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Resumo 

Atualmente, a Glicobiologia desempenha um papel fulcral na investigação do cancro, 

dada a sua participação em diversos mecanismos e o seu acesso a uma ampla gama 

de alvos de elevado interesse diagnóstico e terapêutico. As aberrações na glicosilação 

de proteínas e polissacáridos desempenham um papel determinante na génese do 

tumor pancreático, influenciando a progressão do cancro, metástase, resposta imune 

e resistências a quimioterapia. A expressão anormal de glicanos pode afetar a 

atividade de várias glicoproteínas, incluindo mucinas, recetores de superfície, 

adesinas, proteoglicanos, bem como dos seus alvos e ligandos, culminando assim 

num aumento da agressividade do cancro e num microambiente favorável para o 

crescimento tumoral. Recentes avanços na área glicoproteómica, glicómica e noutras 

técnicas de bioquímica, abriram caminho para uma compreensão mais próxima do 

mecanismo complexo de eventos de glicosilação que rodeiam a génese tumoral, e a 

forma como estes coordenam as atividades moleculares a nível genómico, proteómico 

e metabólico implicadas no adenocarcinoma pancreático. Várias estratégias foram 

exploradas visando a glicosilação de proteínas e polissacáridos para o 

desenvolvimento diagnóstico e terapêutico do cancro pancreático. 

Palavras-chave: Glicosilação; cancro pancreático; glicoproteínas. 



  

Abstract 

Nowadays, glycobiology plays a major role in cancer research, given its part in many 

cancer mechanisms and its access to a series of targets with valuable diagnostic and 

therapeutic purposes. Aberrations in protein glycosylation and polysaccharides play a 

decisive role in pancreatic tumorigenesis, through influencing cancer progression, 

metastasis, immunoresponse and chemoresistance. Abnormal expression in sugar 

moieties can impact the activity of various glycoproteins, including mucins, surface 

receptors, adhesive proteins, proteoglycans, as well as their effectors and binding 

ligands, culminating in an increase in pancreatic cancer invasiveness and a cancer 

privileged microenvironment. Recent progress in glycoproteomics, glycomics and 

other chemical biology techniques has cleared the path to better understand the 

complex mechanism of glycosylation events and how they mediate molecular activities 

in genomics, proteomics and metabolomics implicated in pancreatic adenocarcinoma. 

A wide range of strategies have been demonstrated targeting protein glycosylation and 

polysaccharides for diagnostic and therapeutic development. 

Keywords: Glycosylation; Pancreatic Cancer; Glycoproteins. 
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1 Introduction 

Nowadays, glycobiology plays a major role in cancer research, given its part in many 

cancer mechanisms and its access to a series of targets with valuable diagnostic and 

therapeutic purposes. 

Glycosylation steps up as a crucial regulatory mechanism, as it controls most 

physiopathological processes. Human glycome keeps an impressive amount of 

biological information, linking disease to defects in glycosylation, making it 

indispensable to be researched.  

Most secretory and membrane-bound proteins produced by mammalian cells contain 

covalently linked sugar chains with diverse structures. The glycosylation form and 

density of glycans on a protein can be altered significantly in association with changes 

in cellular pathways and processes resulted from diseases, such as malignancy. In 

fact, altered glycosylation patterns have long been recognized as hallmarks in 

epithelial cancer (1–4), including pancreatic ductal adenocarcinoma (PDAC), which 

accounts for about 90% of pancreatic cancer. 

Glycan diversity arises from differences in monosaccharide composition (for example, 

galactose (Gal) or N-acetylgalactosamine (GalNAc)), in linkage between 

monosaccharides (for example, between carbons 1 and 3 or carbons 1 and 4), in 

anomeric state, in branching structures, in other substitutions (such as sulfation state) 

and in linkage to their aglycone part (protein or lipid). (5) 

Understanding the biological functions of each glycan along with the glycan-binding 

proteins (including galectins and sialic acid-binding immunoglobulin-type lectins 

(siglecs)), promises to accomplish important contributions to the cancer field. (6) 

The various types of glycoconjugates interfere with key cancer cell mechanisms, along 

with tumor microenvironment, resulting in cancer progression. This thesis is focused 

on the role of glycans in the genesis and progression of cancer, as well as the 

developments in glycobiology and their applications in the oncology field. 

 

1.1 Cell glycome and glycosylation 

The cellular membrane exhibits a glycan component that is considered a cellular 

fingerprint of cells of different tissues and different organs. 
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Glycosylation is the enzyme-catalyzed covalent attachment of a carbohydrate to a 

polypeptide, lipid, polynucleotide, carbohydrate, or other organic compound, generally 

catalyzed by glycosyltransferases, using specific sugar nucleotide donor substrates. 

(5) Protein glycosylation occurs in the endoplasmic reticulum and Golgi apparatus in 

multiple enzymatic steps. The resulting glycoconjugates are categorized according to 

the nature and linkage to their aglycone (non-glycosyl) part. Glycoproteins, linked to 

the cell membrane, carry glycans covalently attached, via nitrogen or oxygen linkages, 

to a polypeptide backbone, resulting in N-glycans or O-glycans, respectively. (7) 

N-linked glycans are attached to the amide group of asparagine residues in a defined 

Asn-X-Ser/Thr sequence (where X can be any aminoacid except proline). O-linked 

glycans are bound to the hydroxyl group on serine or threonine residues (8). One 

unique subclass of O-glycosylation is the phosphorylation-like, reversible O-

GlcNAcylation (9). Less common forms of glycosylation include 

glycosylphosphatidylinositol anchors attached to protein carboxyl terminus, C-

glycosylation that occurs on tryptophan residues (10) and S-linked glycosylation 

through a sulfur atom on cysteine or methionine (11). In addition to protein 

glycosylation, proteoglycans and hyaluronan are major components of the extracellular 

matrix (ECM), which are implicated in cell proliferation and migration. 

An average protein O-glycosylation begins via GalNAc, which is the first 

monosaccharide that binds serine or threonine in specific forms of protein O-

glycosylation, and it can be elongated into a multitude of diverse structures. (12) The 

different types of O-glycans are attached by distinct paths, such as via O-mannose or 

the nucleocytoplasmic glycan O-linked β-N-acetylglucosamine (O-GlcNAc). (13) 

Furthermore, other considerable classes of glycoconjugates include the proteoglycans 

and glycosphingolipids. The proteoglycans have one or more glycosaminoglycan 

(GAG), such as heparan sulfate, keratan sulfate and chondroitin sulfate. (5)  

The glycosphingolipids are composed of a glycan linked to a lipid ceramide, which is a 

sphingosine and a fatty acid linked. (14) Glycosphingolipids are classified according to 

their glycan part of the molecule, both structurally and functionally. (5) Typically the 

first sugars linked to ceramide are β-linked galactose (galactosylceramide) or glucose 

(glucosylceramide). In vertebrate glycosphingolipids, the glucose moiety is typically 

switched by a β-galactose, conceiving a lactosylceramide (D-galactosyl‑1,4‑β-D-

glucosylceramide). Glycosphingolipids also include a series of neutral ‘core’ structures 

and gangliosides, which usually carry one or more sialic acids and have been shown 

to regulate receptor tyrosine kinase (RTK) signaling. (15) 
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Figure 1. Glycan classes present on the cellular membrane – The main classes of glycans are 

represented on this figure: glycosaminoglycans (GAGs), N-glycans, O-glycans, glycosphingolipids, and 

glycosylphosphatidylinositol (GPI) anchor. Heparin sulfate, chondroitin sulfate, hyaluronic acid, dermatan 

sulfate, and keratin sulfate, are the GAGs portrayed. NS, 2S, 4S, and 6S illustrate the sulfation positions 

on the GAGs chains. Representative examples of complex-type N (bi–tri–tetra–antennary) and high-

mannose N-glycans are illustrated. Also depicted are core 1–4 O-glycans, O-mannose, O-fucose, and O-

glucose structures. Glycan linkages are identified by the anomeric configuration (a or b) of the donor 

saccharide and by the ring position (1–6) of the acceptor sugar. The GPI anchor and examples of 

glycosphingolipids are also represented. (figure adapted from “Glycosylation and Integrin Regulation in 

Cancer”, Marsico, G; Russo, L; Quondamatteo, F; Pandit, A.; 2018, Elsevier) 

 

2 Modified glycosylation in cancer 

Over more than six decades, changes in glycosylation were associated with oncogenic 

events. (16,17) Those associations were supported with the major innovation that is 

monoclonal antibody technology, which proved that tumor-specific antibodies were 

linking straight to carbohydrate epitopes and, in most cases, these were oncofetal 

antigens existent on tumor glycoproteins and glycosphingolipids. (18) 

The glycosylation of proteins broadens the molecular heterogeneity along with the 

functional diversity within cell populations. This event occurs due to the specificity of 

the aberrant glycan modifications, site, cell and protein wise.  

Asn asparagine; ECM extracellular matrix; Etn–P phosphoethanolamine; 

PI phosphatidylinositol; Ser, serine; Thr, threonine 
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Two main mechanisms of tumor-associated modifications of carbohydrate structures 

were first described by Hakomori and Kannagi, as incomplete synthesis and neo-

synthesis process.(19) The incomplete synthesis process, characteristic of early 

stage cancers, is a result of the impairment of a normal synthesis of complex glycans 

expressed in normal epithelial cells, leading to the biosynthesis of truncated glycans, 

such as sialyl Tn (STn) expression in breast cancer. (20) As for neo-synthesis, 

occurring more often in advanced stages of cancer, is the cancer-associated induction 

of genes implicated in the expression of carbohydrate determinants, such as the de 

novo expression (expression of protein sequences not based on existing natural 

sequences) of certain antigens like sialyl Lewis a (SLea) and SLex in various cancers. 

(21) 

Generally, the modifications from the common glycosylation pathway takes place in 

cancer cells, leading to altered expression due to various factors. In the first place, 

altered expression of glycans can be a result of under or overexpression of 

glucosyltransferases (due to dysregulation at the transcriptional level (21–24), 

alteration of chaperone function (25,26), and/or modified glycosidase activity (27)). 

Secondly, altered glycan expression can also be attributed to changes in the tertiary 

conformation of the peptide backbone and the conformation of the nascent glycan 

chain. Moreover, the diversity of various acceptor substrates in conjunction with the 

availability and abundance of the sugar nucleotide donors and cofactors can 

cause differences in the glycosylation pathway. (28) Lastly, the expression and 

localization of the key glucosyltransferases in the Golgi apparatus can also lead to 

changes in glycan expression.(29,30)  

Modified localization and/or shifts in the activity of the glucosyltransferases stems the 

synthesis of immature core glycan structures. (31,32) Research shows that early acting 

enzymes synthesizing core O-glycans, as the GalNAc transferases, core 1 GalNAc 

β1,3‑galactosyltransferase 1 (C1GalT1) and core 2 β1,6‑N-

acetylglucosaminyltransferase (C2GnT), are enriched in cis- and medial-Golgi 

cisternae. (30–33) The overexpression of α-GalNAc α-2,6‑sialyltransferase I 

(ST6GalNAc‑I; encoded by ST6GALNAC1), which is the enzyme responsible for STn 

biosynthesis, leads to expression of enzymes in all Golgi cisternae, inevitably 

disrupting glycosylation by early adding sialic acid to form the STn antigen. (21,34) 

The most common glycosylation alterations in cancer are sialylation, fucosylation, 

O-glycan truncation, and N- and O-linked glycan branching. (35–37) 
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2.1 Sialylation 

Sialylation plays a crucial role in cellular glycosylation, since sialylated carbohydrates 

are involved in cellular recognition, cell adhesion and cell signaling. Moreover, it has 

been closely associated with cancer an increase in global sialylation, particularly in 

α2,6- and α2,3-linked sialylation, as a result of altered glycosyltransferases expression. 

(38) 

The lactosamine chains are commonly terminated with a sialic acid. For instance, 

β‑galactoside α2,6‑sialyltransferase I (ST6Gal‑I) is an enzyme with an altered 

expression in many cancers, such as colon, ovarian and stomach, and it gives origin 

to α2,6‑sialylated lactosamine (Sia6LacNAc). Furthermore, this enzyme is disclosed 

as a predictive marker of very poor prognosis in colon cancer. (39,40) 

SLea and SLex are other two major sialylated antigens closely associated with 

malignant cancers, and SLex expression levels have been correlated with poor 

prognosis in cancer patients. (41,42) 

SLex is a ligand for selectins (43), which are a family of three proteins that mediate 

adhesive interactions between leukocytes and the endothelium and between 

leukocytes and platelets in the blood vascular compartment, known as L(leukocyte)-, 

P(platelet)-, and E(endothelial)-selectin. (43) Thus, selectins are vascular cell adhesion 

molecules that belong to a family of C-type lectins, that require calcium for binding. In 

inflammatory events, these proteins mediate the attachment of leukocytes to the 

endothelium throughout the process of leukocyte extravasation. (43) The metastatic 

cascade in cancer is regulated by SLex interactions with selectins, through the 

formation of emboli of cancer cells and platelets, causing their arrest on endothelia, 

thus determining the malignant behaviour and metastasis development.(44) The use 

of specific GAGs (Glycosaminoglycans), such as heparin, has been shown to 

attenuate tumor metastasis in animal models, through the inhibition of P-selectin-

mediated interactions of platelets with carcinoma cell-surface ligands. (45) 

The SLea tetrasaccharide, detectable by the serological assay CA19-9 (it detects the 

epitope of SLea on mucins, and other adhesive molecules such as carcinoembryonic 

antigen), is closely associated with cancer, and is currently widely used in the clinical 

practice. The CA19-9 assay is mostly used as a monitor for clinical response to therapy 

in patients with an established diagnosis of pancreatic, gastric, colorectal or biliary 

cancer. (46,47) Also, high preoperative concentrations of CA19-9 have been shown 

to be closely related with poor prognosis in gastric and colon carcinoma. (48) 
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Another form of increased sialylation is the elevated expression of polysialic acid in 

cancer, which is correlated with many types of cancer and is regularly expressed in 

high-grade tumours. Polysialic acid is frequently present in neural cell adhesion 

molecule 1 (NCAM1), resulting in aggressiveness and poor clinical outcomes in 

cancer, including neuroblastomas, gliomas and lung cancer. (49,50) 

Gangliosides, acidic glycosphingolipids containing one or more sialic acid (N-

acetylneuraminic acid or N-glycolylneuraminic acid) residue(s) in their carbohydrate 

moiety, are too overexpressed in tumours such as neuroblastomas, melanomas and 

breast cancer, where they mediate cell proliferation, tumor growth and cancer cell 

migration. (15,51,52) 

2.2 Fucosylation 

Fucosylation is another event associated with cancer. Fucosyltransferases are the 

enzymes responsible for the synthesis of Fucosylated glycans, and they include Fuc-

Ts, Fuc-TI–Fuc-TXI (encoded by FUT1–FUT11, in which FUT3 is disclosed as the 

Lewis gene, Le). As a non-extendable modification, fucosylation is typically subdivided 

into: terminal fucosylation (creating specific Lewis blood-group antigens, such as Lex 

and Ley, and Lea and Leb) and core fucosylation. (53) The last steps of the 

biosynthesis of SLe antigens consist of the α1,3- or α1,4-fucosylation of a previously 

α2,3-silaylated type 1 (SLea) or type 2 (SLex) chains. (54)  

It has been demonstrated that the elevated expression of SLex in adult T cell leukemia 

cells is apparently dependent on Fuc-TVII activity. This leukemia is provoked by the 

human T-lymphotropic virus 1 (HTLV-1), and this virus encodes a transcriptional 

activator protein, TAX, that regulates the FUT7 gene encoding Fuc-TVII, the enzyme 

responsible for controlling the SLex synthesis in leukocytes. (55) 

The expression of SLex appears to be mainly regulated by Fuc-TVI, the 

fucosyltransferases that is encoded by FUT6, in breast tumours. (56) Nonetheless, 

in gastrointestinal cancer, the synthesis of SLe antigens can depend on the 

integrated expression of various glycosyltransferases. In colon cancer tissues, the 

glycolipidic expression of SLex and of SLea antigens is associated to the activation of 

a certain β1,3GlcNAc transferase. This last enzyme is responsible for the synthesis of 

a sugar chain that is a precursor for both type 1 ad 2 Lewis structures. (57) In the 

gastritis caused by the bacteria Helicobacter pylori,(58,59) a similar mechanism 

occurs. The bacterium expresses adhesins able to recognize glycan receptors 

expressed by the gastric epithelium, ergo provoking gastric ulcers and, potentially, 
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gastric carcinogenesis. (60) Fuc-TVI is also closely associated as a dominant enzyme 

modulating the SLex biosynthesis in colorectal cancer (CRC). (61) 

Core fucosylation is disclosed as the addition of a α1,6-fucose to a core GlcNAc 

residue of a N-Glycan, as a result of Fuc-TVIII’s (encoded by FUT8) action. It can be 

observed in cancers like lung cancer and breast cancer, the overexpression of FUT8 

and core fucosylation.(62,63) This increased core fucosylation can be observed in the 

serum levels during an event of hepatocarcinogenesis. (64) Curiously, core 

fucosylation of α-fetoprotein is an approved biomarker for the early diagnosis of 

hepatocellular carcinoma (HCC), distinguishing it from chronic hepatitis and liver 

cirrhosis. (65) Furthermore, in breast cancer, increased core fucosylation of epidermal 

growth factor receptor, the also known as EGFR, is correlated to increased 

dimerization and phosphorylation, resulting in increased EFGR-mediated signaling 

giving origin to malign cell growth and tumours. (62,63) 

2.3 Branching and bisecting GlcNAc N-glycans 

In malignant cancer, it is frequent to observe an increased expression of complex β1,6-

branched N-linked glycans, thus making it a very common glycosylation change in 

cancer cells.(35,66) 

The raised expression of GlcNAc-branching N-glycan, is a consequence of an 

increment in the activity of GnT-V (N-acetylglucosaminyltransferase V), which is 

encoded by the mannoside acetylglucosaminyltransferase 5 (MGAT5) gene. The RAS-

RAF-MAPK signaling pathway is responsible for the regulation of MGAT5 expression, 

and it is activated during cancer processes. (66) As the branched N-glycans start to be 

expressed, they are further modified by the β-1,4-GalTs, and elongated with poly-N-

acetyllactosamine (repeats of Galβ1,4GlcNAcβ1,3) through the action of β1,3-GnTs, 

being further terminated with sialic acid and fucose.  

The poly-N-acetyllactosamine structure connects with galectins. Galectins are a 

group of conserved carbohydrate-binding proteins, with important roles in cancer, such 

as contributing to neoplastic transformation, tumor cell survival, angiogenesis and 

tumor metastasis. The binding between a poly-N-acetyllactosamine and a galectin 

forms galectin-glycan structures named “lattices”. (67)  

It has been reported that the overexpression of MGAT5 in an immortalized lung 

epithelial cell line resulted in the loss of contact inhibition, increased cell motility and 

tumor formation in athymic mice (68), and also it enhanced invasion and metastasis 

in mouse mammary carcinoma cells. (69) Furthermore, GnT-V was found to be a 
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regulator element in breast carcinoma formation in a Her2-transgenic mouse 

mammary tumor model. (70) Moreover, downregulation of GnT-V in mouse mammary 

cancer cell lines showed a significant suppression of tumor growth and metastasis. 

