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Abstract Despite advances in understanding the development and progression of cancer in recent

years, there remains a lack of comprehensive characterization of the cancer glycoproteome. Glycopro-

teins play an important role in medicine and are involved in various human disease conditions including

cancer. Glycan-moieties participate in fundamental cancer processes like cell signaling, invasion, angio-

genesis, and metastasis. Aberrant N-glycosylation significantly impacts cancer processes and targeted

therapies in clinic. Therefore, understanding N-glycosylation in a tumor is essential for comprehending

disease progression and discovering anti-cancer targets and biomarkers for therapy monitoring and diag-

nosis. This review presents the fundamental process of protein N-glycosylation and summarizes glycosyl-

ation changes in tumor cells, including increased terminal sialylation, N-glycan branching, and core-

fucosylation. Also, the role of N-glycosylation in tumor signaling pathways, migration, and metabolism

are discussed. Glycoproteins and glycopeptides as potential biomarkers for early detection of cancer

based on site specificity have been introduced. Collectively, understanding and exploring the cancer gly-

coproteome, along with its role in medicine, implication in cancer and other human diseases, highlights

the significance of N-glycosylation in tumor processes, necessitating further research for potential anti-

cancer targets and biomarkers.
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1. Introduction
Cancer is widely recognized as one of the most life threatening
diseases globally, with 10 million deaths in 2020, accounting for
nearly one in six deaths1. Currently, therapeutic failures frequently
arise from late-stage tumor detection, tumor recurrence, metas-
tasis and drug resistance, all of which are associated with protein
glycosylation. Thus, the discovery of early-stage cancer bio-
markers and identification of specific targets for therapies based
on protein glycosylation are crucial. Understanding and identi-
fying the alterations in protein glycosylation in cancer cells could
be the key to unraveling tumorigenesis, biomarker discovery and
anti-cancer drug design.

Over the past two decades, there have been significant ad-
vances in the understanding of protein glycosylation, which in-
volves peptides with diverse and heterogeneous glycan structures
attached. Unlike protein and nucleic acid synthesis, glycan syn-
thesis is a non-template catalytic process that requires coordinated
involvement of multiple enzymes, leading to numerous significant
discoveries in the field. Approximately 50% of proteins are esti-
mated to be glycosylated2.

The biosynthetic capacity of glycans is believed to depend on
the abundance of glycosylation enzymes and the sugar donors.
Most glycoproteins are translated and pre-matured within the
endoplasmic reticulum (ER) lumen, whereas part of the glycosy-
lated proteins needs to be further trimmed in the Golgi apparatus.
Matured glycoproteins are then assigned to different sites, such as
the cell membrane or are secreted outside the cell. Protein glyco-
sylation plays an important role in numerous intracellular and
intercellular activities, such as protein folding, cell adhesion,
cellecell recognition, and host-pathogen recognition among others.

Accumulating evidence suggests that atypical glycosylation of
glycoproteins, such as truncated glycan structures, multiple branch-
ing N-glycans, core fucosylation and sialylated termination increase
are associated with the malignant cell transformation and metastasis.
Differences in serum glycoproteins between tumor and normal
patients hold promise for identifying tumor biomarkers. Certain
atypical glycoproteins like core fucosylation of AFP and the sialyl
Lewis A antigen (SLeA) of carbohydrate antigen 19-9 (CA19-9) are
being used as serological cancer markers in clinical settings. How-
ever, their clinical application is limited, and many specific processes
are still to be well-defined. This review aims to provide a clear
understanding of the fundamental concepts of protein N-glycosyla-
tion in cancer and discuss its impact on cancer biology, as well as
novel glycoproteins/glycopeptides as potential cancer biomarkers.

2. Glycosylation and glycan changes in cancer

It is common for cell membrane proteins and secretory proteins to
be decorated by glycosylation. Protein glycosylation involves the
attachment of glycans onto the immature proteins which occur in
the ER and then they are trimmed in the Golgi apparatus, where
the reactions are performed by a series of glycosyltransferase and
glycosidase enzymes.

There are two main types of protein glycosylation according to
the attached amino acid residues: (1) the glycan covalently attached
to the Asn residue forms a typical consensus motif N-X-S/T (XsP)
termed N-glycan, and (2) O-glycosylation linked to the hydroxyl
group of side chains from serine or threonine residues. Glycosyl-
ation occurs during the process where proteins go through the
ER and Golgi compartments after transcription. In humans the
glycan structures are mainly composed of the following 10
monosaccharides: (1) N-acetyl-D-glucosamine (GlcNAc), (2)
D-mannose (Man), (3) L-fucose (Fuc), (4) D-glucose (Glc), (5)
D-galactose (Gal), (6) N-acetylneuraminic acid sialic acid
(Neu5Ac), (7) N-acetyl-D-galactosamine (GalNAc), (8)
D-glucuronic acid (GlcA), (9) L-iduronic acid (IdoA) and (10)
D-xylose (Xyl) (Fig. 1). N-Glycopeptides contain the glycan at the
residue Asn in a conserved amino acid sequence N-X-S/T (XsP),
with a common but conserved five monosaccharides core structure
GlcNAc2Man3, also called core glycans (Fig. 2A).

Usually, both N- and O-glycans are terminated with sialic
acids. Unlike DNA synthesis, the non-template driven glycan
synthesis generates the glycans structural diversity and heteroge-
neity. The onset of disease may exhibit different forms of glyco-
sylation. Therefore, uncovering the changes of disease-related
glycosylation is essential for a deeper understanding of disease
progression. Thus, we discuss N-glycosylation, fucosylation, sia-
lylation and multiple-branching glycosylation as well as their
roles in cancer progression.

2.1. N-Glycosylation

N-Linked glycosylation is a post-translational modification which
plays an important role in determining the folding state and oligo-
merization of the protein. This process initiates in the ER where the
GlcNAc2Man5-dolichol phosphate is flipped into the ER luminal
side from cytosolic side by the flippase. After that, to the
GlcNAc2Man5-dolichol phosphate is added four mannose and three
glucose forming Glc3Man9GlcNAc2-PP-dolichol. The glycan moi-
ety of this product is then transferred to a sequon N-X-S-T of a
nascent peptide chain by oligosaccharyltransferase (OST) complex.
Then three terminal glucose and one mannose are removed from the
nascent glycopeptide, and the glycopeptide leaves the ER and enters
to the Golgi apparatus for further trimming and branching, to pro-
duce the glycopeptide with diverse glycans (Fig. 3).

