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Abstract 

Colorectal cancer (CRC) is a common malignancy with an estimated incidence of over one million 

new cases worldwide per annum. The classical diagnostic biomarker carcinoembryonic antigen (CEA) 

has limited sensitivity, so is not well suited for population-based screening. Therefore, there remains 

a need for novel biomarkers for the early detection of CRC. As protein glycosylation and glycans are 

underexplored as sources of potential biomarkers, this thesis uses mass spectrometry to investigate 

these as possible novel sources of CRC biomarkers.  

 

In the first phase of the work, N- and O-glycans from five CRC cell lines were compared with those 

recovered from colonic tumours (Chapter 2). To provide a bona fide comparison, the epithelial cells 

from the tumours were enriched using an immunoaffinity method based on EpCAM expression. 

Glycosylation differences were found in both N- and O-glycans. However, the differences were 

especially striking in the O-glycans. Amongst these differences, the well-known glycan cancer marker, 

sialyl-Tn was expressed in high abundance in the tumours, but it was not detected in the cell lines, 

except in the mucin-producing LS174T cells. Additional work using qRT-PCR implicated the regulation 

of glycosyltransferase and mucin expression in the formation of sialyl-Tn. Overall, the glycosylation 

differences found between cell line model systems and tumours, indicates that glycan markers may 

be differentially expressed in these two systems. This finding cautions against the use of cell lines 

only for biomarker discovery as glycan biomarkers may be missed.  

 

Expanding on this work, colon epithelial cells enriched from pair-matched normal and tumour tissues 

were investigated (Chapter 3 and 4). In Chapter 3, the N- and O-glycan profiles of epithelial cells from 

non-neoplastic and cancer tissues were compared. As expected, sialyl-Tn was increased in the 

tumours. Additionally, 13 other glycans (12 N-glycans, 1 O-glycan) were found differentially 

expressed in the tumours; 12 of these have not been reported previously. The changes in 

glycosylation also implicate changes in the corresponding biosynthetic pathways and are potential 

new markers for CRC. 

 

Given that glycosylation changes were associated with membrane proteins, label-free membrane 

proteomics was also carried out on the epithelial-enriched normal and tumour colonic tissues 

(Chapter 4). Over 1600 proteins were identified with 52 membrane proteins differentially expressed, 

which included 9 glycoproteins. Proteins previously linked with CRC were identified as well as 

proteins not formerly associated with CRC and these altered proteins are implicated in nucleotide 

binding, protein transport, immunity and cell proliferation. The N-glycosylation sites of membrane 

glycoproteins were also mapped, which included the confirmation of 60 potential sites and 

identification of 16 unannotated sites. Intriguingly, quantification of formerly glycosylated and non-
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glycosylated peptides from CEA suggests N-glycosylation site differences which may be used to 

differentiate normal and tumour tissues.  

 

In summary, this thesis examines the alterations in glycan and glycoproteins of epithelial cells in 

colorectal cancer using mass spectrometry. The study has developed a comprehensive workflow that 

has enabled new insights to be revealed about glycan, protein and glycosylation site changes in 

tumours. These molecular changes may provide novel leads in the ongoing search for new 

biomarkers of improved sensitivity and specificity in colorectal cancer.  
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1 Introduction 
Altered glycosylation is a common phenotype exhibited by various cancers including cancers with 

high incidence such as breast, prostate, lung and colon [1, 2]. Since glycosylation is changed during 

cancer, it can be utilised as a potential source of novel biomarkers needed for early cancer detection. 

In this thesis, the focus will be on glycan and glycan-related changes in colorectal cancer. In this 

introduction, the basics of glycosylation and colorectal cancer will first be reviewed. This will be 

followed by an overview of the approaches used to analyse glycans and then an in-depth analysis of 

reported glycan and glycoprotein changes in the context of colorectal cancer. Finally, the rationale 

and the research aims of this work will be described. 

 

1.1 Glycosylation 

Glycosylation is usually defined as the enzymatic process of covalent attachment of carbohydrate 

chains, also known as glycans, onto biomolecules such as proteins or lipids [3]. Glycosylation is a 

protein post-translational modification (PTM) of proteins following their synthesis. Other notable 

examples of PTMs include phosphorylation [4, 5], acetylation [6, 7] and methylation [8]. 

Glycosylation is estimated to be one of the most common protein PTMs with approximately 50% of 

proteins proposed to be glycosylated [9].  

 

Each glycan is synthesised from a number of monosaccharides, which are the most basic units of a 

carbohydrate. For ease of representation, two major systems of nomenclature are commonly used to 

represent glycans [10]: Oxford [11], and Consortium of Functional Glycomics nomenclature (CFG, 

described at http://glycomics.scripps.edu/coreD/PGAnomenclature.pdf).  A hybrid of these systems 

can also be used. Using CFG nomenclature, a table of 20 natural monosaccharides is shown below 

(Table 1). Commonly-used abbreviations for each monosaccharide are also included. A subset 

(shaded in orange) is known to be commonly expressed in eukaryotes, although the additional 

monosaccharides (not shaded) can also be expressed in plants and bacteria.  

http://glycomics.scripps.edu/coreD/PGAnomenclature.pdf
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Table 1. Representation of common naturally-occurring monosaccharides using Consortium of 

Functional Glycomics (CFG) notation. A subset (shaded) is more frequently observed in eukaryotes.  

 

 

Unlike protein synthesis, glycan synthesis is non-template driven, producing complex structures. 

Structural variability arises from the glycosidic linkages which allows each monosaccharide to be 

covalently linked to every other via the series of hydroxyl groups present [12]. In order to specify the 

glycosidic linkage involved between monosaccharides, IUPAC nomenclature includes both 

anomerisation type (α or β) and linkage (illustrated in Fig 1) [13]. For example, α2-3 linked sialic acid 

(NeuAc) indicates that the glycosidic linkage is α-anomeric and the number of the anomeric carbon 

atom on sialic acid is 2 (Fig 1b). Moreover, the glycosidic bond occurs between the 2nd carbon (from 

sialic acid) to the 3rd carbon atom of the adjacent monosaccharide residue (galactose, Fig 1b).  

 

For Oxford notation, alphanumeric characters are combined with angled linking between 

monosaccharides to specify glycosidic linkages (Fig 1c). CFG nomenclature is similar, although there is 

no angled linking between monosaccharides. Linkage information is specified by alphanumeric 

characters only (example in Fig 2). In the hybrid system, CFG notation is combined with angled linking 

(Fig 1d). In this thesis, CFG notation will be generally used unless emphasis on glycosidic linkages is 

required. When this occurs, hybrid notation will be used.  

 

Due to differences in glycosidic linkages, glycan structures can have the same chemical composition 

and mass but different stereochemistry – these glycans are known as isomers [12]. Separation and 

characterisation of different glycan isomers is an important consideration in glycan structural and 

functional analysis [14, 15].  
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Figure 1. Stereochemistry of carbohydrates (illustrated using sialic acid/NeuAc) represented by 

chair conformation and hybrid nomenclature (CFG depiction with linkage positions). A) α and β 

anomers of sialic acid with carbons numbered. Note the differences in position of the hydroxyl (-OH) 

group at the anomeric carbon (carbon 2). Differences in α2,3- and α2,6-linked sialic acids 

represented by chain conformation (B) and hybrid nomenclature (D). For example, α2-3 linked sialic 

acid indicates that the glycosidic linkage is α-anomeric and the number of the anomeric carbon atom 

on sialic acid is 2. Moreover, the glycosidic bond occurs between the 2nd carbon (from sialic acid) to 

the 3rd carbon atom of the adjacent monosaccharide residue (galactose). R represents N- or O-glycan 

or glycolipid. C) Linkage positions used in the hybrid/Oxford nomenclature. Adapted from [16, 17]  

and [18]. 

 

The most common attachment of glycans to proteins is through the amide group on asparagine 

amino acid (N-linked) or the hydroxyl group on serine (Ser) or threonine (Thr; O-linked). These are 

discussed below in detail. 
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Figure 2. N- and O-glycans. The chitobiose core (or core) is shared amongst all known N-glycans. 

Cores 1-8 of O-glycans are also shown. X represents any amino acid except proline. 

 

1.1.1 N-glycans 

N-glycans are defined as carbohydrate chains covalently linked to asparagine (Asn) amino acids 

through the amide nitrogen (Fig 2). This bond is known as the N-glycosidic bond. Although five types 

of N-glycosidic bonds are known to exist in nature, the most common is the joining of an N-

acetylglucosamine (GlcNAc) monosaccharide to the asparagine amide nitrogen. All N-linked glycans 

can be found attached to an asparagine which resides within a consensus sequence (sequon) 

consisting of asparagine-X-serine/threonine/cysteine (where X is any amino acid except proline, Fig 

2)[19]. Because of this consensus sequence, the N-glycan sites on a polypeptide can be easily 

predicted, unlike the situation for O-glycans. N-glycans have a common structural motif known as the 

chitobiose core (boxed in Fig 2) which consists of two GlcNAc residues and three mannose arranged 

in a conserved branched configuration.  

 

N-glycans can be further sub-divided into three categories: (i) high-mannose, (ii) complex, and (iii) 

hybrid (Fig 3). High-mannose glycans have their chitobiose cores extended with only mannose 

residues. In contrast, hybrid glycans have one branch of their chitobiose core extended with non-

mannose residues such as GlcNAc, GalNAc, galactose and sialic acids (NeuAc or NeuGc); these 

residues comprise all branches of the complex glycans. Additionally, hybrid/complex glycans can be 

modified with the addition of fucose residues to the core (known as core-fucosylation) and the non-

reducing terminus (outer-arm fucosylation).  A notable subtype of complex glycans are bisecting N-

glycans, which are characterised by a β1,4-linked GlcNAc to the central mannose of the N-glycan core 

(Fig 3).   
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Figure 3. Representative types of N-glycans – high mannose, complex, hybrid and bisecting. 

 

1.1.2 O-GalNAc glycans (O-glycans) 

O-linked carbohydrates are known to be covalently linked to serine or threonine residues via 

hydroxyl groups. There are different types of O-linked glycans such as O-GalNAc, O-fucose and O-

glucose glycans, which have been named depending on the first monosaccharide attached via the O-

linked glycosidic bond [20]. In this thesis, the focus will be on O-GalNAc glycans (Fig 2) which are 

frequently found in mammals [21]. Henceforth, the term O-glycans will refer specifically to O-GalNAc 

glycans.  O-glycans are more structurally variable relative to N-glycans as they are attached in one of 

eight structural “cores” (Fig 2). Four of these core structures (1, 2, 3, and 4) are particularly 

widespread  in mammalian glycoproteins [21]. Unlike N-glycans, O-glycans are not known to be 

attached to proteins following rules of a strict structural motif or a consensus sequence [22] making 

the prediction of O-glycan sites on proteins much more difficult. 

  

1.2 Glycan biosynthesis 

Glycosidases and glycosyltranferases are the two main classes of glycan-processing enzymes involved 

in glycan synthesis. Glycosidases function to break down glycans into individual residues while 

glycosyltransferases have the opposite role of elongating (or building) glycans [23]. Interestingly, it is 

believed that humans have a repertoire of approximately 250 glycosyltransferases and glycosidases 

and as many as 30 are involved in the co-ordinated synthesis of a single complex oligosaccharide 

[24]. 
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Figure 4. An overview of the N-glycosylation pathway adapted from Essentials in Glycobiology [25]. 

This schematic shows the nascent N-glycan in the ER through to its maturation in the Golgi network.  
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Glycosidases are located both in the endoplasmic reticulum (ER) and Golgi apparatus. The majority of 

glycosyltransferases are restricted to the Golgi apparatus [24]. However, the transmembrane domain 

of glycosyltransferases may be proteolytically cleaved, leading to the secretion of these enzymes in 

soluble form in body fluids [26, 27]. The biosynthetic pathways and enzymes involved in N-

glycosylation, as well as those involved in the Core 1-4 based O-glycosylation have been identified, 

although limited information is known about the biosynthesis of Core 5-8 O-glycans. The overall 

activity of glycosyltransferases is likely affected by a complex interplay between factors such as 

substrate availability (nucleotide sugar donors)[28], sugar transporters[28], mRNA stability[29] and 

protein turnover [30]. 

 

1.2.1 N-glycan biosynthesis 

The eukaryotic N-glycosylation pathway is generally well-understood. A schematic representing an 

overview of this pathway is shown in Fig 4. Briefly, N-glycosylation begins with the transfer of GlcNAc 

onto a lipid-phosphate precursor (dolichol phosphate, boxed in Fig 4) located on the cytoplasmic face 

of the ER. This is gradually extended to a 7-sugar compound (Dol-P-P-GlcNAc2Man5) by a series of 

GlcNAc transferases and mannosyltransferases, before the sugar is “flipped” over to the luminal side 

[31]. The glycan continues to be extended to a 14-sugar compound by the addition of four mannose 

and three glucose residues [25]. This compound is transferred ‘en bloc’ onto an asparagine residue 

by oligosaccharyltransferase (OST) and is truncated by glucosidases and mannosidases as it is 

processed through the cis- and medial-Golgi. It can then be extended by various glycosyltransferases 

to become a mature hybrid/complex N-glycan in the medial- and trans-Golgi network [25]. Following 

the maturation of the protein and glycan, the glycoprotein is sorted into specialised vesicles for 

secretion (by exocytosis) or transportation to plasma membrane (by endocytosis) [32]. 

 

1.2.2 O-GalNAc glycan (O-glycan) biosynthesis 

A summary of the O-GalNAc glycosylation pathway for core 1-4 structures with the associated 

glycosyltransferases is shown in Fig 5. O-glycan synthesis differs from N-glycan synthesis as each 

residue is added sequentially entirely within the Golgi apparatus.  The transfer of GalNAc onto a 

serine/threonine residue by the polypeptide GalNAc transferase (ppGalNAcT) is the initial step in O-

glycan synthesis [22]. This forms the Tn antigen (O-GalNAc) which is the basis for all core structures 

(shaded, centre, Fig 5). Tn antigen can be sialylated to form sialyl-Tn, galactosylated to form Core 1 or 

N-acetylglucosaminylated to form core 3. Core 1 and core 3 can be further extended [22]. For 

example, core 1 can also be extended to form Core 2 while Core 3 can be elongated to form core 4. 

Various glycosyltransferases, same as those that extend complex N-glycans [33], can elongate cores 1 

to 4 structures to more mature O-glycans (not shown).  
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Figure 5. Major pathways for synthesis of O-GalNAc glycan (O-glycan) cores. More complex O-

glycans are extended from these core structures. The biosynthesis of sialyl-Tn is also shown. Adapted 

from [22]. 

 

1.2.3 Glycosidase and glycosyltransferase specificity 

Generally, glycosidases and glycosyltransferases are known to be highly specific with only one 

enzyme responsible for the formation or hydrolysis of a specific glycosidic linkage [23]. In this thesis, 

the gene of a glycosyltransferase will be referred to using all capital letters while the enzyme product 

(protein) will be abbreviated using small letters. For example, fucosyltransferase 8 (the enzyme) is 

the protein product of FUT8 gene and can be abbreviated as Fut8. Like other glycosyltransferases 

generally, Fut8 (Fig 6) catalyses formation on only one linkage, which is the addition of α1,6-linked 

fucose to the N-glycan core. Another example is GlcNAcT-III (the enzyme product of MGAT3 gene) 

(Fig 6), which covalently attaches β1,4-linked GlcNAc to the N-glycan core to form bisecting N-

glycans.  

 

However, multiple genes can encode for glycosyltransferases synthesising the same glycosidic 

linkage, with members of the same family having different substrate specificities. Notable examples 

include ST3GAL1-6 genes, which encode for α2,3-sialyltransferases (Fig 6). Although the gene 

products are known to catalyse addition of α2,3-linked sialic acids, the ST3Gal1 and ST3Gal2 enzymes 
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preferentially transfer sialic acids to the terminal Galβ1-3GalNAc oligosaccharide [34] while ST3Gal3 

enzyme preferentially acts on type one chain (Galβ1-3GlcNAc) instead [34]. Another example is 

ST6GALNAC1 and ST6GALNAC2, both of which catalyse covalent addition of α2,6-linked sialic acid to 

GalNAc (Fig 6). ST6GALNAC1 acts preferentially towards Tn antigen substrate, while ST6GALNAC2 

demonstrates preferences towards core 1 (O-GalNAc-Gal, T antigen )[35].  

 

 

Figure 6. Representative diagram illustrating the glycosyltransferase genes involved in synthesis of 

various N- and O-glycans altered during different cancer types including colorectal cancer. R 

indicates N- and O-glycans. Taken from co-authored publication [36]. 

 

1.3 Colorectal cancer (CRC) 

There is a vast body of literature since the late 1980s [37] which strongly suggests that glycosylation 

and glycosylation-related changes occur during colorectal cancer (CRC) [38, 39] (see section 1.5). 

Hence, an overview on CRC will now be provided prior to further discussion of CRC-associated glycan 

changes.  CRC is defined as cancer of the large bowel and/or rectum [40]. It is a highly prevalent type 

of malignancy worldwide, being the third and second most common cancer in males and females 

respectively [41]. Globally, over one million annual new cases of CRC are reported with half a million 

deaths each year [41]. In Australia the incidence reflects the worldwide trend with CRC being second 
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most commonly diagnosed cancer (15,840 cases/year) or cause of death from cancer (approximately 

4000/year), according to the most recent estimates [42]. In the following sections, the anatomy and 

histology of the colon, the Australian clinicopathological staging system (ACPS) and the classical 

genetic model of CRC carcinogenesis is briefly reviewed.  

 

1.3.1 Normal colon anatomy and histology  

The colon is located in the terminal 1-1.5 m of the gastrointestinal tract between the ileum of the 

small intestine and the anus [43]. A schematic shown in Fig 7 illustrates the major regions of the 

colon: cecum; appendix; ascending, transverse, descending and sigmoid colon; rectum and anus. The 

colon functions to transport ions to maintain whole-body electrolyte homeostasis [44] and to 

desiccate partially digested semifluid food (chyme) to faeces [45].  

 

Figure 7. Schematic of the major regions of the colon. Adapted from [43]. 

 

Histologically, the colon contains layers similar to that of the small intestine but does not have villi 

[46]. In the normal colon, the major layers consist of the mucosa, submucosa, muscular propria and 

the serosa. Fig 8 shows a cross-section of a normal colonic mucosa. Numerous tubular glands, also 

known as crypts, can be observed. The mucosa is formed by the epithelium, lamina propria and 

muscularis mucosae [46]. The epithelium is the inner lining of the colon and contains epithelial cells 

of the simple columnar or cuboidal type [43]. Mucus-filled goblet cells also line the epithelium [43]. A 

major role of these cells is to synthesise, store and secrete mucus, which lubricates the colon to 

facilitate passage of faeces [46, 47].  
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Figure 8. Histology of normal colonic mucosae (transverse section, 30x magnification). Simple 

(absorptive) columnar cells and goblet cells form the colonic epithelium and lamina propria (the 

colonic stroma). The muscularis mucosae, submucosa and a lymphatic nodule are also shown. Image 

taken from [46]. 