(69) The progression of breast cancer and its metastasis induced by a viral oncogene 

in transgenic mice is considerably noticeably suppressed in MGAT5-deficient 

background. (71) Also, GnT-V-mediated glycosylation has been shown to regulate the 

cancer stem cell compartment and tumor progression trough WNT signaling. (72) 

As opposed to the function of GnT-V, GnT-III (which is encoded by MGAT3) catalyses 

the addition of bisecting GlcNAc N-glycans in a β-1,4 linkage, inhibiting the additional 

processing and elongation of N-glycans, like the β1,6-branching structures. GnT-III 

assumes an opposite role to GnT-V in cancer, as it is involved in the suppression of 

cancer metastasis. (73) It was tested in mouse melanoma cells the transfection of 

MGAT3 into this high metastatic potential tissue, and it resulted in a significant 

reduction of β1,6GlcNAc branching (as a result of the enzymatic competition between 

GnT-III and GnT-V), which led to a notable suppression of lung metastasis in mice. 

The mechanism of tumor metastasis suppression carried out by GnT-III is through the 

regulation of key proteins, such as EGFR, integrins and cadherins (63,74), as will 

be explained further. 

2.4 Truncated O-glycans 

The overexpression of truncated O-glycans is another prevalent trait of tumors. The 

GalNAc-type O-glycans, also known as mucin-type O-glycans, are most commonly 

found in transmembrane and secreted glycoproteins. Throughout the malignant phase 

of tumors, abnormal glycosylation also takes place in glycoproteins with aberrant 

expression of shortened or truncated glycans, such as the disaccharide Thomsen-

Friedenreich antigen (T antigen, also known a core 1) and the monosaccharide 

GalNAc (also known as Tn), and their respective sialylated forms (ST and STn 

(Neu5Acα2-6GalNAcα-O-R)), which result from the incomplete synthesis of O-

glycans.(75) 

The enzymes responsible for initiating the mucin-type O-glycosylation (7,12), 

polypeptide GalNAc transferases (also known as ppGalNAcTs), have often an altered 

expression in cancer events. (76,77) The ppGalNAcTs handle the sites and density 

of O-glycan occupancy (7,12), and any alteration in their expression leads to 

alteration in O-glycosylation. Another way of inducing the expression of truncated 

glycans exposure is through the enzymatic competition for the same substrate, and 

exposure of protein epitopes that would otherwise be hidden in the normally 
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glycosylated protein. The activities of both C2GnT and α2,3-sialyltransferase I 

(ST3Gal-I) have been reported as to determine the O-glycan structure in cancer cells. 

(78) These relative activities are in the foundation of the aberrant expression of tumor-

associated epitopes in glycoproteins, such as mucins in breast (78) and gastric cancer. 

(79) 

STn is hardly ever expressed in healthy tissues, but it can be detected in most 

carcinomas, namely those from the pancreas (80,81), stomach (82,83), colorectum 

(82,84), breast (34), bladder (85) and ovary (86), associating it with increased cell 

adhesion, increased tumor growth, increased tumor cell migration, invasion and poor 

prognosis. The overexpression of ST6GalNAc‑I results in the aberrant synthesis of 

STn in cancer. When a mutation occurs in the T-synthase C1GalT1-specific 

chaperone 1 (C1GALT1C1), it can block further the O-glycan elongation and shift the 

pathway towards the generation of Tn, and this can also lead to STn expression 

through the action of ST6GalNAc‑I.(87,88) Hence, STn is being considered as a crucial 

prognostic marker and target for the design of anticancer vaccines. (89) 

The following table summarizes some of the different types of biomarkers according to 

their glycosylation mechanism and type of cancer.  
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Table 1 – Different biomarkers from different types of cancer, according to their type of glycosylation  

Biomarker Type of cancer Glycosylation Reference 

Sialylation 

↑β galactoside α2,6 
sialyltransferase I (ST6GAL-I) 

Colon, ovarian, gastric Sialylation of the lactosaminic chains 
(Sia6LacNAc) 

20,21,82 

CA19-9 Pancreatic, gastric, colon, biliary SLea sialyl lewis antigen  47,46 

Polysialic acid Neuroblastomas, gliomas, lung Sialylation; on the surface of NCAM1 (neural 
cell adhesion molecule 1) 

49,50 

Gangliosides Neuroblastomas, melanomas, breast Sialylation on the carbohydrate portion 15,51 

Fucosylation 

SLex  T Cells in leukemia  Fucosylation through the action of FUC TVII 55 

SLex Breast  Fucosylation through the action of FUC TVI 56 

β1,3 GlcNAc transferase Colon  Synthesis of SLex and SLea; also regulated 
by FUC TVI 

57 

α-fetoprotein  Liver  Core fucosylation 65 

EGFR (epidermal growth 
factor receptor) 

Breast  Core fucosylation → dimerization and 
phosphorylation  

62,63 

Branching 

GnT-V (1,6-N-
acetylglucosaminyltransferase 
V) 

Breast Branching of GlcNAc N-glycans  70 

Truncated O-glycans 

C2GnT Breast, Gastric Branched O-glycans 78,79 

α-2,3-sialyltransferase I 
(ST3Gal-I) 

Breast, Gastric Branched O-glycans  78 

STn  Pancreas, stomach, colon, breast, 
bladder, ovarian 

Branched O-glycans, Sialylation 82,20,84,34,85,86 

ST6 GalNAc-I  Gastric Increases STn levels 82 
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3 Impact of glycosylation in cancer cells  

Inflammation, immune surveillance, cell-cell adhesion (74,90,91), cell-matrix 

interaction (74), inter- and intracellular signaling (92–95) and cellular metabolism, are 

all processes involved in cancer events, and they all involve glycans in their 

mechanisms. (96,97) Glycans modulate the functional activity of proteins through the 

modification of protein conformation and structure (98), making it crucial to understand 

the glycan-based interactions in cancer, as it can contribute immensely to understand 

the cancer processes.  

3.1 Glycosylation in tumor cell-cell adhesion  

What defines a malignant tumor is its ability to overcome cell-cell adhesion and to 

invade the surrounding tissue. Epithelial cadherin (E-cadherin) is a transmembrane 

glycoprotein (99)  and a predominant epithelial cell-cell adhesion molecule in cancer. 

(100) As such, when glycans interfere with E-cadherin functions they have a crucial 

impact on tumor cell-cell adhesion, as they cause loss of cell-cell adhesion. 

3.1.1 GnT-V expression 

The GnT-V overexpression in gastric cells (mentioned above) promotes E-cadherin 

cellular mislocalization from the membrane into the cytoplasm, thus causing its 

functional impairment. (90,91) The binding between E-cadherin and GnT-V-mediated 

β1,6GlcNAc-branched N-glycans generates non-functional adherens junctions, 

hence compromising cell-cell adhesion (90,91,101) and downregulating signaling 

pathways (102), leading to tumor invasiveness and metastases. (103) There is a way 

of avoiding this abnormal glycosylation through a specific Asp site, thus improving 

E-cadherin functions in cancer. (104) Curiously, a correlation is observed between 

gastric carcinoma patients with loss of E-cadherin function (not explained either at the 

genetic nor the structural level) and an increase in β1,6GlcNAc-branched N-glycans 

on E-cadherin. (60,91) Also, cadherins depend on calcium ions to function, and lectins 

spend considerable amounts of calcium and magnesium whilst functioning, hence the 

removal of this calcium abolishes adhesive activity and turns the cadherins vulnerable 

to proteases.  

3.1.2 GnT-III expression 

GnT-III emerges again counteracting GnT-V activity, through the interaction between 

E-cadherin and GnT-III mediated bisecting GlcNAc N-glycans. (73,91) A connection 

has been reported associating this E-cadherin glycan modification with a delayed 
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turnover rate at cell membrane (91,105), an inhibition of endocytosis (91), a diminished 

phosphorylation of β-catenin that remained in complex with E-cadherin (106), and an 

elevated stability of adherens junctions, thus boosting tumor suppression. (60,90,91) 

Furthermore, research has associated GnT-III with suppression of epithelial-to-

mesenchymal transition. (24,107) 

Accordingly, the competitive action of GnT-III towards GnT-V establishes a mechanism  

between E-cadherin-mediated cell-cell adhesion and its glycosylation, determining 

either the tumor suppression or the tumor metastasis, respectively. (60,108) 

3.1.3 Sialylated glycans expression 

High levels of sialylated glycans, a common feature in cancer events, leads to the 

high expression of tumor associated antigens. (1,35) The sialylated antigens promote 

cell detachment from the tumor mass through electrostatic repulsion of negative 

charges, detachment which inhibits and disrupts the cell-cell adhesion.(109,110) A 

research experiment with breast cancer cells transfected with ST6Gal-I resulted in 

augmented cell migration and diminished cell-cell adhesion in vitro. (111) 

Moreover, sialylated glycans, SLex for instance, can aid the adhesion of tumor cells to 

vascular endothelial cells, via their interaction with selectins, which are glycoproteins, 

consisting of an extracellular lectin-like domain, and calcium dependent to interact with 

fucosylated ligands. E-selectin for instance, also known as CD62 antigen-like family 

member E (CD62E), is a selectin cell adhesion molecule expressed only on endothelial 

cells activated by cytokines, thus making selectins moderators of the initial phases of 

cancer metastases. (35) Also, de novo expression of STn in gastric carcinoma cells 

regulates the malignant phenotype, promoting aggressive cell behaviour, augmented 

matrix interaction and decreased cell-cell aggregation, migration and invasion of other 

tissues. (83) Gene silencing, mediated by RNA interference, of ST6GALNAC1 

conceals the metastatic potential of gastric cancer cells, due to a reduction in 

expression of the insulin growth factor I (IGF-1) and decreased activation of signal 

transducer and activator of transcription, STAT5B. (112) Furthermore, somatic 

mutations and hypermethylation of C1GALT1C1 (C1GALT1 Specific Chaperone 1, a 

protein coding gene) showed that loss of C1GALT1C1 function leads to STn 

expression, thus inhibiting and cell-cell interaction and contact inhibition of cell growth 

in cancer cells. (80) At the clinical level, the increase in sialylation is frequently 

associated with malignant and invasive tumors, with a decidedly poor prognosis of 

cancer patients. (41,44)  
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3.2 Glycosylation in cell-matrix interaction and signaling 

The ECM, extracellular matrix, is a material composed of a dynamic and complex array 

of glycoproteins, collagens, GAGs and proteoglycans. Its function is to provide 

mechanical and structural support, and also spacial context, for signaling events, 

making it a direct intervenient in tumor development, maintenance of stem cell niches 

and cancer progression.(113)  

3.2.1 Heparan sulfate proteoglycans 

Heparan sulfate proteoglycans (HSPGs), components of the ECM at the surface of 

the cell, and are responsible for cell growth and differentiation, controlling 

embryogenesis, angiogenesis and homeostasis. HSPGs are composed of one or more 

heparan sulfate GAG chains covalently attached. (114) HSPGs can be cast into groups 

according to their location: membrane HSPGs, as the syndecans and the GPI-

anchored proteoglycans, the glypicans; the ECM HSPGs, like agrin, perlecan and type 

XVIII collagen; and the secretory-vesicle HSPG, serglycin.(114) HSPGs can bind with 

chemokines, cytokines and growth factors, providing protection against proteolysis. 

Furthermore, HSPGs act as co-receptors for numerous growth factors for tyrosine 

kinase receptors, by lowering activation thresholds for these receptors or through the 

change of the duration of their signaling reactions. (114) 

In several cancers it is common to observe a overexpression of proteoglycans, in 

which the covalently bound heparan sulfate chains to the proteoglycans modulate the 

activation of various protein receptors, for instance HER2, EGFR, MET (also termed 

hepatocyte growth factor-β (TGFβ). (115) Heparan sulfate are in charge of regulating 

the interactions,(116) and increasing the solubility, of several signaling 

molecules,(117) as such they increase the access to receptors and facilitate signal 

transduction. Heparan sulfate chains can release HGF, leading to cell growth and 

inducing motility through interaction with MET (116), receptor which is commonly 

activated in cancer cells. (95) Heparan sulfate chains are also able to release vascular 

endothelial growth factor A (VEGFA), a factor responsible for regulating 

angiogenesis through growth stimulation, motility and tubulogenesis in vascular 

endothelial cells, while interacting with VEGF receptor 1 (VEGFR1) and VGFR2. (116) 

3.2.2 CD44 expression 

CD44 is another important membrane receptor participating in matrix-dependent cell 

motility and migration, and it is the major receptor for hyaluronic acid. As a 

multifunctional cell surface molecule it is involved in cancer cell proliferation, 
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differentiation, migration and signaling.(118) CD44 splicing variants are correlated with 

tumor development and progression (119), however it remains unknown the role of 

CD44 glycosylation in matrix-dependent cell adhesion, motility, and migration. Still, 

research has reported that changes in the glycosylation of CD44 considerably 

influence the recognition and binding of hyaluronic acid ligands, therefore changing 

cancer cell signaling. (120) Consequently, treatment tests with CD44 inhibitors of 

glycosylation and de-glycosylation enzymes were performed, and they showed 

significative changes to the binding rate of hyaluronic acid, modulating CD44-

dependent signaling and function. (121) Furthermore, transfection of α1,2-Fuc-T 

inducing glycosylation modifications of CD44 resulted in enhanced cell motility and 

tumorgenicity in rat carcinoma cells. (122) Moreover, GAG structures of CD44 

containing chondroitin and heparin sulfate chains mediates the binding of tumor cells 

to fibronectin. (123)  

Biogenesis and recognition of exosomes also involve proteoglycans, as they are 

secreted vesicles of endosomal origin participant in signaling processes. (124) 

Syndecans, membrane heparan sulfate proteoglycans, control the communication 

with crucial accessory components of the endosomal-sorting complexes required for 

the transport machinery. 

 Moreover, heparanase, an heparan sulfate degrading enzyme, controls the 

syndecan-mediated pathways, promoting endosomal membrane budding and 

exosome biogenesis through the trimming of the heparan sulfate chains on syndecans, 

and also through the control of the selection of specific cargo to exosomes. (124) 

Hyaluronidases have several roles in cancer metastasis as well, through the 

participation in the degradation process of ECM surrounding the tumor, through 

enabling the dissemination from the primary tumor and allowing invasion as a 

consequence of the degradation of the basement membrane, and also clearing the 

ECM off the secondary site. (125) 

3.2.3 Integrin expression 

Recent research has shown that a way of facilitating the integrin clustering is through 

the expression of bulky glycoproteins in the cancer cell glycocalyx, as it funnels active 

integrins into adhesions and applies tension to the matrix-bound integrins, without the 

influence of actomyosin contractility. (126) The expression of large-associated 

glycoproteins in healthy cells facilitates the integrin-dependent factor signaling to aid 

cell survival, thus confirming that alterations in these glycoproteins expression in the 

cancer cell glycocalyx promotes invasion and metastasis through mechanically 
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improving cell-surface receptor function, as it provides more available physical space 

for these modifications (invasion and metastasis). (126) 

Interactions involving cell-ECM perform essential roles during the gaining of migration 

and invasive behaviour of tumor cells. (127) Integrins, N-glycan carriers, are crucial 

receptors for signals in the ECM and mediate several biological functions, like 

protection against apoptosis, cell proliferation and malignant transformation. (126) 

Although, integrin expression is increased in migratory tumor metastasis 

associated cells. (128) In order to accomplish proper integrin-matrix interaction and 

αβ-heterodimer formation, N-glycans on α5β1 integrin (which is a receptor for 

fibronectin (and is encoded by FN1)), are demanded. (74) Several alterations in N-

glycans in cancer have consequences in integrin functions. For instance, 

transformation of NIH3T3 cells containing an oncogenic RAS gene culminated in 

improvement of cell dispersion on fibronectin owing to elevated modifications on α5β1 

integrins with β1,6GlcNAc‑branching N-glycans present, as a result of upregulation of 

the RAS-RAF-MAPK signaling pathway and consequent activation of MGAT5 

transcription. (129) Equivalently, increased expression of human fibrosarcoma cells 

containing GnT-V rises the cell migration rate towards fibronectin and invasion through 

the Matrigel (gelatinous protein mixture secreted by Engelbreth-Holm-Swarm (EHS) 

mouse sarcoma cells) owing to an increase in β1,6GlcNAc‑branching N-glycans on 

α5β1 integrin.(130) Furthermore, the definition of carbohydrate moieties of α3β1 

integrin, the receptor for laminin-5 demonstrated that β1,6GlcNAc‑branched 

structures are vastly expressed in metastatic human melanoma cells. (131) 

3.2.4 Modifications in N-linked β1,6-branching 

Modifications in N-linked β1,6-branching change cell-matrix adhesion and migration, 

through the inhibition of integrin clustering and consequent signal transduction 

pathways, in oncogenic processes. (131) As opposed to the high expression of GnT-

V, the overexpression of GnT-III inhibits the α5β1 integrin-mediated cell spreading and 

migration, and also the phosphorylation of focal adhesion kinase (FAK). The strength 

of the bond between α5β1 integrin and fibronectin is greatly affected by the introduction 

of a bisecting GlcNAc N-glycans on the α5 subunit. (132) Equivalently, in MKN45 

gastric cancer cells, the high expression of GnT-III suppresses α3β1 integrin-mediated 

cell migration on laminin-5, canceling out the GnT-V activity. (133) In summary, GnT-

III is disclosed as a suppressor of cancer metastases by two main mechanisms: the 

enhancement of cell-cell adhesion, and the downregulation of cell-ECM adhesion. 

(134) 
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Moreover, terminal α2,6-sialylation of integrins N-glycans is closely associated to 

cancer cell migratory and metastatic potential, being able to control it through 

interference with the ligand-binding properties of integrins. (97,135) Research in 

cancer cells that have high expressions of ST6GAL1 steadily indicates a remarkable 

modified adhesion of cells to ECM substrates, for instance collagen fibronectin and 

laminin in colon cancer cases (136) and breast cancer cell lines. (111)  

Modified N-glycosylation of integrins is also able to impact their cis-interaction with 

membrane associated receptors, such as EGFR (137) and the tetraspanin family of 

proteins, along with gangliosides in the microdomain. The interactions among 

tetraspanin CD151 and α3β1 integrin have been studied, and they appear to modulate 

cell spreading and motility. (138) Accordingly, any change in the N-glycosylation 

profile of integrins reflects on the tumor cell motility and migration, by interfering 

with the supramolecular complex formation (tumor cell focal adhesions) on the surface 

of the cell. In the genesis of these focal adhesions, integrins reach the HSPG on the 

surface of tumor cells. (139) Furthermore, syndecan-4 binds to fibronectin and laminin-

5 improving the function of β1 integrin amidst cell spreading(140), being upregulated 

in a wide range of cancers. (141) Another syndecan that is associated with cancer 

events is syndecan-1, and research shows that it functionally couples with αvβ3 

integrin in breast cancer cells, terminating in elevated αvβ3-dependent cell spreading 

and migration. (142) 

3.3 Glycosylation in cancer metabolism and signaling  

A main element in cancer cell metabolism is the Warburg effect, (143) which is the 

switch from oxidative phosphorylation to aerobic glycolysis, characterized by elevated 

rates of glucose uptake to deal with the raised energetic and biosynthetic needs to 

generate the tumor. In order to help reach the increased biosynthetic requirements, 

the glutamine uptake also increases. Logically, the affluence of glucose in the 

cytoplasm of the cancer cells rises the glycolysis rate and it also increases its flux into 

the metabolic branch pathways, such as the hexosamine biosynthetic pathway (HBP). 