According to the branching of side chains, the glycan types are
divided into three main groups, such as high mannose N-glycans
(elongated by mannose residues), complex N-glycans (further chain
elongation by adding GlcNAc in the Golgi apparatus) and hybrid N-
glycans (addition of galactose or fucose residues along with
mannose in the Golgi apparatus). It has been believed that N-
glycosylation is performed by a series of N-acetylglucosaminyl-
transferases called GnTs (encoded by MGAT genes), by which the
glycan blocks are extended based on the conserved core glycan. The
increase of branching, and the addition of fucosylation and sialy-
lation have been believed to be associated with tumor progression.
The FUT8 (a1,6-fucosyltransferase) adds a fucose into the inner-
most GlcNAc in the N-glycan core by formation of an a1,6-Fuc
linkage, whereas terminal sialylation acted on by sialyltransferase
forms an a2,6-linkage-specific bond, as shown in Fig. 2B.

Aberrant protein glycosylation occurs in cancers involving
core fucosylated, outer-arm fucosylated glycans, multiple
branched N-glycans, truncated O-glycans, and multiple sialylated
terminal glycans as shown in Fig. 4. The alterations in glycosyl-
ation arise from several mechanisms including the changes of
expression levels of glycosyltransferases and glycosidases, and
aberrant expression in glycosyltransferase localization within the
secretory pathway involved in the ER and Golgi apparatus3. In
addition, the changes of chaperone activity and donor substrates
availability also result in the changes of glycosylation. Analysis of
these changes has been used to discover biomarker candidates as
the glycosylation changes of glycoproteins secreted from cancer
cells into the serum. Some serum glycoproteins have been utilized



Figure 1 Structures and names of 10 monosaccharides in humans which make up glycans.

Figure 2 (A) Five monosaccharides core structure GlcNAc2Man3. (B) Procedure of sialylation, core-fucosylation and branching of glycan

chain are enzymatically catalyzed by sialyltransferases, a1,6-fucosyltransferase (FUT8) and N-acetylglucosaminyltransferase-V (GnT-V) by

transferring the monosugar moieties from activated CMP-SA, GDP-Fuc and UDP-GlcNAc, respectively.
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for diagnosis and surveillance of cancers, for example, the CA19-
9 bearing SLeA can be used for gastrointestinal tumors diagnosis,
and the core-fucosylated form of AFP used for hepatocellular
carcinoma diagnosis3.

2.2. Sialylation by sialyltransferases

Sialic acid (N-acetylneuraminic acid, Neu5Ac), a nine-carbon
sugar, typically occupying the terminal positions of the glycan
chains of glycoproteins, is implicated in cellular interactions, and
functions as a linkage molecule between the cell and its sur-
rounding matrix, where aberrant sialylation has been shown to be
involved in cancer cell adhesion and invasion. The terminal
addition of sialic acid to the oligosaccharide is catalyzed by the
sialyltransferases located in the Golgi apparatus, which allow
glycans to have more diversity.

Accumulating evidence has shown that hypersialylation of
glycoproteins is commonly found on the cancer cell surface. This
increased sialylation on the cell surface glycoproteins is believed
to be a signature of tumor transformation4. Increased sialylation in
glycoproteins can be observed in tumor cells and is ascribed to
enhanced sialyltransferase activity or reduced sialidase activity.
Thus, detection and monitoring of glycoproteins from bio-fluids
can be utilized for surveillance of cancer disease progression.

Although up to 20 sialyltransferases (STs) have been discovered,
all involve alpha-linkage of sialic acid to N-glycan or O-glycans. It
appears that each ST type can catalyze the formation of specific
sialylated structures, such as sialylated Lewis antigen by ST3Gal III
andST3Gal IV.One example isCA19-9 bearing sialylLewisA (sLeA)
antigen,which can be attributed toST3Gal III, and IVoverexpression.
Exploiting specific target inhibitors for STs would be a reasonable
strategy for affecting tumor growth, invasion, and metastasis. For
example, upregulation of STs has been shown to be associated with
drug-resistant cancers treated with cisplatin or paclitaxel. Thus, these
inhibitors can be used either alone or combined with current drugs to
enhance their sensitivity to drug resistant cancers5.



Figure 3 N-Glycosylation initiates in the ER and is elaborated in Golgi apparatus. The N-glycosylation is started by the transfer of

GlcNAc2Man5 to dolichol phosphate on the cytosolic side of ER, and then flip to the luminal side by flippase. After adding four mannose and three

glucose forming Glc3Man9GlcNAc2-PP-dolichol, the glycan moiety is then transferred to a sequon N-X-S-T of a nascent peptide chain by oli-

gosaccharyltransferase (OST) complex. Next, three terminal glucose and one mannose are removed from the nascent glycopeptide, and the

glycopeptide enters the Golgi apparatus to further trimming and branching, and thus produce the glycopeptide with diverse glycans.

Figure 4 Changes of glycosylation during tumor progression. During malignancy, aberrant glycosylation displays abnormal expression of

truncated glycans such as T antigen, Tn and their sialylated forms ST and STn, respectively, as well as the multiple branching N-glycans with

terminal sialylation.
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Functionally, sialylated glycans have long been recognized to
be implicated in diverse cellular interaction processes, such as
cellecell recognition and adhesion. Furthermore, they have also
been reported as participants in tumor invasion and metastasis, as
well as some immune responses. For example, hypersialylated
integrins have been shown to take part in cancer cell migration in
lung6,7, colon8 and ovarian cancers9.

2.3. Multiple-branching glycans regulated by GnT-V

Besides the sialylation by the sialyltranferases, multiple-branching
glycans also contribute to cancer cells adhesion and metastasis.
GnT-V (N-acetylglucosaminyltransferase-V), encoded by the
MGAT5 gene in humans, extends the glycan chain branches by
transfer of a GlcNAc residue from uridine diphosphate-GlcNAc
(UDP-GlcNAc) into an a1,6-linked mannose in the conserved
five monosaccharides core structure (GlcNac2Man3) forming a
b1,6-linkage between them. However, galactose and sialic acid as
well as bisected glycans from GnT-III activity, can inhibit the
ability of the GnT-V to transfer the GlcNAc to the mannose of the
conserved five monosaccharides core structure. Elevation of this
glycan branch extension of glycoproteins on the cancer cell surface
contributes to cancer invasion and metastasis, which makes GnT-V
a promising anti-cancer drug target. Also, elevation of MGAT5
mRNA was observed in various cancer types, where MGAT5 gene
knockout can reduce the tumor growth and metastasis10.

