Ubiquitination affects the expression of DDR-related
proteins and thus affect the effectiveness of cancer
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treatments. Liu et al. observed that the E3 ubiquitin
ligase Ring finger protein 126 (RNF126) becomes active
after irradiation (IR) therapy. It mediates ubiquitination
of meiotic recombination 11 homolog 1 (MRE11) at K480
in triple-negative BC (TNBC) [109]. This ubiquitination
enhances MRE11’s DNA exonuclease activity, leading
to increased RPA binding and ATR phosphorylation.
Consequently, this promotes a sustained DDR
skewed toward HRR, increasing TNBC sensitivity to
radiotherapy [109]. Additionally, the expression of
another E3 ligase, FBXO22, correlates with NSCLC
cel sensitivity of NSCLC cells to ionizing radiation (IR)
and cisplatin. De et al. demonstrated that FBXO22
activates PD-L1 ubiquitination and degradation, thereby
increasing NSCLC cells’ sensitivity to DNA damage.
This may enhance the efficacy of immune checkpoint
blockade [110]. Furthermore, in cisplatin-resistant
HNSCC, Inc-POP1-1 enhances DNA repair in HNSCC
cells by interacting with minichromosome maintenance
deficient 5 (MCMS5) and slowing its ubiquitin-mediated
protein degradation [111]. Moreover, the balance
between ubiquitination and deubiquitination is essential
for maintaining intracellular homeostasis. Recently,
Su et al. showed that high expression of USP17L2
regulates DDR by increasing SIRT7 protein stability,
potentially sensitizing cancer cells to chemotherapy in
BC [112]. In summary, these findings highlight the role
of ubiquitination in modulating DDR and influencing
resistance to cancer therapies.

Ubiquitination and apoptosis

In the fight against cancer, therapies can eliminate some
tumor cells by initiating apoptosis [113]. However,
when the regulation of apoptosis signaling pathways is
disrupted, tumor cells may gain a survival advantage,
leading to resistance against therapy [114]. Research
has shown that ubiquitination played a crucial role in
the apoptosis of tumor cells. For instance, Deng et al.
revealed that E3 ubiquitin-protein ligase UBR5 promotes
the ubiquitin-dependent degradation of Splicing factor
3a subunit 2 (SF3A2) in TNBC, which leads to cisplatin
resistance by affecting both extrinsic and intrinsic
apoptosis [115] pathways. Additionally, a recent study
highlighted that circNUP50 contributes to platinum
resistance in ovarian cancer by acting as a sponge for
miR-197-3p and accelerating p53 ubiquitination, thereby
reducing apoptosis and promoting resistance [116].
Studies have show that AKT signaling is crucial for
various biological functions including cell proliferation
and apoptosis. In MDR gastric cancer cells, estradiol
cypionate reduces AKT protein expression by increasing
ubiquitination, thereby inhibiting the overactivation of
the PI3K-AKT-mTOR signaling pathway and suppressing
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cell growth [117]. In addition, AKT lysine-63 chain
ubiquitination regulates AKT membrane localization and
phosphorylation, which enhances the efficacy of cancer
therapy [118].

Ubiquitination and autophagy

Autophagy can degrade chemotherapeutic drugs, reduce
the expression of drug targets, and remove drug damage
to cancel cells, thus making them resistant to drugs [119].
Ubiquitination can affect autophagy by regulating the
stability and activity of related proteins. For example,
Linc00673-V3 inhibits the degradation of Smad3 through
ubiquitination by the E3 ligase STUBL. Increased levels
of Smad contribute to autophagy via LC3B transcription,
leading to chemoresistance in NSCLC [120].
Additionally, miR-21-5p raises the level of LC3II/I by
boosting the ubiquitination of Sirtuin7 (SIRT7) through
ubiquitin-specific peptidase 42 (USP42), promoting
deterioration and resistance to sorafenib in HCC cells
[121]. Conversely, cancer cells may also use autophagy to
degrade ubiquitin-labeled proteins, protecting them from
intracellular proteasome degradation. This mechanism
contributes to therapeutic resistance. Ubiquitin
C-terminal hydrolase-L3 (UCH-L3) reduces [-catenin
protein expression by inhibiting its ubiquitination during
autophagy activation, aiding stress resistance in gastric
cancer stem-like cells under nutrient deprivation [122].
Therefore, it is crucial to further investigate the link
between ubiquitination and autophagy in cancer drug
resistance.

Ubiquitination and TME

The TME consists of a complex network of cells,
blood vessels, ECM, and various molecules that
surround tumor cells. TME significantly influences
tumor resistance to therapy by affecting immune cell
activation, ECM development, angiogenesis, and
adaptation to both hypoxia and acidic environment
[123, 124]. Hypoxia, a prevalent characteristic of the
TME, significantly impacts tumor growth, metabolism,
angiogenesis, and therapeutic resistance. It has been
noted that the ubiquitination of hypoxia-inducible
factor 1-alpha (HIFla) is linked to resistance to
the drug sorafenib. FASN interacts with HIFla
to promote its movement to the nucleus, thus
preventing HIFla’s ubiquitination and degradation.
This interaction enhances sorafenib-induced
resistance to ferroptosis by boosting the expression
of solute carrier family 7 member 11 (SLC7All)
[125]. Similarly, the ubiquitination of proteins
such as steroid receptor coactivator 3 (SRC-3) and
males absent on the first (MOF) has been shown
to influence resistance associated with hypoxia in
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chemotherapy [126, 127]. Furthermore, ubiquitination
also affects immunotherapy [128]. PD-L1, a critical
immunomodulator that is regulated by ubiquitination.
Tripartite motif 29 (TRIM29) triggers IGF2BP1
ubiquitination at Lys440 and Lys450 site via K48-
mediated linkage, leading to protein degradation
[129] and consequently enhancing PD-L1 mRNA
stability and expression in 3’-UTR, which affects T-cell
immunity in cancer. Additionally, E3 ligase speckle-
type POZ protein (SPOP) mediates the ubiquitination
and degradation of PD-L1, thus enhancing T cell-
mediated cytotoxicity in HCC [130]. Cancer-associated
fibroblasts (CAFs) are another key component in
ECM formation [131]. Recent research has shown that
reducing CD274 expression by removing K63-linked
ubiquitination at the K280 residue can enhance the
effectiveness of immunochemotherapy by suppressing
CAF autophagy in PDAC [132]. These findings
underscore the crucial role of ubiquitination in cancer
therapy by influencing the TME.

Ubiquitination and CSCs

Numerous studies have established that ubiquitination
plays a critical role in the development of CSCs. For
example, ubiquitination of B-catenin is associated with
autophagy [122]. Additionally, [-catenin contributes
to the properties of CSCs in lung adenocarcinoma
(LUAD) [133]. The third-generation epidermal growth
factor receptor—tyrosine kinase inhibitors such as
osimertinib, have been used for clinical treatments.
However, therapeutic failures are increasingly being
reported [134]. Li et al. discovered that circFBXW7-
185AA, a circular RNA from the gene F-box and WD
repeat domain containing 7 (FBXW7), promoted the
ubiquitination and subsequent instability of [B-catenin.
This action helps reverse resistance to osimertinib by
reducing the activation of LUAD stem cells and affecting
the Wnt signaling pathway function [133]. In addition,
the E3 ubiquitin ligase FBXW?7 interacts with the Notch
1 intracellular domain (NICD1), promoting NICD1
degradation through the ubiquitin—proteasome pathway.
This process decreases the expression of stemness
factors in CSCs and contributes to drug resistance in
NSCLC [135]. Furthermore, Wang et al. identified that
UBA1, an El1 ubiquitin-activating enzyme, triggers
the degradation by regulating ubiquitination of RNA-
binding-base-regulating protein 15 (RBM15), affects the
therapeutic effectiveness of docetaxel in chemotherapy-
resistant prostate cancer by influencing the stemness
and apoptosis of prostate CSCs [136]. Understanding the
intricate connection between ubiquitination and CSCs is
crucial to overcoming cancer treatment resistance.
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Interplay between O-GlcNAcylation

and ubiquitination in cancer therapeutic resistance
O-GIcNAcylation regulated ubiquitination in cancer
therapeutic resistance

PTMs, particularly O-GlcNAcylation and ubiquitination,
is associated with cancer therapeutic resistance. There
is a certain interaction between these two pathways.
Ubiquitination affects protein stability and localization,
which may indirectly alter O-GlcNAcylation state.
Conversely, O-GlcNAcylation may alter protein
structure and function, potentially affecting ubiquitin
enzyme recognition and substrate ubiquitination. These
modifications might also compete for the same protein
sites, influencing each other. This section provides a brief
overview of current research on how O-GlcNAcylation
affects ubiquitination in the resistance to treatments for
cancers such as HCC, lung carcinoma, glioma, BC, and
gastric cancer (Fig. 5).

