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Abstract
Glycosylation, a key mode of protein modification in living organisms, is crit-
ical in regulating various biological functions by influencing protein folding,
transportation, and localization. Changes in glycosylation patterns are a signif-
icant feature of cancer, are associated with a range of pathological activities in
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cancer-related processes, and serve as critical biomarkers providing new tar-
gets for cancer diagnosis and treatment. Glycoproteins like human epidermal
growth factor receptor 2 (HER2) for breast cancer, alpha-fetoprotein (AFP) for
liver cancer, carcinoembryonic antigen (CEA) for colon cancer, and prostate-
specific antigen (PSA) for prostate cancer are all tumor biomarkers approved
for clinical use. Here, we introduce the diversity of glycosylation structures and
newly discovered glycosylation substrate—glycosylated RNA (glycoRNA). This
article focuses primarily on tumormetastasis, immune evasion, metabolic repro-
gramming, aberrant ferroptosis responses, and cellular senescence to illustrate
the role of glycosylation in cancer. Additionally, we summarize the clinical appli-
cations of protein glycosylation in cancer diagnostics, treatment, and multidrug
resistance.We envision a promising future for the clinical applications of protein
glycosylation.
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1 INTRODUCTION

Post-translational changes in proteins add variety to the
proteome by affecting its molecular makeup, impacting
nearly every aspect of cellular function and disease, and
establishing the basis for the intricacy of living beings
[1–4]. So far, there are over 650 protein modifications
described, the most types of which are phosphorylation,
glycosylation, ubiquitination, lactylation, methylation, N-
acetylation, and S-palmitoylation [5]. Glycosylation is
one of the most common and variable forms of post-
translational protein modification. Glycosylation is a pro-
cess by which sugar chains are attached to proteins and
lipids under the control of enzymes. Glycosyltransferases
transfer sugar chains to proteins, creating glycosidic bonds

with the amino acid residues on the protein, leading to the
production of glycoproteins [6]. The majority of nuclear
and cytoplasmic proteins undergo active O-linked β-N-
acetylglucosamine (O-GlcNAc) glycosylation, while the
majority of secreted proteins are glycosylated [7]. Pro-
teins undergo glycosylation through a combination of
metabolism and a complex network of various glyco-
sylation pathways. Different glycoproteins participate in
different functions of proteins in vivo, and affect vari-
ous cell biological processes, such as allergic reactions
and immune responses [8, 9]. For example, the cell sur-
face glycoprotein human leukocyte antigen (HLA) serves
as a recognition marker for the immune system [10].
Abnormal glycosylation has been implicated in several
diseases, including rheumatic [11], cardiovascular [12],

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12610 by C

ochraneC
hina, W

iley O
nline L

ibrary on [13/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

mailto:yujany_zhou@163.com
mailto:wanghui710327@163.com


XU et al. 3

neurological [13], respiratory [14] and other diseases. The
regulation of glycosylation and related enzymes is associ-
ated with abnormal activity in neuronal vasculopathy [13].
In numerous rheumatic disorders and chronic respiratory
diseases, the protein glycosylation process is altered,which
is associated with inflammatory processes and disease pro-
gression [11, 14]. The role of glycosylation in tumor cells
is not negligible and is involved in all aspects of tumor
development, from the initial stages to metastasis [15–17].
Tumor transformation is regulated by multiple factors.

Among various post-translational modifications associ-
ated with tumors, abnormal glycosylation is recognized
as an important factor in tumor. Abnormal glycosyla-
tions are involved in many tumor malignancy progres-
sion processes, including proliferation, apoptosis, inva-
sion, metastasis and immune escape [18, 19]. CD24, a
heavily glycosylated protein, functions as a controller
of cancer cell movement, infiltration, and growth [20].
Numerous tumor-related polysaccharides and glycopro-
teins such as alpha-fetoprotein (AFP), carcinoembryonic
antigen (CEA), and human epidermal growth factor recep-
tor 2 (HER2), are considered key markers of tumors,
and are closely linked to the progression and progno-
sis of tumors. These molecules provide new targets for
diagnosing, predicting and treating cancer [21]. Recently,
research on the role of glycosylation in tumorigenesis
has focused on cancer cell invasion and metastasis and
immune evasion [22, 23]. Interestingly, the emerging roles
of glycosylation in metabolic reprogramming, senescence,
and ferroptosis have attracted increased interest [24–26].
Here, we outline the variety of structures involved in gly-
cosylation and present a recently identified glycosylation
target, glycosylated RNA (glycoRNA), a class of RNAs that
are glycosylated. We focus on tumor metastasis, immune
evasion, metabolic reprogramming, ferroptosis, and cel-
lular senescence to illustrate the role of glycosylations
in cancer. In addition, this review highlights the clini-
cal applications of protein glycosylation modifications in
cancer diagnostic markers, cancer therapy and multidrug
resistance and provides future perspectives.

2 STRUCTURAL AND BIOLOGICAL
FUNCTIONS OF GLYCOSYLATION

Glycans are polymers with carbohydrates as their main
component. Glycans are essential in organisms and are
involved in cell attachment, communication between cells,
immune system control as well as energy processing [27,
28]. Sugar derivatives like glycoproteins, proteoglycans,
glycosaminoglycans, and glycolipids are formed when gly-
cans interact with proteins and lipids. These compounds
are crucial for the structure of cells and organisms, and are

involved in many physiological and pathological processes
[29, 30].
Protein glycosylation is the attachment of sugar chains

to certain amino acid residues on proteins through gly-
cosyltransferases and nucleoside diphosphate sugars. Pri-
marily happening in the endoplasmic reticulum (ER) and
Golgi apparatus [6]. The glycan chain is primarily com-
posed of monosaccharides such as glucose, galactose,
mannose, xylose, fucose, N-acetyl glucosamine, N-acetyl
galactosamine, glucuronic acid, iduronic acid, and sialic
acids. These monosaccharides form complex carbohy-
dratemolecules. Glycoconjugatemolecules are then linked
to protein structures to form glycoproteins, which regu-
late protein structure and cellular function. Glycosylation
helps proteins to fold properly, facilitates interactions
between the protein surface of folded glycoproteins and
classical chaperones and other proteins that contribute
to folding, and inhibits protein degradation by protect-
ing proteins from proteases [31]. Glycosylation promotes
cell-cell adhesion through lectin-polysaccharide interac-
tions and contributes to cell-cell transport [32]. Aside from
protein secretion and translocation, glycosylation plays
a role in various biological processes, including receptor
interactions and the facilitation of intercellular signaling
[33].
Variation in glycan chains and the diversity of glycosyla-

tion pathways can be influenced by the type and quantity
of oligosaccharide residues present, as well as variations
in the locations of glycosidic bonds [34]. Various processes
can lead to changes in glycosylation, such as variations
in the levels of glycosyltransferases and glycosidases,
their distribution within the secretory pathway, alter-
ations in chaperone function, and shifts in metabolism
[35, 36]. Different types of glycosylation modifications
include N-glycosylation, O-glycosylation, C-glycosylation,
and glycosyl phosphatidylinositol (GPI) anchoring, each
corresponding to specific glycosylation sites [34] (Figure 1).
N-glycosylation andO-glycosylation are themost common
types include. N-linked glycoproteins are formedwhen the
protein backbone is connected covalently to the nitrogen
element in asparagine (Asn), whereas O-linked glycopro-
teins are formed when it is connected to the oxygen atom
in the serine/threonine (Ser/Thr) side chain.

