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ABSTRACT  

Protein glycosylation is one of the most common co- and post-translational 

modifications occurring on proteins. It impacts vital biological roles such as cell-cell 

interactions, recognition events, host and pathogen interactions, adaptive and innate 

immunity among many others. In diseases such as cancer, changes in protein 

glycosylation are ubiquitously present and considered a key feature of malignancy. The 

ability to determine and quantitate these changes has long been a focus of glycomics and 

glycoproteomics to understand the role of protein glycosylation in health and disease.  

A vast majority of food and drug administration approved protein-based cancer 

markers are glycoproteins. To date, however, the potential of using their specific 

glycosylation signatures to improve cancer diagnostics sensitivity and selectivity is 

under-utilised. In my thesis I performed to date the most comprehensive glycomic and 

glycoproteomic characterisation of carcinoembryonic antigen (CEA), an important 

gastrointestinal marker, to evaluate if its glycosylation can provide diagnostically relevant 

information with the potential to improve current diagnostics. I used 

porous-graphitised-carbon chromatography electrospray ionisation and tandem mass 

spectrometry (PGC-nanoLC-ESI-MS/MS) glycomics technologies to uncover potential 

novel targets for gastric cancer (GC) in a GC cell line model. The same approach was 

employed to investigate the glycomic profile of the tumour marker epithelial cadherin (E-

cadherin) that is involved in the pathogenesis of gastric cancer. I was also teaming up 

with bioinformaticians to develop a web-based tool to aid the manual identification of 

intact glycopeptides, which I also applied in the site-specific glycosylation analysis of 

CEA. 

For the comprehensive glycomics and glycoproteomics analyses CEA purified 

from four different origins was used. It was obtained from human colon cancer (cell line 

and tissue), tissue from liver metastasis of colon cancer and ascites fluid. These different 

CEAs exhibited distinct N-glycosylation differences such as N-glycan branching, degree 

of sialylation, antenna fucosylation and the level of bisecting N-glycans. CEA was also 

verified to be a carrier of sialyl Lewis x as validated by specific exoglycosidases 

digestions. More importantly, an unusual glyco-epitope, a 1-4 galactosidase resistant 

hexose attached to the bisecting GlcNAc, was identified to be present in high abundance 

on colon cancer derived CEA. A site-specific glycosylation analysis of CEA was 

achieved by digestion with pronase and analysis of the resulting glycopeptides in a dual 

LC system combining reverse-phase and PGC chromatography within a single analysis 
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using electrospray ionisation and tandem mass spectrometry detection. 27 out of the 28 

predicted N-glycosylation sites were identified to be glycosylated and a novel 

N-glycosylation site located within a non-canonical 76N-R-Q78 sequence motif was also 

identified.  

In a collaborative project I was using PGC-nanoLC-ESI-MS/MS glycomics to 

investigate the role of sialylation in GC. MKN45 GC cells transfected with ST3GAL4 

showed a significant increase of 2-3 sialylation on N-glycans while there was a 

substantial reduction of N-glycan 2-6 sialylation. A similar trend was also observed for 

core 2 O-GalNAc glycans. Moreover, lower levels of bisected N-glycans were also 

detected. Analysis of the sialoproteome of these cells identified RON receptor kinase and 

CEA among the glycoproteins identified to exhibit increased levels of sialylation. 

Glycomic characterisation of immunoprecipitated CEA derived from ST3GAL4 

overexpressing MKN45 GC cells also confirmed higher levels of 2-3 sialylation. 

Further investigations confirmed that increased 2-3 sialylation levels on CEA were a 

clinicopathological feature of gastric tumours. 

I was also involved in another collaborative project investigating the role of site-

specific N-glycosylation for E-cadherin function. Various different E-cadherin 

glycoforms were produced by site-specific mutagenesis and expression in a GC cell line. 

Deletion of single sites affected the E-cadherin specific N-glycome and identified that in 

particular N-glycosylation on site Asn554 is relevant for E-cadherin function. 

In collaboration with bioinformaticians from the Swiss Institute of Bioinformatics 

a web-based tool called PepSweetener was developed to help the manual identification 

of intact glycopeptides. This tool was designed to generate a matrix containing theoretical 

glycopeptides corresponding to precursor masses that fall within a specified error range. 

The resulting matrix is an interactive heatmap that allows the user to identify the most 

probable glycopeptide by matching the peptide sequence with the theoretical 

fragmentation diagram of the selected peptide sequence speeding up the analysis. 
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1 Introduction 

1.1 Preface 

Glycosylation is an ubiquitous and essential modification occurring on proteins 

and lipids [1]. Among the different classes of glycoconjugates, glycoproteins are one of 

the most common. Protein glycosylation, in particular N- and O-glycosylation, is highly 

complex and deeply involved in a wide variety of biological processes within the cells. 

Therefore, minor changes in the expression and glycosylation of glycoproteins can 

significantly impact the biology of cells. It is well reported that alterations in protein 

glycosylation occur during malignant transformation of normal cells [2]. The 

glycosylation machinery and metabolism of tumour cells are altered resulting in the 

differential expression of mucins/glycoproteins and tumour-associated glycans. Studying 

and uncovering the mechanism underlying the variations in protein glycosylation 

associated with tumour development is highly promising to reveal new insights in tumour 

progression and provide novel diagnostic markers and therapeutic targets.   

This chapter provides an overview of protein glycosylation, in particular focussing 

on N-glycans and O-GalNAc glycans, and specific protein glycosylation signatures 

occurring during malignant transformation. Furthermore, mass spectrometry 

methodologies that are used to study these changes are described. 
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1.2 The sugar shield of mammalian cells – Protein glycosylation 

In nature every cell is coated by a network of membrane-bound (glyco)proteins 

and a dense array of sugar chains that together form the so called glycocalyx [1]. The 

glycocalyx architecture of mammalian cells consists of two major layers: a lower 

communication interface and a polymer-based network made of sugar chains that extend 

through and above the cell surface [3]. The lower layers of the glycocalyx are mainly 

constituted by receptors and integral membrane proteins to which a large variety of 

different sugars can be attached [3]. The sugar chains, also known as “glycans”, are 

constituted by a diverse array of monosaccharides classified as follow: pentoses (e.g. 

xylose), hexoses (e.g. mannose), hexosamines (e.g. N-acetylglucosamine), deoxyhexoses 

(e.g. fucose), uronic acids (e.g. glucuronic acid) and nonulosonic acids such as N-acetyl 

neuraminic acid (NeuAc). Due to the intrinsic chemical nature of monosaccharides, these 

can be linked together in many more combinations than nucleotides or amino acids to 

form a great diversity of glycans. Glycans can be further attached to proteins or lipids to 

form classes of glycoconjugates including glycoproteins, proteoglycans, 

glycosylphosphatidylinositol (GPI) anchored glycoproteins and glycosphingolipids 

(Figure 1) [1]. In addition, glycans can also be found as free linear polymers like 

hyaluronan, which is constituted by over 104 disaccharides measuring approximately 

10 m [4]. Hyaluronan is one of the largest constituents of the glycocalyx and 

extracellular matrix, followed by mucins (Figure 1). Mucins are huge glycoproteins that 

carry a large amount of glycans and can also vary in between 100-10,000 amino acids 

and between 1-10 nm of sugar chain length [5]. In contrast to glycoconjugates and 

glycans, integral membrane proteins are as dense as 4-5 per 100 nm2 with an average 

diameter of 5 nm [6]. (Figure 1). Thus, glycans can vary extensively in their size 

contributing largely to the architecture of the glycocalyx. Among the different 

glycoconjugates, glycoproteins are possibly the most widespread molecules (Figure 1). 

The addition of glycans to a protein backbone is commonly known as protein 

glycosylation. This process involves the concerted action of glycosyltransferases, 

glycosidases, nucleotide sugar donors and transporter molecules [7]. Protein 

glycosylation can be classified according to the atom of the amino acid via which the 

glycan chain is attached. N-glycosylation refers to the attachment of the glycan via the 

side-chain nitrogen of an asparagine (Asn) residue, whereas O-glycosylation reflects that 

a glycan is attached using a side-chain oxygen atom of serine/threonine (Ser/Thr) 

residues. 
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Table 1 – Most common monosaccharides that constitute mammalian N-glycans and O-GalNAc glycans and 

their respective monoisotopic masses. 

 

Residue Abbreviation Symbol Monoisotopic mass 

Mannose Man  162.0528 

Galactose Gal  162.0528 

Glucose Glc  162.0528 

N-acetylgalactosamine GalNAc  203.0794 

N-acetylglucosamine GlcNAc  203.0794 

Fucose Fuc  146.0579 

N-acetyl neuraminic acid NeuAc  291.0954 

N-glycolyl neuraminic acid Neu5Gc  325.1009 

 

Figure 1 – Mammalian glycosylation in tumour cells. Mammalian cells express different glycoconjugates including 

glycoproteins, proteoglycans, GPI anchored glycoproteins and glycosphingolipids. Altogether these molecules form 

the glycocalyx. During malignant transformation alterations in protein glycosylation can occur that lead to the 

expression of tumour-associated glycans. These include (but not limited to) Tn and sialyl Tn (sTn) antigens, Lewis 

blood group antigens [Lewis y/b (Ley/b), sialyl Lewis a and x antigens (sLea/ sLex)], poly N-acetyllactosamine 

(Poly-LacNac) and I-branching. Tumour cells can also present alterations in core fucosylation, β1-6 branching and 

bisecting GlcNAc levels in N-glycans.  

 

Figure 8 – Overview of the N-glycosylation pathway. N-glycosylation starts with the addition of the N-glycan 

precursor Glc3Man9GlcNAc2 dolichol-phosphate onto an asparagine (N) of a nascent protein. Glucosidases and 

mannosidases in the ER remove three Glc residues and a Man residue, respectively. This step is also ensured 

by lectins, which determine whether the glycoprotein is folded correctly and continues to the Golgi or is 

degraded. In the Cis-Golgi, the trimmed precursor undergoes through the removal of three other Man residues 

to generate Man5GlcNAc2. This allows the action of MGAT1 to introduce a GlcNAc in 1-2 linkage and form 

the first branch of an N-glycan in the Medial-Golgi. By the action of MGAT2, another GlcNAc in 1-2 is added 

in to the other arm of the N-glycan. The resulting biantennary N-glycan can be extended by the addition of 

Fuc, Gal, and NeuAc to generate complex type N-glycans by the action of fucosyltransferase 8 (FUT8), 

galactosyltransferases (GALTs) and sialyltransferases (STs), respectively. Also, during the late processing, 

branching of complex N-glycans can occur when the biantennary N-glycan is a substrate for MGAT4 and 

MGAT5 to form the respective 1-4 branch and 1-6 branch on the N-glycan. On the other hand, the same 

substrate for MGAT4 and MGAT5 can also be used by MGAT3 to introduce a bisecting GlcNAc. The resulting 

N-glycans, can be further elongated to form highly branched N-glycans. The N-glycans are classified into four 

types: (i) paucimannose, in which the N-glycan core can be trimmed down to the GlcNAc, (ii) oligomannose, in 

which the N-glycan core is only extended with Man residues; (iii) hybrid, in which the Manα1-6 arm of the 

core is elongated with Man residues and the Manα1-3 arm of the core is extended with one or two GlcNAcs, 

and (iv) complex, in which the GlcNAcs of the core are extended. The nomenclature of N-glycans and linkages 

used in this thesis are also represented.Figure 9 – Mammalian glycosylation in tumour cells. Mammalian cells 

express different conjugates including glycoproteins, proteoglycans, GPI anchored glycoproteins and 

glycosphingolipids. Altogether these molecules form the glycocalyx. During malignant transformation alterations in 

protein glycosylation can occur that lead to the expression of tumour-associated glycans. These include (but not 

limited to) Tn and sialyl Tn (sTn) antigens, Lewis blood group antigens [Lewis y/b (Ley/b), sialyl Lewis a and x 

antigens (sLea/ sLex)], poly N-acetyllactosamine (Poly-LacNac) and I- branching. Tumour cells can also present 

alterations in core fucosylation, β1-6 branching and bisecting GlcNAc levels in N-glycans.  

https://pubchem.ncbi.nlm.nih.gov/compound/Man
https://pubchem.ncbi.nlm.nih.gov/compound/Gal
https://pubchem.ncbi.nlm.nih.gov/compound/Glc
https://pubchem.ncbi.nlm.nih.gov/compound/GalNAc
https://pubchem.ncbi.nlm.nih.gov/compound/GlcNAc
https://pubchem.ncbi.nlm.nih.gov/compound/Fuc
https://pubchem.ncbi.nlm.nih.gov/compound/Neu5Ac
https://pubchem.ncbi.nlm.nih.gov/compound/Neu5Gc
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1.3 N- glycosylation and O-GalNAc glycosylation  

N- and O-glycosylation processes are the most common co- and post-translational 

modifications (PTM) occurring on membrane-bound and secreted proteins (Figure 1). 

Both N-glycosylation and O-GalNAc glycosylation in mammals essentially use eight 

monosaccharides: Mannose (Man), Galactose (Gal), Glucose (Glc), 

N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GlcNAc), Fucose (Fuc), NeuAc 

and N-glycolylneuraminic acid (Neu5Gc) [8] (Table 1). N-glycan biosynthesis starts with 

the formation of a lipid carrier dolichol phosphate (Dol-P) in the cytoplasmic side of 

endoplasmic reticulum (ER) [9].  

 

Figure 2 – Overview of the N-glycosylation pathway. N-glycosylation starts with the formation of the N-glycan 

precursor Glc3Man9GlcNAc2 dolichol-phosphate and its addition onto an asparagine (N) of a nascent protein. 

Glucosidases and mannosidases in the ER remove three Glc residues and a Man residue, respectively. This step is also 

ensured by lectins, which determine whether the glycoprotein is folded correctly and continues to the Golgi or is 

degraded. In the Cis-Golgi, the trimmed precursor undergoes through the removal of three other Man residues to 

generate Man5GlcNAc2. This allows the action of MGAT1 to introduce a GlcNAc in 1-2 linkage and form the first 

branch of an N-glycan in the Medial-Golgi. By the action of MGAT2, another GlcNAc in 1-2 is added in to the other 

arm of the N-glycan. The resulting biantennary N-glycan can be extended by the addition of Fuc, Gal, and NeuAc to 

generate complex type N-glycans by the action of fucosyltransferase 8 (FUT8), galactosyltransferases (GALTs) and 

sialyltransferases (STs), respectively. Also, during the late processing, branching of complex N-glycans can occur 

when the biantennary N-glycan is a substrate for MGAT4 and MGAT5 to form the respective 1-4 branch and 1-6 

branch on the N-glycan. On the other hand, the same substrate for MGAT4 and MGAT5 can also be used by MGAT3 

to introduce a bisecting GlcNAc. The resulting N-glycans, can be further elongated to form highly branched N-glycans. 

The N-glycans are classified into four types: (i) paucimannose, in which the N-glycan core can be trimmed down to 

the GlcNAc, (ii) oligomannose, in which the N-glycan core is only extended with Man residues; (iii) hybrid, in which 

the Manα1-6 arm of the core is elongated with Man residues and the Manα1-3 arm of the core is extended with one or 

two GlcNAcs, and (iv) complex, in which the GlcNAcs of the core are extended. The nomenclature of N-glycans and 

linkages used in this thesis is also represented. 

 

Figure 10 – O-GalNAc glycosylation pathway. O-GalNAc glycans biosynthesis occurs in the Golgi apparatus. 

O-glycosylation starts with the addition of a GalNAc to a serine/threonine (S/T) of the protein to form the Tn antigen. 

The Tn antigen can be further modified to Core 1 O-GalNAc glycan by C1GALT1. This enzyme absolutely requires 

the molecular chaperone COSMC to ensure proper folding and activity in the Golgi. Tn and T antigens can form sTn 

and sT antigen by the action of sialyltransferases (ST6GALNAC1 and ST3GAL1). A GlcNAc β1-6 branch added to 
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The lipid carrier receives first two GlcNAc followed by five Man residues to 

generate Dol-P-P-GlcNAc2Man5. This precursor is flipped over the ER lumen where 

consecutive additions of mannose and glucose units generate the N-glycan precursor 

structure Glc3Man9GlcNAc2. Overall 12 glycosyltransferases in the asparagine-linked 

glycosylation family are responsible for transferring consecutive monosaccharide 

residues onto the lipid carrier [10]. The 14-mer N-glycan precursor is then transferred as 

“en bloc” onto an Asn side chain if the Asn is part of the N-X-S/T/C sequence motif 

where “X” can be any amino acid except Pro [9] (Figure 2). This process happens 

co-translationally while the polypeptide is being synthetised and pushed through the ER 

membrane. Following the covalent attachment of the N-glycan precursor 

(Glc3Man9GlcNAc2) to the nascent protein chain, glucosidases and mannosidases can 

trim the precursor to Man5-8GlcNAc2 N-glycans in the ER and cis-Golgi (Figure 2). At 

this point, there is a quality control process occurring by trimming the N-glycan precursor 

to a mono glucosylated N-glycan (Glc1Man9GlcNAc2) that binds the lectins calnexin and 

calreticulin [11, 12]. These lectin like-chaperonins ensure that the protein is folded 

correctly, which determines whether the glycoprotein continues to the Golgi or is 

degraded [11, 12]. In the medial- and trans-Golgi the trimmed N-glycans can be further 

modified by glycosyltransferases to generate hybrid and complex type N-glycans (Figure 

2). The last step, also called maturation process of N-glycans, can generate a huge array 

of complex type N-glycans with additions of monosaccharides to the N-glycan core, 

elongation of branched GlcNAc and capping [9] (Figure 2). The paucimannose N-glycans 

(Man3–4GlcNAc2) are usually found in large amounts in plants and invertebrates [13]. 

These structures are produced from the hybrid N-glycan Man3–4GlcNAc3 after the 

removal of terminal mannose residues by the action of α-mannosidase II followed by a 

Golgi hexosaminidase that removes the terminal GlcNAc [13]. The biological relevance 

of paucimannosylation in mammals is an ongoing matter of research [14]. Meanwhile O-

GalNAc glycosylation is exclusively a post-translational process. O-GalNAc 

glycosylation relies on 20 different polypeptide GalNAc-transferases (GALNTs) to add 

the first GalNAc onto a Ser/Thr residue of a protein to form the Tn antigen (GalNAc-

S/T) in the Golgi Appartus [15] (Figure 3). Together, these enzymes glycosylate regions 

rich in proline and Ser/Thr residues that frequently occur in mucin-type glycoproteins 

(Figures 1 and 3). The Tn antigen is a substrate for different enzymes to form the four 

major O-GalNAc core structures (cores 1 to 4; Figure 3) [7]. Cores 1 to 4 can be further 

elongated by the rigorous action of glycosyltransferases to form linear or branched 

O-GalNAc glycans [16]. However, the addition of NeuAc to Tn antigen and T antigen 
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(Gal1-3GalNAc-S/T) to form sialyl-Tn antigen (NeuAc2-6GalNAc-S/T) and 

sialyl-T antigen (NeuAc2-3Gal1-3GalNAc-S/T), respectively, inhibits their 

extension [7].  

 

Both N-glycans and O-GalNAc glycans may have their cores extended with 

different structures depending on the range of biosynthetic enzymes in a cell producing a 

glycoprotein. These structures include type 1 and type 2 chains [17] (Figure 4). Type 1 

chain is composed of Galβ1-3GlcNAc, whereas type 2 unit is formed by Galβ1-4GlcNAc 

also known as N-acetyllactosamine (LacNAc). The terminal Gal of LacNAc unit can be 

modified with β1-3GlcNAc which in turn can receive a β1-4Gal, consequently forming 

repeated LacNAc units also known as poly-LacNAc [17] (Figure 4). The internal 

galactose of the poly-LacNAc units may be modified with a β1-6GlcNAc by the action 

Figure 3 – O-GalNAc glycosylation pathway. O-GalNAc glycans biosynthesis occurs in the Golgi apparatus. 

O-glycosylation starts with the addition of a GalNAc to a serine/threonine (S/T) of the protein to form the Tn antigen. 

The Tn antigen can be further modified to Core 1 O-GalNAc glycan by C1GALT1. This enzyme absolutely requires 

the molecular chaperone COSMC to ensure proper folding and activity in the Golgi. Tn and T antigens can form sTn 

and sT antigen by the action of sialyltransferases (ST6GALNAC1 and ST3GAL1). A GlcNAc β1-6 branch added to 

the GalNAc residue of core 1 generates core 2 O-GalNAc glycan. The enzyme Core 2 1-6 

N-Acetylglucosaminyltransferase (GCNT1) is responsible for core 2 O-GalNAc glycan synthesis. The enzyme 

responsible for core 3 O-GalNAc glycans is core 3 β1-3 N-acetylglucosaminyltransferase 6 (B3GNT6). The Core 4 

O-GalNAc glycans result from the addition of a GlcNAc to core 3 by the action of GCNT3. All the presented cores 

are mostly present in mucins and mucin-like glycoproteins and can be further extended. The nomenclature of 

O-GalNAc glycans and linkages used in this thesis is also represented. 

 

Figure 12 – Important glyco-epitopes common to both N-glycans and O-GalNAc glycans. The N-glycans and O-

GalNAc cores terminating in GlcNAc may be extended with galactose in 1-3 or 1-4 linkage to form type 1 and type 

2 chains, respectively. Type 2 chains are also called LacNAc. The LacNAc units can be repeated to generate 

Poly-LacNAc extensions by the action of β1-3 N-acetylglucosaminyltransferase (β1-3GlcNAcT) and β1-4 

galactosyltransferases (β1-4GalTs). The galactose of these can serve as a substrate for β1-6GlcNAcT and generate 

I-branching glycans. Type 1 and 2 chains are the precursor for Lewis a/x, Lewis b/y and sialyl Lewis a/x by the action 

of FUTs and ST3GALs. Terminal galactoses can be modified by 2-6 sialyltransferases (ST6GAL) and  2-3 

sialyltransferases (ST3GAL) that add NeuAc in the respective 2-6 or 2-3 linkages.Figure 13 – O-GalNAc 

glycosylation pathway. O-GalNAc glycans biosynthesis occurs in the Golgi apparatus. O-glycosylation starts with 

the addition of a GalNAc to a serine/threonine (S/T) of the protein to form the Tn antigen. The Tn antigen can be 

further modified to Core 1 O-GalNAc glycan by C1GALT1. This enzyme absolutely requires the molecular chaperone 

COSMC to ensure proper folding and activity in the Golgi. Tn and T antigens can form sTn and sT antigen by the 

action of sialyltransferases (ST6GALNAC1 and ST3GAL1). A GlcNAc β1-6 branch added to the GalNAc residue of 

core 1 generates core 2 O-GalNAc glycan. The enzyme Core 2 1-6 N-Acetylglucosaminyltransferase (GCNT1) is 

responsible for core 2 O-GalNAc glycan synthesis. The enzyme responsible for core 3 O-GalNAc glycans is core 3 

β1-3 N-acetylglucosaminyltransferase 6 (B3GNT6). The Core 4 O-GalNAc glycans result from the addition of a 

GlcNAc to core 3 by the action of GCNT3. All the presented cores are mostly present in mucins and mucin-like 

glycoproteins and can be further extended. The nomenclature of O-GalNAc glycans and linkages used in this thesis 

are also represented. 
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of β1-6 N-acetylglucosaminyltransferase (β1-6GlcNAcT) leading to the formation of 

I-branched glycans (Figure 4). Furthermore, type 1 and type 2 units may be modified by 

glycosyltransferases that transfer monosaccharides to terminal Gal or subterminal 

GlcNAc, generating sialylated, fucosylated, or sulfated structures [17]. Several 

glycoproteins also carry terminal ABO blood group epitopes and as well as Lewis blood 

group antigens. Antigens belonging to Lewis blood groups include Lewis a/x, Lewis b/y 

and sialyl Lewis a/x (Figure 4) and their sulfated counterparts [18]. Moreover, terminal 

galactoses of N-glycans and O-GalNAc glycans can be modified by 2-6/3 

sialyltransferases (ST6GAL and ST3GAL) that add NeuAc in 2-6 and 2-3 linkages, 

respectively [9, 16, 17]. 

 

1.4 Fundamental examples of protein glycosylation function 

Glycoproteins and their glycans further impact a broad array of cellular functions 

ranging from glycoprotein stability and structure to recognition and cellular signalling 

[19]. Glycans and glycoproteins are part of the external layer of the glycocalyx that 

provides an extensive polymer shield, protecting the underlying proteins from proteases, 

blocking antibody binding, and in the case of mucins, protecting entire tissue surfaces 

from the luminal microbiota [19]. Ultimately, protein glycosylation plays key roles in 

Figure 4 – Important glyco-epitopes common to both N-glycans and O-GalNAc glycans. The N-glycans and 

O-GalNAc cores terminating in GlcNAc may be extended with galactose in 1-3 or 1-4 linkage to form type 1 and 

type 2 chains, respectively. Type 2 chains are also called LacNAc. The LacNAc units can be repeated to generate 

Poly-LacNAc extensions by the action of β1-3 N-acetylglucosaminyltransferase (β1-3GlcNAcT) and β1-4 

galactosyltransferases (β1-4GalTs). The galactose of these can serve as a substrate for β1-6GlcNAcT and generate 

I-branching glycans. Type 1 and 2 chains are the precursor for Lewis a/x, Lewis b/y and sialyl Lewis a/x by the action 

of FUTs and ST3GALs. Terminal galactoses can be modified by 2-6 sialyltransferases (ST6GAL) and  2-3 

sialyltransferases (ST3GAL) that add NeuAc in the respective 2-6 or 2-3 linkages. 

 

FIGURE 14 – OVERVIEW OF GLYCOPROTEIN ANALYSIS STRATEGIES FOR GLYCOMICS AND 

GLYCOPROTEOMICS. MS BASED GLYCOMICS AND GLYCOPROTEOMICS METHODS INCLUDE 

ANALYSIS OF RELEASED GLYCANS, INTACT GLYCOPROTEINS AND GLYCOPEPTIDES. THE 

GLYCOMIC PROFILES OF GLYCOPROTEINS ARE STUDIED BY RELEASING THE GLYCANS AND 

DETERMINING THEIR COMPOSITION AND STRUCTURE. INTACT GLYCOPROTEIN ANALYSIS 

PROVIDES A GLOBAL PICTURE OF THE GLYCOSYLATION STATUS AND THE 

GLYCOPROTEOFORMS OF AN ENTIRE GLYCOPROTEIN. GLYCOPEPTIDE ANALYSES INVOLVE 

THE ACTION OF PROTEOLYTIC ENZYMES THAT GENERATE PEPTIDES AND GLYCOPEPTIDES, 

ALSO FACILITATING SITE SPECIFIC GLYCOSYLATION ANALYSES OF GLYCOPROTEINS THAT 

EXHIBIT MULTIPLE SITES OF GLYCOSYLATION.FIGURE 15 – IMPORTANT GLYCO-EPITOPES 

COMMON TO BOTH N-GLYCANS AND O-GALNAC GLYCANS. THE N-GLYCANS AND O-GALNAC CORES 

TERMINATING IN GLCNAC MAY BE EXTENDED WITH GALACTOSE IN 1-3 OR 1-4 LINKAGE TO FORM 

TYPE 1 AND TYPE 2 CHAINS, RESPECTIVELY. TYPE 2 CHAINS ARE ALSO CALLED LACNAC. THE 

LACNAC UNITS CAN BE REPEATED TO GENERATE POLY-LACNAC EXTENSIONS BY THE ACTION OF 

Β1-3 N-ACETYLGLUCOSAMINYLTRANSFERASE (Β1-3GLCNACT) AND Β1-4 

GALACTOSYLTRANSFERASES (Β1-4GALTS). THE GALACTOSE OF THESE CAN SERVE AS A 

SUBSTRATE FOR Β1-6GLCNACT AND GENERATE I-BRANCHING GLYCANS. TYPE 1 AND 2 CHAINS ARE 

THE PRECURSOR FOR LEWIS A/X, LEWIS B/Y AND SIALYL LEWIS A/X BY THE ACTION OF FUTS AND 

ST3GALS. TERMINAL GALACTOSES CAN BE MODIFIED BY 2-6 SIALYLTRANSFERASES (ST6GAL) 

AND  2-3 SIALYLTRANSFERASES (ST3GAL) THAT ADD NEUAC IN THE RESPECTIVE 2-6 OR 2-3 
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numerous physiological conditions such as fertilisation, embryonic development, 

immunology, neurobiology and hepatology [20]. In the liver, most of the plasma proteins 

that are synthesised are heavily N-glycosylated, but also cleared by both hepatocytes and 

Kupffer cells that have specific glycan-based recognition systems consisting of 

specialised mammalian lectins [21]. Glycoproteins with terminal Gal residues are cleared 

by hepatocytes via an endocytic cell surface receptor, such as asialoglycoprotein receptor, 

that specifically binds to terminal Gal or GalNAc [21]. In the gastrointestinal tract, mucin 

rich mucus offers a physical barrier against the acidic conditions and luminal contents 

[22, 23]. Moreover, glycans on the gastrointestinal epithelia also interact with pathogens 

such as Helicobacter pylori in the stomach and other anaerobic bacteria in the colon [24]. 

Altogether, glycans and glycoconjugates ensure the homeostasis of cells but are also 

involved in pathophysiological events.  