Hepatocellular carcinoma

HCC is a type of malignant liver tumor usually associated
with chronic liver inflammation or cirrhosis [137].
The most effective treatments are surgical resection
or liver transplantation, but it frequently recurs and
requires systemic treatment [138]. Recent research has
highlighted the significant roles of O-GlcNAcylation
and ubiquitination in HCC, particularly their
interactions. For instance, Qiu et al. demonstrated that
O-GlcNAcylation of the tumor suppressor p27 at Ser 2
increases the phosphorylation of p27 at Ser10, ultimately
resulting in increased p27. This enhancement leads to
more ubiquitination of p27, which promotes cell cycle
progression and reduces interactions between the cyclin/
CDK complex and p27 by encouraging its export of p27
in HCC from the nucleus [139]. Additionally, Yang et al.
found that O-GlcNAcylation of YTHDEF2 at Ser 263 by
OGT increases its stability and cancer-promoting activity
by reducing its ubiquitination. YTHDF2 stabilized the
mRNA transcripts of minichromosome maintenance
protein 2 (MCM2) and MCMS5 in N6-methyladenosine
(m6A)-dependent manner, thereby facilitating cell cycle
progression and contributes to the development of HBV-
related HCC (Fig. 5) [53]. Similarly, O-GlcNAcylation
of YTHDF1 at Ser 197 promoted the binding of nuclear
export signalling motifs to nucleocytoplasmic protein
with exportin 1 (Crm1) by increasing hydrogen bonding
[140]. While most studies indicate that O-GlcNAcylation
generally stabilizes proteins by preventing their ubiquitin-
mediated protein degradation, there are exceptions.
Huang et al. reported that O-GlcNAcylation could
enhance the ubiquitination and subsequent degradation
of FOXA2in highly metastatic HCC cells, promoting
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Fig. 5 The role of O-GlcNAcylation in cancer therapeutic resistance. O-GlcNAcylation alter the structure and function of proteins, which may
affect the recognition of ubiquitinating enzymes and the ubiquitination of substrates, thus regulating the roles of O-GlcNAcylation in therapeutic
resistance of multiple cancers. (1) In HCC: the O-GlcNAcylation of YTHDF2 elevated its stability by inhibiting ubiquitination, thereby promoting
MCM2 and MCM5 m6A modification, leading to tumorigenes. (2) In lung cancer: O-GIcNAcylation promoted p53 ubiquitin-mediated protein
degradation, resulting in apoptosis and cisplatin resistance, respectively. (3) In Glioma: MLPH facilitated apoptosis and radiation resistance

via decreasing MLPH ubiquitin-mediated protein degradation. (4) In breast cancer: O-GlcNAcylation of p53 facilitated its ubiquitin-mediated
protein degradation through regulating its phosphorylation, thereby influencing apoptosis and cell viability. (5) In gastric cancer: O-GIcNAcylation
of GSK-3 promoted the phosphorylation of FOXM1, and then contributing to its ubiquitin-mediated protein degradation, resulting in nuclear

transfer and influencing cell viability

O-GlcNAcylation-mediated HCC cell migration and
invasion [58].

Lung cancer

Lung cancer is a major global health threat and a
leading cause of cancer-related incidence and mortality
worldwide. In 2018, approximately 2.09 million newly
diagnosed cases of lung cancer were reported [141],
representing 11.6% of all malignancies, and making
lung cancer the most common malignancy. It also led
to approximately 1.76 million deaths, which accounted
for 18.4% of all cancer-related deaths [142]. Traditional
treatments such as radiotherapy and chemotherapy
usually have limited efficacy, especially for patients in
intermediate and advanced stages of lung carcinoma,
who generally experience high mortality rates and
poor prognosis. Nonetheless, recent advancements in
targeted therapies and immunotherapies have offered
new hope. Despite these advances, many patients have
developed resistance to these treatments over time.
Therefore, it is crucial to understand the molecular
mechanisms of acquired resistance in lung cancer..

Recent studies have emphasized the significant role of
O-GlcNAcylation in influencing drug resistance in lung
carcinoma. For example, hyper-O-GlcNAcylation could
render lung carcinoma cells to apoptosis resistance
through distinct mechanisms that involve p53 or
c-Myc, depending on cellular context. high CDDP-
induced p53 activation, hyper-O-GlcNAcylation targets
p53, promotes its ubiquitination and subsequent
p53 degradation, resulting in the gain of oncogenic
and anti-apoptotic functions. By contrast with low
p53 activation, hyper-O-GlcNAcylation has minimal
effect on p53 and instead regulates c-Myc stability by
interfering with its ubiquitin-mediated degradation.
These notions are supported by the correlation analysis
between O-GlcNAcylation and ubiquitination of
p53 or c-Mycduring cisplatin treatment, affecting
drug resistance (Fig. 5) [143]. Additional research
has found that O-GlcNAcylation of caveolin-1 and
c-Myc enhances protein stability by blocking their
ubiquitination and proteasomal degradation. This
reveals an important role of c-Myc O-GlcNAcylation in
the motility of NSCLC [144].
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Glioma

Gliomas are the most common type of malignant
brain tumors, with glioblastoma multiforme being
particularly aggressive and often fatal, resulting in
a poor prognosis for patients [145, 146]. Although
the exact mechanisms that cause gliomas to develop
and progress remain unclear [146, 147], recent
research has shed some light. Xu et al. reported that
O-GlcNAcylation of melanophilin (MLPH) prevents its
degradation by interacting with the E3 ubiquitin ligase
tripartite motif containing 21 (TRIM21) (Fig. 5). This
interaction appears to enhance glioblastoma’s resistance
to radiation by activating the NF-kB signaling pathway
[148]. Another study highlighted the role of enhancer
of zeste homolog 2 (EZH2) in controlling antitumor
immunity in glioma. EZH2’s structure is conducive to
phosphorylation and O-GlcNAcylation, influencing
glioma cell invasion and metastasis. Suppressing
EZH2 expression and PTMs could potentially reverse
resistance to temozolomide in patients with glioma
[149].

Breast cancer

BC represents approximately 30% of all cancers in
women globally, with a significant mortality-to-
incidence ratio of 15%. With the annual increases in
both incidence and mortality rates globally, identifying
effective biomarkers for BC diagnosis and prognosis
is crucial.Silent information regulator 1 (SIRT1), a
NAD + -dependent deacetylase, plays significant roles
in BC [150]. For example, Ferrer et al. confirmed
SIRT1’s critical role in the OGT-mediated regulation
of Forkhead box M1 (FOXM1) ubiquitination, showing
that reducing SIRT1 activity could mitigate OGT’s
effects on FOXMI, thereby influencing invasion and
metastasis in BC cells [151]. Further research revealed
that O-GlcNAcylation of ryanodine receptor 1 (RYR1)

interferes with NEK10-mediated phosphorylation,
increasing ubiquitination and proteasomal
degradation;  miR-122-mediated  reductions in

OGT led to higher RYR1 abundance in BC [152].
In addition, Yang et al. found that O-GlcNAcylation
of p53 at Ser 149 in MCF-7 cells reduced Thr 155
phosphorylation, rendering p53 partially resistant to
ubiquitin-dependent proteolysis under streptozotocin
treatment [153], affecting cell viability (Fig. 5). These
findings underline the complex interactions between
O-GlcNAcylation, phosphorylation, and ubiquitination
in cancer therapy, highlighting the need for further
study on the relationship between mutant proteins
and O-GlcNAcylation, particularly p53 regulation and
O-GlcNAcylation.
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Gastric cancer

Gastric cancer is the second deadliest cancer worldwide,
with approximately 60% of new cases of signet-ring cell
carcinoma reported in East Asian countries [154, 155].
Understanding the molecular mechanisms that drive the
progression and therapeutic resistance of GC is essential
for improving diagnostic and treatment strategies. High
glucose levels increase O-GlcNAcylation, which stabilizes
the FOXM1 protein through reduced ubiquitin-mediated
degradation due to GSK-3 inactivation in MKN45 cells.
This process may increase the risk of gastric cancer in
patients with diabetes (Fig. 5) [156]. However, studies
on the roles of O-GlcNAcylation and ubiquitination in
gastric cancer are limited, and more research is necessary
to explore their functions in the disease’s progression and
resistance to treatment.

Ubiquitination affected O-GlcNAcylation in cancer
therapeutic resistance

O-GlcNAcylation  plays a  regulatory role in
ubiquitination, which, in turn, can affect the level of
O-GlcNAcylation in cancer. Ubiquitination primarily
influences O-GlcNAcylation by regulating the stability of

the enzyme OGT.
Increasing evidence from epigenetic studies indicates
that aberrant epigenetic modifications, such as

O-GlcNAcylation and ubiquitination, can contribute to
the occurrence, progression, and therapeutic resistance
in HCC. Notably, inhibition of USP8 can slow HCC
progression and induce ferroptosis by reducing OGT
stability through the inhibition of K48-specific poly-
ubiquitination at the K117 site of the OGT protein
in HCC cells. This finding highlights the potential of
targeting USP8 as a therapeutic strategy for HCC [60].
Additionally, research has identified that the HECT-type
E3 ubiquitin ligase E6AP targets OGT for ubiquitination
and degradation, thereby affecting O-GlcNAcylation
and various cellular processes in HEK293 cells [61]. This
suggests that ubiquitination of OGT could be a novel
therapeutic target for improving therapeutic outcomes in
HCC treatment.

Osteosarcoma is a primary form of bone cancer that
often develops during adolescence and is noted for
its aggressive nature [157]. Despite improvements in
surgical methods and chemotherapy, the overall 5-year
survival rate for patients with osteosarcoma remains
approximately 60% [158]. Therefore, understanding
the molecular mechanisms driving the progression of
osteosarcoma could reveal new therapeutic targets.
Interestingly, Deng et al. suggested that suppressing Rho-
associated coiled-coil forming protein kinase 2 (ROCK?2)
not only hinders osteosarcoma cell proliferation
both in vivo and in vitro but also triggers apoptosis.
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ROCK?2 also disrupts the tumor necrosis factor—related
apoptosis-inducing ligand (TRAIL)-mediated apoptotic
pathway, which enhances cell survival. Specifically,
ROCK?2 affects osteosarcoma progression and TRAIL
resistance by modifying O-GlcNAcylation levels through
the ubiquitin-mediated protein degradation of OGT. This
highlights the critical role of OGT [159] ubiquitination in
developing TRAIL resistance.