2.1 N-glycosylation

N-glycosylation is the most prevalent form and has been
studied the most extensively [34]. N-glycosylation involves
a covalent connection between N-acetylglucosamine (Glc-
NAc) found in N-glycans and the nitrogen atom of the
asparagine (Asn) amino group via a β1-glycosidic bond.
The change usually occurs at a specific Asn site in the
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F IGURE 1 Structural diversity of glycosylation. The types and numbers of oligosaccharide residues in the glycan chain, as well as the
differences in the sites of glycosidic bonds, lead to the diversity of the glycan chains and glycosylations pathways. Depending on the
glycosylation site, glycosylations are mainly classified as N-glycosylation, O-glycosylation, C-glycosylation, or glycosylphosphatidylinositol
anchoring. In addition to proteins and lipids, RNA is the third major carrier of glycosylation. Abbreviations: Asn, asparagine; Cys, cysteine;
GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; GlycoRNA, glycosylated RNA; GPI, glycosyl phosphatidylinositol; Ser, serine;
Thr, threonine; Trp, tryptophan; X, any amino acid.

conserved glycosylation pattern Asn-X-Ser/Thr, with “X”
standing for any amino acid other than proline. The core
glycan of an N-glycan contains three mannose (Man)
residues and two GlcNAc residues. N-glycans are formed
into glycan chains in the ER, then transported to the
Golgi apparatus for further processing and modification.
Within the Golgi apparatus, glycosidases remove man-
nose residues, and various glycosyltransferases add other
monosaccharides, resulting in the formation of monosac-
charides with intricate structures [37]. N-glycosylated pro-
teins are primarily categorized as high-mannose, hybrid,
and complex proteins. N-linked glycosylation is a tightly
regulated process involving a series of coordinated post-
translational events that result in the modification and
alteration of cell surface, secretory, and cycling proteins.
N-linked polysaccharide synthesis is closely linked to pro-
tein folding, ER homeostasis, andmany roles in lysosomes

and autophagy [38–40]. Proteins lacking N-glycosylation
are unable to be properly identified by calnexin (CNX) and
calreticulin (CRT) in the ER, causing misfolding of the
hypoglycosylated proteins and their degraded [41].

2.2 O-glycosylation

O-glycosylation occurs when polysaccharides are bonded
to the hydroxyl group of the oxygen atom of a polypeptide’s
serine or threonine residue. The main sugars linked to ser-
ine and threonine amino acids are N-acetylglucosamine
(GlcNAc) and N-acetylgalactosamine (GalNAc). In con-
trast to N-polysaccharides, O-linked polysaccharides are
synthesized in a more direct and polyphasic manner,
since they are not dependent on common sequences or
polyol precursors. Metabolized glucose is broken down
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by the hexosamine biosynthetic pathway and then com-
bined with amino acids, fatty acids, and nucleotides to
create uridine diphosphate-N-acetylglucosamine (UDP-
GlcNAc). UDP-GlcNAc serves as a donor substrate for
intracellular GlcNAc modification. It facilitates the O-
GlcNAc modification of proteins through the action of
O-GlcNAc transferase. O-GlcNAc glycosylation affects the
conformation of protein structure and stability, mediates
protein-protein interactions and molecular recognition
of its bioreceptors [42]. O-GlcNAc in the IXI domain
of certain small heat shock proteins (sHSPs) prevents
sHSPs from binding to substrates, thereby activating their
anti-amyloid activity [43].
Galactosyltransferase transferase adds GalNAc to pro-

teins and catalyzes mucin-type O-glycosylation [44]. More
than 20 different peptide GalNAc transferase enzymes ini-
tiate O-glycosylation, an extremely complex mechanism
[45]. O-GalNAc glycosylation allows proteins to perform
significant structural, protective, and signaling functions.
Mucin-like O-glycans are widely present on numerous gly-
coproteins that are found outside the cell or are secreted,
including mucins. Mucins are identified by an inconsis-
tent number of consecutive repeat sequences containing
elevated levels of proline (Pro), serine (Ser), and threonine
(Thr), resulting in multiple locations for O-glycosylation
[46]. The process of O-GalNAc glycosylation is crucial
for shielding glycoproteins and cell surfaces from exter-
nal stress, as well as for facilitating self-recognition by
the immune system. Abnormal glycosylation, such as that
found in oncogenic MUC1, has been demonstrated to
increase the ability of proteins to bind to antigens and
bypass tolerance to cytotoxic lymphocytes [47].

2.3 C-glycosylation

C-glycosylation is a relatively rare glycosylation mod-
ification of α-D-mannopyranosyl attached to a trypto-
phan (Trp) residue via a C-C glycosidic bond. Trp-
X-X-Trp/Cys/Pro is the amino acid sequence for C-
glycosylation sites, with X representing any amino acid.
C-glycoproteins account for around approximately 20% of
proteins that are either secreted or embedded in cell mem-
branes [48]. The process of C-mannosylation is crucial for
the proper folding, secretion, and stability of proteins [49,
50]. C-mannose plays a role inER folding by assisting in the
creation of a tryptophan-arginine ladder, which impacts
the positioning of cysteine residues and the development
of disulfide bonds [50]. Additionally, the signaling func-
tions of specific important proteins, such as the PDGF-C
protein, rely on C-glycosylation [51]. C-glycosylation has
also been found on certain pathogen antigens. Research on
Toxoplasma gondii and Plasmodium falciparum revealed

that C-glycosylation is associated with the firmness and
longevity of the cyst wall, as well as oxygen detection and
the durability of proteins crucial for host invasion [52]. The
transmission of Plasmodium falciparum is associated with
C-mannosylation [53].

2.4 Glycosyl phosphatidylinositol

Glycolipids are lipid compounds containing a glycosyl lig-
and. Glycosyl phosphatidylinositol (GPI) is a structurally
complex glycolipid compound that is widely expressed in
eukaryotes [54]. GPI anchoring is the process of target-
ing proteins to the cell membrane by attaching protein
amide bonds to phosphoacetamide, which is attached to 3
mannose and 1 glucosamine, and finally to phosphatidyli-
nositol [55]. TheGPIT complex, a transmembrane enzyme,
facilitates the binding of GPI to proteins within the ER,
aiding in the maturation of GPI-anchored proteins (GPI-
APs) [56]. At least 150 human proteins that are widely
distributed throughout various cell types have been identi-
fied as GPI-APs [55]. These GPI-APs are involved in other
biological processes such as biosynthesis, transport, cell
membrane distribution and signal transduction, cell adhe-
sion, and antigen presentation. [57–59]. CD48 is a member
of the CD2 molecular family and is a cell surface pro-
tein anchored by GPI. It acts as a co-stimulatory molecule,
inducing various effects during the process of immuniza-
tion [58]. Abnormalities in the biosynthesis of GPI- APs
often lead to a variety of disorders, such as paroxysmal noc-
turnal hemoglobinuria, mental retardation, and epileptic
seizures [60, 61].