Dennis et al.11 in 1987 first reported the relationship between
MGAT5 and cancer metastasis. Studies of cell lines and malignant
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human tissues demonstrated that the GnT-V increased the meta-
static potential12. It was also observed that tumor cells deficient in
GnT-V activity grew slowly and had lower metastatic ability than
wild-type cells. Also, the mice lacking GnT-V could not add N-
glycans into mannose forming b1,6-linkage so that tri-and tetra-
antennary glycans were not formed. Further, the mice deficient in
GnT-V could not develop normally and had autoimmune diseases,
such as the enhancement of delayed-type hypersensitivity10.

The Dennis group also proposed that the glycosylation of the
growth factor receptors makes them preferable for binding to
lectins, such as insulin-like growth factor receptor (IGFR),
epidermal growth factor receptor (EGFR), transforming growth
factor b receptor (TGF-bR) and platelet-derived growth factors
receptor (PDGFR). This leads to the formation of a molecular
lattice composed of glycoproteins and galectins that resist
glycoprotein endocytosis. Hence, the glycosylation of the growth
factor receptors enhances cell signaling, migration and invasion13.

This group14 further demonstrated in epithelial cells that the
number of N-glycans on proteins as well as the GlcNAc-branching
activity contribute to galectin binding to N-glycans of cell mem-
brane glycoproteins. This requires cells to have higher UDP-
GlcNAc availability, the active form of the substrate for the GnT-
V. Therefore, the glycoproteins on the cell membrane with a high
number of N-glycan moieties, especially the growth factor re-
ceptors, such as fibroblast growth factor receptor (FGFR), IGFR,
EGFR, and PDGFR, have higher galectin binding ability, and an
increased expression of these glycoproteins on the cell surface
would be a response to the increasing UDP-GlcNAc concentrations.
Different from that, the cell surface glycoproteins bearing few N-
glycan moieties, for example, TGF-b and glucose transporter4
(GLUT4), show delayed responses to the UDP-GlcNAc increase.
The findings of this study demonstrated that branches of N-glycans
can serve as metabolic sensors, regulating both cell growth and
arrest signals. and thus inhibition of GnT-V might facilitate tumor
treatment.

2.4. Core fucosylation regulated by a1,6-fucosyltransferase
(FUT8)

Core fucosylation, also known as a1,6-fucosylation, is mediated
by FUT8 (a1,6-fucosyltransferase), which transfers the fucose
residue from GDP-fucose to the innermost GlcNAc residue of N-
glycan on glycoproteins. This enzyme is the only core fucosyl-
transferase found in animals, and its activity is notably higher in
the brain compared to other normal tissues.

Core-fucosylated glycoproteins are widely distributed in
human tissues and involved in many diseases, such as hepato-
cellular carcinoma15,16. Studies have reported a direct association
between the corresponding enzyme FUT8 expression with tumor
size and lymph node metastasis. Moreover, in non-small cell lung
cancer (NSCLC) cell lines, FUT8 upregulation is believed to
contribute to cancer metastasis. In contrast, silencing FUT8 in
CL1-5 and PC-5 which are known as aggressive lung cancer cell
lines can significantly inhibit cell proliferation and invasion, as
well as tumor growth and metastasis in mice17. Furthermore,
microarray analyses and glycoproteomics have demonstrated that
FUT8 can globally modify numerous glycoproteins involved in
cancer progression, such as adhesion molecules, receptors, and
surface antigens. These findings highlight the involvement of
FUT8 in cancer progression through multiple mechanisms. In
addition, core-fucosylated fetoprotein (AFP-L3) has been applied
in the clinical diagnosis of liver cancer and several fucosylated
glycopeptides show promise as potential cancer markers16. These
advancements in core fucosylation research hold considerable
potential for improvement in cancer diagnosis and treatment.

3. N-Glycosylation in cancer signaling

3.1. Aberrant glycosylation in signal pathways

The presence of abnormal glycosylation can trigger detrimental
metabolic and cellular signals that facilitate the progression of
cancer. Nevertheless, the exact molecular process remains uncer-
tain. Abnormal glycosylation has the potential to induce erroneous
cellular signaling pathways, thereby promoting tumor growth.
However, the specific mechanism underlying this phenomenon has
not been comprehensively elucidated. It is widely believed that
changes in glycosylation, gene mutations, and genomic instability
collectively play a role in initiating cancer. All these irregularities
result in the initiation of oncogenic signaling pathways, including
Wnt/b-catenin, Hippo signaling, phosphatidylinositol 3-kinase/
protein kinase B (PI3K/Akt), Janus kinase/signal transducer and
activator of transcription (JAK/STAT), the transforming growth
factor-b (TGF-b/Smad), and Notch signaling. Accumulating evi-
dence indicates that the abnormal modification of cell surface
proteins, such as transmembrane proteins and growth factors re-
ceptors, lead to tumor cell growth, invasion, and metastasis
through activation of these signaling cascades.

3.2. EGFR

EGFR, a member of receptor tyrosine kinases (RTKs) which
include many growth receptors such as VEGFR, IGFR, and FGFR,
etc.18, is activated by growth factor ligands through binding the
extracellular regions of receptors inducing dimerization or oligo-
merization. After that, receptors then phosphorylate each other
triggering the downstream cascades of phosphorylation events,
such as PI3K/Akt, JAK/STAT, and MAPK pathways. These chains
of events are associated with several cancer cell processes,
involving cellular growth, proliferation, migration, and meta-
bolism. There are 13 N-glyco-sites in EGFR and previous studies
indicated that aberrant glycosylation in EGFR can affect the
conformation of the extracellular domain of the receptors,
resulting in aberrant activation and cellular signaling transmission.
Small molecules have been used to disrupt the glycosylation of the
RTKs involving EGFR, ErbB2, ErbB3 and IGFR. These otherwise
contribute to cancer cells proliferation and survival and have been
regarded as potential therapeutic targets for treatment of malig-
nancy19,20. Therefore, RTKs are therapeutic targets for the treat-
ment of tumors18,19.

