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Highlights 

 

 O- and N-linked glycosylation orchestrate proteoforms and their functions 

 Incomplete/neosynthesis of glycan protein lead to immune dysregulation 

and cancer 

 Signaling via PDGF, FGFR, EGFR, MET, RON, or IGFR receptors needs 

glycosylation 

 Multi-omics of tumors reveal heterogeneity in the glycosylation pattern  

 Tumor-specific glycans interact with CD43, CD45, selectins, galectins and 

siglecs  
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Abstract 

Glycosylation-mediated post-translational modification is critical for regulating many 

fundamental processes like cell division, differentiation, immune response, and cell-

to-cell interaction. Alterations in the N-linked or O-linked glycosylation pattern of 

regulatory proteins like transcription factors or cellular receptors lead to many 

diseases, including cancer. These alterations give rise to micro- and macro-

heterogeneity in tumor cells. Here, we review the role of O- and N-linked 

glycosylation and its regulatory function in autoimmunity and aberrant glycosylation 

in cancer. The change in cellular glycome could result from a change in the 

expression of glycosidases or glycosyltransferases like N-acetyl-glucosaminyl 

transferase V, FUT8, ST6Gal-I, DPAGT1, etc., impact the glycosylation of target 

proteins leading to transformation.  Moreover, the mutations in glycogenes affect 

glycosylation patterns on immune cells leading to other related manifestations like 

pro- or anti-inflammatory effects.  In recent years, understanding the glycome to 

cancer indicates that it can be utilized for both diagnosis/prognosis as well as 

immunotherapy. Studies involving mass spectrometry of proteome, site- and 

structure-specific glycoproteomics, or transcriptomics/genomics of patient samples 

and cancer models revealed the importance of glycosylation homeostasis in cancer 

biology. The development of emerging technologies, such as the lectin microarray, 

has facilitated research on the structure and function of glycans and glycosylation. 

Newly developed devices allow for high-throughput, high-speed, and precise research 

on aberrant glycosylation. This paper also discusses emerging technologies and 

clinical applications of glycosylation. 

Keywords: Metastasis; Glycosylation; Cancer; Multi-omics; glycans; immunotherapy 
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Graphical Abstract 
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1.  Introduction:  

 

The process of translation is not enough to form functional proteins. Many 

proteins require post-translational modifications, including proper protein folding or 

the addition of functional groups. Several of these modifications, with prominent 

phosphorylation, participate in signal transduction and gene regulation (Lv et al., 

2022). Glycosylation is a complicated process of protein or lipid modifications 

involving specific enzymes (glycosidases or glycosyltransferases), which helps in 

adding glycan moieties to provide particular functions to glycoproteins like cell-to-

cell interaction, cellular differentiation, agglutination reaction in blood, etc. Most of 

these modifications are densely located in the outer region of the cell surface, the 

glycocalyx (Alymova et al., 2022). The two main categories of protein glycosylation 

are O-linked and N-linked glycosylation (abbreviated herein as OLG and NLG, 

respectively), which are structurally and functionally different from each other 

(Hulsmeier et al., 2011). The N- and O-glycans are typically released from 

glycoproteins by either enzymes or chemical methods. 

 

 

Figure 1: Illustration of N-glycosylation expression and function. The process initiates 

in ER, and after elongation, it matures in the Golgi body. Next, sugar nucleotides 
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from the nucleus go to ER. The synthesized glycoproteins with specific functions like 

cell-cell adhesion and microbe/ligand-receptor interaction are then transported to the 

cell surface.  

 

The genes associated with the expression of these glycans are known as 

glycogenes (Angata et al., 2020). The expression profile of these genes correlates with 

the glycomic alterations occurring within a cell (Li et al., 2017; Lumibao et al., 2022; 

Shah et al., 2015; Zhou et al., 2017; Zhu et al., 2019). Various enzymatic techniques 

were reported for analyzing different glycans; for instance, N-glycan analysis is done 

by releasing glycan with PNGase F (peptide-N-glycosidase F), followed by mass 

spectrometric analysis. Similarly, the Pronase enzyme releases the O- glycan or mass 

spectrometry (Wang et al., 2022).  

In eukaryotes, the NLG process (addition of glycan to free nitrogen of asparagine 

residue) follows three stages. First is the synthesis of long chains of oligosaccharide 

subunits on lipid molecules, known as lipid-linked oligosaccharides. In the second 

stage, it is transported on the targe UDP18 GalNAc polypeptides linked to the protein 

and, finally, the maturation (Stanley, 2007). The process starts on the Endoplasmic 

Reticulum (ER) surface while the protein N-glycan chains' elongation and maturation 

occur in Golgi-body. For Asn-linked glycosylation (ALG), the oligosaccharide moiety 

is synthesized by a group of enzymes working in a cascade. N-glycosylation starts 

with adding two N-acetylglucosamine (GlcNAc) molecules to the dolichol 

pyrophosphate residue (PP-Dol) embedded into the cytosolic side of the ER, as 

illustrated in figure 1. In the first reaction, the GlcNAc molecule, which is attached to 

Uridine diphosphate (UDP), is transferred to PP-Dol by the enzyme DPAGT1 (in 

mammals) or GlcNAc-1-phosphotransferase ALG7 (Bretthauer, 2009). After this, a 

complex of ALG13/ALG14 adds another GlcNAc yielding GlcNAc2-PP-Dol (Gao et 

al., 2005; Bickel et al., 2005), in which two molecules of GlcNAc are linked together 

by β (1,4) corresponding to its chitobiose core unit. Then, many enzymes add five 

mannose (Man) molecules to the chitobiose structure to form an intermediate complex, 

Man5-GlcNAc2-PP-Dol. Finally, this structure is transferred to ER surface by a flip-

flop mechanism using flippases enzymes (Frank et al., 2008).  

 

Further synthesis occurs in the luminal compartment of ER with the ligation of four 

residues of mannose leading to the formation of Man9-GlcNAc2-PP-Dol, in which 

three glucosyltransferases come into action viz ALG3, ALG12, and ALG9. These 

enzymes transfer three glucose molecules (Glc), yielding Glc3Man9GlcNAc2-PP-Dol 

(Bloch et al., 2020; Burda and Aebi, 1998; Farid et al., 2011). This oligosaccharide 

moiety is transferred to the Asn residue of a specific protein with a conserved Asn-X-

Ser/Thr/Cys motif  (Matsui et al., 2011; Schwarz and Aebi, 2011). Interestingly, this 

process of transferring could occur co-translationally or post-translationally in 

eukaryotes.  Mature N-glycoproteins are expressed on the cell surface, as shown in 

figure 2. 
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 Figure 2: The structure of N-glycoproteins on the cell surface.  

 

The OLG process includes oxygen-carbon bonding between the hydroxyl group 

of Ser/Thr residues of folded protein (figure 3) (Bennett et al., 2012). In most 

eukaryotes, the sequences of different O-glycans are conserved and it mainly occurs 

on mucins, the large glycoproteins, comprising of a cytoplasmic tail, a transmembrane 

domain, and outside extracellular region harboring a Pro-Ser-Thr rich peptide repeat. 

Mucin has one monosaccharide molecule, mostly β-GalNAc, but could have α-Man, 

α-GalNAc, or other sugar (Bennett et al., 2012; Schoberer and Strasser, 2018). 

Different UDP-GalNAc polypeptides linked with 1N-acetylgalactosaminyl 

transferases are responsible for the attachment of GalNAc (Hagen et al., 2003). The 

attachment of various sugar moieties (galactose, GlcNAc, fucose, and sialic acid) 

further modifies the GalNAc, which leads to the formation of varying mucin O-

glycans that play an essential function in many biochemical processes (Ludovic et al., 

2015; Schjoldager and Clausen, 2012). In yeasts, O-glycans comprise many units of 
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Man molecules attached to Ser/Thr residues (Barolo et al., 2020; Schoberer and 

Strasser, 2018). Depending upon the added moiety, O-glycosylation could occur 

either on the surface of ER (manno- or fucosylation) (Harris and Spellman, 1993; 

Lommel and Strahl, 2009) or in the Golgi body (mucin-type or the synthesis of 

glycosaminoglycan) (Bishop et al., 2007; Tian and Ten Hagen, 2009).  

 

Figure 3: Structure of O- linked glycosylation core on the cell surface.  

 

Looking at the conservation of various enzymes involved in glycosylation, it 

seems they have evolved to perform specific and vital functions. In the current review, 

we will focus on variations in different glycosylated proteins. The aberrant 

glycosylation occurs because of cellular and metabolic variations leading to variant 

expressions of integrated glycans (Lv et al., 2022). Multi-omics studies of various 

tumors revealed tumor-associated variations in macromolecule structures, including 

an increase in the branching pattern of N-glycans, upregulation of specific antigens 

like sialyl lewis, and change in the expression of O-glycan expression or fucosylation. 

In addition to this, glycans are also involved in protein lysis, which directly links with 

cancer signal transduction, ligand interactions with the receptor, and inter and intra-

cellular communication in tumor cells. Below, we will give a detailed overview of 
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how alteration in glycosylation promotes different cancers, including cell-cell 

interaction in the tumor, tumorigenic signaling cascades, cell-matrix interaction, and 

metastasis.  

 

2. Biological significance of glycosylation 

 

Glycans are found to be associated with many fundamental processes like cellular 

metabolism (Bassaganas et al., 2014; Dennis et al., 2009), immune surveillance, 

inflammation, or cell–cell adhesion (Pinho et al., 2013; Zhao et al., 2008), cell–matrix 

interaction (Zhao et al., 2008) and inter- and intracellular signaling (Gomes et al., 

2013; Takeuchi and Haltiwanger, 2014). Therefore, alterations in glycan levels, as 

well as changes in their pattern, could transform the cell's behavior leading to cancer. 

The change in the glycan pattern on various proteoforms alters their conformation and 

structure, leading to a change in their activity (Bassaganas et al., 2014). Alterations in 

glycosylation linked to transformation were first described six decades ago (Lv et al., 

2022). Cancer cells exhibit an extensive range of glycosylation variations compared to 

normal cells. Upregulation or downregulation in protein glycosylation increases both 

molecular and functional heterogeneity within cell populations.  

 

First, we would discuss the role of glycosylation homeostasis in cellular signaling 

and proliferation pathways. The OLG of various transcription factors like cMyc, 

cyclin D1 or FoxM1 (forehead protein M1) is linked to cell cycle progression 

(Caldwell et al., 2010; Itkonen et al., 2013). OLG of cMyc (Master regulation of cell 

entry and proliferative metabolism) at Thr-58 competes with phosphorylation at this 

residue (a hot spot in human cancers) which stabilizes cMyc protein leading to 

oncogenesis (Itkonen et al., 2013). Figure 4 shows that an increase in OLG of cMyc 

increases its stability (Jozwiak et al., 2014). As mentioned above, the degree of 

branching in N-glycan can affect the activity and signaling of growth factor receptors 

leading to alteration in the signaling pathway for cellular proliferation (Boscher et al., 

2011; Jain et al., 2023; Stanley, 2007). Previously, it was shown that the change in the 

branching of glycans leads to a disturbance in the signaling molecules involved in cell 

survival during oncogenesis. 
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Figure 4: Impacts of increase in OLG of cMyc in cells. Higher levels of Transferase 

(OGT) produce OLG of c-Myc at Thr-58 residue which increases its stability. When 

OGT levels are low, the interplay of Ser-62/Thr-58 phosphorylation changes the fate 

of c-Myc to either degradation (Thr-58-P) or transcriptional activation (Ser-62-P). 

 

Many cellular receptors linked to proliferation and survival are governed through 

glycosylation, for example, PDGF, FGFR, EGFR, MET, or IGFR (Julien et al., 2013; 

Todeschini et al., 2007). The extracellular matrix (ECM) activates the signaling 

events of different growth factor receptors, comprising a variable glycoprotein, 

glycosaminoglycans, collagens, or proteoglycans. Glycosylated proteins have been 

important in facilitating integrin-dependent signaling by promoting cell growth and 

survival. The glycosylation ceramide on the cell surface can activate the c-Src 

signaling pathway. It can increase the expression of factors important for the survival 

of cancer stem cells through β-catenin. On the other hand, proteoglycans play a role in 

the formation and recognition of exosomes (Iozzo and Schaefer, 2015). 

 

Earlier, two major mechanisms underlying the alterations in tumor-associated 

carbohydrate structure have been proposed, incomplete synthesis and neosynthesis 

processes (Kannagi et al., 2008). The incomplete synthesis, which occurs more 

frequently in the early stages of the tumor involves disruption in the process of 

glycans synthesis as seen in epidermal cells. The incomplete synthesis observed in 

gastrointestinal and breast cancers is linked to sialyl Tn (STn) expression (Marcos et 

al., 2011). The mucin-type STn antigens, also called CD175s, were observed in 
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abundance in most colorectal, gastric, breast, ovarian and pancreatic cancers. STn 

expression on cells is an important indicator in the poor prognosis of patients with 

precursor and early lesions of carcinomas (Marcos et al., 2011).  

 

Neosynthesis, on the other hand, is a cancer-associated increase in the expression 

of various genes for saccharide determinants like sialyl Lewis an (SLea) and Sialyl 

Lewis X (SLeX) antigens, which mediate the adhesion between cancer cells and 

endothelium through selectin ligands. Slex- or SLea-carrying glycopeptides interact 

with selectins present in leukocytes, endothelial cells or platelets (Kudelka et al., 

2015). Metastasis is facilitated via higher expression of  SLex or SLea antigens by 

tumor cells, possibly through increased platelets and endothelial interaction. Jeschke 

et al. showed that the lower expression of these Sialyl Lewis antigens was found to be 

linked with the higher expression of E-cadherin and maintained the expression of 

Cathepsin-D in carcinoma in situ (without metastases) (Jeschke et al., 2005). On the 

other hand, an increase in the expression of both Sialyl Lewis antigens resulted in 

poor expression of E-cadherin, as observed in primary carcinoma. These antigen 

molecules are not expressed in a healthy organism but are reported in endometrial 

cancer (Kolben et al., 2022), colorectal cancer (Madunic et al., 2022), and renal 

carcinoma (Borzym-Kluczyk et al., 2015). Overexpression of both antigens is 

combined with poor prognosis and malignancy in cells (Kannagi et al., 2008b). 

Additionally, SLex expression was seen in almost every PDAC tissue with a loss of 

E-cadherin expression at the cell contacts, which is otherwise seen in normal cells  

(Bassaganas et al., 2014). Recently, the modifications in SLex or SLea by conjugating 

a lactose unit showed a robust increase in immune responses (Guo et al., 2020).  

 

It is well understood that the cells of the immune system, like immune effector 

cells protect against carcinogenesis by inhibiting the transformed cancer cells. Recent 

approaches suggested that the tumor-specific glycans interact with lectins present in 

immune cells for modulating the microenvironment of tumors (Rabinovich et al., 

2012) and could provide resistance to tumor suppression responses (Perdicchio et al., 

2016; Pinho and Reis, 2015). This process involves various lectins like CD43, CD45, 

selectins, galectins, and siglecs, leading to B and T cell differentiation via interaction 

and the recognition of various glycosylated tumor antigens (MacAuley et al., 2014; 

Rabinovich and Toscano, 2009). Galectins modulate immune and inflammatory 

responses leading to tumor cells escaping immune surveillance (Liu and Rabinovich, 

2005; Rabinovich and Toscano, 2009). Another mechanism to avoid immune 

surveillance by tumor cells is the immunosuppressive signaling pathway involving 

PD-L1 (programmed death ligand 1)/PD-1 (PD receptor 1), which inhibits the anti-

tumor activity of T-cells. Besides other post-transitional modifications like acetylation, 

sumoylation and phosphorylation, PD-L1 or PD-1 harbor glycosylation (Li et al., 

2016; Zhou et al., 2022). It was shown that the glycosylation of Asn residues at 192, 

200 and 219 positions of PD-L1 protein was important in antagonizing its 

proteasomal degradation (Li et al., 2016). In the case of head and neck squamous cell 

cancer, the glycosylation of PD-L2, a ligand of PD-1, lead to its binding to EGFR and 
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PD-1, resulting in immune evasion (Xu et al., 2021). Glycosylation-targeted immune 

therapy is a very promising area in cancer biology. 