2.5 GlycoRNAs: a new substrate for
glycosylation

Previously, glycosylation was believed to be a post-
translational modification process in which one glycocon-
jugate is enzymatically catalyzed and added to another
glycoconjugate, protein or lipid. In addition to proteins
and lipids, which are the primary vehicles for glycosylation
changes, there have been reports of glycosylation changes
occurring on RNA at the cellular membrane [62]. Carolyn
et al. [62] reported for the first time that RNA is the third
major carrier of glycosylation in addition to proteins and
lipids and revealed that it may have important physiologi-
cal functions at the surface of cell membranes. This newly
discovered RNA that can be glycosylated is called “gly-
coRNA”. This discovery created a new area of research by
linking glycobiology to RNA for the first time.
The presence of glycoRNAs on the cell membrane indi-

cates their potential role as ligands controlling cell-to-cell

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12610 by C

ochraneC
hina, W

iley O
nline L

ibrary on [13/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 XU et al.

signaling. Carolyn et al. [62] also revealed that glycoR-
NAs can act as direct ligands for cell membrane Siglec
receptors. Given the significant role of Siglec receptors
in immune modulation, glycoRNAs play crucial roles in
various physiological and pathological processes, such as
the host immune response, tumor evasion of the immune
system, and autoimmune conditions, thereby paving the
way for further exploration in this area of study [62, 63].
Until recently, the biological function of glycoRNAs was
largely unknown because of the absence of visualiza-
tion techniques. However, a recent investigation revealed
that sialic acid aptamer and RNA in situ hybridization-
mediated proximity linkage assay (ARPLA) can effectively
visualize glycoRNAs in individual cells with exceptional
sensitivity and specificity [64]. Research on the correlation
between glycoRNAs and interactions between monocytes
and endothelial cells has indicated that glycoRNAs can
facilitate cell-cell communication in the immune sys-
tem [64]. GlycoRNAs on the cell surface are crucial for
neutrophil recruitment. P-selectin (SELP) facilitates com-
munication between neutrophils and endothelial cells,
allowing their identification [65]. These findings may lead
to new ways of thinking about the relationships between
tumors and immunity and inflammation, leading to new
avenues for tumor immunotherapy.

3 ROLE OF GLYCOSYLATION IN
CANCER CELLS

Glycosylation-modified proteins are involved in a variety
of biological processes within the cell. Abnormal glyco-
sylation is strongly linked to numerous disease processes,
andwhen glycosylation is not properly regulated in cancer,
it can result in disrupted signaling, the spread of can-
cer cells, and the avoidance of immune system detection
[66, 67]. Glycosylation has become a topic of interest for
researchers to explore the pathophysiological processes
of tumors. Abnormally glycosylated proteins play a role
in controlling the aggressive nature of cancer cells, facil-
itating their transformation and contributing to various
aspects of cancer progression, including tissue invasion,
spread to other parts of the body, resistance to the immune
response, promotion of inflammation within tumors, and
development of senescent cells [68]. Changes in glyco-
sylation are involved in the process of carcinogenesis
and therefore have considerable promise as targets for
preventing and treating cancer. Here, we discuss aber-
rant glycosylation-mediated tumor promotion, including
tumor cell metastasis, tumor immune evasion, and tumor
metabolic reprogramming, as well as the relationships
between glycosylation and tumor cell ferroptosis and
between glycosylation and cellular senescence.

3.1 Glycosylation and tumor metastasis

Healthy cells rely on cell surface molecules, transmem-
brane proteins, and growth factors to facilitate proper
communication between cells. Changes in glycosylation
patterns can trigger tumor cell growth, invasion, and
spread by activating signaling pathways and their sub-
sequent targets [69]. Cancer is characterized by tissue
invasion and metastasis, with adhesion proteins and pro-
teases playing crucial roles in this process [23]. One
example is the involvement of MUC1 in the progression
of cancer to a malignant state at different points [70].
Glycosylation, which involves glycan formation, proteins
with attached glycans, and enzymes with attached gly-
cans, contributes to the spread of cancer cells. It affects
events associated with the spread of tumors, such as the
characteristics of cancer stem cells (CSCs), epithelial mes-
enchymal transition (EMT), and migration and invasion
(Figure 2).
The process of glycosylation is associated with the char-

acteristics of CSCs and has multiple functions in the
biology, such as facilitating cell attachment and spread
and preventing cell death [71, 72]. N-glycosylation of the
B3GNT5 protein promotes protein stabilization. Elevated
B3GNT5 expression is associated with high breast can-
cer grade and poor survival, suggesting a poor prognosis
for breast cancer patients. B3GNT5 glycosylation is linked
to the traits of CSCs in basal-like breast cancer (BLBC)
and enhances its invasiveness [73]. Glycosylation affects
the transformation of cancer cells between epithelial and
mesenchymal phenotypes through several mechanisms.
EMT is characterized by changes in cell shape and alter-
ations in the expression or function of adhesionmolecules.
Research has demonstrated that the progression of EMT
relies on the presence of glycosphingolipids mediated by
1,4-galactosyltransferase [74]. Glycosylation plays a role
in breast cancer progression and metastasis [75]. Irreg-
ular changes in N-glycosylation in the Golgi apparatus
are associated with EMT and cancer metastasis in breast
cancer patients. Fluvastatin, an approved medication,
slows breast cancer metastasis by inhibiting the meval-
onate pathway, which results in decreased N-glycosylation
levels and branching [76]. Elevated levels of GALNT6
expression in lung adenocarcinoma are linked to lymph
node spread and an unfavorable prognosis. In lung ade-
nocarcinoma cells, GALNT6 directly interacts with the
O-glycosylated chaperone protein GRP78, leading to an
increase in the MEK1/2/ERK1/2 signaling pathway and
subsequently promoting EMT, migration, and invasion of
lung cancer cells [77]. Cancer metastasis is also linked to
fucosyltransferase 2 (FUT2) and the related process of α-1,2
fucosylation. FUT2 triggers α-1,2 fucosylation and hinders
EMT and the spread of colorectal cancer through LRP1
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F IGURE 2 Role of glycosylation in tumor metastasis. Glycosylation has an impact on events related to tumor metastasis, including the
stem cell properties of tumor cells, EMT, migration, and invasion. (A) B3GNT5 glycosylation is associated with cancer stem cell properties in
basal-like breast cancer. (B) SLC35A2 promotes HCC metastasis by regulating glycosylations to increase cell adhesion capacity.
GALNT14-mediated PHB2 O-glycosylation promotes hepatocellular carcinoma cell growth and migration. (C) ST6GAL1 induces α2,6 salivary
acidification of N-glycans, promoting prostate cancer growth and invasion. (D) GALNT6 interacts with the O-glycosylated chaperone protein
GRP78, enhancing the MEK1/2/ERK1/2 signaling pathway in lung adenocarcinoma cells to promote EMT and invasion. (E) FUT2 induces
α-1,2 fucosylation and inhibits colorectal cancer EMT and metastasis via LRP1 fucosylation. Abbreviations: B3GNT5,
β1,3-N-acetylglucosaminyltransferase 5; BLBC, basal-like breast cancer; CSCs, cancer stem cells; EMT, epithelial-mesenchymal transition;
FUT2, fucosyltransferase 2; GALNT14, polypeptide N-acetylgalactosaminyltransferase 14; GALNT6, N-acetylgalactosaminyltransferase-6;
GRP78, glucose regulatory protein 78; HCC, hepatocellular carcinoma; LRP1, lipoprotein receptor-related protein 1; PHB2, prohibitin 2;
SLC35A2, solute carrier family 35 member A2.