 

The lamina propria extends from the basement membrane of the epithelial cells to the muscularis 

mucosae and forms part of the mucosal stroma (Fig 8). It contains a variety of cells such as fibroblasts 

and lymphatic cells (B cells, T cells and macrophages) [43]. The latter is involved in immunological 

defence and surveillance against noxious agents present in chyme [48]. Underlying the lamina 

propria is the muscularis mucosae which is a thin smooth muscle layer which separates the mucosa 

from the submucosa [43]. 

 

The submucosa is comprised of essentially similar constituents to the lamina propria, for example, 

lymphocytes, B cells, fibroblasts and macrophages [43]. Lymphatic cells may become aggregated to 

form lymphatic nodules [46]. It also contains connective tissues, blood vessels and nerves [46]. The 

muscularis propria, also known as muscularis externa, is a thick smooth muscle layer with a circular 

inner layer and a longitudinal outer layer. It functions to propel chyme through colon by neuronally 

and hormonally controlled mass movements called peristalsis [43].  

 

Altered morphology and histology of the colon are observed in formation of benign and malignant 

tumours [49]. For adenomas, morphological changes include mild dysplasia, where there is a 

disordered cellular organisation and abnormal growth, increased apoptosis and mucin depletion. The 

appearance of the cell nuclei is also altered to become more enlarged and elongated. Depending on 

their altered morphology, adenomas are classified as tubular, villous or tubulovillous [50]. For 

cancers, the main histopathological criterion is invasion of neoplastic cells through muscularis 
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mucosae into submucosa [49, 50]. Despite this pathology, immune and stromal cells such as 

myofibroblasts may be present within the tumour [51]. A tumour can be classified or staged 

depending on the extent of invasion. 

 

1.3.2 Australian clinicopathological staging system (ACPS) 

The Australian clinicopathological staging system (ACPS) has been proposed for reporting colorectal 

adenocarcinoma and is comparable to other commonly used staging systems such as TNM 

(Tumour/Node/Metastasis) staging [52]. It utilises a combination of clinical, operative and 

pathological information when staging colonic tumours [53]. A variant of ACPS, from Concord 

hospital (Sydney, Australia), has also been used and all samples used in this investigation have been 

staged according to the Concord variant of ACPS. Table 2 compares sub-stages of ACPS variants with 

Dukes’ and the TNM staging systems [54].  

 

Table 2. Comparison of TNM, Dukes and ACPS variants of colorectal cancer staging systems [52-54]. 

Maximum spread Stage 

group 

TNM stage Dukes ACPS Concord 

variant 

Mucosa 0 Tis, N0, M0  A0 A1 

Submucosa  I T1, N0, M0 A A A2 

Muscularis Propria  T2, N0, M0 B  A3 

Beyond muscularis 

propria 

IIA T3, N0, M0 B B B1 

Serosa IIB T4, N0, M0 B  B2 

Regional lymph nodes IIIA T1-T2, N1, M0 C C C1 

 IIIB T3-T4, N1, M0 C  C2 

 IIIC T4, N2, M0 C D D1 

Metastasis IV Any T, Any N, M1 D  D2 

 

1.3.3 The genetic model of colon cancer 

Many molecular aspects of CRC have been found to be dysregulated in this complex disease, 

including DNA [55, 56], protein [57, 58] and cell signalling pathways [59-62]. In this section, a general 

overview on the well-known genetic model of colon cancer carcinogenesis will be presented, prior to 

a more in-depth review of the known altered glycosylation in CRC.  

 

The classical evolution of colon cancer is well understood because most colonic tumours progress 

through a series of distinct morphological stages. Many arise from adenomas [49], which are benign 

tumours of colonic epithelium. These adenomas may progress over decades to become fully 

malignant tumours. From the genetic viewpoint, the adenomas have gradually accumulated a series 
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of genetic mutations that confer selective growth advantage (Fig 9) [63]. Through clonal expansion, 

this allows the cells to outgrow sister cells and eventually become malignant tumours [64, 65].  

 

Figure 9. The classical genetic model of colorectal cancer. In this model, a series of accumulated 

genetic mutations eventually lead to the formation of malignant carcinomas. It is estimated that 50-

85% of colorectal cancers initiate by this pathway. Compiled from [64-66]. 

 

The accepted classical genetic model suggests that a preferred order of genetic mutations exists, 

although it has also been acknowledged that it is progressive accumulation, rather than the 

sequence, which is the most crucial for progression to cancer [64]. Nevertheless, in the classical 

model, the first mutation is likely to result in only limited clonal expansion, such as a small adenoma 

(Fig 9). The first mutation often occurs in the APC gene [65] (Fig 9). APC mutation can occur 

somatically [67] or in the germ line [68], the latter of which is called Familial Adenomatous Polyposis 

[68]. APC mutations usually results in protein truncation [67] and loss of tumour suppressor function, 

thereby initiating the process of tumour development [63, 65]. A second mutation, in KRAS, for 

example, can allow the adenomatous cells to accelerate their growth to form a larger adenoma [65] 

(Fig 9). Additional mutations in genes such as p53, TGF-β and SMAD4 provide further selective 

growth advantage, until malignant cells develop which can invade and metastasise into other tissues 

[64, 65]. These mutations, which confer a selective growth advantage, have been reported as ‘driver’ 

mutations [65]. Although the estimated selective growth advantage of ‘driver’ mutations is only 0.4% 

between cell birth and cell death [69], the growth advantage may be compounded over many years, 

resulting in an abnormal and sizable cell mass. 

 

1.3.4 Microsatellite instability (MSI) and DNA hypermethylation 

In addition to the reported classical pathway for CRC carcinogenesis, the two major alternate 

pathways for tumorigenesis are also known and will be briefly mentioned here. These are 

microsatellite instability and hypermethylation of DNA.  
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It has been estimated that 15% of colorectal cancers have microsatellite instability (MSI) [70]. These 

tumours have mutations in their mismatch repair (MMR) genes. MMR genes form a highly conserved 

system which repairs erroneous insertion, deletion and mis-incorporation of bases that may arise 

during DNA replication. Dysregulation of MMR system is known to increase mutations occurring in 

short tandem repeats of DNA, called microsatellite regions [66, 71]. Four MMR genes have been 

identified which are commonly mutated in colorectal cancer: MLH1, MSH2, MSH6 or PMS2 [70]. 

When compared to microsatellite stable (MSS) colorectal cancers, differences in morphology include 

higher mucin production and poorer differentiation [72]. In addition, MSI cancers are more likely to 

arise from the proximal colon (that is, ascending and transverse colon), be more common in females 

and have a better prognosis [72].  

 

On the other hand, DNA hypermethylation is also estimated to be associated with 40% of all 

colorectal cancers [66]. In this alternative pathway, tumorigenesis commences through accumulation 

of gene changes from hypermethylation of promoter regions, which are normally unmethylated in 

healthy cells. Hypermethylation generally leads to transcriptional silencing. In colorectal cancer, 

tumour suppressor genes such as p14, p16 and HLTF are frequently methylated and silenced [73]. 

Moreover, hypermethylation of DNA mismatch repair genes such as hMLH1 and MGMT can occur 

[72]. Therefore, there is an association between MSI and DNA methylation although the extent of 

overlap is not precise.  For example, some cancers may exhibit extensive DNA methylation but not 

MMR mutation [74]. Despite this, DNA hypermethylation is an important tumorigenic factor in a 

minor proportion of colorectal cancers. The methylation-induced silencing of tumour suppressor 

genes and/or DNA repair genes may reduce apoptosis and elevate somatic mutation rate, eventually 

leading to tumour development [66].  

 

1.4 Glycosylation and glycosylation-related changes in colorectal cancer 

An existing and continuously growing body of literature strongly indicates that glycosylation is often 

altered during colorectal cancer (CRC) progression and this connection between glycosylation and 

CRC is the subject of investigation in this thesis. In the following sections, the various scientific 

approaches used for glycosylation studies will be briefly discussed, namely in vitro, ex vivo or in vivo 

systems of investigation (section 1.4.1) and the suite of currently available glycan analysis techniques 

(section 1.4.2) will be reviewed, before launching into a more comprehensive discussion of changed 

protein glycosylation in CRC in terms of glycan structural (section 1.5) and glycoprotein (section 1.6) 

alterations. 
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1.4.1 Systems of scientific investigation 

There are three broad systems of scientific investigation which have been applied to the study of 

glycosylation and glycosylation-related changes. These are in vitro (Latin: in glass), ex vivo (Latin: out 

of the living), or in vivo (Latin: within the living) systems of investigation. In vitro systems are usually 

represented by cultured cells, ex vivo systems by human tissue samples and in vivo systems by animal 

models. Each of these investigative systems has their own advantages and limitations. Thus, optimal 

use is dependent on the particular scientific question of interest, which is elaborated further below. 

 

Human colon tissues, along with their related biofluids such as serum, are undisputed as ideal 

samples in terms of clinical relevance [75, 76]. Since samples are of human origin, there are no 

species-specific differences, although there may be genetic variability amongst different 

subpopulations [77]. In addition, they are not usually propagated in culture, removing the potential 

for changes arising from culture conditions. Given efficient sampling, collection and storage 

procedures, these samples are likely to be highly reflective of the true human in vivo status. This 

valuable data can be further compared with clinicopathological parameters, to make statistically 

relevant correlations and provide diagnostic, prognostic or predictive information. However, sample 

enrichment or fractionation may be necessary to reduce their enormous biological complexity prior 

to analysis [76]. Nonetheless, analysis of human tissues is undoubtedly an extremely valuable and 

clinically relevant resource, despite their limited quantity and inherent complexity. Multiple studies 

involving human tissues have already identified glycan and glycoprotein changes associated with 

cancer which have been correlated with patient outcome [78-81].  

 

Although tissues samples are highly clinically relevant, and correlations towards patient outcome can 

be made with matching clinicopathological data, it is frequently difficult to determine the underlying 

molecular regulation using this approach, since dose-response experiments cannot be easily 

performed due to legitimate ethical concerns. An additional consideration is the necessity to perform 

experiments where tumours are located within a cellular milieu, to reflect the full complexity of 

agent-host interactions. To this end, in vivo animal models are frequently employed to overcome 

limitations of an ex vivo approach, despite the potential for species-specific differences [82-84]. 

Nevertheless, there are several mouse and rat models developed to investigate pre-malignant colon 

conditions, such as adenomas, as well as early stage carcinomas [85]. Investigations into tumour 

properties, such as tumour growth [86-88] and metastatic potential [89, 90] are also relatively 

common in glycan studies, which has revealed some insights about glycosylation-related changes 

affecting tumour behaviour within a physiological system. 
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On the other hand, in vitro models are cancer cells which are routinely grown in the laboratory, 

having originated from tumours. Hundreds of colon and rectal cancer cell lines have been reported 

[86]. Some are more studied than others, for example, SW480 and SW620, since they are obtained 

from the same patient and therefore, considered an isogenic model of CRC metastasis [58, 91]. An 

obvious advantage of utilising cell lines is the ability to generate abundant sample material, which 

facilitates glycosylation studies. Also, investigations into genetic mutations, drug efficacy and cell 

function assays [87, 92] can be performed with minimal ethical issues. However, notable 

disadvantages include the lack of easily available non-cancer cell lines representing the normal 

healthy colon and the potential of well-established cell lines to be different from their parent 

tumours due to repeated subculturing [93]. Nonetheless, the many advantages of cell lines have 

made them a commonly used approach, particularly in the study of the regulation of glycan 

expression [94-98]. 

 

1.4.2 Analytical Techniques 

Both targeted and non-targeted approaches have been utilised to study protein glycosylation and 

glycoprotein expression in CRC. Targeted approaches have consisted mainly of 

immunohistochemistry with antibodies (glycan- or protein-specific) or lectins, while non-targeted 

approaches primarily use mass-spectrometry. Both of these approaches have various advantages and 

disadvantages in terms of their throughput, glycan structural determination and degree of 

quantitation (summarised in Table 3).  
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Table 3. Major advantages and disadvantages of targeted and non-targeted glycoanalytical 

techniques 

Approach Typical techniques Pros Cons 

Targeted Immunohistochemistry 

Lectin/Western Blotting/ 

Flow cytometry 

 High throughput 

 Amenable to large 

patient cohorts (100+) 

 Semi-quantitative. 

 Dependent on availability 

and specificity of 

antibody/lectin 

Non-

targeted 

Discovery-based mass 

spectrometry usually 

interfaced with 

orthogonal separation 

technique 

 Ideal for novel 

biomarker discovery 

 Sensitive 

 Suited to detailed 

structural 

characterisation 

 Low throughput. Small 

patient cohorts. 

 Sample preparation 

(enrichment) usually 

required. 

 

For targeted approaches, the suite of antibody-based techniques is large and includes, but is not 

limited to, Western blotting [89], flow cytometry [98, 99] and immunohistochemistry [37, 100]. One 

clear advantage with antibody-based targeted approaches is their throughput, which is typically 

higher than their non-targeted counterparts. Immunohistochemistry is one technique frequently 

employed in large clinical cohorts, some exceeding 100 patients [100, 101] for investigation of the 

cellular expression of cancer-associated glycan epitopes, such as sialyl-Tn [78], Lewis [100] and sialyl 

Lewis antigens [100]. In contrast, many MS-based discovery glycan investigations use much smaller 

cohorts, for example, a recent study on N-glycosylation of proteins in CRC used only 13 patients [38] 

while an earlier study of mucin O-glycosylation analysed samples from only 3 patients[102]. Having 

mentioned this, non-targeted MS approaches can be made targeted by use of selected reaction 

monitoring (SRM) or related methods. This has been demonstrated on bovine milk oligosaccharides 

[103], O-glycans from salivary mucins [104] and N-glycans from a pancreatic cell line [105]. Though 

targeted SRM glycan analysis has not yet been utilised in CRC, the application of SRM in various 

glycan studies analyses shows the potential application of this quantitative technique for routine 

glycan analysis, which may also increase throughput. Taken together, the use of targeted approaches 

thus facilitates timely processing of statistically powerful sample populations, thereby increasing 

potential clinical relevance and correlation to patient outcome.  

 

Additionally, the relative specificity of targeted approaches for particular glycan structures/motifs 

has made them a commonly exploited tool to detect specific glycan changes. In particular, lectins 

(glycan-targeting proteins) have been used in a variety of formats, such as lectin histochemical 

staining [106-108], lectin affinity chromatography [109, 110], lectin blotting [89] and lectin array 

[111]. Lectins can also be used for sample enrichment prior to subsequent analyses, including liquid 

chromatography tandem mass spectrometry (LC-MS/MS) [112]. The use of both glycan-targeted 

antibodies and lectins has yielded useful information regarding glycan changes during CRC, 
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particularly alterations in structural motifs such as sialyl Lewis X [98]. However, a limitation of these 

approaches is that the structure of the entire glycan moiety is difficult to determine, with the 

exception of truncated O-glycans such as Tn and sialyl-Tn, where the structure is known. Two 

approaches which can overcome this limitation towards more comprehensive structural 

characterisation are nuclear magnetic resonance (NMR) and mass spectrometry (MS). NMR relies on 

the absorption of electromagnetic energy by atomic nuclei when placed in a strong magnetic field 

while MS separates ions using electromagnetic fields, based on their mass-to-charge ratio (m/z).  

Of these, MS is relatively more common when studying human glycosylation, due to its higher 

sensitivity (especially for biological samples where sample quantity is limiting), although NMR has 

also been used [102, 113, 114]. MS is also frequently coupled with a separate pre-fractionation 

technique such as capillary electrophoresis, gas or liquid chromatography to further reduce sample 

complexity prior to MS fragmentation [115]. As liquid chromatography tandem mass spectrometry 

will be used as a mainstay technique in this thesis, liquid chromatography techniques will be further 

reviewed below. This will be followed by general overview of the various mass spectrometry 

architecture that can be employed to analyse glycans. 

1.4.2.1 Liquid chromatography separation techniques for glycans 

The main principle behind separation of glycans using liquid chromatography techniques is their 

retention (or adsorption) to a stationary phase, which competes with their solubility in the mobile 

phase. Thus, the material comprising the stationary phase is a critical consideration in LC separations, 

given that they display different characteristics and pH stabilities (Table 5). For glycan analysis in 

complex biological mixtures, three of the major separation techniques include (but are not limited 

to) porous graphitised carbon (PGC), hydrophilic interaction liquid chromatography (HILIC), and 

reverse phase (such as C18). A brief description of each of these separation techniques is provided in 

Table 4. Following this, the various advantages and disadvantages of these techniques for glycan 

separation are shown in Table 5. 

Table 4. Major types of liquid chromatography separation techniques and their application to 

glycan analysis. 

Technique Description 

Porous 

Graphitised 

Carbon 

Glycans (labelled or unlabelled) are bound to a column with highly structured 

graphite surface and eluted with a mainly organic mobile phase [116]. Glycans 

retained based on planarity, size and charge [15]. 

Hydrophilic 

Interaction Liquid 

Chromatography 

(HILIC) 

A variant of normal phase chromatography where glycans (usually labelled) are 

bound to a hydrophilic column and eluted with a hydrophobic (mainly organic) 

mobile phase [117]. Glycans are retained based on the number and size of polar 

groups which is usually correlated with glycan size [118]. 

Reverse phase Glycans (labelled or derivatised for retention) are bound on a hydrophobic 

column (such as C18) and eluted with polar (aqueous) mobile phase [119]. 
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Charged glycans (such as those which are sialylated) are eluted earlier than 

neutral glycans [120]. 

 

Table 5. Comparison of the major types of stationary phases used in glycomics investigations. 

Stationary phase 

for glycan 

separation 

Advantages Disadvantages Ref(s) 

Porous 

graphitised 

carbon (PGC) 

 Separation of isomeric 

glycans. 

 Wide pH compatibility 

(0-14) and chemical 

stability.  

 Glycans may be labelled 

or unlabelled with a 

reducing end tag. 

 Reduction of glycans required 

to prevent peak splitting due 

to reducing end anomers. 

 Increased retention for 

glycans of high molecular 

weight/charge.  

[15, 116, 

118, 121-

123] 

Hydrophilic 

Interaction Liquid 

Chromatography 

(HILIC) 

 Separation of isomeric 

glycans. 

 Glycans may be labelled 

or unlabelled with a 

reducing end tag. 

 Lower pH compatibility 

compared to PGC (pH 

stability of 2 – 7.5) if silica-

bonded phase used. 