The mutual regulation of O-GlcNAcylation and
ubiquitination in cancer therapy resistance and
its influence on cancer therapy is a complex and
important research area. Some mechanisms by which
O-GlcNAcylation regulates ubiquitination are as follows.
(1) Direct interaction: O-GlcNAcylation can occur on
key proteins in the ubiquitination pathway, including E3
ubiquitin ligases, deubiquitinating enzymes (DUBs), and
ubiquitin itself. This modification can directly affect the
activity, stability or localization of these proteins, thereby
regulating the ubiquitination process. (2) Affecting
protein structure: The O-GlcNAcylation can alter the
three-dimensional (3D) structure of a protein, which
may affect the protein’s binding to ubiquitin or other
components of the ubiquitination pathway, which in
turn affects the ubiquitination process. (3) Competitive
modification: O-GlcNAcylation and ubiquitination
may occur on the same amino acid residue, resulting in
competitive inhibition between them. This competitive
modification can regulate the ubiquitination state and
subsequent degradation of the protein. (4) Regulation
of enzyme activity: O-GlcNAcylation can regulate the
activity of key enzymes in the ubiquitination pathway,
such as E3 ubiquitin ligase and DUBs.

And ubiquitination can regulate O-GlcNAcylation
mainly shows the function of regulating OGT and OGA,
thereby affecting cancer therapeutics resistance. (1)
Regulation of OGT and OGA: Ubiquitination can affect
the stability and activity of OGT and OGA. For example,
ubiquitination mediated degradation can reduce the
level of OGT or OGA, thus affecting the overall level of
O-GlcNAcylation. (2) Affecting protein interactions:
ubiquitination can alter interactions between proteins,
including those involved in the O-GlcNAcylation
pathway. This may affect the binding of OGT and OGA to
their substrates or regulators. (3) Affecting intracellular
localization of proteins: ubiquitination can regulate
the intracellular localization of proteins, including
OGT and OGA. This alteration may affect their activity
within cells or their access to substrates. The mutual
regulatory effects of O-GlcNAcylation and ubiquitination
in cancer therapy involve multiple levels, including
regulation of protein stability and function, cross-
regulation of signal transduction pathways, regulation
of cell cycle and apoptosis, influence of DNA damage
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repair and genome stability, tumor microenvironment
and immune response. Studying the interaction of these
two modification pathways contributes to a deeper
understanding of the mechanisms of cancer therapeutics
resistance and provides new ideas for developing more
effective anti-cancer strategies.

Conclusions, challenges and prospects
Resistance to cancer treatments poses a significant
challenge, often leading to increased mortality and
poorer patient outcomes.Therefore, exploring the
molecular basis of this resistance is crucial for improving
treatment effectiveness. Various studies have identified
multiple factors that influence tumor response to therapy;
however, the PTMs involved in therapeutic resistance
are not fully understood. This review presents recent
findings on the interaction between O-GlcNAcylation
and ubiquitination and its impact on resistance to cancer
therapies. This review also explores potential strategies
and future directions for overcoming such resistance.

Furthermore, PTMs, particularly O-GlcNAcylation
and ubiquitination, are associated with several diseases,
including cancer. The findings indicate that these
modifications in tumor cells can lead to imbalances
in processes such as the ABC transporter gene family
activity, DNA damage and repair, autophagy, apoptosis,
and TME. These imbalances contribute to cancer
recurrence and resistance to therapy. Although it
is well established that O-GlcNAcylation regulates
ubiquitination in the context of cancer resistance,
affecting  protein  degradation and localization,
the research into how ubiquitination influences
O-GlcNAcylation in response to cancer treatment is still
in its early stages.

Identifying the interaction between O-GlcNAcylation

and ubiquitination presents technical challenges.
Recently, numerous technologies for detecting
O-GlcNAcylation have been developed, including

O-GIcNAc 4D-Label-free and LC-MS/MS analysis.
O-GIcNAc  4D-Label-free, for example, combines
ion mobility spectrometry with traditional mass
spectrometry techniques [160, 161]. This method adds a
third dimension of separation to high resolution and mass
accuracy, enhancing peak capacity, separation quality,
and quantitative accuracy. By applying this technique
to quantitative proteomic studies of O-GlcNAcylation,
researchers can better understand its distribution and
role in various biological processes. This advancement is
crucial for exploring the dynamics of O-GlcNAcylation
in health and disease and improving the detection of
O-GlcNAcylation and ubiquitination.

In recent studies, numerous natural products and
lead compounds targeting O-GlcNAcylation have been
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identified. For instance, Lee et al. reported that the
combined treatment of HCT116 cells with metformin
and OSMI-1, an O-GlcNAcylation inhibitor, significantly
increased apoptosis by enhancing ER stress-induced
pathway signaling, rather than promoting protective
autophagy in colon cancer treatment [162]. Furthermore,
Zhu et al. demonstrated that introducing a short
peptide sequence containing O-GlcNAcylation sites
of the HGS into cells could competitively inhibit HGS
O-GlcNAcylation with minimal overall effect on cellular
O-GlcNAcylation levels. This approach led to decreased
PD-L1 expression and increased T cell cytotoxicity
[95], indicating that specific proteins with unique site-
specific O-GlcNAcylation play crucial roles in cancer
development and progression.

In recent years, ubiquitination has emerged as a
significant focus for cancer therapy. However, its role in
cancer treatment resistance is complex, marked by both
potential and limitations [163]. A primary obstacle is the
broad functions of ubiquitin ligases and deubiquitinating
enzymes (DUBs) [164]. These enzymes interact with
numerous substrates across various signaling pathways,
complicating the targeting of specific cancer-related
ubiquitination events without unintended consequences.
Moreover, in cancer cells, altered ubiquitination can
contribute to resistance by either degrading tumor
suppressors and anticancer drugs or by stabilizing
oncogenes and cell survival proteins [107, 108]. Despite
these difficulties, promising avenues exist for developing
ubiquitination-based  cancer therapies. = Advances
in proteomics and ubiquitomics have enabled the
identification of precise ubiquitination targets within
cancer cells, potentially restoring therapy sensitivity.
Furthermore, research into small-molecule inhibitors
that specifically target ubiquitin ligases or DUBs is active
and might enhance the effectiveness of existing cancer
treatments by overcoming resistance [165]. In summary,
although challenges remain for cancer therapies targeting
uniquitination, continued research and technological
progress hold promise for innovative strategies to
overcome treatment resistance and improve patient
outcomes.

In conclusion, the interaction between
O-GlcNAcylation and  ubiquitination is  crucial
in  managing tumor  therapeutic  resistance.

O-GlcNAcylation influences the stability, activity, and
localization of proteins vital for cell cycle regulation,
DNA damage repair, and apoptosis—all essential in
cancer progression and response to therapy. Conversely,
ubiquitination tags proteins for degradation, influencing
both O-GIcNAcylation proteins and other critical
signaling proteins for cancer cell survival and death.
The balance between these two PTMs is delicate and
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is often disrupted in cancer, promoting therapeutic
resistance. Studies primarily investigate the role of
GlcNAcylation in protein stability and function through
its effect on ubiquitination, while ubiquitination can
affect O-GlcNAcylation by altering OGT and OGA
levels. Targeting the enzymes linked to O-GlcNAcylation
and ubiquitination, such as OGT and ubiquitin-specific
proteases, respectively, may help overcome resistance
to cancer therapies. Additionally, elucidating the
interactions between these two pathways could lead to
the development of novel therapeutic approaches that
disrupt cancer cells’ resistance mechanisms.

Abbreviations

8-Mar Membrane-associated RING-CH 8

ABCB1 ABC subfamily B member 1

ATP Adenosine triphosphate

BCL-2 B-cell lymphoma 2

BetA Betulinic acid

BTZ Bortezomib

CAFs Cancer-associated fibroblasts

CatB Cathepsin B

CRPC Chemotherapy resistance prostate cancer

CSCs Cancer stem cells

CSCs Cancer stem cells

CTGF Connective tissue growth factor

DDR DNA damage response

DNMT1 DNA methyltransferase 1

DSBs DNA double strand breaks

DUBs Deubiquitinating enzymes

E1 Ubiquitin-activating enzyme

E2 Ubiquitin-binding enzyme

E3 Ubiquitin ligase

ECM Extracellular matrix

ECP Estradiol cypionate

EOGT EGF domain-specific O-GIcNAc transferase

EZH2 Enhancer of zeste homolog 2

F-6-P Fructose-6-p

FASN Fatty acid synthase

FASN Fatty acid synthase

FBXW?7 F-box and WD repeat domain containing 7

FOXA2 Factor forkhead box protein A2

FOXA2 Forkhead box protein A2

FOXM1 Forkhead box M1

GB Glioblastoma

GBM Glioblastoma multiforme

GC Gastric cancer

GFAT/GFPT Glutamine-fructose-6-phosphate aminotransferase

GFAT1 Glutamine-fructose-6-phosphate aminotransferase
(isomerizing) 1

HBP Hexosamine biosynthetic pathway

HBV Hepatitis B virus

HCC Hepatocellular carcinoma

HCC Hepatocellular carcinoma

HGS Hepatocyte growth factor-regulated tyrosine kinase substrate

HGS Hepatocyte growth factor-regulated tyrosine kinase substrate

HIF1a Hypoxia-inducible factor 1-alpha

HRR Homologous recombination repair

IMS lon mobility spectrometry

IR Irradiation

LUAD Lung adenocarcinoma

m6A N6-methyladenosine

MCM2 Minichromosome maintenance protein 2

MCM5 Minichromosome maintenance deficient 5

MDR ABCB1-mediated multidrug resistance
MGEAS5 Meningioma-expressed antigen-5
MLPH Melanophilin



Sun et al. Experimental Hematology & Oncology ~ (2024) 13:107

MOF Males absent on the first

MRET1 Meiotic recombination 11 homolog 1
MTHFD2 Methylenetetrahydrofolate dehydrogenase 2
NICD1 Notch 1 intracellular domain