1.5 Protein glycosylation alterations as a hallmark of cancer progression  

Alterations in protein glycosylation during malignant transformation are 

considered a hallmark of tumour cells [25]. These alterations can occur both at early and 

late stages of tumour progression or metastasis. Examples for frequently reported protein 

glycosylation alterations for tumour cells are: (a) increase in core fucosylation and 1-6 

branching of N-glycans, (b) increased expression of mucins and truncated O-GalNAc 

glycans (in particular sTn and Tn antigens), (c) increased sialylation such as sialyl Lewis 

a/x antigens (Figure 1), (d) expression alterations of ABO blood groups and Lewis 

antigens (e) and increased levels of poly-LacNAc structures [25-27] (Figure 1). 

Glycoproteins involved in cell-cell and cell-matrix interactions such as epithelial cadherin 

(E-cadherin) and integrins also show cancer associated alterations. Under healthy 

conditions, E-cadherin and integrins are occupied by bisecting N-glycans, however the 

presence of 1-6 branched N-glycans results in cellular detachment promoting cell 

migration [28, 29].  

Overall these tumour-associated glycan antigens and glycoproteins are 

fundamental for cell signalling and communication, tumour cell dissociation and 

invasion, cell–matrix interactions, tumour angiogenesis, immune modulation and 

metastasis formation [2]. Moreover, the malignant phenotype is also accompanied by the 

shedding of overexpressed glycoproteins carrying tumour-associated glycans into the 

blood stream [25, 26, 30]. Many of the current diagnostics rely on the detection of 

glycoproteins or tumour-associated carbohydrate antigens to screen, diagnose and/or 
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manage several cancers (Chapter II), however, in the majority of cases the specific 

glycosylation of these is still not well understood.  

1.6 When a single glycosyltransferase defect impacts the global cell surface 

Defects in a single glycosyltransferase can have a strong global effect on the 

glycosylation profile of a cell [31]. A classical example is the genetic loss of COSMC 

chaperone that is essential for C1GALT1, which is responsible for the synthesis of core 

1 O-GalNAc glycans. The loss of function of C1GALT1 yields truncated O-GalNAc 

glycans incuding Tn and sialyl-Tn antigens that impair the formation of complex 

O-GalNAc glycans [32, 33] (Figure 3). GALNTs don’t require T synthase for their 

enzymatic activity, as a result, the cell dipslays significant amounts of Tn antigen (Figures 

1 and 3) [32, 34]. As the Tn antigen is usually not present on healthy cells [35], this 

accumulation may promote alterations in the conformation and function of glycoproteins 

[36]. Besides the loss of glycosyltransferase function, the Tn antigen can serve as 

substrate for α2-6 sialyltransferase ST6GALNAC1 forming sTn [35]. Tn and sTn antigen 

is also recognised as a feature of maligancy in several carcinomas such as stomach, colon, 

breast, ovary and lung (reviwed in [25, 35, 37]). A recent report also showed that 

melanomas downregulate I-branching glycosyltransferases, such as β1-6GlcNAcT, 

culminating in decreased I-branched glycans on the cell surface. As a result the synthesis 

of poly-LacNAc increases and correlates with enhanced growth and survival of 

melanoma cells [38].  

Alterations in protein glycosylation are also triggered by other relevant factors 

including the expression levels and location of glycosyltransferases, glycosidase activity, 

substrate competition between different glycosyltransferases and the availability of sugar 

nucleotide substrates [25]. These alterations can be driven by transcription factors and 

genetic alterations, epigenetic changes, altered metabolism and environmental triggers 

[39, 40]. Furthermore, protein glycosylation is tissue-specific, as individual components 

of the glycosylation machinery differ between tissues, but even within one tissue 

protein-specific differences in protein glycosylation occur [41]. In summary, studying 

protein glycosylation and its disease associated alterations can be a tedious task that, 

however, promises outstanding opportunities for understanding its role in health and 

disease and for identifying and developing novel diagnostics and therapeutics. 
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1.7 Glycomics and Glycoproteomics as advanced tools to study protein 

glycosylation 

Studying Glycobiology requires a wide array of approaches: glycoengineered cell 

line models, lectin/monoclonal antibodies, microarrays, proximity ligation assays, 

immunohistochemistry, liquid chromatography (LC) and mass spectrometry (MS) are 

just a few of the most commonly applied technologies employed to study the role and 

function of glycoconjugates. Over the past twenty years, in particular LC-MS 

technologies have made significant progress and have developed to be the most 

widespread tools used to obtain detailed information on protein glycosylation because of 

their speed, high sensitivity and accuracy [42]. These advances allowed the development 

of novel glycoproteomics and glycomics workflows that are now used as advanced tools 

to investigate protein glycosylation and develop glycoprotein-based therapeutics [43, 44]. 

Glycomics refers in most examples to the analysis of the repertoire of N- and O-glycans 

released from a given cell, tissue or body fluid. Meanwhile, glycoproteomics focuses on 

the identification and characterisation of site-specific glycosylation features of 

glycoproteins. Glycomics-focused strategies elucidate glycan compositions and 

structures, whereas glycoproteomics-based approaches focus on protein identification, 

the glycan attachment sites, site occupancy but also glycan composition/structure 

elucidation [44] (Figure 5). 

 

Figure 5 – Overview of glycoprotein analysis strategies for glycomics and glycoproteomics. MS based glycomics 

and glycoproteomics methods include analysis of released glycans, intact glycoproteins and glycopeptides. The 

glycomic profiles of glycoproteins are studied by releasing the glycans and determining their composition and 

structure. Intact glycoprotein analysis provides a global picture of the glycosylation status and the glycoproteoforms 

of an entire glycoprotein. Glycopeptide analyses involve the action of proteolytic enzymes that generate peptides and 

glycopeptides, also facilitating site-specific glycosylation analyses of glycoproteins that exhibit multiple sites of 

glycosylation. 
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Glycoproteomics analyses can be targeted (analysis of purified glycoproteins) or 

performed on the whole glycoproteome. Several approaches are typically used in 

glycoproteomic analyses, including bottom-up and top-down approaches. Top-down 

glycoproteomics focuses on the analysis of intact glycoproteins by MS. This approach 

delivers information with respect to specific protein variants or glycoproteoforms and the 

type, abundance, and extent of glycosylation [45, 46], but generally requires highly 

purified samples and cannot be reasonably applied to complex mixtures. Top-down 

glycoproteomics is still limited by the enormous structural diversity of glycans that a 

glycoprotein may exhibit, which complicates the MS spectra and their analysis [45]. Also, 

the size of a glycoprotein can affect the fragmentation patterns. Moreover, most of the 

analyses have been performed on individual glycoproteins with limited complexity such 

as monoclonal immunoglobulin G (IgG) antibodies [47] and erythropoietin [48] and are 

frequently used for quality assurance purposes of biopharmaceuticals.  

In bottom-up glycoproteomics, purified glycoproteins or complex glycoprotein 

mixtures are proteolytically digested to generate glycopeptides and peptides prior to 

analysis by MS (Figure 5). Bottom-up glycoproteomics workflows are the most 

frequently employed approach to analyse highly heterogenous glycoproteins and complex 

glycoprotein samples obtained from cell or tissue extracts. These allow the identification 

of glycoproteins as well as glycan characterisation in a site-specific manner, even within 

a complex (glyco)protein mixture. More importantly it can also enable the discovery 

novel glycosylation sites as shown in chapter VII. 

1.7.1 MS requirements for glycomics and glycoproteomics  

The MS field has evolved extensively to now deliver high-resolution mass 

spectrometers with limits of detection easily reaching down to femto/attomolar analyte 

concentrations. This capacity, in combination with a panel of different fragmentation 

techniques provide vast opportunities to acquire structural information from minute 

amounts of biological material [49]. A variety of different mass analysers such as ion 

traps (IT), hybrid quadrupole time-of-flight (Q-TOF) or orbitrap are available that exhibit 

different features with respect to resolution, mass accuracy, and scan rate and thus can be 

chosen depending on the selected glycomics and glycoproteomics approach. 

Glycoproteomics experiments usually benefit from mass analysers with high sensitivity, 

high resolution and high scan rates such as orbitrap MS or Q-TOF MS [46]. Glycomics 

methods, however, do not always necessarily require high resolution but benefit from 

high sensitivity and fragmentation provided by IT analysers [46]. Generally, if combined 



CHAPTER I 

 12 

with nanoLC separation, both strategies provide extraordinary means to separate glycans 

and (glyco)peptides for in-depth analysis of protein glycosylation.  

The chosen ionisation method can also impact the outcome of glycomics and 

glycoproteomics MS experiments. Glycans can contain acidic groups such as sialic acids 

(e.g. NeuAc) and other labile groups such as fucose residues [50]. These can be easily 

fragmented in-source or post-source during ionisation [50]. Hence, the soft ionisation 

techniques electrospray ionisation (ESI) and matrix-assisted laser desorption/ionisation 

(MALDI) are considered to be the most suitable ones for the analysis of glycans and 

glycopeptides [51, 52].  

MALDI-MS has been used extensively for profiling glycans derived from 

complex samples. However, the energetic conditions of the ionisation often produce 

in-source fragments, in particular of sialic acids [53, 54]. The analysis of sialylated 

glycans and neutral glycans requires analysis in positive or negative mode, respectively 

[54]. For these reasons, derivatisation of glycans that yield intact species are frequently 

employed. Permethylation [55, 56] and partial derivatisation of sialic acids, such as 

esterification [57-59], are the most commonly used approaches. These stabilize the sialic 

acid moieties and allow studying the glycomic profile of glycoproteins by MALDI-MS 

in positive mode. The ionisation of glycopeptides by ESI and MALDI-MS is more 

regularly performed in positive mode to ensure good ionisation efficiency and 

subsequently better sensitivity [60]. Glycopeptide ionisation efficiency has also been 

reported to be reduced compared to their unmodified peptide counterparts [61]. The major 

reason for this event is thought to be the lack of positive charges accumulating around the 

glycan moiety, which probably results in less protonated glycopeptides [44]. However, 

the hydrophilic glycan moiety could also slow down the transition from the liquid into 

the gas phase during ESI ionisation compared to more hydrophobic peptides [61].  

An advantage of MALDI-MS is that mostly singly charged ion species are 

generated that facilitate data analysis compared to ESI-MS, where one ion can occur in 

multiple charge states [62]. ESI sensitivity generally decreases as glycan and 

glycopeptide masses increase [63]. Still, ESI-MS offers several advantages over 

MALDI-MS with respect to glycoprotein analysis. ESI-MS, in particular nano-ESI, 

allows the analysis of both glycans and glycopeptides at great sensitivity and can be easily 

coupled to LC [46, 64]. ESI also generates less internal energy during ion formation 

compared to MALDI. Thus, it allows the analysis of both neutral and acidic glycans in 

negative and positive mode without any derivatisation step [65].  
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ESI-MS and MALDI-MS analyses provide a big picture of protein glycosylation; 

however, it is still difficult to deduce structural details on a glycan and glycopeptide 

structure from MS data alone [65, 66]. Hence, various types of fragmentation provide 

further opportunities for in-depth glycoconjugate structure characterisation [46, 65]. 

1.7.2 Fragmentation methods applied to glycan and glycopeptide analysis 

Mass analysers have evolved in combination with orthogonal tandem mass 

spectrometry strategies (MS/MS) to facilitate structure elucidation of molecules. The 

purpose of fragmentation methods is to deposit energy into an ion and break up bond 

cleavages in a reproducible manner to yield diagnostics and interpretable fragmentation 

ions. The classical collisional method is collision-induced dissociation (CID) [67]. In 

CID, the ion collides with an inert gas resulting in conversion of kinetic energy of the ion 

into internal energy leading to the fragmentation of the ion [67]. Despite its popularity 

and well acknowledged performance for small molecules, CID is still insufficient to break 

up larger molecules. For that reason, high energy dissociation methods such as 

higher-energy CID (HCD) came into place [68]. HCD is a variant of CID that uses higher 

radio-frequency voltages providing more informative fragmentation ion series [68]. Other 

alternatives using electron-based methods include electron-transfer dissociation (ETD) 

and electron capture dissociation (ECD). Both fragmentation methods transfer/attach 

electrons to higher charge state ions [69]. Over the past decade, research groups have also 

developed ultraviolet dissociation also referred to as infrared multiphoton dissociation by 

using photons to raise the energy of ions [70]. More recently, hybrid methods such as 

electron transfer and higher-energy collision dissociation (EThcD) have been developed 

aiming to assemble pieces of information from both fragmentation techniques  [71, 72].  

Low energy MS/MS methods, such as CID, are usually a general feature of any 

MS instrument capable for tandem MS. CID is one of the most common fragmentation 

methods, in particular for glycans as their glyosidic bonds are easy to fragment [73]. 

Tandem MS of N- and O-glycans follows the rules of fragmentation as proposed by 

Domon and Costello [74] (Figure 6A). Generally, glycans undergo two different types of 

cleavages upon CID: Cleavage of the glycosidic bonds resulting from the rupture between 

the two monosaccharides (B- / C- /Y- and Z-type ions) and cross-ring fragments that 

involve the fragmentation of the monosaccharide ring. Fragments derived from the 

glycosidic bond are useful to determine the composition and the sequence, whereas cross-

ring fragmentations (A-/X-type ions) provide information on linkages and the location of 

substituents on branching monosaccharide residues [64] (Figure 6A). Choosing the 
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ionisation state of the glycan precursor ion will significantly influence the MS/MS 

spectra, and thus the structural information that can be retrieved from such an experiment. 

Glycans can be analysed as protonated molecule ions (positive mode) or deprotonated 

molecule ions (negative mode) and as well as metal adducted ions [64]. Positive ion 

fragmentation CID of glycans yields mainly glyosidic bond cleavages such as B- and 

Y-type ions, which support glycan sequence [65], but are low in cross-ring cleavage 

products that can provide vital information on glycan structure [65]. Another 

complicating factor is the gas-phase rearrangement of ions that can complicate the 

interpretation of MS/MS spectra of unknown glycans [75]. Negative ion CID, in contrast, 

produces a variety of cleavages of glycosidic bonds and cross ring fragments that support 

more detailed structure elucidation [76]. For this reason, negative ion CID has been 

widely applied to the determination of glycan structures. Structural features in negative 

ion CID of N-glycans include the presence or absence of core fucosylation (2,4AR ion), 

presence of bisecting GlcNAc (D-221 ion), composition of the Man1-6 antenna (D and 

D-18 type ions), composition of antenna (E- and F- type ions) and sequence (B- and 

C- type ions) (Figure 6B) [77, 78]. In case of O-GalNAc glycans, the MS/MS spectra 

generate less specific diagnostic ions when compared to N-glycans and rely mostly on the 

composition of the O-GalNAc core structures. Still, the reducing end of core 1 and core 

3 can be easily identified by the loss of this moiety occurring during CID of negatively 

charged precursor ions [79]. The fragmentation of core 2 and core 4 structures yields a 

diagnostic cross-ring cleavage 0,4A of the reducing end GlcNAc that corresponds to the 

composition of the 1-6 branch [80]. 

Fragmentation of glycopeptides using positive ion CID typically results in the 

cleavage of glycosidic bonds (B/C- and Y/Z- type ions) as glycan bonds are more labile 

than peptide bonds [73] (Figure 6C). Thus, is not effective at sequencing the peptide 

portion or confirming the glycosylation sites. Nevertheless, a combination of lower and 

higher collision energies (collision energy stepping CID) in a Q-TOF selectively yields 

fragment ions covering both the glycan and the peptide moieties (b- and y-type ions) of 

glycopeptides as well as oxonium ions [81, 82]. Glycan oxonium ions are usually 

dominant in CID spectra and are a result from the fragmentation of the glycan moiety as 

m/z 204.0867 ([HexNAc + H]+), 292.1027 ([NeuAc + H]+), and 366.1395 ([Hex-HexNAc 

+ H]+). Likewise, alternating normalized collisional energy value for HCD in the orbitrap 

also produces abundant diagnostic oxonium ions and partial glycopeptide information as 

the collision energy is more evenly distributed [83, 84]. As a result, glycopeptides can 

successfully be identified to provide comprehensive coverage even of a complex 
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glycoprotein sample. Alternatively, ETD and ECD specifically target the N− Cα bond of 

the peptide backbone leaving any PTMs (such as glycans) intact resulting in mainly c- and 

z-type ions for peptide sequencing and PTM site identification [42]. Often, the 

combination of several fragmentation methods provides better glycopeptide coverage 

than a single method. EThcD used in the orbitrap, combines both HCD and ETD 

fragmentations in a single spectrum allowing a better coverage of the glycopeptide and a 

faster analysis [43, 45, 72, 81, 85]. 

  

1.7.3 PGC-LC-ESI-MS/MS as tool for in-depth analysis of glycans 

Current glycomics methods are largely based on the release of N- and O-glycans 

of glycoproteins. Glycans can be released from glycoprotein samples immobilised on 

PVDF membranes [86], SDS-PAGE gel bands [87], formalin-fixed and paraffin-

Figure 6 – Fragmentation of glycans and glycopeptides. (A) Glycans fragmentation nomenclature according to 

Domon and Costello [74], where Glycosidic bonds cleavages correspond to B-, C-, Y-, Z- type ions and cross ring 

fragmentations are represented by A- and X- type ions. (B) Summary of structural features displayed on negative ion 

CID of N-glycans. The D ion corresponds to the composition of Man1-6arm antenna; the E ion corresponds to 0,4A 

fragment of the Man1-3arm antenna; F ion also referred to as 1,3A are useful to determine both antenna compositions 

[77, 78]. (C) Glycopeptide fragmentation nomenclature. The glycan moiety fragments are represented as Domon and 

Costello rules, whereas the peptide fragmentation follows the general nomenclature of fragmentation of peptides (b/y- 

and c/z- type ions). 
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embedded tissue [88, 89], or in solution. Generally, N- and O-glycans are released from 

glycoproteins using endoglycosidase peptide-N-glycosidase (PNGase F) and reductive 

-elimination, respectively [90]. Released glycans can be analysed in their free or reduced 

form, in which the reducing end of the glycan is converted to an alditol, and/or 

derivatised. Derivatisation of glycans includes labelling of the reducing end with 

chromophores or fluorophores, permethylation, or sialic acid derivatization such as ethyl 

esterification [65]. Labelling of glycans allows their detection via ultraviolet or 

fluorescence detectors (FLD). Permethylation and partial derivatisation methods facilitate 

glycan analysis by MALDI-MS as described before. Underivatized and derivatised 

glycans may also be separated by LC techniques based on the interaction between glycans 

and stationary phases, such as reverse phase (RP) [91], hydrophilic interaction liquid 

chromatography (HILIC) [92], high-performance anion exchange chromatography [93], 

capillary gel electrophoresis [94], and porous-graphitised-carbon chromatography 

(PGC-LC) [90].  

PGC-LC is currently one of the most widely used stationary phases as it is able to 

separate both N- and O-glycans without a derivatisation step. Most of the analysis on 

PGC-LC is performed with reduced glycans so that single chromatographic peaks are 

obtained for each glycan structure to avoid separation of both - and - anomers resulting 

from releasing glycans from their protein carriers [90]. A particular feature of PGC is the 

high separation capacity of different glycan structures. The retention time of a glycan on 

PGC greatly depends on its size, monosaccharide composition, and linkage [95]. Thus, 

PGC-LC allows the analysis of complex mixtures with unsurpassed ability to separate 

glycan structure isomers compared to HILIC and RP [77]. A glycan isomer is constituted 

by the same composition of monosaccharides, but the monosaccharide residues are 

arranged and/or linked differently. For example, a disialylated, tri-antennary N-glycan 

with the composition NeuAc2Hex6HexNAc5 from bovine fetuin is separated into six 

N-glycans that  differ in NeuAc linkages (2-6 and 2-3) and their position on the 

different antennas of the N-glycan [96]. Characterisation of glycan isomers is important 

for an in-depth understanding of protein glycosylation, including the production of 

therapeutic proteins, as different glycan structures can have a significant impact on the 

biological function of their protein carriers. On IgG N-glycans carrying 2-6 linked 

NeuAc promote anti-inflammatory properties when administered in autoimmune disease 

treatment, whereas 2-3 linked NeuAc carrying IgGs are not effective [97]. The 

distinction of 2-3 and 2-6 linked NeuAc on PGC-LC is one of the most important 

features of PGC. Glycans carrying 2-3 linked NeuAc interact stronger with the 
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stationary phase resulting in a later elution compared to 2-6 linked NeuAc carrying 

glycans [77, 98]. In addition, PGC-LC has also been successfully employed in the 

differentiation and characterization of fucosylated N- and O-glycans, resolving glycan 

isomers with Lea, Lex, Ley and Leb structures [77, 99]. Other N-glycan structure features 

such as bisecting GlcNAc or core fucosylation also result in retention time differences 

that facilitate structure determination [77]. For example, sialylated complex type 

N-glycans elute later than oligomannose type ones [100]. Bisecting N-glycans, in contrast, 

elute several minutes earlier than their non-bisected isomers that carry an GlcNAc on one 

of the N-glycan antenna [101]. The capacity of PGC-LC to separate glycan isomers makes 

it a desirable tool to combine with ESI-MS/MS (PGC-LC-ESI-MS/MS) for in-depth 

glycan structure characterization that goes beyond simple compositional information 

(sequence, branching, and linkages) and relative quantitation of individual structure 

isomers (Section 1.7.4) [43, 77, 90, 98].  

To further aid the determination and structural characterization of glycans, 

PGC-LC-ESI-MS/MS can be combined with exoglycosidases digestion to reduce sample 

complexity and validate linkage information [87, 102]. The digestion of individual 

N-glycans can be monitored using PGC-LC-ESI-MS/MS as the digestion products will 

experience a shift in retention time [77].  

1.7.4 Quantitation 

Besides the structural characterisation of N- and O-glycans by LC-MS/MS, 

glycomics MS-based methods also focus on quantifying alterations in the abundance of 

individual glycans present in any given sample and in between samples [103]. Most 

common methods for glycan quantitation provide relative but not absolute quantitative 

information within a glycan sample. Absolute quantitation refers to the determination of 

exact sample concentrations for individual molecules while relative quantification 

provides a percentage of a specific compound in relation to the normalized total glycan 

content. Quantitation methods applied to glycomics are less established than proteomics, 

in which refined bioinformatics and software tools use data alignment and quantitation 

algorithms, to provide accurate quantitative results [104]. Nevertheless, advances in this 

field enabled the development of label-free and incorporation of labels in quantitative 

glycomics analysis [105].  

Absolute quantitation can be performed by tuning the instruments with known 

and well-defined glycan standards and including a known-amount of an isotope-labelled 

internal standard glycan [106]. This enables glycan quantitation based on the measured 
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signal intensities and putting these in relation to the known standard. Another method 

based on HILIC-FLD uses known quantities of a fluorescent labelled glycan standard to 

calibrate fluorescence response. Since the fluorescence response is linearly proportional 

to the amount of the fluorescent label, fluorescence peak areas can be used to quantify 

specific labelled glycans [107]. This method has been applied to monoclonal antibodies 

but is less suitable to quantitate individual glycan structures when analysing complex 

mixtures as in this case usually several different glycans exhibit a similar elution time. 

Even though absolute quantitation is a highly desirable feature, various obstacles 

need to be overcome to implement this as a default method when using MS detection. 

Glycans vary greatly on their size and composition, which results in different ionisation 

efficiencies [108]. Also, the type of MS instrument and ionisation mode (positive vs 

negative) can influence the determination of glycan abundances [106]. Furthermore, 

glycan standards are still mostly synthesised by a few specialised laboratories mostly for 

in-house use and not easily and cheaply commercially available yet.  

For these reasons, relative quantitation has been the most widely used approach 

for quantitative glycomics [63]. As in proteomics, relative quantitative data from 

MS-based approaches include the incorporation of specific and known isotopic label, 

either by metabolic incorporation or chemical derivatization [109]. Learning from these 

approaches, quantitative glycomics using isotopic labelling relies on heavy and light 

isotopic reagents allowing parallel analysis of multiple samples due to the mass 

differences of the isotopic labels [103]. Quantitation is performed by comparing the 

intensity of the light and heavy labelled glycans in the MS spectra. Other approaches have 

been also developed such as enzymatic incorporation [110] and isobaric labelling [103] 

for the same purpose. Moreover, relative quantification of labelled glycans can be 

accomplished by measuring the fluorescence and or UV signals and calculating the areas 

under the peak [103].However, none of these approaches ensure a complete reaction and 

several steps are required to derivatise the glycans. Label-free quantitation has emerged 

as an option to also quantify glycans from different samples.  

In quantitative label-free glycomics, the most common approach is the integration 

of extracted ion chromatogram (EIC) of glycans detected by MS [95]. The area under the 

curve of each EIC is then divided by the total area value of all glycans analysed, with the 

result represented as a relative percentage of all glycans abundances [111]. The other 

alternative is to normalise the peak areas against the most intense peak [112]. This 

approach is still prone to variation on the ionisation efficiency of glycans in positive and 

negative ion mode, instrument features and sample handling [63, 103, 105]. However, 
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when determining the relative abundances of glycans, a comparison between samples is 

possible if the samples are processed and analysed equally [105].  

1.7.5 Glycoproteomics: bottom-up site-specific analysis of glycoproteins 

The most sensitive, current state-of-the art MS-based glycoproteomics workflows 

are based on nanoLC-ESI-MS/MS to determine micro-heterogeneity (site-specific glycan 

profile) and macro-heterogeneity (glycosylation site occupancy of proteins) of 

glycoproteins. These can be done on complex glycoprotein mixtures derived from 

samples such as tissue from healthy and disease donors but also on highly purified 

biotherapeutics obtained that underwent substantial down-stream purification after 

recombinant expression [61, 113]. Experimental workflows applied to glycoproteomics 

often start with (glyco)protein extraction from biological samples, denaturation, and 

protease digestion with specific endoproteases (Trypsin, chymotrypsin, GluC) [42]. At 

this step, isotopic labels can be introduced to aid glycopeptide quantitation or enhance 

their ionization and fragmentation. The resulting (glyco)peptide mixtures are often 

tremendously complex and glycopeptides may be subsequently enriched prior 

LC-MS/MS (section 1.7.6). This bottom-up approach enables analysis of peptides and 

previous glycosylated peptides, released glycans and intact glycopeptides [61] (Figure 7).  

Identification of previously glycosylated proteins is easily accomplished by 

digesting glycopeptides with PNGase F to remove N-glycans. Previous glycosylated 

peptides contain aspartic acid instead of the asparagine site within the N-glycosylation 

sequon [114]. This conversion is simply detected by a mass increase of +0.9840 u. A 

drawback of this approach is the spontaneous deamidation of the asparagine that can 

occur during sample preparation, especially when an asparagine is close to a glycine or 

other small amino acid [115]. Still, in presence of controls (before PNGase F treatment) 

these false positives can be identified, and the glycosylation site can be accurately 

identified [115]. The released N-glycans may be analysed by glycomics approaches such 

as PGC-LC-ESI-MS/MS, as described before, to provide complementary information on 

the glycan structures.  

Intact glycopeptide analysis provides a valuable information on protein identity 

and site-specific glycan composition. Analyses of intact glycopeptides are mostly 

performed on RP-nanoLC-ESI-MS/MS [44]. One of the most common RP matrices is the 

C18 stationary phase. The effect of a glycan moiety on the glycopeptide retention 

behaviour when using C18-nanoLC separation was studied recently [116]. The authors 

separated the glycopeptides with an acetonitrile/0.1% formic acid gradient exhibiting a 
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slope of 0.7%/min for 65 min. Under these conditions, the haptoglobin glycopeptide with 

sequence VVLHPNYSQVDIGLIK carrying nine different N-glycans showed that 

N-glycopeptides elute much earlier when compared to their non-glycosylated 

counterparts. Also, the retention time of N-glycopeptides decreased with increasing 

number of neutral monosaccharides [116]. In this approach, the contribution of 

glycopeptides carrying sialic acids was not studied. It needs to be emphasised that these 

types of observations depend significantly on the employed conditions, the specific 

stationary phase as well as the glycopeptide composition and can thus show considerable 

differences between different labs for the same molecules.  

 

 

The major challenges for glycopeptide separation on RP-LC include poor binding 

of hydrophilic glycopeptides and limited separation of related glycopeptides [44], which 

in turn delivers less information. To overcome these limitations, combinations of RP 

stationery phases with PGC or HILIC have been performed for tryptic and pronase 

Figure 7 – General workflow for bottom-up glycoproteomic analysis. Three levels of information can be generated 

from biological samples: (i) In the protein-focused approach the sample is digested with proteolytic enzymes producing 

both peptides and glycopeptides. Optionally, glycopeptides can be enriched and the glycans are released resulting in 

deglycosylated peptides and peptides. These can further be analysed by a large variety of different LC-MS/MS methods. 

This approach of sequencing previously glycosylated peptides provides insights in which proteins carried N-glycans at 

some stage while using standard proteomics methods. (ii) The glycan-focused approach relies on the release of 

N- and/or O-glycans and their analysis (often by MS-based methodologies) to determine glycan composition and 

structure. (iii) Finally, the glycopeptide-focused approach is achieved by digesting the glycoprotein sample with 

proteolytic enzymes to generate intact glycopeptides and peptides. At this step, glycopeptides can be enriched and 

analysed by LC-MS/MS techniques. The resulting glycopeptides provide site-specific glycan information allowing the 

identification of both protein and glycan composition. 
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glycopeptides [117, 118]. PGC and HILIC can capture hydrophilic glycopeptides that do 

not sufficiently interact with RP stationary phases to allow retention and thus, separation. 