[118, 124-

126] 

Reverse phase  Compatible with many 

standard reverse phase 

nano LC-MS/MS systems 

already used in 

proteomics laboratories. 

 Can be added as a 

second dimension 

following normal phase 

HPLC for higher 

chromatographic 

resolution. 

 Isomers not as well resolved 

compared to HILIC and PGC. 

 Lower pH compatibility 

compared to PGC (pH 

stability of 2 – 7.5) due to 

silica-based particles. 

[118, 119, 

123] 

 

As the biological function of glycans may be affected by their structure, the separation of isomers is 

an important feature required for LC technique to be utilised in this study. In this regard, both PGC 

and HILIC display superior capability to separate isomeric glycans. However, in our laboratory, PGC 

was shown to have a longer column life compared to HILIC [121], which may be attributed to its 

wider pH stability and therefore, PGC separations have been performed in this study. Nevertheless, it 

is acknowledged that HILIC may be employed to characterise glycans related to colorectal cancer and 

indeed, a glycomics study was performed by Balog et. al.[38], thus illustrating that multiple LC 

separation techniques may be applied and are complementary in related glycomics investigations. In 

addition, when PGC is interfaced with mass spectrometry, both glycan mass and the various 

retention times of separated isomers can be used to create a structure-retention time library of 
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known glycans [127]. However, the use of internal standards have been recommended in LC systems 

using capillary (or micro) flow to correct for any retention time shifts, as the reproducibility of 

capillary LC runs is not adequately robust [127].  

Having mentioned the above, there remain some technical limitations to LC-MS/MS systems using 

PGC (and HILIC). Although different glycan isomers can be separated, they may not completely and 

unambiguously identified. In order to clearly identify these structures, additional information from 

exoglycosidase digestions and/or MSn fragmentation is extremely useful [128, 129]. Exoglycosidases 

(used in combination or singly) can be used to cleave specific glycosidic bonds, resulting in 

predictable and reproducible shifts in retention times, thus enabling the clear assignment of 

glycosidic linkages on glycans [129]. While this retention information can ultimately be utilised in the 

structure-retention time library (as above), it is noted that the initial building of the library may still 

require the use of exoglycosidases, especially when glycan quantity is limiting (and therefore, 

alternative technique such as NMR cannot be used). On the other hand, additional fragmentation 

stages, such as MS3, may also provide valuable structural information, especially when specific 

exoglycosidases are unavailable. Using a spectral matching approach, for example, an oligosaccharide 

with 1-4 linked GlcNAc may be distinguished from another with 1-4 linked GalNAc by the correlation 

and intensity of MS3 fragments of a cross-ring cleavage ion [128]. Taken together, the use of 

exoglycosidases and/or MS3 may add a higher level of detail to glycan characterisation and 

overcome some of the technical limitations of LC MS/MS with PGC. Nonetheless, this degree of detail 

may not be required for all glycomics studies or even all glycans within the same investigation, 

allowing for uncertainty (‘fuzziness’) in structural assignments. In this thesis, glycan fuzziness is 

denoted by the use of brackets in the context of CFG nomenclature. 

1.4.2.2 Mass spectrometric analysis of glycans 

There are three main aspects of mass spectrometry architecture that can be considered when 

designing experiments for optimal glycan analysis: 1) Ionisation method, 2) Type of mass analyser 

and 3) Fragmentation for glycan sequencing. These will be discussed further below. As the low 

throughput-nature of data analysis is a notable bottleneck in glycomics, this issue will also be briefly 

discussed. 

Ionisation methods 

Recently, the power of MS has been utilised more than ever previously with the advent of 

‘soft’ electrospray ionisation (ESI) [130] which allows more optimal information-rich 

fragmentation without excessive’ destruction. The other predominant ionisation method in 

glycomics is MALDI (Matrix assisted laser desorption/ionisation and ESI (electrospray ionisation), 

although fast atom bombardment has also been historically used for glycan analysis [21, 131]. For 
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MALDI, the analytes (in this case glycans) are co-crystallised in a matrix on a target plate and analytes 

are ionised by laser induced desorption [132]. The resulting ions are accelerated through the mass 

spectrometer for analysis. In contrast, analytes are dissolved in a suitable solvent rather than 

crystallised in a matrix in ESI [133]. The solution containing the analyte is sprayed through a needle 

applying a high voltage which results in the generation of fine droplets and solvent evaporation. This 

leads to the formation of multiply-charged gas phase ions containing the analyte that can be further 

analysed in the mass spectrometer. Not surprisingly, these two different ionisation mechanisms have 

various advantages and disadvantages which are tabulated in Table 6 below. 

 

Table 6. Ionisation methods commonly used for glycomics analysis. Both of these approaches 

detailed below as considered ‘soft ionisation’ techniques which allow for glycans to be ionised 

without their excessive destruction. 

Ionisation method Advantages Disadvantages Ref(s) 

MALDI (Matrix 

assisted laser 

desorption/ionisation) 

 Simple and less labour 

intensive sample 

preparation compared to 

ESI. 

 Analysis rapid when 

performed without prior 

fractionation. 

 Provides quick snapshot 

for monitoring 

exoglycosidase digestions 

or estimating glycan 

variety in biological 

mixture.  

 Fractionation (if desired) 

needs to be performed 

offline. 

 No separation of isomeric 

glycans if no prefractionation 

performed. 

 Dissociation of labile 

glycosidic bonds for 

native/reduced glycans. 

These are bonds involving 

acidic monosaccharides and 

their substituents 

(sulfate/phosphate). 

[132-

134] 

 

ESI (Electrospray 

ionisation) 

 Commonly interfaced with 

online liquid 

chromatography (LC) to 

obtain a highly detailed 

glycan profile. 

 Can be used to profile 

native or reductively 

aminated glycans without 

dissociation of labile 

glycosidic bonds. 

 Samples need to be free of 

salts to prevent formation of 

adduct peaks. 

 More analysis/instrument 

time required when coupled 

with online LC. 

 

[132-

134] 

 

Despite the noted disadvantages of ESI, such as more labour-intensive sample preparation, this 

ionisation method has been utilised for glycan characterisation in this thesis as it captures a more 

highly detailed glycan profile for the analysed samples. In addition, ESI is frequently coupled with 

liquid chromatography (LC) and this is an approach which will be used in this study. The coupling of 
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ESI with LC allows for separation of glycan isomers and improved analysis of low abundance glycans 

relative to unfractionated mixtures, which is highly suitable for data-dependent discovery of novel 

glycan biomarkers that is an aim of this investigation.  

Mass analysers 

There are a variety of mass analysers available (for detail review please see Yates) although several 

mass analysers are preferred for glycomics analysis. These include quadrupole ion traps (IT) and TOFs 

(time-of-flight) analysers although Orbitraps and FTICR (Fourier Transform Ion Cyclotron Resonance) 

can also be used. A brief overview of the working principle behind these mass analysers is provided 

below. Each type of mass analyser has unique properties such as differences in resolution, mass 

accuracy, sensitivity and scan rate. Multiple mass analysers can also be combined to create hybrid 

mass analysers for specific analytical requirements. The basic performance parameters of frequently 

used mass analyzers (singly or in hybrid) are shown in Table 7 for further comparison. 

 

Quadrupole Ion traps 

Quadrupole Ion traps are known to exist in two types – the three dimensional quadrupole ion trap 

(also known as Paul trap) and the two-dimensional linear ion trap (LIT). Both operate on the principle 

that charged ions are trapped by a combination electric and magnetic fields produced by four 

electrodes [135].  Despite their limited mass accuracy and resolution (Table 7), these instruments are 

still used standalone because of their high sensitivity, especially compared to beam type instruments 

[136]. Linear Ion Traps can also be used at the front end of hybrid instruments and combined with 

other mass analysers [135]. 

 

Time-of-flight (TOF) 

Time-of-flight (TOF) analyzers produce mass spectrum by measuring the flight time of charged ion 

down a vacuum and field-free flight tube. A limitation of initial TOF instruments is inability to 

perform high quality MS/MS as the ability to select ions for fragmentation is limited [136]. To 

overcome this limitation, a tandem TOF instrument (TOF/TOF) may be used. This instrument uses the 

first TOF analyser as an ion selector and after ion pass through a collision cell, the second TOF 

produces MS/MS.   

 

Orbitraps 

Orbitraps captures ions by influencing their motion in a static electromagnetic field, where they 

move in a circular (or orbital) motion around a central electrode and oscillate in the axial direction. 

The m/z value is then determined by Fourier Transform algorithm to convert the ion’s frequency of 

motion into mass spectrum [137]. These are frequently used as back end of hybrid instruments 
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(where the front end is composed of mass analysers for ion selection and fragmentation such as a 

linear ion trap (LTQ)). 

 

Fourier transform ion cyclotron resonance (FTICR) 

These mass analysers are known to have the greatest capacity for mass resolution (up to 100,000) 

and mass accuracy (1-2 ppm) [136]. They operate by trapping ions in a static electromagnetic field 

where they move in circular motion and the m/z value of an ion is derived by the ion’s frequency of 

motion. Similar to Orbitraps, FTICRs can also be utilised as back end of hybrid instruments (where the 

front end is composed may be a LTQ). 

Table 7. Performance comparisons of mass spectrometers frequently used for glycan analysis. 

Adapted from [136] and [138]. 

Instrument Resolution Mass accuracy Scan Rate 

Linear Ion Trap 

(LTQ) 

2000 100-300 ppm Fast 

TOF-TOF 20-25,000 10-20 ppm Fast 

Quadrupole Time-

of-flight (QTOF) 

10,000 2-5 ppm Moderate 

LTQ-Orbitrap 100,000 2 ppm Moderate 

Fourier Transform 

Ion Cyclotron 

Resonance 

(FTICR) 

50-100,000 1-2 ppm Moderate 

LTQ-FTICR 500,000 < 2ppm Slow 

 

Tandem mass spectrometry of glycans (MSn) 

Tandem mass spectrometry involves the selection and fragmentation of precursor (or parent) ions to 

generate product ions which are further analysed in the mass spectrometer. It can be performed in 

multiple stages, with fragmentation occurring in between each stage. Methods used to induce 

fragmentation of biological compounds (such as glycans) include collision induced dissociation (CID), 

electron-based dissociation and infrared multiphoton dissociation (IRMPD). Regardless of 

dissociation method employed, structural glycan information can be obtained depending on the 

fragmentation pattern since glycans fragment reproducibly along specific pathways to produce 

“diagnostic ions”. In particular, these ions may be used to distinguish glycan structural isomers from 

one another [139]. A widely adopted method to specify glycan ions is the nomenclature originally 

proposed by Domon and Costello (shown in Fig 10). 
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Figure 10. Nomenclature for glycan fragments obtained from tandem mass spectra. Originally 

published in [140]. 

 

In terms of fragmentation for CID, there are two major types of cleavages that can occur in glycans: 

glycosidic cleavages where the linkages between two adjacent monosaccharides are broken and 

cross-ring cleavages, there is rupture within a monosaccharide residue’s sugar ring. Glycosidic 

cleaves provide structural details regarding a glycan’s composition and sequence whereas cross-ring 

cleavages reveal information about the glycan’s various linkage types [140]. In addition to these, a 

third type of cleavage, known as internal cleavage may also occur. These also potentially useful 

fragments are generated when two (or more) cleavages (either glycosidic or cross-ring) occur on 

different regions on the glycan molecule [140, 141]. 

 

Glycans may be analysed in either positive or negative ion mode. In positive ion mode, glycan may be 

either protonated or observed as a metal (e.g. sodium) adduct [140]. Various studies have shown 

that protonated glycans produce glycosidic cleavages, which provides sequence but not linkage 

information [141]. Due to limited ionisation efficiency and lability of sialic acid groups in positive ion 

mode, glycans may be permethylated, to increase their chemical stability. This involves the 

conversion of every hydroxyl group (-OH) to an O-Methyl group [132] and allows for sialylated 

glycans to be analysed alongside non-sialylated glycans in positive mode.  

 

It has been argued that analysis of permethylated glycans in positive mode is preferable to that of 

native glycans, since they ionise better and give more definitive sequencing, based on the predictable 

and well-characterised series of fragment ions [132]. This includes the ability to generate fragment 

ions that provide detail information about glycan epitopes at the non-reducing end terminus, such as 

sialyl and non-sialyl Lewis A/X epitopes (for more information on Lewis epitopes, please see section 

1.5.1.2). However, this level of information may also be obtained in the negative ion mode, which 

also has a substantial number of conserved fragment ions [139, 142]. Moreover, cross-ring fragments 
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appear to be more abundant in negative ion mode - these may provide additional information on 

structural features such as branching on N-glycan antennae.  

 

Nevertheless, a degree of ambiguity can arise for both negative and positive ion mode glycan 

analysis, either due to limited availability of diagnostic fragment ions or the complex nature of the 

glycan (for instance, if different terminal epitopes exist on different antennae). To overcome this 

limitation, pertinent precursor ions from MS2 may be selected for further fragmentation (MS3) in 

order to specifically generate diagnostic fragments  which can distinguish different epitopes (such 

between sialyl Lewis A/X and blood group H). Although this approach of multi-stage fragmentation is 

likely to provide more comprehensive structural information, it is also acknowledged that the use of 

exoglycosidase digestions can also give further structural details, in particular, information regarding 

specific glycan linkages.  The incubation of glycans with exoglycosidases of known specificity that 

cleave monosaccharide residues from the nonreducing terminus results in reproducible changes in 

retention time/mass and this classical approach may also be employed to provide complementary 

information to mass spectral analysis (as previously mentioned in section 1.4.2.1).  

1.4.2.3 Perspectives and limitations of mass spectrometric glycan analysis 

Together with knowledge of known glycan biosynthetic pathways, glycan structures can be highly 

characterised using MS and MS/MS data, including low-abundance structures at 100 fmol/μL [143]. 

This sensitivity also makes it a powerful analytical technique for glycan analysis of biopsy-sized tissue 

samples (approximately 5 mg of material wet weight [102, 122]) which are considered clinically 

relevant but consisting of only small glycan quantities. Due to its non-targeted nature, it also has 

higher capacity in the determination of exact glycan structure such that structures not previously 

predicted to be associated with prognosis may be uncovered [102]. Therefore, its sensitivity and 

higher coverage enhances the potential to identify novel glycan biomarker changes in low-

abundance glycans.  

 

Despite its sensitivity and structural characterisation capacity, a significant drawback to current MS 

techniques is the current low throughput nature of glycan data analysis. At present, data analysis of 

the mass spectra of glycan structures remains highly manual and time-consuming. Several 

bioinformatics tools are in development in order to overcome this substantial bottleneck in glycan 

profiling [144, 145]. Furthermore, data deposition into curated databases such as UniCarb-DB [146, 

147] (http://unicarb-db.biomedicine.gu.se/) is becoming more common and indeed, increasingly 

encouraged by editors of reputable proteomics journals [148]. The two-pronged approach of 

developing algorithms for automated spectral matching [147] (similar to those routinely used in 

proteomics), as well as increasing high-quality glycan spectra available for matching, is envisioned to 

increase throughput and automation of glycan analysis in the near future.   
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As we continue improving our current knowledge of glycan expression, there are also concurrent 

investigations into the underlying regulation of glycan biosynthesis. The majority have mainly 

focused on the regulation of glycosyltransferases, although there are a few focused on glycosidases 

such as sialidases [149, 150]. In terms of analytical techniques, mRNA assays, such as qRT-PCR 

(quantitative reverse transcriptase polymerase chain reaction), at present remain a mainstay in both 

tumour tissues and cell lines to analyse the expression of glycan processing enzymes [98, 151-154]. 

The sensitive, specific and quantitative nature of qRT-PCR may have contributed to the popularity 

this technique. The sensitivity is especially critical since many glycosyltransferases are extremely low 

in abundance and specialised enrichment strategies are frequently necessary for their protein 

detection. Thus, there are few studies measuring their expression at the protein level (examples 

include [155] and [156]). Finally, a small number of studies have used enzyme activity assays to 

investigate glycosyltransferase regulation [157, 158]. Previously, the application of this technique 

was relatively limited as in-house chemical synthesis of assay reagents, such as donor and acceptor 

substrates, was required due to lack of commercial availability. However, this may alter in the near 

future with increasing availability of commercial kits for glycosyltransferase activity. 

 

1.5 Altered glycosylation and glycan-processing enzymes in colorectal 

cancer 

Generally, when investigating glycosylation-related changes in CRC, there have been two main ex 

vivo sample types used – colon tissue and blood serum/plasma [76, 159], although a number of 

studies have used faecal [160, 161] and urine samples [162]. Tissues have been obtained from 

primary colon tumours or from their metastases. Colon primary cancer tissues are usually procured 

from surgical resections, sigmoidoscopies, or colonoscopies [163], while serum is frequently obtained 

by minimally invasive venipuncture. Glycosylation changes occurring in serum have been reviewed 

elsewhere [1] and are outside the scope of this study. Here, the changes in glycosylation that have 

been reported to occur on the cell surface of in vitro cell lines, ex vivo tissues or animal models of 

CRC are the major focus. A summary of findings on the glycosylation changes in CRC carcinogenesis is 

collated in Table 8 (below). Moreover, alterations accompanied by changes in the glycan biosynthetic 

machinery such as the expression of corresponding glycosyltransferases will also be discussed. These 

have been summarised in Table 9. A schematic (Fig 6) summarising the major glycan changes 

associated with CRC and their corresponding glycosyltransferase genes is also shown. The major 

types of reported glycosylation alterations are sialylation, fucosylation, core 3 O-glycans and 

bisecting N-glycans and these are discussed in detail below.  The information presented in this 

section has been incorporated into a peer-reviewed publication (located at the end of this chapter) 

[36]. 
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1.5.1 Sialylation 

Sialylation on the cell surface in general has been associated with poor prognosis in CRC. An early study 

reported significantly increased sialylation in metastases compared to corresponding primary colorectal 

tumours (n=23) by using lectins targeted towards α2,3-sialylation (from Maackia amurensis, MAA) and 

α2,6-sialylation (from Sambucus nigra, SNA) [166]. A separate study also indicated that the type of 

sialylation (α2,3- vs. α2,6 sialylation) was also important for metastasis in CRC. In this study, α2,3-sialylation 

was suggested by reactivity towards MAA lectin; while α2,6-sialylation was indicated by SSA (Sambucus 

sieboldiana) lectin which has also shown preference for α2,6-linked sialic acids like the SNA lectin [172]. For 

MAA lectins, 45% (29/65) of cancer colonic tissues were stained positive whereas there was only weak 

staining in the corresponding normal mucosa [106] which indicated an increase of α2,3-sialylation in the 

tumours. Moreover, α2,3-sialylation was also significantly associated with lymph node metastases and 

lymphatic invasion (p < 0.01). In contrast, for SSA lectins, only 23.1% (15/65) of tumours showed positive 

staining and SSA reactivity was not associated with lymph node metastases or lymphatic invasion, 

suggesting that α2,6-sialylation was not markedly alter during CRC progression [106].  