Nrf1 Nuclear factor erythroid 2-related factor
NSCC Non-small cell cancer

NSCLC Non-small cell lung cancer

OoC Ovarian cancer

OGA O-GlcNAcase

OGT O-GIcNAc transferase

PC Prostate cancer

PCK1 Phosphoenolpyruvate carboxykinase 1
PDAC Pancreatic ductal adenocarcinoma

PDAC Pancreatic ductal adenocarcinoma

PD-L1 Programmed-death ligand 1

PMDs Partially methylated domains

Poln Polymerase n

PTM Post-translational modification

pVHL Von Hippel-Lindau tumor suppressor protein
RBM15 RNA Binding Motif Protein 15

RNF126 Ring finger protein 126

ROCK2 Rho-associated coiled-coil forming protein kinase 2
RYR1 Ryanodine receptor 1

SF3A2 Splicing factor 3a subunit 2

SIRT1 Silence information regulator 1

SIRT7 Sirtuin7

SKP2 S-phase kinase-associated protein 2
SLC7AT1 Solute carrier family 7, member 11
SLC7ATT Solute carrier family 7 member 11

SM15 Small molecule 15

SNAIL Snail family transcriptional repressor 1
SNAP-29 Synaptosomal-associated protein 29
SNARE Soluble NSF attachment protein receptor
SPOP Speckle-type POZ protein

SRC-3 Steroid receptor coactivator 3

STZ Streptozotocin

TAMs Tumor-associated macrophages

TCA Tricarboxylic acid

TGF-B1 Transforming growth factor-f31

TKls EGFR- Tyrosine kinase inhibitors

TLS Translesion DNA synthesis

TMDs Typically comprises transmembrane domains
TME Tumor microenvironment

T™Z Temozolomide

TNBC Triple-negative breast cancer

TRAIL Tumor necrosis factor-related apoptosis-inducing ligand
TRIM21 Tripartite motif containing 21

TRIM29 Tripartite motif 29

Ub Ubiquitin

UCH-L3 Ubiquitin C-terminal hydrolase-L3
UDP-GIcNAc  Uridine diphosphate N-acetylglucosamine
USP42 Ubiquitin-specific peptidase 42

UsPs Ubiquitin specific peptidase 8

YAP Yes-associated protein

Acknowledgements
Not applicable.

Author contributions

Keqgian Zhi and Ling Gao provided direction and guidance throughout the
preparation of this manuscript. Kai Sun and Yuan Zhi wrote and edited the
manuscript. Wenhao Ren reviewed and made significant revisions to the
manuscript. Shaoming Li and Jingjing Zheng collected and prepared the
related papers. All authors read and approved the final manuscript.

Funding

This study was funded by National Natural Science Foundation of China
(N0.42176096, 42176097), State Administration of Traditional Chinese
Medicine Science and technology department co-construction of
science and technology project (GZY-KJS-SD-2023-078), Natural Science
Foundation of Shandong Province (No. ZR2021MD065, ZR2021MH305,

Page 16 of 20

ZR2022MH223),TaiShan Scholars Foundation of Shandong Province
(tsqn202306397). We thank Figdraw (https://www.figdraw.com/) for creating
figures.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have approved to publish this manuscript.

Competing interests
The authors declare no competing interests.

Received: 1 July 2024 Accepted: 4 October 2024
Published online: 01 November 2024

References

1.

2.

Fujii M, Sekine S, Sato T. Decoding the basis of histological variation in
human cancer. Nat Rev Cancer. 2024,24:141-58.

Xuan L, Bai C, Ju Z, Luo J, Guan H, Zhou PK, Huang R. Radiation-targeted
immunotherapy: a new perspective in cancer radiotherapy. Cytokine
Growth Factor Rev. 2024;75:1-11.

Dang BN, Kwon TK, Lee S, Jeong JH, Yook S. Nanoparticle-based
immunoengineering strategies for enhancing cancer immunotherapy.
J Control Release. 2024;365:773-800.

Liu C, Shi Q, Huang X, Koo S, Kong N, Tao W. mRNA-based cancer
therapeutics. Nat Rev Cancer. 2023,23:526-43.

Nussinov R, Tsai CJ, Jang H. Anticancer drug resistance: an update and
perspective. Drug Resist Updat. 2021,59: 100796.

Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei F, Alahari SK.
Exosomes: composition, biogenesis, and mechanisms in cancer
metastasis and drug resistance. Mol Cancer. 2019;18:75.

Abdelmaksoud NM, Abulsoud Al, Doghish AS, Abdelghany TM. From
resistance to resilience: uncovering chemotherapeutic resistance
mechanisms; insights from established models. Biochim Biophys Acta
Rev Cancer. 2023;1878: 188993.

Di Gregorio J, Di Giuseppe L, Terreri S, Rossi M, Battafarano G, Pagliarosi
O, Flati V, Del Fattore A. Protein stability regulation in osteosarcoma: the
ubiquitin-like modifications and glycosylation as mediators of tumor
growth and as targets for therapy. Cells. 2024;13:537.

YiF, Zhang Y, Wang Z, Wang Z, Li Z, Zhou T, Xu H, Liu J, Jiang B, Li X, et al.
The deacetylation-phosphorylation regulation of SIRT2-SMC1A axis as
a mechanism of antimitotic catastrophe in early tumorigenesis. Sci Adv.
2021;7:eabe5518.

Geffen'Y, Anand S, Akiyama Y, Yaron TM, Song Y, Johnson JL,

Govindan A, Babur O, Li Y, Huntsman E, et al. Pan-cancer analysis of
post-translational modifications reveals shared patterns of protein
regulation. Cell. 2023;186:3945-3967.€3926.

Bahl S, Ling H, Acharige NPN, Santos-Barriopedro |, Plum MKH, Seto

E. EGFR phosphorylates HDACT to regulate its expression and anti-
apoptotic function. Cell Death Dis. 2021;12:469.

Torres CR, Hart GW. Topography and polypeptide distribution

of terminal N-acetylglucosamine residues on the surfaces of

intact lymphocytes. Evidence for O-linked GIcNAc. J Biol Chem.
1984,259:3308-17.

Ran Z, Zhang L, Dong M, Zhang Y, Chen L, Song Q. O-GIcNAcylation: a
crucial regulator in cancer-associated biological events. Cell Biochem
Biophys. 2023;81:383-94.

Lee H,OhY, Jeon YJ, Lee SY, Kim H, Lee HJ, Jung YK. DR4-Ser424
O-GIcNAcylation promotes sensitization of TRAIL-tolerant persisters and
TRAIL-resistant cancer cells to death. Cancer Res. 2019;79:2839-52.


https://www.figdraw.com/

Sun et al. Experimental Hematology & Oncology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34,

35.

(2024) 13:107

Zhang X, Yu K, Ma L, Qian Z, Tian X, Miao Y, Niu Y, Xu X, Guo S, Yang

Y, et al. Endogenous glutamate determines ferroptosis sensitivity

via ADCY10-dependent YAP suppression in lung adenocarcinoma.
Theranostics. 2021;11:5650-74.

Gu X, Nardone C, Kamitaki N, Mao A, Elledge SJ, Greenberg ME. The
midnolin-proteasome pathway catches proteins for ubiquitination-
independent degradation. Science. 2023;381:eadh5021.

Zhang X, Meng T, Cui S, Liu D, Pang Q, Wang P. Roles of ubiquitination
in the crosstalk between tumors and the tumor microenvironment
(Review). Int J Oncol. 2022. https://doi.org/10.3892/ij0.2022.5374.
Morreale FE, Walden H. Types of ubiquitin ligases. Cell. 2016;165:248-
248.e241.

Deng L, Meng T, Chen L, Wei W, Wang P. The role of ubiquitination in
tumorigenesis and targeted drug discovery. Signal Transduct Target
Ther. 2020;5:11.

Yu JJ, Zhou DD, Yang XX, Cui B, Tan FW, Wang J, Li K, Shang S, Zhang C,
Lv XX, et al. TRIB3-EGFR interaction promotes lung cancer progression
and defines a therapeutic target. Nat Commun. 2020;11:3660.

Hu K, Wu W, LiY, Lin L, Chen D, Yan H, Xiao X, Chen H, Chen Z, Zhang
Y, et al. Poly(ADP-ribosyl)ation of BRD7 by PARP1 confers resistance to
DNA-damaging chemotherapeutic agents. EMBO Rep. 2019. https://
doi.org/10.15252/embr.201846166.

Ma L, He H, Jiang K, Jiang P, He H, Feng S, Chen K, Shao J, Deng G.
FAM46C inhibits cell proliferation and cell cycle progression and
promotes apoptosis through PTEN/AKT signaling pathway and is
associated with chemosensitivity in prostate cancer. Aging (Albany NY).
2020;12:6352-69.

Chu, Jiang M, Wu N, Xu B, LiW, Liu H, Su S, Shi'Y, Liu H, Gao X,

et al. O-GlcNAcylation of SIXT enhances its stability and promotes
hepatocellular carcinoma proliferation. Theranostics. 2020;10:9830-42.
Majumdar G, Wright J, Markowitz P, Martinez-Hernandez A, Raghow

R, Solomon SS. Insulin stimulates and diabetes inhibits O-linked
N-acetylglucosamine transferase and O-glycosylation of Sp1. Diabetes.
2004;53:3184-92.