 

3. Altered protein glycosylation in Cancer:  

 

3.1 Role in cellular adhesion:  

Glycans are well studied for their involvement in cell-cell adhesion (Pinho et al., 

2013; Zhao et al., 2008), cell-matrix interaction (Zhao et al., 2008) and inter- and 

intracellular signaling (Gomes et al., 2013; Takeuchi and Haltiwanger, 2014). Tight 

junctions allow intercellular communication across the barriers, while adhesion 

junctions act as cell-cell and cell-matrix regulatory molecules between adjacent cells. 

For example, adherens junctions via cadherin-catenin complex between corresponding 

cells. In addition, calcium-dependent transmembrane protein E-cadherin interacts with 

actin filaments and regulates various processes like adhesion between cells, cell 

differentiation, and cell motility (Thomas et al., 2021). The disruption in the cadherin-

catenin complex affects cell interaction and the integrity of tumor cells. In addition, 

pieces of evidence suggest that glycosylation influences both cadherin stability and 

cadherin-mediated interactions. One of the critical enzymes, N-acetyl-glucosaminyl 

transferase V (known as GnT-V), alters the glycosylation pattern of N-cadherin. 

 

Overexpression of GnT-V has been shown to alter the branching of 1,6-GlcNAc 

on N-cadherin, resulting in decreased cell-cell adherence and leading to tumor 

invasion as observed with human fibrosarcoma cells (Guo et al., 2003). Interstingly, 

using metastasis models of lung orthotopic and tail vein, it was revealed that GnT-V 

overexpression is linked to epithelial to mesenchymal transition and metastasis (Khan 

et al., 2018; Pucci et al., 2021). The knockout of GnT-V
-/-

 enhanced the N-cadherin 

mediated cell-cell adhesion in mouse embryonic fibroblasts (Guo et al., 2003). 

Adding to this, the reduced N-glycosylation of E-cadherin leads to the increased 

stability of adherent junctions in normal and cancer cells. Mechanistically, it could be 

linked to the interaction between the protein phosphatase 2A (PP2A) to hypo-

glycosylated E-cadherin that enhances tight junction assembly in cancer cells 

(Thomas et al., 2021). On to this, it was shown that in oral cancer, hyper-glycosylated 

E-cadherin destabilizes adherens junction proteins (Nita-Lazar et al., 2009).  

In various cancers, catenin is a crucial component in Wnt signaling, which is also 

involved in intercellular junction stability along with E-cadherin. It was observed that 

enhanced OLG increased catenin and E-cadherin expression leading to fibroblast cell 

motility.  Moreover, higher OLG enhanced tumor metastasis and mortality rate in the 

murine orthotropic colorectal cancer model (Reddy et al., 2018). Asn-554 residue 

plays a vital role in the function of E-cadherin as alteration of N-glycan 1,6-GlcNAc 

at this residue inhibits the physiological functions of E-cadherin (Carvalho et al., 

2015). Interestingly, previous research found that inhibiting 1,6 fucosyltransferase 

recovers cell-cell adhesion and reduces lung cancer invasion via E-cadherin. Similarly, 

fucosyltransferase 8 (FUT8) knockdown in pancreatic acinar carcinoma inhibits 

calcium-dependent E-cadherin facilitated cell-cell bonding (Thomas et al., 2021). 
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FUT8 catalyzes the formation of -1,6 linkage and transfers  l-fucose from GDP—l-

fucose (GDP-Fuc) onto the innermost GlcNAc of an N-glycan (shown in figure 5). 

Furthermore, FUT8 deficient MCF-7 cells display reduced fucosylation of E-cadherin, 

leading to lowered cell migration and invasion. In FUT8 deficient MCF-7 cells, the 

integrin-mediated focal adhesion kinase (FAK) signaling was also suppressed with 

diminished catenin nucleocytoplasmic localization (Liu et al., 2019). 

 

 

 
Figure:5 Fucosylation. FUT8 catalyzes the reaction. To form a -1,6 linkage, FUT8 

transfers l-fucose reside from GDP—l-fucose (GDP-Fuc) onto the innermost GlcNAc 

of an N-glycan.  

 

Tumor spheroid formation is caused by intercellular adhesion molecule 1 and 

activated leukocyte cell adhesion molecule as seen in cancer cases and is critically 

linked to clinical outcome and embolism (Clasen et al., 2022; Erturk et al., 2016; 

Ferragut et al., 2021; Wu et al., 2020). In ovarian cancer cells, it was shown that gene 

silencing of mannosidase (MAN1A1) of the Golgi apparatus blocked tumor formation 

via modifying N-glycans of ALCAM, resulting in decreased cell-cell interaction and 

motility (Hamester et al., 2019). Anoikis, a programmed cell death type, occurs in 

anchorage-dependent cells and is linked to loss of adhesion. The overexpression of 

GALNT3 (N-acetyl galactosaminyl transferase 3) increases OLG of mucin 1 (MUC1), 

a key player of anoikis, resulting in high stability of the E-cadherin and catenin 

complex and, as a result, induces cell propagation and motility in ovarian cancer cells. 

Furthermore, inhibiting GALNT3 destabilizes MUC1, which prevents cell 

proliferation and dissemination (Cheung et al., 2016). MUC16, a glycosylated 

transmembrane protein, promotes the interaction of epithelial cells with the 

extracellular matrix cytoskeleton (ECM). MUC16 genetic ablation disrupts actin 
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cytoskeleton binding, increasing proliferation and epithelial cell migration with 

altered zonula occludens-1 (tight junction protein-1) expression (Gipson et al., 2014; 

Thomas et al., 2021). 

 

3.2 Role in cell-matrix interaction:  

 

Proteins for anchoring and present in extracellular basement membrane also get 

affected by aberrant glycosylation, as seen in the case of laminin, integrins, collagen, 

and fibronectin that maintain cell-cell and cell-matrix interactions by interacting 

directly with ECM proteins. Changes in glycosylation patterns of the anchoring 

protein can cause a variety of pathological conditions, such as cardiovascular ailments 

(Menni et al., 2018), muscular dystrophy (Thomas et al., 2021), and cancer (Laubli 

and Borsig, 2019). Previously, knockout of GnT-III impeded β-1,6 branching of N-

glycans affecting integrins levels and blocking metastasis in mouse melanoma cells 

(Thomas et al., 2021).  

Furthermore, highly N-glycosylated α5β3 integrin and its substrate vitronectin 

change cancer cell adhesion properties that promote melanoma cell invasion (Pochec 

et al., 2016). Overexpression of β-galactoside α-2,6-sialyltransferase 1 (ST6Gal-I) 

increases β1 integrin and talin α-2,6 sialylations which elevate collagen IV 

expressions, thereby causing invasion and migration of colon cancer cells (Thomas et 

al., 2021). Similarly, in hepatocellular carcinoma, enhanced ST6Gal-I expression 

increases the sialylations of α5β1 integrin and epithelial cell adhesion to fibronectin 

(Yu et al., 2013). The overexpression of β-galactoside α-2,3-sialyltransferase 3 

(ST3Gal III) has been shown to modify sialylation on the α2β1 integrin, yielding 

reduced cellular adhesion and increased invasiveness in pancreatic cancer 

(Bassaganas et al., 2014). The α5β1 and α2β1 integrins also get modulated by 

glycosylation. It was shown that α-2,6 sialylation on these integrins reduced the 

binding of fibronectin and collagen IV, critical basement membrane proteins to breast 

cancer cells (MDA-MB-231) (Huang et al., 2022; Yuan et al., 2016). Moreover, 

modified MUC1 glycosylation changes α2β1 integrin the expression in pancreatic 

ductal adenocarcinoma, which in turn down-regulates phospho-FAK expression and 

its downstream signaling molecules, reducing tumor growth and metastasis 

(Radhakrishnan et al., 2013). The β4 integrin harboring β1,6-GlcNAc-branched N-

glycans was shown to enhance interaction with gelatin-3, which improved signaling 

via PI3K/Akt (phosphatidylinositol 3-kinase/protein kinase B) pathway and hence cell 

migration, invasion, and tumor growth. Strong evidence for this comes from the GnT-

III knock out, which inhibited N-glycan binding, which suppressed  β4  integrin and 

facilitated cancer cell invasion and migration (Kariya et al., 2018).  

 

3.3 Abberant glycosylation in signaling cascades  

 

The exact molecular mechanism by which abnormal and altered glycosylation 

roots unfavorable in metabolic and cellular signaling, helping towards tumor 

progression, is still a subject of investigation. Several cellular factors influence 
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tumorigenesis, like modified glycan expression, the glycosylating enzymes mutations, 

and their localization. All of these abnormalities activate oncogenic signaling 

cascades such as PI3K/Akt, Hippo signaling, Wnt/β-catenin, JAK/STAT, TGFβ/Smad, 

and Notch signaling (Munkley et al., 2016). 

 

Wnt signaling component's functional dysregulation and genetic mutations 

significantly impact cancer cells. One member, MUC13, a transmembrane 

glycoprotein regulating G1/S phase transition during cell cycle progression, 

phosphorylates β-catenin and destabilizes the β-catenin/ adenomatous polyposis coli 

/Dishvelled complex, and increases β-catenin nuclear translocation. In hepatocellular 

carcinoma, it was shown that the binding of β-catenin to an important transcription 

factor T-cell factor/ lymphoid enhancer factor increased Axin-2, c-Myc, and E-

cadherin expression, promoting tumor development (Dai et al., 2018). In gastric 

cancer cells, overexpression of O-glycosylated MUC5AC upregulate β-catenin and its 

downstream molecules increasing cell division, invasion, and metastasis. MUC5AC 

silencing, on the other hand, reduced cancer progression by downregulating β-catenin 

expression (Lahdaoui et al., 2017). Furthermore, knocking out MUC16 affects the E-

cadherin & β-catenin stability and increases phosphorylated Akt, ERK and EGFR 

expression in ovarian cancer cells, promoting tumor cell invasion and metastasis 

(Thomas et al., 2021). NLG of Wnt ligand, Wnt cellular receptors, and E-cadherin 

were shown to promote the expression and nuclear localization of β-catenin/γ-catenin, 

which increased the transcriptional activity of dolichyl-phosphate N-

acetylglucosamine phosphotransferase 1 (DPAGT1), leading to tumor invasion and 

metastasis. It was shown that reducing the expression of DPAGT1 decreased E-

cadherin glycosylation, suppressed Wnt signaling and determined tumor progression 

and metastasis (Sengupta et al., 2013).  

 

Receptor tyrosine kinases are important N-linked glycosylated proteins expressed 

by both immune cells as well as cancer cells which get activated by receptor 

modification and impact key features of metastasis like migration, invasion etc.  The 

genes encoding these kinases include HER2/ErbB2, EGFR, MST1R (encoding RON), 

MET etc. N-glycan modification on the ErbB receptor, the EGFR tyrosine kinase 

(Roskoski, 2014), has the potential to control the biological function and intracellular 

transport of these receptors, thus regulating the oncogenic signaling pathways and 

cancer. Bisection of GlcNAc has been shown to hinder EGFR and integrin signaling 

via the Mitogen-activated protein kinase (Thomas et al., 2021). The alteration in the 

N-glycan structure by inhibiting β1,4-N-acetylgalactosaminyltransferase III inhibited 

EGFR phosphorylation. Furthermore, the degradation of EGFR reduced the 

phosphorylation of AKT and ERK, suppressing colorectal cancer stem cells (Che et 

al., 2014). In another study, increased EGFR GalNAc-type-O-glycosylation by Core 

1  β-1,3-galactosyltransferase (C1GALT1) enhanced tumor development. Also, the 

specific inhibitor (Itraconazole) of C1GALT1 reduced the O-glycosylation of EGFR, 

resulting in decreased tumor progression (Lin et al., 2018). Altered EGFR 

glycosylation by Lewisy (Ley) carbohydrate increased EGFR phosphorylation, which 
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in turn increased phosphorylated AKT, resulting in enhanced oral cancer malignancy; 

however, lack of Ley glycosylation of EGFR significantly lowered cancer cell 

progression.  (Thomas et al., 2021). Interestingly, inhibiting the N-glycan biosynthesis 

in colorectal cells showed decreased in one of the critical components of tight 

junctions, claudin-3, possibly due to the inactivation of receptor tyrosine kinases 

(Perez et al., 2020).   

 

The gene MST1R (Macrophage stimulating receptor-1) encodes RON (Recepteur 

d’origine nantais) protein which, after glycosylation, goes through proteolytic 

processing (Hunt et al., 2023). RON and its ligand, macrophage-stimulating protein 

(Morrison et al., 2004), are involved in different types of cancers like ovarian cancer 

(Zhang et al., 2010), lung and renal cancer (Ronsin et al., 1993), and gastric cancer. 

Aberrant glycosylation of RON leads to cancer (Zhou et al., 2016). Recently, 

antibodies targeting glycosylated as well as non-glycosylated RON showed promising 

therapeutic efficacy and imaging (Koh et al., 2019; Yu Koh et al., 2022). Besides 

RON, a related protein MET (MNNG HOS transforming) present in epithelial cells is 

involved in multiple processes, including embryogenesis and its knockout cause 

tumor (Wang et al., 2015).  MET, a receptor for hepatocyte growth factor, is 

glycosylated at eleven sites which are important for its maturation and its interaction 

with ligands (Saitou et al., 2022).  A recent study (Saitou et al., 2022) showed that 

suppression of N-glycosylation in cancer cells using different N-glycan mutants lead 

to decreased processing of MET and its downstream signaling. Taken together, the 

alteration in the N-glycans of receptors tyrosine kinases can be utilized not only for 

prognosis but also for building therapies, including immunotherapy. 

 

The change in the expression of glycosyltransferases has been linked to tumor 

metastasis of oral squamous carcinoma, breast cancer, skin cancer, colon cancer, 

hepatocellular carcinoma., and pancreatic cancer. GnT-V mediated alteration in the 

glycan branches from  α1,6 mannose to β1-6-linked N-acetylglucosamine in many 

growth factors and cell surface receptors (like EGFR, MET, RON, Src, and TGF-β 

family oncogenes) enhances cancer metastasis (Nagae et al., 2018; Thomas et al., 

2021) (figure 6). These findings suggest that numerous gene and protein changes 

cause malignant transformation and neoplastic progression. According to 

accumulating pieces of evidence, the change in protein glycosylation machinery is 

associated with the attainment of cellular characteristics required for tumor cell 

invasion to distant regions. The remodeling of glycans that have been linked to tumor 

progression is primarily the result of mutations in the branching enzyme 

glycosyltransferases (Josic et al., 2019).  
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Figure 6: Function of aberrant glycosylated proteins in cancer metastasis. Changes in 

expressions of glycosyltransferases, fucosyltransferases, and sialyltransferases cause 

altered glycosylation of TGF-β and Wnt (transforming growth factor-β and 

wingless/integrated signaling pathway)  ligands that induce  EMT (Epithelial-to-

Mesenchymal Transition) in tumor cells. Increased mesenchymal marker expression 

facilitates tumor cells' metastasis to distant organs.  

 

3.4 Apoptosis and glycosylation 

 

The ability of cancer cells to avoid apoptosis is one of its a hallmark (Munkley et 

al., 2016). It has been shown that glycans are involved in many signaling pathways 

that lead to the initiation, progression, and resolution of apoptosis (Lichtenstein and 

Rabinovich, 2013). Glycosylation can influence the functions of TNFR1 (tumor 

necrosis factor receptor 1) and Fas (CD95) death receptors (Micheau, 2018). In 

various cells, the α2,6-linked sialylation of TNFR1 is accomplished by 

glycosyltransferase ST6Gal-I, and its higher expression leads to premalignant 

progression by reducing apoptosis in gastric cancer (Alexander et al., 2020). Recently 

it was shown that higher α-1,3 fucosylation of TNFR1 promotes its interaction with 

TNF-α and causes apoptosis (Yu et al., 2022). Mechanistically, the death receptors 

and their ligand's glycosylation can interfere with ligand-receptor interactions and 

helps in the formation of signaling molecules leading to ligand release from the 

effector cells (Munkley et al., 2016). Galectin-3 interaction with Fas suppresses 

controlled cell death signals (Fukumori et al., 2007) and enhances tumor cell growth 
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(Mazurek et al., 2011). The glycosphingolipid GD3 accumulates in cells, causing 

mitochondrial destruction and inducing apoptosis. In glioblastomas, adding an acetyl 

group to the terminal sialic acid (9-O-acetyl GD3) inhibits GD3-mediated controlled 

cell death and causes tumor survival (Munkley et al., 2016). Additionally, 

glycosylation of the ceramide via glucosylceramide synthase reduces the pro-

apoptotic potential of the ceramide (Liu et al., 2011). 