fucosylation [78]. Moreover, in liver cancer, the O-
glycosylation of PHB2 was positively associated with the
GALNT14 expression. O-glycosylation of PHB2 at serine-
161, which is mediated by GALNT14, has been shown to
promote hepatocellular carcinoma (HCC) cell growth and
migration by activating the IGF1R signaling cascade [79].
SLC35A2 is crucial in increasing HCC metastasis through
the regulation of cellular glycosylations that increase cell
adhesion [80]. Increased α2,6 sialylation of N-glycans is a

common type of glycosylation in tumor cells, that is driven
by the sialyltransferase ST6GAL1. For example, ST6GAL1
is overexpressed in prostate cancer tissue and enhances
the growth and invasion of prostate tumors [81]. In con-
clusion, disruptions in glycosylation processes, especially
in glycan chain structures, glycosyltransferase activities,
and glycosylation substrate expression, influence a range
of oncogenic signaling pathways to trigger tumor invasion
and metastasis.
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8 XU et al.

F IGURE 3 Role of glycosylation in tumor immune evasion. (A) GALNT7 modifies O-glycosylation, which is associated with the
immune signaling pathways, in prostate cancer cells. (B) O-linked salivary modification of CD55 by ST3GAL1 contributes to breast cancer cell
immune evasion. (C) Abnormal B7H3 glycosylation mediated by FUT8 suppresses the immune response in TNBC cells. B4GALT1 mediates
the N-linked glycosylation of PD-L1 protein, thereby preventing PD-L1 degradation at the post-transcriptional level. (D) TGF-β1-mediated
glycosylation of PD-L1 promotes immune evasion through the c-Jun/STT3A signaling pathway. TMUB1 enhances PD-L1 N-glycosylation and
stability by recruiting STT3A, thereby promoting PD-L1 maturation and tumor immune evasion. O-GlcNAcylation hinders the lysosomal
degradation of PD-L1 to promote tumor immune evasion. Abbreviations: B4GALT1, beta1,4-galactosyltransferase 1; B7H3, B7 homolog 3
protein; BC, breast cancer; FUT8, fucosyltransferase 8; GALNT7, N-acetylgalactosaminyltransferase 7; NK cell, natural killer cell; PD-L1,
programmed death-ligand 1; ST3GAL1, ST3 beta-galactoside alpha-2,3-sialyltransferase 1; STT3A, STT3 oligosaccharyl transferase complex
catalytic subunit A; TGF-β1, transforming growth factor-beta1; TMUB1, transmembrane and ubiquitin-like domain-containing protein 1;
TNBC, triple negative breast cancer; Ub, ubiquitin.

3.2 Glycosylation and tumor immune
evasion

Cells and tissues are perpetually monitored by a hyper-
vigilant immune system that recognizes, destroys, and
swiftly expels mutated cells from the body, thereby erad-
icating most newly transformed tumor cells. However, as
cancer progresses, tumor cells adjust to the immune sys-
tem’s selective pressures, slowly developing ways to avoid
detection.
In the context of cancer, the glycosylation of tumor cells

plays a pivotal role in circumventing an effective immune
response (Figure 3). In prostate cancer tissues, glyco-
syltransferase GALNT7 expression is upregulated, which
leads to alterations in O-glycosylation within prostate can-

cer cells. This alteration accelerates the development of
prostate cancer and is closely connected to the cell cycle
and immune signaling pathways [82]. O-linked salivary
modification of CD55 by ST3GAL1 contributes to tumor
immune evasion [83]. In breast cancer cells, the overex-
pression of ST3GAL1 is a key factor driving tumorigenesis
and correlated with increased tumor grades. In breast can-
cer cells, the inhibition of ST3GAL1 causes O-linked desia-
lylation of CD55, leading to elevated C3 deposition and
complement-induced lysis. This change also heightened
their vulnerability to antibody-triggered cell destruction.
In triple-negative breast cancer (TNBC) patients, improv-
ing anti-tumor immune responses by focusing on B7H3
glycosylation could be a potential treatment approach.
B7H3, which highly glycosylated, becomes physiologically
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XU et al. 9

and clinically important in individuals with TNBC as a
result of abnormal glycosylation patterns induced by the
upregulation of fucosyltransferase 8 (FUT8). The knock-
down of FUT8 mitigates B7H3 glycosylation-mediated
immunosuppression in TNBC cells [84]. Hypersialylation,
a key feature of glycosylation in cancer, increases dis-
ease progression and helps tumors avoid detection by
interacting with Siglec receptors on immune cells that
have infiltrated the tumor. Desialylation therapy is a new
approach to immunotherapy that focuses on changing
macrophage characteristics to improve the body’s ability
to combat against tumors [85].
Therapies that block immune checkpoints, especially

those that focus on the PD-L1/PD-1 pathway, have shown
important advantages in clinical settings. Effectively tar-
geting cancer glycosylation constitutes a pivotal approach
for blocking this immune checkpoint. O-GlcNAcylation
may aid in tumor immune evasion by inhibiting the lyso-
somal breakdown of PD-L1 [86]. Transmembrane and
ubiquitin-like structural domain protein 1 (TMUB1), a
protein with transmembrane and ubiquitin-like structural
domains, has been recognized as a crucial controller of
post-translational changes in PD-L1 in cancerous cells.
TMUB1 protein levels are correlatedwith PD-L1 expression
in human tumor tissues, and higher TMUB1 expression
levels are linked to lower patient survival rates. TMUB1
enhances PD-L1maturation and facilitates tumor immune
evasion by increasing PD-L1 N-glycosylation and stability
through the recruitment of STT3A [87]. B4GALT1 plays
a direct role in N-linked glycosylation of PD-L1, leading
to the prevention of PD-L1 degradation after transcrip-
tion. Furthermore, B4GALT1 stabilizes the TAZ protein
through glycosylation, consequently activating CD274 at
the transcriptional level. These mechanisms contribute
to immune escape in lung cancer. Blocking B4GALT1
increases the abundance and function of CD8+ T cells,
boosting the body’s ability to fight tumors and improv-
ing the effectiveness of PD-1 treatment in living organisms
[88]. PD-L1 glycosylation mediated by TGF-β1 in nasopha-
ryngeal cancer is essential for avoidance of the immune
system through the c-Jun/STT3A pathway [89].