Very N, Vercoutter-Edouart AS, Lefebvre T, Hardivillé S, El Yazidi-Belkoura
. Cross-dysregulation of O-GIcNAcylation and PI3K/AKT/mTOR axis in
human chronic diseases. Front Endocrinol (Lausanne). 2018;9:602.
LiuY, Yu K, Kong X, Zhang K, Wang L, Zhang N, Chen Q, Niu M, Li W,
Zhong X, et al. FOXA1 O-GlcNAcylation-mediated transcriptional switch
governs metastasis capacity in breast cancer. Sci Adv. 2023,9:eadg7112.
Lazarus MB, Nam'Y, Jiang J, Sliz P, Walker S. Structure of human
O-GlcNAc transferase and its complex with a peptide substrate. Nature.
2011;469:564-7.

Shi Q Shen Q Liu'Y, ShiY, Huang W, Wang X, Li Z, Chai Y, Wang H, Hu
X, et al. Increased glucose metabolism in TAMs fuels O-GIcNAcylation
of lysosomal Cathepsin B to promote cancer metastasis and
chemoresistance. Cancer Cell. 2022;40:1207-1222.e1210.

Chen L, Zhou Q, Zhang P Tan W, Li Y, Xu Z, Ma J, Kupfer GM, Pei Y,

Song Q, Pei H. Direct stimulation of de novo nucleotide synthesis by
O-GlcNAcylation. Nat Chem Biol. 2024;20:19-29.

He XF, Hu X, Wen GJ, Wang Z, Lin WJ. O-GIcNAcylation in cancer
development and immunotherapy. Cancer Lett. 2023;566: 216258.
Raab S, Gadault A, Very N, Decourcelle A, Baldini S, Schulz C, Mortuaire
M, Lemaire Q, Hardivillé S, Dehennaut V, et al. Dual regulation of fatty
acid synthase (FASN) expression by O-GIcNAc transferase (OGT) and
mTOR pathway in proliferating liver cancer cells. Cell Mol Life Sci.
2021;78:5397-413.

Liu YY, Liu HY, YuTJ, Lu Q, Zhang FL, Liu GY, Shao ZM, Li DQ.
O-GlcNAcylation of MORC2 at threonine 556 by OGT couples

TGF-@ signaling to breast cancer progression. Cell Death Differ.
2022,29:861-73.

Lee SJ, Kwon OS. O-GIcNAc transferase inhibitor synergistically
enhances doxorubicin-induced apoptosis in HepG2 cells. Cancers
(Basel). 2020;12:3154.

Kreppel LK, Blomberg MA, Hart GW. Dynamic glycosylation of nuclear
and cytosolic proteins. Cloning and characterization of a unique
O-GIcNAc transferase with multiple tetratricopeptide repeats. J Biol
Chem. 1997,272:9308-15.

Ma Z, Vocadlo DJ, Vosseller K. Hyper-O-GIcNAcylation is anti-apoptotic
and maintains constitutive NF-kB activity in pancreatic cancer cells. J
Biol Chem. 2013;288:15121-30.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Page 17 of 20

Wang D, Wu J, Wang D, Huang X, Zhang N, Shi Y. Cisplatin enhances
protein O-GlcNAcylation by altering the activity of OGT, OGA and AMPK
in human non-small cell lung cancer cells. Int J Oncol. 2021;58:1.

Yang YR, Jang HJ, Yoon S, Lee YH, Nam D, Kim IS, Lee H, Kim H, Choi JH,
Kang BH, et al. OGA heterozygosity suppresses intestinal tumorigenesis
in Apc(min/+) mice. Oncogenesis. 2014;3: €109.

Ebert B, Rautengarten C, McFarlane HE, Rupasinghe T, Zeng W, Ford

K, Scheller HV, Bacic A, Roessner U, Persson S, Heazlewood JL. A Golgi
UDP-GIcNAC transporter delivers substrates for N-linked glycans and
sphingolipids. Nat Plants. 2018;4:792-801.

Marshall S, Bacote V, Traxinger RR. Discovery of a metabolic pathway
mediating glucose-induced desensitization of the glucose transport
system. Role of hexosamine biosynthesis in the induction of insulin
resistance. J Biol Chem. 1991;266:4706-12.

Chiaradonna F, Ricciardiello F, Palorini R. The nutrient-sensing
hexosamine biosynthetic pathway as the hub of cancer metabolic
rewiring. Cells. 2018;7:53.

Swatek KN, Usher JL, Kueck AF, Gladkova C, Mevissen TET, Pruneda JN,
Skern T, Komander D. Insights into ubiquitin chain architecture using
Ub-clipping. Nature. 2019;572:533-7.

Schlesinger DH, Goldstein G. Molecular conservation of 74 amino

acid sequence of ubiquitin between cattle and man. Nature.
1975;255:423-4.

Kong D, Hou Y, Li W, Ma X, Jiang J. LncRNA-ZXF1 stabilizes P21
expression in endometrioid endometrial carcinoma by inhibiting
ubiquitination-mediated degradation and regulating the miR-378a-3p/
PCDHA3 axis. Mol Oncol. 2022;16:813-29.

Gatti M, Pinato S, Maiolica A, Rocchio F, Prato MG, Aebersold R, Penengo
L. RNF168 promotes noncanonical K27 ubiquitination to signal DNA
damage. Cell Rep. 2015;10:226-38.

Mittal MK, Singh K, Misra S, Chaudhuri G. SLUG-induced elevation of D1
cyclin in breast cancer cells through the inhibition of its ubiquitination.
J Biol Chem. 2011,286:469-79.

Karagianni P, Amazit L, Qin J, Wong J. ICBP90, a novel methyl K9 H3
binding protein linking protein ubiquitination with heterochromatin
formation. Mol Cell Biol. 2008;28:705-17.

Wang K, Liu J, Li YL, Li JP, Zhang R. Ubiquitination/de-ubiquitination: a
promising therapeutic target for PTEN reactivation in cancer. Biochim
Biophys Acta Rev Cancer. 2022;1877: 188723.

Karg E, Smets M, Ryan J, Forné I, Qin W, Mulholland CB, Kalideris G,
Imhof A, Bultmann S, Leonhardt H. Ubiquitome analysis reveals PCNA-
associated factor 15 (PAF15) as a specific ubiquitination target of UHRF1
in embryonic stem cells. J Mol Biol. 2017;429:3814-24.

Ruan HB, Nie Y, Yang X. Regulation of protein degradation by
O-GlcNAcylation: crosstalk with ubiquitination. Mol Cell Proteomics.
2013;12:3489-97.

Zhang F, Su K, Yang X, Bowe DB, Paterson AJ, Kudlow JE. O-GIcNAc
modification is an endogenous inhibitor of the proteasome. Cell.
2003;115:715-25.

Rechsteiner M, Rogers SW. PEST sequences and regulation by
proteolysis. Trends Biochem Sci. 1996;21:267-71.

Guinez C, Mir AM, Dehennaut V, Cacan R, Harduin-Lepers A, Michalski
JC, Lefebvre T. Protein ubiquitination is modulated by O-GIcNAc
glycosylation. Faseb j. 2008;22:2901-11.

YangY,YanY,Yin J, Tang N, Wang K, Huang L, Hu J, Feng Z, Gao

Q, Huang A. O-GIcNAcylation of YTHDF2 promotes HBV-related
hepatocellular carcinoma progression in an N(6)-methyladenosine-
dependent manner. Signal Transduct Target Ther. 2023;8:63.

Hu J, Gao Q,Yang Y, Xia J, Zhang W, Chen'Y, Zhou Z, Chang L, Hu Y,
Zhou H, et al. Hexosamine biosynthetic pathway promotes the antiviral
activity of SAMHD1 by enhancing O-GIcNAc transferase-mediated
protein O-GlcNAcylation. Theranostics. 2021;11:805-23.
SongT,ZouQ,YanY, Lv S, LiN, Zhao X, Ma X, Liu H, Tang B, Sun L.
DOT1L O-GlcNAcylation promotes its protein stability and MLL-fusion
leukemia cell proliferation. Cell Rep. 2021;36: 109739.

Wang Z, Gao D, Fukushima H, Inuzuka H, Liu P, Wan L, Sarkar FH, Wei W.
Skp2: a novel potential therapeutic target for prostate cancer. Biochim
Biophys Acta. 2012;1825:11-7.

Feng Z,Yin J, Zhang Z, Chen Z, Huang L, Tang N, Wang K.
O-GlcNAcylation of E3 ubiquitin ligase SKP2 promotes hepatocellular
carcinoma proliferation. Oncogene. 2024;43:1149-59.


https://doi.org/10.3892/ijo.2022.5374
https://doi.org/10.15252/embr.201846166
https://doi.org/10.15252/embr.201846166

Sun et al. Experimental Hematology & Oncology

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.
78.

79.

(2024) 13:107

Huang H, Wu Q, Guo X, Huang T, Xie X, Wang L, Liu Y, Shi L, LiW,
Zhang J, Liu Y. O-GlcNAcylation promotes the migratory ability of
hepatocellular carcinoma cells via regulating FOXA2 stability and
transcriptional activity. J Cell Physiol. 2021;236:7491-503.

Chen J, Liu X, LU F, Liu X, Ru Y, RenY, Yao L, Zhang Y. Transcription factor
Nrf1 is negatively regulated by its O-GIcNAcylation status. FEBS Lett.
2015;589:2347-58.

Tang J, Long G, Hu K, Xiao D, Liu S, Xiao L, Zhou L, Tao Y. Targeting
USP8 inhibits O-GIcNAcylation of SLC7A11 to promote ferroptosis of
hepatocellular carcinoma via stabilization of OGT. Adv Sci (Weinh).
2023;10: €2302953.

Peng K, Liu R, Jia C, Wang Y, Jeong GH, Zhou L, Hu R, Kiyokawa H, Yin J,
Zhao B. Regulation of O-Linked N-Acetyl glucosamine transferase (OGT)
through E6 stimulation of the ubiquitin ligase activity of E6AP. Int J Mol
Sci. 2021. https://doi.org/10.3390/ijms221910286.