Nearly 3-5% of the glucose entering a cell is shunted through this pathway. (144) The 

increased uptake of glucose and glutamine by cancer cells is most likely the 

responsible for the increased HBP flux. The final product of HBP is a uridine 

diphosphate (UDP)-GlcNAc, which is a key metabolite that is used for O-

GlcNAcylation and also for O- and N-glycosylation. (145) As such,  
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3.3.1 O-GlcNAcylation 

O-GlcNAcylation acts as a “nutritional sensor”, given its responsiveness to the glucose 

flux. (146) 

It has been reported that O-GlcNAc transferase (OGT) is overexpressed in breast 

cancer, and the knockdown (experimental reduction of gene expression) of OGT in 

vitro clearly decreased the cancer hyper-O-GlcNAcylation and blocked tumor growth, 

invasion and metastasis, thus confirming that elevated levels of O-GlcNAc promote 

cancer progression. (147–149) Also, O-GlcNAc mediates key protein functions  

through the regulation of protein phosphorylation, modifying protein degradation, 

defining protein localization and modulating transcription. (150) As such, O-GlcNAc 

alterations are involved in key molecular events occurring in cancer processes, such 

as tumor cell proliferation (through the regulation of the activities of transcription factor 

forkhead box protein M1 (FoxM1) and cyclin D1, both involved in cell cycle progression 

(147), cancer cell survival and angiogenesis (by the effect of hyper-O-GlcNAcylation 

(via activation of the nuclear factor κB-mediated signaling (149)) and upregulation of 

VEGFA and matrix metalloproteinases (MMPs) (151) and metastasis (through O-

GlcNAc regulation of E-cadherin trafficking and function). (152) 

O-GlcNAc also modifies various oncogene and tumor-suppressor gene products. (153) 

MYC, for instance, goes through O-GlcNAcylation at Thr58, which is also a 

phosphorylation site. Actually, O-GlcNAcylation has an extensive interference with 

phosphorylation and acts as a nutrient sensor to control signaling, transcription and 

cytoskeletal functions. Modified phosphorylation processes influence GlcNAcylation 

levels mutually.(153) As such, increased MYC O-GlcNAcylation competes with 

phosphorylation, stabilizing MYC and therefore contributing to oncogenesis.(154) This 

type of “give-and-take” also happens with the p53 tumor-suppressor protein.(155) 

3.3.2 N-glycan branching 

In the same way as O-GlcNAcylation, N-glycan branching is also nutrient sensitive, 

which results in functional consequences for the cancer cell. The level of N-glycan 

branching controls the activity and/or signaling and surface retention of various 

proteins belonging to the cell surface, such as growth factor receptors.(93) 

Cell surface glycoprotein receptors have various and specific N-glycan sites. The 

number of N-glycans is dictated by the protein sequence of each glycoprotein, and the 

type of N-glycan structure is defined by the Golgi N-glycan-processing pathway and 

metabolite supply to sugar-nucleotide pools. (156) The receptors that have more N-

glycan sites (8-16 Asn-X-Ser/Thr sites, in which X is any aminoacid) per 100 
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aminoacids, are the receptors that stimulate cell proliferation, growth and 

oncogenesis such as: EGFR; IGF receptor (IGFR); fibroblast growth factor (FGFR); 

and platelet derived growth factor receptor (PDGFR). Consequently, these receptors 

have longer extracellular domains. On the other hand, growth-arrest receptors 

implicated in organogenesis and differentiation (like TGFβ receptor 1 (TGFβR1) and 

TGFβR2) have very few N-glycan sites. (156) A mechanism was proposed for 

metabolic regulation of cellular progression from cell proliferation and arrest to 

differentiation, that arises from the cooperation of complex N-glycan number and the 

level of branching structures. (156) Modifications in the metabolic flux through the HBP 

(hexosamine biosynthetic pathway) influence the stability and retention of receptors on 

the cell surface by mediating the interaction of branched N-glycans with galectin-3. 

(157,158) The galectin-3 lattice limits receptor endocytosis, improving the 

signaling(67,156). Thus, the more N-glycan sites, the more β1,6 branching structures 

are added, which connect with galectins, ruling out endocytosis and therefore 

increasing signaling. (156,157) Mammary carcinoma cells derivative from 

polyomavirus middle T (PyMT) Mgat5-/--transgenic mice are not fully responsive to IGF, 

EGF, PDGF, FGF and TGFβ when confronted with Mgat5+/+-tumor cells, displaying 

diminished galectin-3 binding and endocytosis of receptors from the cell surface. (159) 

Correspondingly, human cancer cells with targeted silencing of the MGTA5 gene also 

show a reduced EGFR signaling. (160) Hexosamine supplementation with UDP-

GlcNAc and GnT-V expression show an increase in sensitivity to EGF and TGFβ 

cytokines rescue, further confirming that remodeling of N-glycans in tumor cells is 

metabolism sensitive. (156) Similarly, the decline of galectin lattice interactions 

promoted by the addition of bisecting GlcNAc N-glycans compensates the amplified 

branched N-glycosylation of EGFR and PDGFR, limiting it downstream signaling and 

subsequently delaying mammary tumor progression. (161)  

GnT-III elevated expression minimizes the ability of EGF to connect with its receptor, 

thus blocking EGFR-mediated ERK phosphorylation and raising EGFR endocytosis. 

(162) Expanding intracellular metabolic flux with UDP-GlcNAc induces a hyperbolic 

activation profile for high-n receptors (receptors with an extensive number of N-

glycan sites (growth receptors for instance)) and a sigmoid or switch-like profile for low-

n receptors (receptors with a low number of N-glycan sites (arrest receptors for 

instance)), subsequently controlling the transition between cell growth and 

differentiation.  (156) In general, the nutrient flux that coordinates complex N-glycan 

biosynthesis regulates the cellular response of tumor cells, thereby determining 

growth, invasion and drug sensitivity. (96) Curiously, the interaction of VEGFR2 with 
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galectin-1 in the presence of branching N-glycans, determines the abnormal and 

compensatory angiogenesis mechanism so closely related with tumor growth in tumors 

resistant to anti-VEGF treatment. (163) 

3.3.3 Gangliosides 

Gangliosides play a major role in modulation of signal transduction. A deranged 

expression or inhibition of specific glycosyltransferases altering gangliosides 

modulates RTK signaling. Amidst glycolipid-enriched microdomains, RTKs can be 

regulated by glycans, culminating in the restriction of ligand-induced dimerization and 

autophosphorylation or even in the activation of receptor signaling without any ligand 

binding. The modulation of RTK is dependent on the glycan structure. As such, 

monosialogangliosides (like GM3 and GM1) are disclosed as negative regulators of 

RTKs, while disialogangliosides (such as GD2, GD3, GD1a and GD1b) are considered 

activators of RTKs. (15) Moreover, some physiopathological changes in cell membrane 

have been correlated with different cellular responses. (164) Gangliosides regulate 

various growth factor receptors, such as EGFR, FGFR, PDGF, MET and IGFR. 

(15,50,165)  

RTKs are positioned in glycolipid-enriched microdomains, and alterations in 

gangliosides alter the molecular composition and the structure of glycolipid-enriched 

microdomains, resulting in modifications in the organization and location of RTKs on 

the cell membrane and subsequently modified activation. (51,165) It has been 

observed in gliomas that additional regulation of specific ganglioside GD3 due to 

formation of 9-O-acetyl GD3 turns GD3 unable to promote apoptosis. (166) 

 

4 Glycosylation in cancer immune response 

Glycans also play various roles in the immune response that have consequences in 

tumor editing. Such roles are modulated by several lectins (galectins, C-type lectins 

and siglecs for instance), that are responsible for binding glycans and modulate 

immune processes involved in pathogen recognition, thus determining the course of 

adaptive immune responses. (167,168) In order to monitor the host’s carcinogenesis 

and maintain cellular homeostasis it’s is crucial to perform a close cancer immune 

surveillance. Altered cells can be eradicated by immune effector cells, culminating in 

immune selection of tumor cell variants with diminished immunogenicity and resistance 

to immune effector cells. Glycan-specific natural and caused antibodies (like the ones 

against GM2, globo H and Ley) can modulate tumor cell killing and tissue elimination 
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through complement-dependent cytotoxicity. (169) Furthermore, abnormal O-

glycosylation on cell surface of cancer cells is an inductive factor of antibody-

dependent cellular cytotoxicity (ADCC) (170) and can also determine dendritic cell-

specific intercellular adhesion molecule-3 grabbing non-integrin 1 (DC-SIGN, also 

known as CD209) (171) and macrophage galactose-type C-type lectin (172) present 

on dendritic cells. Research shows that galectins can also control the immune and 

inflammatory responses and may have a crucial role helping tumors to escape immune 

surveillance, thus having direct diagnostic and prognostic applications. (167,173–175) 

An interesting approach to immunotherapy in cancer treatment would be targeting 

altering glycosylation, for instance anticancer vaccines that target tumor-associated 

carbohydrate antigens. (89,176) Ideas go from vaccines targeting the mucin-related 

Tn, STn, and T antigens for suppression of breast cancer, to using gangliosides GM2 

and GD3 for treatment of melanoma cases, or even glycosphingolipid globo-H for 

prostate cancer treatment. (177) 

The benefit of using these anticancer vaccines is the chance of being custom designed 

to incorporate only the elements required for a desired immune response.  (178–180) 

Several clinical trials have been performed using antibodies targeting GD2 

disialoganglioside in neuroblastoma, and curiously remarkable antitumor effects 

were observed, with positive survival outcomes. (181)  

Moreover, passive immunotherapy employing antibodies directed to glycoform-specific 

targets expressed in tumor cells has shown effectiveness at inducing ADCC. (170) 

Research also shows that ADCC is a crucial mechanism by which some antibodies 

used currently as therapy mediate their antitumor effects. Alterations in glycosylation 

on the heavy chain of the therapeutic antibodies can boost the affinity between the 

antibody and Fcγ receptor, thus increasing ADCC. (182) 

 

5 Glycans in cancer diagnosis and 

treatment 

New methods for cancer diagnosis, risk prediction and treatment are an urgent 

demand, as cancer strikes shocking incidence numbers worldwide nowadays. Glycans 

emerge as a source for development of new non-invasive biomarkers.  
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5.1 Cancer biomarkers  

The most-common clinically used serological biomarkers for cancer diagnosis and 

monitoring of malignant progression, along with prognostic biomarkers of disease 

recurrence, are glycoproteins. (46,47)  

Glycoproteins comprise biomarkers that widely used in patients with: prostate cancer 

(prostate-specific antigen (PSA)) (183); ovarian cancer (carcinoma antigen 125 – 

CA125; also known as mucin-16 (MUC16)) (184); colon cancer (SLea, CA19-9 (46,47) 

and carcinoembryonic antigen (CEA)(185)); breast cancer (aberrantly glycosylated 

MUC1 (also known as CA15-3)) (186,187); gastric cancer (SLea , CA19-9) (46,47); 

and pancreatic cancer (SLea, CA19-9) (188).  

Logically these serological biomarkers also have limitations, due to their relatively low 

specificity and low precocity, ruling out their application for screening strategies and 

diagnostic potential, even though they have an aberrant glycosylation in cancer. (189–

191) Although, the limited specificity and sensitivity of these tests has driven a search 

for new biomarkers based on the detection and measurement of specific 

glycostructures of a certain protein that could lead to the establishment of a biomarker 

with superior specificity for the early detection of cancer or for diagnostics at a 

precancerous stage.  

The case of α-fetoprotein (AFP) in the detection of liver diseases is an example of the 

application of a glyco-biomarker. AFP is widely accepted as a protein for diagnosis of 

HCC (hepatocellular carcinoma) (65), though its serum levels are not enough to 

discriminate between HCC and benign liver diseases. As such, an association was 

proposed, based on a glycosylated form of AFP (the AFP-L3 fraction), form which 

presents a highly significant increase in the fucosylation index in HCC when 

compared to chronic liver diseases. (192) AFP-L3 has a fucosylated fraction that was 

approved by the FDA as biomarker for early detection of HCC, as this fraction emerges 

in serum at the stage of liver cirrhosis, the stage immediately before the onset of HCC, 

thus being disclosed as the best approved marker in patients with HCC. (65,192) 

Moreover, other liver-secreted proteins, such as HP73, kininogen and haptoglobin, 

have revealed to be fucosylated, thus emerging as promising biomarkers for the early 

detection of HCC and monitor factor for disease progression. (193)  

As technology evolves and new methods for glycan analysis arise, several examples 

of abnormal glycans associated to cancer events are discovered. (194) For instance, 

the late application of precise and stable glycogene editing in mammalian cell lines 

joined with high-throughput mass spectrometry approaches provides an access to the 
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characterization of the O-glycoproteome of cancer cells, acknowledging new biological 

information and achieving new putative disease biomarkers. (195) Further, the lately 

developed high-throughput platform technologies enable the analysis of large cohorts 

of samples in a remarkably efficient way. (194,196) Research using these methods 

shows an increased serum concentration of fucosylated haptoglobin in patients with 

pancreatic cancer, when compared with other kinds of cancer, gastric cancer or CRC 

for instance, and with healthy control groups. (197) Another finding is that STn antigen 

is found in circulating CD44 in serum from patients with gastric cancer. (198) STn 

has also been found in plasminogen in serum of patients with intestinal metaplasia and 

gastric carcinoma. (199) Other studies have demonstrated altered glycosylation (both 

fucosylation and sialylation) in PSA as a specific biomarker for prostate cancer, being 

enough to distinguish it from benign prostate hyperplasia. Thereby, targeting glycans 

in combination with the protein backbone is a promising association in the field of 

diagnostics and prognostics of cancer, providing enough sensitivity and specificity for 

clinical applications. (183,200) 

Furthermore, exosomes enriched in certain glycoconjugates that are in circulation 

have a critical potential for early detection of cancer. For instance, proteoglycan 

glypican 1 (GPC1) has shown accuracy in the identification of circulating pancreatic 

cancer exosomes, providing the chance to reach an early detection of this cancer. 

(201) 

Another potential association with applications as biomarker for early cancer detection 

is antibodies against tumor-associated glycan antigens. (202) Amazingly, the detection 

of aberrant glycosylated MUC1-specific autoantibodies correlates very closely with 

CRC (colorectal cancer), predicting this cancer with 95% specificity. (203) Although, 

this assay shows decreased sensitivity, turning it necessary to associate another 

marker, suggesting that a combination of antibody signatures may eventually make 

possible a biomarker panel for the early detection of cancer. (203)  

Moreover, microarrays of glycopeptides exhibiting cancer-related glycans broadens 

the horizons for the expansion of glycoconjugates and glycoforms with clinical 

applications as cancer biomarkers. (202) Therefore, glycans stand as very promising 

biomarkers with direct application in the clinical setting as appealing targets for 

personalized medicine.  
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6 Pancreatic Cancer – an overview  

The pancreatic adenocarcinoma is a lethal disease with the lowest 5-year survival rate 

of all types of cancer, 5%. Currently, the diagnosis of pancreatic cancer relies on 

imaging and tissue biopsy, and the only curative therapy is surgical resection. This 

type of cancer has a natural tendency to metastasize since the early stages, and the 

majority of patients are diagnosed at stages too advanced to be treated with surgical 

resection. Therefore, an urgent need emerges to identify new biomarkers to enable 

early diagnosis, and to develop new therapeutic strategies. As mentioned above, the 

most widely used serological marker in pancreatic cancer is the carbohydrate antigen 

CA19-9, containing a glycan known as sialyl Lewis A (SLea). Again, sensitivity and 

sensibility issues rise against CA19-9’s ability as a diagnostic biomarker. However, a 

wide range of alterations to other glycans occur simultaneously to SLea: increases in 

the sialyl Lewis X antigen (SLex); increase in truncated O-glycans (Tn and STn); 

increased branched and fucosylated N-glycans; upregulation of specific proteoglycans 

and galectins; and increased O-GlcNAcylation.  

6.1 Aberrant glycosylation in pancreatic cancer 

In the normal pancreas glycosylated proteins have important functions, including 

protection and lubrication of the pancreatic ducts (204). In pancreatic cancer 

glycosylation of proteins becomes deregulated, and the aberrant expression of specific 

glycans is associated with disease progression and poor prognosis. Changes to the 

glycome in pancreatic cancer include increases in the sialyl Lewis antigens (SLea and 

SLex), an increase in truncated O-glycans (Tn and STn), increased branched and 

fucosylated N-glycans, upregulation of specific proteoglycans and galectins, and 

increased O-GlcNAcylation.  

6.2 The Sialyl Lewis antigens (SLa and SLex) 

CA 19-9 is the most widely used serological assay in the management of pancreatic 

cancer, as it detects a cancer associated carbohydrate antigen that contains a glycan 

known as sialyl Lewis A (SLea)(205–209). SLea belongs to the Lewis family of blood 

group antigens, named after the discoverer of a series of antigens found on red blood 

cells. Research show that SLea has low expression in healthy tissue, higher levels in 

embryonic tissue (210), and is overexpressed in epithelial cancers (211). In a healthy 

pancreas, SLea is found on the epithelial surfaces of the ducts, while in pancreatic 

cancer SLea is heavily secreted into the lumen of proliferating ducts, and go to the 

bloodstream (212). 
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The CA19-9 assay detects not only the SLea motif but also with additional glycans, 

lipids and proteins to which it is attached. SLea is found in several proteins such as 

mucins, carcinoembryonic antigen and circulating apolipoproteins. (213) The CA19-9 

assay is used to monitor response to treatment in patients already diagnosed with 

pancreatic cancer (214,215), but again the sensitivity and sensibility of it as a 

diagnostic biomarker still stands as an issue, and it is not used in screening. (211,216–

218) Mucin glycoproteins have multiple roles in pancreatic cancer are major carriers 

of glycans including CA19-9. (204) Altered mucin glycoforms are observe not only in 

early stages of pancreatic cancer, but also observed in late stage metastatic disease 

(219). It has been suggested that measuring the CA19-9 antigen on specific protein 

carriers (such as mucins), and detecting additional related glycans could improve the 

performance of the CA19-9 assay (217,220,221). Targeting mucin glycosylation may 

also limit pancreatic cancer growth (222).  

Along with SLea, other Lewis antigens also play important roles in pancreatic cancer. 