 

Apoptosis is also linked to telomere shortening. Telomerase activation occurs in 

around ninety percent of cancers and is a crucial step in carcinogenesis. A major 

mechanism of cancer-specific telomerase activation is the reactivation of transcription 

of hTERT (human telomerase reverse transcriptase) gene. There is no direct proof 

relating glycans to telomerase activation. However, glycosylation is indirectly related 

to telomerase activation through c-MYC glycosylation.  Earlier, it has been shown 

that O-GlcNAc modification of c-MYC stabilizes it and contributes to carcinogenesis 

(Itkonen et al., 2013; Munkley et al., 2016). C-MYC transactivates TERT and 

influences telomerase activation indirectly by contributing toward cancer progression.  

 

 4. Immunotherapy and role of glycosylation:  

 

One of the interventions in cancer treatment, immunotherapy, could be utilized 

for treatment and diagnosis. Siglecs on immune cells perform different functions, such 

as cell-homing receptors and antigen-specific immune responses (Foffi et al., 2013). 

CD22, a sialoglycoprotein, is one of the 16 siglec expressed on the surface of mature 

B cells, where it targets the binding of α2,6-linked sialic acid-containing ligands. The 

presence of ligands on N-glycans is responsible for inhibiting galectin 1 binding. This 

interaction is crucial for the B cell receptor (BCR) signaling on the cell membrane, 

followed by binding with antigen (Ereno-Orbea et al., 2017). Moreover, CD22 directs 

the cells toward α2,6- linked sialic acids tissues (Zhou et al., 2018). It was shown that 

CD22-deficient mice expressed mutated IgG antibodies which were somatically 

generated and autoreactive. These antibodies were of higher affinity than wild-type 

controls (O’Keefe et al., 1999). Thus, it concludes that CD22 plays a vital role in BCR 

signaling for the homeostatic balance of self-tolerance in cells and could be a drug 

target for diseases like systemic lupus erythematosus (Marshall et al., 2018). 

Additionally, siglec-1 or CD169 (aka sialoadhesin), play a similar role, but it binds to 

sialic acid with less affinity; that means ligands are highly sialylated and multimeric 

for enabling efficient interactions (Fraschilla and Pillai, 2017). CD169 plays a crucial 

role in combating many pathogens, including viruses and several inflammations 

(Eakin et al., 2016; Hammonds et al., 2017; Rose et al., 2016; Sewald et al., 2015). 

Siglecs bind to targeted glycans and play a function in inhibiting the immune 

surveillance of tumor cells (Dimitroff, 2015). For instance, the change in glycans at 

the cell surface can alter siglec-7 mediated cell toxicity of Natural Killer cells to 

participate in immune evasion (Hudak et al., 2014). Glycosylation of IgG antibodies is 

also shown in immune surveillance of tumor cells and used as a biomarker in different 

carcinomas (Kazuno et al., 2016; Ruhaak et al., 2015; Saldova et al., 2007; Vuckovic 
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et al., 2016). Targeting the various glycosylation alterations using different anti-tumor 

vaccines associated with specific tumor antigens is a good weapon for cancer 

treatment (Julien et al., 2012; Slovin et al., 1999). 

 

The protein family of selectins comprises E-selectin, P-selectin, or L-selectin, 

which in their glycosylated forms are mainly present on the inner layer of different 

cells as receptors, for instance, thrombocytes, endothelial cells, and leukocytes. 

Selectins are associated with early events of cellular adhesion mechanisms, as seen in 

ovarian cancer and tumor metastasis (Hassan et al., 2020).  A study on selectin 

demonstrated that a recombinant antibody formed against the P-selectins 

downregulates myocardial destruction post to percutaneous coronary intervention in 

myocardial infarction patients (Mertens et al., 2006). On similar grounds, selectins 

can be beneficial targets for Immunotherapy of cancer and other diseases.   

Variation in the glycosylation process is actively involved in malignancy in 

cancer, as suggested above (Pinho and Reis, 2015). The change in structures of 

specific glycan, for instance, branched N-glycans (Pinho and Reis, 2015), stage-

specific embryonic antigens including terminal sialylated and fucosylated Lewis 

structures and immature truncated O-glycans chains structures, (Kudelka et al., 2015; 

Radhakrishnan et al., 2014; Williams and Stanley, 2008), relates with many aspects of 

development and progression of cancer by disrupting the normal functions of different 

protein carriers molecules (Pinho and Reis, 2015; Radhakrishnan et al., 2014; 

Rodrigues et al., 2018). 

 

5. Glycoprotein as a diagnostic biomarkers tool  

 

Several statistics showed that early cancer diagnosis increases the chances of 

survival tremendously. Therefore, the introduction and in-depth study of new 

diagnostic biomarkers for cancer are of utmost importance. A defining characteristic 

of cancer is abnormal glycosylation. Most research has been conducted to find 

variations in serum glycan composition. Fucosylation and sialylation are drastically 

altered in most malignancies, as mentioned above. So, it is possible to employ 

aberrations in glycan structures as targets to enhance current serum cancer indicators 

(Tuccillo et al., 2014). 

 

Numerous studies have been carried out with a focus on uncovering diagnostic 

biomarkers for cancer involving glycosylation mechanisms (Table 1). One of these 

studies focuses on prostate cancer and its detection using a prostate-specific antigen 

(PSA). PSA is highly specific as a diagnostic marker, but its level rises in benign 

prostatic hyperplasia (BPH) along with prostate cancer. It was seen that α1,2-

fucosylated (Fucα1) and β-N-acetylgalactosaminylated (βGalNAc) PSA bound to 

Trichosanthes japonica agglutinin-II (TJA-II) column. However, this property was 

not seen in the case of hyperplasic patients indicating the increased expression of 

Fucα1 and βGalNAc of PSA during tumorigenesis. Additionally, it was found with 

greater than 95% accuracy. Therefore, TJA-II-bound PSA is a promising biomarker 
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for prostate cancer to distinguish between BPH and PC (Fukushima et al., 2010). 

Recently, the glycosylation of growth differentiation factor-15 was also found to be 

linked to prostate cancer (Wang et al., 2022).  

 

Studies showed that single-position Asn-glycosylation on GM2AP (GM2-

activator protein) was more abundant in the urine of lung cancer patients than in non-

cancerous individuals indicating that GM2AP unquestionably contributes to the 

growth of lung cancer. Lung cancer can be detected auxiliary using the level of 

GM2AP in serum and urine (Potprommanee et al., 2015; Scott and Salgia, 2008). The 

performance of GM2AP in lung cancer may be a useful prognostic indicator for non-

small cell lung cancer (particularly early) that can be utilized to forecast overall and 

disease-free survival. The use of this protein as a lung cancer diagnostic and 

prognostic marker has enormous potential. It was also demonstrated that 3- or 4-

antennary fucosylated and sialylated N-glycans were overexpressed in the sera of oral 

squamous cell carcinoma patients compared to the sera from healthy controls. 

Increased quantities of N-glycans of fucosylated 2-antennary-cum-di-sialylated, or 

fucosylated 4-antennary-cum-tetra-sialylated were discovered in serum from patients 

with lymphatic metastases and were proposed as prospective diagnostic biomarkers 

(Guu et al., 2017). Recently, gold nanocomposites were utilized to develop a label-

free immunosensor to detect lung cancer in urine and serum sample (Kuntamung et al., 

2021). 

 

In a study on urothelial cancer (UC) to ascertain whether abnormal N-

glycosylated blood immunoglobulins (Igs) can be used as a diagnostic indicator, it 

was found that that serum from 237 UC patients and 96 prostate cancer patients, when 

subjected to high-throughput N-glycomics showed 32 different N-glycan levels on Igs, 

which were then assessed using multivariable discriminant analysis (Tanaka et al., 

2017). Additionally, it was discovered that Igs carrying N-glycan of bisecting GlcNAc 

type was considerably high in UC. They reported more than 92 percent sensitivity and 

97 percent specificity in the diagnosis of UC patients using diagnostic N-glycan Score 

based on five N-glycans on Igs (Tanaka et al., 2017).  

Ovarian malignancy can be detected by analyzing the levels of human epididymis 

secretory protein 4 (HE4) which is a secreted glycoprotein. HE4 from ovarian cancer. 

It harbors more glycosylation in cancer samples than benign on (Zhuang et al., 2013). 

HE4 EIA test kit, developed by Fujirebio Diagnostics in 2008 and approved by the 

FDA, utilizes a solid phase and is a noncompetitive immunoassay that can be 

considered a suitable assay for ovarian cancer (Steffensen et al., 2011). This kit 

utilizes two monoclonal antibodies for detecting two whey-acidic protein domains of 

HE4.  The functionality of HE4 EIA is comparable to the MUC 16 assay, and it was 

also stated in a recent analysis that HE4 outperforms MUC16 in detecting early-stage 

ovarian cancer (Ferrarow et al., 2013).  

 

Table 1: Glycosylation-based biomarkers and detection methods for cancer 
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S.No Biomarker Cancer type Methods Used Reference 

1 Serum paraoxonase 1 

(PON1) 

Hepatocellula

r Carcinoma 

ELISA (Zhang et al., 

2015) 

2 LCA-reactive fraction 

of AFP (AFP-L3) 

Hepatocellula

r Carcinoma 

Radio Immuno 

assay 

(Sato et al., 

1993) 

3 SLe X Lung Cancer ELISA (Arnold et al., 

2011) 

4 WFA-positive 

L1CAM 

Cholangiocar

cinoma 

ELISA, MS, 

Micro-array 

(Matsuda et 

al., 2013) 

5 CA15-3 (MUC1) Breast Cancer IRMA (Kandylis et 

al., 1990) 

6 CA125 (MUC16) Ovarian 

Cancer 

ELISA (Bast et al., 

2010) 

7 TJA-II bound PSA Prostate 

Cancer 

Lactate levels, 

ELISA 

(Fukushima et 

al., 2010) 

8 α2,3-sialic acid in 

PSA 

Prostate 

Cancer 

Lactate levels 

ECLIA, 

ELLA, 

Biosensor 

(Llop et al., 

2016; 

Pihikova et 

al., 2016) 

9 Ganglioside GM3 Breast Cancer LC-MS, (RP)-

HPLC-FTMS 

(Li et al., 

2019) 

10 HER2 extracellular 

domain (ECD) 

Gastric 

Cancer 

CLIA (Oyama et al., 

2014) 

11 hAGP (Human α1-

acid-glycoprotein) 

Pancreatic 

Cancer 

Immunoaffinit

y 

chromatograph

y, μZIC-

HILIC-ESI-

MS 

(Gimenez et 

al., 2015) 

12 RNase 1 Pancreatic 

Cancer 

Resectable 

pancreatic 

cancer 

technique, 

MALDI-TOF 

(Peracaula et 

al., 2008) 
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MS, HPLC 

LC-ESI MS, 

ELISA 

13 

 

 

CEA Colorectal 

Cancer 

Immunoradio

metric 

analysis, 

Immunochemil

uminometric 

assays, 

Biosensor 

(Avelino et 

al., 2014; 

Pinho and 

Reis, 2015) 

14 

 

STn Gastric 

Cancer 

CLIA, 

Biosensor 

(Pinho and 

Reis, 2015; M 

Luísa S Silva 

et al., 2014) 

15 Human chorionic 

gonadotropin 

Ovarian 

Cancer 

ELISA, 

Immunoassay 

(Han et al., 

2018; Thomas 

et al., 2021) 

16 CA19-9 Ovarian 

Cancer 

Radio 

Immunoassay, 

Biosensor 

(Han et al., 

2018; Thapa 

et al., 2017; 

Thomas et al., 

2021; Wang 

et al., 2016) 

17 HER2 Breast Cancer Immunohistoc

hemistry, 

ELISA 

Western blot, 

Biosensor 

 

(Chocholova 

et al., 2018; 

Hao et al., 

2020; Pinho 

and Reis, 

2015; Zaleski 

et al., 2018) 

18 CA 27-29 Breast Cancer ELISA, 

Immunoassay 

(Hao et al., 

2020; Pinho 

and Reis, 

2015; Zaleski 

et al., 2018) 

19 AFP' core' 

fucosylation (AFP-L3) 

Hepatocellula

r Carcinoma 

Affinity 

chromatograph

y 

(Zhang et al., 

2020) 
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20 Pro PSA Prostate 

Cancer 

Lactate levels, 

ELISA 

(Gilgunn et 

al., 2013; Oto 

et al., 2020) 

 

The glycosylated proteins present in the serum of tumor tissue are used as the 

biomarker and also help to check the prognosis in patients and responses towards 

treatments, for instance, proteins such as MUC1, CEA, MUC16, and specific antigens 

towards prostate cancer (PSA) (Charpin et al., 1982; Frenette et al., 1994; Kumar et 

al., 2008; Marrelli et al., 2001; Steele et al., 1982). Carbohydrate antigen (CA 19-9) is 

usually detected with an antibody, which is further used to recognize SLea on a 

monosialoganglioside molecule, the first reported biomarker in gastrointestinal cancer. 

CA 19-9, a cancer antigen SLea, is often higher in the patient serum of various 

cancers, such as pancreatic, gastric, and colorectal. However, the mechanisms 

responsible for the elevation levels in serum having cancer are not clear. Possibly it is 

related to dysregulated sialyltransferases enzyme (Engle et al., 2019; Hartlapp et al., 

2022; Lee et al., 2020; Thomsen et al., 2018). The increase in CA 19-9 across many 

tumors highlights that aberrant glycosylation is a main factor involved in cancer 

pathobiology. Another crucial NLG alteration seen is α2,6-linked sialic acid, mainly 

raised in colon and pancreatic carcinoma with concomitant high expression of 

ST6Gal-I as discussed above. The increase in the ST6Gal-I expression is related to 

pathways for pro-survival, and its sialylated variants hamper the controlled cell death 

of tumor cells and activate various growth factors. 

 

Proteomics-based technologies have opened up a new horizon for utilizing novel 

protein biomarkers for cancer detection, as mentioned in the last section (Liang and 

Chan, 2007). The glycoproteomic plays an important role in this regard for the 

identification of cancer-specific aberrant glycosylation. As mentioned above, the 

crucial players are glycan biosynthesis pathways like glycosidases, 

glycosyltransferases which could alter glycans in cancer cells (Dennis et al., 1999; 

Drake et al., 2009; Dube and Bertozzi, 2005; Fukuda and Tsuboi, 1999; Fuster and 

Esko, 2005; Menyhart and Gyorffy, 2021; Oliveira et al., 2021). The comparison of 

cancer and healthy cell glycans can help in the identification of new biomarkers for 

diagnosis and treatment applications. Identifying such cancer-linked glycan 

modifications on glycoproteins may enhance the specificity of cancer biomarkers. 

Cancer has been linked to glycoproteins with specific glycan structures. These 

distinguishable molecules could be released into the bloodstream as potential 

biomarkers.  

 

The mucins (MUC1, MUC4, MUC13, and MUC16) significantly impact tumor 

progression and have recently been suggested as cancer treatment targets (Dhanisha et 

al., 2018). Levels of serum mucins that are secreted (MUC5AC and MUC6) or 

membranous (MUC1 and MUC16) are useful in diagnosis. The tumor-associated non-

mucin glycoproteins include human epidermal growth factor receptor 2 (HER2), PSA, 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

24 
 

alpha-fetoprotein (AFP), and carcinoembryonic antigen (CEA). The aberrant 

glycosylation of a specific glycoprotein can be easily and specifically screened out to 

improve the sensitivity and specificity of diagnostic methods.  

 

 

 

Figure 7 Lectin-based biosensors for the detection of cancer-associated glycans.  

 

Several proteomics techniques like HPLC, 2D-electrophoresis, capillary 

electrophoresis and mass spectrometry are available for detecting and characterizing 

cancer-linked abnormal glycans. These techniques are not beneficial for rapid point-

of-care diagnostics due to the requirements of sophisticated instrumentation facilities 

and trained personnel to conduct the test. Several advanced detection methods have 

been developed for the detection of a biomarker such as AFP, PSA, and glycans, 

including immunofluorescence assay, electrochemiluminescence immunoassay 

(ECLIA), and electrochemical immunoassay. Each method has advantages and 

drawbacks.  