Accumulating evidence has shown that the changes in glyco-
sylation in these RTKs, such as terminal sialylation, core or outer-
arm fucosylation or oligosaccharides chain branching, can affect
the dimerization or oligomerization and subsequently the RTKs
activation. Sialylation in the branch terminal and fucosylation in
the outer arm can suppress EGFR dimerization and subsequently
inhibit the receptor activation in lung cancer cell lines, whereas an
increase in core fucose by overexpression of FUT8 can promote
EGFR activation as shown in Fig. 521. By comparing EGFR sia-
lylation levels between cell lines CL1-0 and CL1-5, Liu et al.21

demonstrated that, of these two cell lines, the more invasive
CL1-5 cell line has more sialylation and outer arm fucosylated N-
glycans in EGFR. They found that the more terminal sialylation
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and/or outer arm fucosylation of EGFR suppressed the dimeriza-
tion and the sequential phosphorylation even more, whereas these
can be counteracted by adding sialidase and fucosidase, and
treating sialidase can enhance EGF-mediated CL1-5 invasion.

Different from the terminal sialylation and outer arm fucosy-
lation, the core-fucosylation of the EGFR is required for EGFR
dimerization and phosphorylation. Wang et al.22 also reported core
fucosylation can regulate EGFR-mediated intracellular signaling.
Their results demonstrated that the interactions between EGF and
EGFR require core-fucosylation of EGFR, whereas the expression
levels of EGFR did not affect this. They found that the phos-
phorylation of EGFR induced by EGF can be inhibited in
FUT8�/� cells, whereas this blockade can be restored when the
FUT8 gene contained plasmids were transfected into the FUT8�/�

cells. These studies supported important roles of core-fucosylation
in EGFR mediated biological functions.

However, in contrast to lung cell lines, Britain and colleagues23

reported that using 2 cell lines from ovarian cancer (OV4 and
SKOV3) and BxPC3 from pancreatic cancer, the sialylation of
EGFR by ST6Gal I sialyltransferase not only promotes EGFR
activation but also has resistance to gefitinib-mediated cell death.
At the same time, the gefitinib can induce the expression of
ST6Gal I sialyltransferase. These results demonstrated that sia-
lylation in the glycan branch terminals is associated with anti-
cancer drug resistance.

The degree of branching of N-glycosylation in RTKs appears
to contribute to their capability to induce or arrest cellular pro-
liferation. For example, increasing hexosamine flux results in
elevation of a number of N-glycans which can increase receptor
association with galectin recognition and promotes the receptor to
remain on the membrane of the cancer cell, and sequentially fa-
cilitates kinase activation14,24. Similarly, it has been documented
that the MGAT5 expression product GnT-V, which contributes to
the branching glycan, can promote receptor binding to galectins
from the endosomes to the cell surface25. Furthermore, over-
expression of MGAT5 can increase b 1,6-GlcNAc-branched N-
glycans on EGFR and TGF-b receptor, thus enhancing sensitiv-
ities to their ligands, as well as promote cancer cell metastasis26.
These b1,6-GlcNAc-branched N-glycans of glycoproteins can
increase the binding ability to galectins, thus reducing endocytosis
from the cell surface, whereas the RTKs tend to shift from the
surface to the endosomes in MGAT5�/�cells27. Consistent with
Figure 5 Core-fucosylation promotes EGFR dimerization, whereas sia

when the ligand EGF binds to the EGFR.
this, the MGAT�/� tumor cells show a non-migratory epithelial
morphology, whereas MGATþ/þ display mesenchymal markers28.
Beyond this, there are other factors modulating the activation of
RTKs involved in the interaction with other glycosylated proteins
on the cell surface29,30.

3.3. Wnt

It has been shown that Wnt signaling components are involved in
cancer progression. It has been reported that the UDP-N-acetylglu-
cosaminedolichylphosphate-N-acetylglucosamine phosphotransfer-
ase 1 (DPAGT1) is a target of the Wnt becatenin signaling pathway,
and b-catenin can bind to the promoter of DPAGT1 when Wnt is
activated31. DPAGT1 is involved in the N-linked protein glycosyla-
tion pathway to catalyze the first step in dolichol-linked oligosac-
charide biosynthesis, that is, transfer of GlcNAc-1-P from UDP-
GlcNAc to the carrier lipid dolichyl phosphate (P-dolichol) to pro-
duce GlcNAc-P-P-dolichol. Furthermore, DPAGT1 is an upstream
regulator of E-cadherin which is involved in the formation of inter-
cellular adhesion complex and linked to cancer metastasis. Interest-
ingly, the Wnts themselves are N-glycosylated proteins and the N-
glycosylated form is required for the activation of Wnt signaling
pathway32. Collectively, all of these suggest that the changes of
glycosylation inWnt signaling components affect cancerprogression.

3.4. TGF-b

TGF-b is one of crucial cytokines in cellular communications and
its signaling pathways are implicated in several cancer cellular
functions such as cell proliferation, migration, invasion and
metastasis through the Smad dependent pathway. The
epithelialemesenchymal transition (EMT) is a crucial step in
cancer metastasis33, and the TGF-b is known to promote the EMT
process and is tightly regulated by TGF-b receptors and co-
receptors. After the TGF-b binding to the TGF-b receptor I
(TbRI), TGF-b receptor II (TbRII) is recruited forming a com-
plex. Then the serine residues in glycineeserine rich domain of
TbRI are phosphorylated by TbRII resulting in the activation of
TbRI kinase activity and trigger the intracellular signaling, which
is regulated by Smad family proteins. Thus, TGF-b acts as an
inducer of cancer progression by driving the EMT through the
Smad pathway.
lylation and outer-arm fucosylation suppress the EGFR dimerization
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N-Glycosylation affects the TbRII interaction with TGF-b and
controls the cell surface transport of TbRII. Kim et al.34 reported
that inhibiting the N-linked glycosylation successfully blocks the
binding of TGF-b to TbRII by preventing TbRII being transported
to the cell surface and sequentially reducing the normal signaling
transduction. Furthermore, the fully N-glycosylated form of TbRII
in wild type (complex type) rather than the less processed
N-glycosylation (high-mannose type or N70/94Q mutation) render
TbRII more sensitive to its ligand binding on the cellular surface.