 

Interestingly, this contradicts the findings of other studies where elevated α2,6-sialylation expression is 

implicated in human colonic tumours [81, 153]. For example, there is some evidence to suggest that α2,6-

sialylation may enhance tumour malignancy by mediating metastasis-related cell properties. A salient 

example is cell adhesion where sialylation may play a functional role. Using LS174T colon cancer cells, cell 

adhesion was found to be inhibited following pre-treatment with sialylation neutralising lectins (SNA) or 

desialylation with neuraminidase [166]. This suggests that sialylation, particularly α2,6-sialylation, is 

involved in cell attachment, which may have implications for metastasis [173]. Thus, there are some minor 

discrepancies in the literature as to whether α2,6-sialylation is elevated or remains unchanged in CRC and 

the association of CRC with specific sialic acid linkages therefore requires further investigation. 

Nevertheless, the various lines of evidence generally indicate that increased overall sialylation is associated 

with CRC progression. Moreover, additional investigations are needed to verify whether reduced cell 

adhesion inhibits metastasis in animal models and humans.  

 

1.5.1.1 Sialyl-Tn 

In addition to alterations in sialylation in general, it was also observed that specific sialylated antigens (such 

sialyl-Tn, Fig 5; and sialyl-Lewis antigens, Fig 11) can be increased in CRC tumours [166]. A well-known and 

prominent example is sialyl-Tn (Fig 5). Sialyl-Tn (NeuAcα2-6GalNAc) is a disaccharide glycan antigen that 

has been known as a pan-carcinoma cancer marker since the 1980s [37]. Sialyl-Tn expression in CRC tissues 

has been relatively well-studied using monoclonal antibodies, and more recently using mass spectrometry 

[38, 102]. Specifically, there have been a handful of studies on sialyl-Tn (STn) in CRC tissues using four well-

known anti-STn antibodies (MLS102, B72.3, TKH2, HB-STn1) with patient cohorts ranging from 29 to 137 
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patients [37, 78, 80, 164, 169, 170, 174]. These studies demonstrate that this antigen is overexpressed in 

colon tumours, with a majority of colorectal cancer patients (83.4%, 407 patients across 6 studies) reported 

as STn-positive whereas this antigen is not generally observed in non-neoplastic tissues [94, 169]. In 

addition, the increased expression of this marker has also been significantly associated with shorter 

disease-free survival and overall 5 year survival in CRC (p < 0.001)[78].  

 

Although a majority of sialyl-Tn studies have been undertaken in tissues, a small number have been 

conducted using the LS174T cell line. LS174T is a human mucinous and epithelial colonic cell line reported 

to produce sialyl-Tn [94] and therefore previously used as an in vitro model to understand the enzymatic 

basis of sialyl-Tn expression [95]. Among the most critical glycosyltransferases for sialyl-Tn expression are 

core 1 synthase (C1GalT1), α2,6-sialyltransferase 1 (St6GalNAc1), and core 3 synthase (C3GnT) as shown in 

Fig 5. Interestingly, complexities have emerged when comparing sialyl-Tn regulation in LS174T cells and 

tumours. When clones of LS174T with differential sialyl-Tn expression were compared, the activity of core 1 

synthase (C1GalT, Fig 5) was found to be extremely limited in low sialyl-Tn expressing LS174T clone [95]. 

The activity of other relevant enzymes such as α2,6-sialyltransferases (for example, ST6GalNac1, Fig 5) and 

core 3 synthase (C3GnT, Fig 5) were also assayed but activities were comparable between the high and low-

sTn expressing clones. This suggests that reduced core 1 synthase expression is an important factor in 

increased sialyl-Tn. More importantly, the activity of core 1 synthase was associated with sialyl-Tn 

expression in these cell lines. This stands in stark contrast to human tissue where a similar study indicates 

that activities of relevant glycosyltransferases are not always associated with the expression of sialyl-Tn in 

human tumours [158]. This included the activities of core 1 synthase, α2,6-sialyltransferase and core 3 

synthase which were altered, although not always correlated with sialyl-Tn [158]. In particular, α2,6-

sialyltransferase activity was found to be generally decreased in tumours compared to their pair-matched 

normal mucosae, which was unexpected. Overall, these discrepancies highlight the additional complexity in 

tissues compared to cell lines and suggest differences in sialyl-Tn regulation in human tissues which 

warrants further investigation.  
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1.5.1.2 Sialyl-Lewis and Lewis antigens 

 

Figure 11. Lewis and sialyl-Lewis antigens (A) and the fucosyltransferase enzymes involved in their 

synthesis (B). R represents N- or O-glycan or glycolipid. Schematic adapted from [33] and [36]. 

 

The Lewis antigens are a series of related glycans containing α1-3/α1-4 fucose residues and well-known 

members of this group include LewisA, LewisB, LewisX and LewisY (Fig Error! Reference source not found.). 

Two Lewis antigens can be sialylated – LewisA and LewisX, as shown Fig Error! Reference source not found. 

[33]. A number of studies have investigated the association between sialyl-Lewis antigens and CRC [100, 

101]. In one study, immunohistochemistry was performed on 132 human colorectal adenocarcinomas, 

using anti-sialyl Lewis X (sLeX) antibody, F6H [101]. SLeX -positivity in tumours was significantly associated 

with depth of tumour invasion (p=0.0026), presence of lymph node metastasis (p=0.0002), lymphatic 

invasion (p=0.003) and disease stage (p=0.0013). There was also a highly significant difference in 5-year 

disease free survival rates between sLeX -positive and sLeX -negative patients (57.7 and 89.1% respectively, 

p=0.0002) as well as 5-year overall survival rates (sLeX -positive, 58.3%; sLeX -negative, 93%, p < 

0.0001)[167]. A similar observation was found in another study  where 81 normal colonic mucosa and 101 

pair-matched colorectal carcinoma tissues were examined and sLeX-positivity was significantly associated 

with more advanced cancer (p=0.0029) and shortened survival time post-surgery (p=0.001) [100]. 

Furthermore, these results were further supported by a recent study using LC-MS/MS which also found 

increased abundance of sialyl-Lewis type structures [38]. Together, these investigations indicate that 

increased expression of sLeX is correlated with further cancer progression and overall poorer prognosis in 

CRC. 

 

The regulation of sialyl-Lewis antigens is likely to be complicated given the array of different glycosidic 

linkages and sugar residues required for their synthesis. One of the many factors known to regulate sLeX 
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expression is fucosyltransferase expression (Fig 10b). In one study using HT29 colon cancer cells, FUT3 gene 

expression, which corresponds to α1,3/4-fucosyltransferase (Fig 6), was found to be implicated [98]. When 

surface sLeX expression was increased by sodium butyrate treatment, mRNA of FUT3 was correspondingly 

increased [98]. The converse was observed when sLeX expression was reduced. These changes were not 

associated with other fucosyltransferase genes such as FUT4 and FUT6. Overall, these observations strongly 

suggest that FUT3 gene regulation is correlated with sLeX expression in HT29 cells. However, some 

contradictions were found when FUT3 mRNA and sLeX expression were determined in human colonic 

tissues in the same study [98]. Remarkably, the majority of tumours (6 of 7) exhibited a high level 

expression of sLeX compared to their matched normal mucosa. Nonetheless, this contrasts with their FUT3 

mRNA expression, which was mainly unchanged or decreased, rather than increased as expected. Taken 

together, this demonstrates that FUT3 mRNA expression can be correlated in culture colon carcinoma cells 

(HT29) but not necessarily in colon carcinoma tissue. This is redolent of the pattern previously mentioned 

for sialyl-Tn, where glycosyltransferase expression was more readily associated with the expressed glycan 

structure in cell lines, compared to human tumours. It also further underscores the differences in 

complexity between cell lines and tumours.  

 

As alterations in fucosyltransferase expression can also be characteristic of Lewis antigens, it is not 

surprising that Lewis-type antigens such as Lewis X (LeX) have been linked with CRC. When Lewis antigen 

expression was investigated using tissue immunohistochemistry (n=101)[100], LeX-positivity was common 

amongst many patients (66/101, 65.4%) and survival time post-surgery was significantly shorter in LeX-

expressing patients compared to LeX-negative patients (p=0.023). Using Cox’s regression analysis, LeX 

expression in tumours was also prognostic for decreased patient survival, independent of stage and 

histological type. All in all, this indicates LeX-positive tumours are associated with poorer prognosis 

compared to LeX-negative tumours. Interestingly, there is some evidence to suggest a different trend is 

observed when LeX epitope is sulfated, as reported by a later study employing LC-MS/MS [102]. Here, the 

sulfo-LeX antigen was carried as part of a pentasaccharide [SO3-3Galβ1-4(Fucα1-3)GlcNAcβ1-3(NeuAcα2-

6)GalNAc], whose expression was decreased, rather than increased, in the tumours [102]. However, this 

was only observed in a preliminary study with three patients. Additional verification in a larger cohort is 

necessary to determine the statistical significance of reduced sulfo-LeX expression and its biological role in 

tumours. 

 

To conclude, there is a body of literature which strongly indicates that increased sialylation and sialylation-

related antigens are associated with malignant CRC and poorer patient survival. There have been notable 

efforts to investigate the underlying regulatory mechanisms of sialylation, such as the association of FUT3 

with sialyl-LewisX expression. However, it was also reported that association between glycosyltransferase 

gene expression and resultant glycan structures in human tissues is less clear than for cell lines. In addition, 
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increased LeX expression has also been correlated with CRC and LeX expression was found to be prognostic 

for decreased patient survival. Though the expression of enzymes related to LeX expression has not been 

investigated, it is speculated that a variety of fucosyltransferases (Fig 6) are involved as they are an 

essential feature of Lewis antigens. Overall, the regulation of sialylation and (sialyl) LewisX antigen 

expression is important given that their increased expression has been correlated with indicators such as 

shortened survival, invasion and metastasis which may contribute to an adverse patient outcome.  

 

1.5.2 Core-Fucosylation 

There has been some investigation into the role of core-fucosylation in CRC progression. For example, its 

expression has been correlated with cell adhesion [155]. Core-fucosylation is a type of fucosylation which 

occurs only on N-glycans and consists of the α1,6-fucosylation of the chitobiose core by fucosyltransferase 

8 (encoded by FUT8 gene, Fig 6). In one study, fucosyltransferase 8 (Fut8) and E-cadherin were reported to 

be elevated in five of six tumours from pair-matched normal and tumour colon tissues [155]. Since E-

cadherin is a protein well-known to mediate cell adhesion [175, 176], it was hypothesised that abnormal 

cell-adhesion could result from increased core-fucosylation and E-cadherin expression. The impact of 

increased core-fucosylation on E-cadherin-dependent cell adhesion was confirmed by FUT8-transfection 

into WiDr colon cancer cells, which had low endogenous FUT8 expression [155]. Increased cell adhesion 

was observed following FUT8 transfection. In addition, the reverse occurred when FUT8 was knocked down 

in TGP49 cells [155]. Cells showed more loose cell-cell contacts and significant decrease in E-cadherin 

dependent cell aggregation. Taken together, these findings suggest that core-fucosylation has a role in E-

cadherin-dependent cell adhesion in cancer and FUT8 expression is closely involved in this process. Thus, 

there is evidence to suggest that core-fucosylation and its regulation may have functionally important roles 

in CRC. 

 

1.5.3 Core 3 O-glycans 

Expression of core 3 O-glycans (Fig 5) are known to be relatively common in the healthy human colon with 

a majority of glycan structures based on the core 3 structure, as determined by LC-MS/MS [122, 177]. The 

majority of structures in CRC tumours are also reported to be based on the core 3 structure [102]. 

Interestingly, the activity of the glycosyltransferase integral to core 3 expression (core 3 synthase, also 

known as β3GnT6,Fig 6) is frequently reported as decreased in colon tumour tissues [152, 178] and below 

detection in cell lines [179] which implies a corresponding decrease in core 3 O-glycans in colon carcinoma. 

However, this contradicts with the above-mentioned mass spectrometry-based findings where core 3-

based O-glycans are observed in abundance both in tumours and normal colonic tissues [102, 122, 177]. 

Thus, the association between core 3 structures and core 3 synthase has proven to be elusive in colonic 

tissues. One potential explanation for this discrepancy is the reported instability and insolubility of this 

enzyme in routinely used detergents, which may have reduced its activity during the assay [179]. Therefore, 
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future application of alternative techniques for measuring core 3 synthase expression such as qRT-PCR or 

selected reaction monitoring may resolve the apparent contradiction between the abundance of core 3 O-

glycan structures and reduced core 3 synthase activity in CRC tissues. 

 

1.5.4 Bisecting N-glycans 

Bisecting N-glycans are a specific class of N-glycans characterised by the addition of an extra GlcNAc to the 

central mannose residue of the chitobiose core in a β1,4-linkage (Fig 3). The glycosyltransferase known for 

this covalent addition is GlcNAcT-III which is encoded by the gene MGAT3 (Fig 6). There is some evidence to 

indicate that bisecting N-glycans are reduced in colon tumours, as determined by LC-MS/MS in a recent 

study using pair-matched colon tissues from 13 patients [38] although further investigation is necessary to 

elucidate the biological role of bisecting N-glycans in CRC. Moreover, the expression of GlcNAcT-III was 

implied to be regulated by α-catenin expression and actin formation in the DLD-1 colon carcinoma cell line 

[180]. In this study, GlcNAcT-III activity was shown to be higher in α-catenin rescued DLD-1 cells compared 

to their controls. Furthermore, GlcNAcT-III activity was reduced by an inhibitor of actin polymerisation. 

These results suggest that actin cytoskeletal formation plays an important role in GlcNAcT-III induction in 

these cells. It also demonstrates that complex cross-talk may occur between bisecting N-glycosylation and 

other aspects of the cellular system. 

 

1.5.5 Summary 

Altered glycosylation patterns are frequently correlated with adverse patient outcomes such as tumour 

metastasis and shortened survival. The most outstanding examples of glycosylation changes that have been 

reported in CRC include changes in sialylation, fucosylation and their associated antigens such as sialyl-Tn 

and Lewis X. In addition, there is evidence to suggest bisecting N-glycans and core 3 O-glycans may also be 

changed in CRC. Some insights have been obtained regarding the regulation in membrane glycan 

expression by glycosyltransferases, although there were notable inconsistencies between cell line and 

tissues. Nevertheless, it is evident that glycosylation plays an important role in CRC carcinogenesis and 

progression, though further studies are necessary to fully elucidate the biological mechanisms behind these 

changes. 

 

1.6 Altered glycoprotein expression in colorectal cancer 

Following the review in the above section, it is clear in the literature that glycan structures are altered in 

CRC. Given that the majority of proteins are likely to be glycosylated [9], it is therefore not surprising that 

numerous glycoproteins are also altered in this disease.  Here, the major classes of altered glycoproteins 

associated with CRC – mucins, integrins and cadherins – and how their glycosylation and overall expression 

is changed in CRC will be discussed below. 
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1.6.1 Mucins 

Mucins are a class of high molecular weight proteins that are known to be extensively O-glycosylated [181, 

182]. Currently, there are 22 known members of this family. Mucins can be subdivided into three classes: 

secretory gel-forming mucins, membrane-bound mucins and small-soluble mucins [183]. Mucins, 

particularly mucin-2 (MUC2), are known to form a substantial component of the mucus layer in the colon 

[184, 185]. The mucus layer plays a crucial role in the healthy function of the colon, by providing a 

protective barrier against harmful exogenous micro-organisms [184, 186] or chemical agents, mechanical 

shear [185], and chemical signals against bacterial infection [187]. The glycosylation and expression of 

mucins are known to be altered during colon cancer [102].  

 

In CRC, the O-glycosylation of the mucin protein, MUC2, has been relatively well-studied using LC-MS/MS 

[102, 122, 177]. These investigations have revealed a diverse suite of glycan structures with more than 100 

MUC2 O-glycans in normal tissue [122] and only about 40 observed in tumours [102]. While the majority of 

O-glycans were based on the core 3 structure, smaller amounts of core 2 and core 4 structures were also 

detected [102, 122]. Most importantly, the glycosylation pattern of MUC2 is known to be altered in CRC. In 

fact, the increased expression of sialyl-Tn and a core 3 sialyl-LewisX hexasaccharide [NeuAcα2-3Galβ1-

4(Fucα1-3)GlcNAcβ1-3(NeuAcα2-6)GalNAc] was found on MUC2 isolated from colon tumours.  

 

However, not only is the glycosylation of MUC2 altered, there is evidence to suggest that the expression of 

the MUC2 protein is changed in CRC. MUC2 appears to be present at lower levels during CRC progression, 

with MUC2 undetected by anti-MUC2 antibodies in about half of CRC tumours while strong expression was 

detected in normal colonic mucosa [79]. This loss of MUC2 was significantly associated with disease 

recurrence (P<0.031) and tumour localisation (P<0.048). This trend also appears to be predictive of patient 

outcome with MUC2-positive tumours correlated with longer disease-free survival (P=0.059) [79]. In a 

separate study, the suppression of MUC2 expression by RNA interference also enhanced the proliferation, 

invasion and migration of cells of the mucinous CRC cell line, LS174T [87]. In addition, the growth rate of 

tumours of MUC2-suppressed LS174T cells was also significantly higher than control cells (P<0.05) [87]. 

Taken together, these findings indicate that down-regulation of MUC2 plays a role in CRC progression by 

augmenting the invasive and proliferative capabilities of colon cancer cells.  

 

Whilst the expression and glycosylation pattern of MUC2 is most well-studied in CRC, other mucins are also 

known to be expressed in the normal or cancerous colon such as mucin-1 (MUC1), mucin-3 (MUC3), mucin-

4 (MUC4), mucin-5B (MUC5B), mucin-6 (MUC6) and mucin-13 (MUC13) [188, 189] to name a few. With the 

exception of MUC3, MUC4 and MUC13, all these mucins are known to be potential carriers of cancer-

associated glycan antigens such as sialyl-Tn, T (core 1), sialyl LewisA and sialyl LewisX antigens [190-194], 

indicating alterations in mucin protein expression may play a critical role in altering glycan expression. 
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Moreover, changes in mucin expression are known to impact the metastatic potential of CRC cells. Using 

high and low mucin variants of LS174T cell line, it was observed that the high-mucin variant were more 

highly tumorigenic than the low-mucin cell line when injected in athymic nude mice [88]. Furthermore, 

high-mucin variants also produced more lymph node or hepatic metastases [90]. Overall, there is mounting 

evidence to suggest that mucin expression and its glycosylation are altered during colorectal cancer and 

these changes may enhance the malignant behaviour of colonic tumours.  