Among all, electrochemical immunoassays are better in terms of their capabilities, 

such as lower detection limit, rapid response, small sample volume, and minimal 

manipulations (Nagaraj et al., 2010; Yang et al., 2013). At present, cancer diagnosis 

by targeting aberrant glycosylation is attracting researchers across the globe due to its 
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accuracy and ability to detect cancer at its early stages. In this regard, lectin-based 

biosensors are getting the attention of researchers across the globe due to their specific 

binding affinities for the cancer-linked specific lectin structures (figure 7). Lectins are 

natural biomolecules with specific affinities for specific glycan structures and bind to 

them to form a strong complex. The affinity of lectins has proven to be a valuable 

asset for analytical methods for the selective separation of specific glycans in complex 

samples and for the characterization of glycosylation profiles using lectin microarrays 

in various clinical conditions. The development of Lectin-based biosensors has been 

reported to detect specific aberrant and cancer-associated glycostructures to aid in the 

diagnosis, prognosis, and treatment of these patients. Biosensors' appealing 

characteristics, such as portability and ease of use, make them ideal for point-of-care 

testing. Besides this, Tn and STn antigens can be detected by graphene-based glycan 

biosensors and lectine-based gold electrodes, respectively (Kveton et al., 2019; Silva 

et al., 2014). The α2,3-, and α2,6-sialylated glycans can also be detected in serum 

using electrochemical-based biosensors with high precision (Niu et al., 2016). The 

ultrasensitive glyco-biosensing analytical tools could help in the point-of-care 

detection of cancer biomarkers.  

 

6. Multi-Omics analysis for altered Glycosylation 

 

Multi-omics approach, involving genomics, transcriptomics, and proteomics along 

with clinical and pathological markers, have advanced our knowledge of the genetic 

landscapes of tumor. Multi-omics offers clear advantages for translational cancer 

research and reveals vital interactions through simple co-relations (Menyhart and 

Gyorffy, 2021; Oliveira et al., 2021). There are two ways to analyse omics data: top-

down and bottom-up integration strategies. The hypothesis-driven bottom-up strategy 

states that integrating several data first, then manually integrating individual clusters. 

Strong top-down techniques, in contrast, integrate all data types concurrently and 

permit both dimensionality reduction and data integration. Unsupervised, exploratory, 

supervised, predictive, regression, or semi-supervised analysis is all possible with 

integrative approaches. Although many tools combine several methods, data 

integration algorithms can also be roughly categorized as fusion-based, network-based, 

Bayesian, resemblance, correlation-based, and other multivariate methods (non-

negative matrix factorization, Joint and Individual Variation Explained and MoCluster 

etc.). Yet, the bulk of multi-omics integration tools are insufficiently reliable, prone to 

mistakes, and only accessible to experienced users’ knowledge of programming. 

 

Initial studies involving mRNA profiling or whole proteome analysis releveled some 

level of clustering or subtyping of cancer (Cancer Genome Atlas Research Network, 

2011; Du and Lovly, 2018; Zhang et al., 2016). In the recent past, there has been an 

advancement in clinical proteomics by measuring the differential changes in 

glycosylation patterns between cancer and normal cells/tissue. The techniques used 

for the detection include western blotting, mass spectrophotometry and radiolabeling 

using isotopes (Rossin et al., 2013). The mass spectrophotometry is most efficient tool 
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for detection of relevant peptides, but because of low ionization efficiency and 

stoichiometry of phosphopeptides, it is very difficult to detect them. Therefore, 

various methods like immobilized metal affinity and metal oxide affinity 

chromatography are widely used for enrichments of polypeptides.  

 

Glycoproteomic involving analysis of glycosite-containing peptides in cancer tissue 

could help in understanding the macro and micro-heterogeneity between various 

tumors and as well as with benign tissue (Li et al., 2017; Shah et al., 2015; Zhou et al., 

2017; Zhu et al., 2019). Glycoproteomic approach involving the mass spectrometry 

study of ovarian carcinoma revealed that the tumors could be delineated into various 

clusters and subtypes (Pan et al., 2020). Wang et al. quantified N-glycopeptides with a 

good accuracy score which was consistent with other multi-omic approaches taken to 

study differences between cancer cells and their stem cells (Wang et al., 2019). 

Cancer cells were studied by site- and structure-specific relatively quantitative N-

glycoproteomics which revealed various glycosylation sites in HepG2 and MCF-7 

cells (Xiao and Tian, 2019; Xue et al., 2020). Using SugarQuant and its GlycoBinder 

processing tool for data analysis, glycosylation changes at specific sites were 

determined in Burkitt's lymphoma cells after fulcosylation inhibition (Fang et al., 

2020). Similarly, the glycoproteomics approach revealed many site-specific 

glycosylation changes in cells expressing oncogenic mutations (Saraswat et al., 2022). 

Combining this information with site of glycosylation, mRNA levels of 

glycotransferases and glycosidases enzymes and other parameters, it was found that 

their expression level plays a critical role in inter-tumor heterogeneity and affect the 

clinical outcome also. Utilizing the similar approach for prostate cancer, the 

glycosylation of growth differentiation factor-15 is linked to castration-resistance 

(Wang et al., 2022). These studies could improve the disease's prognosis because it 

helps further our understanding related to the plasticity created by glycosylation on 

cancer marker proteins. Combining this information with molecular docking and 

pharmacology networking could further improve the prognosis and possibly cancer 

treatment(Lu et al., 2022). 

 

Table 2: Abbreviations Used  

 

S.No. Abbreviation Full form 

1.  AFP Alpha-fetoprotein 

2.  ALCAM Activated leukocyte cell adhesion molecule 

3.  ALG Asn-linked glycosylation 

4.  BCR B cell receptor 

5.  CEA Carcinoembryonic antigen 

6.  ECLIA Electrochemiluminescence Immunoassay 

7.  ECM Extracellular matrix 

8.  EGFR Epidermal growth factor receptor 

9.  ELISA Enzyme-linked immunosorbent assay 

10.  EMT Epithelial-to-Mesenchymal Transition 

11.  ER Endoplasmic Reticulum 
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12.  FAK Focal adhesion kinase  

13.  FoxM1 Forehead protein M1 

14.  Fucα1 α1,2-Fucosylated 

15.  GALNT3 N-acetyl galactosaminyl transferase 3 

16.  Glc Glucose 

17.  GlcNAc N-acetylglucosamine 

18.  GM2AP GM2-activator protein 

19.  GnT-V N-acetyl-glucosaminyl transferase V 

20.  HER2 Human epidermal growth factor receptor 2 

21.  ICAM-1 Intercellular adhesion molecule 1 

22.  Igs Immunoglobulins 

23.  Man Mannose 

24.  MUC1 Mucin 1 

25.  MYC Master regulation of cell entry and proliferative 

metabolism 

26.  NLG N-linked glycosylation 

27.  OLG O-linked glycosylation 

28.  PD-1 Programmed cell death protein 1 

29.  PD-L1 Programmed death ligand 1 

30.  PP2A Phosphatase 2A 

31.  PP-Dol Pyrophosphate residue 

32.  PSA Prostate cancer antigen 

33.  Ser Serine residue 

34.  SLea Sialyl Lewis a 

35.  SLeX Sialyl Lewis X 

36.  ST6Gal-I β-Gal α-2,6-sialyltransferase 

37.  STn Sialyl Tn 

38.  TGF-β Transforming growth factor-β 

39.  Thr Threonine residue 

40.  TJA-II Trichosanthes japonica agglutinin-II 

41.  UC Urothelial cancer 

42.  UDP Uridine diphosphate 

43.  Wnt Wingless/integrated signaling pathway 

44.  βGalNAc β-N-acetylgalactosaminylated 

45.  LC-MS Liquid chromatography–mass spectrometry 

46.  HPLC-FTMS HPLC-fourier-transform mass spectrometry 

47.  HPLC High-performance liquid chromatography 

48.  MALDI-TOF Matrix-assisted laser desorption/ionization-time of flight 

49.  LC-ESI MS Liquid Chromatography Electrospray Ionization Mass 

Spectrometric 

50.  CLIA Chemiluminescence Immunoassay 

51.  μZIC-HILIC-

ESI-MS 

Zwitterionic hydrophilic interaction capillary liquid 

chromatography electrospray mass spectrometry 

52.  IAC Immuno affinity Chromatography 

 

 

7. Conclusions and Future perspectives  
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The glycosylation variations in a glycoprotein and their specific tumorigenic 

pathways must be considered as a diagnostic biomarker and a new target for 

therapeutic applications. In Immunotherapy, antibodies and glycan initiate CAR-T 

cells, triggered by tumor-linked glycans or glycopeptides have potential tools for 

tumor treatment. The earlier developments in the area also give insight into the 

applications based on inhibitory effects either to targeted glycosylation-linked 

enzymes or to blocking glycan recognizing molecules. The glycome of tumor cells, its 

regulation on oncology and metastasis, and the interplay of cancer with the immune 

response will set a range of novel and improved therapies for various types of cancers. 

 

Author credit 

 

AKS, RVS and VKG: conceptualization, supervision. All authors have 

contributed to writing, reviewing, and drafting the article. 

 

Acknowledgements 

The authors are indebted to the research facilities at Central Research Cell 

MM(DU). RB and CK acknowledge the support from DST-INSPIRE Fellowship 

(IF210078; IF180523). AKS, RVS and AK acknowledge the support from the 

Department of Science and Technology (Technology Development Transfer), 

Government of India (TDP/BDTD/54/2021/General).  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

29 
 

References 

 

 

Alexander, K.L., Serrano, C.A., Chakraborty, A., Nearing, M., Council, L.N., Riquelme, A., Garrido, 

M., Bellis, S.L., Smythies, L.E., Smith, P.D., 2020. Modulation of glycosyltransferase ST6Gal-I 

in gastric cancer-derived organoids disrupts homeostatic epithelial cell turnover. J Biol Chem 295, 

14153–14163. https://doi.org/10.1074/jbc.RA120.014887 

Alymova, I.V., Cipollo, J.F., Parsons, L.M., Music, N., Kamal, R.P., Tzeng, W.P., Goldsmith, 

C.S., Contessa, J.N., Hartshorn, K.L., Wilson, J.R., Zeng, H., Gansebom, S., York, I.A., 

2022. Aberrant Cellular Glycosylation May Increase the Ability of Influenza Viruses to 

Escape Host Immune Responses through Modification of the Viral Glycome. mBio 13. 

https://doi.org/10.1128/MBIO.02983-21 

Angata, K., Sawaki, H., Tsujikawa, S., Ocho, M., Togayachi, A., Narimatsu, H., 2020. Glycogene 

Expression Profiling of Hepatic Cells by RNA-Seq Analysis for Glyco-Biomarker Identification. 

Front Oncol 10, 1224. https://doi.org/10.3389/FONC.2020.01224/BIBTEX 

Arnold, J.N., Saldova, R., Galligan, M.C., Murphy, T.B., Mimura-Kimura, Y., Telford, J.E., 

Godwin, A.K., Rudd, P.M., 2011. Novel glycan biomarkers for the detection of lung cancer. 

J Proteome Res 10, 1755–1764. https://doi.org/10.1021/PR101034T 

Avelino, K.Y.P.S., Andrade, C.A.S., de Melo, C.P., Nogueira, M.L., Correia, M.T.S., Coelho, L.C.B.B., 

Oliveira, M.D.L., 2014. Biosensor based on hybrid nanocomposite and CramoLL lectin for 

detection of dengue glycoproteins in real samples. Synth Met 194, 102–108. 

https://doi.org/10.1016/j.synthmet.2014.05.001 

Barolo, L., Abbriano, R.M., Commault, A.S., George, J., Kahlke, T., Fabris, M., Padula, M.P., 

Lopez, A., Ralph, P.J., Pernice, M., 2020. Perspectives for Glyco-Engineering of 

Recombinant Biopharmaceuticals from Microalgae. Cells. 

https://doi.org/10.3390/cells9030633 

Bassaganas, S., Carvalho, S., Dias, A.M., Perez-Garay, M., Ortiz, M.R., 2014. Pancreatic Cancer 

Cell Glycosylation Regulates Cell Adhesion and Invasion through the Modulation of a2b1 

Integrin and E-Cadherin Function. PLoS One 9, 98595. 

https://doi.org/10.1371/journal.pone.0098595 

Bast, R.C.Jr., Klug, T.L., John, E. st., Jenison, E., Niloff, J.M., Lazarus, H., Berkowitz, R.S., 

Leavitt, T., Griffiths, C.T., Parker, L., Zurawski, V.R.Jr., Knapp, R.C., 2010. A 

Radioimmunoassay Using a Monoclonal Antibody to Monitor the Course of Epithelial 

Ovarian Cancer. N Engl J Med, 309, 883–887. 

https://doi.org/10.1056/NEJM198310133091503 

Bennett, E.P., Mandel, U., Clausen, H., Gerken, T.A., Fritz, T.A., Tabak, L.A., 2012. Control of 

mucin-type O-glycosylation: A classification of the polypeptide GalNAc-transferase gene 

family. Glycobiology, 736-56. https://doi.org/10.1093/glycob/cwr182 

Bickel, T., Lehle, L., Schwarz, M., Aebi, M., Jakob, C.A., 2005. Biosynthesis of lipid-linked 

oligosaccharides in Saccharomyces cerevisiae: Alg13p and Alg14p form a complex 

required for the formation of GlcNAc 2-PP-dolichol. Journal of Biological Chemistry 280, 

34500–34506. https://doi.org/10.1074/jbc.M506358200 

Bishop, J.R., Schuksz, M., Esko, J.D., 2007. Heparan sulphate proteoglycans fine-tune 

mammalian physiology. Nature, 1030-7. https://doi.org/10.1038/nature05817 

Bloch, J.S., Pesciullesi, G., Boilevin, J., Nosol, K., Irobalieva, R.N., Darbre, T., Aebi, M., 

Kossiakoff, A.A., Reymond, J.L., Locher, K.P., 2020. Structure and mechanism of the ER-

based glucosyltransferase ALG6. Nature 579. https://doi.org/10.1038/s41586-020-2044-z 

Borzym-Kluczyk, M., Radziejewska, I., Cechowska-Pasko, M., 2015. Increased expression of MUC1 

and sialyl Lewis antigens in different areas of clear renal cell carcinoma. Clin Exp Nephrol 19, 

732–7. https://doi.org/10.1007/s10157-014-1013-y 

Boscher, C., Dennis, J.W., Nabi, I.R., 2011. Glycosylation, galectins and cellular signaling. Curr 

Opin Cell Biol, 383-92. https://doi.org/10.1016/j.ceb.2011.05.001 

Bretthauer, R., 2009. Structure, Expression, and Regulation of UDP-GlcNAc: Dolichol 

Phosphate GlcNAc-1-Phosphate Transferase (DPAGT1). Curr Drug Targets 10, 477-82. 

https://doi.org/10.2174/138945009788488369 

Burda, P., Aebi, M., 1998. The ALG10 locus of Saccharomyces cerevisiae encodes the α-1,2 

glucosyltransferase of the endoplasmic reticulum: the terminal glucose of the lipid-linked 

oligosaccharide is required for efficient N-linked glycosylation. Glycobiology, 455-62. 

doi: 10.1093/glycob/8.5.455. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

30 
 

Caldwell, S.A., Jackson, S.R., Shahriari, K.S., Lynch, T.P., Sethi, G., Walker, S., Vosseller, K., 

Reginato, M.J., 2010. Nutrient sensor O-GlcNAc transferase regulates breast cancer 

tumorigenesis through targeting of the oncogenic transcription factor FoxM1. Oncogene 29, 

2831–2842. https://doi.org/10.1038/onc.2010.41 

Cancer Genome Atlas Research Network, 2011. Integrated genomic analyses of ovarian carcinoma. 

Nature 474, 609–15. https://doi.org/10.1038/nature10166 

Carvalho, S., Catarino, T.A., Dias, A.M., Kato, M., Almeida, A., Hessling, B., Figueiredo, J., 

Gartner, F., Sanches, J.M., Ruppert, T., Miyoshi, E., Pierce, M., Carneiro, F., Kolarich, D., 

Seruca, R., Yamaguchi, Y., Taniguchi, N., Reis, C.A., Pinho, S.S., 2015. Preventing E-

cadherin aberrant N-glycosylation at Asn-554 improves its critical function in gastric 

cancer. Oncogene 2016 35:13 35, 1619–1631. https://doi.org/10.1038/onc.2015.225 

Charpin, C., Bhan, A.K., Zurawski, V.R., Scully, R.E., 1982. Carcinoembryonic antigen (CEA) 

and carbohydrate determinant 19-9 (CA 19-9) localization in 121 primary and metastatic 

ovarian tumors: an immunohistochemical study with the use of monoclonal antibodies. Int 

J Gynecol Pathol 1, 231–245. https://doi.org/10.1097/00004347-198203000-00001 

Che, M.I., Huang, J., Hung, J.S., Lin, Y.C., Huang, M.J., Lai, H.S., Hsu, W.M., Liang, J.T., 

Huang, M.C., Che, M.I., Huang, J., Hung, J.S., Lin, Y.C., Huang, M.J., Lai, H.S., Hsu, 

W.M., Liang, J.T., Huang, M.C., 2014. β1, 4-N -acetylgalactosaminyltransferase III 

modulates cancer stemness through EGFR signaling pathway in colon cancer cells. 