Such combinatorial approaches are ideal to study the micro- and macro-heterogeneity of 

purified glycoproteins [117, 118], but have been less used for the analysis of more 

complex samples. As (glyco)peptides can exhibit a wide range of physio-chemical 

properties, a single chromatographic phase will seldom be sufficient to cater for every 

type of glycopeptide resulting from a proteolytic digest. Hence, if a comprehensive 

in-depth analysis of glycoproteins is required, combinations of different phases will in 

most cases be required to achieve 100% sequence coverage.  

1.7.6 To enrich or not: Targeted versus unbiased glycoproteomics 

An heterogenous mixture of (glyco)peptides is formed after proteolytic digestion 

either from complex samples or, in less extent, from purified glycoproteins. Glycopeptide 

signals are often underrepresented during a LC-MS/MS analysis due to their low 

abundance and their low ionisation efficiency compared to unmodified peptides [61]. The 

micro-heterogeneity associated to glycopeptides also contributes to lower signal 

intensities. In addition, glycopeptides can carry a diverse array of different glycans on a 

single site of glycosylation. Consequently, in complex samples, the detection of 

glycopeptides is like looking for a needle in a haystack. To improve sensitivity and 

in-depth analysis of the glycoproteome, diverse glycopeptide enrichment methods have 

been developed. Glycopeptides can be enriched by lectin affinity chromatography [119], 

HILIC [120], electrostatic repulsion hydrophilic interaction [121], boronic acid based 

approaches [122] or hydrazide capture [123], to name a few. All these techniques 

ultimately enrich the glycopeptide fraction by interacting with the glycan moiety. 

However, when these are applied in complex mixtures, non-glycosylated peptides can 

also be enriched and other glycopeptides might not be captured due to their specific 

physicochemical properties [45]. In addition, the introduction of this bias can ultimately 

affect quantitative and qualitive glycoproteomics analysis. In an ideal case any sample 

preparation should be as unbiased as possible if an entire glycoproteome is to be 

determined. That includes that the respective molar ratios of the glycopeptides should be 

maintained. This is particularly important for site occupancy analyses (section 1.7.8), in 

which an enrichment step might alter the representation of glycopeptides in a glycoprotein 

sample. Even though enrichment of glycopeptides is not unbiased, this approach is still 

highly useful to enrich glycopeptides from biological samples enabling the discovery of 

novel targets in a disease context [124].  
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1.7.7  Site-specific glyco-profiling 

Site-specific analysis enables a qualitative and quantitative characterisation of 

glycoproteins. In quantitative glycoproteomics, changes in glycoprotein abundance and 

site occupancy can help to understand mechanism underlying a particular disease. As an 

example, a very remarkable study on IgE glycosylation showed that is imperative for IgE 

to carry oligomannose type N-glycans at Asn394 to trigger anaphylaxis. The removal of 

these oligomannose type N-glycans changes the secondary structure of IgE essentially 

stopping downstream signalling processes that are responsible in an anaphylactic shock 

[65]. 

Successful mapping of glycosylation sites relies on proteolytic digestion 

efficiency, LC separation and MS-detection of the resulting glycopeptide molecules [44]. 

As in proteomics, the most widely used protease for generation of glycopeptides is 

trypsin. Trypsin is a comparably highly specific protease that generates predictable 

peptide sequences by cleaving after the C-terminal side of lysine and arginine residues 

unless a proline residue is present in this position. As for peptides, glycopeptides also 

benefit with respect to ionisation efficiency from the basic residues present on the 

glycopeptides’ C-terminus compared to (glyco)peptides generated by less-specific 

proteases [125]. Due to the specific cleavage pattern of trypsin, resulting glycopeptides 

allow quantitative, site-specific occupancy analyses (section 1.7.8). A big challenge while 

opting for trypsin is the generation of glycopeptides that can be of considerable size and 

contain more than one site of glycosylation within a single glycopeptide [126]. Moreover, 

some glycoproteins are not compatible with trypsin digestion conditions and 

glycosylation can hinder or resist proteolytic digestion [127]. These drawbacks can 

hamper the analysis of glycosylation sites and site occupancy.  

Glycoproteins can also be digested with other nonspecific enzymes such as 

pronase and proteinase K, however with the caveat that reliable site occupancy analysis 

is not possible. Pronase digestion of glycoproteins usually results in shorter peptide 

sequences containing only one glycosylation site, dipeptide sequences and as well as 

single amino acids [42, 61, 128]. Stavenhagen et al described a workflow for site-specific 

N- and O-glycopeptide analysis using pronase treated glycopeptides. These were 

separated using a dual LC system simultaneously employing both, C18 and PGC-LC 

coupled to an ESI-Q-TOF-MS/MS. They also applied collision energy stepping CID to 

obtain detailed information on both glycan and peptide backbone [117]. Compared to 

tryptic glycopeptides, glycopeptides generated by nonspecific proteases can provide a 
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much better glycosylation site coverage, especially in highly glycosylated proteins such 

as carcinoembryonic antigen (CEA) as discussed in chapter VII. This approach is used 

for the characterisation of purified glycoproteins where protein identification as such is 

not required as the resulting glycopeptides contain fewer amino acids that would prevent 

from allowing a reliable protein identification. The analysis of complex samples requires 

the availability for longer peptide sequences to ensure high confidence glycopeptide (and 

thus, glycoprotein) identification. The major limitation when using broad-specificity 

proteases is the lack of suitable software tools that can reliably and accurately 

predict/identify the generated glycopeptides. To overcome this issue and facilitate manual 

spectra annotation of such glycopeptides, bioinformatic tools such as PepSweetener as in 

chapter VI are a vital necessity. 

1.7.8 Determination of N-glycosylation site occupancy  

Site occupancy describes the percentage of a specific glycosylation site that is 

glycosylated [61]. To determine the site occupancy of N-glycopeptides the intensities of 

peptides carrying an Asn within the glycosylation motif and their deglycosylated peptides 

need to be considered, though these peptides exhibit similar ionisation efficiencies in 

most cases [61, 117]. As in quantitative proteomics, label or label-free quantitation 

methods can be used for site occupancy determination by LC-MS [129]. The most 

common labelling methods are stable isotope labelling by amino acids in cell culture, 

dimethylation, tandem mass tags and isobaric tags [130]. When using labelling methods, 

the fold change of the deglycosylated peptides is normalised to the total protein levels or 

the average of all non-glycosylated peptides [131]. The biggest advantage of these 

methods is the simultaneous analysis of differentially labelled samples in a single run 

[132]. As a result, it reduces sample handling and inconsistences associated with 

run-to-run variations [133]. Moreover, it allows the correlation between protein 

abundance and glycosylation status [129]. 

Label-free quantitation of N-glycopeptides is much simpler and there is no 

limitation on the number of samples that can be analysed. However, sample handling and 

LC run-to-run variations need to be considered during data analysis [132]. In label-free 

quantitation methods the intensities of the deglycosylated peptide are calculated as a 

fraction of the sum of the deglycosylated peptide and unmodified versions of the same 

peptide [129]. In presence of standard peptides absolute site occupancy quantitation of 

target proteins can be also performed through multiple reaction monitoring [134, 135]. 
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1.8 Glyco-Bioinformatics 

Nowadays glycomics and glycoproteomics workflows generate large amount of 

data that require bioinformatic tools to aid the identification of both glycans and 

glycopeptides. As shown previously, glycans can be analysed by a variety of approaches 

that can yield different levels of information. In addition, fragmentation of glycans is not 

giving “black and white” results as the MS/MS spectra can be quite complex but still 

similar due to the common core structures, isobaric building blocks and repetitive 

glyco-motifs present within a structure. Most of the glycomics data analysis for 

PGC-LC-ESI-MS/MS still requires manual and time-consuming user input that also 

makes use of web-based tools, such as Glycomod. This tool allows the determination of 

a glycan composition based on an experimentally determined glycan m/z value [136]. The 

glycan composition is further validated by the user that screens the MS/MS spectra for 

diagnostics ions and relevant information. Another helpful software is GlycoWorkbench 

that speeds up manual interpretation of MS/MS spectra by providing the user theoretical 

fragment masses of a possible glycan structure [137]. Repository databases such as 

UnicarbKB [138] and Unicarb-DB [139] also provide curated information on glycans 

structures.  

Major efforts have been put in order to come closer to a software that can 

accurately assign glycans in an automated manner. Tools such as Glycoforest incorporate 

algorithms that can score glycan structures by matching a MS/MS spectrum against a 

library of reference spectra [140]. The algorithm is partially de novo because it requires 

a known MS/MS spectrum of a glycan to generate other options for the fragmentation 

pattern observed, including isomers. Glycoforest 1.0 has been firstly developed for the 

analysis of O-glycans and has a great potential to be extended to N-glycans. Besides 

Glycoforest, another approach uses a machine learning based algorithm to sequence de 

novo glycans from fragmentation spectra without a reference library or a database [141]. 

Despite these great efforts, these bioinformatic tools still require user input to validate the 

glycan structures.  

For glycoproteomics analyses, the scenario is more optimistic. Analysis of intact 

N-glycopeptides is less complicated compared to O-glycopeptides. While 

N-glycosylation occurs generally within a sequence motif, O-glycosylation lacks distinct 

glycosylation motifs complicating the site-specific prediction of O-glycan attachment 

sites and thus, potential O-glycopeptides [9, 16]. Most of the commercial and in-house 

developed software tools incorporate the N-glycosylation motif as part of their queries to 
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improve the searching algorithm. The most common and widely used software for 

glycopeptide analysis is Byonic (Protein Metrics) [142]. This software integrates N- and 

O-glycan databases, in which the user can modify them accordingly, and a target protein 

database. The glycopeptides are assigned based on the MS/MS spectra, but this software 

does not provide any site specific glyco-heterogeneity information unless a MS/MS 

spectrum is available. Other software tools have been developed for the same purpose 

such as pGlyco [143, 144] and GlycoPAT [145], however, these are tailor made for 

particular glycoproteomics workflows and thus difficult to implement in a different 

environment. We have also developed a web-based tool, PepSweetener, that can assist 

manual annotation of glycopeptide MS/MS spectra independent of the MS instrument 

and fragmentation methods (Chapter VI). 
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1.9 Significance and aims of the thesis 

Gastric cancer (GC) is often preceded by numerous in itself less health threatening 

steps that in combination ultimately lead to GC. Thus, most GC cases are discovered in 

advanced stages due to the lack of reliable markers for early diagnosis. Despite its 

invasive nature and limited sensitivity, endoscopy remains the major tool for diagnosis. 

Hence there is a need to study the underlying molecular processes in GC to identify better-

suited disease markers. Alterations of protein glycosylation are deeply involved with GC 

pathogenesis providing a novel opportunity to revolutionise the current diagnostics. The 

overall aim of this thesis was to apply a PGC-LC-ESI-MS/MS glycomics approach to 

uncover novel potential diagnostic/therapeutic targets for gastric cancer and study the 

glycosylation profile of important gastric cancer tumour markers such as E-cadherin and 

CEA.  

CEA is currently in use for gastrointestinal patient management but this test lacks 

specificity and sensitivity. The current CEA test is only determining CEA concentration 

in human serum and do not detect glycoforms. This thesis also aimed to explore the 

potential of CEA glycosylation signatures to evaluate if and how current CEA diagnostics 

can be improved by incorporating glycomics.  

 

The specific aims of this PhD project were: 

 Evaluation of the glycomic profile of gastric cancer cells MKN45 

transfected with 2-3 sialyltransferase ST3GAL4 that has been described 

to be involved in the formation of sLex and correlated with malignant 

behaviour. 

 Glycomic analyses of immunoprecipitated CEA and E-cadherin derived 

of engineered gastric cancer cell lines. 

 Development of PepSweetener to support manual intact glycopeptide 

annotation independent of the type of MS instrument and fragmentation 

methods. The advanced search of PepSweetener was also developed to aid 

site-specific analysis of CEA. 

 Unveil site-specific glycosylation signatures of CEA purified from 

different body origins/cancer sources by determination of glycan 

structures using PGC-LC-ESI-MS/MS glycomics and in-depth 

glycoproteomics assessment of CEA primary structure using a 

C18-PGC-LC-ESI-MS/MS glycoproteomics approach. 
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2 The promise of protein glycosylation for personalised medicine 

2.1 Preface 

Personalised medicine has been growing over the past years aiming to tailor 

healthcare according to an individual's unique characteristics. Current state-of-the-art 

personalised medicine is built on genomic foundations of an individual and it fails to 

evaluate an individual’s dynamic alterations such as protein glycosylation. This chapter 

highlights the potential of protein glycosylation for improving personalised medicine.  

Glycans and glycoproteins are crucial players in health and disease participating 

in a wide range of biological processes such as cell trafficking, adhesion and cell 

signalling. Because protein glycosylation requires a complex biosynthetic machinery, it 

increases the probability for the occurrence of glycan alterations depending on the 

physiological state of cells. Protein glycosylation is so dynamic and unique that an 

individual’s serum glycome does change with age, menopause, pregnancy and disease 

progression. The inter-subject variability also highlights that regular monitoring of serum 

glycosylation can be used to detect pathological events in an individualised manner. A 

good example in which serum glycosylation bears the potential to stratify the diagnosis 

is maturity-onset diabetes of the young (MODY). The diagnosis of MODY can be 

accurately stratified by specific plasma glycome signatures such as differences in 

antennary fucosylation resulting in diagnostic signatures that can support treatment 

decisions. More complex diseases such as cancer result in significant N- and 

O-glycosylation alterations that can be monitored in the individual’s serum. In fact, many 

of the current serological markers used for clinical management of cancer are 

glycoproteins, however, their glycosylation status is poorly evaluated in a clinical context. 

Only -fetoprotein has been a case of success in which its core fucosylation can 

distinguish inflammatory conditions such as cirrhosis from hepatocellular carcinoma. 

Glycoproteins such as prostate specific antigen, carcinoembryonic antigen and MUC16 

bear the potential to improve cancer patient management. In addition, serum IgG 

glycosylation can be a clinical tool for differential diagnosis, disease evaluation and 

treatment monitoring. The glycosylation profiles of pro-angiogenic glycoproteins such as 

vascular endothelial growth receptor and epidermal growth factor receptor influence the 

effectiveness of therapies targeting these receptors. This chapter also describes the current 

limitations for translating protein glycosylation signatures into clinical practice.  
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3 Glycomic analysis of gastric carcinoma cells transfected with 2-3 11 

sialyltransferase ST3GAL4 12 

3.1 Preface 13 

Gastric cancer (GC) is a multifactorial disease caused by host susceptibility, life 14 

style factors and colonisation of Helicobacter pylori [1]. The infection with 15 

Helicobacter pylori and additional chronic inflammation remodels the gastric mucosa 16 

contributing for GC progression [2, 3]. As the disease evolves, alterations in protein 17 

glycosylation play a key role in modulation of gastric cancer cell behaviour. Common 18 

changes in protein glycosylation are altered expression of mucins with higher levels of 19 

truncated O-GalNAc glycans (Tn, sTn and T antigens) [4], aberrant glycosylation of 20 

integrins and E-cadherin [1] and higher levels of sLea and sLex antigens [5, 6]. These 21 

sialylated structures are well known to bind E- and P-selectins expressed in endothelial 22 

cells enabling malignant cells to attach to the endothelium [7]. In GC, the increased 23 

levels of sialyl Lewis antigens are associated with tumour aggression and poor patients’ 24 

survival [6, 8]. SLex antigen is of particular interest in GC because it has been correlated 25 

to up-regulation of 2-3 sialyltransferase ST3GAL4 [9, 10]. Overexpression of 26 

ST3GAL4 in gastric cell line MKN45 is associated with malignant behaviour and 27 

invasiveness [9].  28 

As discussed in chapter II, sLea and sTn antigens are commonly detected in the 29 

serum of gastric cancer patients as CA19-9 and CA72-4, respectively, for monitoring 30 

the patient’s response to treatment and recurrence. As these show limited specificity and 31 

sensitivity, there is an urgent need to identify novel biomarkers and therapeutic targets 32 

for GC that enable the establishment of a personalised patient diagnosis and treatment. 33 

This chapter provides an integrative analysis of the gastric cancer engineered 34 

cell line MKN45 expressing the human 2-3 sialyltransferase ST3GAL4 to disclose 35 

novel potential targets for gastric cancer diagnosis/therapy. Overexpression of a single 36 

enzyme, ST3GAL4, impacted the whole glycome and also several glycoproteins such 37 

as integrins, insulin receptor, carcinoembryonic antigen, and RON receptor tyrosine 38 

kinase. These glycoproteins are involved in key functions such as adhesion and 39 

migration, signalling, trafficking and protease activity. Further analysis identified RON 40 

as aberrantly glycosylated and consequently hyperactivated in MKN45 cells 41 

overexpressing ST3GAL4. The expression of RON receptor carrying sLex antigen was 42 

further corroborated in gastric tumours.  43 
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Detailed Table 2 - Proposed N-glycan structures detected on membrane proteins of Mock cells and 159 
ST3GAL4 expressing MKN45 cells. N-glycans were released from Mock and MKN45 overexpressing 160 
ST3GAL4 using PNGase F, analysed by PGC-nanoLC-ESI-MS/MS and qualitatively and quantitatively 161 
assessed. Each N-glycan has a retention time (rt) on PGC in mins, a calculated m/z ([M-H]-), a theoretical 162 
m/z (theor. [M-H]-), a mass error in Da (ΔM), N-glycan composition [N-glycan core (core), Hexose (Hex), 163 
N-acetylhexosamine (HexNAc), fucose (Fuc) and N-acetyl neuraminic acid], proposed structure and 164 
N-glycans relative abundances (%) in Mock and MKN45 overexpressing ST3GAL4. Report according 165 
MIRAGE guidelines [11, 12]. 166 
 167 

         Composition 

  

Relative intensities 

(%) 

Type 
rt 

(min) 
[M-H]- 

theor. 

[M-H]- 

ΔM 

(Da)  
Core Hex 

HexN

Ac 
 Fuc  NeuAc 

Proposed 

structure 
Mock ST3GAL4 

B
is

ec
te

d
 

21.2 1990.84 1990.73 -0.11 1 2 3 1   

 

0.851 0.000 

21.3 2119.83 2119.77 -0.05 1 1 3 1 1 

 

1.068 0.000 

17.7 2281.82 2281.83 0.01 1 2 3 1 1 

 

0.277 0.000 

23.3 2281.89 2281.83 -0.05 1 2 3 1 1 

 

1.970 0.316 

21.1 2426.89 2426.86 -0.03 1 2 3   2 

 

0.352 0.000 

21.8 2427.87 2427.88 0.01 1 2 3 2 1 

 

1.286 0.096 

24.7 2572.95 2572.92 -0.03 1 2 3 1 2 

 

1.805 0.248 

Neutr

al 

compl

ex 

29.9 1787.79 1787.65 0.05 1 2 2 1   

 

0.865 0.694 

 S
ia

ly
la

te
d

 c
o
m

p
le

x
 

28.4 1713.82 1713.62 -0.20 1 1 1 1 1 

 

1.614 1.523 

26.0 1932.80 1932.70 -0.11 1 2 2   1 

 

0.968 0.649 

30.3 2078.85 2078.75 -0.10 1 2 2 1 1 

 

1.478 0.578 

31.0 2078.90 2078.75 -0.16 1 2 2 1 1 

 

11.23

8 
7.819 
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27.5 2223.85 2223.78 -0.06 1 2 2   2 

 

1.377 1.616 

35.5 2223.89 2223.78 -0.11 1 2 2   2 

 

0.340 0.720 

41.8 2223.87 2223.78 -0.08 1 2 2   2 

 

0.000 0.447 

32.1 2369.97 2369.84 -0.13 1 2 2 1 2 

 

8.227 8.531 

39.7 2369.88 2369.84 -0.04 1 2 2 1 2 

 

1.309 6.449 

45.7 2369.91 2369.84 -0.07 1 2 2 1 2 

 

0.000 5.259 

31.2 2410.85 2410.87 0.14 1 1 3 1 2 

 

0.158 0.143 

38.6 2410.91 2410.87 -0.04 1 1 3 1 2 

 

0.000 0.486 

25.3 2443.87 2443.88 0.01 1 3 3 1 1 

 

0.000 0.099 

29.7 2443.95 2443.88 -0.08 1 3 3 1 1 

 

1.120 0.000 

32.1 2443.91 2443.88 -0.03 1 3 3 1 1 

 

1.205 1.583 

36.0 2443.90 2443.88 -0.02 1 3 3 1 1 

 

0.543 0.456 

37.1 2443.89 2443.88 -0.01 1 3 3 1 1 

 

0.410 0.154 

38.4 2443.86 2443.88 0.02 1 3 3 1 1 

 

0.170 0.349 

55.2 2444.17 2443.88 -0.29 1 3 3 1 1 

 

0.000 0.837 

29.9 2572.97 2572.92 -0.05 1 2 3 1 2 

 

0.000 1.157 
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37.0 2572.97 2572.92 -0.05 1 2 3 1 2 

 

0.000 1.372 

30.8 2735.08 2734.97 -0.10 1 3 3 1 2 

 

0.313 0.000 

36.8 2735.04 2734.97 -0.07 1 3 3 1 2 

 

0.000 0.605 

37.4 2734.91 2734.97 0.06 1 3 3 1 2 

 

0.722 0.717 

40.0 2734.96 2734.97 0.01 1 3 3 1 2 

 

0.382 0.665 

40.6 2734.99 2734.97 -0.01 1 3 3 1 2 

 

0.438 0.177 

42.3 2734.96 2734.97 0.01 1 3 3 1 2 

 

0.332 0.401 

44.5 2735.03 2734.97 -0.05 1 3 3 1 2 

 

  

 

0.507 0.400 

47.8 2735.00 2734.97 -0.02 1 3 3 1 2 

 

0.000 0.450 

47.4 3026.03 3026.07 0.04 1 3 3 1 3 

 

0.139 0.274 

49.2 3025.85 3026.07 0.22 1 3 3 1 3 

 

0.000 0.780 

S
ia

ly
la

te
d

 c
o
m

p
le

x
 w

it
h

 o
u

te
r 

fu
o
se

(s
) 

24.4 2078.80 2078.75 -0.06 1 2 2 1 1 

 

0.906 1.195 

29.6 2224.92 2224.80 -0.12 1 2 2 2 1 

 

5.639 3.563 

34.3 2516.01 2515.90 -0.11 1 2 2 2 2 

 

0.000 0.913 

40.2 2515.91 2515.90 -0.01 1 2 2 2 2 

 

0.000 0.554 
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35.0 2662.01 2661.96 -0.05 1 2 2 3 2 

 

0.000 0.334 

34.2 2880.98 2881.03 0.05 1 3 3 2 2 

 

0.000 0.484 

 O
li

g
o
m

a
n

n
o
se

 

17.0 2147.87 1073.38 -0.05 1 1       

 

0.256 0.232 

16.5 2472.00 1235.44 -0.06 1 2       

 

0.475 0.592 

17.4 2471.96 1235.44 -0.04 1 2       

 

0.352 0.307 

26.1 2472.07 1235.44 -0.09 1 2       

 

1.206 1.301 

16.6 2796.05 1397.49 -0.03 1 3       

 

0.375 0.313 

19.8 2796.13 1397.49 -0.07 1 3       

 

4.060 2.675 

18.5 1559.69 1559.54 -0.15 1 4       

 

4.659 3.358 

19.7 1559.64 1559.54 -0.10 1 4       

 

2.180 1.716 

14.9 1721.69 1721.59 -0.09 1 5       

 

0.059 0.108 

16.0 1721.72 1721.59 -0.12 1 5       

 

0.206 0.164 

18.6 1721.78 1721.59 -0.19 1 5       

 

14.36

5 
12.984 

18.9 1883.74 1883.65 -0.10 1 6       

 

11.94

1 
11.966 

20.0 1883.75 1883.65 -0.10 1 6       

 

2.400 2.190 

20.4 2045.73 2045.70 -0.03 1 7       

 

2.053 2.163 
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H
y
b

ri
d

 

21.6 1729.76 1729.61 -0.15 1 2 1   1 

 

0.432 0.411 

26.4 1875.78 1875.67 -0.11 1 2 1 1 1 

 

2.989 2.511 

34.7 1875.89 1875.67 -0.22 1 2 1 1 1 

 

0.000 0.634 

24.3 1891.78 1891.66 -0.12 1 3 1   1 

 

2.263 2.107 

29.4 2037.83 2037.72 -0.11 1 3 1 1 1 

 

1.227 0.895 

21.6 2053.70 2053.72 0.01 1 4 1   1 

 

0.493 0.282 

 168 

 169 

 170 

  171 
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Detailed Table 4 - Proposed O-GalNAc glycan structures detected on membrane proteins of Mock 172 
cells and ST3GAL4 expressing MKN45 cells. O-GalNAc glycans were chemically released from Mock 173 
and MKN45 overexpressing ST3GAL4 and analysed by PGC-nanoLC-ESI-MS/MS. Each O-glycan was 174 
qualitatively and quantitatively assessed. Every O-glycan has a retention time (rt) on PGC in mins, a 175 
calculated m/z ([M-H]-), a theoretical m/z (theor. [M-H]-), a mass error in Da (ΔM), O-glycan composition 176 
[Hexose (Hex), N-acetylhexosamine (HexNAc), fucose (Fuc) and N-acetyl neuraminic acid], proposed 177 
structure and O-glycans relative abundances (%) in Mock and MKN45 overexpressing ST3GAL4. Report 178 
according MIRAGE guidelines [11, 12]. 179 

 180 

     Composition  Relative abundances 

(%) 

Type rt (min) [M-H]- 
Theor 

[M-H]- 
ΔM Hex HexNAc Fuc NeuAc Proposed structures Mock ST3GAL4 

C
o
r
e
 1

/3
 

20.2 895.39 895.34 -0.052 2 2 1     0.00 0.09 

C
o
r
e
 2

 

23.9 749.40 749.28 -0.120 2 2     

 

0.00 0.34 

S
ia

ly
la

te
d

 C
o

r
e
 1

 

16.8 675.31 675.25 -0.063 1 1   1 

 

0.00 1.10 

20.9 675.30 675.25 -0.053 1 1   1 

 

0.00 1.39 

21.3 966.40 966.34 -0.061 1 1   2 

 

16.79 16.37 

29.2 1040.43 1040.38 -0.049 2 2   1   2.08 1.35 

S
ia

ly
la

te
d

 C
o

r
e
 2

 

28.5 1040.44 1040.38 -0.059 2 2   1 

 

2.72 4.03 

32.7 1040.43 1040.38 -0.049 2 2   1 

 

5.94 7.44 

27.7 1331.49 1331.47 -0.013 2 2   2 

 

0.88 0.19 

30.3 1331.52 1331.47 -0.043 2 2   2 NO MS/MS spectra 2.59 0.95 

35.5 1331.57 1331.47 -0.091 2 2   2 

 

24.01 43.20 

S
ia

ly
la

te
d

 C
o

r
e
 2

/ 
4
  

33.8 1405.58 1405.51 -0.069 3 3   1   1.15 0.00 

36.4 1405.59 1405.51 -0.074 3 3   1   1.33 0.16 

37.2 1405.55 1405.51 -0.042 3 3   1   2.69 0.53 
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38.0 1405.55 1405.51 -0.042 3 3   1   1.64 0.29 

37.3 1696.62 1696.61 -0.012 3 3   2   1.30 0.00 

38.0 1696.63 1696.61 -0.028 3 3   2 

 

1.44 0.41 

39.4 1696.66 1696.61 -0.052 3 3   2   9.10 4.57 

42.0 2061.79 2061.74 -0.049 4 4   2   1.21 1.48 

42.7 2061.80 2061.74 -0.059 4 4   2   3.69 0.00 

43.2 2061.76 2061.74 -0.019 4 4   2   8.09 3.30 

S
ia

ly
la

te
d

 C
o

r
e
 2

/ 
4

  
w

it
h

 F
u

c
o

se
 A

n
te

n
n

a
 

22.8 1186.49 1186.44 -0.053 2 2 1 1   0.46 0.14 

26.6 1186.52 1186.44 -0.083 2 2 1 1   0.00 2.33 

25.0 1227.53 1227.46 -0.070 1 3 1 1   0.00 1.24 

25.0 1389.56 1389.52 -0.047 2 3 1 1   0.00 0.10 

37.3 1389.58 1389.52 -0.059 2 3 1 1   0.00 1.04 

26.8 1477.56 1477.53 -0.028 2 2 1 2 NO MS/MS spectra 0.00 2.05 

27.7 1477.58 1477.53 -0.048 2 2 1 2 NO MS/MS spectra 1.62 0.00 

30.1 1477.60 1477.53 -0.068 2 2 1 2   0.54 0.00 

U
n

a
ss

ig
n

e
d

 21.8 1227.52 1227.46 -0.053 1 3 1 1   0.14 0.00 

29.1 1372.53 1372.50 -0.029 1 3   2   0.00 0.90 
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38.6 1987.71 1987.70 -0.006 3 3   3   0.00 1.79 

39.6 1987.72 1987.70 -0.019 3 3   3   0.00 1.53 

40.8 1987.67 1987.70 0.034 3 3   3   7.80 0.00 

33.8 2133.75 2133.76 0.005 3 3 1 3   2.80 0.90 

34.8 2133.78 2133.76 -0.022 3 3 1 3   0.00 0.80 
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4 Glycomics analysis of immunoprecipitated E-cadherin derived of 

engineered gastric cancer cell line 

4.1 Preface 

Early steps of gastric cancer are also characterised by dysfunctional integrins and 

E-cadherin that are essential for gastric tissue architecture [1]. Even though epigenetic 

and structural alterations of E-cadherin are involved in its downregulation or inactivation, 

glycosylation seems to be a regulator of E-cadherin in gastric tumour development and 

progression [1].  