Core-fucosylation of TbRII is also required for its function
whereas silencing theFUT8byFUT8RNAiwould decrease theTGF-
b signaling35. Similarly, Tu et al.36 reported that FUT8 knockdown
lead to invasive suppression in breast cancer cells, whereas upregu-
lated expression of FUT8 by “gain of function” studies resulted in the
EMTprocess, all of which are linked to the extent of TGF-b receptor.
The activation of these receptors by core-fucosylation would further
promote cancer cell migration and invasion.

Furthermore, the outer-arm fucosylated glycan sialyl-LewisX

(sLeX) and sialyl-LewisA (sLeA) on the TGF-b receptor, regulated
by FUT3 and FUT8, respectively, also affect the receptor activa-
tion. Using FUT3/FUT6 RNAi, the TbRI activation was sup-
pressed, sequentially the phosphorylation of downstream
components was also inhibited, thereby the invasion and migration
of cancer cells were blocked37.
4. N-glycosylation in tumor metastasis

Metastasis is one of the major causes of death in patients with
cancer, including EMT, migration, invasion, and extravasation,
which finally form a metastatic tumor. In EMT the multi-step
processes of tumor cell detachment from the primary place
involve spreading to a secondary site, as the initial step in cancer
metastasis. This process includes loss of epithelial markers and
gain of mesenchymal markers, where EMT is associated with
tumor invasion and poor prognosis, and EMT has been believed to
be a crucial step of cancer metastasis38.

In the metastasis process, the epithelial cells undergo biolog-
ical changes and attain a mesenchymal phenotype, then migrate to
the secondary sites. EMT is characterized by a loss of cell adhe-
sion ability and acquisition of cell mobility. In this context, it can
be characterized by the decrease of cell adhesion molecules
expression, such as the epithelial marker E-cadherin, and an in-
crease of intermediate filament protein expression such as
N-cadherin and a5b1 integrin. In this regard EMT can be believed
to decrease cell adhesion and increase integrin-mediated cell-
extracellular matrix adhesion. Therefore, EMT promotes metas-
tasis of cancers and thus understanding the molecular mechanism
implicated in EMT is critical for developing effective therapies for
tumor growth and metastasis.

Accumulating evidence has shown that the aberrant expression
of glycan epitopes is implicated in cancer metastasis. Some key
glycoproteins are implicated in this complicated process, such as
E-cadherin, N-cadherin, epithelial cell adhesion molecule
(EpCAM), which are important in transition of normal liver cells
to mesenchymal cell.

4.1. E-cadherin

Cadherins are calcium-dependent cell adhesion proteins.
E-cadherin is a tumor suppressor glycoprotein with 13 glycosites
and plays an inhibitory role in cancer metastasis by blocking cell
migration or invasion. Loss of E-cadherin expression has been
found in many human cancer cell types with increased invasive-
ness. It has been believed for a long time that low expression of
E-cadherin is related to EMT in tumor progression, whereas
E-cadherin activation inhibits tumor metastasis through reducing
the number of circulating tumor cells arising from the primary
tumor. Furthermore, E-cadherin at the cell surface activated by a
monoclonal antibody can trigger apoptosis of tumor cells in the
circulation and therefore reduce lung metastasis. This apoptosis
was proposed as to be linked to the signaling pathways such as
Wnt and PI3Kinase signaling pathways39.

The core-fucosylation might contribute to the conformation
changes of E-cadherin which can destroy its asymmetry of dimers
to suppress E-cadherin. In normal tissues, the core-fucosylated
oligosaccharide is rather low. Geng et al.40 has reported that the
core fucosylated E-cadherin was selectively expressed in highly
metastatic lung cancer cells but less in lowly metastatic lung
cancer cells. They found that a1,6-FUT (fucosyltransferase)-tar-
geted RNAi could not affect the total expression of E-cadherin but
can suppress core-fucosylation of E-cadherin. Furthermore, the
RNAi of a1,6-FUT could also promote cellecell aggregation, but
it did not have impact on cells adhesion to human umbilical vein
endothelial cells. The proliferation and migration of highly met-
astatic lung giant cancer cells (95D cells) also were inhibited by
the RNAi of a1,6-FUT. These indicated that the core-fucosylation
of E-cadherin plays an important role in cancer cells metastasis.
Next, a molecular docking model was employed to demonstrate
that the core-fucosylation of E-cadherin might destroy the 3-
dimensional structure of the normal E-cadherin, and thus sup-
press the function of E-cadherin. Collectively, the levels of core-
fucosylated E-cadherin are correlated positively with cancer
metastasis, whereas this function of E-cadherin might be regulated
by a1,6-FUT.

The biological functions of E-cadherin are also mediated by
the cross talk of GnT-III and GnT-V enzymes. In normal epithelial
cells, the E-cadherin mainly bear bisecting N-glycosylation
attributed to the GnT-III enzyme, whereas its expression decreased
by its promoter methylation, and the contributor of tri- and tetra-
antennary glycosylation of E-cadherin and other proteins GnT-V
enzyme is increased41. Bisected-glycosylation of E-cadherin
helps to stabilize its position on the surface of the cell mem-
brane preventing E-cadherin from being endocytosed, and thus
promotes forming functional adherens-junctions, ultimately
increased cell aggregation. In contrast, branched glycosylation
enables E-cadherin dislocated from the cell surface to the cyto-
plasm, resulting in metastasis.

As mentioned above, sialyltransferases are implicated in
E-cadherin expression. Wu et al.5 reported that activation of TGF-
b in ovarian cancer cell SKOV-3 increased the ST3Gal I which
subsequently reduced the E-cadherin expression. A reasonable
observation is when the ST3Gal I was knocked down by RNAi,
the TGF-b has no effect in the expression of E-cadherin4. This
indicated that the sialyltransferases play an important role in the
E-cadherin expression.

4.2. Selectins

Selectins are a family of calcium-dependent transmembrane gly-
coproteins characterized as cell adhesion molecules which are
mainly presented on the lymphocytes (L-selectin), activated
platelets (P-selectin) and endothelial cells (E-selectin) surface42,43.
Selectins binding to sialyl Lewis antigens, is important for
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endothelial cells recruiting of leukocytes and cancer cells. The
sialyl Lewis antigens sLeA/X are tetra-saccharides at the end of the
cell surface glycoproteins, and six fucosyltransferases (FUT3, 4,
5, 6, 7 and 9) are involved in the formation of sLeA/X 44,45.