For instance, an isomer of SLea (known as sialyl Lewis X (SLex)) is also overexpressed 

in some pancreatic cancers, and it can be detected in the blood of many patients. (223–

226) The sialyl antigens are the minimal recognition motif for ligand of selectins, a 

family of lectins with roles in leukocyte trafficking, tumor extravasation and cancer 

metastasis. (227) In pancreatic cancer, SLex is found migrating lymphocytes and 

connected to invasion. (228) An increased level of SLex on the glycoprotein 

ceruloplasmin is observed in pancreatic malignancy (226), and several proteins 

involved in pancreatic cancer (such as KRAS, SPARC, and Wnt7b) have shown to 

express SLex glycans. (229) The levels of multiple glycans have been profiled in the 

plasma of 200 patients with either benign pancreatic disease or pancreatic cancer in 

2016 (221), and pancreatic cancer showed increased levels of CA19-9, SLex and 

Dupan-2 (a sialylated type 1 LacNAc). Each of these three glycans are elevated in 

some pancreatic cancer patients but not in all of them, making the authors suggest a 

three glycan panel for diagnosis purposes, facilitating the pancreatic cancer sub-

classification. (221)  

6.3 Truncated O-glycans 

Truncated O-glycans are a very common characteristic of almost all epithelial cancer 

cells. (230) In pancreatic cancer, the expression of the truncated cancer associated O-

glycans Tn and sialyl-Tn (STn) are connected to very poor patient outcome (231), and 

linked to cancer cell growth and metastasis (80,232). An healthy pancreas doesn’t 

express either Tn nor STn (81), as opposed to a cancerous pancreas, that expresses 
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high levels of both (219,232). Truncated O-glycans are found on nucleolin (a nucleolar 

protein), EGFR and Her2 (232,233). COSMC is an essential chaperone for the correct 

O-glycosylation (234), thereby the knockdown of COSMC promotes aberrant O-

glycosylation in pancreatic cancer, resulting in apoptotic and metastatic cell behaviour, 

as well as reduced proliferation and increased migration (232). Also, the GALNT3 

enzyme is connected too with the aberrant expression of tumor-associated O-glycans 

in pancreatic cancer. GALNT3 is overexpressed in moderately differentiated 

pancreatic cancer, but not significantly expressed in poorly differentiated tissues. 

(233,235) 

6.4 N-glycans 

N-linked aberrant glycosylation is a very common form of abnormal glycosylation in 

pancreatic cancer. Particularly, pancreatic cancer cells frequently have elevated levels 

of highly branched N-glycans, and modifications to N-glycan sialylation or fucosylation. 

High levels of N-glycosylation were found on integrins and ECM adhesion proteins 

(236), and in several proteins involved in important pathways in pancreatic cancer, 

such a TGF-β, TNF, and NF-kappa-B signaling. (237) N-glycosylation can also 

interfere with the surface expression of receptor tyrosine kinases, and improve the 

chemosensitivity of drug resistant pancreatic cancer cells (238). A study was 

performed in order to identify N-glycopeptides overexpressed (≥ 2 fold) in a PDAC 

(pancreatic ductal adenocarcinoma) tissue, and several proteins associated with 

cancer were identified, such as: MUC5AC, carcinoembryonic antigen-related cell 

adhesion molecule 5, insulin-like growth factor binding protein (IGFBP3), cathepsin D 

(CTSD), as well as a number of CD antigens (including CD44 - a marker of pancreatic 

cancer stem-like cells) and integrins. Other glycoproteins, such as Thy-1 membrane 

glycoprotein (THY1), which was recently developed into an ultrasound molecular 

imaging marker for pancreatic cancer detection, was found heavily N-glycosylated in 

pancreatic cancer tissues (239).  

Therefore, N-glycans emerge as very promising biomarkers in pancreatic cancer. 

The sialyltransferase enzymes ST6Gal1 and ST3Gal3 have high expression levels in 

pancreatic tissue, and these enzymes seem to be linked to invasive potential. (240–

242) There is another way to detect N-glycan changes in a patient, and that is through 

his blood. Increased fucosylation can be detected in serum from patients with 

pancreatic cancer (243), and in aggressive disease cases it is also detected highly 

branched N-glycans. (244,245) Fucosylated epitopes appear on specific proteins such 

as haptoglobin and ribonuclease RNASE1, and these are widely being explored for 
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diagnostics purposes. (246,247) The glycosylation of serum ribonuclease 1 (RNASE1), 

showed a 40% increase in core fucosylation in pancreatic cancer. (247) 

Specific N-glycosylation sites within certain individual proteins may have significantly 

altered glycosylation occupancy (such as a change in glycan density) in pancreatic 

cancer, showing thereby the complex nature of glycosylation events underlying the 

pancreatic tumorigenesis. Noticeably, the increase of N-glycosylation in many of these 

proteins is also found in chronic pancreatitis tissue, upholding the perception that 

pancreatic cancer and chronic pancreatitis share many common clinical and molecular 

features (248–252). 

6.5 Mucins 

Mucins are high molecular weight glycoproteins formed by several epithelial cells and 

have 21 family members. These glycoproteins are highly glycosylated both in O- and 

N-linked glycosylation, and they are implicated in PDAC (pancreatic ductal 

adenocarcinoma), through their typical glycoforms that are involved in tumorigenicity, 

invasiveness, metastasis and drug resistance. Mucins have been broadly studied in 

PDAC, and showed many expressional and glycosylation changes not only in 

pancreatic carcinoma cases, but also in pancreatic intraepithelial neoplasias (PanIN), 

IPMN (Intraductal papillary mucinous neoplasms) and MCN (Mucinous cystic 

neoplasms) (253–255). Various mucins, including MUC1, MUC4, MUC5AC and 

MUC16, are frequently overregulated in PDAC. The mucin core protein expression and 

the differential localization in PDAC and its precursor lesions have been well been 

highly studied (253,254,256–259). In addition, mucin glycoforms also play an important 

role in modulating their functionality in tumorigenesis as well as cancer cell interaction 

with the tumor microenvironment. In fact, the glycan component can make up more 

than 50% of the molecular weight of a mucin glycoprotein. 

The glycosylation of cancer associated mucins is broadly associated with Tn antigen, 

sialyl Tn and fucosylated core 1 structures, forming the commonly named tumor-

associated antigens (260). Altered glycoforms of MUC1, MUC4 and MUC5AC were 

observed early in pancreatic cancer progression (PanINs) to late stage metastatic 

disease (219). The elevation of fucosylated core structures, fucose and Lewis antigen 

have frequently been detected on MUC1 and MUC5AC in the blood from patients with 

pancreatic cancer (243). Furthermore, MUC16 and its sialofucosylated structures are 

reported to be overexpressed in pancreatic cancer cell and acting as a functional ligand 

for E and L-selectin to improve cancer cell metastatic spread (261). 
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Through the stimulation of pancreatic cancer cells with pro-inflammatory conditions, 

such as oxidative stress and cytokines, mucin glycosylation is significantly altered in 

specific pancreatic cancer cell lines, thus suggesting a possible molecular connection 

between inflammation, glycosylation alteration and adaptive responses of those 

pancreatic cancer cells (262). Additionally, efforts have also been made to use 

proteomic approaches to profile mucins in cyst fluids to enhance the discrimination of 

malignant pancreatic cyst lesions from those that are benign. (263) 

6.6 The HBP pathway 

The hexosamine biosynthetic pathway (HBP) is responsible for producing the amino 

sugar conjugate O-linked N-acetylglucosamine (O-GlcNAc). The addition of O-GlcNAc 

to proteins, also known as O-GlcNAcylation, can alter crucial stages of cancer, 

including transcription, cell signaling metabolism and epigenetics (264,265), and this 

has an impact in cell survival and chemotherapy resistance (266). The O-GlcNAc 

cycling enzymes, OGT and OGA, are the ones that add or remove O-GlcNAc from 

proteins. Curiously, both these enzymes are drastically elevated in pancreatic cancer 

when compared to an healthy pancreas, as are the overall levels of protein O-

GlcNAcylation (267). In an healthy pancreas OGT allows cells to dynamically respond 

to glucose levels, through the control of O-linked protein glycosylation (268). When 

pancreatic cancer acquires increased O-GlcNAcylation, chances are it will block 

cancer cell apoptosis and lead to oncogenic activation of NF-κB signaling (269). 

Various proteins with defined roles in pancreatic cancer appear to be modified by O-

GlcNAc, such as the heat shock protein HSP70 (270), the transcription factor Sp1 

(271), the Wnt signaling proteins β-catenin and LRP6 (272), and most freshly the 

transcription factor Sox2 that determines self-renewal in pancreatic cancer and is 

responsible for tumor initiation (273). O-GlcNAcylation emerges as a hallmark of 

pancreatic cancer, perhaps through its inhibition the pancreatic tumor growth and 

progression can reduce, suggesting HBP is promising potential therapeutic target 

(269,274,275). 

6.7 Proteoglycans  

Besides aberrant protein glycosylation, cancer cells can also have changes in 

proteoglycans (276). Proteoglycans are heavily glycosylated glycoproteins attached to 

glycosaminoglycans (GAGs) such as chondroitin sulphate and heparin sulphate that 

are located on the cell surface or secreted. Research shows several proteoglycans 

that have been found to be highly expressed in pancreatic cancer, such as syndecan-

1, versican, decorin, lumican and biglycan (251,277–283). Interestingly, the heparin 
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sulphate proteoglycan glypican-1 is overexpressed in pancreatic cancer cell models 

and patient tumours (284) and research shows that this proteoglycan contributes to 

pancreatic cancer progression using mouse models (285,286). A recent study found 

that glypican-1 is specifically expressed by circulating cancer exosomes, and it may 

serve as non-invasive diagnostic and screening tool to enable early diagnosis of 

pancreatic cancer (201). 

6.8 Galectins 

Another glycosylation feature that pancreatic cancer cells display is an altered 

expression of proteins that interact with glycans. A relevant example of such proteins 

are the galectins, which are a group of glycan binding proteins with an established role 

in cancer biology (287). Frequently in pancreatic cancer, Galectin-1 (GAL1) and 

Galectin-3 (GAL3) are overexpressed (288–291). This is a key step for cancer 

progression since GAL1 is able to induce stroma remodeling, tumor cell proliferation, 

invasion, angiogenesis, inflammation, and metastasis (292,293), and GAL3 can lead 

to the production of inflammatory cytokines by the pancreatic cells (289). It is presumed 

that galectin specific targeting will have a broad therapeutic potential in pancreatic 

cancer, either alone or in combination with other therapies (289,294). 

The following table summarizes the different types of glycoproteins according to their 

glycosylation in Pancreatic Cancer.  
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Table 2 – Different types of biomarkers in Pancreatic Cacer according to their glycosylation mechanism 

Biomarker Glycoprotein Glycosylation sites Glycosylation mechanism References 

Mesothelin (cleaved 
form) 

Yes 3 N-glycosylated sites 
Reduction of MW after PNGase F digestion of 

A431 cancer cells 
296, 297 

IGFBP-3 Yes 
3 N-glycosylated sites 

O-glycosylation 

Increase of N-glycosylation levels in tumor 
tissues Increase of biantennary complex type N-

glycans having more mannose, fucose, 
bisecting GlcNAc and terminal sialic acid in 

breast cancer serum 

298, 299 

IGFBP-2 Yes O-glycosylation Not described 300, 301 

REG 1A Yes O-glycosylation 
Increase protein glycoform diversity in 

pancreatic ductal fluid of PaC by western blot 

302-304 REG 1B Yes O-glycosylation 
Increase protein glycoform diversity in 

pancreatic ductal fluid of PaC by western blot 

REG 3A Yes 
1 potential N-glycosylation 

site 
Not described 

REG 4 Yes 1 N-glycosylation site Not described 
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TIMP-1 Yes 2 N-glycosylation sites 

Core fucosylated, biantennary N-glycans with 
Gal or GalNAc in HEK293. Some of the glycans 

are sialylated, and many have outer arm 
fucosylation. Aberrant N-glycosylation in colon 

cancer 

305, 306 

HER-2 Yes 
7 N-glycosylation sites 

O-glycosylation 
Altered N-glycosylation in breast cancer cells. 

Altered O-glycans (Tn and T) in PaC cells 
307, 308 

CA 19-9 Yes 
It is a SLea 

Fucosylation 
Sialylation 

Expressed on the surface of gangliosides and 
mucins (MUC1, MUC5AC, MUC16) 

216 

Haptoglobin Yes 
α-2,6-sialylated N-

glycopeptide 
Not described 197 

Ceruplasmin Yes Sialylation Not described 226 

Fetuin A Yes Sialylation Not described 309 

Serum pancreatic 
RNase 1 

Yes Core Fucosylation Not described 310 

LIFR Yes N-glycan branching Not described 

311 
CE350 Yes N-glycan branching Not described 

VP13A Yes N-glycan branching Not described 

HPT Yes N-glycan branching Not described 

PSA Yes 
Sialylation Core 

fucosylation 
Not described 312, 313 

hCG Yes N-glycosylation Not described 311 

AFP Yes Fucosylation Not described 314 
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6.9 Future perspectives 

The survival rates for pancreatic cancer have remained bleak for many years, and as 

such there is an urgent need to improve diagnosis and treatment. A wide range of 

alterations to glycans have been detected in pancreatic cancer, and these emerge as 

very promising as both potential circulating biomarkers and also as targets for glycan 

specific therapies. The expression of specific glycans within pancreatic tumours, their 

presence in patient serum, and their possible ability to facilitate metastases, suggests 

glycans could help guide precision medicine strategies. In 2016, 4 molecular subtypes 

of pancreatic cancer were profiled: squamous; pancreatic progenitor; immunogenic; 

and aberrantly differentiated endocrine exocrine (ADEX) on the basis of the differential 

expression of transcription factors and downstream targets important in lineage 

specification and differentiation during pancreas development and regeneration.  (295) 

As a consequence there’s a high probability that diversity exists among pancreatic 

cancers, specifically in the variety and type of glycans made and secreted into the 

blood (213). To fully exploit glycans clinically it will be vital to fully profile the pancreatic 

cancer glycome and determine how it varies for tumor to tumor. 
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7 Conclusions 

Protein glycosylation is completely involved in pancreatic tumorigenesis. Changes 

derived from cancer in protein glycosylation and polysaccharides can profoundly affect 

cellular function and ECM organization, stimulating tumor growth and metastasis, as 

well as influencing immuno-response and chemoresistance. 

Glycosylated proteins and other glycoconjugates are major components of cells, 

defining and modulating several key physiological processes in normal tissues. 

Genetic, epigenetic, metabolic, inflammatory and environmental mechanisms can lead 

to modifications of glycosylation that drive several biological processes in cancer. The 

understanding of the molecular basis on the base of these glycan modifications will 

further contribute to explain cancer cell interactions, extracellular communications 

(including extracellular vesicles and exosome communication) and cancer 

immunology. 

The emerging technologies of glycoproteomics, glycomics and other chemical biology 

approaches give access to powerful tools to investigate the complex nature of protein 

glycosylation involved in pancreatic cancer. While significant efforts have been made, 

from mechanistic investigation, to biomarker discovery and therapeutic development, 

many features of how glycosylation events originate changes in cancer signaling 

pathways at the genomic, proteomic and metabolic level to facilitate cancer 

progression is still unknown. 

To consider complex clinical samples and obtain an in-depth, comprehensive 

understanding of site-specific glycosylation changes requires a planned approach 

drawing from a variety of techniques. With the improvement of molecular techniques 

and bioinformatics, many of the current technical obstacles may be transient.  

The foreseeable new knowledge in the glycobiology field, with the rapid expansion of 

novel (glyco)engineered cell and model platforms, which are providing increasing 

advances in the understanding of how glycosylation modulates biological functions, 

gives access to the development of a relatively unexploited field of drugs based on 

inhibitors, glycan antagonists and glycan-function modulators 

However, many strategies have been investigated to target protein glycosylation and 

polysaccharides for diagnostic and therapeutic gains in pancreatic cancer. These 

studies are laying foundation and will provide experimental guidance for future 

investigations. 
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Furthermore, the combination of an increasing amount of data on glycomics and 

glycoproteomics and the recent advances in genomics, transcriptomics, proteomics 

and metabolomics will have a major impact on the unravelling of novel targets and 

strategies for the early diagnosis, prognosis, patient stratification and improved 

treatment of cancer. 

 

Bibliography 

1.  Dennis JW, Granovsky M, Warren CE. Glycoprotein glycosylation and cancer 

progression. Elsevier. (1999); 1473.  

2.  Kobata A. Altered Glycosylation of Surface Glycoproteins in Tumor Cells and its 

Clinical Application. Pigment Cell Research. (1989); 304-8. 

3.  Feature S. Altered glycosylation of proteins produced by malignant cells , and 

application for the diagnosis and immunotherapy of tumours. Immunology and 

Cell Biology. (2005); 83: 429-39. 

4.  Ono M, Hakomori S. Glycosylation defining cancer cell motility and 

invasiveness. Glycoconjugate Journal. (2004); 20:71-8. 

5.  Varki A et al. Essentials of Glycobiology 2nd Edition. 2009.  

6.  Fuster MM, Esko JD. The sweet and sour of cancer: Glycans as novel 

therapeutic targets. Nature. (2005); 5:526-42. 

7.  Bennett EP, Mandel U, Clausen H, Gerken TA, Fritz TA. Control of mucin-type 

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

family. Oxford University Press. (2011); 22(6):736-56. 

8.  Jensen PH, Kolarich D, Packer NH. Mucin-type O-glycosylation – putting the 

pieces together. The FEBS Journal. (2010); 277:81-94. 

9.  Hart GW, Housley MP, Slawson C. Cycling of O-linked β - N -acetylglucosamine 

on nucleocytoplasmic proteins. Nature. (2007); 446:1017-22 

10.  Wei X, Li L. Comparative glycoproteomics : approaches and applications. 

Briefings in functional genomics and proteomics (2008);8(2) 104-113. 

11.  Floyd N, Vijayakrishnan B, Koeppe JR, Davis BG. Thiyl Glycosylation of Olefinic 

Proteins: S-Linked Glycoconjugate Synthesis. Angewandt Chemie. (2009); 

7798-802. 



 34 

12.  Clausen H, Bennett EP. A family of UDP-GalNAc : polypeptide iV-

acetylgalactosaminyl-transferases control the initiation of mucin-type O-linked 

glycosylation. Oxford University Press. (1996); 6(6):635-46. 

13.  Ma J, Hart GW. O-GlcNAc profiling : from proteins to proteomes. Clinical 

proteomics, Biomed Central. (2014); 8:1-16. 

14.  Siskind LJ, Mullen TD, Obeid LM. The Role of Ceramide in Cell Regulation. 

Elsevier; (2010). 2:1291-1211. 

15.  Julien S, Bobowski M, Steenackers A, Bourhis X Le, Delannoy P. How Do 

Gangliosides Regulate RTKs Signaling? Cells. (2013); 2:751-67. 

16.  Hakomori, S; Murakami W. Glycolipids of hamster fibroblasts and derived 

malignant-transformed cell lines. Brand University. (1967); 254-261.  

17.  Ladenson, R; Schwartz S. Incidence of the blood groups and the secretor factor 

in patients with pernicious anemia and stomach carcinoma. University Illinois. 

(1949); 194-197. 

18.  Holmes EH, Ostranders GK, Clausenllll H, Graemii N. Oncofetal Expression of 

Lex Carbohydrate Antigens in Human Colonic Adenocarcinomas. The Journal 

of Biological Chemistry. (1987); 40: 11331-8. 

19.  Hakomori S, Kannagi R. Glycosphingolipids as tumor-associated and 

differentiation markers. Journal of the National Cancer Institute (1983); 

71(2):231-251. 