E-cadherin N-glycosylation has been reported to be mediated by two major 

glycosyltransferases N-acetylglycosaminyltransferase-III (MGAT3; GnT-III) and 

N-acetylglycosaminyltransferase-V (MGAT5; GnT-V) [2, 3]. The presence of bisecting 

GlcNAc N-glycans generated by MGAT3 enhance cell-cell adhesion and downregulate 

intracellular signalling pathways involved in cell motility [3, 4]. However, during 

malignant transformation E-cadherin can be modified with 1-6GlcNAc branched 

N-glycans by the action of MGAT5 causing impaired cell-cell adhesion [5]. 

In gastric cancer, MGAT5 is up-regulated contributing to cancer cell invasion and 

metastases [6]. MGAT5 overexpressing MKN45 gastric cancer cells promote 

delocalisation of E-cadherin from the cell membrane into the cytoplasm also known as 

aberrant E-cadherin expression [5]. In diffuse gastric cancer tissue, aberrant E-cadherin 

expression and staining with L-PHA (lectin that has been described to recognised 

1-6GlcNAc branched structures) was also observed by proximity ligation assay [5].  

In this chapter, we studied the role of site-specific glycosylation of E-cadherin in 

gastric cancer. We showed that E-cadherin modified with 1-6 branched N-glycans is 

associated with a poor survival rate in a small cohort of diffuse gastric cancer patients 

(n=19). We also showed that the site of N-glycosylation Asn554, and not the other three 

potential N-glycosylation sites, is crucial for the function of E-cadherin in gastric cancer. 

Preventing site-specific glycosylation of Asn554 was shown to improve its tumour 

suppressive function in GC.  
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Supplementary Figure 1 

 

Supplementary Figure 1. Evaluation of the branched N-glycosylation profile of E-

cadherin mediated by GnT-V in different cell lines from different cellular origins. The 

pattern of branched glycosylation of E-cadherin comparing normal epithelial cells 

(MDCK), breast (BT20), colon (HT29) and gastric cancer (AGS) cells varies in a cell and 

tissue specific manner. 
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Supplementary Figure 2 

Supplementary Figure 2. Relative abundance of the released N-glycans carried by 

E-cadherin and its respective mutants M123 and M234. Overview on the N-glycan 

distribution of E-cadherin WT (blue bars), M123 (brown bars) and M234 (green bars). 

The structure ID numbers associated with the respective structures is found in 

Supplementary Table 1 and the respective relative intensities in Supplementary Table 2. 

The data clearly shows that despite the fact that the overall amount of the high mannose 

type structures remains unaltered, E-cadherin WT and M123 contain increased amounts 

of complex type di- and triantennary structures, which were not detectable in M234. 

Furthermore, M234 also showed an increased level of Man9 type structure, but reduced 

levels of processed high mannose type structures. 
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Supplementary Figure 3 

 

 

 

 

 

 

 

Supplementary Figure 3. Evaluation of the N-glycosylation profile of E- cadherin 

M1, M2, M3, and M4 in AGS cells. E-cadherin M2 and M3 were sensitive to Endo H 

(arrowhead) and PNGase F (arrow) being modified with high mannose, hybrid, and 

complex-type N-glycans. E-cadherin M4 was predominantly PNGase F sensitive (arrow) 

while E-cadherin M1 was predominantly Endo H-sensitive (arrowhead).   
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Supplementary Figure 4 

 

Supplementary Figure 4. Evaluation of the impact of site-specific occupancy of Asn-

554 (site 1) with complex type N-glycans on E-cadherin biological functions  (A) 

Immunofluorescence analysis of E-cadherin M2, M3, M123, and M23 N-glycan mutants 

displaying a membrane pattern of E-cadherin expression (arrowhead), and E-cadherin M4 
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exhibiting an aberrant pattern of E-cadherin expression as evidenced by a clear 

cytoplasmic staining (arrow). (B) Evaluation of cis-dimer formation of E-cadherin WT, 

M1, M234, and M4. (B1) Bar graphs. Amounts of E-cadherin cis-dimer were determined 

from the ratio of densities of E-cadherin cis-dimer/ E-cadherin monomer (without BS3), 

and normalization to E-cadherin WT. Results are described as mean ±standard deviation 

of two independent experiments. (C) Evaluation of the cell-cell aggregation capacity of 

E-cadherin WT, M1, M123, M4, and M234. (D) E-cadherin M4 mutant (with site 1 

available) displays a decreased interaction between E-cadherin and β-catenin, as was 

observed for M234 mutant. (D1) Bar graphs. Amounts of association were determined 

from the ratios of densities of β- catenin after normalization to E-cadherin.  
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Supplementary Figure 5 

 

 

 

 

 

 

 

 

Supplementary Figure 5. Evaluation of the calcium binding effect on E-cadherin 

expression among the different N-glycosylation forms. Mutagenesis of different N-

glycosylation sites of E-cadherin did not interfere with the calcium binding property. 

After 24h of calcium chelation (with EGTA), the expression of E-cadherin was 

completely recovered in all E-cadherin N-glycosylation forms, supporting that the 

calcium binding property is independent of E-cadherin glycosylation.    
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Supplementary Figure 6 

 

 

Supplementary Figure 6. Analysis s is of branched N-glycosylation profile of AGS cells 

after MGAT5 knockdown. Lectin blot analysis of GnT-V product on total cell lysate 

from AGS Mock cells before (NS) and after MGAT5 knockdown (siRNA). A decreased 

L-PHA reactivity after MGAT5 knockdown was observed. 
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Supplementary Table 1- List of released N-glycans detected on E-cadherin WT 

and the respective mutants M123 and M234. Followed by a detailed table with 

retention time in minutes (rt), observed m/z, charge state (z), glycan composition, 

theoretical m/z, and precursor error in Da. 
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Supplementary Table 2- Relative amount of N-glycans detected on E-cadherin WT 

and the respective mutants M123 and M234. 
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5 Carcinoembryonic antigen derived from gastric carcinoma cells 1 

transfected with sialyltransferase ST3GAL4 shows increased levels 2 

of 2-3 sialylation 3 

5.1  Preface 4 

As discussed in the Chapter III, overexpression of ST3GAL4 lead to an increase 5 

of sialylated O-GalNAc core 2 structures, decrease of bisecting N-glycans, increase of 6 

branched N-glycans and in particular 2-3 sialylated N-glycans. Enrichment of labelled 7 

sialoglycopeptides using titanium dioxide of both Mock and ST3GAL4 expressing cells 8 

identified 47 glycoproteins with significant increase of sialylation. Among those, 9 

carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAM5, CEA, P06731) 10 

was also identified as a target of ST3GAL4 overexpression.  11 

As described in chapter II, there is limited knowledge on CEA glycosylation in 12 

health and disease, however it bears a huge potential to improve the current diagnostics.  13 

In this chapter we investigated the potential of CEA glycosylation as a prognostic 14 

marker of gastric cancer. We characterised the glycomic profile of immunoprecipitated 15 

CEA derived from MKN45 gastric carcinoma cells transfected with human 2-3 16 

sialyltransferase ST3GAL4. The prognostic value of CEA expression and ST3GAL4 17 

expression was also accessed. The presence of CEA carrying sLex was validated in a 18 

small cohort of gastric tumours. The expression of CEA/sLex was associated with 19 

clinicopathological features such as infiltrative pattern of tumour growth and presence of 20 

venous invasion.  21 

  22 
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ABSTRACT  

Background and Aims: Malignant transformation of gastric cells is accompanied by the 

deregulated expression of glycosyltransferases leading to the biosynthesis of tumor-

associated sialyl-Lewis X antigen (SLex). SLex presence on cell surface glycoconjugates 

increases the invasive capacity of cancer cells and is associated with tumor metastasis. 

We identified the glycoproteins carrying SLex in a gastric cancer cell line and investigated 

their biomarker potential for gastric carcinoma. Methods: SLex modified glycoproteins 

were identified using a combination of western blot and mass spectrometry. 

Immunoprecipitation, proximity ligation assay (PLA) and E-selectin binding assay were 

performed to characterize the presence of α2-3 sialylation on the identified glycoprotein. 

Protein N-glycans were analyzed by porous-graphitized-carbon liquid-chromatography 

and tandem mass spectrometry glycomics. We evaluated the expression of SLex modified 

glycoproteins and the α2-3 sialyltransferase ST3GalIV in gastric carcinoma patients. 

Results: Carcinoembryonic antigen (CEA; CEACAM5) was identified as a major carrier 

of sialylated glycan alterations in ST3GalIV overexpressing cancer cells. N-glycomics of 

immunoprecipitated CEA confirmed that complex N-glycans are capped with α2-3 linked 

sialic acid (Neu5Acα2-3Galβ1-4GlcNAc). The co-expression of both CEA and SLex was 

observed in 83.9% of gastric carcinoma cases and 80.6% of the cases displayed 

CEA/SLex in situ PLA expression. The CEA/SLex in situ expression was associated with 

clinicopathological features of the tumors, including infiltrative pattern of tumor growth 

and presence of venous invasion. ST3GalIV expression was also associated with patient´s 

poor survival. Conclusion: CEA is the major glycoprotein carrying α2-3 linked sialic 

acids in gastric carcinoma. Conjoint CEA-SLex expression is associated with aggressive 

tumor features and can be applied to improve patient prognosis.  

 

Keywords: 

Gastric Cancer, Carcinoembryonic antigen, Glycosylation, ST3GalIV, sialyl-

Lewis X  
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INTRODUCTION 

Gastric cancer (GC) is one of the top five most frequently occurring cancers 

worldwide with poor survival and high death rate [1]. The lack of specific early stage 

disease molecular markers urgently calls for a better understanding of the molecular 

mechanisms underlying gastric carcinogenesis and cancer progression. Altered 

glycosylation is also a commonly reported feature in gastric carcinoma [2, 3]. 

Glycosylation changes have been shown to be important in the gastric carcinogenesis 

process in which Helicobacter pylori adhesins recognize host gastric mucosa glycans and 

modulate its glycorepertoire to sustain a chronic infection[4-6]. During gastric cancer 

progression, gastric carcinoma cells exhibit aberrant glycosylation on key proteins, such 

as integrins and E-cadherin. These alterations occurring on key glycoproteins are known 

to disrupt cell-extracellular matrix and cell-cell interactions leading to an invasive cancer 

phenotype [2, 3, 7, 8].  

Gastric cancer cell glycosylation is characterized by increased levels of terminal 

sialylated glycans, such as sialyl-Lewis X (SLex; Neu5Acα2-3Galβ1-4[Fucα1-

3]GlcNAc-R) that has been shown to correlate with an aggressive tumor phenotype and 

worse patient prognosis[9, 10]. The expression of the tumor-associated SLex antigen in 

gastric cancer cells is caused by the deregulation of key enzymes such as sialyl- and 

fucosyltransferases[11]. SLex biosynthesis requires a sequential addition of α2-3 linked 

sialic acid onto N- and/or O-glycans by α2-3 sialyltransferase IV (ST3GalIV) [11-13] 

followed by insertion of a α1-3 linked fucose to the N-acetylglucosamine by the action of 

α1-3 fucosyltransferases[11, 14-16]. Gastric cancer cells exhibit an increased expression 

of the ST3GalIV enzyme, which has also been correlated with aggressive tumors [17, 18]. 

Here, we analyzed a glycoengineered gastric carcinoma cell line model that expresses 

SLex due to the overexpression of ST3GalIV, in order to identify SLex protein carriers as 

novel biomarkers in gastric cancer. 

Although association between glycan alterations in tumor tissues and clinical 

prognosis has been well-documented, its application in the clinical setting has been 

limited to few serological assays detecting circulating glycoconjugates shed by the 

tumors. Among these, the serological assays that have been approved are 

carcinoembryonic antigen (CEA) for colorectal cancer, cancer antigen 125 (CA125) for 

ovarian cancer, CA19.9 for pancreatic and gastric cancer, and prostate-specific antigen 

(PSA) for prostate cancer [19-22]. Currently, the clinical application of these makers is 

mostly for monitoring treatment and relapses with no consensual application in early 
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diagnosis. This limited diagnostic application is mostly due to their low tumor specificity 

and sensitivity[20]. 

In the present work, we identified carcinoembryonic antigen (CEA, CEACAM5) 

as the major SLex protein carrier in gastric cancer cells. The presence of this glycoform 

was demonstrated in gastric carcinoma tissues and associated with clinicopathological 

characteristics of the tumors. This finding demonstrates that the aberrant glycosylated 

CEA glycoform is associated with aggressive features of the tumors and highlights its 

potential as prognostic biomarker in gastric carcinoma.  

MATERIALS AND METHODS  

Cell culture 

MKN45 gastric carcinoma cell line (Japanese Cancer Research Bank, Tsukuba, 

Japan) was stably transfected with a full-length human gene for ST3GALIV 

(MST3GalIV) and the empty vector (Mock)[11]. Cells were routinely grown as 

monolayer in T75 cm2 flasks using RPMI 1640 GlutaMAX, HEPES medium, 

supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin and 0.5 mgmL-1 

G418 (all from Invitrogen) at 37°C in a 5% CO2 atmosphere. 

SDS-PAGE and Western blot analysis 

Cells at high confluence were incubated with NP40 lysis buffer and scrapped to 

obtain total protein cell lysates. Protein concentration was determined by the 

bicinchoninic acid protein assay (BCA)(Pierce), and protein extracts were loaded onto 

7.5% sodium dodecyl-polyacrylamide gels for electrophoretic separation (SDS-PAGE) 

(Bio-Rad). Gel staining was performed by periodic acid-Schiff (PAS) method (Pierce) 

that specifically visualizes glycosylated proteins and images were acquired with a GS800 

scanner (Bio-Rad). For blotting experiments gels were transferred onto nitrocellulose 

membranes and blocked with 5% bovine serum albumin (BSA) in phosphate-buffered 

saline (PBS) containing 0.05% Tween 20 (PBST). Western blotting was performed by 

incubating with primary antibodies followed by incubation with horseradish peroxidase-

conjugated goat anti-mouse IgM or goat anti-mouse IgG1 secondary antibodies. For 

lectin blots, membranes were incubated with biotinylated SNA lectin followed by 

avidin/biotin complex (Vectastain) incubation. Detection was performed by enhanced 

chemiluminescence (ECL) (GE Healthcare) and film sheets exposure. 

The following antibody and lectin dilutions were used: Anti-SLex clone KM93 at 

1:500 (Millipore), anti-CEA clone CB30 at 1:3000 (Cell Signaling) and biotinylated SNA 
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1:600 (Vector labs), horseradish peroxidase-conjugated goat anti-mouse IgM at 1:10000 

or goat anti-mouse IgG1 at 1:25000 (Jackson Immunoresearch). 

Protein selection and identification by MALDI-TOF/TOF mass spectrometry 

The bands highlighted on the Western blot for SLex antigen were matched on the 

stained gel and proteins excised with a spotpicker (OneTouch 2D gel spotpicker, 1.5 mm 

diameter, Gel Company). After reduction and alkylation, the selected protein bands were 

in-gel digested with trypsin and the respective peptide mass spectra acquired by MALDI-

TOF/TOF (4700 Proteomics Analyzer MALDI-TOF/TOF, AB SCIEX) as previously 

described[23]. Proteins were identified using the combined information of Peptide Mass 

Fingerprint (PMF) and MS/MS peptide sequencing approaches by the Mascot protein 

search software (version 2.1.04, Matrix Science, UK), integrated in the GPS Explorer 

software (version 2.6, SCIEX, Framingham, MA). Protein searches were performed in 

the Swiss-Prot/UniProt protein database for the taxonomic selection Homo sapiens. The 

MS tolerance was 50 ppm for PMF analysis and 1.0 Da for MS/MS analysis. Cysteine 

carbamidomethylation and methionine oxidation were considered as constant and 

variable modifications, respectively. Protein scores greater than 56 (mowse score) were 

considered significant (p<0.05). 

CEA Immunoprecipitation 

ProteinG sepharose beads (60 µL) (Sigma) were incubated for 2 hours at 4°C with 

2 µL of anti-CEA antibody (Cell Signaling), followed by antibody crosslinking using 

bis(sulfosuccinimidyl)suberate (Sigma). Cell line (600 µg) and tissue (200 µg) protein 

extracts were added to antibody ProteinG sepharose and incubated overnight at 4°C. 

Beads were washed with 1% Triton X-100 PBS and eluted in Laemmli buffer for SDS-

PAGE.  

E-selectin binding assay 

Cell lysates were collected using selectin chimera lysis buffer (150 mM NaCl, 2 

mM CaCl2, 50 mM Tris, 7.4, 20 µg mL-1 PMSF, complete protease Inhibitor Cocktail 

EDTA-free and 2% NP40), and 500 µg of total protein extracts pre-cleared for 1 hour at 

4°C using 30 µL of ProteinG sepharose beads. Pre-cleared protein extracts were 

incubated with 3 µg of Fc-chimera E-selectin for 2 hours at 4°C prior overnight 

incubation with 60 µg of ProteinG sepharose beads previously blocked with 1% BSA 

selectin chimera lysis buffer. Beads were washed with selectin chimera lysis buffer. 
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Proteins were eluted in Laemmli buffer and separated by SDS-PAGE for further western 

blot analysis. 

Immunofluorescence staining 

Cells were seeded and cultured on glass coverslips in 24-well plates (Orange 

Scientific), washed with PBS and fixed with methanol. Blocking was performed using 

swine or rabbit serum in 10% BSA PBS at room temperature followed by primary 

antibody incubation overnight at 4°C. Secondary antibodies were incubated and nuclear 

counter staining was done using DAPI. Washes were performed with PBS. Fluorescence 

signal was examined in a fluorescence microscope and images were acquired using a 

Zeiss Axio cam MRm and the AxioVision Rel. 4.8 software (Carl ZEISS).  

Monoclonal antibodies were used in the following dilutions: Anti-SLex clone 

KM93 at 1:60 (Millipore), anti-CEA clone CB30 at 1:600 (Cell Signaling Technology); 

secondary antibodies: rabbit anti-mouse 1:100 and swine anti-rabbit 1:70 FITC-

conjugated (DAKO). 

Release of N-glycans and PGC-nanoLC-ESI-MS/MS analysis  

The N-glycans of immunoprecipitated CEA (less than 500 ng) were released from 

PVDF membrane immobilized glycoproteins as previously described [24]. The released 

N-glycans were analyzed by PGC (porous graphitized carbon) nanoLC-ESI-MS/MS [7]. 

Glycans were manually annotated as described by Hinneburg et al. using the GlycoMod 

tool available on the ExPASy server (http://web.expasy.org/glycomod/) and 

Glycoworkbench software 2.1 [25-27]. 

Data processing and relative N-glycan quantitation  

The peak area of each glycan composition and isoform was calculated by the 

respective extracted ion chromatograms using Compass QuantAnalysis (Bruker, 

Bremen). The generated data was imported in CSV format to R and expressed as a relative 

abundance value for each individual N-glycan structure, respectively, within each cell 

line. All identified CEA N-glycans are listed in Supplementary Table 1 and 

monosaccharides are represented following the recommendations of the SNFG [28]. 

Tissue samples and Immunohistochemistry analysis 

Gastric carcinomas and gastric mucosa adjacent to carcinomas were obtained 

from individuals undergoing surgery at Centro Hospitalar São João (CHSJ), University 

of Porto Medical Faculty (Porto, Portugal). The study was performed with the approval 

of the local CHSJ ethical committee. Formalin-fixed paraffin-embedded gastric 
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carcinoma tissues (n=31) were used for slide sections and stained with hematoxilin-eosin 

for histological examination. Hematoxylin and eosin-stained sections were used to 

classify gastric carcinomas according to Carneiro et al. (1995)[29], Laurén (1965)[30], 

Ming (1977)[31], and the World Health Organization (WHO) classifications. 

Clinicopathological characteristics of the cases (lymphatic invasion, venous invasion, 

pTNM staging) were also recorded for every case. Frozen gastric carcinoma tissues (n=8) 

were used for protein extraction for further western blot analysis. Prior protein extraction, 

tissues were washed three times with fresh PBS. Protein extraction was performed using 

RIPA buffer (in the proportion of 1000 µL/100 mg of tissue) with DTT and protease 

cocktail inhibitors and a pestle mixer was used for tissue homogenization. Ultimately, 

tissues were sonicated for 5 min at medium intensity and samples centrifuged at 12000 g 

for 15 min. Supernatant were collected and proteins concentration determined by the 

BCA assay (Pierce). 

Immunohistochemistry was performed as previously described[32]. Briefly, 

paraffin sections were dewaxed, rehydrated and blocked for endogenous peroxidase 

activity. Sections were then incubated with normal rabbit or swine serum followed by 

incubation with the monoclonal antibodies overnight at 4°C. A secondary biotinylated 

rabbit anti-mouse (DAKO) antibody was used followed by avidin/biotin complex 

(Vectastain) incubation. Detection was performed using 3,3′-diaminobenzidine 

tetrahydrochloride (DAB) (Sigma) containing 0.02% hydrogen peroxide and counter 

staining of the nucleus was done with Mayer’s hematoxylin.  

Mouse monoclonal antibodies were used in the following dilutions: Anti-SLex 

clone KM93 at 1:60 dilution (Millipore), anti-CEA clone CB30 at 1:300 dilution (Cell 

Signaling) after antigen retrieval with citrate buffer (10 mM Citric Acid, pH 6.0). 

Proximity ligation assay (PLA) 

PLA assay was performed in cells cultured on glass coverslips and on gastric 

carcinoma tissue sections. According to previous studies, PLA is an appropriate approach 

for protein-glycan interaction detection in tissues[33, 34]. Thus, we used this approach to 

evaluate the presence of SLex on CEA in tissue sections. Briefly, paraffin tissue sections 

were dewaxed and rehydrated followed by antigen retrieval with citrate buffer. Tissue 

sections and cells on glass coverslips were then incubated with normal goat serum diluted 

1:5 in 10% BSA PBS followed by incubation with a solution containing the two 

monoclonal antibodies overnight at 4°C. PLA probes anti-IgG plus and anti-IgM minus 

were incubated 1 h at 37°C. Proximity ligation assay (PLA) reactions were performed 
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using the DuoLink® II Fluorescence Kit (Olink® Bioscience) according to the 

manufacturer’s instructions. Nuclei were stained with DAPI and slides were mounted in 

an appropriated medium (Duolink II). PLA products were seen as fluorescent red dots. 

Fluorescence was examined in a fluorescence microscopy and images were acquired 

using a Zeiss Axio cam MRm and the AxioVision Rel. 4.8 software (Carl ZEISS). 

In silico survival analysis in human patient samples 

Survival data were obtained from the 2018 version of the Kaplan–Meier Plotter 

gastric cancer survival database 

(http://kmplot.com/analysis/index.php?p=service&cancer=gastric) [35, 36]. The 

database compromises a total of 1065 samples (GSE14210, GSE15459, GSE22377, 

GSE29272, GSE51105 and GSE62254) with survival data for 882 GC patients. The 

clinical relevance of ST3GALIV (203759_at) and CEACAM5 (201884_at) expression was 

analyzed by Kaplan-Meier survival plots. Patients were stratified in two groups by the 

median expression for each probe analyzed (high group > median expression, and low 

group < median expression). Overall survival was analyzed for all gastric cancer patients 

and then divided by stage (I n = 69; II n = 145; III n = 319; and IV n = 152) and Lauren 

subtype classification (intestinal n = 336, diffuse n = 248, and mixed n = 33). The hazard 

ratio (HR) with 95% confidence interval and log-rank p-values were calculated by KM 

plotter software. 

 

Statistics 

All statistical analyses were performed using SPSS Software. The unpaired t-test 

was used to determine significant differences. To determine the overall survival of gastric 

cancer patients CEA+SLex positive vs negative, Kaplan-Meier analyses was used and the 

log-rank Mantel-Cox test was employed to determine any statistical difference between 

the survival curves of the cohorts. Statistical significance was set at the alpha level = 

0.05. 

RESULTS 

Identification of altered sialylated glycoprotein in ST3GalIV expressing gastric 

carcinoma cells.  

An increase in the SLex antigen (NeuAcα2-3Galβ1-4[Fucα1-3]GlcNAc-R) 

expression has been shown to be induced by the expression of the ST3GalIV 

sialyltransferase [11, 13, 17, 37]. Such expression in gastric carcinoma cells leads to SLex 
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biosynthesis on both membrane-associated and secreted glycoproteins [11, 18] with  a 

specific range of glycomic changes characterized mainly by the increased expression of 

α2-3 linked N-acetylneuraminic acid (NeuAc) [18, 38]. The evaluation of total protein 

cell lysates from ST3GalIV expressing and Mock control cells stained with Periodic 

Acid-Schiff (PAS) (Figure 1A) showed that the expression of glycosylated proteins was 

similar in both cell lines, demonstrating that ST3GalIV enzyme expression did not affect 

the total amount of glycoproteins (Figure 1A). The evaluation of SLex containing glycans 

(α2-3 linked NeuAc) and α2-6 linked NeuAc in both cell lines (Figure 1B and C) showed 

that α2-6 sialylation of high molecular weight proteins is reduced in ST3GalIV 

transfected cells (Figure 1C). Additionally, SLex staining was observed in higher 

molecular weight glycoproteins expressed in MST3GalIV cells (Figure 1B) with no SLex 

staining on Mock control cells. These data indicated that SLex expression was limited to 

a set of high molecular weight glycoproteins, demonstrating an apparent selective 

sialylation of specific proteins induced by ST3GalIV enzyme expression.  

CEA is a major carrier of SLex in gastric carcinoma cells 

The differential protein specific sialylation observed in ST3GalIV expressing 

cells allowed the identification of protein(s) carrying these altered glycans. Match SLex 

positive bands (Figure 1A black arrows) were excised and identified using MALDI-

TOF/TOF mass spectrometry, leading to the identification of two main proteins 

(Supplementary Table 1). Carcinoembryonic antigen (CEACAM5; CEA) was 

identified in both gel bands 1 and 2 while Ras GTPase-activating-like protein IQGAP, 

which is not glycosylated, was found as a contaminant in band 2 (Supplementary Table 

1). These results show that there is an inherent specificity to add SLex onto specific 

protein carriers and CEA is possibly the major target. This was further confirmed by using 

CEA immunoprecipitation, followed by Western blot analysis for SLex antigen and α2-6 

sialylation. Albeit the results confirmed that both cell lines expressed CEA (Figure 2A 

upper panel), only CEA from ST3GalIV transfected cells carried SLex epitopes (Figure 

2A middle panel). Additionally, SNA staining indicated a decrease of α2-6 sialylation in 

the same molecular weight region (Figure 2A lower panel). Interestingly, CEA 

immunoprecipitated from MST3GalIV cells displayed a slightly higher molecular weight 

when compared to the one from Mock cells as determined by the reduced SDS-PAGE 

migration (Figure 2A upper panel). These differences in the SDS-PAGE migration 

behavior may reflect the altered glycosylation found in CEA from MST3GalIV cells. In 

addition, the concurrent expression of SLex and α2-6 NeuAc suggests that the 
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glycosyltransferases performing the terminal sialylation compete for the CEA acceptor 

substrate that was identified as the major glycoprotein modified with SLex after 

ST3GalIV transfection in gastric cancer cells. 

Additional confirmation of the presence of the SLex antigen on CEA in gastric 

cancer cells was achieved by proximity ligation assays. PLA positive signals were only 

observed for MST3GalIV cells confirming the molecular proximity of SLex and CEA in 

this cell line, whereas no PLA signal was observed in the Mock control cells. (Figure 

2B). An ortogonal approach to substantiate the presence of SLex on CEA was performed 

using the recombinant E-selectin binding assay. It is well established that SLex is a ligand 

for E-selectin[39]. We performed an immunoprecipitation assay using a recombinant 

human E-selectin on both Mock and MST3GalIV cells followed by western blot analysis 

for SLex and CEA (Figure 2C). A positive band for SLex was observed exclusively in 

MST3GalIV cell lysates, demonstrating the presence of a glycoprotein bearing the SLex, 

the ligand for E-selectin. Additionally, a band corresponding to CEA was also observed 

in MST3GalIV lysates supporting that CEA carryies SLex structures.  

CEA α2-3 sialylation is increased in ST3GalIV expressing gastric carcinoma cells  

CEA is a heavily glycosylated protein with 28 possible sites of N-glycosylation 

[40]. The above-mentioned findings prompted us to explore the CEA glycan 

compositions in gastric cancer cells in more detail. The initial CEA-deglycosylation assay 

using PNGase F endoglycosidase to release all N-glycans showed a drastic increase of 

CEA SDS-PAGE migration, clearly demonstrating that N-glycans contribute to roughly 

half the size of the CEA glycoprotein (Figure 3). The band smear, observed around 200 

kDa, was reduced to sharp bands detected at positions corresponding to approximately 

80 and 60 kDa, respectively. We also performed detailed N-glycomics on 

immunoprecipitated CEA derived from both cell lines using our PGC nanoLC ESI-

MS/MS approach. Albeit the abundance of oligomannose type N-glycans remained 

similar, the N-glycan profiles of CEA derived from Mock and MST3GalIV cells showed 

distinct components in the complex type N-glycan distribution (Figure 4A). 