In the case of inflammation, E- and P-selectin presented on the
endothelial cell surface, can recruit the circulating immune cells
bearing the sialyl Lewis antigens on the cell surface (Fig. 6),
enabling immune cells to extravasate into the tissue. Similarly, it
was also reported that the sialyl Lewis antigens SLeA/X on
endothelial cells can help capture the circulating tumor cells and is
highly linked to tumor metastasis44,45. The interaction of sialyl
Lewis antigens on the cancer cell membrane and E-selectin on the
endothelial cell membrane has been regarded as the first step of
cancer cells extravasation entering the other tissue and forming a
new metastatic lesion44. Considering these contexts, therapies
targeting selectins and ligands interactions have been studied in
cancer metastasis and bone marrow transplantation.

4.3. Integrins

Integrins are a family of adhesion receptors ubiquitously
expressed in almost all cell types with heterodimeric subunits
where mediated cells attach to the extracellular matrix (ECM) and
are involved in cell migration46e49. The complete integrin re-
ceptor is composed of an a and a b subunit without a covalent
bond, and there are 18 a and 8 b subunits that make up 25
combinations in humans48,50. Integrins are involved in cancer
cellular signaling pathways regulation, which are associated with
the receptor tyrosine kinase, such as EGFR mentioned above. It is
believed that integrin binding to ECM is required for cell adhe-
sion, migration, and proliferation. Accumulating evidence shows
that N-glycosylation of integrins is implicated in its heterodimeric
formation and thus has impact on its biological functions51.

A representative mesenchymal integrin is a5b1, which can
modulate several cellular responses and may contribute to tumor
phenotype. It has been reported that N-glycan of integrin a5 can
bind to EGFR forming a stable complex, thus resulting in sup-
pression of EGFR signaling. However, the N-glycosylation sites of
the mutant integrin reversed the suppression of EGFR-mediated
Figure 6 Lectin recognition of glycosylation changes of tumor cells. D

aberrant glycosylations in cancer cells. DC, dendritic cell; MGL, macrop

ICAM-3-grabbing non-integrin.
signaling. Thus, it further illustrates the involvement of integrin
in the regulation of the EGFR signaling pathway52.

It also has been reported51,53 that the integrin functions can be
modulated by sialylation of N-glycans through STs, which can
enhance tumor progression as well as facilitate cancer cells to
escape from apoptosis, promote invasion and metastasis, and form
resistance to therapy. For example, a3b1 integrin bearing sialy-
lated tetra-antennary glycans in metastatic A375 human mela-
noma cells might change cancer cell adhesive ability by reducing
the ligand binding ability of a3b1 integrin54. Also, some cancer
cell integrins, such as aVb3 can be observed to interact with
fibronectin, laminin and vitronectin, are associated with tumor cell
invasion and metastasis.

It was thus considered that the integrin molecular species is
implicated in the second stage of cancer cells adhesion to endo-
thelial cells, when cancer cells already touch the vascular endo-
thelial cells55. When the cancer cells adhere to endothelia, cancer
cells are stimulated by cytokines from the endothelial cells, which
lead to the activation of integrins on cancer cells. For example, in
HepG2 cells, adding hepatocyte growth factor (HGF) into culture
medium can activate a2b1 integrin leading to an increased adhesive
activity to collagen-coated plates whereas this process can be
blocked by anti-HGF antibody56. However, glycosylation can
directly influence the interaction between integrins and ECM on the
surface of cancer cells, then affecting biological functions of cancer
cells, such as adhesion, migration and invasion57,58. For example,
the number of N-glycans determined by GnT-V on a3b1 integrin
can affect cell migration in MDA-MB-23151. Also, the increased
expression of N-glycans of a5b1 integrin by GnT-V can result in
cells with increased mobility, and promotion of tumor growth and
invasion10,59. Therefore, it is believed that there are cross-talks
among the N-glycosylated glycoproteins on the cell surface,
which may control tumor cell behaviors.

5. Glycosylation for angiogenesis

The endothelial cells (ECs) cover the inner surfaces of blood
vessels and release cytokines that control vascular functions.
Cancer progress is closely associated with endothelial cells. To
ifferent lectin types expressed from cells are depicted, as well as the

hage galactose-specific lectin; DC-SIGN, dendritic cell (DC)-specific
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maintain rapid cell proliferation and high metabolic rates, solid
tumors perform angiogenesis, which forms a network of blood
vessels, to meet the tumor’s needs for nutrients and to help
remove metabolic waste. The angiogenic switch in growing
tumor is usually triggered by hypoxia-induced expression of
vascular endothelial growth factor (VEGF), leading to prolifera-
tion of normally quiescent endothelial cells. Some inducers of
angiogenic signaling such as vascular endothelial growth factor
receptor-2 (VEGFR-2) and Notch receptors are highly glycosy-
lated. Aberrant glycosylation of these receptors may have wide
effects on their biological activity.

The interaction of VEGF and VEGFR2 plays a central role in
physiologic and pathologic angiogenesis60. VEGF can be divided
into six main classes: VEGF-A, -B, -C, -D, -E and placental
growth factor (PlGF), where VEGF-A is the most important
member involved in angiogenesis. There are six different VEGF-A
isoforms consisting of 121, 165, 189 and 206 amino acids,
whereas the VEGF-A165 has the best activity of binding to the
VEGFR. Once activated by VEGF, the VEGFR undergoes
dimerization, phosphorylation of tyrosine residue and sequential
signaling transduction. This process is quite like the EGFR acti-
vation for both of them are related to RTKs signaling.

Among the VEGFR family, VEGFR2 is the main pro-
angiogenic receptor expressed by endothelial cells potentially
bearing 17 N-glycosylation sites on its extracellular region which
is important for its stability and activation upon VEGF-A165
binding, and thus VEGFR2 is the most important mediator of
VEGF-A angiogenic activity. However, the mechanisms underly-
ing the angiogenic activity of the glycans of VEGFR2 have not
been fully uncovered.

Chiodelli et al.61 identified the VEGFR2 bearing outer-arm
fucose (a,1e3/4 fucose) and terminal a2,6-linked sialic acid by
various types of lectins which can interact with specific glycan
structure. whereas only a terminal a2,6-linked sialic acid is
required for VEGF binding to VEGFR2. Based on this, they found
that the a2,6-linked sialic acid binding lectin sambucus nigra
(SNA) can inhibit VEGF-dependent VEGFR2 activation and EC
motility, and therefore prevented angiogenesis. This indicated that
the sialylation of VEGFR2 plays a crucial role in regulating VEGF
and VEGFR2 interaction, EC pro-angiogenic activation and neo-
vascularization. In this context, inhibition of interaction of VEGF
and EGFR2 by disturbing VEGFR2 sialylation should be a
reasonable strategy for treatment of angiogenesis associated
cancer.