Chen SH, Chang JY. New insights into mechanisms of cisplatin
resistance: from tumor cell to microenvironment. Int J Mol Sci. 2019.
https://doi.org/10.3390/ijms20174136.

Qian L, Yang X, Li S, Zhao H, Gao Y, Zhao S, Lv X, Zhang X, Li L, Zhai

L, et al. Reduced O-GIcNAcylation of SNAP-23 promotes cisplatin
resistance by inducing exosome secretion in ovarian cancer. Cell Death
Discov. 2021;7:112.

Assaraf YG, Brozovic A, Gongalves AC, Jurkovicova D, Liné A,
Machuqueiro M, Saponara S, Sarmento-Ribeiro AB, Xavier CPR,
Vasconcelos MH. The multi-factorial nature of clinical multidrug
resistance in cancer. Drug Resist Updat. 2019;46: 100645.

Joyce H, McCann A, Clynes M, Larkin A. Influence of multidrug
resistance and drug transport proteins on chemotherapy drug
metabolism. Expert Opin Drug Metab Toxicol. 2015;11:795-809.

LiY, Sun J, Gao S, Hu H, Xie P. HOXB4 knockdown enhances the
cytotoxic effect of paclitaxel and cisplatin by downregulating ABC
transporters in ovarian cancer cells. Gene. 2018;663:9-16.
Januchowski R, Wojtowicz K, Andrzejewska M, Zabel M. Expression

of MDR1 and MDR3 gene products in paclitaxel-, doxorubicin- and
vincristine-resistant cell lines. Biomed Pharmacother. 2014;,68:111-7.
Choi YH, Yu AM. ABC transporters in multidrug resistance and
pharmacokinetics, and strategies for drug development. Curr Pharm
Des. 2014;20:793-807.

Rosenberg MF, Kamis AB, Callaghan R, Higgins CF, Ford RC. Three-
dimensional structures of the mammalian multidrug resistance
P-glycoprotein demonstrate major conformational changes in the
transmembrane domains upon nucleotide binding. J Biol Chem.
2003;278:8294-9.

Glick D, Barth S, Macleod KF. Autophagy: cellular and molecular
mechanisms. J Pathol. 2010,221:3-12.

LiYJ, Lei YH, Yao N, Wang CR, Hu N, Ye WC, Zhang DM, Chen ZS.
Autophagy and multidrug resistance in cancer. Chin J Cancer.
2017;36:52.

Long W, Zhang L, Wang Y, Xie H, Wang L, Yu H. Research progress and
prospects of autophagy in the mechanism of multidrug resistance in
tumors. J Oncol. 2022;2022:7032614.

Zhou F,Yang X, Zhao H, Liu Y, Feng Y, An R, Lv X, Li J, Chen B. Down-
regulation of OGT promotes cisplatin resistance by inducing autophagy
in ovarian cancer. Theranostics. 2018;8:5200-12.

Pellegrini FR, De Martino S, Fianco G, Ventura |, Valente D, Fiore M,
Trisciuoglio D, Degrassi F. Blockage of autophagosome-lysosome
fusion through SNAP29 O-GIcNAcylation promotes apoptosis via ROS
production. Autophagy. 2023;19:2078-93.

Franklin JM, Wu Z, Guan KL. Insights into recent findings and clinical
application of YAP and TAZ in cancer. Nat Rev Cancer. 2023;23:512-25.
Hu L, Wu H, Jiang T, Kuang M, Liu B, Guo X, He D, Chen M, Gu J,

Gu J, et al. pvHL promotes lysosomal degradation of YAP in lung
adenocarcinoma. Cell Signal. 2021;83: 110002.

Lord CJ, Ashworth A. The DNA damage response and cancer therapy.
Nature. 2012;481:287-94.

Salehan MR, Morse HR. DNA damage repair and tolerance: a role in
chemotherapeutic drug resistance. Br J Biomed Sci. 2013;70:31-40.
Liu J, BiK, Yang R, Li H, Nikitaki Z, Chang L. Role of DNA damage and
repair in radiation cancer therapy: a current update and a look to the
future. Int J Radiat Biol. 2020;96:1329-38.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

Page 18 of 20

Lee PP, Fitzpatrick DR, Beard C, Jessup HK, Lehar S, Makar KW, Pérez-
Melgosa M, Sweetser MT, Schlissel MS, Nguyen S, et al. A critical role
for Dnmt1 and DNA methylation in T cell development, function, and
survival. Immunity. 2001;15:763-74.

Sui C, Meng F, LiY, Jiang Y. miR-148b reverses cisplatin-resistance in
non-small cell cancer cells via negatively regulating DNA (cytosine-5)-
methyltransferase 1(DNMT1) expression. J Transl Med. 2015;13:132.
Tang H, Chen J, Han X, Feng Y, Wang F. Upregulation of SPP1 is a marker
for poor lung cancer prognosis and contributes to cancer progression
and cisplatin resistance. Front Cell Dev Biol. 2021;9: 646390.

Cao YL, Zhuang T, Xing BH, Li N, Li Q. Exosomal DNMT1 mediates
cisplatin resistance in ovarian cancer. Cell Biochem Funct.
2017;35:296-303.

Shin H, Leung A, Costello KR, Senapati P, Kato H, Moore RE, Lee M, Lin D,
Tang X, Pirrotte P, et al. Inhibition of DNMT1 methyltransferase activity
via glucose-regulated O-GlcNAcylation alters the epigenome. Elife.
2023. https://doi.org/10.7554/eLife.85595.

Wright WD, Shah SS, Heyer WD. Homologous recombination and the
repair of DNA double-strand breaks. J Biol Chem. 2018;293:10524-35.
Averbek S, Jakob B, Durante M, Averbeck NB. O-GlcNAcylation affects
the pathway choice of DNA double-strand break repair. Int J Mol Sci.
2021;22:5715.

Kreisel K, Enggvist MKM, Kalm J, Thompson LJ, Bostrém M, Navarrete

C, McDonald JP, Larsson E, Woodgate R, Clausen AR. DNA polymerase

n contributes to genome-wide lagging strand synthesis. Nucleic Acids
Res. 2019;47:2425-35.

Ma X, Liu H, Li J, Wang Y, Ding YH, Shen H, Yang Y, Sun C, Huang M,

Tu'Y, et al. Poln O-GlcNAcylation governs genome integrity during
translesion DNA synthesis. Nat Commun. 1941;2017:8.

Sun'Y. Tumor microenvironment and cancer therapy resistance. Cancer
Lett. 2016;380:205-15.

Nallasamy P, Nimmakayala RK, Parte S, Are AC, Batra SK, Ponnusamy

MP. Tumor microenvironment enriches the stemness features: the
architectural event of therapy resistance and metastasis. Mol Cancer.
2022;21:225.

Moriwaki K, Asahi M. Augmented TME O-GIcNAcylation promotes
tumor proliferation through the inhibition of p38 MAPK. Mol Cancer
Res. 2017;15:1287-98.

Theelen W, Chen D, Verma V, Hobbs BP, Peulen HMU, Aerts J, Bahce

I, Niemeijer ALN, Chang JY, de Groot PM, et al. Pembrolizumab with

or without radiotherapy for metastatic non-small-cell lung cancer:

a pooled analysis of two randomised trials. Lancet Respir Med.
2021,9:467-75.

Marin-Jiménez JA, Garcia-Mulero S, Matias-Guiu X, Piulats JM. Facts

and hopes in immunotherapy of endometrial cancer. Clin Cancer Res.
2022;28:4849-60.

Tartari F, Santoni M, Burattini L, Mazzanti P, Onofri A, Berardi R. Economic
sustainability of anti-PD-1 agents nivolumab and pembrolizumab in
cancer patients: recent insights and future challenges. Cancer Treat Rev.
2016;48:20-4.

Zhu Q,Wang H, Chai S, Xu L, Lin B, Yi W, Wu L. O-GIcNAcylation
promotes tumor immune evasion by inhibiting PD-L1 lysosomal
degradation. Proc Natl Acad Sci U S A. 2023;120: €2216796120.

Shang M, Yang H, Yang R, ChenT, FuY, Li Y, Fang X, Zhang K, Zhang J,

Li H, et al. The folate cycle enzyme MTHFD2 induces cancer immune
evasion through PD-L1 up-regulation. Nat Commun. 1940,2021:12.
Lasater EA, Amin DN, Bannerji R, Mali RS, Barrett K, Rys RN, Oeh J, Lin

E, Sterne-Weiler T, Ingalla ER, et al. Targeting MCL-1 and BCL-2 with
polatuzumab vedotin and venetoclax overcomes treatment resistance
in R/R non-Hodgkin lymphoma: results from preclinical models and a
Phase Ib study. Am J Hematol. 2023;98:449-63.

Luanpitpong S, Janan M, Yosudjai J, Poohadsuan J, Chanvorachote

P, Issaragrisil S. Bcl-2 family members Bcl-xL and bax cooperatively
contribute to bortezomib resistance in mantle cell lymphoma. Int J Mol
Sci. 2022. https://doi.org/10.3390/ijms232214474.

Leonel AV, Alisson-Silva F, Santos RCM, Silva-Aguiar RP, Gomes JC, Longo
GMC, Faria BM, Siqueira MS, Pereira MG, Vasconcelos-Dos-Santos A,

et al. Inhibition of O-GIcNAcylation reduces cell viability and autophagy
and increases sensitivity to chemotherapeutic temozolomide in
glioblastoma. Cancers (Basel). 2023. https://doi.org/10.3390/cancers151
94740.


https://doi.org/10.3390/ijms221910286
https://doi.org/10.3390/ijms20174136
https://doi.org/10.7554/eLife.85595
https://doi.org/10.3390/ijms232214474
https://doi.org/10.3390/cancers15194740
https://doi.org/10.3390/cancers15194740

Sun et al. Experimental Hematology & Oncology

100.