Oligomannose type N-glycans contributed around 60% of the total CEA N-glycan pool, 

whereas approximately 40% were sialylated N-glycans. Complex type N-glycans on CEA 

obtained from Mock cells carried mostly a single α2-6 linked NeuAc residue while the 

ones present on CEA from MST3GalIV cells showed an increase in disialylated N-

glycans and high levels of α2-3 sialylation (Figure 4B, Supplementary Table 2 and 

supplementary Figure 1).  
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ST3GalIV expression is a better marker than CEA for a poor prognosis in gastric 

cancer 

High expression levels of both CEA and SLex have been described in 

gastrointestinal tumors [9, 10, 41]. Following up on our in vitro results, we sought to 

investigate whether the apparent CEA-SLex crosstalk could also be observed in GC 

patients.  

To determine whether ST3GALIV and CEA (CEACAM5) expression have an 

impact on survival in GC patients, we extended our studies to a large independent, 

publicly available micro-array data set of 882 patients (Kaplan–Meier Plotter [35] 

(http://www.kmplot.com/). We observed that patients with high ST3GALIV expression 

levels exhibited a significantly reduced overall survival (OS), around 20%, compared to 

patients with low ST3GAL IV expression, around 40%, within 10 years (HR = 1.48, CI = 

1.25-1.76, p < 0.001) (Figure 5A). This poor prognosis also correlated with GC stage 

aggressiveness (stage III: HR = 1.55, CI = 1.16-2.06, p = 0.002; and stage IV: HR = 1.57, 

CI = 1.07-2.30, p = 0.021) and appeared to be tumor type independent (intestinal: HR = 

1.91, CI = 1.39-2.64, p < 0.001; diffuse: HR = 1.62, CI = 1.15-2.29, p = 0.005). The 

prognostic impact of CEACAM5 expression alone, however, did not appear to have any 

reasonable prognostic value for these gastric cancer patients as essentially no association 

with the evaluated parameters was found. Only in patients diagnosed with an intestinal 

subtype a high CEACAM5 expression appeared to support a favorable prognosis (HR = 

0.69, CI = 0.51-0.95, p = 0.022, Figure 5B).  

α2-3 sialylation on CEA is a feature of more aggressive gastric carcinoma tissues  

Motivated by these analyses we further investigated the conjoint presence of the 

SLex glycan structure with CEA in gastric carcinoma tissues and determine how well such 

a dual signature associates with clinicopathological features of the cases ad patients’ 

prognosis. We used immunohistochemistry to evaluate the expression of both SLex and 

CEA in a series of 31 GC tissues (Table 1). Normal and adjacent mucosa showed no CEA 

expression while a few cells exhibited a weak immunostaining for SLex in gastric mucosa 

with inflammatory cell infiltration. All GC tissues showed CEA expression with staining 

intensity varying from less than 25% to more than 75% of the carcinoma cells. CEA 

expression also showed to be associated with lymphatic invasion and venous invasion 

(Table 1). In addition, an association between CEA expression and advanced stages of 

gastric carcinoma became apparent (pTNM staging). 
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SLex expression was observed in 26 (83.9%) out of 31 gastric carcinoma cases. 

The expression of SLex was heterogeneous among the cases, with 9 (29%) cases showing 

more than 75% positive cells, 17 (54.9%) showing 25-75% positive cells, and 5 (16.1%) 

being negative or showing very few positive cells (Table 1). The SLex expression levels 

were also associated with cases showing an infiltrative pattern of growth (Ming´s 

classification). 

Further PLA analyses were performed to confirm the conjoint presence of SLex 

antigen with CEA in gastric carcinoma tissues. No signal was observed in normal or 

adjacent gastric mucosa. In gastric carcinomas 25 out of 31 cases (80.6%) gave a positive 

CEA+SLex PLA signal. Also, 25 out of the 26 SLex positive cases (displaying from 25-

100% of positive cells) were also positive in PLA, reinforcing the finding that CEA is a 

SLex carrier. Figure 6A shows representative images of the immunohistochemical 

expression of CEA, SLex and PLA for both CEA+SLex in two gastric carcinoma cases as 

well as in normal gastric mucosa. In the analyzed gastric carcinoma cohort, the 

association between the PLA signal and clinicopathological variables showed a 

correlation with Ming´s classification where 90% of infiltrative cases were positive in the 

CEA+SLex PLA assay. Similarly, a positive CEA+SLex PLA signal was also associated 

with the presence of venous invasion (94% of cases, Table 1). There was also a trend for 

association between PLA signals and the glandular/mixed subtypes in Carneiro´s 

classification as well as with the advanced stage cases (pTNM staging).  

Further validation of the immunohistochemistry results was performed in protein 

extracts from eight frozen gastric carcinoma tissues by western blot analysis of CEA and 

SLex (Figure 6B). All the cases were positive in the CEA western blot. Interestingly, the 

samples exhibited a high range of different CEA isoforms as shown by the presence of 

different molecular weights, indicating the present of multiple CEA glycoforms. In 

addition, seven out of the eight analyzed cases also showed SLex carrying proteins. CEA 

immunoprecipitation followed by SLex western blot analysis confirmed that CEA is a 

SLex carrier (Figure 6B). Notably, taking in consideration the conjoint expression of 

CEA+SLex patient´s overall survival showed that PLA positive cases display a trend with 

poor patients' overall survival (Figure 6C).  

 

DISCUSSION  

Changes in the expression of sialylated glycans such as the SLex antigen are one 

of the most common cancer associated glycosylation alterations and have been associated 

with malignant behavior of cancer cells and more aggressive tumors [10, 42] [10, 43-46]. 
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In this work, we explored the importance of the SLex antigen in gastric cancer to identify 

markers with potential clinical applications. Following up on earlier studies form our 

group showing that increased SLex levels on the surface of gastric cancer cells resulted in 

increased interaction with extracellular matrix proteins, increased in vitro and in vivo 

invasive capacity and lead to an increased activation of important signaling pathways[18, 

38], the present study identified CEA to be the major protein carrier of SLex in a gastric 

carcinoma cell line model. This in vitro finding was furthermore validated in a cohort of 

gastric carcinomas. The conjoint analysis of CEA+SLex presence in a gastric carcinoma 

cell line and in gastric carcinoma tissues uncovered a potential new prognostic gastric 

cancer biomarker that can be easily translated into a clinical setting.  

Increasing the expression of ST3GAlIV generated an in vitro model of a more 

aggressive gastric carcinoma, which allowed us to identify that CEA is the major protein 

carrier of SLex. Our results are confirming earlier reports indicating that CEA 

glycosylation is altered in cancer tissues. For instance, CEA isolated from normal colon 

mucosa and pre-neoplastic lesions exhibited a different molecular weight compared to 

the one obtained colon cancer cells [47]. More recently, a lectin microarray platform 

showed that CEA from colorectal carcinoma patient tissues presented a distinct pattern 

of glycosylation compared to normal tissue [48]. Other studies also indicated that CEA 

from colorectal carcinomas showed N-glycan compositions indicative for the presence of 

outer arm fucose residues such as Lewis antigens [49]. In the present study, CEA N-

glycan compositions were structurally characterized by PGC-nanoLC-ESI-MS/MS 

glycomics that enabled us to confirm that LeX type fucose residues are attached to CEA 

complex type N-glycans and that the global α2-3 sialylation levels were increased on 

CEA N-glycans in more aggressive gastric carcinoma cells. The relevance of 

tumorigenesis associated glycosylation changes has previously been described for other 

clinically cancer biomarkers. For instance, in benign prostate lesions the prostate specific 

antigen (PSA) glycosylation differs from the one present in malignant cases and therefore 

constitutes a key component for the application of this serological biomarker in the 

clinics[50, 51].  

CEA overexpression has been well-documented in gastric cancer [52, 53] where 

increased serum CEA levels correlate with a poor disease outcome [54, 55]. Nevertheless, 

there is a significant lack of information on CEA associated glycosylation alterations in 

gastric tissues. In this work, we have assessed the expression of both CEA and SLex 

directly in gastric cancer tissues and evaluated this CEA-SLex conjoint signature with the 

respective clinicopathological characteristics to assess the diagnostic potential of CEA 
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specific glycosylation. All the gastric carcinoma cases analyzed expressed CEA, while it 

was absent in adjacent normal gastric tissue. The majority of the gastric carcinoma cases 

(83.9%) also displayed the SLex antigen, and the PLA assay confirmed a strong 

association of these two antigens in 80.6% of the analyzed gastric carcinoma cases. PLA 

positive staining was also significantly associated with the pattern of tumor growth and 

the presence of venous invasion as well as a worse overall survival. These data strongly 

support that CEA is the major carrier of SLex antigens in aggressive gastric carcinomas 

and makes the combination of CEA and SLex of high interest for potential clinical 

applications in gastric cancer. The current serological CEA test has been largely applied 

in the gastrointestinal oncologic setting, mostly for disease monitoring due to the low 

specificity for diagnostic purposes [56],[57]. By adding protein specific glycosylation as 

an additional dimension to the serum CEA levels such a conjoint serological assay can 

overcome current limitations and improve the prognostic and diagnostic accuracy [47, 

58]. 

This present study demonstrates for the first time that α2-3 linked NeuAc are the 

terminating monosaccharides present on CEA N-glycans in gastric carcinoma cells and 

that CEA is the major carrier of the SLeX antigen. Additionally, the co-existence of 

CEA+SLex in gastric carcinoma tissues and its association with the presence of venous 

invasion and worse patients' overall survival strongly support the biological role these 

glycoconjugates have in the aggressive behavior of tumor cells in gastric carcinoma. Our 

results set the ground for the combined use of CEA and its altered glycosylation 

signatures for clinical applications in gastric cancer. 
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TABLES 

Table 1: CEA expression, SLeX presence and conjoint CEA-SLeX signal [using a Proximity 
Ligation Assay (PLA)] determined in gastric carcinoma tissues. 

 
 CEA  SLeX  PLA signal  

 0-25% 25-75% >75% P* 0-25% 25-75% >75% P* Neg. Pos. P* 

Laurén classification            

Intestinal 

(n=13) 

1 

(7.7%) 

2 

(15.4%) 

10 

(76.9%) 

ns 

1 

(7.7%) 

9 

(69.2%) 

3 

(23.1%) 

ns 

1 

(7.7%) 

12 

(92.3%) 

ns 
Diffuse 

(n=2) 

0 

(0%) 

1 

(50%) 

1 

(50%) 

0 

(0%) 

2 

(100%) 

0 

(0%) 

1 

(50%) 

1 

(50%) 

Unclassified 

(n=16) 

1 

(6.2%) 

5 

(31.3%) 

10 

(62.5%) 

5 

(25%) 

6 

(37.5%) 

6 

(37.5%) 

4 

(25%) 

12 

(75%) 

Carneiro classification            

Glandular 

(n=13) 

1 

(7.7%) 

2 

(15.4%) 

10 

(76.9%) 

ns 

1 

(7.7%) 

9 

(69.2%) 

3 

(23.1%) 

ns 

1 

(7.7%) 

12 

(92.3%) 

0.069 

Mixed 

(n=15) 

1 

(6.7%) 

5 

(33.3%) 

9 

(60 %) 

3 

(20%) 

6 

(40%) 

6 

(40%) 

3 

(20%) 

12 

(80%) 

Others 

(Isolated cells  + solid) 

(n=3) 

0 

(0 %) 

1 

(33.3%) 

2 

(66.7%) 

1 

(33.3%) 

2 

(66.7%) 

0 

(0%) 

2 

(66.7%) 

1 

(33.3%) 

Ming classification            

Expansive 

(n=8) 

1 

(12.5%) 

2 

(25%) 

5 

(62.5%) 

ns 

4 

(40%) 

3 

(37.5%) 

1 

(12.5%) 

0.04 

4 

(50%) 

4 

(50%) 

0.038 
Infiltrative 

(n=22) 

1 

(4.5%) 

5 

(22.8%) 

16 

(72.7%) 

1 

(4.5%) 

13 

(59.1%) 

8 

(36.4%) 

2 

(9.1%) 

20 

(90.9%) 

Unclassified 

(n=1) 

0 

(0%) 

1 

(100%) 

0 

(0%) 

0 

(0%) 

1 

(100%) 

0 

(0%) 

0 

(0%) 

1 

(100%) 

OMS classification            

Well-differentiated 

(n=15) 

2 

(13.3%) 

2 

(13.4%) 

11 

(73.3%) 
ns 

2 

(13.3%) 

9 

(60%) 

4 

(26.7%) 
ns 

2 

(13.3%) 

13 

(86.7%) 
ns 

Others 

(n=16) 

0 

(0%) 

6 

(37.5%) 

10 

(62.5%) 

3 

(18.75%) 

8 

(50%) 

5 

(31.25%) 

4 

(25%) 

12 

(75%) 

Lymphatic invasion            

Present 

(n=24) 

1 

(4.2%) 

4 

(16.6%) 

19 

(79.2%) 
0.042 

4 

(16.7%) 

13 

(54.1%) 

7 

(29.2%) 
ns 

4 

(16.7%) 

20 

(83.3%) 
ns 

Absent 

(n=7) 

1 

(14.3%) 

4 

(57.1%) 

2 

(28.6%) 

1 

(14.3%) 

4 

(57.1%) 

2 

(28.6%) 

2 

(28.6%) 

5 

(71.4%) 

Venous invasion            

Present 

(n=19) 

0 

(0%) 

3 

(15.8%) 

16 

(84.2%) 
0.029 

1 

(5.3%) 

12 

(63.1%) 

6 

(31.6%) 
ns 

1 

(5.3%) 

18 

(94.7%) 
0.012 
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Absent 

(n=12) 

2 

(16.7%) 

5 

(41.7%) 

5 

(41.7%) 

4 

(33.3%) 

5 

(41.7%) 

3 

(25%) 

5 

(41.7%) 

7 

(58.3%) 

pTNM            

I+II 

(n=16) 

1 

(6.25%) 

7 

(43.75%) 

8 

(50%) 
0.058 

4 

(25%) 

8 

(50%) 

4 

(25 %) 
ns 

5 

(31.25) 

11 

(68.75%) 
0.08 

III+IV 

(n=15) 

1 

(6.7%) 

1 

(6.7%) 

13 

(86.6%) 

1 

(6.7%) 

9 

(60%) 

5 

(33.3%) 

1 

(6.7%) 

14 

(93.3%) 

Total 
2 

(6.5%) 

8 

(25.8%) 

21 

(67.7%) 
 

5 

(16.1%) 

17 

(54.9%) 

9 

(29%) 
 

6 

(19.4%) 

25 

(80.6%) 
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Supplementary Material 

Tables 

Table 1: SLex antigen positive proteins identified from MST3GalIV cell using MALDI-TOF-
MS/MS. The list of peptides obtained from Mascot can be found in the supplementary material 
Table 3. 

 

Spot 

ID 
Protein description 

UniProtKB 

Accession 

number 

Number 

of 

identified 

peptides 

% 

Sequence 

coverage 

Protein 

score* 

1 

Carcinoembryonic 

antigen-related cell 

adhesion molecule 5 

P06731 4 8 92 

2 

Ras GTPase-activating-

like protein IQGAP1 
P46940 35 21 268 

Carcinoembryonic 

antigen-related cell 

adhesion molecule 5 

P06731 5 10 234 

* Protein scores greater than 56 are considered significant (p<0.05) 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Table 2 - List of released N-glycans detected on immunoprecipitated CEA (500 ng) from 

Mock and ST3GalIV cell lines. N-glycans were released from immunoprecipitated CEA using 

PNGase F, analyzed by PGC-nanoLC-ESI-MS/MS and qualitatively and quantitatively assessed. 

Each N-glycan has an identification number (ID), a calculated m/z ([M-H]-), a theoretical m/z 

(Theor. [M-H]-), a mass error in Da (ΔM), retention time in minutes (RT), proposed structure and 

relative abundances for CEA derived from Mock and MST3GalIV cells. The monosaccharides are 

represented following the recommendation of the SNFG [28]. 

      Relative abundances 
(%) 

ID [M-H]-  Theor. 
[M-H]- 

ΔM 
(Da)  

RT 
(min) 

Proposed 
structure 

Mock MST3GalIV 

1 1235.49 1235.44 0.05 25.1 

 

2.139 2.034 

2 1397.55 1397.49 0.06 19.1 

 

12.902 10.821 

3 1559.58 1559.55 0.03 19.1 

 

7.593 8.104 

4 1559.60 1559.55 0.06 18.0 

 

5.445 8.595 

5 1721.79 1721.60 0.19 19.0 

 

17.020 15.928 

6 1883.76 1883.65 0.10 18.0 

 

20.185 18.254 

7 1875.83 1875.67 0.15 24.3 

 
 

2.761 0.000 

8 1875.77 1875.67 0.09 32.9 

 

0.000 2.243 
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9 1891.75 1891.67 0.08 22.6 

 

2.817 1.438 

10 2078.80 2078.75 0.04 29.1 

 
 

4.934 2.273 

11 2224.89 2224.81 0.08 27.5 

 
 

8.866 0.000 

12 2281.83 2281.83 0.01 21.1 

 
 2.893 0.000 

13 2281.85 2281.83 0.01 26.9 

 

0.000 1.824 

14 2572.91 2572.93 0.02 21.6 

 

4.272 0.000 

15 2572.94 2572.93 0.01 27.9 

 

1.687 3.133 

16 2572.93 2572.93 0.00 35.4 

 
 

0.000 7.041 

17 2369.92 2369.85 0.07 28.6 

 

6.485 0.000 

18 2369.87 2369.85 0.02 37.1 

 

0.000 5.370 

19 2369.86 2369.85 0.01 43.4 

 

0.000 12.942 
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23

4

6
8

not defined

Fucose

N-Acetylneuraminic acid

Mannose

Galactose

Legend

N-Acetylglucosamine
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Table 3 - List of peptides identified on SDS-PAGE gel bands positive for SLex by MALDI TOF-MS/MS.  

# Methione oxidation 

S

pot 

ID 

UniprotKB 

Accession 

number 

Description Mass (Da) Mascot Score 

Number of 

peptides 

identified 

Queries 

matched 
 

 P06731 

Carcinoembryonic antigen-related cell 

adhesion molecule 5 OS=Homo 

sapiens GN=CEACAM5 PE=1 SV=3 

77489 92 4 5  

Observed m/z (M+H)+ 
Expected Mass 

(M) 

Calculated 

Mass (M) 
 error (Da) Peptide range Peptide sequence 

1003.58 1002.57 1002.61 -0.03  377 - 385  R.TLTLLSVTR.N  

1465.69 1464.68 1464.68 -0.00 127 - 139 K.SDLVNEEATGQFR.V 

1465.70 1464.69 1464.68 0.01 127 - 139 K.SDLVNEEATGQFR.V 

1807.00 1806.00 1806.02 -0.02 629 - 644 R.INGIPQQHTQVLFIAK.I 

2177.14 2176.13 2176.13 0.00 78 - 98 R.QIIGYVIGTQQATPGPAYSGR.E 

S

pot 

ID 

UniprotKB 

Accession 

number 

Description Mass (Da) 
Mascot 

Score 

Number of 

peptides 

identified 

Queries 

matched 
 

2 P46940 

Ras GTPase-activating-like protein 

IQGAP1 OS=Homo sapiens GN=IQGAP1 

PE=1 SV=1  

 

189761 268 39 40  



CHAPTER V 

 188 

Observed m/z (M+H)+ 
Expected Mass 

(M) 

Calculated 

Mass (M) 
 error (Da) Peptide range Peptide sequence 

726.41 725.40 725.39 0.02 829 - 833 R.LQYFR.D 

747.45 746.45 746.44 0.00 842 - 847 K.IQAFIR.A 

801.44 800.43 800.43 0.00 105 - 111 K.ATGLHFR.H 

827.53 826.53 826.53 0.00 1391 - 1397 R.LIVDVIR.F 

2 P46940 

830.47 829.47 829.47 0.00 432 - 438 K.ELATLQR.Q 

868.43 867.43 867.43 0.00 1054 - 1060 K.M#VVSFNR.G  

909.48 908.47 908.48 0.01 81 - 88 K.LGNFFSPK.V 

923.49 922.48 922.48 0.00 756 - 762 R.CRGYLVR.Q 

927.49 926.48 926.44 0.04 497 - 503 R.YLDELM#K.L 

958.58 957.58 957.60 0.02 1383 - 1390 R.TILLNTKR.L 

983.61 982.61 982.63 0.00 1390 - 1397 K.RLIVDVIR.F 

1025.61 1024.60 1024.60 0.01 327 - 336 R.ALQSPALGLR.G 

1033.53 1032.52 1032.53 -0.01 1431 - 1439 R.DAKTPDKMK.K 

1039.57 1038.56 1038.56 0.00 767 - 774 R.SRM#NFLKK.Q 

1072.54 1071.54 1071.58 0.04 1466 - 1475 K.LTELGTVDPK.N 

1080.53 1079.52 1079.54 -0.01 95 - 102 K.IYDREQTR.Y 

1080.53 1079.53 1079.54 -0.01 848 - 856 R.ANKARDDYK.T 

1092.59 1091.58 1091.59 -0.01 103 - 111 R.YKATGLHFR.H 

1109.52 1108.52 1108.47 0.04 26 - 34 R.LTAEEM#DER.R 

1124.64 1123.63 1123.64 -0.01 1186 - 1194 K.IIGNLLYYR.Y 

1134.58 1133.57 1133.59 -0.02 989 - 997 K.LIFQM#PQNK.S 
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1157.56 1156.55 1156.56 -0.01 192 - 201 K.YGIQM#PAFSK.I 

1208.62 1207.61 1207.63 -0.02 94 - 102 K.KIYDREQTR.Y 

1234.65 1233.65 1233.64 0.01 1478 - 1487 K.YQELINDIAR.D 

1236.65 1235.64 1235.65 -0.01 1506 - 1516 K.LQQTYAALNSK.A 

1275.68 1274.68 1274.70 -0.03 892 - 901 K.M#REEVITLIR.S 

1434.75 1433.74 1433.77 -0.03 989 - 1000 K.LIFQM#PQNKSTK.F 

1468.77 1467.76 1467.80 -0.04 923 - 935 K.NKITLQDVVSHSK.K 

1476.77 1475.76 1475.77 -0.01 1476 - 1487 K.NKYQELINDIAR.D 

1479.78 1478.77 1478.72 0.05 337 - 348 R.GLQQQNSDWYLK.Q 

1483.66 1482.65 1482.67 -0.01 1517 - 1528 K.ATFYGEQVDYYK.S 

1532.73 1531.72 1531.72 0.00 131 - 142 K.IFYPETTDIYDR.K 

1569.80 1568.80 1568.82 -0.03 857 - 870 K.TLINAEDPPM#VVVR.K 

1660.81 1659.80 1659.81 -0.01 131 - 143 K.IFYPETTDIYDRK.N 

2 P46940 

1660.81 1659.80 1659.81 -0.01 131 - 143 K.IFYPETTDIYDRK.N 

1674.88 1673.87 1673.89 -0.02 829 - 841 R.LQYFRDHINDIIK.I 

1724.84 1723.83 1723.84 -0.01 723 - 738 R.EEIQSSISGVTAAYNR.E 

1790.85 1789.84 1789.85 -0.01 902 - 916 R.SNQQLENDLNLM#DIK.I 

2165.01 2164.00 2164.01 0.00 478 - 496 
K.QLSSSVTGLTNIEEENCQR.

Y 

3147.53 3146.52 3146.49 0.04 359 - 387 
R.QSGQTDPLQKEELQSGVD

AANSAAQQYQR.R 

S

pot 

ID 

UniprotKB 

Accession 

number 

Description Mass (Da) 
Mascot 

Score 

Number of 

peptides 

identified 

Queries 

matched 
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2 P06731 

Carcinoembryonic antigen-related cell 

adhesion molecule 5 OS=Homo 

sapiens GN=CEACAM5 PE=1 SV=3 

77489 234 5 7  

Observed m/z (M+H)+ 
Expected Mass 

(M) 

Calculated 

Mass (M) 
 error (Da) Peptide range Peptide sequence 

1003.59 1002.58 1002.61 -0.02 377 - 385 R.TLTLLSVTR.N 

1465.68 1464.67 1464.68 -0.01 127 - 139 K.SDLVNEEATGQFR.V 

1465.68 1464.68 1464.68 -0.01 127 - 139 K.SDLVNEEATGQFR.V 

1493.73 1492.72 1492.66 0.06 386 - 398 R.NDVGPYECGIQNK.L 

1806.94 1805.93 1806.02 -0.08 629 - 644 R.INGIPQQHTQVLFIAK.I 

2177.13 2176.12 2176.13 -0.00 78 - 98 
R.QIIGYVIGTQQATPGPAYS

GR.E 

2177.13 2176.12 2176.13 0.00 78 - 98 
R.QIIGYVIGTQQATPGPAYS

GR.E 
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Supplementary Figures 

 
Figure 1 – Overview of N-glycans identified on immunoprecipitated CEA from Mock and 

MST3GalIV cell lines. The N-glycan ID numbers were represented along the horizontal axis 

against the relative abundance (%) of N-glycans in the vertical axis. The relative abundances of 

each individual N-glycan of CEA are different in Mock or MST3GalIV cells. 
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6 PepSweetener: A Web-Based tool to support manual annotation of 

intact glycopeptide MS spectra 

6.1 Preface 

In chapter II, I described that glycoprotein macro-heterogeneity (degree of site 

occupancy) and micro-heterogeneity (type and relative distribution of glycans on a 

specific glycosylation site) have the potential for providing crucial information in health 

and disease. The characterisation of this intrinsic glyco-heterogeneity allows a better 

understanding of the biological and functional role of glycosylation during disease 

progression. Mass spectrometry coupled with online separation methods provide detailed 

information on glycans and intact glycopeptides, but the automated annotation of 

glycopeptides by software tools is still limited. The fact that glycoproteomic approaches 

include different enzymes, a wide range of fragmentation methods and different 

analysers, it remains a challenge to develop a software that can accommodate all this 

diversity.  

In this chapter, we developed an interactive web-based tool, PepSweetener, to 

support manual annotation of glycopeptides independently of the MS-based workflow 

has been used. This web-based tool creates a theoretical matrix with peptide sequences 

and glycan compositions that fits the query precursor ion within an error range specified 

by the user. It retrieves an interactive heatmap with the most probable glycopeptide and 

also incorporates the theoretical fragmentation of the peptide backbone facilitating the 

data analysis and speeding up the verification process. 
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6.2 Statement of Contribution to Co-Authored Published Paper 

This chapter includes a co-authored paper. The bibliographic details of the co-authored 

paper, including all authors, are: 

6.3 PepSweetener: A Web-based tool to support manual annotation of intact 

glycopeptide MS spectra 

Authors: Marcin J. Domagalski, Davide Alocci, Andreia Almeida, Daniel Kolarich, 

Frédérique Lisacek   

Journal: Proteomics Clin Appl. 

Article type: Technical Brief 

Publication date: 03 October 2017 

Article URL: https://doi.org/10.1002/prca.201700069 

Copyright status: © 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

 

My contribution to the paper involved: 
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conception and design of the advanced search of PepSweetener, validation with 

experimental data, figures preparation (Figures 3, 4 and 5 of the manuscript), draft and 

revision of the manuscript.  
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7 Carcinoembryonic antigen targeted glycomics and glycoproteomics 

reveals novel features of human glycosylation 

7.1 Preface 

As discussed in chapter II and V, carcinoembryonic antigen is a highly 

glycosylated protein that is used as a marker for prognosis, follow-up and post-surgical 

surveillance of gastrointestinal cancers. In a clinical practice, CEA levels are measured 

without taking into consideration that CEA glycosylation contributes to 60% of its entire 

molecular weight (by SDS-PAGE) of about 200 kDa. In chapter V, we show that 

sialylation of CEA was observed in 80.6% of gastric carcinoma cases (n=31) and is 

correlated to tumour growth and venous invasion. We also show that CEA glycosylation 

can improve patient prognosis in gastric cancer.  