20.  Julien S, Adriaenssens E, Ottenberg K, Furlan A, Courtand G, Hanisch F. 

ST6GalNAc I expression in MDA-MB-231 breast cancer cells greatly modifies 

their O-glycosylation pattern and enhances their tumourigenicity. Glycobiology. 

(2006); 16(1):54-64. 

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

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

determinants — Hakomori’s concepts revisited. Elsevier. (2007); 1780:525-31. 

22.  Buckhaults P, Chen L, Fregien N, Pierce M. Transcriptional Regulation of N-

Acetylglucosaminyltransferase V by the src Oncogene. The Journal of Biological 

Chemistry. (1997); 272(31):19575–81.  

23.  Hatano K, Miyamoto Y, Nonomura N, Kaneda Y. Expression of gangliosides, 

GD1a, and sialyl paragloboside is regulated by NF-kB-dependent transcriptional 

control of a 2,3-sialyltransferase I, II, and VI in human castration-resistant 



 35 

prostate cancer cells. International Journal of Cancer. (2011); 847:1838–47.  

24.  Pinho S, Cabral J, Carvalho S, Huntsman D, Seruca R, Reis CA, et al. Loss and 

Recovery of Mgat3 and GnT-III Mediated E-cadherin N-glycosylation is a 

Mechanism Involved in Epithelial-Mesenchymal-Epithelial Transitions. PLoS 

One. (2012); 7(3):1–9. 

25.  Schietinger, A., Philip M. A mutant chaperone converts a wild-type protein into 

a tumor-specific antigen. Science. (2006); 314:304-308. 

26.  Aryal RP, Ju T, Cummings RD. The Endoplasmic Reticulum Chaperone Cosmc 

Directly Promotes in Vitro Folding of T-synthase. The Journal of Biological 

Chemistry. (2010); 285(4):2456–62.  

27.  Kakugawa Y, Wada T, Yamaguchi K, Yamanami H, Ouchi K, Sato I, et al. Up-

regulation of plasma membrane-associated ganglioside sialidase (Neu3) in 

human colon cancer and its involvement in apoptosis suppression. Proceedings 

of the National Academy of Sciences. (2002); 99(16):10718–23. 

28.  Kumamoto K, Goto Y, Sekikawa K, Takenoshita S, Ishida N, Kawakita M. 

Increased Expression of UDP-Galactose Transporter Messenger RNA in 

Human Colon Cancer Tissues and Its Implication in Synthesis of Thomsen-

Friedenreich Antigen and Sialyl Lewis A/X Determinants 1. Cancer research 

(2001); 4620–7.  

29.  Kellokumpu S, Sormunen R, Kellokumpu I. Abnormal glycosylation and altered 

Golgi structure in colorectal cancer: dependence on intra-Golgi pH. Elsevier. 

(2002); 516:217–24. 

30.  Gill DJ, Chia J, Senewiratne J, Bard F. Regulation of O-glycosylation through 

Golgi-to-ER relocation of initiation enzymes. The Journal of Cell Biology (2010); 

189(5):843–58. 

31.  Brockhausen I. Mucin-type O-glycans in human colon and breast cancer: 

glycodynamics and functions. European Molecular Biology Organization 

Reports (2006); 7(6): 599-604. 

32.  Marcos NT, Pinho S, Grandela C, Cruz A, Harduin-lepers A, Almeida R, et al. 

Role of the Human ST6GalNAc-I and ST6GalNAc-II in the Synthesis of the 

Cancer-Associated Sialyl-Tn Antigen. Cancer research (2004); 64(33):7050–7. 

33.  Roth J, Wangt Y, Eckhardt AE, Hillt RL. Subcellular localization of the UDP-N-

acetyl-D-galactosamine: polypeptide N-acetylgalactosaminyltransferase-



 36 

mediated O-glycosylation reaction in the submaxillary gland. Cell Biology 

(1994); 91:8935–9.  

34.  Sewell R, Ba M, Dalziel M, Gschmeissner S, Karlsson H, Noll T, et al. The 

ST6GalNAc-I Sialyltransferase Localizes throughout the Golgi and Is 

Responsible for the Synthesis of the Tumor-associated Sialyl-Tn O-Glycan in 

Human Breast Cancer. The Journal of Biological Chemistry. (2006); 

281(6):3586–94. 

35.  Hakomori S. Glycosylation defining cancer malignancy: New wine in an old 

bottle. Proceedings of the National Academy of Sciences. (2002); 

99(16):10231–3. 

36.  Christiansen MN, Chik J, Lee L, Anugraham M, Abrahams JL, Packer NH. Cell 

surface protein glycosylation in cancer. Proteomics. (2014); 525–46. 

37.  Arnold JN, Saldova R, Hamid UMA, Rudd PM. Evaluation of the serum N-linked 

glycome for the diagnosis of cancer and chronic inflammation. Proteomics. 

(2008); 3284–93. 

38.  Kim YJ, Varki A. Perspectives on the significance of altered glycosylation of 

glycoproteins in cancer. Glycoconjugate Journal. (1997); 14:569-576 

39.  Olio FD, Chiricolo M, Vi S, Vi S. Sialyltransferases in cancer. Glycoconjugate 

Journal. (2003); 841-50.  

40.  Lise M, Belluco C, Perera SP, Patel R, Thomas P, Al LET. Clinical Correlations 

of 2,6-Sialyltransferase Expression in Colorectal Cancer Patients*. Hybridoma. 

(2000); 19(4):281-86. 

41.  Clausen H, Amado M. Dimeric Sialyl-Lex Expression in Gastric Carcinoma 

correlates with venous invasion and poor outcome. Gastroenterology. (1998); 

462-70. 

42.  Baldus S, Zirbes TK, Mönig SP. Histopathological Subtypes and Prognosis of 

Gastric Cancer Are Correlated with the Expression of Mucin-Associated 

Sialylated Antigens: Sialosyl-Lewis a, Sialosyl-Lewis x and Sialosyl-Tn. Tumor 

Biology (1998); 445-53. 

43.  Rosen SD, Bertozzi CR, Francisco S. The selectins and their ligands. Current 

Biology. 1994; 663-673. 

44.  Nakamori S, Kameyama M, Imaoka S, Furukawa H, Ishikawa O, Sasaki Y, et 

al. Increased Expression of Sialyl Lewisx Antigen Correlates with Poor Survival 



 37 

in Patients with Colorectal Carcinoma: Clinicopathological 

Immunohistochemical Study. Cancer research 1993; 53:3632-3637. 

45.  Borsig L, Wong R, Feramisco J, Nadeau DR, Varki NM, Varki A. Heparin and 

cancer revisited: Mechanistic connections involving platelets, P-selectin, 

carcinoma mucins, and tumor metastasis. Proceedings of the National Academy 

of Sciences. (2001); 98(6):6–11.  

46.  Reis CA, Osorio H, Silva L, Gomes C, David L. Alterations in glycosylation as 

biomarkers for cancer detection. Clinical Pathology. (2010); 63:322-329. 

47.  Locker GY, Hamilton S, Harris J, Jessup JM, Kemeny N, Macdonald JS, et al. 

ASCO 2006 Update of Recommendations for the Use of Tumor Markers in 

Gastrointestinal Cancer. Journal of Clinical Oncology. (2015); 24(33):5313–27.   

48.  Marrelli D, Pinto E, Stefano ADE, Manzoni GDE. Preoperative Positivity of 

Serum Tumor Markers Is a Strong Predictor of Hematogenous Recurrence of 

Gastric Cancer. Journal of Surgical Oncology. (2001); 78:253–8. 

49.  Cancer L, Tanaka F, Otake Y, Nakagawa T, Kawano Y, Miyahara R, et al. 

Prognostic Significance of Polysialic Acid Expression in Resected Non-Small 

Cell Lung Cancer. Cancer research (2001); 61:1666–70.  

50.  Falconer RA, Errington RJ, Shnyder SD, Smith PJ, Patterson LH. 

Polysialyltransferase : A New Target in Metastatic Cancer. Current Cancer Drug 

Targets. (2012); 12:925–39. 

51.  Todeschini AR, Nilson J, Santos D, Handa K, Hakomori S. Ganglioside GM2-

Tetraspanin CD82 Complex Inhibits Met and Its Cross-talk with Integrins, 

Providing a Basis for Control of Cell Motility through Glycosynapse*. The Journal 

of Biological Chemistry. (2007); 282(11):8123–33.   

52.  Yu RK, Tsai Y, Ariga T, Yanagisawa M. Structures, Biosynthesis, and Functions 

of Gangliosides - an Overview. Journal of Oleo Science. (2011); 544(10):537–

44.  

53.  Carvalho AS, Harduin-lepers A, Magalhães A, Machado E, Mendes N. 

Differential expression of α-2,3-sialyltransferases and α-1,3/4-

fucosyltransferases regulates the levels of sialyl Lewis a and sialyl Lewis x in 

gastrointestinal carcinoma cells. Elsevier; (2010); 42:80–9. 

54.  Vries T De, Knegtel RMA, Holmes EH, Macher BA. Fucosyltransferases: 

structure/function studies. Glycobiology. (2001); 11(10):119–28. 



 38 

55.  Hiraiwa N, Yabuta T, Yoritomi K, Hiraiwa M, Tanaka Y, Suzuki T, et al. 

Transactivation of the fucosyltransferase VII gene by human T-cell leukemia 

virus type 1 Tax through a variant cAMP-responsive element. Neoplasia. (2003); 

101(9):3615–21.   

56.  Matsuura N, Narita T, Hiraiwa N, Hiraiwa M, Murai H. Gene expression of 

fucosyl- and sialyl-transferases which synthesize sialyl Lewis x, the 

carbohydrate ligands for E-selectin, in human breast cancer. International 

Journal of Oncology. (1998); 1157–64. 

57.  Holmes EH, Hakomorillii S, Ostranders GK. Synthesis of Type 1 and 2 Lacto 

Series Glycolipid Antigens in Human Colonic Adenocarcinoma and Derived Cell 

Lines Is Due to Activation of a Normally Unexpressed β1/3N-

Acetylglucosaminyltransferase. The Journal of Biological Chemistry. (1987); 

(32):15649–56. 

58.  Marcos NT, Magalhães A, Ferreira B, Oliveira MJ, Carvalho AS, Mendes N, et 

al. Helicobacter pylori induces β3GnT5 in human gastric cell lines, modulating 

expression of the SabA ligand sialyl – Lewis x. Journal of Clinical Investigation. 

(2008); 118(6):2325–36.  

59.  Magalhães A, Marcos-pinto R, Nairn A V, Ferreira RM, Junqueira-neto S, 

Freitas D, et al. Helicobacter pylori chronic infection and mucosal inflammation 

switches the human gastric glycosylation pathways. Biochimica et Biophysica 

Acta - Molecular Basis of Disease. (2015); 1852: 1928-39.  

60.  Pinho S, Carvalho S, Marcos-pinto R, Magalha A, Seruca R, Reis CA. Gastric 

cancer: adding glycosylation to the equation. Trends of Molecular Medicine. 

(2013); 1–13.  

61.  Trinchera M, Mal1. Biology C, Trinchera M, Malagolini N, Chiricolo M, Santini D, 

Minni F. The biosynthesis of the selectin-ligand sialyl Lewis x in colorectal 

cancer tissues is regulated by fucosyltransferase VI and can be inhibited by an 

RNA interference-based approach. Elsevier. (2011); 43(1):130–9. 

62.  Liu Y, Yen H, Chen C, Chen C, Cheng P, Juan Y. Sialylation and fucosylation 

of epidermal growth factor receptor suppress its dimerization and activation in 

lung cancer cells. Proceedings of the National Academy of Sciences. (2011); 

108(28):11332-7. 

63.  Takahashi M, Kuroki Y, Ohtsubo K, Taniguchi N. Core fucose and bisecting 

GlcNAc, the direct modifiers of the N-glycan core: their functions and target 



 39 

proteins. Elsevier. (2009); 344(12):1387–90. 

64.  Hutchinson WL, Du M, Johnson J. Fucosyltransferases: Differential Plasma and 

Tissue Alterations in Hepatocellular Carcinoma and Cirrhosis. Institute of Liver 

Studies. (1990); 683–8. 

65.  Sato, Y, Nakata, K, Kato, Y, Shima, M, Ishii N, Koji T, Taketa K, Endo Y NS. 

Early recognition of hepatocellular carcinoma based on altered profiles of α-

fetoprotein. The New England Journal of Medicine. (1993); 1802-6. 

66.  Dennis JW, Laferte S, Waghorne C, Breitman ML, Kerbel RS. β1-6 Branching 

of Asn-Linked Oligosaccharides Is Directly Associated with Metastasis. Science. 

(1985); 205(1981):4–7. 

67.  Lella S Di, Sundblad V, Cerliani JP, Guardia CM, Estrin DA, Vasta GR, et al. 

When Galectins Recognize Glycans: From Biochemistry to Physiology and 

Back Again. Biochemistry. (2011); 50:7842-57. 

68.  Demetriou M, Nabi IR, Coppolino M, Hospital MS, Genetics M, Centre HS. 

Reduced Contact-Inhibition and Substratum Adhesion in Epithelial Cells 

Expressing GlcNAc-Transferase V. The Journal of Cell Biology (1995); 

130(2):383–92.  

69.  Seberger PJ, Chaney WG. Control of metastasis by Asn-linked, β 1-6 branched 

oligosaccharides in mouse mammary cancer cells. Glycobiology. (1999); 

9(3):235–41.   

70.  Guo H, Johnson H, Randolph M, Nagy T, Blalock R, Pierce M. Specific 

posttranslational modification regulates early events in mammary carcinoma 

formation. Proceedings of the National Academy of Sciences. (2010); 

107(49):21116-21. 

71.  Granovsky M et al. Suppression of tumor growth and metastasis in Mgat5-

deficient mice. Nature America. (2000); 6(3):306-12. 

72.  Guo H, Nagy T, Pierce M. Post-translational Glycoprotein Modifications 

Regulate Colon Cancer Stem Cells and Colon Adenoma Progression in Apcmin/+ 

Mice through Altered Wnt Receptor Signaling. The Journal of Biological 

Chemistry. (2014); 289(45):31534–49.  

73.  Nishikawa A, Ihara Y. Suppression of lung metastasis of B16 mouse melanoma 

by N-acetylglucosaminyltransferase III gene transfection. Biochemistry. (1995); 

92(September):8754–8. 



 40 

74.  Zhao Y, Sato Y, Isaji T, Fukuda T, Matsumoto A, Miyoshi E. Branched N-glycans 

regulate the biological functions of integrins and cadherins. The FEBS Journal. 

(2008); 275:1939–48. 

75.  Kudelka MR, Ju T, Heimburg-molinaro J, Cummings RD. Simple Sugars to 

Complex Disease - Mucin-Type O-Glycans in Cancer. 1st ed. Elsevier. (2015). 

53–135. 

76.  Berois N, Gattolliat C, Barrios E, Capandeguy L, Valteau-couanet D, Be J. 

GALNT9 Gene Expression Is a Prognostic Marker in Neuroblastoma Patients. 

Clinical Chemistry. (2013); 233:225–33. 

77.  Gomes J, Marcos NT, Berois N, Osinaga E, Magalhães A, Pinto-de-sousa J, et 

al. Expression of UDP-N-acetyl-D-galactosamine: Polypeptide N-

acetylgalactosaminyltransferase-6 in Gastric Mucosa, Intestinal Metaplasia, 

and Gastric Carcinoma. Journal of Histochemistry and Cytochemistry. (2009); 

57(1):79–86. 

78.  Dalziel M, Whitehouse C, Brockhausen I, Schwientek T, Burchell JM, Dalziel M, 

et al. The Relative Activities of the C2GnT1 and ST3Gal-I Glycosyltransferases 

Determine O-Glycan Structure and Expression. The Journal of Biological 

Chemistry. (2001); 276(14):11007-15. 

79.  Reis C et al. Expression of Fully and Under-Glycosylated forms of MUC-1 

MUC1N in Gastric Carcinoma. The International Union Against Cancer. (1998); 

410:402–10. 

80.  Radhakrishnan P, Dabelsteen S, Brus F, Francavilla C, Kopp KL, Yin G, et al. 

Immature truncated O-glycophenotype of cancer directly induces oncogenic 

features. Proceedings of the National Academy of Sciences. (2014); E4066-75. 

81.  Kim YS, Tkh M, Ads- M. Expression of Tn, Sialosyl Tn, and T Antigens in Human 

Pancreas. Gastroenterology. (1991); 100(6):1691–700. 

82.  Marcos NT, Bennett EP, Gomes J, Magalhaes A, Gomes C, David L, et al. 

ST6GalNAc-I controls expression of sialyl-Tn antigen in gastrointestinal tissues. 

Frontiers in Bioscience. (2011); E3:1443–55. 

83.  Pinho S, Marcos NT, Ferreira B, Carvalho AS, Oliveira MJ, Santos-silva F, et al. 

Biological significance of cancer-associated sialyl-Tn antigen: Modulation of 

malignant phenotype in gastric carcinoma cells. Elsevier. (2007); 249:157–70. 

84.  Dall’Olio F, Malagolini N, Trinchera M, Chiricolo M. Mechanisms of cancer-



 41 

associated glycosylation changes. Frontiers in Bioscience. (2012); (2):670–99.  

85.  Ferreira JA, Videira PA, Lima L, Pereira S, Silva M, Carrascal M, et al. 

Overexpression of tumour-associated carbohydrate antigen sialyl-Tn in 

advanced bladder tumours. Molecular Oncology. (2013); 1-34. 

86.  Ricardo S, Marcos-silva L, Pereira D, Pinto R, Mandel U, Clausen H, et al. 

Detection of glyco-mucin profiles improves specificity of MUC16 and MUC1 

biomarkers in ovarian serous tumours. Molecular Oncology (2014); 9:504-12. 

87.  Ju T, Cummings RD. A unique molecular chaperone Cosmc required for activity 

of the mammalian core 1β3-galactosyltransferase. Proceedings of the National 

Academy of Sciences (2002); 99(26):16613–8. 

88.  Ju T, Lanneau GS, Gautam T, Wang Y, Xia B, Stowell SR, et al. Human Tumor 

Antigens Tn and Sialyl Tn Arise from Mutations in Cosmc. The American 

Association of Cancer research (2008); 68(6):1636-46. 

89.  Julien S, Picco G, Sewell R, Tarp M, Miles D, Clausen H. Sialyl-Tn vaccine 

induces antibody-mediated tumour protection in a relevant murine model. British 

Journal of Cancer. (2009); 100(11):1746–54. 

90.  Pinho S, Reis CA, Paredes J, Magalha AM, Seruca R. The role of N-

acetylglucosaminyltransferase III and V in the post-transcriptional modifications 

of E-cadherin. Human Molecular Genetics. (2009); 18(14):2599–608. 

91.  Pinho SS, Figueiredo J, Cabral J, Carvalho S, Dourado J, Magalhães A, et al. 

E-cadherin and adherens-junctions stability in gastric carcinoma: Functional 

implications of glycosyltransferases involving N-glycan branching biosynthesis, 

N-acetylglucosaminyltransferases III and V. Elsevier. (2012); 1-11. 

92.  Takeuchi H, Haltiwanger RS. Significance of glycosylation in Notch signaling. 

Elsevier. (2014); 1-8. 