 

1.6.2 Integrins 

Integrins are a class of heterodimeric transmembrane receptors that are important mediators of tumour 

metastasis through their modulation of cell properties such as cell adhesion, migration and signal 

transduction [195]. Currently, there are at least 25 distinct heterodimers formed by combination of 19 α-

subunits and 8 β-subunits [196]. Similar to the mucins, dysregulation of protein expression and 

glycosylation has been associated with increased CRC malignancy.  

Examples of the most well-studied integrins include αvβ3, αvβ6, α5β1 and α4β1 amongst the 25 

heterodimers.  These have been found altered in expression during cancer progression in a variety of 

different cancers such as melanoma, ovarian, cervical and colon cancer [195]. In colon cancer, there is 

evidence to suggest that the induction of integrin αvβ6 promotes cell migration and activation of autocrine 

TGF-β production [197]. Most importantly, integrin β6 is a potential prognostic indicator of poor survival 

[197]. Immunohistochemical analysis of 488 colorectal carcinomas revealed a decrease in patient survival 

for patients with β6 expression [197]. A similar trend is also found in patients with cervical cancer [198]. 

Therefore, while increased β6 expression is not CRC-specific, the similar resulting phenotype of reduced 

patient survival suggests that increased integrin β6 expression is a notable contributor towards cancer 

progression in various cancers, including CRC. 

 

In terms of integrin glycosylation, altered sialylation and core-fucosylation have been linked to changes in 

integrin function and cell metastatic properties. For sialylation, a 4-fold increase was observed in the α2-6 

sialylation of β1 integrin (P < 0.02) in adenocarcinoma colon tumours compared to pair-matched normal 

tissues [199]. In this same study, this increased α2-6 sialylation of β1 integrin increased the cell adhesion 

and migration of colon cancer cells [199]. Conversely, the opposite can also occur when α2-6-sialylation of 

β1 integrin is decreased. For example, in another study, the reduction of α2-6-sialylation of β1 integrin has 

been reported to result in decreased cell adhesion, migration and invasion [200]. Taken together, this 

suggests that alterations in the α2-6 sialylation of β1 integrin in CRC are implicated in β1 integrin-mediated 

cell adhesion and migration. Interestingly, differential α2-6 sialylation itself does not alter cell invasion in 

cancer cells lacking in β1 integrin expression [200], indicating that β1 integrin expression itself, as well as its 

altered glycosylation, both play a crucial role in cancer progression.  

 



52 

On the other hand, core-fucosylation has been found to be essential for integrin-mediated cell signalling 

using fucosyltransferase 8-positive (Fut8+/+) and negative (Fut8-/-) mouse embryonic fibroblasts. In this 

study, reduced α3β1 integrin-mediated cell migration was found in Fut8-/- cells [201]. Moreover, integrin-

stimulated cell signalling was also shown to be decreased in Fut8-/- cells by the decreased phosphorylation 

of FAK, a protein-tyrosine kinase known to be involved in integrin-mediated signalling [201]. However, this 

was reversed via reintroduction of Fut8. Taken together, these results indicate the core-fucosylation and 

Fut8 expression are important in α3β1 integrin function. Collectively, both expression of integrin and its 

glycosylation changes appear to be critical factors for its function. When dysregulated, this may result in 

altered integrin-mediated signalling and further downstream impact on cancer malignancy.  

 

1.6.3 Cadherins 

Cadherins are a large family of glycoproteins consisting of more than 100 members with key roles in 

calcium-dependent cell adhesion [202], as well as cell signalling [202, 203], sorting [204] and recognition 

[175]. Structurally, members of this protein family are characterised by an outer extracellular domain 

responsible for cell-cell interactions, a transmembrane domain and a cytoplasmic domain which is 

frequently linked to the cytoskeleton [175]. They can be divided into subfamilies such as Type I, Type II, 

desmosomal and seven-pass transmembrane cadherins. They are frequently located in intercellular 

adhesion sites (junctions) and well-known examples include adherens junctions, desmosomes, intercalated 

discs and synaptic junctions [175]. Classically, they are complexed with cytoplasmic proteins called catenins 

and disruption of intact cadherin-catenin complexes may result in increased tumour aggressiveness, 

invasion and metastasis [205]. In CRC, reduced or loss of E-cadherin expression is generally associated with 

more advanced and aggressive tumour behaviour and is regarded as an unfavourable prognostic indicator 

of reduced overall survival [206, 207].  

 

E-cadherin is known to be glycosylated with core-fucose [155, 208], bisecting and branched structures [209, 

210] in various cell lines and tissues. The relationship between E-cadherin expression, bisecting and 

branching N-glycans has been elucidated mainly using cell lines. Interestingly, both E-cadherin expression 

and its glycosylation were altered depending on culture conditions. E-cadherin was characterised by a 

higher expression of bisecting N-glycans, as detected by E-PHA lectin, in dense culture compared to sparse 

culture [210]. E-cadherin overall expression was also greater in dense culture. A similar trend was also 

found for the core-fucosylation of E-cadherin with core-fucosylation increased in dense culture [155]. These 

lines of evidence lend support to the notion that E-cadherin expression and glycosylation may be altered in 

a cell density-dependent manner during cell culturing.  

 

Even so, the expression of E-cadherin and the glycosyltransferases responsible for bisecting (GlcNAcT-III, 

product of MGAT3 gene) and branching structures (GlcNAcT-V, product of MGAT5 gene) have been shown 
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to be related. Restoration of E-cadherin expression in a previously E-cadherin deficient cell line (MDA-MB-

231) resulted in significant increase in GlcNAcT-III activity [209]. However, knockdown of GlcNAcT-III did not 

alter overall E-cadherin expression, but resulted in membrane delocalisation of E-cadherin leading to 

cytoplasmic accumulation [209]. Moreover in the same study, GlcNAcT-III and GlcNAcT-V were shown to 

competitively modify E-cadherin N-glycans in both cell lines and gastric carcinoma tissues. Taken together, 

this indicates the presence of bidirectional crosstalk between E-cadherin expression and glycosyltransferase 

regulation of GlcNAcT-III and GlcNAcT-V. It also indicates that cell surface glycoproteins may influence the 

expression of glycosyltransferases which in turn can further modify the glycosylation of the cell surface 

glycoprotein. 

 

As with other glycoproteins mentioned thus far, the perturbation of E-cadherin glycosylation appears to 

alter cellular properties and functions, such as cell morphology and cell signalling which may have 

implication for tumour malignancy. For example, an increase of bisecting N-glycans on E-cadherin prevents 

alteration of cell morphology in MGAT3-transfected colon cancer cells after epithelial growth factor (EGF) 

treatment [211]. In contrast, in mock-transfected cells, cell morphology is changed after only 15 minutes of 

EGF stimulation with looser cell-cell contact. Moreover, in the same study, cell signalling was altered with a 

decrease in downstream tyrosine phosphorylation of β-catenin in MGAT3 transfectants [211]. Thus, the 

addition of bisecting residues to E-cadherin decreases tyrosine phosphorylation of β-catenin, and this 

down-regulation may have implications in suppression of tumour progression by modulating important 

properties such as motility [206]. Collectively, these findings indicate that glycosylation of E-cadherin plays 

a vital role in modulating cell properties and cancer-related cell signalling, which may ultimately impact on 

cancer behaviour. Overall, there is accumulating evidence which implicates the expression of glycoproteins 

(such as mucins, integrins and cadherins) and their glycosylation in CRC progression. 

 

1.7 Glycans and glycoproteins as potential biomarkers in CRC 

1.7.1 Current biomarkers of CRC have limited sensitivity and specificity 

There are several types of biomarkers: diagnostic, prognostic, and predictive [76]. Biomarkers can also be 

used for monitoring cancer progression or recurrence. A brief explanation of these types of biomarkers is 

shown in Table 10. 
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Table 10. Common types of biomarkers and their purpose(s) 

Biomarker type Purpose 

Diagnostic To differentiate the presence of cancer from other non-malignant 

conditions such as benign tumours or inflammatory diseases.  

Prognostic To give indication of how disease may develop.  

Predictive To give indication of probable treatment effect.  

Disease 

monitoring/surveillance 

To give indication of disease progress or recurrence. 

 

Biomarkers can originate from different biofluids (e.g. serum, urine, saliva or faecal samples) or tissues.  

The two main considerations for evaluating the clinical utility of a biomarker are sensitivity and specificity. 

Sensitivity is the ability to correctly identify all patients with the disease, or the true positive rate [212]. 

Specificity is the ability to correctly identify patients without the disease, or the true negative rate [212].  

 

Although numerous candidate biomarkers have been found, at present the only FDA approved biomarker 

for CRC is carcinoembryonic antigen (CEA), which can be measured in the serum [213]. Currently, it is 

recommended by the European Society for Medical Oncology [214] and the American Society of Clinical 

Oncology [215] for use in monitoring response to therapy and postoperative surveillance of disease 

recurrence. However, this biomarker has limited specificity and sensitivity in CRC diagnosis. For example, at 

a cut-off of 2.5 ng/mL, there is a specificity of 87% and sensitivity of 36% for stage 1 and 2 patients [213]. 

Although sensitivity rises for more advanced stages, early detection of CRC is preferable since patient 

survival rates are higher [216]. Therefore, this biomarker has not been recommended for use in population-

wide CRC screening.  

 

Aside from CEA, blood from the faecal occult blood test (FOBT) is another frequently employed screening 

tool [163]. FOBT detects the existence of CRC by presence of blood in stools, which may have been released 

from tumours. However, this test also suffers from the problem of low clinical specificity and specificity, 

since blood may also be released from other premalignant conditions such as polyps and adenomas, or 

present in certain foodstuffs. Thus, test-positive patients still require confirmation of results by endoscopy 

[214]. Overall, current biomarkers and screening tests have limited specificity and sensitivity and there 

remains an urgent need for biomarkers with improved specificity and sensitivity, particularly diagnostic 

biomarkers for early detection of CRC.  To this end, changes in glycosylation may serve as a potential 

resource for novel biomarkers.  

 

1.7.2 Biomarker discovery of glycans and glycosylation-related changes using mass 

spectrometry 

Although it is clear that altered glycosylation is commonly observed in colorectal cancer, there has been 

relatively limited application of mass spectrometry for glycan biomarker discovery. One major reason which 
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may explain this is the time-consuming nature of the data analysis, which remains largely manual and 

therefore, greatly reduces throughput (discussed in section 1.4.2). Only a very small number of studies have 

investigated differences in glycan profiles of proteins in CRC. Using LC-MS/MS, differences in O-glycan 

profiles of MUC2 mucin isolated from patient-matched carcinomas and tissue (n=3) from resection margins 

were reported by Robbe-Masselot et. al. [102]. The most notable finding of this study was the increased 

expression of core 3 sialyl-LeX hexasaccharide, NeuAcα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3(NeuAcα2-6)GalNAc, 

and sialyl-Tn in the tumours, previously mentioned in section 1.5. However, the size of patient cohort was 

relatively small with only 3 patients analysed in this study [102]. For protein N-glycans, profiles of from 13 

pair-matched control and tumour colon tissues were recently reported by Balog et. al. [38]. The proteins 

from the tissues were isolated using chloroform-methanol precipitation and also analysed by LC-MS/MS. 

Bisecting N-glycans were shown to be decreased in the tumours, while sulfated, paucimannosidic and 

glycans containing sialyl Lewis type epitope were increased. Both studies identified altered glycan 

structures not previously found using other targeted techniques. In the latter study, many of these were 

bisected N-glycans [38].   

 

Given the relatively restricted use of LC-MS/MS for glycan profiling in CRC, there is still a large scope for its 

application to investigate glycan changes associated in CRC, especially in regards to membrane proteins 

(instead of mucins or on the whole cell proteome as performed previously). Additionally, the identification 

of novel glycan changes using mass spectrometry not previously discovered using other techniques 

demonstrates the unparalleled sensitivity and high glycan structural determination capacity of  LC-MS/MS, 

which is a clear advantage in biomarker discovery. As well, there may be additional glycan changes that 

remain untapped as potential biomarker candidates in CRC. These potential glycan marker candidates can 

be used singly or in combination with other biomarkers, which may improve their sensitivity and specificity. 

Consequently, a major aim of this study is to identify the profile of both membrane glycan and glycoprotein 

biomarker(s) of CRC using LC-MS/MS. In light of the discrepancies in reported glycan alterations, especially 

between cell line and tissues, the use of colon cancer cell line models for the study of membrane 

glycosylation in colorectal cancer and in particular, glycan biomarker discovery will also be evaluated.  
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1.8 Overall aim and scope of this study 

Broad aim of this study: To evaluate colon cancer cell lines as representative models of disease for the 

study of cell surface glycans and glycoproteins in the context of CRC biomarker discovery. 

 

Aims 

1. To compare membrane protein glycosylation profiles of commonly used colorectal cancer cell 

lines and CRC tumours using mass spectrometry 

Out of the three broad systems of scientific investigation (in vitro/ex vivo/in vivo), cell lines (in vitro models) 

are a common scientific tool and laboratory substitute for tumour tissue. However, some inconsistencies 

previously reported in the literature between the protein glycosylation of cancer cell lines and tissues, have 

highlighted the potential of glycosylation differences between these investigation systems. Importantly, the 

degree that cell lines reflect that of parent tumours is unknown for the study of glycan alterations in cancer 

and these differences may represent a substantial impediment towards true cancer biomarker discovery. 

Therefore, a major aim of this thesis is to compare the glycosylation profiles of five colorectal cancer cell 

lines with cancerous colorectal tissue to evaluate whether cell lines closely reflect tumour glycosylation 

status.  

 

2. To compare the membrane glycosylation and glycoprotein profiles from pair-matched normal 

and tumour tissue using mass spectrometry towards biomarker discovery 

With the knowledge gained from the first aim, the membrane protein glycosylation profiles of patient-

matched normal and tumour colonic tissues will be compared to identify novel glycan and/or glycoprotein 

candidate biomarkers. Both glycan and glycoproteins were profiled in detail to enhance the identification of 

new biomarker combinations with the potential of becoming diagnostic biomarkers with higher sensitivity 

and specificity than those currently available in CRC. 
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2.2    Supplemental information 
Supplementary Tables 

Supplementary Table 1. Clinicopathological characterisation of colorectal cancer cell lines 

investigated. Numbered references refer to references as listed in Chapter 6 of this thesis. 

Cell line Derived from Age Duke’s Stage Reference 

SW1116 Large intestine, colon, adenocarcinoma 73 A [217] 

SW480 
Moderately differentiated adenocarcinoma 
of descending colon 

50 B 
[217] 

SW620 
Lymph-node metastasis from colon 
adenocarcinoma 

51 C 
[217] 

SW837 Large intestine rectum, adenocarcinoma 53 C [217] 

LS174T 
Moderately well-differentiated colon 
adenocarcinoma 

58 Unknown 
[218] 

 

Supplementary Table 2. Clinicopathological characterisation of patient adenocarcinoma tumours. 

Patients were classified using the Australian clinicopathological staging system (ACP), which is 

compatible with TNM (Tumour/Node/Metastasis) staging [53]. The first tumour sample 

corresponded to patient number one. The second tumour sample used for glycoprofiling was a 

pooled sample containing tumours (patient number 2, 3 and 4) from three separate Stage B1 

individuals (asterisked). Sample number five was used for validation of enrichment by Western Blot.  

T3, size of tumour; N0, no evidence of lymph node spread; M0, no evidence of metastases. 

Patient Gender Age 
Blood 
type 

ACP 
staging 

TNM 
staging 

Differentiation Tumour type 

1 F 76 O- B1 T3 N0 M0 Moderate 
Rectal 

adenocarcinoma 

2* F 84 A+ B1 T3 N0 M0 Moderate 
Colon 

adenocarcinoma 

3* F 56 O+ B1 T3 N0 M0 Moderate 
Rectal 

adenocarcinoma 

4* M 57 O+ B1 T3 N0 M0 Moderate 
Colorectal 

adenocarcinoma 

5 F 74 O+ B1 T3 N0 M0 
Moderate to 

poor 
Colorectal 

adenocarcinoma 

 

Supplementary Table 3 (over page). N-glycan characterisation of cell lines and epithelial-enriched 

tumour tissues and their normalised areas under the curve. Observed N-glycan ions have been 

reduced. Replicates of cell lines denoted with letters, e.g. SW1116A (replicate 1), SW1116B (replicate 

2). Structural elucidation was based annotation of spectral fragments using common knowledge of 

biosynthetic pathways. The presence of additional structural isomers cannot be excluded. n.d., not 

detected; T.b.c., to be confirmed. 
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Supplementary Table 4 (over page). O-glycan characterisation of cell lines and epithelial-enriched 

tumour tissues with their normalised areas under the curve. All observed ions have been reduced. 

Replicates of cell lines denoted with letters, e.g. SW1116A (replicate 1), SW1116B (replicate 2). 

Structural elucidation was based annotation of spectral fragments using common knowledge of 

biosynthetic pathways. Structural diagrams not intended to specific linkage positions for example, 

there is no distinction between the three-branch and six-branch of core 4. The presence of additional 

structural isomers cannot be excluded. n.d., not detected. 
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Supplementary Table 5. Primers used for qRT-PCR (in Chapter 2). 

Gene Orientation Sequence (5' - 3') 

C1GALT1 Forward AAGCAGGGCTACATGAGTGG 

 
Reverse GCATCTCCCCAGTGCTAAGT 

ST6GALNAC1 Forward CAGAGGCACAATCATGGAAG 

 
Reverse GCTGACTTTTGGGAATGAGC 

MGAT3 Forward CGGGACCTGAACTACATCCG 

 
Reverse GTCCAGCAGGTAGTGGAACC 

MUC1 Forward TTTCCAGCCCGGGATACCTA 

 
Reverse TAGGGGCTACGATCGGTACT 

MUC2 Forward GTTCATCAAGCTGGCTCCCT 

 
Reverse TTCCAGCTGTTCCCGAAGTC 

MUC3 Forward TGGCTGAGCAACAACTCTGT 

 
Reverse GGGAGGCTACTGCTTGGTTT 

MUC4 Forward TCACCTCAACAGGCTCAACA 

 
Reverse GTCATCATCTGCGTGAGGGT 

MUC5B Forward GGCTGTTTCAGCACACACTG 

 
Reverse CTTGTAGGTGGCCTCGTTGT 

MUC6 Forward TGACAGCCACCTCATGGTTC 

 
Reverse AGCAAACTTGTGGGGTTCCA 

MUC13 Forward TAATCACCGCTTCATCTCCA 

  Reverse TGTTTAGGGTGCTGGTCTCC 

β-actin Forward TCATGAAGTGTGACGTGGACATC 

 Reverse CAGGAGGAGCAATGATCTTGATCT 

 

Supplementary Table 6. mRNA expression of glycosyltransferase and mucin genes assayed by qRT-

PCR. Data are shown as mean (2-ΔCT) ± SD of a minimum of five data points from two triplicate PCRs. 
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Supplementary Figures 

Supplementary Figure 1. Average MS of N-glycan profiles of EpCAM-positive fractions and EpCAM-

negative fractions of two independent enrichments for epithelial cells from colorectal tumours.
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Supplementary Figure 2. Confirmation of α2,6-sialic acid linkage of sialyl-Tn (m/z 513.2) using 

exoglycosidase digestion of pooled glycan sample. A pooled glycan sample was divided evenly into 

three aliquots. One aliquot contained buffer only (control) while the others were treated with either 

ABS or NAN1 exoglycosidase enzymes. ABS is a sialidase which cleaves α2,3/6 linked sialic acids. 