In this chapter, we deeply investigated CEA primary structure to unravel 

glycosylation signatures of CEA using selective and sensitive glycomics and 

glycoproteomics techniques and bioinformatic tools such as PepSweetener. We evaluated 

the CEA glycosylation derived from colon cancer (tissue and cell line), liver metastasis 

of colon cancer and ascites fluid and uncover glycan signatures that can be used to 

improve the current CEA diagnostics.  
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7.2 Statement of Contribution to Co-Authored Published Paper 

This chapter includes a co-authored paper. The bibliographic details of the co-authored 

paper, including all authors, are: 

7.3 Carcinoembryonic antigen targeted glycomics and glycoproteomics reveals 

novel features of human glycosylation 

Authors: Andreia Almeida, Francis Jacob, Kathrin Stavenhagen, Kathirvel Alagesan, 

Michaela Mischak, Manfred Wuhrer, Arun Everest-Dass, Celso A. Reis, Daniel Kolarich 
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Abstract  

Carcinoembryonic Antigen (CEA) is a FDA-approved tumour marker strongly 

associated with tumour progression and metastasis. Even though 60 % of the CEA 

molecule are contributed by N-glycans, current knowledge on the CEA specific glycan 

signatures in health and disease is surprisingly scarce. We developed a liquid 

chromatography-tandem mass spectrometry-based workflow for the in-depth glycomic 

and glycoproteomic sequencing of CEA and applied it to investigate CEA purified from 

four different origins: human colon cancer (cell line and tissue), tissue from liver 

metastasis of colon cancer and ascites fluid. The analysed CEAs exhibited specific-origin 

derived N-glycosylation signatures. Distinct glycosylation differences such as N-glycan 

branching, degree of sialylation and level of bisecting N-glycans were found between the 

CEA's from different body sources. Antennae fucosylation, such Lex and Leb/y 

determinants were found among all CEAs, however with significant abundance 

differences between the different sources. CEA is also a carrier of sLex, an important 

Lewis blood group antigen involved in cell-cell adhesion and metastasis. Next to 

confirming that 27 out of the 28 predicted N-glycosylation sites are glycosylated, we also 

identified a novel, 29th site of N-glycosylation on Asn76 that is located within a non-

canonical 71N-R-Q73 sequence motif in the N-domain.  
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Introduction 

Gold and Freedman made a breakthrough in 1965 when they identified that the 

carcinoembryonic antigen glycoprotein (CEA, also known as CEACAM5 or CD66e) was 

highly expressed in human foetal colonic and human colon cancer tissue [1]. Under 

normal conditions, CEA expression is strongly restricted to the surface of columnar 

epithelium and goblet cells facing the intestinal lumen [2, 3]. In various malignancies such 

as colorectal, non-small lung, breast and pancreatic and gastric cancers, however, CEA 

expression is frequently increased [3-5]. The loss of the tumour cells' architecture also results 

in an abnormal cell surface distribution of CEA, subsequently leading to shedding of the 

molecule into the blood stream. Thus, determination of serum CEA levels are clinically used 

for cancer recurrence and/or distant metastases in non-small cell lung and gastrointestinal 

cancer patients [6-9]. The specificity of the CEA assay is, however, an ongoing matter of 

discussion since increased serum CEA have also been observed in non-malignant 

conditions such as hepatitis, bronchitis and liver cirrhosis [10, 11].  

CEA is one of the most relevant glycoproteins from the larger family of different 

carcinoembryonic antigen-related cell adhesion molecules [3]. Its 28 predicted 

N-glycosylation sites are distributed over the seven major Ig-like domains that start with 

the N-terminal domain Immunoglobulin variable (IgV-like), which is followed by six C2 

Ig-like internal domains (UniProt ID: P06731). These IgC2-like domains are either type 

A(1-3) or B(1-3) and these six domains are arranged in an alternating order (A1-B1-A2-

B2-A3-B3) following the N-domain [12]. This overall CEA structure is additionally 

stabilised by six disulphide bridges [12]. A glycosylphosphatidylinositol inositol (GPI) 

anchor, which is attached to Ala685 after removing the C-terminal propeptide, finally 

secures CEA location on the cell membrane [12]. With 28 predicted sites of 

N-glycosylation, an N-glycan occurs on average every 23 amino acids in the final CEA 

glycoprotein sequence, making CEA one of the most heavily N-glycosylated proteins 

where N-glycans contribute approximately half of its entire molecular weight [13, 14].  

CEA is involved in cell-cell adhesion and recognition events as part of homotypic 

and heterotypic interactions of the N-terminal domain [1, 3]. In healthy cells, CEA is 

important for maintaining intestinal epithelial homeostasis by binding to epithelial CD8 

and CD1d using the N-domain and C-terminal B3 domains, respectively, allowing CD8+ 

T cells to acquire suppressive functions and reduce the proliferation of CD4+ T cells [15]. 

The N-domain of CEA also promotes a cross talk between the host and pathogens such as 
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Escherichia coli and Neisseria gonorrhoeae [16, 17]. CEA has been also proposed to play 

a major role in cancer and in the formation of metastases. Clinical and experimental data 

suggest a link between high CEA levels with colon cancer metastasis to the liver [6, 18, 

19]. Dysfunction of CEA also impairs cell polarization and tissue architecture of colonic 

crypts by inhibition of anoikis and thus protecting the circulating colorectal tumour cells 

[20-22].  

Despite the fact that aberrant N-glycosylation is a well-known hallmark of cancer 

cells [23], surprisingly little is known about CEA specific glycosylation features and their 

impact on CEA function. In the late 80s, Yamashita et al. explored the glycosylation of 

CEA purified from liver metastasis of primary colon cancer [24]. N-glycans were 

chemically released and analysed using a combination of monosaccharide analysis and 

exoglycosidase digestions. They found that CEA carried about 10 % of oligomannose 

type N-glycans (Man5 to Man9), followed by multi-antennary N-glycans capped with 

Lewis a, x, y and H epitopes as well as sialic acids. More recently, the N-glycans of CEA 

isolated from colorectal carcinoma tissue were analysed by mass spectrometry after 

permethylation [25]. In this work 61 N-glycan compositions were identified that included 

bi- to tetra-antennary structures carrying sialic acid and/or fucose residues [25]. Saeland 

et al. characterised the glycosylation profile of CEA in colon cancer and healthy tissue 

using an ELISA assay based on plant lectins and carbohydrate-specific antibodies. They 

found that higher levels of Lewis y and in some cases Lewis x glyco-epitopes were 

present on cancer-derived CEA, which also explained the stronger binding to C-type 

lectin DC-SIGN [26]. Tumour-associated CEA was also observed to contain higher 

amounts of branched, mannose and 2-3 linked-sialic acid containing N-glycans [26]. 

A recent study used a lectin microarray to study CEA glycosylation in a cohort of 

53 colorectal cancer patients (stage I-IV) [27]. This study showed that CEA glycosylation 

differed in a stage dependant manner where tumour-associated CEA showed higher levels 

of fucose and mannose residues but decreased levels of branched and bisecting N-glycan 

types. Zhao's et al. results also indicate that CEA glycosylation could be employed to 

differentiate between healthy colon and tumour tissue, however, there is a lack of 

consensus between ELISA experiments [26] and microarray approaches even though the 

same plant lectins were used [27].  

The information embedded in CEA glycosylation bears an enormous potential to 

improve sensitivity and selectivity issues associated with the current CEA test. This, 
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however, requires in-depth knowledge on CEA glycosylation and a much better 

understanding of CEA's primary structure. We employed our recent developments in the 

glycomics and glycoproteomics space [28-31] to undertake the first in-depth investigation 

of the CEA-specific glycome and glycoproteome and show that CEA is not just the most 

complex and diversely N-glycosylated protein know to date but that its glycosylation is 

also highly tissue and body fluid specific. In particular colon derived CEA carried 

N-glycans that had an additional hexose attached to the bisecting N-acetylglucosamine 

(GlcNAc) that was resistant to 1-4 galactosidase digestion, hence presenting a hitherto 

unreported glyco-epitope. An additional 29th site of N-glycosylation (Asn76) was 

identified, located within a non-canonical N-glycosylation sequence motif (76N-R-Q78). 

We further accessed the PANCAN TCGA transcriptomic data and found beside 

correlating CEACAM5 and glycosyltransferase expression signatures that the expression 

of specific glycosyltransferases impacts the survival of cancer types traditionally 

associated with elevated CEA expression. Altogether, we demonstrate that targeted 

glycomics and glycoproteomics of establish cancer markers unravels unprecedented 

insights into cancer markers believed to already be well understood. Capturing these data 

opens novel avenues with the potential to revolutionise diagnosis and treatment 

monitoring of cancer patients.  

 

Methods  

 

Materials 

Purified CEA was purchase from different sources as described in Table 1. 

Pronase from Streptomyces griseus, iodoacetamide and DL-dithiothreitol were acquired 

from Sigma. β1-4 Galactosidase (Proenzyme), α2-3 neuraminidase (New England 

Biolabs) and α1-4 fucosidase (Clontech), 30 kDa spin-filters (Sartorius), urea (Roth).  

 

CEA porous-graphitized-carbon (PGC) glycomics 

N-glycans were enzymatically released by PNGase F from PVDF-immobilised 

CEA (5 µg), reduced, cleaned up and analysed by PGC-nanoLC-ESI-IT-MS/MS (Porous-

graphitized-carbon nano liquid chromatography electrospray tandem mass spectrometry) 

as described previously [28] (Full description in the supplementary material). Briefly, 

dried N-glycans were reconstituted in 15 µL of water and 3 µL (corresponding to approx. 
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1 µg protein) were used for each analysis. The sample was loaded onto the precolumn 

and desalted using solvent A (10 mM ammonium bicarbonate) at a constant flow rate of 

6 µL/min. After the valve switch at 5.5 min the reduced N-glycans were then separated 

on the analytical column using a gradient from 3 to 16 % solvent B over 2 min, which 

was followed by a gradient developed of 48 min up to 40 % Solvent B (60 % ACN in 

10 mM ammonium bicarbonate) and at a flow rate of 900 nL/min at 45°C.  

The capillary voltage on the CaptiveSpray ionisation source (Bruker) was set to 

1.2 kV with the dry gas temperature at 150ºC. The ion trap was operated in the ultrascan 

mode to detect negatively charged ions in the m/z range from 400 to 1800 with an SPS 

Target Mass of 900. The ion charge control was set with a target value of 40000 with 

maximum accumulation time of 200 ms. The precursor selection was performed using 

the Auto Msn function set to prefer doubly charged precursor ions. The three most intense 

signals were selected for CID and the MS/MS scan range was set to m/z 100 to 2500 in 

the enhanced resolution mode.  

The acquired mass spectra (MS and MS/MS) were analysed manually using 

Bruker Compass DataAnalysis 4.2 (Bruker, Bremen, Germany). The interpretation of MS 

data was assisted by Glycomod (https://web.expasy.org/glycomod/) [32]. Glycan 

compositions were manually validated, and N-glycan structures determined based on the 

individual MS/MS spectra and PGC retention time [33]. The N-glycans were quantitated 

using the peak area obtained from the respective extracted ion chromatogram (EIC) 

performed for each individual N-glycan using Compass QuantAnalysis (Bruker). The 

generated data were imported in CSV format, converted in Excel and expressed as a 

relative abundance value for each individual N-glycan structure. The glycomics data was 

reported as proposed by the MIRAGE guidelines [34, 35] (Supplementary Table 1). Two 

technical replicates were performed throughout for each analysis. CEA derived from liver 

metastasis of colon cancer (CEA-LM) is the average from two biological replicates 

namely CEA-LM1 and CEA-LM2 as the total glycomic profile was similar. 

 

Exoglycosidase digestions 

The reduced CEA N-glycans (2 µg) were dissolved in 10 µL of 50 mM 

ammonium acetate pH 5 and digested with combinations of α2-3 neuraminidase, β1-4 

galactosidase and α1-3/4-fucosidase at 37 ºC overnight. Exoglycosidases and conditions 

can be found in supplementary material. The digested N-glycans were then analysed by 

PGC-nanoLC-ESI-IT-MS/MS under the same conditions as described above. The 

https://web.expasy.org/glycomod/
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digested N-glycans were assigned as previously described and can be found in 

supplementary Table 5. 

 

Glycoproteomics sample preparation 

Purified CEA was digested with pronase as described previously [36]. 5 µg of 

purified CEA were taken up in 8 M urea in 30 kDa spin-filters, reduced and alkylated 

with DL-dithiothreitol and iodoacetamide, respectively. The sample was washed with 

25 mM ammonium bicarbonate and digested with pronase in a ratio of 1:3 

[enzyme:protein (w/w)] overnight at 37ºC. The sample was spun down and dried in a 

speedVac concentrator (Thermo Scientific Savant). 

 

Nano-LC and mass spectrometry glycoproteomics 

Samples, including two technical replicates, were reconstituted in H2O and diluted 

to 35 ng/µL prior C18-reverse phase - porous-graphitized-carbon liquid chromatography 

electrospray tandem mass spectrometry (C18-PGC-LC-ESI-QTOF-MS/MS) analysis on 

a maXis HD mass spectrometer (Bruker Daltonics) coupled to a two valve Ultimate 3000 

nanoUPLC (Thermo Scientific) as previously described [37] [31]. Briefly, 1 µL of sample 

were injected on a sequential C18-PGC-LC setup, with valve 1 equipped with a C18 

precolumn (C18 PepMap 100, 300 μm x 5 mm, 5 μm, 100 Å, Dionex/Thermo Scientific, 

Breda, The Netherlands) and analytical column (Acclaim PepMap RSLC, 75 μm × 15 

cm, 2 μm, 100 Å; Thermo Scientific) and valve 2 with a PGC precolumn (in- house made, 

100 μmID × 15 mm, 3 μm Hypercarb material; Thermo Scientific) and analytical column 

(in-house made, 50 μmID × 150 mm, 3 μm Hypercarb material; Thermo Scientific). 

While both precolumns were connected during loading, a valve switch allowed sequential 

elution from the corresponding analytical columns. The sample was loaded in water 

containing 0.1% FA (v/v) at a flow rate of 6 μL/min and column oven temperature of 36 

°C and separated using a gradient of solvent A (water containing 0.1% FA (v/v)) and 

solvent B (80% acetonitrile/20% water containing 0.1% FA (v/v)). Glycopeptides were 

eluted from the C18 columns at a flow rate of 500 nL/min using a linear gradient from 1 

to 55% solvent B from 5 to 35 min. At 35 min a valve switch directed the flow of the 

PGC column to the MS, which was eluted with a linear gradient from 1 to 60% solvent B 

from 27 to 75 min at a flow rate of 450 nL/min.  

The mass spectrometer was equipped with a captiveSpray nanoBooster, using 

acetonitrile-enriched gas (0.2 bar), 3 L/min dry gas at 150 °C and a capillary voltage of 
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1.2 kV. MS acquisition was performed within a mass range of m/z 50–2800, followed by 

tandem MS on the three most abundant precursors within the m/z range of 550–2800 and 

an isolation width of 8–10 Da. Stepping-energy CID was applied in basic stepping mode 

with 100% and 50% collision energy (55 eV at m/z 700 to 124 eV at m/z 1800, for all 

charge states) each applied 80% and 20% of the time, respectively. MS was performed at 

a spectra rate of 1 Hz, tandem MS at 0.5 to 2 Hz dependent upon precursor intensity. 

 

Glycoproteomics data analyses  

The interpretation of glycopeptide MS/MS spectra was assisted by the 

PepSweetener tool [38] (https://glycoproteome.expasy.org/pepsweetener/app/) using the 

advanced search including CEA Uniprot ID P07631, and in silico digestion with pronase. 

The theoretical glycopeptides were generated by including “use Glyconnect N-glycans” 

and carbamidomethylation on cysteines as fixed modifications. The observed m/z values 

were then searched against a matrix of theoretical glycopeptides and the MS/MS spectra 

manually validated. The generated glycopeptide data was reported following the MIAPE 

and MIRAGE guidelines [34, 39] (Supplementary Table 2). The MS data was also 

analysed by Byonic to search for peptides. The protein database file was the same used 

above with no specific cleavage and allowing decoys. The precursor mass tolerance was 

set to 10 ppm and fragmentation type Q-TOF/HCD with fragment tolerance of 0.2 Da. 

The search was performed with carbamidomethylation of cysteines as fixed modification 

and deamidation of asparagine and glutamine residues as common modifications. The 

false discovery rate was set to 1%. The list of peptides was manually validated and can 

be found in the google drive folder.  

 

TCGA data analysis 

The Cancer Genome Atlas (TCGA) data sets were accessed through the UCSC 

Cancer Genomics Browser website and recently described [40-42]. Overall survival (OS) 

dependent on CEACAM5 and B4GALNT3 expression was investigated using Cox 

proportional hazard model and Kaplan-Meier curves. In order to assess the impact of 

B4GALNT3 on OS, dependent on CEACAM5, the interaction between both gene 

expressions was also added to the Cox model. The result of the interaction was reported 

with a p-value. Gene expressions were dichotomized using a median split to visualize the 

interaction with Kaplan-Meier curves. Correlations between expressions were explored 

https://glycoproteome.expasy.org/pepsweetener/app/
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and visualized using Pearson correlation and hierarchal clustering using the method of 

Ward. (package "corrplot") [43]. False Discovery Rate (FDR) control of p-values was 

done with the Benjamin-Hochberg procedure. All evaluations were done using R version 

3.3.2 Computations of the Cox-model and Kaplan-Meier statistics were done using R 

packages “survival” and “ggplot2”. 

Results 

 

CEA N-glycosylation is extremely heterogeneous. We chose PGC-nanoLC-ESI-

MS/MS, one of the most sensitive and selective glycomics approaches, to investigate and 

understand the N-glycosylation diversity of CEAs purified from different body origins 

[colon cancer tissue (CC), liver metastasis of colon cancer (LM), ascites fluid (AF) and 

colon cancer cell line (CL)] (Fig. 1). We identified 278 individual N-glycan structures 

(derived from 120 compositions) from these CEAs, which vastly increases our knowledge 

on CEA N-glycosylation and makes it the most heterogeneously N-glycosylated protein 

known to date (Supplementary Table 1). The individual N-glycans were relatively 

quantified and grouped based on biosynthetic features into five major structure 

categories: paucimannose (3-8 %), oligomannose (20-30 %), neutral complex/hybrid 

(13-51 %), sialylated complex/hybrid (25-50 %) and sulphated complex (<1 %, Fig. 1, 

Supplementary Table 1). Just a small number of paucimannose (7 structures), 

oligomannose (12) and sulfated complex (4) type N-glycans were detected, while a large 

structure complexity was present for neutral complex/hybrid (94) and sialylated 

complex/hybrid (161) type N-glycans. Across the four most abundant N-glycan classes 

(paucimannose, oligomannose, neutral/sialylated complex and hybrid) the glycan 

fingerprints just based on the 22 most abundant N-glycans (relative amount >2 %) was 

already sufficient to differentiate CEA based on its body origin (Fig. 2a, Table 2). 

 

CEA N-glycosylation carries cancer-specific glycosylation signatures. While 

complex/hybrid type N-glycans were the most abundant class found on all analysed 

CEAs, the relative abundance of the individual major N-glycans differed considerably in 

a CEA tissue-origin dependant manner (Fig. 1 and Fig. 2a). Colon tissue and cell line 

derived CEA (CEA-CL and CEA-CC) showed comparable N-glycome profiles while 

liver metastasis (CEA-LM) and ascites fluid (CEA-AF) derived CEA exhibited distinct 

and specific glycan fingerprints (Fig. 1 and Fig. 2a). The paucimannose type N-glycan 
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levels were particularly higher in CEA-AF (8 % vs. 2-3 %; Fig. 1) with the core 

fucosylated chitobiose core standing out (structure ID 7; 6% vs 2%; Table 2). 

Oligomannose type N-glycans did not show any large differences across all purified 

CEAs with Man5 (structure ID 11) being the most abundant single N-glycan (8-18 %; 

Table 2).  

Neutral complex/hybrid type N-glycan levels were higher in CEA-CL and CEA-

CC (44 % and 51 %), while these were just around 14 % in CEA-LM and CEA-AF (Fig. 

1). Neutral hybrid type N-glycan levels were on average 4 times more abundant in 

CEA-CL and CEA-CC (18% and 20%) compared to CEA-LM and CEA-AF (6 % and 

5 % respectively; Fig. 2b). In particular, neutral hybrid bisected type N-glycan levels were 

6 times higher in CEA-CC and CEA-CL (16 % and 17 %, in particular N-glycans 256, 

260 and 263, Fig. 2a, Table 2) whereas in CEA-LM and CEA-AF these just contributed 

to 3 % and 1 % of their total glycomic profile (Fig. 2b). 

In CEA-LM and CEA-AF, sialylated complex/hybrid type N-glycans were by far 

the most abundant structures (64 % and 50 %; Fig. 1), which is almost double the level 

compared to CEA-CL and CEA-CC. Sialic acids were present in both 2-6 and 2-3 

linkages (Table 2). Only for CEA-LM about 1 % of sulfated complex type N-glycans 

were detected (Fig. 1, Table 2). In summary, CEA N-glycosylation signatures in itself 

were already sufficient to inform on the body origin of CEA. Using PGC-glycomics, 

however, we were also able to identify specific N-glycan structure features that were 

never before reported from any human glycoproteins.  

 

Unusual, 1-4 galactosidase resistant, hexose carrying bisecting GlcNAc is specific 

to colon derived CEA. Bisected N-glycans were a major feature of CC and CL derived 

CEA (52 % and 48 %; Fig. 3b). Our specific PGC-nanoLC-ESI-MS/MS glycomics 

approach was the key to separate and consequently, identify and characterise a hitherto 

not reported hexose modification of the bisecting GlcNAc (Fig. 3). This additional hexose 

was identified on ten different bisected N-glycans (Fig. 3a) that overall contributed to 

about 14 % of the total N-glycome of CEA-CL and CEA-CC, while just a fraction of 

similar structures was found for CEA-LM and CEA-AF (3 % and 1 %; Fig. 3b). We 

verified this hexose-bisecting GlcNAc determinant using a combination of specific 

exoglycosidase digestion assays and tandem MS fingerprint spectra (Fig. 3d, 

Supplementary Figure 3). The identification of this particular glyco-epitope is 
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exemplified for the N-glycan with the composition Hex6HexNAc4 that was detected as a 

doubly negatively charged signal at m/z 901.4 (Fig. 3C). This particular hybrid, bisected 

N-glycan was present in three distinct isoforms (IDs 261-263, Fig. 3c). The first N-glycan 

structure eluting at 16.3 min (ID 261) was identified as a classical bisected, neutral hybrid 

type N-glycan. This structure was assigned based on its specific retention time and the 

MS/MS data, which showed a clear D ion at m/z 629 and F ion at m/z 424 (Fig. 3c). 

Digestion with a 1-4 specific galactosidase removed the galactose attached to the 3-arm 

of the N-glycan core (Fig. 3d, Supplementary Figure 3). The second N-glycan isoform 

(ID 262 eluting at 19.6 min) exhibited a distinct D ion at m/z 467 that was indicative for 

the presence of just one additional mannose attached to the 6-arm of the N-glycan core 

and a F ion at m/z 424. This structure was also sensitive to digestion with 1-4 

galactosidase, however just a single galactose residue was removed, which made us 

initially question where an additional hexose could be attached (Fig. 3d, Supplementary 

Figure 3). The third isoform (ID 263 eluting at 20.4 min) was completely resistant to 1-4 

galactosidase digestion, and the diagnostic ions (D ion at m/z 629, F ion at m/z 262 and 

E ion at m/z 304) clearly indicated that the third hexose must be attached to the bisecting 

GlcNAc (Fig. 3c). This is the first time that such 1-4 galactosidase resistant hexose 

residues were found attached to the bisecting GlcNAc on human glycoproteins. 

 

CEA N-glycans carry a diverse range of Lewis type fucosylation. Fucose containing 

epitopes such as sialyl Lewis x (sLex) have been identified in a number of cancer relevant 

glycan-protein interactions and have been associated with the metastatic capacity of 

tumour cells and poor survival [44-46]. We used our glycomics technology to break down 

the type of fucose containing epitopes present on the different CEAs. Mirroring the 

complexity of the total N-glycans, a wide range of different Lewis and sialyl Lewis 

epitopes were detected in all analysed CEAs. Next to Lex and sLex we also identified 

Lewis b/y antigens. We used different exoglycosidase combinations (2-3 neuraminidase, 

1-4 galactosidase and 1-3/4 fucosidase) to digest the released N-glycans and monitor 

the digestion products by PGC-nanoLC-ESI-MS/MS to confirm the particular glyco-

epitopes (Supplementary Figure 5). However, for a number of very low abundant 

structures (relative amount <0.3 %) the exact fucose/galactose linkages could not be 

unambiguously differentiated and thus these N-glycans were accordingly assigned as 

Lea/x and sLea/x. Overall the degree of antenna fucosylation was slightly higher in CEA-
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LM and CEA-AF (25 % and 28 %, respectively) compared to CEA-CL and CEA-CC 

(15 %, Fig. 2c). The higher levels observed in CEA-LM and CEA-AF are in particular 

due to Lex and sLex containing N-glycans for which the intensities were almost doubled 

compared to CEA-CC and CEA-CL. One particular N-glycan structure (ID 86, identified 

in CEA-CC, CEA-LM and CEA-AF, but not CEA-CL) was identified to carry the 

H blood group epitope (Supplementary Table 1). In agreement with earlier reports we 

also detected N-glycan structures carrying up to six fucose residues (Supplementary Table 

1) [25]. Due to the nature of our highly structure-selective glycomics technology these 

individual N-glycans, however, could not be individually quantified as they were present 

in so many different isoforms preventing that clearly quantifiable, single LC peaks could 

be obtained. Nevertheless, our data clearly showed that the type and number of Lewis 

epitopes on CEA was far more diverse and complex then previously reported. 

 

CEA sialylation and branching depends on the body origin. Altered sialylation is 

another frequently reported protein glycosylation feature that has been associated with 

disease development, differentiation and malignant transformation [47, 48]. Our PGC-

nanoLC-ESI-MS/MS glycomics approach is probably the most suited one to differentiate 

sialic acid linkages from minimum amounts of sample material [29, 33, 49] and allowed 

us to determine sialylation levels. Sialic acid linkage showed some origin dependent 

diversity, and sialylated N-glycans accounted for more than 50 % of the total N-glycome 

on CEA-LM and CEA-AF (Fig. 3b). Both, 2-3 and 2-6 sialylation were present on all 

analysed CEAs. Especially CEA-LM and CEA-AF exhibited approximately 6-5 times 

higher 2-6 sialylation levels compared to CEA-CL and CEA-CC, while the levels of 

2-3 sialylated N-glycans or structures carrying both types of sialylation remained 

comparable (Fig. 2d). Though N-glycans carrying 3 and/or 4 sialic acids were observed 

(up to 2 %), the majority of sialylated N-glycans were mono- and di-sialylated, 

complex/hybrid type ones (Supplementary Table 3).  

N-glycan branching that results in the formation of multi-antennary N-glycans (Fig. 

2e) has also been correlated with tumour aggressiveness [50]. On CEA-CL and CEA-CC 

approximately 24 % and 30 %, respectively, of N-glycans were tri-antennary or even 

higher branched, while the branching levels were around 20 % and 15 % for CEA-LM 

and CEA-AF (Fig. 2e). Branching did occur more frequently on the 3-arm of the N-glycan 

core (4-13 %) compared to 1-3 % on the 6-arm, while 1-5 % of N-glycan branching 
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occurred in both arms. For 7-11 % of N-glycans the specific branching positions could 

not be unambiguously determined. Nevertheless, N-glycan branching was one major 

factor contributing to the observed massive structure heterogeneity. 

 

N-glycan core fucosylation is a common feature of CEA. Core fucosylation was 

present on the vast majority of complex/hybrid type N-glycans in all analysed CEAs and 

varied between 42 % (CEA-CL) and 59 % (CEA-LM, Fig. 2f). Increased sialylation 

levels correlated well with core-fucosylation (Fig. 2f), but overall no strong body origin 

derived differences in core-fucosylation levels were detected. 

 

The body origin dictates site-specific glycosylation of CEA. CEA is clearly one of the 

most heavily N-glycosylated proteins. With 28 predicted sites of N-glycosylation CEA 

carries in average a N-glycan every 23 amino acids [12]. We achieved a site-specific 

profiling using a pronase-assisted approach that included a recently published dual-

column nanoLC-ESI-MS/MS setup that employed reversed phase and PGC 

chromatography within a single experiment to accommodate the analysis of both, 

hydrophilic and less hydrophilic glycopeptides [31]. This allowed us to identify 239 

individual N-glycopeptides that covered up to 27 out of the 28 predicted sites of 

N-glycosylation with Asn309 being the only site for which glycosylation could not be 

confirmed in our analytical setup (Supplementary Table 2). These glycopeptide data 

enabled us to associate the presence/absence of the major N-glycan classes 

(paucimannose, oligomannose, neutral complex/hybrid and sialylated complex/hybrid 

type) to the individual sites (Supplementary Table 2). The respective glycan 

microheterogeneity differed significantly in a body origin-dependent manner, with the 

CEA-CL and CEA-CC being quite similar, while CEA-LM exhibited different N-glycan 

types especially on sites Asn246, Asn375 Asn466, and Asn612. CEA-AF showed by far the 

most site-specific N-glycosylation diversity compared to CEA-CC, CEA-CL and CEA-

LM (Supplementary Tables 2 and 4). Due to the unspecific proteolytic cleavage patterns 

of pronase, however, it was unfeasible to perform a more detailed relative quantitative 

site distribution evaluation to gain a more detailed, semiquantitative structure distribution 

pattern. Despite this, CEA kept surprising us also on glycopeptide level as we identified 

an additional, 29th hitherto unreported site of N-glycosylation that is located in the 

functionally important N-terminal domain of CEA.  
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CEA is N-glycosylated on Asn76 within a non-canonical sequence motif -NRQ- in 

the functionally important N-domain. The N-domain of CEA is a vital component 

involved in mediating cell-cell adhesion and cell recognition events in both, homotypic 

and heterotypic interactions (Fig. 6) [15, 51]. Two sites of N-glycosylation are predicted 

for the N-domain (Asn104 and Asn115), and we found both to be glycosylated (Fig. 4a, 

Table 3). Asn104 carried oligomannose and sialylated complex N-glycans, while just 

sialylated complex ones were found for Asn115 (Fig. 4a, Table 3). These two N-

glycosylation sites did also contain highly fucosylated N-glycans that were representative 

for Lea/x and sLea/x determinants, while Man5 was just found on Asn104 but not on Asn115 

(Fig. 4a, Table 3). To our surprise we also identified an additional third site of 

N-glycosylation on Asn76, which was not predicted as Asn76 is located within the non-

canonical N-glycosylation sequence motif 76NRQ78. The exemplary MS/MS spectrum 

derived from the doubly charged precursor ion at m/z 839.316 clearly showed the b, y, z 

and Y fragment ions that enabled the glycopeptide sequence assignment (V)74DGNR77(Q) 

having a Man5 N-glycan attached (Fig. 4b). Asn76 was generally occupied by neutral 

complex/hybrid type N-glycans in all analysed CEAs. The hybrid type N-glycans that 

were found to carry the bisecting Hex-GlcNAc epitope were also among the compositions 

identified for this glycosylation site (Table 3). The glycosylation patterns across these 

three sites of N-glycosylation within the N-domain was similar for all analysed CEAs 

except for CEA-AF for which we could not detect any glycopeptides that could be 

unambiguously assigned to Asn115 (Fig. 4a).  