93.  Boscher C, Dennis JW, Nabi IR. Glycosylation, galectins and cellular signaling. 

Elsevier. (2011); 23(4):383–92. 

94.  Madureira JC, Carvalho S, Dias AM, Oliveira P, Seruca R, Oliveira C, et al. 

Insulin/IGF-I Signaling Pathways Enhances Tumor Cell Invasion through 

Bisecting GlcNAc N-glycans Modulation. An Interplay with E-Cadherin. PLoS 

One. (2013); 8(11):1–14.  

95.  Pinto MT, Campos D, Jose M, Gomes C, Oso H, Reis CA. Expression of 

ST3GAL4 Leads to SLex Expression and Induces c-Met Activation and an 



 42 

Invasive Phenotype in Gastric Carcinoma Cells. PLoS One. (2013); 8(6):1–13. 

96.  Dennis JW, Nabi IR, Demetriou M. Metabolism, Cell Surface Organization, and 

Disease. Cell. (2009); 139:1229-41. 

97.  Bassagnas S, Ortiz MR, Pinho S, Peracaula R. Pancreatic Cancer Cell 

Glycosylation Regulates Cell Adhesion and Invasion through the Modulation of 

a 2 b 1 Integrin and E-Cadherin Function. PLoS One. (2014); 9(5):1-14. 

98.  Helenius A& A. Intracellular functions of N-linked glycans. Science (80- ). 

(2001); 291:2364-9. 

99.  Pinho SS et al. Modulation of E-cadherin function and dysfunction by N-

glycosylation. Cell. (2011); 68:1011–20.  

100.  Paredes J, Figueiredo J, Albergaria A, Oliveira P, Carvalho J, So A, et al. 

Epithelial E- and P-cadherins: Role and clinical significance in cancer. Elsevier. 

(2012); 1826:297–311. 

101.  Liwosz A, Lei T, Kukuruzinska MA. N-Glycosylation Affects the Molecular 

Organization and Stability of E-cadherin Junctions. The Journal of Biological 

Chemistry. (2006); 281(32):23138–49.  

102.  Guo H, Lee I, Kamar M, Pierce M. N-Acetylglucosaminyltransferase V 

Expression Levels Regulate Cadherin-associated Homotypic Cell-Cell 

Adhesion and Intracellular Signaling Pathways. The Journal of Biological 

Chemistry. (2003); 278(52):52412–24. 

103.  Ihara S, Miyoshi E, Ko JH, Murata K, Nakahara S, Honke K, et al. Prometastatic 

Effect of N-Acetylglucosaminyltransferase V Is Due to Modification and 

Stabilization of Active Matriptase by Adding β1-6 GlcNAc Branching. The 

Journal of Biological Chemistry. (2002); 277(19):16960–7. 

104.  Carvalho S, Catarino TA, Dias AM, Kato M, Almeida A, Hessling B, et al. 

Preventing E-cadherin aberrant N-glycosylation at Asn-554 improves its critical 

function in gastric cancer. Oncogene. (2015); 1–13.  

105.  Yoshimura M, Ihara Y, Matsuzawa Y, Taniguchi N. Aberrant Glycosylation of E-

cadherin Enhances Cell-Cell Binding to Suppress Metastasis*. The Journal of 

Biological Chemistry. (1996); 271(23):13811–5. 

106.  Kitada T, Miyoshi E, Noda K, Higashiyama S, Ihara H, Matsuura N, et al. The 

Addition of Bisecting N-Acetylglucosamine Residues to E-cadherin Down-

regulates the Tyrosine Phosphorylation of β-Catenin. The Journal of Biological 



 43 

Chemistry. (2001); 276(1):475–80.   

107.  Xu Q, Isaji T, Lu Y, Gu W, Kondo M, Fukuda T. Roles of N-

Acetylglucosaminyltransferase III in Epithelial-to- Mesenchymal Transition 

Induced by Transforming Growth Factor β1 (TGF-β1) in Epithelial Cell Lines. 

The Journal of Biological Chemistry. (2012); 287:16563-74 

108.  Gu J, Sato Y, Kariya Y, Isaji T, Taniguchi N, Fukuda T. A Mutual Regulation 

between Cell-Cell Adhesion and N-Glycosylation: Implication of the Bisecting 

GlcNAc for Biological Functions reviews. Journal of proteome reasearch. 

(2009); 8:431–5. 

109.  Pinho S, Reis CA, Alpaugh ML. Molecular Plasticity of E-Cadherin and Sialyl 

Lewis X Expression, in Two Comparative Models of Mammary Tumorigenesis. 

PLoS One. (2009); 4(8):4–9.  

110.  Seidenfaden R, Krauter A, Schertzinger F, Gerardy-schahn R, Hildebrandt H. 

Polysialic Acid Directs Tumor Cell Growth by Controlling Heterophilic Neural 

Cell Adhesion Molecule Interactions. Molecular Cell Biology (2003); 

23(16):5908–18. 

111.  Lin S, Kemmner W, Grigull S, Schlag PM, Al LINET. Cell Surface α2,6-

Sialylation Affects Adhesion of Breast Carcinoma Cells. Elsevier. (2002); 

110:101–10.  

112.  Tamura F, Sato Y, Hirakawa M, Yoshida M, Ono M, Osuga T. RNAi-mediated 

gene silencing of ST6GalNAc I suppresses the metastatic potential in gastric 

cancer cells. Gastric Cancer. (2016); 19:85–97. 

113.  Kim S, Turnbull J, Guimond S. Extracellular matrix and cell signalling: the 

dynamic cooperation of integrin, proteoglycan and growth factor receptor. The 

Journal of Endocrinology. (2011); 209:139-51.  

114.  Sarrazin S, Lamanna WC, Esko JD, Lu P, Takai K, Weaver VM, et al. Heparan 

Sulfate Proteoglycans. Cold Spring Harbor Perspectives in Biology. (2011); 3:1-

33. 

115.  Wade A, Robinson AE, Engler JR, Petritsch C, James CD, Phillips JJ. 

Proteoglycans and their roles in brain cancer. The FEBS Journal. (2013); 1-19. 

116.  Rabe DC, Peruzzi B, Cecchi F, Pajalunga D, Fowler CA, Aykut U, et al. Targeted 

Disruption of Heparan Sulfate Interaction with Hepatocyte and Vascular 

Endothelial Growth Factors Blocks Normal and Oncogenic Signaling. Cancer 



 44 

Cell. (2012); 22:250-62. 

117.  Tan KW, Chong SZ, Wong FHS, Evrard M, Tan SM, Keeble J, et al. Neutrophils 

contribute to inflammatory lymphangiogenesis by increasing VEGF-A 

bioavailability and secreting VEGF-D. Blood Journal. (2016); 122(22):3666–78. 

118.  Gnthert U, Hofmann M, Rudy W, Reber S, Zer M, Hsusmann I, et al. A New 

Variant of Glycoprotein CD44 Confers Metastatic Potential to Rat Carcinoma 

Cells. Cell. (1991); 65:13–24. 

119.  Branco C, Oliveira C, Wen X, Granja PL, Suriano G, Grellier M, et al. De novo 

expression of CD44 variants in sporadic and hereditary gastric cancer. 

Laboratory Investigation. (2010); 90:1604-14. 

120.  English NM, Lesley JF, Hyman R. Site-specific De-N-glycosylation of CD44 Can 

Activate Hyaluronan Binding, and CD44 Activation States Show Distinct 

Threshold Densities for Hyaluronan Binding. Cancer research (1998);58:3736–

42. 

121.  Katoh BS, Zheng Z, Oritani K, Shimozato T, Kincade PW. Glycosylation of CD44 

Negatively Regulates Its Recognition of Hyaluronan. Rockefeller University 

Press. (1995); 182:419-29. 

122.  Allouin FH, Oupille CG, Ureau B, Eflah KM, Endu JLEP. Increased 

Tumorgenicity of Rat colon carcinoma cells after α1,2-fucosyltransferase FTA 

anti-sense cDNA transfection. International Union Against Cancer. (1999); 

611:606–11.  

123.  Wolff EA, Greenfield B, Dennis D, Murphy WJ, Bennett KL, Aruffo A, et al. 

Generation of Artificial Proteoglycans Containing Glycosaminoglycan-modified 

CD44 : demonstration of the interaction between rantes and chondroitin sulfate. 

The Journal of Biological Chemistry. (1999); 274(22):2518-24. 

124.  Roucourt B, Meeussen S, Bao J, Zimmermann P, David G. Heparanase 

activates the syndecan-syntenin-ALIX exosome pathway. Cell Research (2015); 

25(4):412–28. 

125.  Bharadwaj AG, Kovar JL, Loughman E, Elowsky C, Oakley GG, Simpson MA. 

Spontaneous Metastasis of Prostate Cancer Is Promoted by Excess Hyaluronan 

Synthesis and Processing. American Journal of Pathology. (2009); 

174(3):1027–36. 

126.  Paszek MJ, Dufort CC, Rossier O, Bainer R, Mouw JK, Godula K, et al. The 



 45 

cancer glycocalyx mechanically primes integrin-mediated growth and survival. 

Nature. (2014); 00:1-19. 

127.  Liotta LA. Tumor Invasion and metastases - role of the Extracellular Matrix: 

Rhoads Memorial Award Lecture. Cancer research (1986); 46:1-7. 

128.  Jin H, Varner J. Integrins: roles in cancer development and as treatment targets. 

The British Journal of Cancer. (2004); 561-5. 

129.  Furukawa K. Increased Expression of Highly Branched N-Glycans at Cell 

Surface Is Correlated with the Malignant Phenotypes of Mouse Tumor Cells. 

Cancer research (1997); 1073–80. 

130.  Guo H, Lee I, Kamar M, Akiyama SK, Pierce M. Aberrant N-Glycosylation of β1 

Integrin Causes Reduced α5β1 Integrin Clustering and Stimulates Cell 

Migration. Cancer research (2002);6837–45.  

131.  Pochec E, Janik M, Hoja-łukowicz D, Link-lenczowski P, Przybyło M, Lity A. 

Expression of integrins α3β1 and α5β1 and GlcNAc β1,6 glycan branching 

influences metastatic melanoma cell migration on fibronectin. Elsevier. (2013); 

92:355–62.  

132.  Isaji T, Gu J, Nishiuchi R, Zhao Y, Takahashi M, Chem JB. Introduction of 

Bisecting GlcNAc into Integrin α5β1 Reduces Ligand Binding and Down-

regulates Cell Adhesion and Cell Migration. The Journal of Biological Chemistry. 

(2004); 279(7):19747-54. 

133.  Zhao Y et al. N-Acetylglucosaminyltransferase III Antagonizes the Effect of N-

Acetylglucosaminyltransferase V on α3β1 Integrin-mediated Cell Migration. The 

Journal of Biological Chemistry. (2006); 281(43):32122–30. 

134.  Gu J, Taniguchi N. Regulation of integrin functions by N-glycans. 

Glycoconjugate Journal. (2004); 21:9–15.  

135.  Dennis J, Waller C, Timpl R. Surface sialic acid reduces attachment of 

metastatic tumour cells to collagen type IV and fibronectin. Nature. (1982); 

300:274-276. 

136.  Seales EC, Jurado GA, Brunson BA, Wakefield JK, Frost AR, Bellis SL. 

Hypersialylation of β1 Integrins, Observed in Colon Adenocarcinoma, May 

Contribute to Cancer Progression by Up-regulating Cell Motility. American 

Association of Cancer research (2005);(11):4645–53. 

137.  Kariya Y, Kawamura C, Tabei T, Gu J. Bisecting GlcNAc Residues on Laminin-



 46 

332 Down-regulate Galectin-3-dependent Keratinocyte Motility. The Journal of 

Biological Chemistry. (2010); 285(5):3330–40.  

138.  Ranjan A, Bane SM, Kalraiya RD. Glycosylation of the laminin receptor (α3β1) 

regulates its association with tetraspanin CD151: Impact on cell spreading , 

motility, degradation and invasion of basement membrane by tumor cells. 

Experimental Cell Research. (2014); 322(2):249–64. 

139.  Vlodavsky I, Friedmann Y. Molecular properties and involvement of heparanase 

in cancer metastasis and angiogenesis. Journal of Clinical Investigation. (2001); 

108(3):341–7.  

140.  Saoncella S, Echtermeyer F, Denhez F, Nowlen J. Syndecan-4 signals 

cooperatively with integrins in a Rho- dependent manner in the assembly of 

focal adhesions and actin stress fibers. Proceedings of the National Academy 

of Sciences. (1999); 96:2805-10. 

141.  Lendorf ME, Manon-jensen T, Kronqvist P, Multhaupt HAB, Couchman R. 

Syndecan-1 and Syndecan-4 Are Independent Indicators in Breast Carcinoma. 

Journal of Histochemistry and Cytochemistry.(2015); 59(6):615-29 

142.  Beauvais DM, Burbach BJ, Rapraeger AC. The syndecan-1 ectodomain 

regulates αvβ3 integrin activity in human mammary carcinoma cells. The 

Journal of Cell Biology (2004); 167(1):171-81. 

143.  Warburg O. On the origin of cancer cells. Science. (1956); 123(3191):309-14. 

144.  Marshall S, Bacote V, Traxingerg RR. Discovery of a Metabolic Pathway 

Mediating Glucose-induced Desensitization of the Glucose Transport System. 

The Journal of Biological Chemistry. (1991); 266(8):4706–12. 

145.  Wells L, Wells L, Vosseller K, Hart GW. Glycosylation of Nucleocytoplasmic 

Proteins: Signal Transduction and O-GlcNAc. Science. (2001); 291:2376-8.  

146.  Slawson C, Copeland RJ, Hart GW. O-GlcNAc signaling: a metabolic link 

between diabetes and cancer? Cell. (2010); 35(10):547–55.  

147.  Caldwell SA, Jackson SR, Shahriari KS, Lynch TP, Sethi G, Walker S, et al. 

Nutrient sensor O-GlcNAc transferase regulates breast cancer tumorigenesis 

through targeting of the oncogenic transcription factor FoxM1. Oncogene. 

(2010); 29(19):2831–42.  

148.  Ferrer CM, Lynch TP, Sodi VL, Falcone JN, Schwab LP, Peacock DL, et al. O-

GlcNAcylation Regulates Cancer Metabolism and Survival Stress Signaling via 



 47 

Regulation of the HIF-1 Pathway. Molecular Cell. (2014); 54(5):820–31. 

149.  Ma Z, Vosseller K. Cancer Metabolism and Elevated O-GlcNAc in Oncogenic 

Signaling. The Journal of Biological Chemistry. (2014); 1-19. 

150.  Zachara NE, Hart GW. Cell signaling , the essential role of O-GlcNAc! Elsevier. 

(2006); 1761:599–617. 

151.  Lynch TP, Ferrer CM, Jackson SR, Shahriari KS, Vosseller K, Reginato MJ. 

Critical Role of O-Linked β-N-Acetylglucosamine Transferase in Prostate 

Cancer Invasion, Angiogenesis, and Metastasis. The Journal of Biological 

Chemistry. (2012); 287(14):11070–81. 

152.  Zhu W, Leber B, Andrews DW. Cytoplasmic O-glycosylation prevents cell 

surface transport of E-cadherin during apoptosis. European Molecular Biology 

Organization Journal. (2001); 20(21): 5999-6007. 

153.  Hart GW, Slawson C, Ramirez-correa G, Lagerlof O. Cross Talk Between O-

GlcNAcylation and Phosphorylation: Roles in Signaling, Transcription, and 

Chronic Disease. Annual Revision of Biochemistry. (2011); 80:825-58. 

154.  Itkonen HM, Minner S, Guldvik IJ. O-GlcNAc Transferase Integrates Metabolic 

Pathways to Regulate the Stability of c-MYC in Human Prostate Cancer Cells. 

American Association of Cancer research (2013); 73:5277–87. 

155.  Yang WH, Kim JE, Nam HW, Ju JW, Kim HS, Kim YS, et al. Modification of p53 

with O-linked N-acetylglucosamine regulates p53 activity and stability. Nat Cell 

Biology (2007); 8(10):1074-83. 

156.  Lau KS, Partridge EA, Grigorian A, Silvescu CI, Reinhold VN, Demetriou M, et 

al. Complex N-Glycan Number and Degree of Branching Cooperate to Regulate 

Cell Proliferation and Differentiation. Cell. (2007); 129:123–34. 

157.  Stanley P. A Method to the Madness of N-Glycan Complexity? Cell. (2007); 

129:27-9. 

158.  Taniguchi N. A sugar-coated switch for cellular growth and arrest. Nature. 

(2007); 3(2):307–9.   

159.  Partridge EA, Partridge EA, Roy C Le, Guglielmo GM Di, Pawling J, Cheung P, 

et al. Regulation of Cytokine Receptors by Golgi N-Glycan Processing and 

Endocytosis. Science. (2004); 306:120-4. 

160.  Guo H, Johnson H, Randolph M, Lee I, Pierce M. Knockdown of GnT-Va 

expression inhibits ligand-induced downregulation of the epidermal growth 



 48 

factor receptor and intracellular signaling by inhibiting receptor endocytosis. 

Glycobiology. (2009); 19(5):547–59.  

161.  Song Y, Aglipay JA, Bernstein JD. The Bisecting GlcNAc on N-Glycans Inhibits 

Growth Factor Signaling and Retards Mammary Tumor Progression The 

Bisecting GlcNAc on N-Glycans Inhibits Growth Factor Signaling and Retards 

Mammary Tumor Progression. American Association of Cancer Research 

(2010); 70:3361–71. 

162.  Sato Y, Takahashi M, Shibukawa Y, Jain SK, Hamaoka R, Miyagawa J, et al. 

Overexpression of N-Acetylglucosaminyltransferase III Enhances the Epidermal 

Growth Factor-induced Phosphorylation of ERK in HeLaS3 Cells by Up-

regulation of the Internalization Rate of the Receptor. The Journal of Biological 

Chemistry. (2001); 276(15):11956–62.  

163.  Mascanfroni ID, Croci DO, Cerliani JP, Dalotto-moreno T, Me SP, Toscano MA, 

et al. Glycosylation-Dependent Lectin-Receptor Interactions Preserve 

Angiogenesis in Anti-VEGF Refractory Tumors. Cell. (2011); 156:744-58. 

164.  Bremer EG, Hakomori S. Gangliosides as receptor modulators. Plenum. (1984); 

381-94  

165.  Park S, Yoon S, Freire-de-lima L, Kim J, Hakomori S. Control of cell motility by 

interaction of gangliosides, tetraspanins, and epidermal growth factor receptor 

in A431 versus KB epidermoid tumor cells. Elsevier. (2009); 344(12):1479–86. 

166.  Birks SM, Danquah JO, King L, Vlasak R, Gorecki DC, Pilkington GJ. Targeting 

the GD3 acetylation pathway selectively induces apoptosis in glioblastoma. 

Neuro Oncology. (2011); 13(9):950–60. 

167.  Rabinovich GA, Toscano MA. Turning “sweet” on immunity: galectin – glycan 

interactions in immune tolerance and inflammation. Nature. (2009); 9:338-52. 