NAN1 is a sialidase which cleaves α2,3-linked sialic acids. The extracted ion chromatogram of m/z 

513.2 shown is consistent with an α2,6-linked sialic acid. The 1 min difference in retention time is 

within usual variability observed during daily operation of the porous graphitised carbon column. 

 

 

  



117 

Supplementary Figure 3. Representative average MS of N-glycan profiles from cell lines summed 

across total elution time. Analysis of cell lines was performed in biological duplicate.  

 

 

Supplementary Figure 4. Representative extracted ion chromatogram of m/z 716.2. Two peaks were 

clearly observed which indicated the presence of two major isomers. There was also a difference in 

elution time of approximately two mins, which is comparable with a previous study [122]. 
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Supplementary Figure 5. Annotated MS/MS for N-glycans. N-glycans have been numbered according 

to Supplementary Table 3. The 6 structures (number 119,  156, 157, 164, 165, 177) not confirmed by 

MS/MS are not shown. Glycan schemes were derived from GlycoWorkbench. Annotation was based 

on the presence of structural feature ions and common knowledge of known glycan synthetic 

pathways. Additional structural isomers cannot be excluded. Structural schemes not intended to 

show specific linkages (linkages not shown by linkage angles). Where ambiguity is indicated in parent 

structure, for example in the assignment of fucose, depiction of specific linkages and isomers are not 

intended for corresponding glycan fragments.  
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Supplementary Figure 2. Annotated MS/MS for O-glycans. O-glycans have been numbered according 

to Supplementary Table 4. Glycan schemes were derived from GlycoWorkbench. Annotation was 

based on the presence of structural feature ions and common knowledge of known glycan synthetic 

pathways. Additional structural isomers cannot be excluded. Structural schemes not intended to 

show specific linkages (linkages not shown by linkage angles). Where ambiguity is indicated in parent 

structure, for example in the assignment of fucose, depiction of specific linkages are not intended for 

corresponding glycan fragments. 
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3      Membrane glycosylation profiling of epithelial cells from patient-

matched normal and tumour colonic tissues 

3.1 Introduction 

The findings presented from Chapter 2 suggest there are glycosylation differences between cellular 

model systems and the tumour tissues which they represent. In particular, potential glycan markers 

may be underexpressed or not detected in the cell model systems. Therefore, it is optimal to include 

clinical tissue samples during biomarker screening which more accurately capture the in vivo 

glycosylation status of the patient. To this end, there have been many large-scale antibody-based 

studies performing targeted glycan detection on colonic tissues from colorectal (CRC) patients 

(detailed in the introduction; Chapter 1). However, there have been few studies utilising mass 

spectrometry glycome profiling to investigate protein glycosylation in CRC tissues. 

 

For N-glycosylation, Balog et. al. [38] performed a notable recent study on the N-glycosylation 

profiles of proteins from 13 patient-matched normal and tumour tissues using LC-MS/MS. In that 

work, paucimannosidic, sulfated and sialyl-Lewis type N-glycan structures were significantly 

increased while structures with bisecting GlcNAc were decreased in the tumours. On the other hand, 

O-glycosylation profiling has been focused on mucins. In a study using tissues from the tumours, 

transitional mucosa and normal mucosa from three CRC patients, sialyl-Tn was confirmed to be 

increased as well as a core 3 sialyl-Lewis X hexasaccharide [102]. Although these studies add to the 

growing evidence that glycosylation is altered during cancer, there is limited knowledge about the 

glycosylation profiles of membrane proteins, which is the focus of this thesis. Moreover, there have 

been no studies on protein glycosylation where epithelial cells have been immunoenriched from 

tissue samples prior to glycan analysis. Therefore, the aim of this chapter was to use the methods 

established in Chapter 2 to obtain N-glycosylation and O-glycosylation profiles from the epithelial 

cells of normal and pair-matched tumour tissues of up to six patients using immunoaffinity 

enrichment and LC-MS/MS. 

 

3.2 Materials and methods 

Tissue collection 

Written and informed consent were obtained from patients under the same Ethics approval given by 

Sydney South Area Health Services (as Chapter Two) with the protocol number X08-0614. Matched 

normal and tumour tissues from six patients have been used for this study with normal mucosae 

sampled at least 10 cm away from tumours. The tissues were sampled during surgical resection and 

the clinicopathological characteristics are given in Table 1. The N- and O-glycan profiles of patient 

one were published earlier as a glycomic comparison between cell lines and tumour tissues [219]      
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(Chapter 2 of this thesis). N-glycosylation profiles were acquired from all six patients and described in 

this Chapter. However, in order to maximise glycomic and proteomic information, O-glycans were 

profiled from three patients only, while membrane proteomic profiles were analysed from the 

remaining three patients following N-glycan profiling (described in Chapter 4). A diagram showing 

sample preparation and experimental workflow for this Chapter is shown in Fig 1. 

 

Table 1. Clinicopathological characteristics of patient cohort analysed in this thesis. The N- and O-

glycan profiles of patients 1-3 will be analysed in this Chapter. aN- and O-glycan profiles of this 

sample has been previously published [219] (Chapter 2). bProfiles of membrane proteins were 

obtained from these patients after N-glycan profiles were obtained. Membrane protein profiles of 

these patients have been presented in Chapter 4. 

Patient no. Age Gender ACPS Stage TNM stage Blood Group 

1a 76 F B1 T3 N0 M0 o- 

2 84 F B1 T3 N0 M0 o+ 

3 67 F B2 T4 N0 M0 o+ 

4b 74 F B1 T3 N0 M0 o+ 

5b 96 F B1 T3 N0 M0 o+ 

6b 79 M B1 T3 N0 M0 a+ 
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Figure 1. Sample preparation and experimental workflow for pair-matched N- and O-glycan 

profiling of epithelial cells from normal and tumour colonic tissues presented in this chapter. 

 

Epithelial cell and membrane protein enrichment 

The materials and methods for epithelial cell and membrane protein enrichment were basically the 

same as detailed in Chapter 2. Immunoaffinity capture by magnetic beads conjugated to epithelial 

marker EpCAM was used to enrich for epithelial cells from tissue, similar to Zhou et. al. [220]. 

However, it should be noted that Zhou et. al. utilised a negative selection method to enrich for 

epithelial/stromal cells (by removing of leukocytes using CD45-conjugated magnetic beads). In 

contrast, a positive selection method for enrichment of only epithelial cells was employed in this 

thesis. As mentioned previously, membrane protein enrichment was carried out by sodium 

carbonate stripping, ultracentrifugation and Triton X114 phase partitioning [221](Fig 1) in order to 

remove cytosolic proteins. Due to limited sample recovery, protein quantitation was not performed 

and glycan normalisation was carried out post-data acquisition using total glycan abundance (more 

details below). 
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N- and O-glycosylation profiling by LC-MS/MS 

With the exception that normal (as well as tumour samples) were used, there was little difference in 

sample preparation as described in Chapter 2 [121]. LC-MS/MS and data analysis approaches also 

remained the same. Please refer to Chapter 2 for other details. 

 

Relative quantification of glycans and statistical analysis 

N- and O-glycans were normalised against total glycan abundance and relatively quantified by 

calculation of percentage area-under-the curve (AUC, calculated as (glycan area/sum of all glycan 

areas) x 100%) in Compass DataAnalysis (v4, Bruker Daltonics, USA) as previously detailed in Chapter 

2. Two-tailed paired student’s t-test was applied to determine statistical significance between normal 

and tumour samples. A p-value of less than 0.05 is considered statistically significant. Differences 

were considered differential if fold changes were greater than 1.5 with a p-value of < 0.05. For 

statistical differences between individual glycans, a value of 0.01 was added to all percentage areas 

to account for null values.  

 

3.3 Results and discussion 

In this chapter, the N- and O-glycosylation profiles of epithelial cells from patient-matched normal 

and tumour colon tissues were compared, as there is limited knowledge about changes in membrane 

protein glycosylation profiles during CRC carcinogenesis. Given that the most overt changes in the 

cell line and tumour comparison (Chapter 2) were O-glycan changes, such as the expression of sialyl-

Tn, the differences in O-glycosylation will be first discussed below, followed by N-glycosylation 

changes. 

 

O-glycan profiling of membrane proteins from normal and tumour colonic tissues 

In total, 48 O-glycans were quantified on the epithelial membrane proteins of pair-matched normal 

and tumour colonic tissues from three patients. Of these, 43 O-glycans were structurally 

characterised by manual annotation of MS2. Proposed glycan compositions have been given for the 

remaining 5 glycans. The majority of the glycan structures observed were previously characterised in 

the one tissue sample using MS2 (Chapter 2). However, there were five structures not characterised 

earlier in this sample and their annotated MS2 spectra are shown in Supplementary Fig 1. The 

percentage abundance of all quantified O-glycans in normal and tumour tissue epithelial proteins is 

shown in Supplementary Table 1. A representative example of the O-glycan profiles from normal and 

cancer tissue membrane proteins observed in this study is shown in Fig 2a. 

 

The glycan structures characterised in this study have all been previously reported to be in the O-

glycan profiles of mucin 2 isolated from 25 normal colonic biopsies by Larsson et. al. [122]. When 
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compared to glycan profiles reported in that same study, the overall normal glycan profile was 

similar although the number of O-glycans described was higher with over 100 O-glycans reported in 

the previous study. Interestingly, the number of glycan structures in another study by Robbe-

Masselot et. al. comparing mucin 2 glycans in normal, transitional mucosa and tumours of three 

patients found a similar number of glycan structures (approximately 40)[102] compared to this study. 

Since both Larsson et. al. [122] and Robbe-Masselot et. al. [102] analysed mucin O-glycosylation 

profiles, differences in sample preparation was also compared to determine whether it was a 

contributing factor in the number of O-glycans reported. However, both studies utilised similar 

approaches consisting of density gradient centrifugation with guanidinium chloride for the mucin 

enrichment, followed by negative mode LC-MS/MS. Therefore, the differences in number of O-

glycans reported between these studies are less likely to be simply due to changes in sample 

preparation. Having mentioned this, differences in glycan loading cannot be excluded, although 

neither study quantified total carbohydrate content analysed and only one study mentioned wet 

weight of biopsy analysed (~5-10 mg by Larsson et. al.[122]). In addition, the patient cohort was 

notably larger in the study performed by Larsson et. al, compared to Robbe-Masselot et. al. and this 

study, which may have contributed to the increased glycan heterogeneity observed. Thus, 

discrepancies in the number of O-glycans reported by between various studies (including this 

Chapter) are most likely explained by a combination of differences in patient group size and/or 

glycan loading. 

 

Despite these differences, overt relative O-glycan changes can be observed between normal and 

tumour tissues (Fig 2a) in this study. However, although these changes were not statistically 

significant (p-value < 0.05),  sialyl-Tn, (HexNAc)1 (NeuAc)1, with m/z 513.3 (Fig 2d), and the sialyl 

Lewis X hexasaccharide (Hex)1 (HexNAc)2 (Deoxyhexose)1 (NeuAc)2 with m/z 1315 (Fig 2e), showed  a 

trend towards increased expression in the tumour compared to normal tissue (increased by 17-fold 

and 1.3-fold respectively), which is consistent with previous observations of their upregulation in 

tumours [78, 102]. As discussed above, it is likely that the small patient group (n=3) of this study 

contributed to the lack of statistical significance. However, the large patient variance in glycan 

expression is also likely to be an additional contributing factor. This is especially likely in the case of 

sialyl-Tn, which has been shown upregulated in tumours but not usually detected in normal tissues in 

numerous other studies with larger patient cohorts [37, 78, 80, 169, 170]. 
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Figure 2. O-glycan profiling of membrane proteins and glycan changes from patient-matched 

normal and tumour colonic tissues. Glycans have been depicted using CFG symbol nomenclature 

(Chapter 1). Relative abundances were determined by % area-under-the-curve of total O-glycans. Bar 

charts depict data shown as mean ± SD of three patients. A) Example O-glycan profiles using average 

MS representing glycans across total elution time. Major glycan features have been labelled. Peaks 

are singly charged unless otherwise indicated. Glycan changes can be observed although many were 

not considered statistically significant (examples labelled with ‡) by two-tailed paired student’s t-

test.  *Asterisked peaks do not correspond to glycans (as determined by MS2). B) The second isomer 

of m/z 716.2 was the only glycan found to be differentially expressed in colon cancer tissue 
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(downregulated by 2.9-fold), using criteria of 1.5-fold change and p-value < 0.05. C) Representative 

example of extracted ion chromatogram (EIC) of m/z 716.2 showing relative decrease in second 

eluted isomer in tumours. D) Well-known cancer marker sialyl-Tn was found to be increased 17-fold 

in the tissue, although difference was not significant (p = 0.120) due to tumour expression variability. 

E) Potential glycan marker with m/z 1315 also showed an upward trend in tumours (1.3-fold, p =  

0.749). 

 

 

Figure 3. Relative abundances of O-glycans based on cores 1-4. Relative abundances were 

determined by % area-under-the-curve of total O-glycans. Data shown as mean ± SD of three 

patients. Statistical significance was calculated using two-tailed paired student’s t-test. A) Core 1 

glycans were increased in tumours (5.1-fold, p = 0.03). B) Core 2 glycans showed an increased trend 

in the tumours (6.2-fold, p = 0.28). C) Core 3 glycans showed a decreased trend in the tumours (1.9-

fold, p = 0.20). D) Little change was observed for core 4 glycans between normal and tumour colonic 

tissues (1.25-fold, p =  0.77). 

 

In Chapter 2, sialyl-Tn was shown to be upregulated and correlated with mucin expression [102, 122] 

in the cell lines, especially mucin-2, mucin-5B and mucin-6, and thus these mucins were proposed as 

potential carriers of these glycans. Moreover, the sialyl Lewis X  hexasaccharide is also likely to be 

carried by mucins since it was first discovered as a potential glycan marker on mucins isolated from 

colonic biopsies [102]. Therefore, the increased expression of these glycans strongly suggests that 

mucins were present in the enriched membrane proteins from tissue, which was confirmed in the 

proteomic study on three other patients (Chapter 4). Several mucins were detected across all three 



235 

patients analysed (Supp Table 2, Chapter 4) but only mucin-2 and mucin-13 were consistently found 

in all patients (with a min. of 1 peptide). When these two mucins were quantified, neither was found 

to be differentially expressed (Fig 4, criteria of 1.5-fold change and p < 0.05) although there was a 

decreasing trend in mucin-2 expression in the tumours (2.1-fold, Fig 4a).  Taken together, this 

indicates that the increased expression of sialyl-Tn and the sialyl Lewis X hexasaccharide markers are 

not a simple direct result of increased expression of mucin-2 or mucin-13. Rather, alterations in 

glycan-to-mucin ratios resulting from changes in the glycan biosynthetic pathway may be more 

crucial for overall membrane expression of these cancer antigens.  

 

Strikingly, the isomer of m/z 716, equating to a composition of (HexNAc)2 (NeuAc)1 and eluting 

second from the PGC column (Fig 2c), was generally found to be decreased in abundance by 2.9-fold 

in tumours compared to normal colon tissues (Fig 2b) for the first time. The elution order of this 

glycan has been previously established under similar conditions [222]. As determined in Chapter 2, 

the first isomer is a core 3 O-linked structure with the second isomer based on core 5/6/7 which has 

been reported to be found in the colon [22, 223]. Though little is known about synthesis of these 

cores, it is reasonable to propose that enzymes involved in their synthesis have been downregulated 

or their activity inhibited in the tumours. Other factors such as limited substrates are less likely given 

that only GalNAc and GlcNAc are required for core 5/6/7 formation and the other glycans expressed 

also use these substrates. Nevertheless, given the small number of patients analysed (n=3), further 

verification is critical to establish whether this novel finding is reproducible in larger sample sizes. It 

would also be interesting to determine whether the expression of this glycan is correlated with 

clinicopathological variables such as tumour stage, lymphatic invasion and cell proliferation, which 

may also indicate a functional role in malignancy. Thus, the decreased expression of this glycan is 

intriguing and warrants further investigation. 

 

In addition to analysis of individual glycan structures, the abundance of different core O-glycan 

structures based on core 1-4 was also determined (Fig 3). Core 1 glycans (Fig 3a) were found to be 

differentially upregulated (5.1-fold) in the tumours (p = 0.03). For core 2 (Fig 3b), there was a trend 

towards increased expression (6.2-fold) in the tumours though increased expression was not 

significant (p = 0.28). The expressions of core 3 and 4 O-glycans were also not found to be 

significantly altered although core 3 glycans showed a decreased trend (1.9-fold, p = 0.20) while 

there was little change in core 4 glycan structures in the tumours. While it was noted that the above 

changes in glycan cores were generally not significant, the trends exhibited between normal and 

tumour colonic tissues still provide some information on the complex dynamics of O-glycan 

synthesis, although as mentioned before, glycan synthesis results from an intricate interplay of 

factors such as substrate availability [224], nucleotide sugar transporter activity [225] and 
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glycosyltransferase expression [226, 227] (see also Chapter 2). For example, multiple 

glycosyltransferases may compete for the same substrate, such as Tn antigen, for the formation of 

core 1, core 3 and sialyl-Tn (Fig 6a, Chapter 2). In particular, in colon cancer cell cultures, C1GalT1 

and ST6GalNAc1 were identified as competing glycosyltranferases with important roles in sialyl-Tn 

expression (Fig 6f, Chapter 2).Overall, an increase in both C1GalT1 and ST6GalNAc1 activity may 

explain the increased abundance of core 1 glycans and upward trend in sialyl-Tn expression in the 

tumours.  

 

 

Figure 4. Label-free quantification of mucins from membrane proteomic study of patient-matched 

normal and tumour colonic tissues (details in Chapter 4) using normalised spectral abundance 

factors (NSAF). Data shown as mean ± SD of three patients. A) Mucin-2 expression. B) Mucin-13 

expression. Neither mucin was found to be differentially expressed. Although several other mucins 

were detected (e.g. mucin-1, mucin-4 and mucin-5B), these were not quantified as they were not 

consistently detected across all patients (min. 1 pep).  