102.

103.

104.

105.

109.

110.

111,

112.

118.

(2024) 13:107

Makwana V, Dukie AS, Rudrawar S. Investigating the impact of OGT
inhibition on doxorubicin- and docetaxel-induced cytotoxicity in PC-3
and WPMY-1 Cells. Int J Toxicol. 2020;39:586-93.

Jennings BM. Nursing theory development: successes and challenges. J
Adv Nurs. 1987;12:63-9.

Xiang J, Chen C, Liu R, Gou D, Chang L, Deng H, Gao Q, Zhang W, Tuo L,
Pan X, et al. Gluconeogenic enzyme PCK1 deficiency promotes CHK2
O-GlcNAcylation and hepatocellular carcinoma growth upon glucose
deprivation. J Clin Invest. 2021. https://doi.org/10.1172/JCI144703.

Lei X, Hu X, Lu Q Fu W, Sun W, Ma Q, Huang D, Xu Q. Ubiquitin-
conjugating enzymes as potential biomarkers and therapeutic targets
for digestive system cancers (Review). Oncol Rep. 2023;49:63.

Zheng N, Shabek N. Ubiquitin ligases: structure, function, and
regulation. Annu Rev Biochem. 2017;86:129-57.

Ming H, Li B, Jiang J, Qin S, Nice EC, He W, Lang T, Huang C. Protein
degradation: expanding the toolbox to restrain cancer drug resistance.
J Hematol Oncol. 2023;16:6.

ZouT, Zeng C, Qu J,Yan X, Lin Z. Rutaecarpine increases anticancer
drug sensitivity in drug-resistant cells through MARCH8-dependent
ABCB1 degradation. Biomedicines. 2021. https://doi.org/10.3390/biome
dicines9091143.

Saeed MEM, Mahmoud N, Sugimoto Y, Efferth T, Abdel-Aziz H. betulinic
acid exerts cytotoxic activity against multidrug-resistant tumor cells via
targeting autocrine motility factor receptor (AMFR). Front Pharmacol.
2018,9:481.

Kim MS, Lee WS, Jin W.TrkB inhibition of DJ-1 degradation promotes
the growth and maintenance of cancer stem cell characteristics in
hepatocellular carcinoma. Cell Mol Life Sci. 2023;80:303.

LiuW, Zheng M, Zhang R, Jiang Q, Du G, Wu'Y, Yang C, Li F, LiW, Wang
L, et al. RNF126-mediated MRE11 ubiquitination activates the DNA
damage response and confers resistance of triple-negative breast
cancer to radiotherapy. Adv Sci (Weinh). 2023;10: €2203884.

De S, Holvey-Bates EG, Mahen K, Willard B, Stark GR. The ubiquitin E3
ligase FBXO22 degrades PD-L1 and sensitizes cancer cells to DNA
damage. Proc Natl Acad Sci U S A. 2021. https://doi.org/10.1073/pnas.
2112674118.

Jiang Y, Guo H, Tong T, Xie F, Qin X, Wang X, Chen W, Zhang J. IncRNA
Inc-POP1-1 upregulated by VNTR5 promotes cisplatin resistance in
head and neck squamous cell carcinoma through interaction with
MCM5. Mol Ther. 2022;30:448-67.

SuY,Wu C, Chang,LiL, ChenY, Jia X, Wang X, LvY, Yu B, Yuan J.
USP17L2-SIRT7 axis regulates DNA damage repair and chemoresistance
in breast cancer cells. Breast Cancer Res Treat. 2022;196:31-44.
Kayagaki N, Webster JD, Newton K. Control of cell death in health and
disease. Annu Rev Pathol. 2024;19:157-80.

Singh P, Lim B.Targeting apoptosis in cancer. Curr Oncol Rep.
2022;24:273-84.

Deng L, Liao L, Zhang YL, Yang SY, Hu SY, Andriani L, Ling YX, Ma XY,
Zhang FL, Shao ZM, Li DQ. SF3A2 promotes progression and cisplatin
resistance in triple-negative breast cancer via alternative splicing of
MKRNT. Sci Adv. 2024;10:EADJ4009.

Zhu, Liang L, Zhao'Y, Li J, Zeng J, Yuan Y, Li N, Wu L. CircNUP50 is a
novel therapeutic target that promotes cisplatin resistance in ovarian
cancer by modulating p53 ubiquitination. J Nanobiotechnology.
2024;22:35.

Qiu X, Wang J, Zhang N, Du T, Chen L, Xi H. Estradiol cypionate inhibits
proliferation and promotes apoptosis of gastric cancer by regulating
AKT ubiquitination. Biomed Pharmacother. 2023;165: 115073.

Yang WL, Wang J, Chan CH, Lee SW, Campos AD, Lamothe B, Hur L,
Grabiner BC, Lin X, Darnay BG, Lin HK. The E3 ligase TRAF6 regulates Akt
ubiquitination and activation. Science. 2009;325:1134-8.

Zhang X, Zhang M, Cui H, Zhang T, Wu L, Xu C, Yin C, Gao J. Autophagy-
modulating biomembrane nanostructures: a robust anticancer weapon
by modulating the inner and outer cancer environment. J Control
Release. 2024;366:85-103.

NiH, Tang S, Lu G, Niu'Y, Xu J, Zhang H, Hu J, Shen HM, Wu Y, Xia D.
Linc00673-V3 positively regulates autophagy by promoting Smad3-
mediated LC3B transcription in NSCLC. Life Sci Alliance. 2024. https://
doi.org/10.26508/15a.202302408.

Hu Z, Zhao Y, Mang Y, Zhu J,Yu L, Li L, Ran J. MiR-21-5p promotes
sorafenib resistance and hepatocellular carcinoma progression by

122.

125.

126.

127.

128.

129.

130.

131.

132.

136.

Page 19 of 20

regulating SIRT7 ubiquitination through USP24. Life Sci. 2023;325:
121773.

Lee JH, Park SA, Park IG, Yoon BK, Lee JS, Lee JM. Stem cell properties of
gastric cancer stem-like cells under stress conditions are regulated via
the c-Fos/UCH-L3/B-catenin Axis. Mol Cells. 2023;46:476-85.
Roma-Rodrigues C, Mendes R, Baptista PV, Fernandes AR. Targeting
tumor microenvironment for cancer therapy. Int J Mol Sci. 2019;20:840.
Li XM, Zhao ZY, Yu X, Xia QD, Zhou P, Wang SG, Wu HL, Hu J. Exploiting
E3 ubiquitin ligases to reeducate the tumor microenvironment for
cancer therapy. Exp Hematol Oncol. 2023;12:34.

LiY,Yang W, Zheng Y, Dai W, Ji J,Wu L, Cheng Z, Zhang J, Li J, Xu X, et al.
Targeting fatty acid synthase modulates sensitivity of hepatocellular
carcinoma to sorafenib via ferroptosis. J Exp Clin Cancer Res. 2023;42:6.
Guo J, LvY,Wang S, Peng Z, Xie Y, Wang Y, Jiang H, Li X, Wang M, Hu

M, et al. Hypoxia induces chemoresistance to proteasome inhibitors
through orchestrating deSUMOylation and ubiquitination of SRC-3 in
multiple myeloma. Oncogene. 2022;41:4971-9.

Wang M, Liu H, Zhang X, Zhao W, Lin X, Zhang F, Li D, Xu C, Xie F, Wu

Z, et al. Lack of MOF decreases susceptibility to hypoxia and promotes
multidrug resistance in hepatocellular carcinoma via HIF-1a. Front Cell
Dev Biol. 2021;9: 718707.

Lee TA, Tsai EY, Liu SH, Hsu Hung SD, Chang SJ, Chao CH, Lai YJ,
Yamaguchi H, Li CW. Post-translational modification of PD-1: potential
targets for cancer immunotherapy. Cancer Res. 2024;84:800-7.

Jiang T, Xia Y, LiY, Lu C, Lin J, Shen Y, Lv J, Xie L, Gu C, Xu Z, Wang L.
TRIM29 promotes antitumor immunity through enhancing IGF2BP1
ubiquitination and subsequent PD-L1 downregulation in gastric cancer.
Cancer Lett. 2024;581: 216510.

Yu Z Wu X, Zhu J,Yan H, Li Y, Zhang H, Zhong Y, Lin M, Ye G, Li X, et al.
BCLAF1 binds SPOP to stabilize PD-L1 and promotes the development
and immune escape of hepatocellular carcinoma. Cell Mol Life Sci.
2024;81:82.

Li C, Teixeira AF, Zhu HJ, Ten Dijke P. Cancer associated-fibroblast-
derived exosomes in cancer progression. Mol Cancer. 2021;20:154.
Zhang X, Lao M, Yang H, Sun K, Dong Y, He L, Jiang X, Wu H, Jiang Y,

Li M, et al. Targeting cancer-associated fibroblast autophagy renders
pancreatic cancer eradicable with immunochemotherapy by inhibiting
adaptive immune resistance. Autophagy. 2024. https://doi.org/10.1080/
15548627.2023.2300913.

Li K, Peng ZY,Wang R, Li X, Du N, Liu DP, Zhang J, Zhang YF, Ma L, Sun,
et al. Enhancement of TKl sensitivity in lung adenocarcinoma through
m6A-dependent translational repression of Wnt signaling by circ-
FBXW?7. Mol Cancer. 2023;22:103.