However, Chandler et al.62 reported that the N-glycosylation of
VEGFR2 at site N247 hindered the VEGF ligand and receptor
interaction and sequential activation and signaling in endothelial
cells. By removal of sialic acid from VEGFR2, with a N247Q
mutation and treating the cells with a2,3-neuraminidase, this
group proved that the N247 terminal a2,6 rather than a2,3-sia-
lylation of VEGF2 can oppose VEGF2 activation whereas the
asialo-glycans favor activation of VEGF2.

The results of the above studies may appear to be contradictory
but perhaps the glycosylation of different Asn residues of VEGFR
affects the activity of VEGFR differently. Chandler et al.62 also
pointed out that the Asn145, Asn160, and Asn320 has no
structure-specific role in VEGFR2 activation.

These findings indicate that glycosylation of VEGFR2 has
diverse and complex effects on its activity. However, regardless of
the complexity, N-glycosylation of VEGFR2 can regulate ligand-
mediated activation and signaling in ECs.
Accumulating evidence demonstrated that the secreted
galectin-1 and galectin-3 are involved in angiogenesis and tumor
progression. The animal lectins having a carbohydrate recognition
domain (CRD) composed of about 130 consensus amino acids
forming two antiparallel beta-sheets that can bind to b-galactoside
containing glycans, which usually can be observed in extracellular
glycoproteins, such as VEGFR2. Hsieh et al.63 demonstrated that
galectin-1 can bind to the VEGFR co-receptor neuropilin-1 to
activate the VEGFR2, and thus result in the increase of migration
and adhesion of endothelial cells. Thijssen et al.64 reported the
tumor cells that secrete galectin-1 can promote tumor angiogen-
esis in mice. Moreover, Croci et al.65 pointed out that the a2,6-
linked sialic acid can prevent galectin-1 binding to VEGFR2,
whereas elimination of a2,6-linked sialic acid from VEGFR2
offered resistance to anti-VEGF, and therefore they cause the
disruption of galectin-1-N-glycan axis which should be efficient
for anti-VEGF treatment.

Similarly, galectin-3 is also involved in angiogenesis through
binding to VEGFR2 and inducing phosphorylation of VEGFR2
and thus activating its signaling in endothelial cells66. Further-
more, the interaction of galectin-3 and VEGFR2 on the cell
membrane can be observed, which is dependent on the expression
of GnT-V. Knockdown of galectin-3 and GnT-V can reduce the
VEGF-A mediated angiogenesis in vitro. This is due to GnT-V
which can provide high affinity glycans for galectin-3. Also,
knockdown of both of these two genes lead to the increase of
internalized VEGFR2, which suggested the galectin-3 contributed
to the VEGFR2 delaying endocytosis from the cell membrane and
therefore angiogenesis.

6. Glycosylation in cancer metabolism

The main characteristic of cancer cell metabolism is the require-
ment for a large amount of glucose uptake to meet the high energy
demands of tumor growth. Acquiring a large amount of glucose in
cancer cells increases glycolysis and other metabolic pathways,
such as the hexosamine pathway67. The end product of the hex-
osamine pathway, UDP-GlcNAc is the essential substrate involved
in the N-glycosylation process, which is sensitive to the amount of
UDP-GlcNAc in cancer cells. Receptors have varied numbers of
N-glycan sites and the type of N-glycan structure is ultrasensitive
to the amount of hexosamine flux in the Golgi apparatus where N-
glycosylation of proteins is produced.

It is generally accepted that the growth arrest receptors have
few N-glycosylation sites, such as TGF-b receptors, whereas re-
ceptors with high numbers of N-glycans are associated with tumor
growth such as the various “growth factor receptors”. A mecha-
nism was proposed by Lau et al.14 for the metabolic regulation of
cellular transition between arrest and growth coming from coop-
eration of the number of N-glycosylation and branching. There-
fore, metabolic flux through the hexosamine pathway could affect
the stability of the receptors on the cell surface by regulating the
interaction of receptors with branched glycans and galectins as
discussed above. Hence, more branched-glycosylated receptors
could be bound with galectins preventing endocytosis and
sequentially increasing signaling68. Furthermore, in MGAT5�/�

cells cultured with GlcNAc, the TGF-b receptor complex was
increased, and cell surface EGFR bound to galectins can be
observed. Although galectin-3 was reduced in MGAT5�/� cells, it
can be rescued by GlcNAc. This indicates that the remodeling of
N-glycans on the surface of cancer cells is highly sensitive to
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metabolism14. In conclusion, nutrient fluxes regulating complex
N-glycan biosynthesis orchestrate the cellular response of cancer
cells, determining the cancer cell’s behavior.

7. Glycosylation proteins as biomarkers

7.1. Rationale of glycopeptides as biomarkers

Serum proteins and peptides changes have been found to be
associated with cancer processes69,70. A growing body of evidence
suggests that aberrant glycosylation of proteins on the cancer cell
surface or glycoproteins secreted into human fluids is related to
cancer progression15,16,71,72. Therefore, monitoring alteration of
glycosylation of markers for early cancer detection could be used
for disease surveillance during cancer development and treat-
ment15,16,72. For example, in hepatocellular carcinoma (HCC), the
fucosylation level has been shown to be relatively low in normal
people but may increase significantly as the disease develops73,74.
AFP-L3, a serum glycoprotein which carries a core-fucosylated
(a1,6-fucosylated) glycan structure has been used widely in the
clinic to monitor HCC surveillance. Recently, the fucosylation
level of other proteins were studied, including alpha-1-antitrypsin
(A1AT) and Hp. The fucosylation levels of these proteins were
enhanced in HCC patients, thus they might be promising liver
cancer biomarker candidates. In addition, differentially expressed
fucosylated glycoproteins in the serum of ovarian cancer and
pancreatic cancer patients was uncovered by mass spectrometry,
and these fucosylated glycoproteins/glycopeptides may also serve
as potential cancer biomarkers for ovarian cancer and pancreatic
cancer75,76. Sialylation usually occurs in the terminal of the
glycan structure, where an increase has also been considered
associated with HCC. In addition, several groups have reported
that the branching of glycan structure is related to HCC
progression72,77,78.