The B3 domain is the second important protein region that is involved in CEA-

heterotypic interactions, in particular with epithelial cell surface CD1d (Fig. 6) [15]. 

Three sites of N-glycosylation are predicted for this domain: Asn612, Asn650 and Asn665. 

Glycopeptides that corresponded to these three glycosylation sites were found in all 

analysed samples except CEA-AF (Asn612), however with the caveat that the detected 

glycopeptides for Asn612 and Asn665 shared the sequence with other glycosylation sites 

located in different domains of CEA and thus might not be a unique representation for 

these sites. This is an unavoidable feature of pronase digestion that is influenced by the 

individual amino acid sequence of the digested protein as well as any modifications 

present on these amino acids [52]. Nevertheless, given the tremendous glycosylation 

frequency of CEA and its overall complexity, this approach was the most viable one to 

obtain such a comprehensive glycopeptide map. Based on these data N-glycosylation site 

Asn612 (besides Asn256 and Asn432) was found to be occupied by core fucosylated N-
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glycans that also carried Lea/x antigens on CEA-CL, CEA-CC and CEA-LM while no 

glycopeptides were detected for these sites for CEA-AF (Fig. 4a). Paucimannosidic 

N-glycans (such as structure ID7, Table 2) were a common feature on Asn650 on all 

analysed CEAs, as well as core fucosylated N-glycans that also carried Lea/x antigens. The 

last N-glycosylation site Asn665 is located 20 amino acids upstream of the GPI-anchor 

sequence. The detected NSS glycopeptides that corresponded to Asn665 also shared the 

peptide motif with sites Asn152/292/330/480/508. This glycopeptide was found to carry N-

glycans with and without core fucosylation, but also carrying sialyl Lea/x epitopes in all 

samples except CEA-AF. In summary, our data clearly showed that CEA is a highly 

complex and diversely glycosylated protein that is even more densely covered by 

N-glycans than previously expected. 

 

CEA expression is associated with the expression of specific glycosyltransferases in 

a cancer-specific manner. Our glycomics data on the cancer and body specific CEA 

glycosylation signatures motivated us to also substantiate our findings on gene expression 

level in human cancer tissue samples. Initially, we analysed the CEA-encoding gene 

(CEACAM5) expression among all cancers in the TCGA PANCAN12 dataset. CEACAM5 

expression was highest in cancers with the anatomical origin rectum and colon followed 

by pancreas, cervix, lung, and head and neck. Lung and Head and neck, however, showed 

already a much higher variability in CEACAM5 expression compared to rectum and colon 

(Fig. 5a). CEACAM5 expression was hardly relevant and highly variable in most other 

cancers (Fig. 5a). Next, we used hierarchical clustering to identify if and which 

glycosyltransferase-encoding genes are positively and negatively correlating with 

CEACAM5 expression across all TCGA samples (n=9755). The correlation matrix 

revealed several clusters with multiple glycosyltransferase-encoding genes significantly 

(adjusted p-value < 0.001) correlating with CEACAM5 expression (Fig. 5b). We selected 

fourteen glycosyltransferase-encoding genes in close proximity of CEACAM5 within the 

same cluster and further investigated their correlation in independent TCGA data sets. In 

comparison to all TCGA PANCAN12 samples, we observed similar correlation 

coefficients in pancreas, bladder, skin, lung, and colon while kidney and breast did not 

show any similar correlation coefficients (Fig. 5b). These data clearly indicate that 

CEACAM5 expression correlates with the expression of individual glycosyltransferase 

genes in a cancer-specific manner (Fig. 5b). 
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Next, we tested how glycosyltransferase-encoding gene expression (B4GALNT3) 

impacts overall survival in all TCGA samples depending on CEACAM5 expression. 

Adding an interaction in the Cox-proportional hazard model we found that the level of 

B4GALNT3 expression significantly impacts the overall survival (p-value < 0.0001). 

Patients with low CEACAM5 in combination with a high B4GALNT3 expression had up 

to 56 months better survival prediction compared to patients with a low CEACAM5 - low 

B4GALNT3 expression levels (Fig. 6c). In contrast, when patients exhibited high 

CEACAM5 expression levels in combination with low B4GALNT3 expression, they had 

a better chance of survival (28 months) compared to patients with high CEACAM5 - high 

B4GALNT3 expression (Fig. 5c).  

 

Discussion 

For over 50 years the FDA-approved tumour marker CEA has been studied in 

great detail, but a comprehensive understanding how its dense glycan-coating contributes 

to its function and cancer pathogenesis is still limited [51]. This has in part been due to 

the incomplete knowledge about its glycosylation in conjunction with the technical 

limitations that until recently only allowed superficial insights in its glycosylation. In a 

world's first we showed that CEA is highly densely populated with a very complex 

N-glycan layer of up to 278 different structures, making CEA an N-glycosylated pendant 

to mucin type glycoproteins (Fig 7). These N-glycans were distributed over 29 sites of N-

glycosylation, of which (Asn76) represents a novel, hitherto unknown site of glycosylation 

located within a non-canonical N-glycosylation motif 76NRQ78. Asn76 was detected to be 

glycosylated across all analysed CEA samples (Fig. 4). Non-canonical N-glycosylation 

motifs are not uncommon and have previously been described for other glycoproteins. 

Valliere-Douglas et al. showed that between 0.5-2 % of human as well as recombinant 

IgG2 glycoproteins can carry an N-glycan on Asn162 positioned within an N-S-G motif 

[53]. The same authors later also reported other sequons (N-Q-V; N-E-N; N-S-Q) next to 

a Gln-residue to be glycosylated when analysing a lectin enriched sub-fraction of 

recombinant IgG2 [54]. Some proteomics studies have also investigated the phenomenon 

of "non-canonical glycosylation" on a more global scale. A common approach for the 

indirect analysis of glycopeptides is to enzymatically deglycosylate them using PNGase F 

in 18O-water after glycopeptide enrichment. This deglycosylation step removes N-glycans 

and introduces an 18O on the Asp that is the result of this enzymatic removal that converts 
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an Asn to an Asp [55], resulting in a +2.9890 Da mass increase on the previously 

glycosylated Asn residue [56]. Zielinska et al. applied this indirect approach to map 

previously glycosylated peptides obtained from mouse tissue extracts and postulated, next 

to the classical N-X-S/T/C (XP) motifs, the presence of N-G and N-X-V glycosylation 

sequons [56]. The apparent lack of actual glycopeptide data confirming the presence of 

N-glycans and the fact that Palmisano et al. later impressively demonstrated that in 

particular the incorporation of 18O within the N-G motif is rather the result of chemical 

deamidation than enzymatic deglycosylation has raised considerable doubt whether these 

unusual motifs are in fact glycosylated [57]. Despite its obvious drawbacks the same 

approach has also recently been used by Geng et al. to evaluate previously glycosylated 

peptides from chicken egg yolk [58]. Their data showed that the large majority of 

glycosylation sites adhered to the known N-glycosylation sequons, but to a minor extent 

previously glycosylated peptides were found that followed non-canonical sequence 

motifs such as N-X-N; N-X-Q, N-X-V and N-X-D [58]. Though the confirmation on 

glycopeptide level in egg yolk still needs to be settled, this study at least shares similar 

motifs as reported earlier [54] and in this present work. These studies also emphasise the 

need to incorporate glycosylation site occupancy as a feature of glycoproteomics 

workflows, as such non-canonical sites are usually less efficiently glycosylated. In 

addition, evidence is increasing that partial site occupancy can also give rise to 

glycoprotein isoforms that have different functionalities [59, 60]. In the context of CEA, 

however, there are clear indications that a glycosylated Asn76 is probably playing a vital 

functional role.  

The CEA N-domain interacts with CD8 of CD8+ T cells and this CEA-CD8 

interaction allows CD8+ T cells to acquire suppressive functions and reduce the proliferation 

of CD4+ T cells (Fig.6) [15]. Roda and co-workers showed that N-glycosylation sites Asn104 

and Asn115 are vital for CD8 interaction, but they also demonstrated that the entire region 

76NRQII80, which is part of the here identified non-canonical glycosylation sequon, is also 

important for proper CEA interaction with CD8 [15]. Naturally, Roda et al. were unware 

that Asn76 can be glycosylated, but they selected this particular sequence based on the fact 

that 76NRQII80 shows the greatest amino acid diversity within the N-domains of CEA and 

its closest relatives CEACAM1 and CEACAM6. The molecular basis how (partial) 

glycosylation on Asn76 and which particular structures present on one or all of the three 

glycosylation sites located within the N-domain impact CEA-CD8 interaction needs to be 
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determined in the future. A range of different structures was present on the three sites of 

glycosylation positioned within the N-domain. Asn76 carried Man5, neutral 

complex/hybrid type N-glycans that potentially are also occupied with the 1-4 

galactosidase resistant, bisected Hex-GlcNAc epitope. Asn104 and Asn115 exhibited core 

fucosylated and sialyl Lewis a/x antigen carrying N-glycans that could all be involved in 

CEA N-domain interactions (Fig. 6). The fact that we found this site at least in part 

glycosylated in all analysed CEA samples clearly hints towards an important in vivo 

function. The B3 domain is vital for CEA interaction with CD1d [15]. Our data indicated 

that a wide range of different glyco-epitopes such as paucimannose, Lea/x and sLea/x were 

present in this region in all but CEA-AF. Future work dissecting the interface between 

CD1d and CEA will reveal if and how B3-domain specific glycosylation impacts this 

interaction and hence, function of CEA.  

CEA is densely covered by a wide range of different glyco-epitopes that all can be 

functionally relevant (Figs. 2/3). Distinct body-origin dependent signatures were found that 

may have functionally relevant implications how CEA interacts in homotypic and 

heterotypic interactions in different parts of the body. The 1-4 galactosidase resistant, 

bisected Hex-GlcNAc epitope was in particular present on up to 15 % of all N-glycans 

derived from CEA-CL and CEA-CC (Fig. 3), making it a target of interest to differentiate 

colon derived CEA from other body locations. Trace amounts of a comparable epitope 

were reported earlier for human IgG [61]. Unlike the ones reported here, however, this 

IgG-derived glyco-epitope was sensitive to 1-4 galactosidase digestion. Even more 

important, it exemplifies the complexity of the human N-glycome and how the availability 

of novel and refined technologies contribute for its understanding. It also raises concerns 

when deducing structures from mass spectrometric data, as these interpretations are often 

based on the current knowledge on glycan biosynthesis [62], and thus, might be inherently 

flawed. Nonetheless, the significant differences in the global glycosylation observed for 

CEA derived from different body origins clearly supports the hypothesis that protein-

specific glycosylation can be the key to unlock novel dimensions of sensitivity and 

selectivity for the use of CEA as a cancer marker.  

CEA overexpression has extensively been reported in particular in gastrointestinal 

malignancies but more prominently in colon cancer [2, 4, 5, 63]. There its function has 

been largely correlated to promoting distant tumour metastasis [6, 18, 64-66]. In 

gastrointestinal carcinomas CEA is also used as a post-surgery and follow-up marker, but 
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its specificity is being critically viewed since increased serum CEA levels have also been 

reported to origin from non-malignant conditions such as hepatitis, bronchitis and liver 

cirrhosis [10, 11, 67]. Our gene expression correlation data focussing on CEA and 

glycosyltransferases in the entire TCGA dataset clearly demonstrated that selective 

glycosyltransferases correlated strongly with CEA expression (Fig. 5b). While such 

correlations were essentially not observed for cancer types without CEA level association 

(kidney, breast), these were the more significant ones cancers of the colon, rectum, lung, 

skin, bladder and pancreas (Figs. 5b). This clinical data clearly emphasises the link in the 

expression between CEA and individual glycosyltransferases, which equals to the 

presence of different CEA glycosylation signatures depending on its body origin/cancer 

type. Our glycomics data backs the presence of such distinct glycosylation signatures that 

are the consequence of the globally altered gene, protein, metabolome and lipidome 

profile present in cancer cells. In colon cancer upregulation of a number of 

sialyltransferases (ST6Gal-I, ST3Gal-III) [68, 69], fucosyltransferases (FUT2/3/4/6) [69-

73] or N-glycan branching (MGAT5) [74] genes has been reported. In addition increased 

activity of ST6Gal-I [68, 69], α1-6fucosyltransferase and α1-2fucosyltransferase(s) have 

also been described [70, 71]. Many of the glycoepitopes that these individual 

glycosyltransferases catalyse were present on all analysed CEAs, albeit with quite 

tremendous differences in their abundance (Figs. 2/4). Although it is likely that these are 

in one or the other way also involved in modifying CEA, it might well be that other 

glycoconjugates are the preferred substrates for these glycosyltransferases. Hence, 

upregulation of one or more specific glycosyltransferases reported in the literature might 

not necessarily be reflected directly in the CEA-specific glycosylation signatures. 

Nevertheless, from a global point of view the TCGA data clearly indicated that individual 

cancers correlate with the up- or down regulation of various glycosyltransferases, and that 

just in some of them significant correlations are present with CEA that will inevitably 

also have an effect on CEA glycosylation.  

As protein glycosylation is influenced by several factors its signatures can also be 

considered the amplified signal of a specific cancer. In the context of CEA this has been 

attempted already by a number of labs using a variety of different approaches [24-27]. 

Given the tremendous glycosylation complexity that is present on CEA it is also clear 

why these attempts did not yet yield the highly sought-after translation into the clinical 

diagnostic since tissue/cancer-specific glycoepitopes have not yet been identified on CEA 

nor are the necessary tools (antibodies, lectins,…) available that have sufficient 
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specificity to detect the glycoepitopes of interest. A LC-MS based approached as 

described in this work is clearly an attractive approach in the research stage, and with the 

1-4 galactosidase resistant, bisected Hex-GlcNAc epitope identified in the course of this 

work it clearly showed that such novel glyco-epitopes of potential interest can be 

identified. Nevertheless, translation of these findings into a clinical laboratory for routine 

diagnostics will require novel, dedicated tools to be developed in conjunction with 

ongoing research efforts to translate glycome and glycoproteome knowledge into novel 

diagnostics and for future personalised medicine applications.  
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Figure Legends: 

 

Fig. 1. N-glycosylation profile of purified CEA from colon cancer (cell line - CL and 

tissue- CC), liver metastasis of colon cancer (LM) and ascites fluid (AF). N-Glycans 

were quantitated (relative abundances of N-glycans) and classified into five major 

categories: paucimannose (orange), oligomannose (green), neutral complex/hybrid 

(blue), sialylated complex/hybrid (purple) and sulfated complex (dark yellow). 

 

Fig. 2. Most abundant N-glycan structures and glyco-signatures present on the 

different purified CEAs. a Heatmap with 22 most abundant N-glycans (relative 

abundances of N-glycans above 2% , Table 2) clustered and grouped according N-glycan 

classes: paucimannose (orange), oligomannose (green), neutral complex (blue), sialylated 

complex (purple) and hybrid (dark red). The paucimannose N-glycan ID 7, Man5 (ID 11) 

and oligomannose type N-glycans are common among CEAs, but the paucimannose 

N-glycan is characteristic of CEA-AF. The category neutral complex/hybrid type 

N-glycans are a feature of CEA-CL and CEA-CC whereas sialylated complex/hybrid type 

ones are majorly observed CEA-LM and CEA-AF; b Neutral hybrid bisected N-glycans 

are 5-6 times higher on CEA-CL and CEA-CC compared to CEA-LM and CEA-AF; c 

Lewis blood group antigens; d sialic acid linkages; e branching and f core fucosylation. 

Fig. 3. Unusual bisecting Hex-GlcNAc determinant is mostly present on CEA 

derived from colon cancer. a N-glycans structures found on purified CEAs that carry 

Hex-GlcNAc determinant; b Relative abundances of CEA bisected N-glycans (blue) and 

bisecting Hex-GlcNAc containing N-glycans (pink) on the different purified CEAs. This 

determinant is majorly present on CEA-CL and CEA-CC. c Extracted ion chromatogram 

(EIC) of bisecting Hex-GlcNAc containing N-glycan doubly negatively charged signal at 

m/z 901.4 separated in three distinct N-glycan isoforms (IDs 261-263) accompanied by 

the most abundant N-glycan Man5 (ID 11). Respective MS/MS spectra of the N-glycans 

structure IDs 261-263 clearly showing the presence of an additional hexose on the 

bisecting GlcNAc. d β1-4 galactosidase resistant Hex sitting on the bisecting GlcNAc. 

The representation of the epitopes is according the legend in Fig. 2. 

 

Fig. 4. Glycosylation site mapping of CEA provided a full insight into N-terminal 

and B3 domains. a Glycosylation features of the N-terminal and B3 domains of purified 
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CEAs. The N-terminal domain of CEA carries oligomannose type N-glycans, sialyl Lewis 

antigens and core fucosylation. The B3 domain carries paucimannose and oligomannose 

type N-glycans, Lewis and sialyl Lewis antigens, and core fucosylation; b MS/MS 

spectrum of the glycopeptide 74DGNR77 correspondent to the 29th additional 

N-glycosylation site at Asn76 with a non-classical glycosylation consensus carrying a 

Man5 structure on the functional N-terminal of CEA. The b, y and z ions evidently 

validate the presence of the peptide sequence (74DGNR77) whereas the Y (dark green) 

ions correspond to the fragmentation of the N-glycan in the glycopeptide. Some oxonium 

ions (purple) at m/z 325.111-; 366.131- and 690.241- are only respective to the 

fragmentation of the N-glycan. 

 

Fig. 5 Gene expression of various glycosyltransferases correlates with CEACAM5 

expression in the TCGA PANCAN 12 data set and predicts overall survival in cancer 

patients. a Boxplots show median sorted CEACAM5 expression across different 

anatomical origins of TCGA cancer patients from high to low. b Graphical display of a 

correlation matrix of CEACAM5 and glycosyltransferase-encoding genes. Correlation 

matrix of the Pearson correlation coefficient (coloured legend) was reordered by 

hierarchical clustering, false discovery rate (FDR) adjusted p-value was set to 0.001 (grey 

cross when p > 0.001. Corresponding cluster identified in all TCGA cancer samples 

(n=9755) was selected and Pearson correlation coefficient was calculated accordingly for 

selected TCGA cancer subset (anatomical origin) shown in table next to correlation plot. 

c Kaplan-Meier curve showing impact of B4GALNT3 expression in CEACAM5 high and 

low cohort (median split) computed from the interaction of the Cox proportional hazard 

model. B4GALNT3 (B4), low (0), high (1), and time in months. 

Fig. 6. Glycosylation as crucial factor for CEA function. N-region glycans are vital for 

interaction with CD8, DC-SIGN and CEACAM1. The B3 region is important for CD1d 

mediated intestine epithelia homeostasis. CEA is also known to be involved in hetero- 

and homotypic interactions.  
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Tables 

Table 1 - Sources of purified pooled carcinoembryonic antigens (CEACAM5) used in this study. 

Vendors 

sources 

Colon 

adenocarcinoma cell 

line (CL) 

Colon 

adenocarcinoma 

tissue (CC) 

Liver metastasis of 

colon 

adenocarcinoma 

(LM) 

Body fluids –

ascites fluid 

(AF) 

Merck 

Millipore 

Cat# 219369 Cat# 219368   

PanReac 

AppliChem 

  Cat# A6940  

Acris   Cat# BA670  

Sigma    Cat #C4835 

 

Table 2 - Most abundant N-glycans ( > 2% of relative abundances) derived from colon cancer (cell 

line - CL and tissue-CC), liver metastasis of colon cancer (LM) and ascites fluid (AF). N-glycans were 

released from purified CEA using PNGase F, analysed by nanoPGC-nanoLC-ESI-MS/MS and qualitatively 

and quantitatively assessed. Each N-glycan has an identification number (ID), a calculated m/z ([M-H]-), a 

theoretical m/z (theor. [M-H]-), a mass error in Da (ΔM), proposed structure and relative abundances for 

CEA N-glycans. The N-glycans ID 132a and 132b are co-eluting. The nomenclature is according to Symbol 

Nomenclature for Glycans (SNGF) found in 3rd Essentials of Glycobiology and Fig.2. 

 

     

Relative abundances of 

CEA N-glycans (%) 

ID 
[M-H]- 

theor. 

[M-H]- 

∆M 

(Da) 

Proposed 

Structure 
CL CC LM AF 

 Paucimannose 

7 1057.41 1057.38 0.04 

 

2.0 1.9 1.7 5.8 

 Oligomannose 

11 1235.49 1235.44 0.05 

 

8.7 10.0 7.7 17.6 

13 1397.62 1397.49 0.13 

 

2.1 2.4 1.4 1.4 

{
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14 1559.68 1559.55 0.13 

 

2.0 1.9 1.9 1.8 

18 1721.68 1721.60 0.08 

 

3.7 4.1 3.2 2.7 

19 1883.66 1883.65 0.01 

 

0.5 0.6 2.1 1.3 

 Neutral complex bisected 

66 1625.68 1625.61 0.07 

 

1.9 2.1 0.3 0.4 

74 1990.74 1990.74 0.00 

 
 
 
 
 
 
 
 

3.1 3.6 0.4 0.2 

 Sialylated Complex 

92 1713.70 1713.62 0.08 

 

0.0 0.1 2.9 7.1 

99 1916.74 1916.70 0.04 

 

0.0 0.0 0.6 3.0 

110 2078.74 2078.75 0.01 

 

0.2 0.5 2.4 3.3 

113 2223.78 2223.79 0.01  0.5 0.2 10.3 0.6 

116 2224.82 2224.81 0.01 

 

0.2 0.2 2.5 2.9 

122 2369.84 2369.85 0.01 

 
 

0.0 0.0 3.1 1.3 

124 2369.80 2369.85 0.05 

 

0.0 0.0 2.1 0.4 

{

{

{

{
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125 2369.82 2369.85 0.03 

 

0.2 0.1 5.8 0.0 

132a 2515.92 2515.91 0.01 
 

0.0 0.0 1.1 2.3 

132b 2516.88 2516.93 0.05 

 

    

 Hybrid 

256 1641.74 1641.60 0.14 

 

2.1 2.3 0.2 0.1 

260 1787.72 1787.66 0.06 

 

3.1 3.3 0.8 0.3 

263 1803.70 1803.65 0.05 

 

3.5 3.7 0.4 0.2 

273 1891.70 1891.67 0.03 

 

0.1 0.2 1.4 2.9 
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Table 3 - Detailed list of glycopeptides identified on the N-terminal domain of purified CEAs derived from colon cancer (cell line - CL and tissue-CC), liver metastasis 

of colon cancer (LM) and ascites fluid (AF). The glycopeptides were marked with a cross when detected on the different CEAs. 

 

Sources      
 

CC 

& 

CL 

LM AF 
Peptide 

sequence 

 

Calculated 

[M+H]+ 

Theoretical 

[M+H]+ 

ΔM 

(ppm) 
Glycan Composition N-glycan structure IDs 

X X  (V)74DGNR77(Q) 1677.6207 1677.6331 7.4 Hex5HexNAc2 

9-12 

X   (V)74DGNR77(Q) 2083.7793 2083.7919 6.1 Hex5HexNAc4 

38, 255 and 256 

X   (V)74DGNR77(Q) 2124.8079 2124.8185 5.0 Hex4HexNAc5 

68 

X X X (V)74DGNR77(Q) 2245.8312 2245.8447 6.0 Hex6HexNAc4 

261-263 

X X X (I)102YPNAS106(L) 1767.6599 1767.6687 4.9 Hex5HexNAc2 

9-12 

X   (I)102YPNAS106(L) 3179.1780 3179.1924 4.5 Hex6HexNAc6FucNeuAc 

145, 218-221 

{

{

{
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X X X (I)102YPNAS106(L) 3325.2330 3325.2503 5.2 Hex6HexNAc6Fuc2NeuAc 

 
 
 

224 

X   (I)102YPNAS106(L) 3471.2904 3471.3082 5.1 Hex6HexNAc6Fuc3NeuAc 

228, 166 

X   (Q)115NDTG118(F) 2961.0729 2961.0870 4.8 Hex5HexNAc5Fuc3NeuAc 

217 

X X  (Q)115NDTG118(F) 3252.1560 3252.1824 8.1 Hex5HexNAc5Fuc3NeuAc2 

 
 
 

155 

   

 

{

{
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 1 

Figure 1 2 

  3 
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Figure 2 5 

  6 
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 7 

Figure 3 8 

  9 
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 10 

Figure 4 11 

  12 



CHAPTER VII 

 249 

Figure 5  13 
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 15 

Figure 6 16 

  17 
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Supporting material 18 

 19 

CEA porous graphitized carbon (PGC) glycomics 20 

N-glycans were enzymatically released by PNGase F from PVDF-immobilised 21 

CEA (5 µg), reduced, cleaned up and analysed by PGC-nanoLC-ESI-IT-MS/MS 22 

(Porous-graphitized-carbon nano liquid chromatography electrospray tandem mass 23 

spectrometry) as described previously [1]. Dried N-glycans were reconstituted in 15 µL 24 

of water and 3 µL (corresponding to approx. 1 µg protein) were used for each analysis. 25 

For PGC-nanoLC a pre-column (Thermo Scientific Hypercarb KappaGuard 0.3 mm [ID] 26 

× 30 mm, 5 µm particle size) and analytical column (Thermo Scientific, Hypercarb 75 27 

µm [ID] × 100 mm, 3 µm particle size) were installed in a Dionex Ultimate 3000 UHPLC 28 

that was coupled to a Bruker amaZon Speed ETD ion trap mass spectrometer (Bruker, 29 

Bremen, Germany). The sample was loaded onto the precolumn and desalted using 30 

solvent A (10 mM ammonium bicarbonate) at a constant flow rate of 6 µL/min. After the 31 

valve switch at 5.5 min the reduced N-glycans were then separated on the analytical 32 

column using a gradient from 3 to 16 % solvent B over 2 min, which was followed by a 33 

gradient developed of 48 min up to 40 % Solvent B (60 % ACN in 10 mM ammonium 34 

bicarbonate) and at a flow rate of 900 nL/min at 45°C.  35 

The capillary voltage on the CaptiveSpray ionisation source (Bruker) was set to 36 

1.2 kV with the dry gas temperature at 150ºC. The ion trap was operated in the ultrascan 37 

mode to detect negatively charged ions in the m/z range from 400 to 1800 with an SPS 38 

Target Mass of 900. The ion charge control was set with a target value of 40000 with 39 

maximum accumulation time of 200 ms. The precursor selection was performed using 40 

the Auto Msn function set to prefer doubly charged precursor ions. The three most intense 41 

signals were selected for CID and the MS/MS scan range was set to m/z 100 to 2500 in 42 

the enhanced resolution mode. The acquired mass spectra (MS and MS/MS) were 43 

analysed manually using Bruker Compass DataAnalysis 4.2 (Bruker, Bremen, Germany). 44 

The interpretation of MS data was assisted by Glycomod 45 

(https://web.expasy.org/glycomod/) [2] using the following search parameters: mass 46 

tolerance 0.3 Dalton; negative ion mode and reduced N-linked oligosaccharides; possible 47 

monosaccharides: Hexose, HexNAc, Deoxyhexose, NeuAc and sulphate. Glycan 48 

compositions were manually validated, and N-glycan structures determined based on the 49 

individual MS/MS spectra and PGC retention time [3]. The N-glycans were quantitated 50 

using the peak area obtained from the respective extracted ion chromatogram (EIC) 51 

performed for each individual N-glycan using Compass QuantAnalysis (Bruker). The 52 

https://web.expasy.org/glycomod/
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integration of every extracted ion chromatogram was manually validated, in particular for 53 

peaks with very low abundance. The generated data were imported in CSV format, 54 

converted in Excel and expressed as a relative abundance value for each individual N- 55 

glycan structure. The N-glycans were classified into 9 categories: paucimannose, 56 

oligomannose, complex neutral, complex neutral bisected, complex sialylated, complex 57 

sialylated bisected, hybrid neutral, hybrid neutral bisected and complex sulphated. The 58 

glycomics data was reported as proposed by the MIRAGE guidelines [4, 5] 59 

(Supplementary Material Table 1). Two technical replicates were performed throughout 60 

for each analysis.  61 

 62 

Exoglycosidase digestions 63 

The reduced CEA N-glycans (2 µg) were dissolved in 10 µL of 50 mM 64 

ammonium acetate pH 5 and digested with combinations of α2-3 neuraminidase, β1-4 65 

galactosidase and α1-3/4 fucosidase at 37 ºC overnight (Table). The digested N-glycans 66 

were then analysed by PGC-nanoLC-ESI-IT-MS/MS under the same conditions as 67 

described above. The digested N-glycans were assigned as previously described and can 68 

be found in supplementary material Table 5.  69 

 70 

Table - Exoglycosidases and conditions used to confirm structure assignments analysed by 71 

PGC-nanoLC-ESI-IT-MS/MS. 72 

 Enzyme Source Specificity Buffer Amount of 

enzyme (mU) 

 2-3 

neuraminidase 

Salmonella 

typhimurium LT2 

and 

overexpressed in 

E. coli 

α2-3 bound sialic 

acids 

50 mM ammonium 

acetate, pH 5 

25 

 1-4 galactosidase A. oryzae 1-4 bound 

galactose 

50 mM ammonium 

acetate, pH 5 

0.135 

 α-1-3/4 fucosidase Streptomyces sp. 