Herbst RS, Wu YL, John T, Grohe C, Majem M, Wang J, Kato T, Goldman
JW, Laktionov K, Kim SW, et al. Adjuvant osimertinib for resected EGFR-
mutated stage IB-IllA non-small-cell lung cancer: updated results from
the phase Il randomized ADAURA trial. J Clin Oncol. 2023;41:1830-40.
He T, Wang Y, Lv W, Wang Y, Li X, Zhang Q, Shen HM, Hu J. FBP1 inhibits
NSCLC stemness by promoting ubiquitination of Notch1 intracellular
domain and accelerating degradation. Cell Mol Life Sci. 2024,81:87.
Wang H, Liu J, Zhu X, Yang B, He Z, Yao X. AZGP1P2/UBA1/RBM15
cascade mediates the fate determinations of prostate cancer stem cells
and promotes therapeutic effect of docetaxel in castration-resistant
prostate cancer via TPM1 m6A modification. Research (Wash D Q).
2023;6:0252.

Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA
Cancer J Clin. 2023;73:17-48.

Benson AB, D'’Angelica MI, Abbott DE, Anaya DA, Anders R, Are C,
Bachini M, Borad M, Brown D, Burgoyne A, et al. Hepatobiliary cancers,
version 2.2021, NCCN clinical practice guidelines in oncology. J Nat!
Compr Canc Netw. 2021;19:541-65.

Qiu H, Liu F, Tao T, Zhang D, Liu X, Zhu G, Xu Z, Ni R, Shen A.
Modification of p27 with O-linked N-acetylglucosamine regulates

cell proliferation in hepatocellular carcinoma. Mol Carcinog.
2017,56:258-71.

LiJ, Ahmad M, Sang L, Zhan Y, Wang Y, Yan Y, Liu Y, Mi W, Lu M, Dai Y,

et al. O-GIcNAcylation promotes the cytosolic localization of the m(6)
A reader YTHDF1 and colorectal cancer tumorigenesis. J Biol Chem.
2023;299: 104738.

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA
Cancer J Clin. 2022;72:7-33.


https://doi.org/10.1172/JCI144703
https://doi.org/10.3390/biomedicines9091143
https://doi.org/10.3390/biomedicines9091143
https://doi.org/10.1073/pnas.2112674118
https://doi.org/10.1073/pnas.2112674118
https://doi.org/10.26508/lsa.202302408
https://doi.org/10.26508/lsa.202302408
https://doi.org/10.1080/15548627.2023.2300913
https://doi.org/10.1080/15548627.2023.2300913

Sun et al. Experimental Hematology & Oncology

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

159.

163.

(2024) 13:107

Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018;68:394-424.

Luanpitpong S, Angsutararux P, Samart P, Chanthra N, Chanvorachote
P, Issaragrisil S. Hyper-O-GlcNAcylation induces cisplatin resistance

via regulation of p53 and c-Myc in human lung carcinoma. Sci Rep.
2017;7:10607.

Luanpitpong S, Rodboon N, Samart P, Vinayanuwattikun C, Klamkhlai S,
Chanvorachote P, Rojanasakul Y, Issaragrisil S. A novel TRPM7/0-GIcNAc
axis mediates tumour cell motility and metastasis by stabilising c-Myc
and caveolin-1 in lung carcinoma. Br J Cancer. 2020;123:1289-301.
Lapointe S, Perry A, Butowski NA. Primary brain tumours in adults.
Lancet. 2018;392:432-46.

Weller M, Wick W, Aldape K, Brada M, Berger M, Pfister SM, Nishikawa

R, Rosenthal M, Wen PY, Stupp R, Reifenberger G. Glioma. Nat Rev Dis
Primers. 2015;1:15017.

Bi J, Chowdhry S,Wu S, Zhang W, Masui K, Mischel PS. Altered cellular
metabolism in gliomas - an emerging landscape of actionable
co-dependency targets. Nat Rev Cancer. 2020;20:57-70.

XuL,YeY,Tao Z, Wang T, Wei Y, Cai W, Wan X, Zhao P, Gu W, Gu B,

et al. O-GlcNAcylation of melanophilin enhances radiation resistance
in glioblastoma via suppressing TRIM21 mediated ubiquitination.
Oncogene. 2024;43:61-75.

Richard SA, Eugene KD. The pivotal immunomodulatory and anti-
inflammatory effect of histone-lysine n-methyltransferase in the glioma
microenvironment: its biomarker and therapy potentials. Anal Cell
Pathol (Amst). 2021;2021:4907167.

ShiL, Tang X, Qian M, Liu Z, Meng F, Fu L, Wang Z, Zhu WG, Huang

JD, Zhou Z, Liu B. A SIRT1-centered circuitry regulates breast cancer
stemness and metastasis. Oncogene. 2018;37:6299-315.

Ferrer CM, Lu TY, Bacigalupa ZA, Katsetos CD, Sinclair DA, Reginato

MJ. O-GIcNAcylation regulates breast cancer metastasis via SIRT1
modulation of FOXM1 pathway. Oncogene. 2017;36:559-69.

Yan W, Cao M, Ruan X, Jiang L, Lee S, Lemanek A, Ghassemian M,

Pizzo DP, Wan Y, Qiao Y, et al. Cancer-cell-secreted miR-122 suppresses
O-GlcNAcylation to promote skeletal muscle proteolysis. Nat Cell Biol.
2022;24:793-804.

Yang WH, Kim JE, Nam HW, Ju JW, Kim HS, Kim YS, Cho JW. Modification
of p53 with O-linked N-acetylglucosamine regulates p53 activity and
stability. Nat Cell Biol. 2006;8:1074-83.

Yeoh KG, Tan P. Mapping the genomic diaspora of gastric cancer. Nat
Rev Cancer. 2022;22:71-84.

Joshi SS, Badgwell BD. Current treatment and recent progress in gastric
cancer. CA Cancer J Clin. 2021;71:264-79.

Inoue Y, Moriwaki K, Ueda Y, Takeuchi T, Higuchi K, Asahi M. Elevated
O-GlcNAcylation stabilizes FOXM1 by its reduced degradation through
GSK-3( inactivation in a human gastric carcinoma cell line, MKN45 cells.
Biochem Biophys Res Commun. 2018;495:1681-7.

Arndt CA, Rose PS, Folpe AL, Laack NN. Common musculoskeletal
tumors of childhood and adolescence. Mayo Clin Proc. 2012;87:475-87.
Gianferante DM, Mirabello L, Savage SA. Germline and somatic genetics
of osteosarcoma—connecting aetiology, biology and therapy. Nat Rev
Endocrinol. 2017;13:480-91.

Deng X, Yi X, Huang D, Liu P, Chen L, Du Y, Hao L. ROCK2 mediates
osteosarcoma progression and TRAIL resistance by modulating
O-GIcNAc transferase degradation. Am J Cancer Res. 2020;10:781-98.
Zhou P, Chang WY, Gong DA, Xia J, Chen W, Huang LY, Liu R, Liu Y,

Chen C, Wang K, et al. High dietary fructose promotes hepatocellular
carcinoma progression by enhancing O-GlcNAcylation via microbiota-
derived acetate. Cell Metab. 2023;35:1961-1975.e1966.

Wu J, Tan Z, Li H, Lin M, Jiang Y, Liang L, Ma Q, Gou J, Ning L, Li X, Guan
F. Melatonin reduces proliferation and promotes apoptosis of bladder
cancer cells by suppressing O-GlcNAcylation of cyclin-dependent-like
kinase 5. J Pineal Res. 2021;71: e12765.

Lee DE, Lee GY, Lee HM, Choi SY, Lee SJ, Kwon OS. Synergistic apoptosis
by combination of metformin and an O-GIcNAcylation inhibitor in
colon cancer cells. Cancer Cell Int. 2023;23:108.

Ren X, Jiang M, Ding P, Zhang X, Zhou X, Shen J, Liu D, Yan X, Ma Z.
Ubiquitin-specific protease 28: the decipherment of its dual roles in
cancer development. Exp Hematol Oncol. 2023;12:27.

164.

Page 20 of 20

Meng Y, Sun H, LiY, Zhao S, Su J, Zeng F, Deng G, Chen X. Targeting
ferroptosis by ubiquitin system enzymes: a potential therapeutic
strategy in cancer. Int J Biol Sci. 2022;18:5475-88.

Garcia-Santisteban |, Peters GJ, Giovannetti E, Rodriguez JA. USP1
deubiquitinase: cellular functions, regulatory mechanisms and
emerging potential as target in cancer therapy. Mol Cancer. 2013;12:91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Crosstalk between O-GlcNAcylation and ubiquitination: a novel strategy for overcoming cancer therapeutic resistance
	Abstract 
	Introduction
	O-GlcNAcylation and ubiquitination
	Important O-GlcNAcylation regulators
	Mutual regulation between O-GlcNAcylation and ubiquitination

	O-GlcNAcylation involved in regulating cancer therapeutic resistance
	O-GlcNAcylation-induced alterations in drug concentration
	O-GlcNAcylation modulates autophagy
	Role of O-GlcNAcylation in DNA damage repair
	Remodeling of tumor microenvironment by O-GlcNAcylation
	Other mechanisms mediated by O-GlcNAcylation

	Ubiquitination and cancer therapeutic resistance
	Ubiquitination and drug transport
	Ubiquitination and DNA damage repair
	Ubiquitination and apoptosis
	Ubiquitination and autophagy
	Ubiquitination and TME
	Ubiquitination and CSCs

	Interplay between O-GlcNAcylation and ubiquitination in cancer therapeutic resistance
	O-GlcNAcylation regulated ubiquitination in cancer therapeutic resistance
	Hepatocellular carcinoma
	Lung cancer
	Glioma
	Breast cancer
	Gastric cancer

	Ubiquitination affected O-GlcNAcylation in cancer therapeutic resistance

	Conclusions, challenges and prospects
	Acknowledgements
	References