 

On the other hand, core 3 glycans exhibited a relative decrease in the tumours compared to normal 

tissue (1.9-fold, p = 0.20, Fig 3c), potentially suggesting a lower core 3 synthase activity in the 

tumours, which has been reported earlier [152]. Notably, this decrease in core 3 glycans appears to 

mirror the increase in core 1 glycans suggesting a reciprocal relationship between the corresponding 

enzymes similar to previous reports [228]. Taking all glycan changes together, there appears to be a 

shift towards increased C1GalT1 and/or ST6GalNAc1 activity with a corresponding decrease in 

activity of core 3/5/6/7-related enzymes in the tumours. Overall, O-glycan alterations were found 

associated with CRC which also implies alterations of the corresponding enzymes involved in their 

synthesis. While observations were not necessarily statistically significant, glycan changes generally 

followed expected trends including an increase in sialyl-Tn expression, which is consistent with 

previous studies and confirms its status as a glycan marker of CRC. In the following section, the N-

glycan profiles of membrane proteins from pair-matched normal and tumour colonic tissues will be 

compared. 
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N-glycan membrane profiling from normal and tumour colonic tissues 

In this study, N-glycan membrane protein profiles from epithelial-enriched normal and pair-matched 

tumours in the colon were obtained and analysed from 6 patients (Table 1). A total of 90 N-glycans 

were found and quantified by integration of their areas-under-the-curve across all 6 patients. The 

relative abundances (% of total area-under-the-curve) of these glycans are shown in Supp. Table 2. 

Out of these 90 structures, 82 were characterised by manual annotation of MS2. For the other 8 N-

glycans (not structurally characterised), proposed glycan compositions have been given (Supp. Table 

2). Aside from these, most of the glycan structures were previously characterised using MS2 in 

Chapter 2. However, 8 new structures were also found in addition. Their annotated MS2 have been 

provided in Supp. Fig 2. Representative N-glycan profiles from normal and tumour tissues are shown 

in Fig 5a. 

 

In comparison with previous literature, only one other study has analysed protein N-glycans from 

colonic tissues in-depth using mass spectrometry [38]. In this report by Balog et. al. [38], N-glycan 

profiles were obtained from 13 normal controls and their corresponding colon tumour tissues. The 

compositions of 245 N-glycans were reported in total to be present in the tissues which is a higher 

number compared to this study. However, this is unsurprising given the size of patient group 

analysed was considerably smaller (13 vs 6 analysed in this study) which may reduce glycan 

heterogeneity observed. Nevertheless, differences in sample preparation between the study by 

Balog et. al. and this investigation may also contribute to differences in N-glycan number. In the 

former study, a general protein extraction was performed using chloroform:methanol precipitation.  

In addition, a mixed cell population was likely analysed since cell-type enrichment was not conducted 

prior to glycan analysis. In contrast, in this study, epithelial cells were first enriched using EpCAM-

conjugated beads. Subsequently, membrane proteins were enriched using sodium carbonate 

stripping, ultracentrifugation and Triton X114 phase partitioning (Fig 1). Thus, the discrepancy in the 

number of N-glycans may be reflective of different approaches in sample preparation used. Indeed, 

sample loss during the additional processing steps required for epithelial cell and membrane protein 

enrichment performed in this study cannot be excluded, which may result in lower overall glycan 

abundance and coverage. Alternatively, there may be lower N-glycan heterogeneity in epithelial 

membrane proteins compared to cell N-glycome of proteins as a whole and this may also explain the 

lower number of N-glycans observed in this study. 
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Figure 5. N-glycan changes between epithelial cells from normal and pair-matched colonic tissues.  

A) Example N-glycan profile (average MS) from normal and tumour tissue. Major glycans have been 

labelled. Peaks are doubly charged unless otherwise indicated. Bisected N-glycans (examples boxed 

in red) were generally lower in intensity in the tumour samples (see also Fig 5B). In contrast, 

paucimannose N-glycans (examples boxed in blue) were more highly expressed in the tumours (see 

also Fig 5C). *Asterisked peaks do not correspond to glycans (as determined by MS2). B-F) Relative 

abundance of different N-glycan types for normal and tumour colonic tissues (by % area-under-the-
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curve of total N-glycans). Glycans were considered differentially changed if there was a fold-change > 

1.5 and p-value < 0.05 by two-tailed paired student’s t-test. B) Bisecting-GlcNAc N-glycans were 

found to be significantly decreased in tumours (1.75-fold, p = 0.017). C) Paucimannose-type N-

glycans (defined as glycans with compositions (Hex)1-3 (HexNAc)2 (Deoxyhexose)0-1) were observed to 

be significantly increased in tumours (2.15-fold, p = 0.022). D) High mannose-type N-glycans, E) 

fucosylated N-glycans (fucose may be attached at the core or outer-arm), and F) sialylated N-glycans 

were not found to be significantly altered between normal and tumours colon tissues. G) Synthesis of 

bisecting GlcNAc structures occurs by the action of GlcNAcT-III enzyme (encoded by MGAT3 gene), 

which adds a GlcNAc residue to central mannose of chitobiose core. 

 

In spite of this, the findings presented here have been generally consistent with the previous study 

[38]. High mannose-type, fucosylated and sialylated N-glycans (Fig 5d-f) were not reported as 

differentially expressed between normal and tumour colon tissues in both studies. However, 

alterations in bisecting and paucimannosidic N-glycans (Fig 5b & c) between normal and tumour 

tissues were reported from both investigations. Bisecting N-glycans have been defined previously (in 

Chapter 2) as N-glycans with a GlcNAc attached to the central mannose of the N-glycan chitobiose 

core. Bisecting N-glycans are assigned when a diagnostic fragment ion (D-221) is highly abundant in 

the MS2 [139, 142](Fig 7). Paucimannosidic structures can be defined as truncated N-glycans 

containing one to three mannose residues [(Man)1-3 (HexNAc)2] which may or may not be core-

fucosylated. A similar definition has also been employed in the previous study by Balog et. al. [38]. 

Here, it was observed that bisecting N-glycans were significantly decreased in the tumours (by 1.76-

fold; p = 0.017, Fig 5b). In contrast, paucimannose structures were at low abundance but were 

increased in the tumours (by 2.15 fold; p = 0.022, Fig 5c) compared to the matched normal tissue. 

Both these findings are in agreement with the earlier report by Balog et. al. [38] and provide further 

evidence for the association of bisecting and paucimannosidic structures with CRC. 

 

The changes in paucimannosidic and bisecting N-glycans also imply alterations in the glycan synthetic 

pathways underlying their expression. In particular, glycan synthetic enzymes (glycosyltransferases 

and glycosidases) are implicated. In regards to bisecting N-glycans, the addition of bisecting GlcNAc is 

catalysed by GlcNAcT-III enzyme (encoded by the MGAT3 gene, Fig 5g). Thus, the reduced expression 

of bisecting N-glycans in the tumours suggests a corresponding decrease in the activity of GlcNAcT-III. 

Synthesis of paucimannosidic glycans begins similarly to other N-glycans with N-

acetylglucosaminyltransferase I (GlcNAcT I) transferring a GlcNAc residue onto (Man)5(GlcNAc)2[229] 

which is followed by the removal of two mannose residues by α-mannosidase II [25, 230, 231] (Fig 

6a). The terminal GlcNAc residue (transferred by GlcNAcT I) is then removed by another 

hexosaminidase to produce (Man)3(GlcNAc)2 [232]. The increased expression of paucimannosidic 
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glycans therefore implies higher activity of hexosaminidase and α-mannosidase II. Alternatively, 

these trimmed structures may result from action of lysosomal exoglycosidases, such as α-

mannosidases [233], N-acetylglucosaminidases [233], which have been shown to be upregulated in 

colorectal tumours compared to normal controls. Indeed, it has been proposed that the internal 

lysosome containing these upregulated glycosidases may undergo exocytosis in malignant cells, 

releasing their intracellular contents, thus enabling cell surface glycan modification of tumours[234]. 

Although the mechanism behind the increased expression of paucimannose structures in these CRC 

tissues remain to be elucidated, the upregulation of paucimannosidic glycans in CRC clearly indicates 

dysregulation of glycan synthetic pathways leading to their formation. This finding also gives 

evidence to support the expression of paucimannosidic glycans in humans which were previously 

considered to be expressed only in plants and invertebrates [25, 235]. 

 

At the level of individual N-glycans, 12 differentially altered N-glycans between normal and tumour 

colonic tissues were identified in this study in total (Table 2). With the exception of one glycan 

(glycan 65), these structures have not been identified as differentially expressed between normal 

and tumours colon tissues in the earlier study by Balog et. al. [38]. Of these 12 glycans, 5 were 

bisected N-glycans (glycans 65, 94, 120, 121 and 143; Table 2) and their MS2, with the diagnostic ion 

for bisecting GlcNAc, are shown in Fig 7. All were differentially decreased in the tumour (2.77 to 

12.97-fold, Table 2) which agrees with the overall trend of decreased bisecting N-glycans in colon 

cancer observed in this and the previous study [38]. In addition, a paucimannose structure with 

composition (Man)3 (HexNAc)2 (Deoxyhexose)1 was observed as differentially increased in the 

tumours (2.44-fold, glycan 3, Table 2). The structure of this glycan is similar to the paucimannosidic 

glycan previously reported as increased in tumours [38], which is essentially the same except it 

contained one less mannose residue ((Man)2 (HexNAc)2 (Deoxyhexose)1). Both of these 

paucimannosidic structures were found to be differentially increased in the tumours compared to 

normal adjacent tissue (> 2-fold) and therefore are potential biomarker candidates for CRC. 
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Table 2. Statistically significant differentially expressed N-glycans on membrane proteins from 

epithelial cells of patient-matched normal and tumour colonic tissues (p < 0.05, > 1.5-fold change). 

Statistical significance was determined by two-tailed paired student’s t-test. Additional isomers 

cannot be excluded. Glycans have been numbered and previously characterised according to Supp 

Fig 5 in Chapter 2 except glycan 189 which is located in Supp Fig 2 of this Chapter. n.d., not detected. 
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Figure 6. Branching of complex N-glycans in normal and tumour colonic tissues. Relative 

abundances were calculated by % area-under-the-curve of total N-glycans. Data shown as mean ± SD 

of three patients.  A) Schematic showing biosynthesis of branched and paucimannosidic N-glycans. 

Triantennary N-glycans can be further elongated to tetraantennary N-glycans. Adapted from [25]. B) 

Monoantennary glycans were significantly increased in the tumours (3.2-fold, p = 0.0083), C) 

Biantennary glycans were significantly decreased in the tumours (1.5-fold, p = 0.0041). D) 

Triantennary glycans showed a trend of increased expression in the tumours (2.6-fold, p = 0.13). 
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Figure 7. Annotated MS2 of the 5 differentially expressed bisecting N-glycans from CRC tissues 

(from Table 2).  Glycans have been numbered according to Table 2 and depicted using CFG notation. 

Glycan schemes have been derived from GlycoWorkbench. Peaks are singly charged unless otherwise 

indicated. Diagnostic fragment ions for the verification of bisecting GlcNAc (D-221) have been boxed. 

Location of outer-arm fucose not defined by glycan fragment (fucose may be linked to galactose or 

GlcNAc). 

 

Intriguingly, four sialylated N-glycans were also found to be differentially expressed in the tumours, 

although they were at low abundance. Three were upregulated (glycan 17, 36 and 37; 2.27-, 3.18- 

and 4.03-fold respectively; Table 2) while the fourth was downregulated (glycan 138, 2.51-fold; Table 

2). This is in contrast to the previous study by Balog et. al. [38] in which no sialylated N-glycans were 
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found to be increased in tumours, while only one sialylated N-glycan, with composition (Hex)2 

(HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 was decreased in the tumours.  

The three sialylated N-glycans identified as upregulated in CRC tumours for the first time were 

monoantennary, while the underexpressed sialylated N-glycan was biantennary (Table 2). The 

increase in monoantennary structures was concordant with the overall increase in monoantennary 

structures in the tumours (3.2-fold, Fig 6a) which was also found to be highly significant (p = 0.008). 

This was mirrored by decreased expression of biantennary N-glycans in the tumours (1.5-fold, p = 

0.004, Fig 6b). Interestingly, these changes did not preclude the synthesis of more highly branched 

structures such as triantennary and an upward trend in triantennary N-glycans was observed in the 

tumours (2.6-fold, Fig 6c). As triantennary structures were synthesised, this also suggests that UDP-

GlcNAc (nucleotide sugar donor) was not limiting in the tumours. Taken together, these observations 

indicate a highly complex dynamic in the regulation of glycan branching. The regulation of N-glycan 

branching has not been previously suggested in other studies on CRC, although branching has been 

reported as upregulated in other cancers, such as breast [107] and liver [236]. Although further 

experimentation is required to validate the changes in glycan synthetic pathways, the differential 

expression of these glycans nonetheless indicates they may also be glycan markers of tumorigenesis 

in CRC. 

 

In addition to the above changes in the glycan biosynthetic pathways, differential protein expression 

was also considered as a factor which may impact on global membrane N-glycosylation. This is 

detailed further in Chapter 4 where the membrane proteome of a subset of patients was analysed 

using mass spectrometry (Fig 1). Interestingly, only 9 glycoproteins were differentially expressed out 

of more than 1600 proteins quantified (Table 2, Chapter 4), suggesting there is little change in 

glycoprotein expression. Though further work is needed to determine whether N-glycosylation 

changes occur proteome-wide or on specific proteins, the small alterations to glycoprotein 

expression overall indicates that changes in the glycan biosynthetic pathways are likely more critical 

for changes in N-glycosylation than differential glycoprotein expression. 

 

Nuanced glycan changes as a hallmark of tissue systems 

One salient feature of the glycan profiles in this study was the relatively nuanced changes between 

normal and tumour tissue which largely consist of changes in glycan abundance, rather than 

presence/absence as seen in the initial study comparing cell model systems and cancer tissues. For 

example, cancer markers sialyl-Tn and sialyl Lewis X hexasaccharide with m/z 1315 were absent for 

the majority of CRC cell lines but were detected in high amounts in the tumours in Chapter 2. In 

contrast, in this study, very low expression of sialyl-Tn can also be detected even in the healthy 

control tissues (Fig 2d), which illustrates that changes are more quantitative in nature (changes in 
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abundance), rather than qualitative (presence/absence). This is further supported by changes 

observed in differentially expressed N-glycans, where some glycans were detected in low abundance 

(<1%) but were nonetheless present. In addition, the variability in the expression of sialyl-Tn (Fig 2d) 

and the hexasaccharide with m/z 1315 (Fig 2e) demonstrates that patient variance of glycan 

expression may be large. The degree of variation observed also underscores the need for larger 

patient groups for higher statistical power. In light of this, the smaller patient group (n=3) analysed 

for O-glycans, which is half the size of cohort analysed for N-glycans (n=6) may contribute to the low 

number of O-glycans found to be statistically differentially expressed. Despite this, the findings 

presented suggests that quantitative glycan changes are relatively common in tissue systems, and 

that these alterations are more highly nuanced than the overt changes shown in the comparison 

between cell lines and tumour tissues (Chapter 2).  

 

Additionally, only a minority (3/12) of the differentially expressed N-glycans had abundances above 

3% on average (glycan 65, 94 and 121) and some had average abundances of approximately 0.2% (in 

either normal or tumour tissue type). Compared to high-mannose glycans, such as (Man)9 (GlcNAc)2 

which are expressed at >10% of the total glycans on average (Supp Table 2), differentially expressed 

glycans appear to be of lower abundance. This appears to follow the trends observed in proteomics, 

where candidate markers are often found in proteins expressed in low abundance [237]. Given that 

up to three parent precursor ions are selected for MS2 in this workflow, additional biomarkers may 

be present which remain uncharacterised. Nonetheless, this study indicates there may be subtle 

changes in glycosylation and its regulation, especially of the protein N-glycans. These glycan changes 

alone are potential biomarker candidates in CRC tissue, and may serve as molecular features which 

help confirm tissue malignancy. With additional study, it may also be determined whether these 

glycan structures are predictive for patient response to chemotherapy. It may also be possible to use 

these potential markers in conjunction with other known cancer associated molecular changes, such 

as an increase in carcinoembryonic antigen [238] in order to create a biomarker panel with increased 

sensitivity and specificity. Given the intricate regulation required for the synthesis of these glycans, 

there may also be functional roles for these glycans such as in the fine-tuning of cell signalling and 

cell adhesion, which remain to be further investigated.  

 

Perspectives and limitations of current LC-MS/MS approach in glycan analysis 

Although the overall glycan profiles obtained in this thesis are very comparable to previous studies 

using a similar approach [102, 122], it was noted that there were a small number of sulfated glycans 

which were detected previously that were not observed in this study. Examples include glycans with 

composition (SO3-)1(Hex)1(HexNAc)2 and (SO3-)1 (Hex)2(HexNAc)3(Deoxyhexose)2, which correspond 

with [M-H]- ions of m/z 667 and 1324, respectively. Moreover, other studies analysing O-glycans 
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released from porcine stomach and intestinal mucin show a higher number of sulfated glycans than 

have been observed here [126, 239]. It is likely that differences in both sample preparation and mass 

spectrometry analysis methods underlie these differences, although cross-species differences cannot 

be excluded (in other words, porcine colonic mucins may be inherently more sulfated than human 

mucins). In terms of sample preparation, separation of glycans into neutral, acidic and sulfated 

fractions [239, 240] by anion exchange followed by analysis in a QTOF instrument [126], may 

facilitate more favourable detection of sulfated glycans. This is because lower mass diagnostic ions 

indicative of sulfate are more likely to be observed in a QTOF instrument than ion trap due to the so-

called “one-third rule” of ion traps [241]. Examples of these diagnostic fragments include m/z 97 

(HSO4-), 139 and 199 [126]. Other ions that indicate position of sulfate such as m/z 241 [Hex-SO3]- 

and m/z 282 [HexNAc-SO3]-, however, are compatible with observation under experimental 

condition used in this study (for example, see O-glycan 44). Overall, utilising a different experimental 

and mass spectrometric approach (such as the above) may increase the number of sulfated glycans 

identified, although it is unclear whether the fractionation method is feasible with biopsy-sized 

colonic tissue that have undergone epithelial enrichment as described here. 