3.3 Glycosylation and tumor metabolic
reprogramming

Metabolic reprogramming is a hallmark of cancer. Tumor
cells meet increasing bioenergetic and biosynthetic
demands by altering various metabolic pathways [24].
The glycosylation of proteins is crucial in the metabolic
reprogramming of cancer cells, coordinating metabolic
pathways to produce necessary metabolites that promote
tumor development (Figure 4).

O-GlcNAcylation functions as a vital sensor of nutri-
ents, playing a complex role in the breakdown of
sugars, proteins, fats, and genetic material. The hex-
osamine biosynthesis pathway controls the production
of O-GlcNAcylation through the exclusive donor uri-
dine diphosphate-N-acetylglucosamine, which is influ-
enced by glucose, glutamine, acetyl coenzyme A, and
uridine triphosphate. Through its function as a vital sen-
sor of molecular changes, O-GlcNAcylation is established
as a central component in the processing of carbohy-
drates, proteins, fats, and nucleic acids [90]. Anaero-
bic glycolysis serves as the primary energy source for
tumor cells, with glycosylations playing a crucial role
in regulating the Warburg effect in tumors. Glycosyla-
tion not only upregulates the metabolic enzyme activity
of phosphoglycerate kinase 1 (PGK1), thereby increasing
glycolysis, but also induces the mitochondrial translo-
cation of PGK1, subsequently inhibiting the TCA cycle.
The cumulative effect of these two functions exacer-
bates the Warburg effect in cancer cells, consequently
promoting tumor growth [91]. PIGT is a regulator of GPI-
anchor biosynthesis that enhances glycolysis in bladder
cancer cells through the regulation of GLUT1 glycosyla-
tion and membrane translocation, consequently fostering
tumor growth andmetastasis [92].O-GlcNAc glycosylation
plays a pivotal role in regulating glutamine metabolism.
Malate dehydrogenase 1 (MDH1), a crucial enzyme in
this breakdown process, is enhanced by O-GlcNAcylation
at serine 189 [93]. Notably, increased levels of MDH1 O-
GlcNAcylation have been observed in clinical samples
of pancreatic ductal adenocarcinoma (PDAC). Research
has demonstrated that O-GlcNAcylation increases the
growth of pancreatic cancer by controlling the metabolic
function of MDH1. Reducing O-GlcNAcylation depletes
MDH1 function, hinders glutamine processing, increases
PDAC cell vulnerability to oxidative stress, and decreased
cell proliferation, ultimately hindering tumor growth
[93]. Glycosylation may play a role in controlling lipid
metabolism in tumors by affecting SREBP-dependent
pathways. The N-glycosylation of SCAP activates SREBP-
1, an ER-binding transcription factor crucial for lipid
metabolism, in this process [94]. The addition of glycans
strengthens the stability of SCAP, reducing its bind-
ing with Insig-1, which helps move SCAP/SREBP to
the Golgi apparatus, ultimately activating SREBP protein
breakdown.Notably, inhibiting SCAPN-glycosylation sup-
presses the growth of EGFRvIII-driven glioblastoma [94].
Furthermore, cells exhibiting elevated O-GlcNAc levels
exhibited elongated mitochondria, increased mitochon-
drial membrane potential, and energy metabolism repro-
gramming. In SH-SY5Y neuroblastoma cells, increased
O-GlcNAc levels led to an upregulation of O-GlcNAcase
(OGA) expression, coupled with a reduction in cellular
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10 XU et al.

F IGURE 4 Role of glycosylation in tumor metabolic reprogramming. (A) Glycosylation increases the metabolic enzyme activity of PGK1
and induces PGK1 translocation to mitochondria to inhibit the TCA cycle, thereby enhancing the Warburg effect in cancer cells. (B) PIGT
enhances glycolysis in bladder cancer cells through the regulation of GLUT1 glycosylation. (C) O-GlcNAcylation regulates the metabolic
activity of MDH1, promoting glutamine metabolism in pancreatic cancer. (D) SCAP N-glycosylation promotes SCAP/SREBP translocation to
the Golgi apparatus, which in turn activates SREBP1 to regulate lipid metabolism in tumors through SREBP-dependent lipids. Abbreviations:
G, glycosylation; GLUT1, glucose transporter type 1; MDH1, malate dehydrogenase 1; PDAC, pancreatic ductal adenocarcinoma; PGK1,
phosphoglycerate kinase 1; PIGT, phosphatidylinositol glycan biosynthesis class T; SCAP, SREBP cleavage-activating protein; SREBP, sterol
regulatory element-binding protein.

respiration and reactive oxygen species (ROS) generation
[95].

3.4 Glycosylation and ferroptosis

In 2012, Dixon et al. [96] from Columbia University
described ferroptosis, a unique form of cell death that
relies on iron and is different from apoptosis, necro-
sis, and autophagy. Ferroptosis is characterized primarily
by a reduction in glutathione levels. Decreased function
of glutathione peroxidase (GPX4) results in the inability
to process lipid oxides through the GPX4-mediated glu-
tathione reductase reaction. Subsequently, divalent iron
ions oxidize lipids and produce ROS, thereby contribut-
ing to the process of ferroptosis [97]. Owing to its distinct
mechanisms and morphology compared with other types
of cell death, ferroptosis has garnered considerable interest
among cancer researchers. In recent years, many studies
have elucidated the role and mechanism of ferropto-

sis in tumor suppression and tumor immunity [98, 99],
underscoring its significant potential in cancer therapy.
Glycosylations and ferroptosis exhibit crosstalk in can-

cer, thereby modulating tumor progression through the
regulation of iron metabolism (Figure 5). Dynamic mod-
ifications in O-GlcNAc glycosylation drive ferroptosis by
orchestrating ferritin phagocytosis and mitosis. Exposure
to ferroptosis triggers such as RSL3, causes a two-phase
change in protein O-GlcNAcylation, which in turn affects
the ferroptosis process. Removing O-GlcNAc from the
ferritin heavy chain at serine 179 increases its bind-
ing with the ferritin receptor NCOA4.This modification
leads to the accumulation of labile iron within mito-
chondria, contributing to iron-induced instability and
cell death [100]. N-glycosylation of asparagine on 4F2hc
(SLC3A2) is crucial for the induction of ferroptosis in
PDAC. SLC3A2 knockdown or inhibition of 4F2hc N-
glycosylation increases the susceptibility of PDAC cells
to ferroptosis by suppressing the activity of system Xc-
in the glutamate-cystine retrotranslocator protein system.
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XU et al. 11

F IGURE 5 Role of glycosylation in tumor ferroptosis. Glycosylations interact with ferroptosis in cancer, modulating tumor progression.
(A) Deglycosylation of the ferritin heavy chain enhances its interaction with the ferritin phagocytic receptor NCOA4, leading to the
accumulation of unstable iron in mitochondria, which contributes to ferroptosis. (B) Inhibiting the N-glycosylation of 4F2hc enhances the
ferroptosis sensitivity of PDAC cells by suppressing the activity of the glutamate-cystine reverse transport system Xc-. (C) USP8 inhibits
ferroptosis sensitivity in hepatocellular carcinoma by stabilizing OGT, which promotes the O-GlcNAcylation of SLC7A11. (D) Glucose-induced
ZEB1 O-GlcNAcylation activates the transcriptional activity of the adipogenesis-related genes FASN and FADS2, leading to lipid
peroxidation-dependent ferroptosis in mesenchymal pancreatic cancer cells. Abbreviations: FADS2, fatty acid desaturase 2; FASN, fatty acid
synthase; G, glycosylation; NCOA4, nuclear receptor coactivator 4; OGT, O-GlcNAc transferase; PDAC, pancreatic ductal adenocarcinoma;
SLC7A11, solute carrier family 7a member 11; USP18, ubiquitin-specific peptidase 18; ZEB1, zinc finger E-box binding homeobox 1.