Oncotarget 5, 3673–3684. https://doi.org/10.18632/ONCOTARGET.1981 

Cheung, A., Bax, H.J., Josephs, D.H., Ilieva, K.M., Pellizzari, G., Opzoomer, J., Bloomfield, J., 

Fittall, M., Grigoriadis, A., Figini, M., Canevari, S., Spicer, J.F., Tutt, A.N., Karagiannis, 

S.N., 2016. Targeting folate receptor alpha for cancer treatment. Oncotarget 7, 52553–

52574. https://doi.org/10.18632/ONCOTARGET.9651 

Chocholova, E., Bertok, T., Lorencova, L., Holazova, A., Farkas, P., Vikartovska, A., Bella, V., 

Velicova, D., Kasak, P., Eckstein, A.A., Mosnacek, J., Hasko, D., Tkac, J., 2018. Advanced 

antifouling zwitterionic layer based impedimetric HER2 biosensing in human serum: 

Glycoprofiling as a novel approach for breast cancer diagnostics. Sens Actuators B Chem 272, 

626–633. https://doi.org/10.1016/j.snb.2018.07.029 

Clasen, K., Welz, S., Faltin, H., Zips, D., Eckert, F., 2022. Plasma sICAM-1 correlates with tumor 

volume before primary radiochemotherapy of head and neck squamous cell carcinoma patients. 

Radiol Oncol 56, 501–507. https://doi.org/10.2478/raon-2022-0043 

Dai, Y., Liu, L., Zeng, T., Liang, J.Z., Song, Y., Chen, K., Li, Y., Chen, L., Zhu, Y.H., Li, J., Li, 

Y., Xie, D., Yuan, Y.F., Guan, X.Y., 2018. Overexpression of MUC13, a Poor Prognostic 

Predictor, Promotes Cell Growth by Activating Wnt Signaling in Hepatocellular Carcinoma. 

American Journal of Pathology 188, 378–391. https://doi.org/10.1016/j.ajpath.2017.10.016 

Dennis, J.W., Granovsky, M., Warren, C.E., 1999. Glycoprotein glycosylation and cancer 

progression. Biochim Biophys Acta 1473, 21–34. https://doi.org/10.1016/S0304-

4165(99)00167-1 

Dennis, J.W., Nabi, I.R., Demetriou, M., 2009. Metabolism, Cell Surface Organization, and 

Disease. Cell 139, 1229–1241. https://doi.org/10.1016/J.CELL.2009.12.008 

Dhanisha, S.S., Guruvayoorappan, C., Drishya, S., Abeesh, P., 2018. Mucins: Structural diversity, 

biosynthesis, its role in pathogenesis and as possible therapeutic targets. Crit Rev Oncol 

Hematol 122, 98–122. https://doi.org/10.1016/J.CRITREVONC.2017.12.006 

Dimitroff, C.J., 2015. Galectin-binding O-glycosylations as regulators of malignancy. Cancer Res, 

3195-202. https://doi.org/10.1158/0008-5472.CAN-15-0834 

Drake, P.M., Cho, W., Li, B., Prakobphol, A., Johansen, E., Anderson, N.L., Regnier, F.E., 

Gibson, B.W., Fisher, S.J., 2009. Sweetening the pot: adding glycosylation to the 

biomarker discovery equation. Clin Chem 56, 223–236. 

https://doi.org/10.1373/CLINCHEM.2009.136333 

Du, Z., Lovly, C.M., 2018. Mechanisms of receptor tyrosine kinase activation in cancer. Mol Cancer 17, 

58. https://doi.org/10.1186/s12943-018-0782-4 

Dube, D.H., Bertozzi, C.R., 2005. Glycans in cancer and inflammation--potential for therapeutics 

and diagnostics. Nat Rev Drug Discov 4, 477–488. https://doi.org/10.1038/NRD1751 

Eakin, A.J., Bustard, M.J., Mcgeough, C.M., Ahmed, T., Bjourson, A.J., Gibson, D.S., 2016. 

Siglec-1 and -2 as potential biomarkers in autoimmune disease. Proteomics Clin Appl 10, 

635–644. https://doi.org/10.1002/PRCA.201500069 

Engle, D.D., Tiriac, H., Rivera, K.D., Pommier, A., Whalen, S., Oni, T.E., Alagesan, B., Lee, E.J., Yao, 

M.A., Lucito, M.S., Spielman, B., Da Silva, B., Schoepfer, C., Wright, K., Creighton, B., 

Afinowicz, L., Yu, K.H., Grützmann, R., Aust, D., Gimotty, P.A., Pollard, K.S., Hruban, R.H., 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

31 
 

Goggins, M.G., Pilarsky, C., Park, Y., Pappin, D.J., Hollingsworth, M.A., Tuveson, D.A., 2019. 

The glycan CA19-9 promotes pancreatitis and pancreatic cancer in mice. Science 364, 1156–

1162. https://doi.org/10.1126/science.aaw3145 

Ereno-Orbea, J., Sicard, T., Cui, H., Mazhab-Jafari, M.T., Benlekbir, S., Guarné, A., Rubinstein, 

J.L., Julien, J.P., 2017. Molecular basis of human CD22 function and therapeutic targeting. 

Nature Communications 8,  1–11. https://doi.org/10.1038/s41467-017-00836-6 

Erturk, K., Tastekin, D., Bilgin, E., Serilmez, M., Bozbey, H.U., Sakar, B., 2016. Serum activated 

leukocyte cell adhesion molecule and intercellular adhesion molecule-1 in patients with gastric 

cancer: Can they be used as biomarkers? Biomed Pharmacother 77, 86–91. 

https://doi.org/10.1016/j.biopha.2015.12.006 

Fang, P., Ji, Y., Silbern, I., Doebele, C., Ninov, M., Lenz, C., Oellerich, T., Pan, K.T., Urlaub, H., 2020. 

A streamlined pipeline for multiplexed quantitative site-specific N-glycoproteomics. Nat 

Commun 11, 5268. https://doi.org/10.1038/s41467-020-19052-w 

Farid, A., Pabst, M., Schoberer, J., Altmann, F., Glossl, J., Strasser, R., 2011. Arabidopsis 

thaliana alpha1,2-glucosyltransferase (ALG10) is required for efficient N-glycosylation and 

leaf growth. Plant Journal 68. https://doi.org/10.1111/j.1365-313X.2011.04688.x 

Ferragut, F., Vachetta, V.S., Troncoso, M.F., Rabinovich, G.A., Elola, M.T., 2021. ALCAM/CD166: A 

pleiotropic mediator of cell adhesion, stemness and cancer progression. Cytokine Growth Factor 

Rev 61, 27–37. https://doi.org/10.1016/j.cytogfr.2021.07.001 

Ferrarow, S., Braga, F., Lanzoni, M., Boracchi, P., Biganzoli, E.M., Panteghini, M., 2013. Serum 

human epididymis protein 4 vs carbohydrate antigen 125 for ovarian cancer diagnosis: a 

systematic review. J Clin Pathol 66, 273–281. https://doi.org/10.1136/JCLINPATH-2012-

201031 

Foffi, G., Pastore, A., Piazza, F., Temussi, P.A., 2013. Macromolecular crowding: Chemistry and 

physics meet biology (Ascona, Switzerland, 10-14 June 2012). Phys Biol 10. 

https://doi.org/10.1088/1478-3975/10/4/040301 

Frank, C.G., Sanyal, S., Rush, J.S., Waechter, C.J., Menon, A.K., 2008. Does Rft1 flip an N-

glycan lipid precursor? Nature. https://doi.org/10.1038/nature07165 

Fraschilla, I., Pillai, S., 2017. Viewing Siglecs through the lens of tumor immunology. Immunol 

Rev 276, 178–191. https://doi.org/10.1111/IMR.12526 

Frenette, P.S., Thirlwell, M.P., Trudeau, M., Thomson, D.M.P., Joseph, L., Shuster, J.S., 1994. 

The diagnostic value of CA 27-29, CA 15-3, mucin-like carcinoma antigen, 

carcinoembryonic antigen and CA 19-9 in breast and gastrointestinal malignancies. Tumor 

Biology 15, 247–254. https://doi.org/10.1159/000217898 

Fukuda, M., Tsuboi, S., 1999. Mucin-type O-glycans and leukosialin. Biochim Biophys Acta 

Mol Basis Dis 1455, 205–217. https://doi.org/10.1016/S0925-4439(99)00067-8 

Fukumori, T., Kanayama, H. O., Raz, A., 2007. The role of galectin-3 in cancer drug resistance. 

Drug Resistance Updates 10, 101–108. https://doi.org/10.1016/J.DRUP.2007.04.001 

Fukushima, K., Satoh, T., Baba, S., Yamashita, K., 2010. α1,2-Fucosylated and β-N-

acetylgalactosaminylated prostate-specific antigen as an efficient marker of prostatic cancer. 

Glycobiology 20, 452–460. https://doi.org/10.1093/GLYCOB/CWP197 

Fuster, M.M., Esko, J.D., 2005. The sweet and sour of cancer: glycans as novel therapeutic 

targets. Nat Rev Cancer 5, 526–542. https://doi.org/10.1038/NRC1649 

Gao, X.D., Tachikawa, H., Sato, T., Jigami, Y., Dean, N., 2005. Alg14 recruits Alg13 to the 

cytoplasmic face of the endoplasmic reticulum to form a novel bipartite UDP-N-

acetylglucosamine transferase required for the second step of N-linked glycosylation. 

Journal of Biological Chemistry 280, 36254–36262. 

https://doi.org/10.1074/jbc.M507569200 

Gilgunn, S., Conroy, P.J., Saldova, R., Rudd, P.M., O’Kennedy, R.J., 2013. Aberrant PSA 

glycosylation—a sweet predictor of prostate cancer. Nature Reviews Urology 10, 99–107. 

https://doi.org/10.1038/nrurol.2012.258 

Gimenez, E., Balmaña, M., Figueras, J., Fort, E., Bolos, C. de, Sanz-Nebot, V., Peracaula, R., 

Rizzi, A., 2015. Quantitative analysis of N-glycans from human alfa-acid-glycoprotein 

using stable isotope labeling and zwitterionic hydrophilic interaction capillary liquid 

chromatography electrospray mass spectrometry as tool for pancreatic disease diagnosis. 

Anal Chim Acta 866, 59–68. https://doi.org/10.1016/J.ACA.2015.02.008 

Gipson, I.K., Spurr-Michaud, S., Tisdale, A., Menon, B.B., 2014. Comparison of the 

Transmembrane Mucins MUC1 and MUC16 in Epithelial Barrier Function. PLoS One 9, 

100393. https://doi.org/10.1371/journal.pone.0100393 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

32 
 

Gomes, C., Osorio, H., Pinto, M.T., Campos, D., Oliveira, M.J., 2013. Expression of ST3GAL4 

Leads to SLe x Expression and Induces c-Met Activation and an Invasive Phenotype in 

Gastric Carcinoma Cells. PLoS One 8, 66737. 

https://doi.org/10.1371/journal.pone.0066737 

Guo, H.B., Lee, I., Kamar, M., Pierce, M., 2003. N-acetylglucosaminyltransferase V expression 

levels regulate cadherin-associated homotypic cell-cell adhesion and intracellular signaling 

pathways. J Biol Chem 278, 52412–52424. https://doi.org/10.1074/JBC.M308837200 

Guo, J., Jiang, W., Li, Q., Jaiswal, M., Guo, Z., 2020. Comparative immunological studies of tumor-

associated Lewis X, Lewis Y, and KH-1 antigens. Carbohydr Res 492, 107999. 

https://doi.org/10.1016/j.carres.2020.107999 

Guu, S.Y., Lin, T.H., Chang, S.C., Wang, R.J., Hung, L.Y., Fang, P.J., Tang, W.C., Yu, P., 

Chang, C.F., 2017. Serum N-glycome characterization and anti-carbohydrate antibody 

profiling in oral squamous cell carcinoma patients. PLoS One 12, e0178927. 

https://doi.org/10.1371/JOURNAL.PONE.0178927 

Hamester, F., Legler, K., Wichert, B., Kelle, N., Eylmann, K., Rossberg, M., Ding, Y., Kurti, S., 

Schmalfeldt, B., Milde-Langosch, K., Oliveira-Ferrer, L., 2019. Prognostic relevance of the 

Golgi mannosidase MAN1A1 in ovarian cancer: impact of N-glycosylation on tumour cell 

aggregation. British Journal of Cancer, 944–953. https://doi.org/10.1038/s41416-019-0607-

2 

Hammonds, J.E., Beeman, N., Ding, L., Takushi, S., Francis, A.C., Wang, J.J., Melikyan, G.B., 

Spearman, P., 2017. Siglec-1 initiates formation of the virus-containing compartment and 

enhances macrophage-to-T cell transmission of HIV-1. PLoS Pathog 13, e1006181. 

https://doi.org/10.1371/JOURNAL.PPAT.1006181 

Han, C., Bellone, S., Siegel, E.R., Altwerger, G., Menderes, G., Bonazzoli, E., Egawa-Takata, T., 

Pettinella, F., Bianchi, A., Riccio, F., Zammataro, L., Yadav, G., Marto, J.A., Penet, M.F., 

Levine, D.A., Drapkin, R., Patel, A., Litkouhi, B., Ratner, E., Silasi, D.A., Huang, G.S., 

Azodi, M., Schwartz, P.E., Santin, A.D., 2018. A novel multiple biomarker panel for the 

early detection of high-grade serous ovarian carcinoma. Gynecol Oncol 149, 585–591. 

https://doi.org/10.1016/j.ygyno.2018.03.050 

Hao, Y., Ren, G., Yang, W., Zheng, W., Wu, Y., Li, W.J., Li, X., Li, Y., Guo, X., 2020. 

Combination diagnosis with elastography strain ratio and molecular markers effectively 

improves the diagnosis rate of small breast cancer and lymph node metastasis. Quant 

Imaging Med Surg 10, 67891–67691. https://doi.org/10.21037/QIMS.2020.02.14 

Harris, R.J., Spellman, M.W., 1993. O-linked fucose and other post-translational modifications 

unique to EGF modules. Glycobiology. https://doi.org/10.1093/glycob/3.3.219 

Hartlapp, I., Valta-Seufzer, D., Siveke, J.T., Algul, H., Goekkurt, E., Siegler, G., Martens, U.M., 

Waldschmidt, D., Pelzer, U., Fuchs, M., Kullmann, F., Boeck, S., Ettrich, T.J., Held, S., Keller, 

R., Anger, F., Germer, C.T., Stang, A., Kimmel, B., Heinemann, V., Kunzmann, V., German 

Pancreatic Cancer Group (AIO-PAK) and NEOLAP investigators, 2022. Prognostic and 

predictive value of CA 19-9 in locally advanced pancreatic cancer treated with multiagent 

induction chemotherapy: results from a prospective, multicenter phase II trial (NEOLAP-AIO-

PAK-0113). ESMO Open 7, 100552. https://doi.org/10.1016/j.esmoop.2022.100552 

Hassan, A.A., Artemenko, M., Tang, M.K.S., Wong, A.S.T., 2020. Selectins: An Important Family of 

Glycan-Binding Cell Adhesion Molecules in Ovarian Cancer. Cancers (Basel) 12. 

https://doi.org/10.3390/cancers12082238 

Huang, Jianmei, Huang, Jianming, Zhang, G., 2022. Insights into the Role of Sialylation in Cancer 

Metastasis, Immunity, and Therapeutic Opportunity. Cancers (Basel) 14. 

https://doi.org/10.3390/cancers14235840 

Hudak, J.E., Canham, S.M., Bertozzi, C.R., 2014. Glycocalyx engineering reveals a Siglec-based 

mechanism for NK cell immunoevasion. Nat Chem Biol 10. 

https://doi.org/10.1038/nchembio.1388 

Hulsmeier, A.J., Welti, M., Hennet, T., 2011. Glycoprotein maturation and the UPR, in: Methods 

in Enzymology. Academic Press Inc., pp. 163–182. https://doi.org/10.1016/B978-0-12-

385928-0.00010-9 

Hunt, B.G., Fox, L.H., Davis, J.C., Jones, A., Lu, Z., Waltz, S.E., 2023. An Introduction and Overview 

of RON Receptor Tyrosine Kinase Signaling. Genes (Basel) 14, 517. 

https://doi.org/10.3390/genes14020517 

Iozzo, R. V., Schaefer, L., 2015. Proteoglycan form and function: A comprehensive 

nomenclature of proteoglycans. Matrix Biol 42, 11–55. 

https://doi.org/10.1016/J.MATBIO.2015.02.003 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

33 
 

Itkonen, H.M., Minner, S., Guldvik, I.J., Sandmann, M.J., Tsourlakis, M.C., Berge, V., Svindland, 

A., Schlomm, T., Mills, I.G., 2013a. O-GlcNAc transferase integrates metabolic pathways 

to regulate the stability of c-MYC in human prostate cancer cells. Cancer Res 73, 5277–

5287. https://doi.org/10.1158/0008-5472.CAN-13-0549 

Jain, P., Corbo, S., Mohammad, K., Sahoo, S., Ranganathan, S., George, J.T., Levine, H., Taube, J., 

Toneff, M., Jolly, M.K., 2023. Epigenetic memory acquired during long-term EMT induction 

governs the recovery to the epithelial state. J R Soc Interface 20. 

https://doi.org/10.1098/rsif.2022.0627 

Jeschke, U., Mylonas, I., Shabani, N., Kunert-Keil, C., Schindlbeck, C., Gerber, B., Friese, K., 2005. 