142 

α1-3/4 bound 

fucose 

50 mM ammonium 

acetate, pH 5 

0,001 

Conditions 

 α2-3 neuraminidase β1-4 galactosidase α2-3 neuraminidase 

+β1-4 galactosidase 

β1-4 galactosidase 

+ 

α1-3/4 fucosidase 

α2-3 

neuraminidase 

+β1-4 

galactosidase 

+α1-3/4-

fucosidase 

CC 

&CL 

 x  x x 

LM X x x   

AF  x  x x 

  73 
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Tables 74 

 75 

Table 1 - List of identified N-glycans on purified CEAs derived from colon cancer 76 

[(cell line - CL and tissue-CC)], liver metastasis of colon cancer (LM) and ascites 77 

fluid (AF).  LM is the average of LM1 and LM2 relative abundances. The nomenclature 78 

is according to Symbol Nomenclature for Glycans (SNGF) found in 3rd Essentials of 79 

Glycobiology.  80 

 81 

Table 2 - List of identified pronase glycopeptides of purified CEAs derived from 82 

colon cancer [(cell line - CL and tissue-CC)], liver metastasis of colon cancer (LM) 83 

and ascites fluid (AF).  84 

 85 

 86 

Table 3 – Relative abundances of CEA N-glycans containing 1, 2, 3 or 4 sialic acids. 87 

 88  
Relative abundances of CEA N-glycans 

carrying sialic acids [%] 

No of Sialic 

acids 
CL CC LM AF 

1 17.7 15.9 30.4 38.9 

2 14.7 8.2 31.6 11.1 

3 1.4 0.6 1.7 0.2 

4 0.0 0.0 0.3 0.3 

 89 
Table 4 - N-glycosylation sites found on purified CEAs [colon cancer cell line (CL); 90 

colon cancer tissue (CC); liver metastatsis of colon cancer tissue (LM), ascites fluid (AF)] 91 

according to CEA N-glycans features (oligomannose, neutral complex/hybrid and 92 

sialylated complex/hybrid). CEA-CL and CEA-CC is not highlighted, CEA-LM is 93 

highlighted with skin colour and CEA-AF with a blue colour.  94 

 95 

Table 5 - List of proposed CEA N-glycans after exoglycosidase digestions. 96 

  97 
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Figures 98 

 99 

 100 
Figure 1 –CEA glycomics & glycoproteomics. For the glycomics analysis purified CEA was spotted 101 
onto a PVDF membrane and its N-glycans released using PNGase F. The N-glycans were further 102 
reduced and analysed by PGC-nanoLC-ESI-MS/MS. For the glycoproteomics analysis CEA was reduced 103 
and alkylated in a 30 kDa spin tube and digested with pronase. The obtained (glyco)peptides were then 104 
analysed onto a dual LC system C18-PGC-nanoLC-ESI-Q-TOF-MS/MS with optimised collision energies. 105 

 106 
 107 

 108 

Figure 2 – N-glycosylation profile of purified CEA derived from colon cancer cell line (CL), colon 109 
cancer (CC), liver metastasis of colon cancer (LM) and body fluids (ascites fluid - AF). N-glycans were 110 
distributed when possible along the LC peaks.  111 
  112 
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 113 

 114 
Figure 3- Exoglycosidase digestion of Hex-GlcNAc bisected N-glycans. (A) The negatively doubly 115 
charged N-glycan at m/z 901.4 is separated on PGC in three N-glycan isoforms ID 261, ID 262 and ID 263. 116 
The N-glycan 261 is a typical hybrid with a bisecting GlcNAc, however the N-glycans ID 262 and ID 263 117 
are particularly peculiar containing an unusual determinant (Hex-GlcNAc bisecting branch). (B) This 118 
determinant is not digested with β1-4 Galactosidase and the digested products, N-glycans ID 255 and ID 119 
256 are characterised majorly by the respective D, F and E ions. 120 
  121 
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A Lewis blood group antigens                                    B Sialic acid linkages 122 

  123 

 124 

C N-glycan branching                                                  D Core fucosylation 125 

 126 

Figure 4 – Relative abundances of CEA N-glycans [%] carrying Lewis blood group antigens (A), type 127 
of sialic acid linkages (B), N-glycan branching (C) and core fucsoylation (D). 128 
  129 

CL CC LM AF

Lewis x 3.0 3.4 5.7 5.2

Sialyl Lewis x 0.9 1.0 3.5 4.4

Lewis b/y 2.9 2.8 3.4 5.4

Outer fucosylation 8.7 7.3 12.0 13.0

Total 15.5 14.5 24.6 27.9

CL CC LM AF

3-arm 12.7 11.1 8.1 4.4

6-arm 1.5 1.1 2.7 2.4

Branched 10.9 7.1 7.4 6.8

Both 4.8 4.8 1.7 1.1

Total 29.8 24.1 19.9 14.6

CL CC LM AF

α2-6 9.6 7.1 36.9 34.2

α2-6/ α2-3 5.5 2.1 7.2 4.6

α2-3 10.3 8.5 13.0 5.4

Linkage not clearly defined 8.9 7.4 6.4 6.1

Total 34.3 25.2 63.6 50.4

AF LM CC CL

Paucimannose 6.0 1.7 2.0 2.1

Complex/Hybrid neutral 8.7 10.0 29.6 24.8

Complex/Hybrid sialylated 35.3 39.0 14.1 15.3

Complex sulphated 0.0 0.9 0.2 0.2

Total 44.0 49.9 44.0 40.3
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 130 

Figure 5 – Validation of sialyl Lewis x determinant using specific exoglycosidases. The doubly charged 131 
N-glycan at m/z 1213.4 is separated on PGC into several isoforms in which N-glycans ID 197 and 198 are 132 
carrying Lewis x and sialyl Lewis x. Lewis x and sialyl Lewis x determinants are not cleaved off upon the 133 
presence of β1-4 galactosidase, however when the outer fucose is removed by α1-3/4 fucosidase allows the 134 
galatose to be removed by β1-4 Galactosidase validating the presence of Lewis x (EIC m/z 1059.52-). Also, 135 
sialyl Lewis x is not removed in the presence of β1-4 galactosidase and α1-3/4 fucosidase because the sialic 136 
acid impedes its digestion. Nevertheless, the combination of α2-3 Neuraminidase, β1-4 Galactosidase and 137 
α1-3/4 fucosidase digests the N-glycan ID 197 to the ID 72. 138 

 139 

  140 
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8 General discussion and conclusion 

The research presented provides novel evidence that the in-depth study of the 

glycosylation present on already well-known, tumour-associated proteins can deliver 

novel knowledge that can be of functional and/or diagnostic relevance. In gastric cancer, 

the characterisation of the glycomic profile and targeted glycoproteomics uncovered key 

glycoproteins involved in malignancy opening a potential avenue for novel therapeutic 

targets. Adding glycosylation to the equation harbours a largely unexploited potential to 

improve cancer diagnosis and treatment, and a solid, sensitive and selective technology 

to monitor these molecular features is the first vital step in this endeavour. The following 

sections provide a discussion/summary of all the chapters included in this thesis.  

8.1 Uncovering protein glycosylation in gastric cancer 

Up-regulation of ST3GAL4 in both tissue [1, 2] and MKN45 cells stably 

transfected with ST4GAL4 leads to the formation of sLex antigen [3]. MKN45 cells 

overexpressing ST3GAL4 also exhibit an increased invasive phenotype compared to 

Mock cells [3], making these ST3GAL4 overexpressing MKN45 cells a good model to 

study novel GC targets.  

In chapter III, the alterations of protein glycosylation on MKN45 cells 

overexpressing ST3GAL4 was evaluated by glycomics and glycoproteomics 

methodologies and as well as molecular biology tools. Up-regulation of ST3GAL4 

impacted the global glycome and resulted in a significant increase of 2-3 sialylation on 

N-glycans while there was a substantial reduction of 2-6 sialylation. Lower levels were 

also observed for bisected N-glycans while tetra-antennary N-glycan structures with the 

composition NeuAc4Hex7HexNAc6Fuc1 (m/z at 1840.52-) exhibited higher levels when 

2-AB labelled N-glycans were analysed by HILIC-FLD-UPLC. The detection of these 

multi-antennary N-glycans can be limited when using PGC-nanoLC-ESI-MS/MS with 

ion trap detection. A m/z range that is commonly used to detect N-glycans is set between 

m/z 400-1800, and as a compromise to cater for both, smaller and larger structures, the 

detection focus on the ion trap is usually set around m/z 900 (smart parameter setting-

target mass). Typically, smart parameter setting is set to the middle of the mass range for 

a distribution of ion masses in a sample mixture, and due the 3D ion trap geometry, large 

N-glycans with a m/z close to the upper limit are poorly (if at all) detected. If sufficient 

amounts of sample are available, this issue limiting the detection of multi-antennary, 
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multisialylated N-glycans can be overcome by digesting these with exoglycosidases 

(sialidases, galactosidases and fucosidases) that trim the N-glycans down to the antenna 

GlcNAc residues attached to the N-glycan core. These smaller and neutral N-glycans can 

easily be detected and quantified by PGC-nanoLC-ESI-MS/MS as suggested previously 

[4], however with the caveat that capturing the initial structure diversity will not be 

possible. Regarding O-GalNAc glycans, the observed higher levels of disialylated core 2 

structures suggested that overexpression of ST3GAL4 also results in higher levels of 2-3 

linked NeuAc attached to type II chains (Gal1-4GlcNac) in both N- and O-glycans. It 

remains to be determined whether ST3GAL4 is directly responsible for transferring this 

NeuAc also onto O-glycans, or whether this is due to indirect, yet to be explored, 

interconnected glycosylation pathways. 

Interestingly, the levels of bisected N-glycans were significantly lower in this 

overexpression model even though the expression levels of MGAT3 and MGAT5 were 

not altered. This event might be a result of different subcellular localisation of 

glycosyltransferases in the Golgi apparatus as reported earlier for colon cancer in vitro 

and in vivo [5]. Another study described that overexpression of MGAT3 inhibited 2-3 

sialylation but not 2-6 sialylation in the human breast cancer cell line MDA-MB-231 

[6]. The overexpression of MGAT3 didn’t alter the level of sialyltransferases such as 

ST3GAL4 and ST6GAL1 and neuraminidases suggesting that this inhibition occurs at a 

post transcriptional level [6]. The authors further validated these findings on different 

cells lines expressing higher levels of 2-6 or 2-3 linked NeuAc. In case of MKN45 

cells that display high levels of 2-6 sialylation overexpression of MGAT3 had little 

effect on the migration ability. In addition, cell lines carrying high levels of 2-3 

sialylation showed a substantial decreased in cell mobility when overexpression MGAT3 

by inhibiting 2-3 sialylation [6]. Altogether, these data hint that MGAT3 and ST3GAL4 

act in a non-synergistic manner in GC and further investigations are needed to clarify the 

mechanisms behind this interplay. Furthermore, sialoproteomic analyses of MKN45 cells 

overexpressing ST3GAL4 identified that just 47 glycoproteins exhibited a significant 

increased sialylation, indicating that ST3GAL4 also might act in a protein-specific 

manner and that not all sialoglycoproteins will be equally affected by an overexpression 

of this sialyltransferase. The proteins affected included integrins, carcinoembryonic 

antigens (CEACAM1 and CEA), insulin receptor and RON receptor tyrosine kinase. 

Further validation of RON carrying sLex antigen was done in both cell line and gastric 

carcinoma tissue by proximity ligation assays (PLA). Using this approach, the aberrant 
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sialylation of RON allowed to differentiate healthy tissue from gastric carcinoma one 

highlighting a possible important role of RON glycosylation in gastric cancer.  

This work also investigated the role of E-cadherin specific N-glycosylation in 

gastric cancer (Chapter IV). The four sites of N-glycosylation from E-cadherin were 

manipulated by replacing asparagine residue with glutamine in each N-glycosylation 

consensus sequence individually or in different combinations. From all the four 

N-glycosylation sites of E-cadherin, Ans554 and 633 were shown to be glycosylated by 

bioinformatics and further confirmed by digestion of the different E-cadherins with 

PNGase F and Endo H and their migration in SDS-PAGE gel. The glycomic profile of 

immunoprecipitated wild type E-cadherins and the respective mutants where single 

N-glycosylation sites were left glycosylated at Asn554 and Asn633, respectively, were 

analysed. All the immunoprecipitated E-cadherins carried around 40% of oligomannose 

type N-glycans but differed in the relative amounts of neutral and sialylated N-glycans. 

N-glycosylation site Asn554 carried higher levels of neutral complex/hybrid type 

N-glycans, whereas Asn633 and E-cadherin wild type showed higher levels of sialylated 

complex type ones. In addition, tri-antennary N-glycan levels were decreased at Asn554 

and could not be detected for the glycosylation site Asn633 variant. As already discussed 

above, the detection of tetra-antennary N-glycan structures by PGC-nanoLC-ESI-MS/MS 

is often limited particularly in presence of low amounts of material as it was in this case. 

Nevertheless, the presence of complex type N-glycans at Asn554 on E-cadherin impaired 

cell-cell adhesion while the knockdown of MGAT5 improved E-cadherin function by 

increasing the adhesion junction complex between epithelial cells. More importantly, 

E-cadherin that carried aberrant glycosylation in diffuse gastric cancer also correlated 

with poor prognosis.  

In the work described in chapter V, CEA was identified as a major carrier of sLex 

in MKN45 cells overexpressing ST3GAL4. Glycomic analyses of immunoprecipitated 

CEAs (500 ng) derived from Mock cells and MKN45 cells overexpressing ST3GAL4 

showed similar levels of oligomannose type N-glycans (about 60% of the total CEA 

N-glycans) and sialylation (about 40% of the total glycomic profile). However, Mock 

cells derived CEA carried higher levels of mono-sialylated, 2-6 NeuAc N-glycans 

whereas di-sialylated N-glycans carrying 2-3 NeuAc were essentially observed in CEA 

derived from MKN45 cells overexpressing ST3GAL4. These data are also in accordance 

with our glycomics analysis of MKN45 cells overexpressing ST3GAL4 where higher 

levels of 2-3 sialylation were observed. Using PLA, the presence of sLex on CEA was 

investigated in a cohort of gastric cancer patients. These data provided evidence that CEA 
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carrying sLex was associated with aggressive tumour features and poor gastric cancer 

patients’ prognosis. The PGC-nanoLC-ESI-MS/MS glycomics analyses of 

immunoprecipitated CEA could not unambiguously confirm the presence of sLex 

structure that were indicated by the PLA assay. As these analyses were performed from 

<500 ng of immunoprecipitated CEA and CEA itself exhibits a humongous structure 

complexity it is highly likely that any structures that are not the major ones (such as sLex 

structure) remain undetected when just very limited amounts of starting material are 

available. On the other hand, the specificity of the used monoclonal antibodies is pivotal 

for the PLA test to work. The used KM93 antibody is generally well-known to recognise 

sLex on both glycoproteins and glycolipids and has been used for several years in the 

glycobiology field in western blots, immunohistochemistry and ELISA [7-10]. In our 

hands, the KM93 antibody when used in western blot or PLA might be also recognising 

2-3NeuAcGal1-4GlcNAc without the fucose in N-glycans of CEA. This suggests that 

the monoclonal antibodies should be validated prior use. Nevertheless, the sialylation of 

CEA in GC was for the first time addressed and correlated with clinical 

pathophysiological features of GC tumours.   

8.2 Carcinoembryonic antigen glycosylation  

Given the impact glycosylation has on the behaviour of these important cancer 

markers, it is necessary to get a detailed understanding of the primary structure of these 

glycoproteins. The comprehensive glycomics and glycoproteomics analyses performed 

on purified CEA derived from colon cancer (tissue and cell line), liver metastasis of colon 

cancer and ascites fluid uncovered a highly heterogenous glycome constituted consisting 

of 278 individual N-glycans out of 120 N-glycan compositions that could be detected. 

While these data exemplify the robustness of the PGC approach to structurally resolve 

such a complex mixture of N-glycan isoforms, it simultaneously also reveals the technical 

limits of current glycomics approaches. Glycomic analyses of complex glycoproteins 

such as CEA where a N-glycan precursor with identical m/z reflects several structurally 

different N-glycan isoforms are still a challenging and not automated, software assisted 

task as it is known for proteomics. Low abundant signals often do not trigger MS/MS 

scans, which hampers the correct assignment of N-glycan structures and their relative 

quantification. Multi-antennary N-glycans containing several fucoses and/or sialic acid 

residues were often only detected but could not be reliably relatively quantified. PGC-LC 

co-elution of N-glycan structures such as ID 132a and 132b made their structural 

characterisation also difficult as their m/z difference of 0.5 Da (doubly charged signals) 
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makes them of almost equal mass in an ion trap and the resulting MS/MS spectra will be 

a mix of both structures. Nevertheless, the MS/MS spectra revealed diagnostic ions, such 

as B3 ions at m/z 655 and 656 which correspond to NeuAc-Hex-HexNAc and 

dHex2-Hex-HexNAc fragments, respectively, indicating that both structures were 

present. One possibility to overcome the co-elution of such glycan species is to selectively 

digest them with exoglycosidases such as a neuraminidase, which removes sialic acids 

[4, 11]. In this work, we used a range of specific exoglycosidases (2-3 neuraminidase, 

1-4 galactosidase, 1-3/4 fucosidase) to orthogonally validate the presence of sLex and 

Lex antigens on CEA, which also helped in the structural characterisation of some of these 

co-eluting glycan species. The digestion of N-glycans ID 132a and 132b with 2-3 

neuraminidase removed one out of the two sialic acids, resulting once again in co-elution 

of N-glycans with compositions NeuAcFuc2Hex5HexNAc4 and Fuc4Hex5HexNAc4. 

Further digestion with 2-3 neuraminidase in presence of 1-4 galactosidase, 1-3/4 

fucosidase removed both sialic acids, galactoses and the fucose confirming the presence 

of sLex. The fact that the CEA glycome is so diverse and complex, co-elution of particular 

N-glycans on PGC and separation of several isoforms could still not be avoided even after 

digestion with this panel of exoglycosidases. Co-elution of N-glycan species is not just 

observed for PGC-LC. Glycomic analyses of derivatised glycans by other separation 

techniques such as HILIC and RP coupled with detection methods (fluorescence, and 

MS) also frequently exhibit incomplete separation of glycan species, compromising an 

exact quantitation of single glycan structures [12]. The fact that derivatization of 

N-glycans with fluorescent labels can also result in incomplete derivatization further adds 

to the list of experimentally introduced artefacts. In summary, there is no “perfect” 

method for the analysis of complex glycomes such as the one observed for CEA, and one 

needs to be aware of the analytical and technical limitations of the selected methods when 

interpreting the data. Nevertheless, the continuous development of new stationary phases 

and/or mass spectrometry technologies is likely to overcome one or the other challenges 

that current approaches still face.  

Despite the aforementioned technical challenges, the here presented data clearly 

showed that CEA carries N-glycosylation signatures that are source-specific (organ/body 

fluid). N-glycosylation features such as sialylation, branching and outer fucosylation 

allowed to clearly differentiate from where CEAs has been sourced. The selected 

glycomics technology also enabled the identification of an unusual hexose attached to the 

bisecting GlcNAc (Hex-HexNAc). This glyco-epitope was found on 10 different 

N-glycan structures. Previous reports identified that a bisecting Gal1-4GlcNAc 
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modification was present in low amounts on IgG N-glycans [13], stem cell marker 19A 

glycoprotein obtained from a partially ricin-resistant HEK 293 cells (kidney cell line) 

[13] and kidney tissue from MGAT2-null mice [14]. For these structures the 

Gal1-4GlcNAc bisecting branch on IgG was validated by digesting it with 

-galactosidases from jack bean (specificity for 1-4/6 linkages) and monitoring it by 

RP-HPLC with a florescence detector coupled to an IT-MS/MS with a sonic spray 

ionisation [15]. The authors orthogonally validated this finding by transferring a galactose 

in 1-4 linkage to a bi-antennary bisecting N-glycan structure using a 1-4 

galactosyltransferase [15]. Harvey et al. validated the same structure on IgG and 19A 

glycoprotein derived from partially ricin-resistant HEK 293 cells by using a 

-galactosidase from bovine testis with specificity for 1-4/3 linked galactose and 

monitoring the reaction over ESI-MS/MS [13]. Wang et al reported a Gal1-4GlcNAc 

also substituted with an additional fucose in 1-3 (Lewis x blood group) in kidney tissue 

of glycoengineered mice [14]. This structure was also sensitive to -galactosidase with 

broader specificity after the removal of 1-3 linked fucose by hydrofluoric acid treatment 

[14]. In our hands, the Hex-HexNAc bisecting structure that was firstly assigned by PGC-

nanoLC-ESI-MS/MS is not sensitive to 1-4 galactosidase digestion. This suggests that 

the hexose may be a galactose linked in 1-3, an -galactose or any other hexose. Further 

digestions with broad and specific exoglycosidases is required to identify the particular 

structure that was largely found just on colon cancer/cell line derived CEA but was hardly 

present on the other ones. About 15% of N-glycans released from CEA derived from 

colon cancer exhibited this glyco-epitope. Further investigations on which 

glycosyltransferase is actually responsible to generate this structure will allow a better 

understanding on the biosynthesis and its potential role for CEA function in health and 

disease. Such findings also open new opportunities to develop novel assays that can 

improve the selectivity of CEA test. 

The here presented data also demonstrate that CEA N-glycans carry sLex antigens. 

Their presence have been correlated with an increased metastatic potential of tumours. 

Experimental data suggest that high levels of CEA are also correlated with colon cancer 

metastasis to the liver. The presence of sLex antigen on CEA might also contribute for 

the migration of colon cancer cells to the liver, but further investigations are required to 

better understand if and how sLex present on CEA is involved in colon cancer metastasis. 

The distinct glycosylation profile of these purified CEAs also suggested 

deregulation of the glycosylation pathway, such as altered expression and/or activity of 



CHAPTER VIII 

 267 

glycosyltransferases in cancer. This is also backed up by the correlation of 

glycosyltransferases-encoding genes and expression of CEA, which clearly indicates that 

in particular gastrointestinal and epithelial cancers correlate with CEA expression and 

up- and down-regulation of various glycosyltransferases (chapter VII).  

Besides the glycomic analyses, we also investigated the site-specific glycosylation 

of CEA. CEA carries 28 potential sites of N-glycosylation and contains IgG like domains 

that are similar in their polypeptide sequence. As a result, intact glycopeptide analyses of 

CEA using trypsin or chymotrypsin would yield peptide sequences that contain more than 

one glycosylation site within a single glycopeptide, hampering the detection, site-specific 

characterisation and identification of these glycopeptides. An alternative approach that 

uses pronase, a protease mixture exhibiting a broad proteolytic activity, can overcome 

this issue by producing short chain glycopeptides. One caveat of this approach is that for 

very short glycopeptide sequences insufficient information about the specific site is 

available. This approach also requires that glycopeptides are analysed using a dual LC 

system that uses C18 and PGC-ESI-MS/MS to capture also very hydrophilic 

glycopeptides that are not retained by the C18 material. In combination with optimised 

collision energies to yield better fragmentation of the peptide and glycan backbones this 

approach provides a comprehensive picture but can effectively just be used to characterise 

purified glycoproteins. Due to the unspecific proteolytic cleavage patterns of pronase, it 

was also not feasible to use current glycopeptide identification software tools such as 

Byonic (Protein Metrics) or ProteinScape (Bruker Daltonics). Alternative tools that can 

provide the necessary data analysis assistance have been developed during this thesis 

(PepSweetener) and were pivotal for the identification of CEA glycopeptides generated 

by pronase digestion. This tool allowed the selection of the most probable peptide-glycan 

combination for a given precursor mass speeding up the glycopeptide data analysis. The 

advanced search option of PepSweetener allows the user to select peptides that do not 

contain the N-glycosylation sequon motif. This feature enabled the identification of a 

novel, non-consensus N-glycosylation site at Asn76 (-N-R-Q-). The presence of a N-

glycosylation site positioned within the N-domain of CEA might be important for CEA 

function as discussed in chapter VII. Current software tools only consider peptides that 

carry the N-glycosylation sequon motif, thus they are failing to identify non-common 

N-glycosylation sites. The only limitation of the web-based tool PepSweetener is that the 

number of peptide-glycan dataset is restricted to 10 million combinations. Using the 

advanced search function of PepSweetener, 239 N-glycopeptides were identified ranging 

from 14 amino acids down to a single asparagine. Glycopeptides containing single Asn 
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residues were not used for site mapping, however these results indicate that 

N-glycosylation alone does not hinder the action of pronase. Interestingly, digestion of 

the different CEAs with pronase yielded different glycopeptides suggesting that pronase 

activity is not only driven by the protein sequence but that both, amino acid sequence and 

the type of N-glycan are modulating its action. Nonetheless, up to 27 out of 28 predicted 

sites of N-glycosylation could be accounted for using this approach with Asn309 being the 

only N-glycosylation site for which the presence of an N-glycan could not be confirmed. 

Due to the repetitive structure of CEA many of these N-glycopeptide sequences sites are 

repeated throughout the CEA polypeptide chain or exhibit similarities between the IgG 

like domains of CEA, also hampering site-specific analyses. One option to overcome this 

limitation would be to use a set of orthogonally cleaving endoproteases (e.g. trypsin and 

chymotrypsin) that produce different sets of glycopeptides and deglycosylate using 

PNGase F to remove complexity introduced by glycosylation. The conversion of 

asparagine into aspartic acid within the N-glycosylation motif results in a mass increase 

of +0.9840 u [16]. The resulting peptides are longer and thus easier to identify by classic 

proteomics fragmentation techniques as the glyco-heterogeneity is depleted. This would 

then also allow to obtain some information on the site occupancy, even if more than one 

site of glycosylation is present within a single peptide. However, CEA N-glycosylation 

motifs contain many Asn residues that are located N-terminally before a glycine or other 

small amino acids that facilitate spontaneous deamidation of the Asn residues, thus giving 

rise to false positives [17]. Even though a control (before PNGase F digestion) would be 

used to presumably correct these false positives [17], tryptic and chymotryptic 

glycopeptides from the control would most likely contain more than one N-glycosylation 

site within each peptide and therefore complicating the site-specific as well as any site 

occupancy analyses. Another option would be to digest CEA glycopeptides with Endo 

F(1-3) cleaving the N-glycan in between the two first GlcNAcs of N-glycans and leaving 

only one GlcNAc attached to the asparagine. However, the specificity of the Endo F 

enzymes is dependent on the N-glycan structure and given the complexity of CEA 

N-glycosylation it is likely that digestion with Endo Fs would also be just partial.  

In summary, current glycomics and glycoproteomics technologies provide already 

unprecedented insights into the primary structure of glycoconjugates that will eventually 

also translate into novel diagnostic and therapeutic targets to detect and fight cancer. 

However, despite the recent and ongoing advances in the field, further and continuous 

developments in the glyco-analytical area are still vital to push the field forward and 

uncover hitherto still hidden mysteries presented by glycoconjugates.   
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8.3 Future directions 

The in-depth analysis of carcinoembryonic antigen opens a valuable opportunity 

to study its glycosylation in health and disease and as well as the potential to use its 

glycosylation to improve current CEA diagnostics. As part of this thesis, I identified a 

hitherto not described glyco-epitope that consists of a hexose that is attached to the 

bisecting GlcNAc in about 15% of total CEA N-glycans derived from colon cancer. In 

contrast to earlier reports for different glycoproteins where a comparable structure was 

found to carry a 1-4 linked galactose attached to the bisecting GlcNAc [13-15], the 

N-glycans identified on CEA carried a 1-4 galactosidase resistant glyco-epitope, 

indicating the presence of a different type of linkage or other type of hexose. Future work 

using a larger panel of different with exoglycosidases including 1-4 galactosidase, 1-3 

galactosidase, 1-3/4 galactosidase and 1-3/4/6 galactosidase will, in combination with 

PGC-nanoLC-ESI-MS/MS analyses, shed light on the molecular nature of this 

glyco-epitope. Moreover, the glycosyltransferase responsible for synthesising this 

epitope will need to be identified. CRISPR-Cas9 gene editing provides a perfect tool to 

selectively knock-out individual known and predicted galactosyltransferases in selected 

human colon cancer cell lines for transferase identification. Once the transferase is 

identified, it can be easily characterised with respect to substrate specificities and its 

organ-specific distribution. 

 CRISPR-Cas9 technology in general offers enormous opportunities to 

systematically edit CEA glycosylation associated glycosyltransferase genes and produce 

glyco-engineered CEAs expressing cancer cell lines. These cell line tools can then be used 

to study the function of CEA in in vivo and in vitro functional assays, but also how changes 

in glycosylation affect CEA expression cancer cells with respect to their cell-cell interactions 

and their cancer metastasis potential. The knowledge that can be gained from these 

experiments will provide further evidence how information CEA specific glycosylation can 

be translated into novel, refined clinical diagnostics that maybe at some hopefully not so 

distant point in the future will provide better, more specific diagnostics that may also harbour 

the potential for an early stage colon cancer diagnosis. Until that point, however, it is still a 

long way. 
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