Furthermore, the use of tunicamycin (TM), an N-
glycosylation inhibitor, significantly increases the sen-
sitivity of PDAC cells to ferroptosis, particularly when
combinedwith ferroptosis inducers [101]. InHCC, promot-
ing ferroptosis can be achieved by targeting USP8, leading
to decreased stability of OGT and subsequent inhibition
of SLC7A11 O-GlcNAcylation [102]. Glucose-induced O-
GlcNAcylation of the Ser555 site of ZEB1 stabilizes the
protein and translocates it to the nucleus, leading to
increased transcriptional activity of genes associated with
lipogenesis, including FASN and FADS2. This series of
events eventually results in ferroptosis in mesenchymal
pancreatic cancer cells due to lipid peroxidation [103].

3.5 Glycosylation and cellular
senescence

Cellular senescence acts as a protective mechanism to
maintain tissue homeostasis. There is increasing evi-
dence that, under certain conditions, senescent cells
may contribute to tumorigenesis and progression through
various mechanisms, including DNA damage, oxidative
stress, tumormicroenvironmentmodulation, and immune
responses [104–107]. Senescent cells are increasingly rec-
ognized as hallmarks of cancer [68]. Senescence and can-
cer exhibit numerous overlapping characteristics. Several
aspects of aging, such as genomic instability, epigenetic
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12 XU et al.

F IGURE 6 Role of glycosylation in cellular senescence. Under certain conditions, the escape of senescent cells from immune
surveillance may promote tumorigenesis and progression through mechanisms such as DNA damage and oxidative stress. (A) The
cell-permeable inhibitor NGI-1 targets oligosaccharyl transferase and blocks cell surface localization and signaling of EGFR glycoproteins,
promoting cellular senescence. (B) Increased levels of O-GlcNAcylation in KRAS-mutant lung cancer cells inhibit KrasG12D OIS and
accelerate lung tumorigenesis. Abbreviations: EGFR, epidermal growth factor receptor; NGI-1, N-linked glycosylation inhibitor-1; O-GalNAc,
O-N acetylgalactosamine; OIS, oncogene-induced senescence; OST, oligosaccharyl transferase.

alterations, chronic inflammation, and ecological imbal-
ance, share similarities with specific characteristics of
cancer, leading to their classification as “meta-hallmarks”
[25].
Recent research has revealed a link between glycosy-

lation mechanisms and the interaction between cellular
senescence and the progression of cancer (Figure 6).
The inhibition of oligosaccharyl transferase (OST) trig-
gers senescence in receptor tyrosine kinase (RTK)-driven
tumor cells. Scientists have conducted high-throughput
screening using cells, followed by the optimization
of a lead compound, resulting in the creation of a
cell-permeable inhibitor called N-linked glycosylation
inhibitor-1 (NGI-1), which specifically targets OST. NGI-
1 efficiently inhibits the cell-surface positioning and
communication of the epidermal growth factor recep-
tor (EGFR) glycoprotein in non-small-cell lung cancer

(NSCLC) cells. Specifically, it inhibits the growth of spe-
cific cell lines that rely on EGFR or fibroblast growth factor
receptor (FGFR) for their survival. Within these specific
cell lines, OST inhibition leads to cell-cycle arrest, charac-
terized by the induction of p21, increased autofluorescence,
and notable changes in cell morphology, all of which are
indicative of senescence. These results highlight the pos-
sibility of using OST inhibition as a treatment approach
for tumors that rely on receptor tyrosine kinases [108].
Additionally, another study revealed that mutated KRAS
promotes glycolytic activity in lung cancer, which may
result in abnormal protein glycosylation associated with
aging. In lung cancer cells with mutant KRAS, the lev-
els of O-linked β-N-acetylglucosamine (O-GlcNAcylation)
post-translational modifications, which play a crucial
role in inhibiting senescence, are increased during this
process. Notably, O-GlcNAcylation effectively suppresses
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XU et al. 13

TABLE 1 Clinical application of glycosylation alterations in tumor markers.

Type Biomarker Clinical application Reference
Glycoproteins AFP Prediction of tumorigenesis and recurrence in HCC [111]

CEA A well-known marker for colorectal cancer staging and
surveillance

[112]

PSA Prediction of aggressive prostate cancer [113]
HE4 An ideal biomarker for ovarian and endometrial cancers [114, 115]
HER2 Highly expressed in breast cancer tissues and elevated in

gastric and lung cancers
[116]

HCG Diagnosis, stage and monitor choriocarcinoma and
testicular cancer

[117]

CA125 An important marker for the prognosis and diagnosis of
ovarian cancer

[118]

CA19-9 A biomarker and predictor in pancreatic cancer [119]
CA724 Adjuvant diagnosis, dynamic progression monitoring and

prognostic assessment of gastric cancer
[120]

CA153 Overexpressed in many types of cancer, including lung,
breast and cervical cancer.

[121–123]

Glycosyltransferases GLT8D1, GLT8D2 Potential prognostic biomarkers with immunological
implications in gastric cancer

[124]

B4GALNT2 Predictor of good prognosis in colon cancer [125]
POFUT1 Potential biomarker for gastric cancer [126]
GCNT2 Emerging biomarker and therapeutic target for melanoma [127]
GALNT6 Novel prognostic biomarker for colorectal cancer [128]

Abbreviations: AFP, alpha-fetoprotein; B4GALNT2, β-1,4-N-acetyl-galactosaminyltransferase 2; CA125, carbohydrate antigen 125; CA153, carbohydrate antigen
153; CA19-9, cancer antigen 19-9; CA724, carbohydrate antigen 724; CEA, carcinoembryonic antigen; GALNT6, N-acetylgalactosaminyl transferase 6; GLT8D1,
glycosyltransferase 8 domain-containing protein 1; GLT8D2, glycosyltransferase 8 domain containing 2; HCG, human chorionic gonadotropin; HE4, human epi-
didymis protein 4; HER2, human epidermal growth factor receptor 2; POFUT1, protein O-fucosyltransferase 1;GCNT2, β-1,6-N-acetylglucosaminyltransferase 2;
PSA, prostate-specific antigen.

senescence induced by the KrasG12D oncogene, thereby
accelerating the process of lung tumor development [109].