168.  Macauley MS, Crocker PR, Paulson JC. Siglec-mediated regulation of immune 

cell function in disease. Nature. (2014); 14:653-666 

169.  Ragupathi G, Liu NX, Musselli C, Powell S, Lloyd K, Philip O, et al. Antibodies 

against Tumor Cell Glycolipids and Proteins, but Not Mucins, Mediate 

Complement-Dependent Cytotoxicity. Journal of Immunology. (2015); 

174:5706-5712. 

170.  Lavrsen K, Madsen CB, Rasch MG, Woetmann A, Ødum N, Mandel U, et al. 

Aberrantly glycosylated MUC1 is expressed on the surface of breast cancer 



 49 

cells and a target for antibody-dependent cell-mediated cytotoxicity. Springer. 

(2013); 30:227-36. 

171.  Samsen A, Bogoevska V, Klampe B, Bamberger A, Lucka L, Horst AK, et al. 

DC-SIGN and SRCL bind glycans of carcinoembryonic antigen ( CEA ) and 

CEA-related cell adhesion molecule 1 ( CEACAM1 ): recombinant human 

glycan-binding receptors as analytical tools. Elsevier. (2010); 89(1):87–94. 

172.  Saeland E, Vliet SJ Van, Bäckström M, Berg VCM Van Den, Geijtenbeek TBH, 

Meijer GA, et al. The C-type lectin MGL expressed by dendritic cells detects 

glycan changes on MUC1 in colon carcinoma. Springer. (2007); 56:1225–36. 

173.  Läubli H, Alisson-silva F, Stanczak MA, Siddiqui SS, Deng L, Verhagen A, et al. 

Lectin Galactoside-binding Soluble 3 Binding Protein (LGALS3BP) Is a Tumor-

associated Immunomodulatory Ligand for CD33-related Siglecs. The Journal of 

Biological Chemistry. (2014); 289(48):33481–91. 

174.  Liu F, Rabinovich GA. Galectins as Modulators of Tumour Progression. Nature. 

(2005); 5:29-41. 

175.  Thijssen VL, Heusschen R, Caers J, Grif AW. Galectin expression in cancer 

diagnosis and prognosis: A systematic review. Elsevier. (2015); 1855:235–47. 

176.  Dalziel M, Dalziel M, Crispin M, Scanlan CN, Zitzmann N, Dwek RA. Emerging 

Principles for the Therapeutic Exploitation of Glycosylation. Science. (2014); 

343:37-47. 

177.  Slovin SFS, Agupathi GR, Dluri SA, Ngers GU, Erry KT, Im SK, et al. 

Carbohydrate vaccines in cancer: Immunogenicity of a fully synthetic globo H 

hexasaccharide conjugate in man. Proceedings of the National Academy of 

Sciences. (1999); 96:5710–5.  

178.  Buskas T, Thompson P, Boons G, Thompson P. Immunotherapy for cancer: 

synthetic carbohydrate-based vaccines. The Royal Society of Chemistry (2009); 

5335–49. 

179.  Li M, Song L, Qin X. Glycan changes: cancer metastasis and anti-cancer 

vaccines. Indian Academy of Sciences. (2010); 35:665–73.  

180.  Beatson RE, Taylor-Papadimitriou J. MUC1 immunotherapy. Immunotherapy. 

(2010); 2(3):305–27. 

181.  Mackall CL, Merchant MS, Fry TJ. Immune-based therapies for childhood 

cancer. Nature Reviews. Clinical oncology. (2014); 1-11. 



 50 

182.  Liu SD, Chalouni C, Young JC, Junttila TT, Sliwkowski MX, Lowe JB. 

Afucosylated Antibodies Increase Activation of FcγRIIIa-Dependent Signaling 

Components to Intensify Processes Promoting ADCC. American Association of 

Cancer research (2015); 3(2):173–84.  

183.  Gilgunn S, Conroy PJ, Saldova R, Rudd PM, Kennedy RJO. Aberrant PSA 

glycosylation - a sweet predictor of prostate cancer. Nature Review Urology. 

(2013); 10(2):99–107 

184.  Zurawski VR. Elevated Serum CA125 levels prior to diagnosis of ovarian 

neoplasia: relevance for early detection of Ovarian Cancer. International Union 

Against Cancer. (1988); 680:677–80. 

185.  Goldstein MJ, Mitchell EP. Carcinoembryonic Antigen in the Staging and Follow-

up of Patients with Colorectal Cancer. Cancer Investigation. (2005); 23:338–51.  

186.  Stieber P, Untch M, Nagel D, Seidel D. Serum CEA and CA 15-3 as prognostic 

factors in primary breast cancer. British Journal of Cancer. (2002); 86:1217–22. 

187.  Kumpulainen EJ, Keskikuru RJ, Johansson RT. Serum tumor marker CA 15.3 

and stage are the two most powerful predictors of survival in primary breast 

cancer. Breast Cancer Research Treatment. (2002); 76:95-102. 

188.  Sail F, Scblosser V, Kolb G, Beget HG, Ea CS. Original Articles Diagnostic 

Value of CA 19-9 in Patients With Pancreatic Cancer and Nonspecific 

Gastrointestinal Symptoms. Journal of Gastrointestinal Surgery. (1997); 106-12. 

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

acetylgalactosaminylated prostate-specific antigen as an efficient marker of 

prostatic cancer. Glycobiology. (2010); 20(4):452–60. 

190.  Jankovic MM, Milutinovic BS. Glycoforms of CA125 antigen as a possible 

cancer marker. Cancer Biomarkers. (2008); 4:35–42.  

191.  Saeland E, Belo AI, Mongera S, Die I Van, Meijer GA, Kooyk Y Van. Differential 

glycosylation of MUC1 and CEACAM5 between normal mucosa and tumour 

tissue of colon cancer patients. International Journal of Cancer. (2012); 

128:117–28. 

192.  Noda KA, Iyoshi EIJIM, Ozumi NAU, Anagidani SHY, Keda YOI, et al. Gene 

Expression of α1-6 Fucosyltransferase in Human Hepatoma Tissues: A 

Possible Implication for Increased Fucosylation of α-Fetoprotein. Hepatology. 

(1998); 28(4):944-52. 



 51 

193.  Wang M, Long RE, Comunale MA, Wang M, Long RE, Comunale MA, et al. 

Novel Fucosylated Biomarkers for the Early Detection of Hepatocellular 

Carcinoma Novel Fucosylated Biomarkers for the Early Detection of 

Hepatocellular Carcinoma. American Association of Cancer research (2009); 

18:1914–21. 

194.  Adamczyk B, Tharmalingam T, Rudd PM. Glycans as cancer biomarkers. 

Elsevier. (2012); 1820(9):1347–53. 

195.  Steentoft C, Vakhrushev SY, Vester-christensen MB, Schjoldager KTG, Kong 

Y, Bennett EP, et al. Mining the O-glycoproteome using zinc-finger nuclease–

glycoengineered SimpleCell lines. Nature. (2011); 8(11):977-85. 

196.  Lauc G, Essafi A, Huffman JE, Hayward C, Knez A, Gornik O, et al. Genomics 

Meets Glycomics - The First GWAS Study of Human N-Glycome Identifies 

HNF1α as a Master Regulator of Plasma Protein Fucosylation. PLoS One. 

(2010); 6(12):1-14. 

197.  Miyoshi E, Nakano M. Fucosylated haptoglobin is a novel marker for pancreatic 

cancer: Detailed analyses of oligosaccharide structures. Proteomics. (2008); 

8:3257–62.  

198.  Campos D et al. Probing the O-glycoproteome of gastric cancer cell lines for 

biomarker discovery. American Society of Biochemistry and Molecular Biology. 

(2015); 1-38 

199.  Gomes C, Almeida A, Ferreira JA, Silva L, Santos- H, Pinto-de-sousa J, et al. 

Glycoproteomic analysis of serum from patients with gastric precancerous 

lesions. Journal of Proteome Research. (2013); 1-51. 

200.  Saldova R, Fan Y, Fitzpatrick JM, Watson RWG, Rudd PM. Core fucosylation 

and α2-3 sialylation in serum N-glycome is significantly increased in prostate 

cancer comparing to benign prostate hyperplasia. Glycobiology. (2011); 

21(2):195–205.  

201.  Melo SA, Luecke LB, Kahlert C, Fernandez AF, Gammon ST, Kaye J, et al. 

Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. 

Nature. (2015); 523:177-182. 

202.  Blixt O, Bueti D, Burford B, Allen D, Julien S, Hollingsworth M, et al. 

Autoantibodies to aberrantly glycosylated MUC1 in early stage breast cancer 

are associated with a better prognosis. Breast Cancer research (2011); 1-16 



 52 

203.  Pedersen JW, Gentry-maharaj A, Alexander N, Fourkala E, Dawnay A, Burnell 

M, et al. Cancer associated autoantibodies to MUC1 and MUC4 – blinded case 

– control study of colorectal cancer in UK Collaborative Trial of Ovarian Cancer 

Screening. International Journal of Cancer (2014);  2188:2180–8. 

204.  Moniaux N, Andrianifahanana M, Brand RE, Batra SK. Multiple roles of mucins 

in pancreatic cancer, a lethal and challenging malignancy. The British Journal 

of Cancer. (2004); 91:1633–8.  

205.  Magnanis JL, Nilssong B, Brockhaussv M, Zopfl D, Steplewskiji Z, Koprowskill 

H, et al. A Monoclonal Antibody-defined Antigen Associated with 

Gastrointestinal Cancer Is a Ganglioside Containing Sialylated. Journal of 

Clinical Investigation (1982); 257(23):14365–9. 

206.  Magnani J, Brockhaus M, Smith D. A Monosialoganglioside is a monoclonal 

antibody‑defined antigen of colon carcinoma. Science (1981);212:35–6. 

207.  Koprowskp H. Monoclonal Antibody Detection of a Circulating Tumor- 

Associated Antigen. I. Presence of Antigen in Sera of Patients with Colorectal, 

Gastric, and Pancreatic Carcinoma. Journal of Clinical Investigation (1982); 

2(2):135-40. 

208.  Magnani JL, Steplewski Z, Koprowski H, Ginsburg V. Identification of the 

Gastrointestinal and Pancreatic Cancer-associated Antigen Detected by 

Monoclonal Antibody 19-9 in the Sera of Patients as a Mucin1. Cancer research 

(1983); 43:5489–92. 

209.  Yue T, Partyka K, Maupin KA, Hurley M, Andrews P, Kaul K, et al. Identification 

of blood-protein carriers of the CA 19-9 antigen and characterization of 

prevalence in pancreatic diseases. Proteomics (2011); 11:3665–74.  

210.  Siimes MA, Lanning M, Heikinheimo M. Tumor Markers CA 125 and CA 19-9 in 

Cord Blood and During Infancy: Developmental Changes and Use in Pediatric 

Germ Cell Tumors. Pediatric Research (1995); 38(5):797–801. 

211.  Goonetilleke KS, Siriwardena AK. Systematic review of carbohydrate antigen ( 

CA 19-9 ) as a biochemical marker in the diagnosis of pancreatic cancer. 

Elsevier (2007); 33:266–70. 

212.  Kalthoff H, Kreiker C, Schmiegel W, Greten H. Characterization of CA 19-9 

Bearing Mucins as Physiological Exocrine Pancreatic Secretion Products1. 

Cancer Research (2000); 46:3605–7. 



 53 

213.  Tang H, Hsueh P, Kletter D, Bern M, Haab B, Rapids G, et al. The detection and 

discovery of glycan motifs in biological samples using lectins and antibodies: 

new methods and opportunities. Advanced Cancer research (2015); 126:167-

202. 

214.  Shah UA, Saif MW. Tumor Markers in Pancreatic Cancer. Journal of the 

Pancreas (2013). 14(4):318–21. 

215.  Barton JG, Bois JP, Sarr MG, Wood CM, Qin R, Thomsen KM, et al. Predictive 

and Prognostic Value of CA 19-9 in Resected Pancreatic Adenocarcinoma. 

Journal of Gastrointestinal Surgery. (2009); 13:2050–8. 

216.  Paper O, Galli C, Basso D, Plebani M. CA 19-9: handle with care. Clinical 

Chemistry and Laboratory Medicine (2013); 51(7):1369–83. 

217.  Yue T, Maupin KA, Fallon B, Li L, Partyka K, Anderson MA, et al. Enhanced 

Discrimination of Malignant from Benign Pancreatic Disease by Measuring the 

CA 19-9 Antigen on Specific Protein Carriers. PLoS ONE. (2011); 6(12):1-10. 

218.  Tempero MA, Uchida E, Takasaki H, Burnett DA, Steplewski Z, Pour PM. 

Relationship of Carbohydrate Antigen 19-9 and Lewis Antigens in Pancreatic. 

Cancer Research. (1987); 47:5501–3. 

219.  Remmers N, Anderson JM, Linde EM, Dimaio DJ, Lazenby AJ, Wandall HH, et 

al. Aberrant Expression of Mucin Core Proteins and O-Linked Glycans 

Associated with Progression of Pancreatic Cancer. Clinical Cancer Research 

(2013); 27:1981–94. 

220.  Partyka K, Maupin KA, Brand RE, Haab BB. Diverse monoclonal antibodies 

against the CA 19-9 antigen show variation in binding specificity with 

consequences for clinical interpretation. Proteomics (2012); 2212–20. 

221.  Tang H, Partyka K, Hsueh P, Sinha JY, Kletter D, Zeh H, et al. Glycans Related 

to the CA19-9 Antigen Are Increased in Distinct. Cellular and Molecular 

Gastroenterology and Hepatology. (2016); 1-27 

222.  Xu H, Zhao X, Zhang K, Tang W, Kokudo N. Inhibition of KL-6 / MUC1 

glycosylation limits aggressive progression of pancreatic cancer. World Journal 

of Gastroenterology (2014); 20(34):12171–81.  

223.  Pour PM, Tempero MM, Takasaki H, Uchida E, Takiyama Y, Burnett DA. 

Expression of Blood Group-related Antigens ABH , Lewis A , Lewis B , Lewis X 

, Lewis Y , and CA 19-9 in Pancreatic Cancer Cells in Comparison with the 



 54 

Patient's Blood Group Type1. Cancer Research (1988); 48:5422–6. 

224.  Singh S, Pal K, Yadav J, Tang H, Partyka K, Kletter D, et al. Upregulation of 

Glycans Containing 3 ′ Fucose in a Subset of Pancreatic Cancers Uncovered 

Using Fusion-Tagged Lectins. Journal of Proteome Research (2015); 1-12.  

225.  Tang H, Singh S, Partyka K, Kletter D, Hsueh P, Yadav J, et al. Glycan Motif 

Profiling Reveals Plasma Sialyl-Lewis X Elevations in Pancreatic Cancers That 

Are Negative for Sialyl-Lewis A. Molecular & Cellular Proteomics (2015); 1323–

33. 

226.  Balmaña M, Sarrats A, Llop E, Barrabés S, Saldova R, Ferri MJ, et al. 

Identification of potential pancreatic cancer serum markers: Increased sialyl-

Lewis X on ceruloplasmin. Clinical Chimica Acta. (2015); 1-7. 

227.  Natoni A, Macauley MS, Dwyer MEO, King MR, Marques L, Fonseca D. 

Targeting Selectins and Their Ligands in Cancer. Frontiers in Oncology. (2016); 

6:1-12. 

228.  Takahashi S, Hasebe T. Overexpression of Sialyl Lewis x Antigen Is Associated 

with Formation of Extratumoral Venous Invasion and Predicts Postoperative 

Development of Massive Hepatic Metastasis in Cases with Pancreatic Ductal 

Adenocarcinoma. Pathobiology (2001); 8577:127–35. 

229.  Rho J, Mead JR, Wright WS, Brenner DE, Stave JW, Gildersleeve JC, et al. 

ScienceDirect Technical note Discovery of sialyl Lewis A and Lewis X modified 

protein cancer biomarkers using high density antibody arrays. Journal of 

Proteomics. (2013); 96:291–9. 

230.  Munkley J. The Role of Sialyl-Tn in Cancer. International Journal of Molecular 

Sciences. (2016); 17:1-9.  

231.  Magalhães A. Glycomic Approaches for the Discovery of Targets in 

Gastrointestinal Cancer. Frontiers in Oncology (2016); 6:1-19. 

232.  Hofmann BT, Schlüter L, Lange P, Mercanoglu B, Ewald F, Fölster A, et al. 

COSMC knockdown mediated aberrant O-glycosylation promotes oncogenic 

properties in pancreatic cancer. Molecular Cancer. (2015); 109(14)1-15 

233.  Chugh S, Meza J, Sheinin YM, Ponnusamy MP, Batra SK. Loss of N -

acetylgalactosaminyltransferase 3 in poorly differentiated pancreatic cancer : 

augmented aggressiveness and aberrant ErbB family glycosylation. The British 

Journal of Cancer. (2016); 1-11. 



 55 

234.  Wang Y, Ju T, Ding X, Xia B, Wang W, Xia L, et al. Cosmc is an essential 

chaperone for correct protein. Proceedings of the National Academy of 

Sciences. (2010); 107(20):9228-33. 

235.  Taniuchi K, Cerny RL, Tanouchi A, Kohno K, Kotani N, Honke K, et al. 

Overexpression of GalNAc-transferase GalNAc-T3 promotes pancreatic cancer 

cell growth. Oncogene. (2011); 1-12. 

236.  Pan S, Tamura Y, Chen R, May D, Mcintosh W, Brentnall TA. Large-scale 

quantitative glycoproteomics analysis of site‑specific glycosylation occupancy. 

Molecular BioSystems (2012); 2850-6. 

237.  Pan S, Chen R, Tamura Y, Crispin DA, Lai LA, May DH, et al. Quantitative 

Glycoproteomics Analysis Reveals Changes in N-<glycosylation level 

associated with Pancreatic Ductal Adenocarcinoma. Journal of Proteome 

Research. (2015); 13:1293-1306. 

238.  Contessa JN, Bhojani MS, Freeze HH, Rehemtulla A, Lawrence TS. Inhibition 

of N-Linked Glycosylation Disrupts Receptor Tyrosine Kinase Signaling in 

Tumor Cells. Cancer Research (2008); 10:3803–10.  

239.  Foygel K, Wang H, Machtaler S, Lutz AM, Chen RU, Pysz M, et al. Detection of 

Pancreatic Ductal Adenocarcinoma in Mice by Ultrasound. Gastroenterology. 

(2013); 145(4):885-894. 

240.  Pérez-garay M, Arteta B, Llop E, Cobler L, Pagès L, Ortiz R, et al. alpha2 , 3-

Sialyltransferase ST3Gal IV promotes migration and metastasis in pancreatic 

adenocarcinoma cells and tends to be highly expressed in pancreatic 

adenocarcinoma tissues. International Journal of Biochemistry and Cell Biology 

(2013); 45(8):1748–57. 

241.  Arteta B, Llorens R De, Bolo C De, Pe M, Peracaula R. α2,3-Sialyltransferase 

ST3Gal III Modulates Pancreatic Cancer Cell Motility and Adhesion In Vitro and 

Enhances Its Metastatic Potential In Vivo. PLoS ONE. (2010); 5(9):1-11. 

242.  Hsieh C, Shyr Y, Liao W, Chen T, Wang S, Yang W, et al. Elevation of β-

galactoside α2, 6-sialyltransferase 1 in a fructose-responsive manner promotes 

pancreatic cancer metastasis. Oncotarget (2017); 8(5):7691–709. 