Expression of sialyl lewis X, sialyl Lewis A, E-cadherin and cathepsin-D in human breast cancer: 

immunohistochemical analysis in mammary carcinoma in situ, invasive carcinomas and their 

lymph node metastasis. Anticancer Res 25, 1615–22. 

Josic, D., Martinovic, T., Pavelic, K., 2019. Glycosylation and metastases. Electrophoresis 40, 

140–150. https://doi.org/10.1002/ELPS.201800238 

Jozwiak, P., Forma, E., Bryś, M., Krześlak, A., 2014. O-GlcNAcylation and metabolic 

reprograming in cancer. Front Endocrinol (Lausanne) 5. 

https://doi.org/10.3389/FENDO.2014.00145 

Julien, S., Bobowski, M., Steenackers, A., le Bourhis, X., Delannoy, P., 2013. How Do 

Gangliosides Regulate RTKs Signaling? Cells 2, 751–767. 

https://doi.org/10.3390/cells2040751 

Julien, S., Videira, P.A., Delannoy, P., 2012. Sialyl-Tn in cancer: (How) did we miss the target? 

Biomolecules. https://doi.org/10.3390/biom2040435 

Kandylis, K., Vassilomanolakis, M., Baziotis, N., Papadimitriou, A., Tsoussis, S., Ferderigou, A., 

Efremidis, A.P., 1990. Diagnostic significance of the tumour markers CEA, CA 15-3 and 

CA 125 in malignant effusions in breast cancer. Annals of Oncology 1, 435–438. 

https://doi.org/10.1093/oxfordjournals.annonc.a057798 

Kannagi, R., Yin, J., Miyazaki, K., Izawa, M., 2008. Current relevance of incomplete synthesis 

and neo-synthesis for cancer-associated alteration of carbohydrate determinants-

Hakomori’s concepts revisited. Biochim Biophys Acta Gen Subj 1780, 525–531. 

https://doi.org/10.1016/J.BBAGEN.2007.10.007 

Kariya, Yukiko, Oyama, M., Hashimoto, Y., Gu, J., Kariya, Yoshinobu, 2018. β4-integrin/PI3K 

signaling promotes tumor progression through the galectin-3-N-glycan complex. Molecular 

Cancer Research 16, 1024–1034. https://doi.org/10.1158/1541-7786. 

Kazuno, S., Furukawa, J.I., Shinohara, Y., Murayama, K., Fujime, M., Ueno, T., Fujimura, T., 

2016. Glycosylation status of serum immunoglobulin G in patients with prostate diseases. 

Cancer Med 5. https://doi.org/10.1002/cam4.662 

Khan, G.J., Gao, Y., Gu, M., Wang, L., Khan, S., Naeem, F., Semukunzi, H., Roy, D., Yuan, S., Sun, 

L., 2018. TGF-β1 Causes EMT by Regulating N-Acetyl Glucosaminyl Transferases via 

Downregulation of Non Muscle Myosin II-A through JNK/P38/PI3K Pathway in Lung Cancer. 

Curr Cancer Drug Targets 18, 209–219. https://doi.org/10.2174/1568009617666170807120304 

Koh, X.Y., Koh, X.H., Hwang, L., Ferrer, F.J., Rahmat, S.A.B., Lama, D., Lane, D.P., 2019. 

Therapeutic anti-cancer activity of antibodies targeting sulfhydryl bond constrained epitopes on 

unglycosylated RON receptor tyrosine kinase. Oncogene 38, 7342–7356. 

https://doi.org/10.1038/s41388-019-0946-8 

Kolben, T., Müller, L., Meister, S., Keilmann, L., Buschmann, C., Trillsch, F., Burges, A., Czogalla, B., 

Mitter, S., Schmoeckel, E., Corradini, S., Mahner, S., Jeschke, U., Kessler, M., Beyer, S., 2022. 

Blood group antigens SLeX, SLeA, and LeY as prognostic markers in endometrial cancer. J 

Cancer Res Clin Oncol 148, 3323–3335. https://doi.org/10.1007/s00432-022-04098-8 

Kudelka, M.R., Ju, T., Heimburg-Molinaro, J., Cummings, R.D., 2015. Simple sugars to complex 

disease--mucin-type O-glycans in cancer. Adv Cancer Res 126, 53–135. 

https://doi.org/10.1016/bs.acr.2014.11.002 

Kumar, Y., Pinedo, I.R., Tapuria, N., Zabron, A., Davidson, B.R., 2008. A comparison of tumour 

M2-PK with carcinoembryonic antigen and CA19-9 in patients undergoing liver resection 

for colorectal metastases. Eur J Gastroenterol Hepatol 20, 1006–1011. 

https://doi.org/10.1097/MEG.0b013e3282f857a7 

Kuntamung, K., Sangthong, P., Jakmunee, J., Ounnunkad, K., 2021. A label-free immunosensor for the 

detection of a new lung cancer biomarker, GM2 activator protein, using a phosphomolybdic 

acid/polyethyleneimine coated gold nanoparticle composite. Analyst 146, 2203–2211. 

https://doi.org/10.1039/d0an02149k 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

34 
 

Kveton, F., Blsakova, A., Lorencova, L., Jerigova, M., Velic, D., Blixt, O., Jansson, B., Kasak, P., Tkac, 

J., 2019. A Graphene-Based Glycan Biosensor for Electrochemical Label-Free Detection of a 

Tumor-Associated Antibody. Sensors (Basel) 19. https://doi.org/10.3390/S19245409 

Lahdaoui, F., Messager, M., Vincent, A., Hec, F., Gandon, A., Warlaumont, M., Renaud, F., 

Leteurtre, E., Piessen, G., Jonckheere, N., Mariette, C., van Seuningen, I., 2017. Depletion 

of MUC5B mucin in gastrointestinal cancer cells alters their tumorigenic properties: 

implication of the Wnt/β-catenin pathway. Biochemical Journal 474, 3733–3746. 

https://doi.org/10.1042/BCJ20170348 

Laubli, H., Borsig, L., 2019. Altered Cell Adhesion and Glycosylation Promote Cancer Immune 

Suppression and Metastasis. Front Immunol 10, 2120. 

https://doi.org/10.3389/FIMMU.2019.02120/XML/NLM 

Lee, T., Teng, T.Z.J., Shelat, V.G., 2020. Carbohydrate antigen 19-9 - tumor marker: Past, present, and 

future. World J Gastrointest Surg 12, 468–490. https://doi.org/10.4240/WJGS.V12.I12.468 

Li, C.W., Lim, S.O., Xia, W., Lee, H.H., Chan, L.C., Kuo, C.W., Khoo, K.H., Chang, S.S., Cha, J.H., 

Kim, T., Hsu, J.L., Wu, Y., Hsu, J.M., Yamaguchi, H., Ding, Q., Wang, Y., Yao, J., Lee, C.C., 

Wu, H.J., Sahin, A.A., Allison, J.P., Yu, D., Hortobagyi, G.N., Hung, M.C., 2016. Glycosylation 

and stabilization of programmed death ligand-1 suppresses T-cell activity. Nat Commun 7, 12632. 

https://doi.org/10.1038/ncomms12632 

Li, Q., Sun, M., Yu, M., Fu, Q., Jiang, H., Yu, G., Li, G., 2019. Gangliosides profiling in serum 

of breast cancer patient: GM3 as a potential diagnostic biomarker. Glycoconjugate Journal 

2019 36:5 36, 419–428. https://doi.org/10.1007/S10719-019-09885-Z 

Li, Q.K., Shah, P., Tian, Y., Hu, Y., Roden, R.B.S., Zhang, H., Chan, D.W., 2017. An integrated 

proteomic and glycoproteomic approach uncovers differences in glycosylation occupancy from 

benign and malignant epithelial ovarian tumors. Clin Proteomics 14. 

https://doi.org/10.1186/S12014-017-9152-2 

Liang, S.L., Chan, D.W., 2007. Enzymes and related proteins as cancer biomarkers: a proteomic 

approach. Clin Chim Acta 381, 93–97. https://doi.org/10.1016/J.CCA.2007.02.017 

Lichtenstein, R.G., Rabinovich, G.A., 2013. Glycobiology of cell death: when glycans and lectins 

govern cell fate. Cell Death & Differentiation 2013 20:8 20, 976–986. 

https://doi.org/10.1038/cdd.2013.50 

Lin, M.C., Chien, P.H., Wu, H.Y., Chen, S.T., Juan, H.F., Lou, P.J., Huang, M.C., 2018. 

C1GALT1 predicts poor prognosis and is a potential therapeutic target in head and neck 

cancer. Oncogene 2018 37:43 37, 5780–5793. https://doi.org/10.1038/s41388-018-0375-0 

Liu, D., Gao, Z., Yue, L., 2019. Fucosyltransferase 8 deficiency suppresses breast cancer cell 

migration by interference of the FAK/integrin pathway. Cancer Biomark 25, 303–311. 

https://doi.org/10.3233/CBM-190209 

Liu, F.T., Rabinovich, G.A., 2005. Galectins as modulators of tumour progression. Nat Rev 

Cancer. https://doi.org/10.1038/nrc1527 

Liu, Y.Y., Patwardhan, G.A., Bhinge, K., Gupta, V., Gu, X., Jazwinski, S.M., 2011. Suppression 

of glucosylceramide synthase restores p53-dependent apoptosis in mutant p53 cancer cells. 

Cancer Res 71, 2276–2285. https://doi.org/10.1158/0008-5472. 

Llop, E., Ferrer-Batallé, M., Barrabés, S., Guerrero, P.E., Ramirez, M., Saldova, R., Rudd, P.M., 

Aleixandre, R.N., Comet, J., de Llorens, R., Peracaula, R., 2016. Improvement of Prostate 

Cancer Diagnosis by Detecting PSA Glycosylation-Specific Changes. Theranostics 6, 

1190–1204. https://doi.org/10.7150/THNO.15226 

Lommel, M., Strahl, S., 2009. Protein O-mannosylation: Conserved from bacteria to humans. 

Glycobiology. https://doi.org/10.1093/glycob/cwp066 

Lu, D., Shang, J., Guo, X., Zhang, Y., 2022. Assessing the Mechanism of Action of “Fructus Ligustri 

Lucidi-Cuscutae Semen” in Prostate Cancer Treatment Using Network Pharmacology and 

Molecular Docking. Comput Math Methods Med 2022. https://doi.org/10.1155/2022/7543619 

Ludovic, M., Eric, N.-O., Maxime, G., Abdoul-Salam, K., Follet-Gueye, M.-L., Azeddine, D., 

Maïté, V.-G., Sophie, A.-A., 2015. O-glycosylation in plant and mammal cells: the use of 

chemical inhibitors to understand the biosynthesis and function of O-glycosylated proteins. 

Plant Science Today 2. https://doi.org/10.14719/pst.2015.2.2.67 

Lumibao, J.C., Tremblay, J.R., Hsu, J., Engle, D.D., 2022. Altered glycosylation in pancreatic 

cancer and beyond. J Exp Med 219. https://doi.org/10.1084/JEM.20211505 

Lv, W., Yu, H., Han, M., Tan, Y., Wu, M., Zhang, J., Wu, Y., Zhang, Q., 2022. Analysis of 

Tumor Glycosylation Characteristics and Implications for Immune Checkpoint Inhibitor’s 

Efficacy for Breast Cancer. Front Immunol 13, 1370. 

https://doi.org/10.3389/FIMMU.2022.830158 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

35 
 

MacAuley, M.S., Crocker, P.R., Paulson, J.C., 2014. Siglec-mediated regulation of immune cell 

function in disease. Nat Rev Immunol. https://doi.org/10.1038/nri3737 

Madunic, K., Mayboroda, O.A., Zhang, T., Weber, J., Boons, G.-J., Morreau, H., van Vlierberghe, R., 

van Wezel, T., Lageveen-Kammeijer, G.S.M., Wuhrer, M., 2022. Specific (sialyl-)Lewis core 2 

O-glycans differentiate colorectal cancer from healthy colon epithelium. Theranostics 12, 4498–

4512. https://doi.org/10.7150/thno.72818 

Marcos, N.T., Bennett, E.P., Gomes, J., Magalhaes, A., Gomes, C., David, L., Dar, I., Jeanneau, 

C., DeFrees, S., Krustrup, D., Vogel, L.K., Kure, E.H., Burchell, J., Taylor-Papadimitriou, 

J., Clausen, H., Mandel, U., Reis, C.A., 2011. ST6GalNAc-I controls expression of sialyl-

Tn antigen in gastrointestinal tissues. Frontiers in Bioscience - Elite 3 E, 1443–1455. 

https://doi.org/10.2741/E345/PDF 

Marrelli, D., Pinto, E., de Stefano, A., Farnetani, M., Garosi, L., Roviello, F., 2001. Clinical 

utility of CEA, CA 19-9, and CA 72-4 in the follow-up of patients with resectable gastric 

cancer. Am J Surg 181, 16–19. https://doi.org/10.1016/S0002-9610(00)00549-3 

Marshall, A.J., Julien, J.-P., Paulson, J., Clark, E.A., Giltiay, N. v, 2018. CD22: A Regulator of 

Innate and Adaptive B Cell Responses and Autoimmunity. Frontiers in Immunology | 

www.frontiersin.org 9, 2235. https://doi.org/10.3389/fimmu.2018.02235 

Matsuda, A., Kuno, A., Matsuzaki, H., Kawamoto, T., Shikanai, T., Nakanuma, Y., Yamamoto, 

M., Ohkohchi, N., Ikehara, Y., Shoda, J., Hirabayashi, J., Narimatsu, H., 2013. 

Glycoproteomics-based cancer marker discovery adopting dual enrichment with Wisteria 

floribunda agglutinin for high specific glyco-diagnosis of cholangiocarcinoma. J 

Proteomics 85, 1–11. https://doi.org/10.1016/J.JPROT.2013.04.017 

Matsui, T., Takita, E., Sato, T., Kinjo, S., Aizawa, M., Sugiura, Y., Hamabata, T., Sawada, K., 

Kato, K., 2011. N-glycosylation at noncanonical Asn-X-Cys sequences in plant cells. 