4 THERAPEUTIC POTENTIAL OF
GLYCOSYLATION IN CANCER

4.1 Glycosylation-based tumor
biomarkers

Despite the substantial investment of time and resources
in cancer research, the effects of the developed therapies
are not satisfactory. Early detection and treatment are key
to cancer therapy, so there is an urgent clinical need for
newmethods for the early diagnosis and treatment of can-
cer. Changes in the glycosylation patterns of cancer cells
often appear in the initial phases of tumor growth. Spe-
cific tumor-associated glycosylation patterns have been
identified in precursor lesions across various cancer types,
establishing them as potent early diagnostic biomarkers
[22, 110] (Table 1).
Many glycoproteins, such as AFP for liver cancer, CEA

for colon cancer, and prostate-specific antigen (PSA) for

prostate cancer, have been clinically approved as tumor
biomarkers. AFP, an N-linked glycoprotein, is found in
fetal serum, but the level decreases quickly after birth.
AFP is elevated in HCC and has been used to predict
tumorigenesis and recurrence [111]. CEA is an acidic gly-
coprotein with a molecular weight of 180 kDa that has
human antigenic properties and is usually expressed dur-
ing fetal development. CEA is a commonly used indicator
for monitoring and assessing colorectal cancer progres-
sion and observation [112]. PSA is anN-linked glycoprotein
that is secreted by the epithelium of the prostate and
glands in the urethra. Combining serum and urine PSA
ratios with urine and serum tests enhances the accuracy
of predicting aggressive prostate cancer [113]. Human epi-
didymis protein 4 (HE4) has been identified as a valuable
biomarker for ovarian and endometrial cancers [114, 115].
HER2, a 185 kDa glycoprotein produced by the ERBB2
gene, is expressed at high levels in breast cancer tissues
and is increased in gastric and lung cancers. HER2 is com-
monly targeted by immunosuppressant therapy in cancer
treatment [116]. Human chorionic gonadotropin (HCG), a
glycoprotein composed of two different subunits, is fre-
quently used to detect pregnancy. The beta subunit of
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14 XU et al.

HCG is elevated in choriocarcinoma and testicular can-
cer, making it a valuable tool for diagnosing, staging, and
monitoring the disease [117]. Highly glycosylated HCG is
a marker for the early invasion of human trophoblasts
[129]. The glycan antigen CA125, a peptide epitope of the
3000-5000 kDa mucin MUC16, is an important marker for
the prognosis and diagnosis of ovarian cancer [118]. CA19-
9 accelerate pancreatic cancer progression by modifying
proteins with sugar molecules, attaching to E-selectin,
increasing the formation of new blood vessels, influencing
immune reactions, and serving as a predictor and facil-
itator in pancreatic cancer [119]. The role of CA724 in
the adjuvant diagnosis, dynamic progression monitoring
and prognostic assessment of gastric cancer should not be
neglected [120]. CA153 is upregulated in various cancer
types, such as lung, breast, and cervical cancer. Approval
has been granted for its use as an indicator in tracking
breast cancer therapy response [121–123]. Recent advance-
ments in glycobiology have led to the development of
detection technologies that utilize abnormal glycoproteins
on the cell surface as indicators for cancer prediction. This
advancement has created opportunities for improved can-
cer detection and evaluation of the success of treatments.
A variety of glycoproteins and glycolipids are increasingly
being identified as potential novel tumor markers [21].
The aberrant expression of glycosyltransferases and gly-

cosidases plays a pivotal role in the irregularities of glycan
chains and glycoproteins. Consequently, these enzymes
can be considered as potential and actionable biomark-
ers for cancer [130]. Potential prognostic biomarkers with
immunological implications in gastric cancer tumors,
GLT8D1 and GLT8D2 glycosyltransferases have been iden-
tified [124]. The glycosyltransferase B4GALNT2 can be
used to predict a positive outcome in colon cancer patients
[125]. POFUT1 expression increased in gastric cancer
patients and could potentially function as a biomarker
for this disease [126]. The glycosyltransferase β-1,6-N-
acetylglucosaminyltransferase 2 (GCNT2) has the poten-
tial to serve as both a biomarker and a treatment target in
melanoma [127]. The levels of GALNT6 mRNA and pro-
tein can be used as new prognostic indicators for colorectal
cancer, emphasizing the impact of glycogen imbalance
on glycan production in cancer and predicting a negative
outcome [128].
Compared with total exosomal PD-L1, glycosylated exo-

somal PD-L1 is a more reliable biomarker for cancer
diagnosis and predicting immunotherapy effectiveness.
Nevertheless, using exosomal PD-L1 levels in cancer diag-
nosis faces challenges from high incidence of false positive
andnegative results [131]. Exosomal PD-L1 proteins display
important variations in glycosylation, playing a critical
role in the interactions between PD-L1 and PD-1, lead-
ing to the suppression of CD8+ T-cell proliferation [132].

Innovatively, a method involving an aptamer and lectin
dual recognition-induced neighbor-joining reaction, cou-
pled with fluorescence quantitative PCR, was developed
for the precise quantification of glycosylated exosomal PD-
L1. This method has confirmed that glycosylated exosomal
PD-L1 is a reliable indicator for tumors detection, with the
ability to accurately differentiate between individuals with
andwithout cancer. In contrast, total exosomal PD-L1 lacks
this precise discriminative ability [133].
Consequently, focusing on tumor-associated glycosy-

lation abnormalities could increase the diagnostic and
prognostic accuracy in clinical settings, offering improved
sensitivity and specificity.

4.2 Glycosylation and tumor therapy

The effective treatment of patients with multidrug-
resistant cancer remains a major challenge. New research
has shown that glycosylation is crucial in the emergence
of acquired resistance to multiple drugs. Changes in N-
glycosylation linked to tumors disrupt interferon γRα,
leading to interferon γ resistance in colorectal cancer [134].
Abnormal N-glycosylation leads to reduced expression of
interferon γRα and impairs interferon γ R signaling by
diminishing protein stability via proteasome-dependent
degradation [134]. In HCC, the O-glycosylation of PHB2 by
GALNT14 plays a major role in promoting tumor growth
and migration, as well as enhancing the resistance of
cancer cells to chemotherapy [79]. Research on pancre-
atic cancer has recognized beta-1,4-galactosyltransferase
1 (B4GALT1) as a significant clinical biomarker and
a crucial factor in resistance to chemotherapy. Ele-
vated B4GALT1 expression correlates with decreased sur-
vival rates, increased tumor size, increased frequency
of lymph node metastasis, accelerated tumor progres-
sion, and higher recurrence rates in PDAC patients [135].
B4GALT1 expression is notably upregulated in patient-
derived organoids and in gemcitabine-resistant cancer
cell lines. B4GALT1 interacts with and stabilizes the
CDK11p110 protein, a component of the cytosolic protein-
dependent protein 11 heterodimer, through N-linked gly-
cosylation. This interaction contributes to promoting can-
cer progression and chemoresistance [135]. Tunicamycin
(Tu), an effective glycosylation inhibitor, has demonstrated
remarkable antitumor efficacy across various cancer types.
Tu markedly increases chemotherapy-induced apoptosis
in gastric cancer cells, particularly in MDR cells, by induc-
ing ER stress, an effect largely attributed to glycosylation
inhibition. Targeted inhibition of tumor glycosylation rep-
resents a viable approach to overcome chemoresistance
in gastric cancer patients [136]. Targeting the glycosyla-
tion of MUC1 is a promising strategy for improving the
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TABLE 2 Clinical trials related to cancer therapeutic agents and vaccines that target glycosylation.