243.  Yue T, Goldstein IJ, Hollingsworth MA, Kaul K, Brand RE, Haab BB. The 

Prevalence and Nature of Glycan Alterations on Specific Proteins in Pancreatic 

Cancer Patients Revealed Using Antibody-Lectin Sandwich Arrays. Molecular 

& Cellular Proteomics(2009); 8.7:1697–707. 



 56 

244.  Park H, Peter M, Kim Y, Kim K, Mi J, Hwan Y, et al. Mass spectrometry-based 

N-linked glycomic pro fi ling as a means for tracking pancreatic cancer 

metastasis. Carbohydrate Research. (2015); 413:5–11. 

245.  Zhao J, Qiu W, Simeone DM, Lubman DM. N- linked Glycosylation Profiling of 

Pancreatic Cancer Serum Using Capillary Liquid Phase Separation Coupled 

with Mass Spectrometric Analysis research articles. Journal of Proteome 

Research (2007); 1126–38.  

246.  Kamada Y, Kinoshita N, Tsuchiya Y, Kobayashi K, Fujii H. Reevaluation of a 

lectin antibody ELISA kit for measuring fucosylated haptoglobin in various 

conditions. Clinical Chimica Acta. (2013); 417:48–53 

247.  Royle L, Harvey DJ, Moenner M, Dwek RA, Rudd PM, De R. Glycosylation of 

serum ribonuclease 1 indicates a major endothelial origin and reveals an 

increase in core fucosylation in pancreatic cancer. Glycobiology (2007); 

17(4):388–400. 

248.  Chen R, Brentnall TA, Pan S, Cooke K, Moyes KW, Lane Z, et al. Quantitative 

Proteomics Analysis Reveals That Proteins Differentially Expressed in Chronic 

Pancreatitis Are Also Frequently Involved in Pancreatic Cancer. Molecular & 

Cellular Proteomics (2007); 1331–42.  

249.  Lowenfels A, Andersen J, Dimagno E, Andrén-Sandberg A, Domellöf L. 

Pancreatitis and the risk of pancreatic cancer. International Pancreatitis Study 

Group. The New England Journal of Medicine. (1993); 328(20):1433-7.  

250.  Malka D, Hammel P, Maire F, Rufat P, Madeira I, Pessione F. Risk of pancreatic 

adenocarcinoma in chronic pancreatitis. The Gut Journal (2002); 1:849–53. 

251.  Pan S, Chen R, Stevens T, Bronner MP, May D, Tamura Y, et al. Proteomics 

Portrait of Archival Lesions of Chronic Pancreatitis. PLoS One (2011); 6(11):16–

23. 

252.  Rosty C, Geradts J, Sato N, Wilentz RE, Roberts H, Sohn T, et al. p16 

Inactivation in Pancreatic Intraepithelial Neoplasias (PanINs) Arising in Patients 

With Chronic Pancreatitis. American Journal of Surgical Pathology (2003); 

27(12):1495–501. 

253.  Nagata K, Horinouchi M, Saitou M, Higashi M, Nomoto M, Goto M. Mucin 

expression profile in pancreatic cancer and the precursor lesions. American 

Journal of Surgical Pathology (2007); 1:243–54.   



 57 

254.  Kaur S, Kumar S, Momi N, Sasson AR, Batra SK. Mucins in pancreatic cancer 

and its microenvironment. Nature Reviews | Gatroenterology & hepatology. 

(2013); 1-14. 

255.  Torres M, Chakraborty S, Souchek J, Batra S. Mucin-based targeted pancreatic 

cancer therapy. Current Pharmaceutical Design (2012); 18(17):2472–81.  

256.  Carrara S, Cangi MG, Arcidiacono PG, Perri F, Petrone MC, Mezzi G, et al. 

Mucin Expression Pattern in Pancreatic Diseases : Findings From EUS-Guided 

Fine-Needle Aspiration Biopsies. American Journal of Gastroenterology. (2011); 

106(7):1359–63. 

257.  Higashi M, Yokoyama S, Yamamoto T, Goto Y. Mucin Expression in Endoscopic 

Ultrasound-Guided Fine-Needle Aspiration Specimens Is a Useful Prognostic 

Factor in Pancreatic Ductal Adenocarcinoma. Pancreas Journal (2015); 

44(5):728–34. 

258.  Matsuyama M, Kondo F, Ishihara T. Evaluation of pancreatic intraepithelial 

neoplasia and mucin expression in normal pancreata. Springer (2012); 242–8. 

259.  Yonezawa S, Higashi M, Yamada N, Yokoyama S, Goto M. Significance of 

mucin expression in pancreatobiliary neoplasms. Journal of Hepatobiliary 

Pancreatic Science (2010); 108–24.  

260.  Park H, Kim J, Kim GE, Bae H, Crawley SC, Yang SC, et al. Aberrant Expression 

of MUC3 and MUC4 Membrane-Associated Mucins and Sialyl Le x Antigen in 

Pancreatic Intraepithelial Neoplasia. Pancreas (2003); 26(3):18–20. 

261.  Chen S, Dallas MR, Balzer EM, Konstantopoulos K. Mucin 16 is a functional 

selectin ligand on pancreatic cancer cells. The FASEB journal. (2012); 1349–

59. 

262.  Cells P, Wu Y, Nowack DD, Omenn GS, Haab BB. Mucin Glycosylation Is 

Altered by Pro-Inflammatory Signaling in research articles. Journal of Proteome 

Research (2009); 1876-86. 

263.  Jabbar KS, Verbeke C, Hyltander AG, Sjövall H, Hansson GC, Sadik R. 

Proteomic Mucin Profiling for the Identification of Cystic Precursors of 

Pancreatic Cancer. Journal of the National Cancer Institute (2014); 14:1–10. 

264.  Fardini Y, Dehennaut V, Lefebvre T, Issad T. O-GlcNAcylation: a new cancer 

hallmark ?  Frontiers in Endocrinology (2013); 1-15. 

265.  Bond MR, Hanover JA. A little sugar goes a long way : The cell biology of O-



 58 

GlcNAc. The Journal of Cell Biology (2015); 208(7):869–80. 

266.  Liu Y, Cao Y, Pan X, Shi M, Wu Q, Huang T, et al. O-GlcNAc elevation through 

activation of the hexosamine biosynthetic pathway enhances cancer cell 

chemoresistance. Cell Death & Disease. 2018; 1-12.  

267.  Qian K, Wang S, Fu M, Zhou J, Singh JP, Li M, et al. Transcriptional regulation 

of O-GlcNAc homeostasis is disrupted in pancreatic cancer. The Journal of 

Biological Chemistry (2018); 1-22 

268.  Konrad RJ, Kudlow JE. The role of O-linked protein glycosylation in ß-cell 

dysfunction. International Journal of Molecular Medicine (2002); 535–9. 

269.  Vocadlo DJ, Vosseller K. Hyper-O-GlcNAcylation Is Anti-apoptotic and 

Maintains Constitutive NF-kB Activity in Pancreatic Cancer Cells. The Journal 

of Biological Chemistry. (2013); 288(21):15121–30. 

270.  Zachara NE, Donnell NO, Cheung WD, Mercer JJ, Marth JD, Hart GW. Dynamic 

O-GlcNAc Modification of Nucleocytoplasmic Proteins in Pancreatic Cancer 

Cells. The Journal of Biological Chmistry (2004); 279(29):30133–42.  

271.  Saluja AK. Triptolide-induced Cell Death in Pancreatic Cancer Is Mediated by 

O-GlcNAc Modification of Transcription Factor. The Journal of Biological 

Chemistry (2013); 288(47):33927–38. 

272.  Garg B, Giri B, Majumder K, Dudeja V, Banerjee S, Saluja A. Modulation of post-

translational modifications in β-catenin and LRP6 inhibits Wnt signaling pathway 

in pancreatic cancer. Cancer Letters. Elsevier. (2017); 1-32. 

273.  Sharma NS, Gupta VK, Dauer P, Kesh K, Hadad R, Giri B, et al. O-GlcNAc 

modification of Sox2 regulates self-renewal in pancreatic cancer by promoting 

its stability. Theranostics. (2019); 9(12):3410-24. 

274.  Dwek RA, Butters TD, Platt FM, Zitzmann N. Targeting Glycosylation as a 

Therapeutic Approach. Nature (2002); 1:65-76. 

275.  Vasconcelos A, Oliveira IA, Lucena MC, Todeschini AR. Biosynthetic machinery 

involved in aberrant glycosylation: promising targets for developing of drugs 

against cancer. Frontiers in oncology (2015); 5:1-23. 

276.  Iozzo V, Sanderson D. Proteoglycans in cancer biology, tumour 

microenvironment and angiogenesis Perlecan : a pro-angiogenic proteoglycan. 

Journal of Cellular and Molecular Medicine (2011); 15(5):1013–31.  

277.  Sheng P, Chen R, Reimel B, Crispin DA, Mirzaei H, Cooke K, et al. Quantitative 



 59 

proteomics investigation of pancreatic intraepithelial neoplasia. Molecular & 

Cellular Proteomics (2009); 30:1132-44. 

278.  Chen RU, Yi EC, Donohoe S, Pan S, Eng J, Cooke K, et al. Pancreatic Cancer 

Proteome: The Proteins That Underlie Invasion, Metastasis, and Immunologic 

Escape. Gastroenterology (2005); 1187–97.  

279.  Chen W, Lenschow W, Fischer JW, Kalthoff H, Ungefroren H, Chen W, et al. 

Smad4 / DPC4-dependent Regulation of Biglycan Gene Expression by 

Transforming Growth Factor-β  in Pancreatic Tumor Cells. The Journal of 

Biological Chemistry (2002); 27(39):36118-28. 

280.  Giese T, Fabio F, Wente MN, Esposito I, Bachem MG, Giese NA, et al. 

Pancreatic tumor cells influence the composition of the extracellular matrix. 

Elsevier (2004); 322:943–9.  

281.  Giese NA, Francesco F, Berberat P, Giese T, Esposito I, Bachem MG, et al. 

Overexpressed Decorin in Pancreatic Cancer : Potential Tumor Growth 

Inhibition and Attenuation of Chemotherapeutic Action. Clinical Cancer 

Research (2004); 10:4776–83. 

282.  Weimer M, Gansauge F, Leder G, Adler G, Gress TM. Biglycan Is 

Overexpressed in Pancreatic Cancer and Induces G1-Arrest in Pancreatic 

Cancer Cell Lines. Gastroenterology (2001); 657–67. 

283.  Surgery T. Syndecan-1 Expression is Up-regulated in Pancreatic but not in other 

Gastrointestinal Cancers. International Union Against Cancer (2000); 20:12-20 

284.  Kleeff J, Ishiwata T, Kumbasar A, Friess H, Büchler MW, Lander AD, et al. The 

Cell-surface Heparan Sulfate Proteoglycan Glypican-1 Regulates Growth 

Factor Action in Pancreatic Carcinoma Cells and Is Overexpressed in Human 

Pancreatic Cancer. Journal of Clinical Investigation. (1998); 102(9):1662-73. 

285.  Whipple CA, Young AL, Korc M. A KrasG12D-driven genetic mouse model of 

pancreatic cancer requires glypican-1 for efficient proliferation and 

angiogenesis. Oncogene. (2011); 31(20):2535–44. 

286.  Aikawa T, Whipple CA, Lopez ME, Gunn J, Young A, Lander AD, et al. Glypican-

1 modulates the angiogenic and metastatic potential of human and mouse 

cancer cells. The Journal of Clinical Investigation. (2008); 118(1):89-99. 

287.  Ebrahim AH, Alalawi Z, Mirandola L, Rakhshanda R, Nguyen D, Jenkins M, et 

al. Galectins in cancer: carcinogenesis, diagnosis and therapy. Annals of 



 60 

Translational Medicine. (2014); 2(9):1-7. 

288.  Qian D, Lu Z, Xu Q, Wu P, Tian L, Zhao L. Galectin-1-driven upregulation of 

SDF-1 in pancreatic stellate cells promotes pancreatic cancer metastasis. 

Cancer Letters. (2017); 1-37 

289.  Zhao W, Ajani JA, Sushovan G, Ochi N, Hwang R, Johnson RL, et al. Galectin-

3 Mediates Tumor Cell–Stroma Interactions by Activating Pancreatic Stellate 

Cells to Produce Cytokines via Integrin Signaling. Gastroenterology. (2018); 1-

44 

290.  Chen R, Pan S, Ottenhof NA, Wilde RF De, Wolfgang CL, Lane Z, et al. Stromal 

galectin-1 expression is associated with long-term survival in resectable 

pancreatic ductal adenocarcinoma. Cancer Biology & Therapy. (2012); 899-907 

291.  Chen R, Dawson DW, Pan S, Ottenhof NA, Wilde RF De, Wolfgang CL, et al. 

Proteins associated with pancreatic cancer survival in patients with resectable 

pancreatic ductal adenocarcinoma. Laboratory Investigation. (2014); 00:1-13. 

292.  Martinez-bosch N, Fernandez-barrena MG, Moreno M. Galectin-1 drives 

pancreatic carcinogenesis through stroma remodeling and Hedgehog signaling 

activation. American Association for Cancer Research. (2014); 1-30. 

293.  Orozco CA, Martinez-bosch N, Guerrero PE, Vinaixa J, Dalotto-moreno T. 

Targeting galectin-1 inhibits pancreatic cancer progression by modulating tumor 

– stroma crosstalk. Proceedings of the National Academy of Sciences (2018); 

115(16):1-10. 

294.  Seguin L, Camargo MF, Wettersten HI, Kato S, Jay S, Schalscha T Von, et al. 

Galectin-3, a druggable vulnerability for KRAS-addicted cancers. Cancer 

Discovery. (2017); 1-33. 

295.  Bailey P, Chang DK, Nones K, Johns AL, Patch A, Gingras M, et al. Genomic 

analyses identify molecular subtypes of pancreatic cancer. Nature. (2016); 

531(7592):47–52. 

296. Ordóñez NG. Value of mesothelin immunostaining in the diagnosis of 

mesothelioma. Modern Pathology. (2003); 16:192-197.  

297. Hassan R, Kreitman RJ, Pastan I, Willingham MC. Localization of mesothelin in 

epithelial ovarian cancer. Applied Immunohistochemistry & Molecular 

Morphology. (2005); 13: 243-247 

298. Pan S, Chen R, Tamura Y, Crispin DA, Lai LA, May DH, McIntosh MW, Goodlett 



 61 

DR, Brentnall TA. Quantitative glycoproteomics analysis reveals changes in N-

glycosylation level associated with pancreatic ductal adenocarcinoma. Journal 

of Proteome Research. (2014); 13:1293-1306. 

299. Baricević I, Masnikosa R, Lagundzin D, Golubović V, Nedić O. Alterations of 

insulin-like growth factor binding protein 3 (IGFBP-3) glycosylation in patients 

with breast tumours. Clinical Biochemistry. (2010); 43:725-731. 

300. Kendrick ZW, Firpo MA, Repko RC, Scaife CL, Adler DG, Boucher KM, Mulvihill 

SJ. Serum IGFBP2 and MSLN as diagnostic and prognostic biomarkers for 

pancreatic cancer. Hepato-pancreato-biliary Journal - Oxford.(2014); 16:670-

676. 

301. Roghani M, Segovia B, Whitechurch O, Binoux M. Purification from human 

cerebrospinal fluid of insulin-like growth factor binding proteins (IGFBPs). 

Journal of Growth Regulation (1991); 1:125-130. 

302. 7 De Reggi M, Capon C, Gharib B, Wieruszeski JM, Michel R, Fournet B. The 

glycan moiety of human pancreatic lithostathine. Structure characterization and 

possible pathophysiological implications. European Journal of Biochemistry 

(1995); 230:503-510.  

303. Porterfield M, Zhao P, Han H, Cunningham J, Aoki K, Von Hoff DD, Demeure 

MJ, Pierce JM, Tiemeyer M, Wells L. Discrimination between adenocarcinoma 

and normal pancreatic ductal fluid by proteomic and glycomic analysis. Journal 

of Proteome Research. (2014); 13:395-407. 

304. Zhang YW, Ding LS, Lai MD. Reg gene family and human diseases. World 

Journal of Gastroenterology (2003); 9: 2635-2641. 

305. Jackson HW, Defamie V, Waterhouse P, Khokha R. TIMPs: versatile 

extracellular regulators in cancer. Nature Review Cancer. (2017); 17:38-53.  

306. Slater EP, Fendrich V, Strauch K, Rospleszcz S, Ramaswamy A, Mätthai E, 

Chaloupka B, Gress TM, Langer P, Bartsch DK. LCN2 and TIMP1 as Potential 

Serum Markers for the Early Detection of Familial Pancreatic Cancer. 

Translational Oncology. (2013); 6:99-103. 

307. Lee LY, Thaysen-Andersen M, Baker MS, Packer NH, Hancock WS, Fanayan 

S. Comprehensive N-glycome profiling of cultured human epithelial breast cells 

identifies unique secretome N-glycosylation signatures enabling tumorigenic 

subtype classification. Journal of Proteome Research. (2014); 13:4783-95 . 



 62 

308. Chugh S, Meza J, Sheinin YM, Ponnusamy MP, Batra SK. Loss of N-

acetylgalactosaminyltransferase 3 in poorly differentiated pancreatic cancer: 

augmented aggressiveness and aberrant ErbB family glycosylation. British 

Journal of Cancer. (2016); 114:1376-1386.  

309. Kontro H, Joenväärä S, Haglund C, Renkonen R. Comparison of sialylated N-

glycopeptide levels in serum of pancreatic cancer patients, acute pancreatitis 

patients, and healthy controls. Proteomics (2014); 14:1713-23. 

310. Barrabés S, Pagès-Pons L, Radcliffe CM, Tabarés G, Fort E, Royle L, Harvey 

DJ, Moenner M, Dwek RA, Rudd PM, De Llorens R, Peracaula R. Glycosylation 

of serum ribonuclease 1 indicates a major endothelial origin and reveals an 

increase in core fucosylation in pancreatic cancer. Glycobiology. (2007); 17: 

388-400. 

311. Krishnan S, Whitwell HJ, Cuenco J, Gentry-Maharaj A, Menon U, Pereira SP, 

Gaspari M, Timms JF. Evidence of Altered Glycosylation of Serum Proteins 

Prior to Pancreatic Cancer Diagnosis. International Journal of Molecular 

Sciences (2017); 18. 

312. Tabarés G, Radcliffe CM, Barrabés S, Ramírez M, Aleixandre RN, Hoesel W, 

Dwek RA, Rudd PM, Peracaula R, de Llorens R. Different glycan structures in 

prostate-specific antigen from prostate cancer sera in relation to seminal plasma 

PSA. Glycobiology (2006); 16:132-145.  

313. Sarrats A, Comet J, Tabarés G, Ramírez M, Aleixandre RN, de Llorens R, 

Peracaula R. Differential percentage of serum prostatespecific antigen 

subforms suggests a new way to improve prostate cancer diagnosis. Prostate 

(2010); 70:1-9.  

314. Li D, Mallory T, Satomura S. AFP-L3: a new generation of tumor marker for 

hepatocellular carcinoma. Clinical Chimica Acta (2001); 313: 15-19. 

 