Glycobiology 21, 994–999. https://doi.org/10.1093/glycob/cwq198 

Mazurek, N., Byrd, J.C., Sun, Y., Hafley, M., Ramirez, K., Burks, J., Bresalier, R.S., 2011. Cell-

surface galectin-3 confers resistance to TRAIL by impeding trafficking of death receptors 

in metastatic colon adenocarcinoma cells. Cell Death & Differentiation 2012 19:3 19, 523–

533. https://doi.org/10.1038/cdd.2011.123 

Menni, C., Gudelj, I., MacDonald-Dunlop, E., Mangino, M., Zierer, J., Bešić, E., Joshi, P.K., 

Trbojević-Akmačić, I., Chowienczyk, P.J., Spector, T.D., Wilson, J.F., Lauc, G., Valdes, 

A.M., 2018. Glycosylation Profile of Immunoglobulin G Is Cross-Sectionally Associated 

with Cardiovascular Disease Risk Score and Subclinical Atherosclerosis in Two 

Independent Cohorts. Circ Res 122, 1555–1564. 

https://doi.org/10.1161/CIRCRESAHA.117.312174/-/DC1 

Menyhart, O., Gyorffy, B., 2021. Multi-omics approaches in cancer research with applications in tumor 

subtyping, prognosis, and diagnosis. Comput Struct Biotechnol J 19, 949–960. 

https://doi.org/10.1016/J.CSBJ.2021.01.009 

Mertens, P., Maes, A., Nuyts, J., Belmans, A., Desmet, W., Esplugas, E., Charlier, F., Figueras, J., 

Sambuceti, G., Schwaiger, M., Mortelmans, L., van de Werf, F., 2006. Recombinant P-

selectin glycoprotein ligand-immunoglobulin, a P-selectin antagonist, as an adjunct to 

thrombolysis in acute myocardial infarction. The P-Selectin Antagonist Limiting 

Myonecrosis (PSALM) trial. Am Heart J 152, 125.e1-125.e8. 

https://doi.org/10.1016/J.AHJ.2006.04.020 

Micheau, O., 2018. Regulation of TNF-Related Apoptosis-Inducing Ligand Signaling by 

Glycosylation. International Journal of Molecular Sciences 2018, Vol. 19, Page 715 19, 

715. https://doi.org/10.3390/IJMS19030715 

Morrison, A.C., Wilson, C.B., Ray, M., Correll, P.H., 2004. Macrophage-stimulating protein, the 

ligand for the stem cell-derived tyrosine kinase/RON receptor tyrosine kinase, inhibits IL-12 

production by primary peritoneal macrophages stimulated with IFN-gamma and 

lipopolysaccharide. J Immunol 172, 1825–32. https://doi.org/10.4049/jimmunol.172.3.1825 

Munkley, J., Elliott, D.J., Munkley, J., Elliott, D.J., 2016. Hallmarks of glycosylation in cancer. 

Oncotarget 7, 35478–35489. https://doi.org/10.18632/ONCOTARGET.8155 

Nagae, M., Kizuka, Y., Mihara, E., Kitago, Y., Hanashima, S., Ito, Y., Takagi, J., Taniguchi, N., 

Yamaguchi, Y., 2018. Structure and mechanism of cancer-associated N-

acetylglucosaminyltransferase-V. Nature Communications, 1–12. 

https://doi.org/10.1038/s41467-018-05931-w 

Nagaraj, V.J., Aithal, S., Eaton, S., Bothara, M., Wiktor, P., Prasad, S., 2010. NanoMonitor: A 

miniature electronic biosensor for glycan biomarker detection. Nanomedicine 5, 369–378. 

https://doi.org/10.2217/NNM.10.11 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

36 
 

Nita-Lazar, M., Noonan, V., Rebustini, I., Walker, J., Menko, A.S., Kukuruzinska, M.A., 2009. 

Overexpression of DPAGT1 leads to aberrant N-glycosylation of E-cadherin and cellular 

discohesion in oral cancer. Cancer Res 69, 5673–5680. https://doi.org/10.1158/0008-

5472.CAN-08-4512 

Niu, Y., He, J., Li, Y., Zhao, Y., Xia, C., Yuan, G., Zhang, L., Zhang, Y., Yu, C., 2016. Multi-purpose 

electrochemical biosensor based on a “green” homobifunctional cross-linker coupled with 

PAMAM dendrimer grafted p-MWCNTs as a platform: application to detect α2,3-sialylated 

glycans and α2,6-sialylated glycans in human serum. RSC Adv 6, 44865–44872. 

https://doi.org/10.1039/C6RA03570A 

O’Keefe, T.L., Williams, G.T., Batista, F.D., Neuberger, M.S., 1999. Deficiency in CD22, a B 

cell-specific inhibitory receptor, is sufficient to predispose to development of high affinity 

autoantibodies. J Exp Med 189, 1307–1313. https://doi.org/10.1084/JEM.189.8.1307 

Oliveira, T., Thaysen-Andersen, M., Packer, N.H., Kolarich, D., 2021. The Hitchhiker’s guide to 

glycoproteomics. Biochem Soc Trans 49, 1643–1662. https://doi.org/10.1042/BST20200879 

Oto, J., Fernández-Pardo, Á., Royo, M., Hervás, D., Martos, L., Vera-Donoso, C.D., Martínez, 

M., Heeb, M.J., España, F., Medina, P., Navarro, S., 2020. A predictive model for prostate 

cancer incorporating PSA molecular forms and age. Scientific Reports 10, 1–10. 

https://doi.org/10.1038/s41598-020-58836-4 

Oyama, K., Fushida, S., Tsukada, T., Kinoshita, J., Watanabe, T., Shoji, M., Nakanuma, S., 

Okamoto, K., Sakai, S., Makino, I., Nakamura, K., Hayashi, H., Inokuchi, M., Nakagawara, 

H., Miyashita, T., Tajima, H., Takamura, H., Ninomiya, I., Kitagawa, H., Fujimura, T., 

Tajiri, R., Ooi, A., Ohta, T., 2014. Evaluation of serum HER2-ECD levels in patients with 

gastric cancer. Journal of Gastroenterology, 41–45. https://doi.org/10.1007/S00535-014-

0941-3 

Pan, J., Hu, Y., Sun, S., Chen, L., Schnaubelt, M., Clark, D., Ao, M., Zhang, Z., Chan, D., Qian, J., 

Zhang, H., 2020. Glycoproteomics-based signatures for tumor subtyping and clinical outcome 

prediction of high-grade serous ovarian cancer. Nature Communications, 1–13. 

https://doi.org/10.1038/s41467-020-19976-3 

Peracaula, R., Barrabés, S., Sarrats, A., Rudd, P.M., de Llorens, R., 2008. Altered Glycosylation 

in Tumours Focused to Cancer Diagnosis. Dis Markers 25, 207–218. 

https://doi.org/10.1155/2008/797629 

Perdicchio, M., Cornelissen, L.A.M., Streng-Ouwehand, I., Engels, S., Verstege, M.I., Boon, L., 

Geerts, D., van Kooyk, Y., Unger, W.W.J., 2016. Tumor sialylation impedes T cell 

mediated anti-tumor responses while promoting tumor associated-regulatory T cells. 

Oncotarget 7. https://doi.org/10.18632/oncotarget.6822 

Pihikova, D., Kasak, P., Kubanikova, P., Sokol, R., Tkac, J., 2016. Aberrant sialylation of a prostate-

specific antigen: Electrochemical label-free glycoprofiling in prostate cancer serum samples. 

Anal Chim Acta 934, 72–9. https://doi.org/10.1016/j.aca.2016.06.043 

Pinho, S.S., Figueiredo, J., Cabral, J., Carvalho, S., Dourado, J., Magalhães, A., Gärtner, F., 

Mendonça, A.M., Isaji, T., Gu, J., Carneiro, F., Seruca, R., Taniguchi, N., Reis, C.A., 2013. 

E-cadherin and adherens-junctions stability in gastric carcinoma: Functional implications 

of glycosyltransferases involving N-glycan branching biosynthesis, N-

acetylglucosaminyltransferases III and V. Biochimica et Biophysica Acta (BBA) - General 

Subjects 1830, 2690–2700. https://doi.org/10.1016/J.BBAGEN.2012.10.021 

Pinho, S.S., Reis, C.A., 2015. Glycosylation in cancer: Mechanisms and clinical implications. 

Nat Rev Cancer. https://doi.org/10.1038/nrc3982 

Pochec, E., Ząbczynska, M., Bubka, M., Homa, J., Lityńska, A., 2016. β1,6-branched complex-

type N-glycans affect FAK signaling in metastatic melanoma cells. Cancer Invest 34, 45–

56. https://doi.org/10.3109/07357907.2015.1102928 

Potprommanee, L., Ma, H.T., Shank, L., Juan, Y.H., Liao, W.Y., Chen, S.T., Yu, C.J., 2015. GM2-

activator protein: a new biomarker for lung cancer. J Thorac Oncol 10, 102–9. 

https://doi.org/10.1097/JTO.0000000000000357 

Pucci, M., Malagolini, N., Dall’Olio, F., 2021. Glycobiology of the Epithelial to Mesenchymal 

Transition. Biomedicines 9. https://doi.org/10.3390/biomedicines9070770 

Perez, A., Andrade-Da-Costa, J., de Souza, W., de Souza Ferreira, M., Boroni, M., de Oliveira, I., 

Freire-Neto, C., Fernandes, P., de Lanna, C., Souza-Santos, P., Morgado-Diaz, J., De-

Freitas-Junior, J.C., 2020. N-glycosylation and receptor tyrosine kinase signaling affect claudin-3 

levels in colorectal cancer cells. Oncol Rep. https://doi.org/10.3892/or.2020.7727 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

37 
 

Rabinovich, G.A., Toscano, M.A., 2009. Turning “sweet” on immunity: Galectin-glycan 

interactions in immune tolerance and inflammation. Nat Rev Immunol. 

https://doi.org/10.1038/nri2536 

Rabinovich, G.A., van Kooyk, Y., Cobb, B.A., 2012. Glycobiology of immune responses. Ann N 

Y Acad Sci. https://doi.org/10.1111/j.1749-6632.2012.06492.x 

Radhakrishnan, P., Dabelsteen, S., Madsen, F.B., Francavilla, C., Kopp, K.L., Steentoft, C., 

Vakhrushev, S.Y., Olsen, J. v., Hansen, L., Bennett, E.P., Woetmann, A., Yin, G., Chen, L., 

Song, H., Bak, M., Hlady, R.A., Peters, S.L., Opavsky, R., Thode, C., Qvortrup, K., 

Schjoldager, K.T.B.G., Clausen, H., Hollingsworth, M.A., Wandall, H.H., 2014. Immature 

truncated O-glycophenotype of cancer directly induces oncogenic features. Proc Natl Acad 

Sci U S A 111, E4066–E4075. https://doi.org/10.1073/PNAS.1406619111 

Radhakrishnan, P., Grandgenett, P.M., Mohr, A.M., Bunt, S.K., Yu, F., Chowdhury, S., 

Hollingsworth, M.A., 2013. Expression of core 3 synthase in human pancreatic cancer cells 

suppresses tumor growth and metastasis. Int J Cancer 133, 2824–2833. 

https://doi.org/10.1002/IJC.28322 

Raja Gopal Reddy, M., Mullapudi Venkata, S., Putcha, U.K., Jeyakumar, S.M., 2018. Vitamin A 

deficiency induces endoplasmic reticulum stress and apoptosis in pancreatic islet cells: 

Implications of stearoyl-CoA desaturase 1-mediated oleic acid synthesis. Exp Cell Res 364, 

104–112. https://doi.org/10.1016/J.YEXCR.2018.01.040 

Rodrigues, J.G., Balmaña, M., Macedo, J.A., Poças, J., Fernandes, Â., de-Freitas-Junior, J.C.M., 

Pinho, S.S., Gomes, J., Magalhães, A., Gomes, C., Mereiter, S., Reis, C.A., 2018. 

Glycosylation in cancer: Selected roles in tumour progression, immune modulation and 

metastasis. Cell Immunol 333, 46–57. https://doi.org/10.1016/J.CELLIMM.2018.03.007 

Ronsin, C., Muscatelli, F., Mattei, M.G., Breathnach, R., 1993. A novel putative receptor protein 

tyrosine kinase of the met family. Oncogene 8, 1195–202. 

Rose, T., Szelinski, F., Lisney, A., Reiter, K., Fleischer, S.J., Burmester, G.R., Radbruch, A., 

Hiepe, F., Grützkau, A., Biesen, R., Dörner, T., 2016. Original article: SIGLEC1 is a 

biomarker of disease activity and indicates extraglandular manifestation in primary 

Sjögren’s syndrome. RMD Open 2. https://doi.org/10.1136/RMDOPEN-2016-000292 

Roskoski, R., 2014. The ErbB/HER family of protein-tyrosine kinases and cancer. Pharmacol 

Res 79, 34–74. https://doi.org/10.1016/J.PHRS.2013.11.002 

Rossin, R., Lappchen, T., Van Den Bosch, S.M., Laforest, R., Robillard, M.S., 2013. Diels-alder 

reaction for tumor pretargeting: In vivo chemistry can boost tumor radiation dose compared with 

directly labeled antibody. Journal of Nuclear Medicine 54. 

https://doi.org/10.2967/jnumed.113.123745 

Ruhaak, L.R., Barkauskas, D.A., Torres, J., Cooke, C.L., Wu, L.D., Stroble, C., Ozcan, S., 

Williams, C.C., Camorlinga, M., Rocke, D.M., Lebrilla, C.B., Solnick, J. V., 2015. The 

serum immunoglobulin G glycosylation signature of gastric cancer. EuPA Open Proteom 6. 

https://doi.org/10.1016/j.euprot.2014.11.002 

Saitou, A., Hasegawa, Y., Fujitani, N., Ariki, S., Uehara, Y., Hashimoto, U., Saito, A., Kuronuma, K., 

Matsumoto, K., Chiba, H., Takahashi, M., 2022. N-glycosylation regulates MET processing and 

signaling. Cancer Sci 113, 1292–1304. https://doi.org/10.1111/cas.15278 

Saldova, R., Royle, L., Radcliffe, C.M., Abd hamid, U.M., Evans, R., Arnold, J.N., Banks, R.E., 

Hutson, R., Harvey, D.J., Antrobus, R., Petrescu, S.M., Dwek, R.A., Rudd, P.M., 2007. 

Ovarian cancer is associated with changes in glycosylation in both acute-phase proteins and 

IgG. Glycobiology 17. https://doi.org/10.1093/glycob/cwm100 

Saraswat, M., Mangalaparthi, K.K., Garapati, K., Pandey, A., 2022. TMT-Based Multiplexed 

Quantitation of N-Glycopeptides Reveals Glycoproteome Remodeling Induced by Oncogenic 

Mutations. ACS Omega 7, 11023–11032. https://doi.org/10.1021/acsomega.1c06970 

Sato, Y., Nakata, K., Kato, Y., Shima, M., Ishii, N., Koji, T., Taketa, K., Endo, Y., Nagataki, S., 

1993. Early Recognition of Hepatocellular Carcinoma Based on Altered Profiles of Alpha-

Fetoprotein. 328, 1802–1806. https://doi.org/10.1056/NEJM199306243282502 

Schjoldager, K.T.B.G., Clausen, H., 2012. Site-specific protein O-glycosylation modulates 

proprotein processing - Deciphering specific functions of the large polypeptide GalNAc-

transferase gene family. Biochim Biophys Acta Gen Subj. 

https://doi.org/10.1016/j.bbagen.2012.09.014 

Schoberer, J., Strasser, R., 2018. Plant glyco-biotechnology. Semin Cell Dev Biol. 

https://doi.org/10.1016/j.semcdb.2017.07.005 

Schwarz, F., Aebi, M., 2011. Mechanisms and principles of N-linked protein glycosylation. Curr 

Opin Struct Biol. https://doi.org/10.1016/j.sbi.2011.08.005 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

38 
 

Scott, A., Salgia, R., 2008. Biomarkers in lung cancer: from early detection to novel therapeutics 

and decision making. Biomark Med 2, 577. https://doi.org/10.2217/17520363.2.6.577 

Sengupta, P.K., Bouchie, M.P., Nita-Lazar, M., Yang, H.Y., Kukuruzinska, M.A., 2013. 