Drug Mechanism of action Indications
Clinical
phase Clinical Trial#

GR-MD-02 Galectin inhibitor Melanoma, non-small cell lung
cancer, squamous cell carcinoma
of the head and neck

I NCT02575404

GR-MD-02 Galectin inhibitor Metastatic melanoma I NCT02117362
GM-CT-01 Galectin inhibitor Colorectal cancer, lung cancer,

breast cancer
I NCT00054977

GM-CT-01 Galectin inhibitor Advanced metastatic melanoma I/II NCT01723813
GM-CT-01 Galectin inhibitors Metastatic colorectal cancer II NCT00110721
GMI-1271 E-selectin inhibitor Acute myeloid leukemia I/II NCT02306291
GMI-1271 E-selectin inhibitor Acute myeloid leukemia III NCT03616470
MUC-1 CAR-T CAR-T cells against aberrant

glycosylation of MUC-1
Intrahepatic cholangiocarcinoma I/II NCT03633773

2-fluorofucose Fucosylation inhibitor Advanced solid tumors I/II NCT02952989
Globo-H-GM2-sTn-TF-Tn Cancer vaccination with

truncated O-glycans
Epithelial ovarian, fallopian tube,
or peritoneal cancer

1 NCT01248273

MUC-2-KLH vaccine Cancer vaccination with
truncated O-glycans

Prostate cancer I NCT00003819

MUC1 peptide-Poly-ICLC
vaccine

MUC1 peptide vaccine Lung carcinoma I NCT03300817

Abbreviations: CAR-T, cimeric antigen receptor T; KLH, keyhole limpet hemocyanin; MUC1, mucin 1; MUC-2, mucin-2; Poly-ICLC, polyinosinic-polycytidylic
acid-poly-l-lysine carboxymethylcellulose.

sensitivity and effectiveness of chemotherapeutic agents
in the treatment of breast cancer [137]. Increased secre-
tory fucosylation serves as a universal indicator of both
the response and resistance tomultitargeted therapy across
various types of cancer. Large-scale pharmacogenomic
studies indicate a broad association between fucosylation
genes and drug resistance [138].
Furthermore, glycosylation has been associated with

cancer immunotherapy, and resistance to radiotherapy.
Clinical studies have revealed that abnormal glycosylation
patterns in patients are associated with decreased survival
rates. Mechanistic studies have revealed that branching
N-glycans can protect tumor cells from being killed by
CAR-T cells, are less likely to form immune synapses,
and block the release of cytokines. Interfering with the N-
glycosylation of tumor cells can significantly increase the
efficacy of CAR-T cell therapy for solid tumors [139]. ALG3
has been demonstrated to increase resistance to radiation
in breast cancer patients and promote the growth of tumor
stem cells by modifying the glycosylation of TGFBR2
[140].
The process of glycosylation is essential for tumor pro-

gression, and focusing on glycosylation presents promising
opportunities for the creation of drugs to combat tumors.
Notably, considerable advancements have been made in
the development of selectin inhibitors, glycoconjugated
antibodies, vaccines with modified glycosylation of anti-

gens, and innovative glycovaccines [69, 141]. For example,
the specific E-selectin antagonist uproleselan (GMI-1271)
is used in combination with chemotherapy for treating
relapsed/refractory acute myeloid leukemia (AML) [142].
Advances in immunotherapy research have significantly
increased the potential for cancer vaccine development
[143]. Elevated glycan levels found on cancer cells surfaces
suggest that vaccines utilizing tumor-associated glycan
antigens could be a viable option for cancer immunother-
apy [144]. Recent studies have shown thatMUC1 glycopep-
tide vaccines with GalNAc glycocluster modifications tar-
geting macrophage galactose c-type lectins on dendritic
cells induce higher anti-Tn-MUC1 antibody titers [145].
Currently, many drugs and vaccines that target glycosyla-
tion are being tested in clinical trials for the treatment of
cancer (Table 2).
In conclusion, significant advances in elucidating the

role of glycosylation in the clinical treatment of cancer
have been made in recent years. These insights have sub-
stantially contributed to the further discovery of novel
cancer biomarkers and potential therapeutic targets.

5 CONCLUSION AND PERSPECTIVES

Cancer research represents a complex challenge in the
field of medical science and remains a focal point of
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intensive study. To improve our comprehension of the
fundamental processes of cancer, we must explore new
therapeutic strategies to increase treatment effectiveness.
Previous studies have shown that alterations in the gly-
cosylation process and glycan chain configuration are
strongly associated with the progression of cancer. How-
ever, although numerous studies have confirmed the
critical biological role of glycosylation, current research is
still constrained by the complexity and diversity of glycan
chain structures, the dynamics of the glycan chain synthe-
sis process, and the absence of a direct one-to-one linear
relationship between structure and function. The inher-
ent heterogeneity of tumor tissues further complicates
glycosylation studies, as various cells and tissues can dis-
play distinct glycosylation patterns. Therefore, thoroughly
understanding and studying this complex biochemical
process remain challenging. Moreover, considering the
clinical application of these studies is equally impor-
tant, and the clinical translation of glycosylation research
faces many challenges. Currently, clinical glycoprotein-
based assays, exemplified by tumor markers, are pre-
dominantly targeted to the protein fraction. The lack of
glycoform information affects the application value of
glycoprotein-based markers. Furthermore, the non-tumor
specificity of these tumor biomarkers affects their clini-
cal diagnostic specificity. The development of glycoprotein
markers with well-defined glycoforms or tumor-specific
glycosylation patterns may provide a way forward for
precision proteins. Targeting the glycosylation pathway
in tumor treatment using small molecules or glycan-
modifying enzymes offers new possibilities for enhancing
the effectiveness of antitumormedications or combination
cancer therapy. In the future, advancements in method-
ologies such as proteomics, genomics, and glycomics will
surely improve our investigation of glycosylation regula-
tion and its structure-function interactions. This task is
essential for deciphering the complex processes of glyco-
sylation and comprehending its crucial biological function
during tumorigenesis and development. Advancements
in this area will make it easier to create drugs such
as inhibitors of glycosylation-related enzymes, antago-
nists of glycan chains, and modulators of glycan func-
tion, ultimately improving the use of clinical translation
results.
In summary, this review of aberrant glycosylation has

provided new insights into the progression of cancer.
Investigating the mechanisms of glycosylation and iden-
tifying glycoprotein biomarkers will contribute to the
advancement of cancer treatment, offering scientific guid-
ance for early detection and therapy. In the future, the
evolution of glycomics and glycosylation research may
significantly improve the current landscape of cancer
treatment.
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