7.2. Current cancer biomarkers

Some current serological biomarkers are glycoproteins which are
used in the clinic for cancer diagnosis and monitoring of disease
progression and therapeutic treatment. These glycoproteins
include widely used biomarkers in patients with HCC [AFP, AFP-
L3 and Des-gamma-carboxy prothrombin (DCP)], prostate cancer
(PSA), ovarian cancer (CA125), colon cancer [CA19-9 and car-
cinoembryonic antigen (CEA)], pancreatic cancer (CA19-9), and
breast cancer (CA15-3). They are summarized in Supporting In-
formation Table S1. Currently, although these serological bio-
markers have been widely applied in the clinic, they have serious
limitations in terms of their relatively low specificity for cancer
screening and potential diagnosis.

a-Fetoprotein (AFP) from human serum is widely utilized as a
surveillance biomarker for HCC. It has a high specificity (around
90%) for late-stage HCCs with around 60% sensitivity, whereas
the sensitivity drops down to 35% in early HCC cases79. A lectin-
bound AFP, AFP-L3, containing a core-fucosylated glycan struc-
ture had been reported as more specific to HCC than AFP. The
ratio of AFP-L3 to total AFP was utilized as an indicator of
HCC80, but the AUC value of this variant form of AFP cannot
outperform that of AFP alone. Thus, although AFP has been
widely utilized in the clinic, a limitation is that it can be elevated
in patients with cirrhosis, resulting in an unreliable role of AFP in
surveillance for HCC. AFP-L3 alone was not sufficient for HCC
detection. Another glycoprotein DCP was used as a complement
to AFP-L3 in east Asia81, but still does not meet the requirements
of early detection. These limitations have motivated researchers to
look forward for a new generation of biomarkers based on specific
glycoforms of proteins with higher sensitivity and specificity for
cancer detection15,16,82e90. The other biomarkers such as CA125,
CEA et al. are summarized in Table S1.

7.3. Promising cancer biomarkers

Several glycoproteins or site-specific glycopeptides from serum
have been shown to be promising cancer biomarker candidates.
For example, Golgi protein-73 (GP-73) is a transmembrane
glycoprotein expressed predominantly in the biliary epithelial
cells, but it was rarely detectable in hepatocytes91. However, GP-
73 was elevated in hepatocytes when the patients were infected
with a virus or suffered from other non-viral liver diseases, which
contributes to it being a promising biomarker for early HCC
diagnosis92.

Haptoglobin (Hp) is an abundant serum protein secreted pri-
marily by the liver, where it is involved in the metabolism of renal
iron where it prevents kidney damage by releasing the iron
component. It contains 4 glycosites N184, N207, N211 and N241.
It has been reported that Hp can be a promising marker for early
detection based on the aberrant glycosylation of these sites for
several cancers, especially in HCC72. Interestingly, although it has
been shown that the core-fucosylated glycan is associated with
different cancers, the outer-arm fucosylated form sLe antigen is
the main glycoform in Hp. Zhu and colleagues et al.71,72,78,93

reported that the multiple-branching fucosylated sialylated gly-
copeptides were associated with HCC development.

Alpha-1-antitrypsin (A1AT) is another high abundance serum
protein which is around 0.75e1.75 mg/mL in circulating blood
and its concentration can reach up to 4-fold upon infection or
inflammation94. By binding to elastase, A1AT’s anti-trypsin ac-
tivity can protect elastin in alveoli of the lung during infection
where white blood cells produce the elastase which can attack the
elastin. A1AT has three glycosites including, Asn70, Asn107 and
Asn271, and alteration of glycosylation of A1AT is associated
with NASH HCC95,96.

Vitronectin (VTNC), a 52.4 kDa glycoprotein with 459 amino
acids, also called serum spreading factor belongs to the plexin
family. Glycosylated VTNC has an apparent molecular mass of
around 75 kDa. It is produced by hepatocytes and secreted into the
blood and present in the extracellular matrix. VTNC has been
regarded as a cell adhesion molecule that is involved in response to
tissue injury and repair. There are three glycosites that have been
found in VTNC at sites N86, N169 and N242. Lin et al.31 used the
Stepped-HCD-PRM-MS/MS to evaluate the changes of glycosyl-
ation of these sites in HCC and showed that a biantennary sialy-
lated glycopeptide involving site 169, N169_A2G2S2, and a
fucosylated sialylated triantennary glycopeptide N242_A3G3F1S3
might be promising biomarkers for early-stage HCC diagnosis.
8. Conclusions

In conclusion, glycosylation of proteins plays an important role in
the cancer development process. Understanding the aberrant
alteration of glycosylation of tumor cells can provide a further
understanding of the cancer mechanism and thus improve efficacy
of targeted therapies. Thus, we presented a brief description of the
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abnormal N-glycosylation formation in tumor cells, then intro-
duced the role of N-glycosylation in tumor cell signaling, meta-
bolism and angiogenesis. This knowledge will provide promising
new strategies for cancer disease in the future and thus improve
the clinical outcome.

Several strategies related to clinical management appear to be
particularly encouraging. Glycosylated proteins may provide
novel biomarkers for therapies. The glycans in glycoproteins can
provide more information than the protein alone, thus these epi-
topes can affect treatment responses of target proteins, such as
EGFR20,97,98. Also, glycan epitopes from glycoproteins may serve
for tumor subtype classification and provide a potential thera-
peutic for patients99.

Considering the diversity of glycoforms, targeting a specific
glycoform protein on the cancer cell surface is an important aspect
of glycosylation in therapeutics, which may serve as an alternative
means to increase the anti-tumor specificity. Also, glycanelectin
interactions are implicated in tumor development involving cancer
cell invasion, metastasis and angiogenesis. Thus, blockade of
lectin-glycan recognition by specific chemicals is a promising
approach where inhibitors are being developed. Finally, novel
cancer biomarker candidates, such as Hp, VTNC, A1AT have
shown encouraging results for early-stage cancer diagnosis.
Collectively, the knowledge of glycosylation in a tumor is
essential for the understanding of cancer disease progression and
therefore it is also expected to serve for novel new biomarkers for
cancer diagnosis.
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