Coordinate regulation of N-glycosylation gene DPAGT1, canonical Wnt signaling and E-

cadherin adhesion. J Cell Sci 126, 484–496. https://doi.org/10.1242/JCS.113035 

Sewald, X., Ladinsky, M.S., Uchil, P.D., Beloor, J., Pi, R., Herrmann, C., Motamedi, N., 

Murooka, T.T., Brehm, M.A., Greiner, D.L., Shultz, L.D., Mempel, T.R., Bjorkman, P.J., 

Kumar, P., Mothes, W., 2015. Retroviruses use CD169-mediated trans-infection of 

permissive lymphocytes to establish infection. Science 350, 563–567. 

https://doi.org/10.1126/SCIENCE.AAB2749 

Shah, P., Wang, X., Yang, W., Eshghi, S.T., Sun, S., Hoti, N., Chen, L., Yang, S., Pasay, J., Rubin, A., 

Zhang, H., 2015. Integrated proteomic and glycoproteomic analyses of prostate cancer cells 

reveal glycoprotein alteration in protein abundance and glycosylation. Molecular and Cellular 

Proteomics 14. https://doi.org/10.1074/mcp.M115.047928 

Silva, M.L.S., Gutiérrez, E., Rodríguez, J.A., Gomes, C., David, L., 2014. Construction and validation 

of a Sambucus nigra biosensor for cancer-associated STn antigen. Biosens Bioelectron 57, 254–

61. https://doi.org/10.1016/j.bios.2014.02.006 

Slovin, S.F., Ragupathi, G., Adluri, S., Ungers, G., Terry, K., Kim, S., Spassova, M., Bornmann, 

W.G., Fazzari, M., Dantis, L., Olkiewicz, K., Lloyd, K.O., Livingston, P.O., Danishefsky, 

S.J., Scher, H.I., 1999. Carbohydrate vaccines in cancer: Immunogenicity of a fully 

synthetic globo H hexasaccharide conjugate in man. Proc Natl Acad Sci U S A 96. 

https://doi.org/10.1073/pnas.96.10.5710 

Stanley, P., 2007. A Method to the Madness of N-Glycan Complexity? Cell 129, 27-29. 

https://doi.org/10.1016/j.cell.2007.03.022 

Steele, G., Ellenberg, S., Ramming, K., O’Connell, M., Moertel, C., Lessner, H., Bruckner, H., 

Horton, J., Schein, P., Zamcheck, N., Novak, J., Holyoke, E.D., 1982. CEA monitoring 

among patients in multi-institutional adjuvant G.I. therapy protocols. Ann Surg 196, 162–

169. https://doi.org/10.1097/00000658-198208000-00008 

Steffensen, K.D., Waldstrøm, M., Brandslund, I., Jakobsen, A., 2011. Prognostic Impact of 

Prechemotherapy Serum Levels of HER2, CA125, and HE4 in Ovarian Cancer Patients. 

International Journal of Gynecologic Cancer 21, 1040–1047. 

https://doi.org/10.1097/IGC.0B013E31821E052E 

Takeuchi, H., Haltiwanger, R.S., 2014. Significance of glycosylation in Notch signaling. 

Biochem Biophys Res Commun 453, 235–242. 

https://doi.org/10.1016/J.BBRC.2014.05.115 

Tanaka, T., Yoneyama, Tohru, Noro, D., Imanishi, K., Kojima, Y., Hatakeyama, S., Tobisawa, 

Y., Mori, K., Yamamoto, H., Imai, A., Yoneyama, Takahiro, Hashimoto, Y., Koie, T., 

Tanaka, M., Nishimura, S.I., Kurauchi, S., Takahashi, I., Ohyama, C., 2017a. Aberrant N-

Glycosylation Profile of Serum Immunoglobulins is a Diagnostic Biomarker of Urothelial 

Carcinomas. International Journal of Molecular Sciences 2017, Vol. 18, Page 2632 18, 

2632. https://doi.org/10.3390/IJMS18122632 

Ten Hagen, K.G., Fritz, T.A., Tabak, L.A., 2003. All in the family: the UDP-GalNAc:polypeptide N-

acetylgalactosaminyltransferases. Glycobiology 13, 1R-16R. 

https://doi.org/10.1093/GLYCOB/CWG007 

Thapa, A., Soares, A.C., Soares, J.C., Awan, I.T., Volpati, D., Melendez, M.E., Fregnani, J.H.T.G., 

Carvalho, A.L., Oliveira, O.N., 2017. Carbon Nanotube Matrix for Highly Sensitive Biosensors 

To Detect Pancreatic Cancer Biomarker CA19-9. ACS Appl Mater Interfaces 9, 25878–25886. 

https://doi.org/10.1021/acsami.7b07384 

Thomas, D., Rathinavel, A.K., Radhakrishnan, P., 2021. Altered glycosylation in cancer: A 

promising target for biomarkers and therapeutics. Biochim Biophys Acta Rev Cancer 1875. 

https://doi.org/10.1016/J.BBCAN.2020.188464 

Thomsen, M., Skovlund, E., Sorbye, H., Bolstad, N., Nustad, K.J., Glimelius, B., Pfeiffer, P., Kure, 

E.H., Johansen, J.S., Tveit, K.M., Christoffersen, T., Guren, T.K., 2018. Prognostic role of 

carcinoembryonic antigen and carbohydrate antigen 19-9 in metastatic colorectal cancer: a 

BRAF-mutant subset with high CA 19-9 level and poor outcome. Br J Cancer 118, 1609–1616. 

https://doi.org/10.1038/s41416-018-0115-9 

Tian, E., Ten Hagen, K.G., 2009. Recent insights into the biological roles of mucin-type O-

glycosylation, in: Glycoconjugate Journal. pp. 325–334. https://doi.org/10.1007/s10719-

008-9162-4 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

39 
 

Todeschini, A.R., dos Santos, J.N., Handa, K., Hakomori, S.I., 2007. Ganglioside GM2-

tetraspanin CD82 complex inhibits Met and its cross-talk with integrins, providing a basis 

for control of cell motility through glycosynapse. Journal of Biological Chemistry 282, 

8123–8133. https://doi.org/10.1074/jbc.M611407200 

Tuccillo, F.M., de Laurentiis, A., Palmieri, C., Fiume, G., Bonelli, P., Borrelli, A., Tassone, P., 

Scala, I., Buonaguro, F.M., Quinto, I., Scala, G., 2014. Aberrant glycosylation as 

biomarker for cancer: focus on CD43. Biomed Res Int 2014. 

https://doi.org/10.1155/2014/742831 

Vuckovic, F., Theodoratou, E., Thaçi, K., Timofeeva, M., Vojta, A., Stambuk, J., Pucic-Bakovic, 

M., Rudd, P.M., Derek, L., Servis, D., Wennerström, A., Farrington, S.M., Perola, M., 

Aulchenko, Y., Dunlop, M.G., Campbell, H., Lauc, G., 2016. IgG glycome in colorectal 

cancer. Clinical Cancer Research 22. https://doi.org/10.1158/1078-0432.CCR-15-1867 

Wang, J., Peng, W., Yu, A., Fokar, M., Mechref, Y., 2022. Glycome Profiling of Cancer Cell 

Lines Cultivated in Physiological and Commercial Media. Biomolecules 12, 743. 

https://doi.org/10.3390/biom12060743 

Wang, L., Shan, J., Feng, F., Ma, Z., 2016. Novel redox species polyaniline derivative-Au/Pt as sensing 

platform for label-free electrochemical immunoassay of carbohydrate antigen 199. Anal Chim 

Acta 911, 108–113. https://doi.org/10.1016/j.aca.2016.01.016 

Wang, R., Wen, P., Yang, G., Feng, Y., Mi, Y., Wang, X., Zhu, S., Chen, Y.Q., 2022. N-glycosylation 

of GDF15 abolishes its inhibitory effect on EGFR in AR inhibitor-resistant prostate cancer cells. 

Cell Death Dis 13. https://doi.org/10.1038/S41419-022-05090-3 

Wang, W.-Y., Tan, M.-S., Yu, J.-T., Tan, L., 2015. Role of pro-inflammatory cytokines released from 

microglia in Alzheimer’s disease. Ann Transl Med 3, 136. https://doi.org/10.3978/j.issn.2305-

5839.2015.03.49 

Wang, Y., Xu, F., Xiao, K., Chen, Y., Tian, Z., 2019. Site- and structure-specific characterization of N-

glycoprotein markers of MCF-7 cancer stem cells using isotopic-labelling quantitative N-

glycoproteomics. Chem Commun (Camb) 55, 7934–7937. https://doi.org/10.1039/c9cc04114a 

Williams, S.A., Stanley, P., 2008. Complex N-glycans or core 1-derived O-glycans are not 

required for the expression of stage-specific antigens SSEA-1, SSEA-3, SSEA-4, or LeY in 

the preimplantation mouse embryo. Glycoconjugate Journal 26, 335–347. 

https://doi.org/10.1007/S10719-008-9181-1 

Wu, M., Tong, X., Wang, D., Wang, L., Fan, H., 2020. Soluble intercellular cell adhesion molecule-1 

in lung cancer: A meta-analysis. Pathol Res Pract 216, 153029. 

https://doi.org/10.1016/j.prp.2020.153029 

Xiao, K., Tian, Z., 2019. GPSeeker Enables Quantitative Structural N-Glycoproteomics for Site- and 

Structure-Specific Characterization of Differentially Expressed N-Glycosylation in 

Hepatocellular Carcinoma. J Proteome Res 18, 2885–2895. 

https://doi.org/10.1021/acs.jproteome.9b00191 

Xu, Y., Gao, Z., Hu, R., Wang, Yuqing, Wang, Yuhong, Su, Z., Zhang, X., Yang, J., Mei, M., Ren, Y., 

Li, M., Zhou, X., 2021. PD-L2 glycosylation promotes immune evasion and predicts anti-EGFR 

efficacy. J Immunother Cancer 9. https://doi.org/10.1136/jitc-2021-002699 

Xue, B., Xiao, K., Wang, Y., Tian, Z., 2020. Site- and structure-specific quantitative N-

glycoproteomics study of differential N-glycosylation in MCF-7 cancer cells. J Proteomics 212, 

103594. https://doi.org/10.1016/j.jprot.2019.103594 

Yang, H., Li, Z., Wei, X., Huang, R., Qi, H., Gao, Q., Li, C., Zhang, C., 2013. Detection and 

discrimination of alpha-fetoprotein with a label-free electrochemical impedance 

spectroscopy biosensor array based on lectin functionalized carbon nanotubes. undefined 

111, 62–68. https://doi.org/10.1016/J.TALANTA.2013.01.060 

Yu, H., Li, M., Wen, X., Yang, J., Liang, X., Li, X., Bao, X., Shu, J., Ren, X., Chen, W., Li, Z., Li, Y., 

2022. Elevation of α-1,3 fucosylation promotes the binding ability of TNFR1 to TNF-α and 

contributes to osteoarthritic cartilage destruction and apoptosis. Arthritis Res Ther 24, 93. 

https://doi.org/10.1186/s13075-022-02776-z 

Yu, S., Fan, J., Liu, L., Zhang, L., Wang, S., Zhang, J., 2013. Caveolin-1 up-regulates integrin 

α2,6-sialylation to promote integrin α5β1-dependent hepatocarcinoma cell adhesion. FEBS 

Lett 587, 782–787. https://doi.org/10.1016/J.FEBSLET.2013.02.002 

Yuan, Y., Wu, L., Shen, S., Wu, S., Burdick, M.M., 2016. Effect of alpha 2,6 sialylation on 

integrin-mediated adhesion of breast cancer cells to fibronectin and collagen IV. Life Sci 

149, 138–145. https://doi.org/10.1016/J.LFS.2016.02.071 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

40 
 

Yu Koh, X., Koh, X.H., Spiegelberg, D., Jha, P., Nestor, M., Hwang, L., Tan, B.X., Lane, D.P., 2022. 

Conformation specific antagonistic high affinity antibodies to the RON receptor kinase for 

imaging and therapy. Sci Rep 12, 22564. https://doi.org/10.1038/s41598-022-26404-7 

Zaleski, M., Kobilay, M., Schroeder, L., Debald, M., Semaan, A., Hettwer, K., Uhlig, S., Kuhn, 

W., Hartmann, G., Holdenrieder, S., Zaleski, M., Kobilay, M., Schroeder, L., Debald, M., 

Semaan, A., Hettwer, K., Uhlig, S., Kuhn, W., Hartmann, G., Holdenrieder, S., 2018. 

Improved sensitivity for detection of breast cancer by combination of miR-34a and tumor 

markers CA 15-3 or CEA. Oncotarget 9, 22523–22536. 

https://doi.org/10.18632/ONCOTARGET.25077 

Zhang, H., Liu, T., Zhang, Z., Payne, S.H., Zhang, Bai, McDermott, J.E., Zhou, J.-Y., Petyuk, V.A., 

Chen, Li, Ray, D., Sun, S., Yang, F., Chen, Lijun, Wang, J., Shah, P., Cha, S.W., Aiyetan, P., 

Woo, S., Tian, Y., Gritsenko, M.A., Clauss, T.R., Choi, C., Monroe, M.E., Thomas, S., Nie, S., 

Wu, C., Moore, R.J., Yu, K.-H., Tabb, D.L., Fenyö, D., Bafna, V., Wang, Y., Rodriguez, H., 

Boja, E.S., Hiltke, T., Rivers, R.C., Sokoll, L., Zhu, H., Shih, I.-M., Cope, L., Pandey, A., Zhang, 

Bing, Snyder, M.P., Levine, D.A., Smith, R.D., Chan, D.W., Rodland, K.D., CPTAC 

Investigators, 2016. Integrated Proteogenomic Characterization of Human High-Grade Serous 

Ovarian Cancer. Cell 166, 755–765. https://doi.org/10.1016/j.cell.2016.05.069 

Zhang, K., Zhou, Y.-Q., Yao, H.-P., Wang, M.-H., 2010. Alterations in a defined extracellular region 

of the RON receptor tyrosine kinase promote RON-mediated motile and invasive phenotypes in 

epithelial cells. Int J Oncol 36, 255–64. 

Zhang, S., Jiang, K., Zhang, Q., Guo, K., Liu, Y., 2015. Serum fucosylated paraoxonase 1 as a 

potential glycobiomarker for clinical diagnosis of early hepatocellular carcinoma using 

ELISA Index. Glycoconjugate Journal 2015 32:3 32, 119–125. 

https://doi.org/10.1007/S10719-015-9576-8 

Zhao, Y., Sato, Y., Isaji, T., Fukuda, T., Matsumoto, A., Miyoshi, E., Gu, J., Taniguchi, N., 2008. 

Branched N-glycans regulate the biological functions of integrins and cadherins. FEBS J 

275, 1939–1948. https://doi.org/10.1111/J.1742-4658.2008.06346.X 

Zhou, J., Yang, W., Hu, Y., Hoti, N., Liu, Y., Shah, P., Sun, S., Clark, D., Thomas, S., Zhang, H., 2017. 

Site-Specific Fucosylation Analysis Identifying Glycoproteins Associated with Aggressive 

Prostate Cancer Cell Lines Using Tandem Affinity Enrichments of Intact Glycopeptides 

Followed by Mass Spectrometry. Anal Chem 89. https://doi.org/10.1021/acs.analchem.7b01493 

Zhou, J.Y., Oswald, D.M., Oliva, K.D., Kreisman, L.S.C., Cobb, B.A., 2018. The Glycoscience 

of Immunity. Trends Immunol 39, 523–535. https://doi.org/10.1016/J.IT.2018.04.004 

Zhou, S., Zhu, J., Xu, J., Gu, B., Zhao, Q., Luo, C., Gao, Z., Chin, Y.E., Cheng, X., 2022. Anti-tumour 

potential of PD-L1/PD-1 post-translational modifications. Immunology 167, 471–481. 

https://doi.org/10.1111/imm.13573 

Zhou, X., Naguro, I., Ichijo, H., Watanabe, K., 2016. Mitogen-activated protein kinases as key players 

in osmotic stress signaling. Biochim Biophys Acta 1860, 2037–52. 

https://doi.org/10.1016/j.bbagen.2016.05.032 

Zhu, J., Warner, E., Parikh, N.D., Lubman, D.M., 2019. Glycoproteomic markers of hepatocellular 

carcinoma-mass spectrometry based approaches. Mass Spectrom Rev 38, 265–290. 

https://doi.org/10.1002/MAS.21583 

Zhuang, H., Gao, J., Hu, Z., Liu, J., Liu, D., Lin, B., 2013. Co-Expression of Lewis y Antigen with 

Human Epididymis Protein 4 in Ovarian Epithelial Carcinoma. PLoS One 8. 

https://doi.org/10.1371/journal.pone.0068994 

  

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

41 
 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

 
  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

42 
 

 O- and N-linked glycosylation orchestrate proteoforms and their functions 

 Incomplete/neosynthesis of glycan protein lead to immune dysregulation 

and cancer 

 Signaling via PDGF, FGFR, EGFR, MET, RON, or IGFR receptors needs 

glycosylation 

 Multi-omics of tumors reveal heterogeneity in the glycosylation pattern  

 Tumor-specific glycans interact with CD43, CD45, selectins, galectins and 

siglecs 
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