 

It is also acknowledged that the LC-MS/MS approach employed for glycan analysis (for both chapter 

2 and 3) results in glycan structures with a degree of ambiguity. For example, the position of the 

fucose (in the non-reducing outer-arm antennae vs core) can be differentiated by presence of 

diagnostic fragments such as m/z 330/348/510 for outer-arm fucose and fragments with m/z 

350/368/571 for core-fucose [139]. However, it is frequently unclear where the fucose is specifically 

positioned on the non-reducing antennae due to limited availability of diagnostic ions with lower 

m/z. Although the ion with m/z 510 corresponding to (Hex)1(HexNAc)1(Fuc)1is relatively common, 

other ions with lower m/z such as 348 and 325, that indicates fucose on GlcNAc and on the Gal 

respectively, are not as frequently observed.  Therefore, this results in structural ambiguity where 

Lewis A/X (with fucose attached to GlcNAc) and H-epitopes (with fucose attached to Gal) cannot be 

clearly distinguished.  

 

One approach that may overcome this limitation is the selection and subsequent fragmentation of 

the ion m/z 510 by MS3. Depending on the fragments generated (as mentioned above), the Lewis 

and H-epitopes may be differentiated. A complementary approach is the use of specific fucosidases 

such as AMF (almond meal α-fucosidase) that cleaves α1-3/4 fucose or BKF (bovine kidney α-

fucosidase) that releases α(1-2/6) fucose from the non-reducing end [129]. Depending on the glycan, 

the digested products are expected to have reproducible retention time/mass shifts which give 

further information regarding linkage of the fucose. While it is clear that the above suggestions can 
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be carried out in the future direction of this project, given the time-consuming nature of glycan 

analysis and limited availability of tissues, these have not been performed in this preliminary study. 

 

3.4 Summary and final remarks 

In conclusion, N- and O-glycans from the membrane proteins of epithelial cells from patient-derived 

normal and colorectal cancer tissue have been profiled. The pair-matched normal and tumour O-

glycan profiles of 3 patients and N-glycan profiles of 6 patients were obtained respectively. For O-

glycans, sialyl-Tn and a core 3 sialyl-Lewis X hexasaccharide increased in the tumour tissue as 

previously reported. However, these changes were not statistically significant - most likely due to the 

small patient cohort and large variance amongst patients. Nevertheless, we did find a sialylated 

trisaccharide with composition (HexNAc)2 (NeuAc)1 as significantly decreased in the tumours, which 

has not been described before. In regards to O-glycan cores, an inverse relationship was observed 

between core 1 and core 3 with core 1 being increased in the tumours and vice versa for core 3. 

Overall, the O-glycan changes observed imply the regulation of C1GalT1/ST6GalNAc1 activity and a 

potential decrease in the enzymes involved in core 3/5/6/7 synthesis in the tumours. 

 

On the other hand, paucimannosidic N-glycans were found to be increased, while bisecting N-glycans 

were found decreased in the tumours, which is in agreement with the previous protein N-glycan 

profile reported [38]. Monoantennary N-glycans were also significantly increased and biantennary N-

glycans were significantly decreased in the tumours. These changes were reflected in the 12 

differentially expressed N-glycans, which included 5 downregulated bisected and 4 monoantennary 

N-glycans. A paucimannose structure, (Man)3 (HexNAc)2 (Deoxyhexose)1, was also upregulated in the 

tumours. All but one of these N-linked glycan structures are novel identified glycan changes. Their 

differential expression potentially implicates altered activity and regulation of relevant enzymes, 

such as Mgat3, α-mannosidase II and N-acetylglucosaminyltransferases (GlcNAcT IV and V). Overall in 

this study, glycan changes have been identified in CRC tissues which may be novel candidate 

diagnostic markers. These and the implicated changes to their underlying synthetic pathways also 

warrant further investigation as they may be targeted for therapeutic intervention. Furthermore, this 

study has also demonstrated a workflow whereby the membrane glycosylation of epithelial cells can 

be analysed. It is envisioned that this may be employed as a tool for glycan profiling of epithelial cells 

in other cancer types. 
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3.5 Supplemental information 

Supplementary Tables (over page) 

Note: Not all glycans from Chapter 2 were detected. T.b.c, to be confirmed. 
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Supplementary Figure 1. Annotated MS/MS for O-glycans from tissue samples not previous 

observed in the cell line and tumour tissue comparison (Chapter 2). Glycans have been numbered 

according to Supplementary Table 1 (Chapter 3). Mass spectra corresponding to glycans with only 

compositional information is not shown. Glycan schemes were derived from GlycoWorkbench. 

Additional structural isomers cannot be excluded. Annotation was based on the presence of 

structural feature ions and common knowledge of known glycan synthetic pathways. Structural 

schemes not intended to show specific linkages (linkages not shown by linkage angles). Where 

ambiguity is indicated in parent structure, for example in the assignment of fucose, depiction of 

specific linkages are not intended for corresponding glycan fragments. 
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Supplementary Figure 2. Annotated MS/MS for N-glycans from tissue samples not previous 

observed in the cell line and tumour tissue comparison (Chapter 2). Glycans have been numbered 

according to Supplementary Table 2 (Chapter 3). Mass spectra corresponding to glycans with only 

compositional information is not shown. Glycan schemes were derived from GlycoWorkbench. 

Additional structural isomers cannot be excluded. Annotation was based on the presence of 

structural feature ions and common knowledge of known glycan synthetic pathways. Structural 

schemes not intended to show specific linkages (linkages not shown by linkage angles) or distinction 

between 3-arm and 6-arm. Where ambiguity is indicated in parent structure, for example in the 

assignment of fucose, depiction of specific linkages are not intended for corresponding glycan 

fragments. Where appropriate, diagnostic ion for bisecting GlcNAc has been boxed. 

 

 



263 



264 



265 



266 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



267 

  



268 

4      Membrane proteomics and N-glycosylation site mapping of 

patient-matched normal and tumour colon tissues  

4.1      Introduction 

Frequently glycosylated, membrane proteins are known to mediate important biological functions 

such as cell-cell adhesion, signal transduction and ion transport [242, 243]. They represent 

approximately 30% of the human genome and constitute the majority (60%) of pharmaceutical 

targets [244]. Like glycans, membrane proteins are a potential source of cancer biomarkers. In fact, 

carcinoembryonic antigen (CEA), a “classical’ biomarker which has been recommended for CRC 

surveillance [245], is a GPI-linked  membrane glycoprotein [246]. But CEA has only limited sensitivity 

and specificity, so it is not well suited for early detection population based screening [214, 245, 247]. 

Therefore, there remains a clear need for new biomarker candidates for early CRC detection. 

 

Despite the development of protocols for enrichment of membrane proteins, there are few recent 

studies of CRC membrane proteins [57, 248, 249]. These studies have generally employed differential 

centrifugation with sodium carbonate for membrane protein enrichment prior to proteomic analysis 

by mass spectrometry. Amongst the differentially expressed proteins, CEA has been shown to be 

upregulated in CRC [249]. However, the glycosylation status of CEA or other altered membrane 

proteins has not been widely investigated. While glycoproteins can be studied by membrane 

enrichment, there are also alternate strategies for their direct enrichment.  Techniques include 

hydrophilic interaction liquid chromatography (HILIC), lectin affinity chromatography, hydrazide 

chemistry and titanium dioxide enrichment (for sialylated glycopeptides) [250] followed by mass 

spectrometry [251]. In addition, glycoprotein enrichment can be carried out on whole cell proteomes 

or after immunoprecipitation of a targeted glycoprotein. Mass spectrometry can be performed on 

the glycopeptides directly or following enzymatic removal of N-linked glycans by PNGase-F [252, 

253].  

 

In CRC, glycoproteomics has been performed on the colorectal cancer cell line HT29, which utilised a 

combination of membrane and glycoprotein enrichment by lectins [254]. In this study from 2008, 

only 20 proteins were identified, of which 65% were membrane associated and 45% were N-

glycosylated. N-glycosylated proteins found include integrin and dipeptidyl peptidase IV, though their 

expression was not quantified. More recent work on nine pair-matched normal and tumour colon 

tissue identified 72 proteins with 17 detected exclusively and 14 upregulated in cancer after lectin 

enrichment and LC-MS/MS from tissue lysates [255]. While these studies identified altered 

glycoproteins, their glycosylation sites were not investigated. To this end, more comprehensive and 

targeted work has been performed with the acute phase glycoprotein haptoglobin. Though not a 
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membrane protein, it was found upregulated in the serum of CRC patients [256, 257]. The 

fucosylation of Asn 241 was reported to be higher in cancer than in patients with inflammatory 

bowel disease or healthy controls in this study.  

 

However, it was only very recently that non-targeted approaches have been used to study N-

glycosylation sites in cancer [258, 259]. For pancreatic cancer, the N-glycosylation sites of pancreatic 

tissue from healthy controls and patients with chronic pancreatitis or pancreatic cancer were 

compared [258]. A total of 649 N-glycosylation sites were found and the abundance of some N-

glycopeptides was also altered between cancer and non-diseased pancreatic tissues. In addition, a 

study by Deeb et. al. [259] on 10 lymphoma cells lines identified 2383 N-glycosylation sites from 1321 

protein groups. Differences in the N-glycosylation site expression between the 10 cell lines allowed 

their segregation into two major lymphoma subtypes, suggesting that glycopeptide differences may 

have potential for use as a cancer signature. Overall, these studies have highlighted the feasibility 

and importance of N-glycosylation site analysis using a combination of glycoprotein enrichment, 

enzymatic deglycosylation and mass spectrometry.  

 

In CRC, there is a near absence of knowledge about glycoprotein alterations occurring concomitantly 

with glycosylation site changes in these tissues during carcinogenesis. Therefore, in this chapter, the 

peptides released from tissue membrane proteins after their deglycosylation by PNGase-F (i.e. 

previously N-linked glycopeptides) were analysed. The use of PNGase F releases the glycan from Asn 

residues, resulting in its deamidation and conversion to Asp (+ 0.98 Da) that can be readily detected 

by mass spectrometry. The corresponding global protein N-glycan profiles from the same patients 

(n=3) have been presented earlier in Chapter 3. The identification of N-glycosylation sites in these 

peptides was also of interest as little is known N-glycosylation site changes during CRC 

carcinogenesis. In order to distinguish nonenzymatic and enzymatic deamidation, peptides from 

proteins not treated with PNGase-F from the same samples were also analysed. Overall, this study 

aimed to investigate changes in the membrane glycoproteins and the identification of their N-

glycosylation sites from normal and matched tumour colon tissue from CRC patients. Notably, this is 

also the first study to use epithelial cell enrichment prior to membrane protein preparation. The 

addition of the epithelial enrichment step may deepen coverage of the membrane subproteome and 

enhance identification of epithelial-specific biomarkers. 

 

4.2      Materials and methods 

A workflow of experimental procedures conducted for this Chapter is shown in Figure 1. 



270 

 

 

Figure 1. Proteomics analysis workflow for pair-matched normal and tumour colorectal tissue 

studied in this chapter. The preparation of membrane proteins was essentially the same as Chapter 

2 and 3. 

 

Tissue collection 

Three samples consisting of normal mucosae and their patient-matched tumours were analysed in 

this study. The clinicopathological characteristics of the patient cohort (patients 4-6) are shown in 

Table 1 of Chapter 3. N-glycan profiles have also been obtained earlier from these sample patients 

and tissues have been collected as previously described in Chapter 3.  

 

Immunoaffinity capture of epithelial cells and membrane protein enrichment 

Both immunoaffinity capture of epithelial cells and membrane protein enrichment were performed 

essentially as described in the previous study [219] (Chapter 2). Immunoaffinity capture was carried 

out using magnetic beads conjugated to epithelial marker EpCAM (Cellection Epithelial Enrich 

Dynabeads, Invitrogen). Enrichment of epithelial cells was previously confirmed by Western Blotting 

[219] (Chapter 2). Membrane proteins were enriched using a combination of sodium carbonate 

stripping and Triton X114 phase partitioning  as previously [221]. Similar to chapter 3, protein 

quantification was not performed due to limited sample recovery and thus, proteins were 
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normalised post-data acquisition using total protein abundance (as determined by label-free spectral 

counting). 

 

Dot blotting and peptide release by tryptic digestion 

Tryptic digestion of protein dot blots was performed essentially as detailed earlier [260]. It should be 

noted that in this workflow (Fig 1) trypsin digestion was performed following N-glycan release so that 

N-glycans could be collected for N-glycosylation profiling (Chapter 3) and to improve proteomic 

coverage[260]. Following enrichment, samples were resuspended in 10 μL of 8 M Urea. Proteins 

were dot blotted onto pre-activated PVDF membranes (0.2 μM, Bio-Rad) and stained with 0.1 % (v/v) 

Direct Blue 71 to enable protein visualisation. In order to distinguish between spontaneous chemical 

deamidation with enzymatic deamidation, each sample were dot blotted twice with one dot blot 

digested following PNGase-F glycan release while the other was digested without prior incubation 

with PNGase-F (N-glycan release as detailed in Chapter 3). Dried protein spots were cut and placed 

into 96-well plate. Spots were rewet with methanol, washed with water, and then incubated with 10 

μL of trypsin (0.02 μg/μL, Promega) in 60 mM ammonium bicarbonate, at 37°C for 3 hours. Peptides 

were recovered by addition of 15 μL of 50% acetonitrile (v/v) with 1% formic acid (v/v) and 

sonication for 10 mins. Protein spots were also washed with 20 μL of water and wash fractions were 

pooled with recovered samples. Samples were dried and stored at -30°C until analysis by LC-MS/MS.  

 

Nanoflow reverse phase chromatography (nanoLC-MS/MS) for peptide analysis 

Dried peptides were resuspended in 10 μL in 2% acetonitrile (v/v) in 0.1% formic acid (v/v) for 

analysis by LC-MS/MS. Peptides were separated by an Eksigent LC system (Eksigent Technologies, 

USA) using a ProteCol C18 column (300 Å, 3 μm, 150 μm x 10 cm, SGE Analytical Sciences, Australia). 

Solvent A consisted of 2% acetonitrile with 0.1% formic acid (v/v) while Solvent B contained 90% (v/v) 

acetonitrile with 0.1% (v/v) formic acid. A 150 min linear gradient at a flow rate of 600 nl/min was 

used starting from 98:2 solvent A/solvent B at 0 mins changing to 60:40 solvent A/solvent B at 150 

mins. 

 

The LC eluent was analysed in positive ion mode using a hybrid quadruple TripleTof 5600 system (AB 

SCIEX, Concord, ON) [261], fitted with a Nanospray III source (AB SCIEX, Concord, ON) and a PicoTip 

fused silica emitter (360 μm od, 75 μm id, 15 μm diameter emitter orifice; New Objective, MA, USA). 

Ion spray voltage, heater interface temperature, curtain gas flow and nebulising gas flow was set 2.5 

kV, 150°C, 20 and 5, respectively. Ions with m/z 350-1500 were acquired using an IDA (information 

dependent acquisition) approach where the top 15 ions of precursor scan were selected for MS/MS. 

Accumulation time was 0.25 sec in precursor scan and 0.1 sec in the product ion scan.  
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Membrane protein identification and quantification by normalised spectral abundance factors  

The MS/MS of the raw data files (.Wiff format) were re-calibrated post-data acquisition to improve 

mass accuracy [262] using either Analyst TF (v 1.6, AB SCIEX) or Peakview (v 1.2.0.3, AB SCIEX). Re-

calibrated wiff files were converted to Mascot generic format (MGF) using ProteinPilot Software (v 

4.2, revision 1340) for searching in Mascot (v 2.4.0, Matrix Science, London, UK). The search was 

performed against homo sapiens assuming the enzyme trypsin allowing for up to 2 missed cleavages. 

Database selected was Swissprot (swissprot2014_04.fasta) which contained 20266 entries. There 

was no fixed peptide modification selected. Variable peptide modifications specified were 

deamidation at asparagine (+ 0.98 Da) and oxidation at methionine (+ 15.99 Da). Peptide tolerance 

was set at ± 5 ppm and MS/MS tolerance at ± 0.03 Da. Peptide charge states of 2+, 3+ and 4+ were 

considered.  

 

Mascot results were further filtered using Scaffold (v 4.3.0, Proteome Software Inc., Portland, OR) for 

identification and quantification, which used the Peptide Prophet algorithm [263] for FDR estimation. 

Protein and peptide FDR were set at 1% and 0.1% respectively and proteins were identified using a 

minimum of 1 peptide. Proteins which contained similar peptides and could not be differentiated by 

MS/MS were grouped to satisfy the principles of parsimony. Proteins were also further categorised 

and cellular localisation mapped according to UniProt keywords such as “glycoprotein”, “membrane” 

and “cytoplasm” similar to a previous study [259]. The annotation of “glycoproteins” contains both 

experimentally-validated and putative glycosylation sites (as predicted by NetNGlyc which is available 

at http://www.cbs.dtu.dk/services/NetNGlyc/) [264]. Prediction of transmembrane helices was 

carried out using TMHMM v 2.0 (available online at http://www.cbs.dtu.dk/services/TMHMM/) while 

prediction of signal peptides was performed using SignalP v 4.1 (available online at 

http://www.cbs.dtu.dk/services/SignalP/).  

 

For protein quantification, a label-free spectral counting-based approach of normalised spectral 

abundance factors (NSAF) (calculated according to Zybailov et. al.[265]) was used. Peptides obtained 

from both PNGase-F treated and untreated fractions were combined for quantification. For statistical 

calculations, all spectral counts were adjusted by a spectral fraction of 0.5 in order to include 

proteins with zero spectral counts [266]. A p-value of smaller than 0.05 was required for significance 

when protein expression was compared in normal tissue tumours using Student’s paired two-tailed t-

test. Proteins were considered differentially expressed if it was present with a minimum of one 

peptide in all three patients with a p-value of smaller than 0.05 and a fold change greater than 1.5.  

 

Identification and quantification of N-glycosylation sites using Scaffold PTM 

http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/SignalP/
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For identification and quantification of N-glycosylation sites, peptides following PNGase-F digestion 

were analysed separately from peptides which were not treated previously with PNGase-F (‘PNGase-

untreated’). The small letter ‘n’ has been used to depict deamidation of asparagine. Deamidated sites 

with the N-glycosylation consensus sequence (NXS/T/C, where X can be any amino acid except 

proline (P)) were considered genuine if not found in the PNGase F-untreated fraction. For validation 

of deamidated sites, Mascot results were further analysed in Scaffold PTM (v 2.1.3, Proteome 

Software Inc., Portland, OR) and a localisation probability for each site was calculated based on the p-

value of the Ascore [267]. A minimum localisation probability of 95% was required for analysis. 

Sequence logos (Weblogos) were generated online at http://weblogo.berkeley.edu/ [268] using 

sequences pre-aligned in Scaffold PTM. Additionally, motif analysis on pre-aligned sequences was 

carried out using Motif-x tool [269] which is available at http://motif-x.med.harvard.edu/motif-

x.html. For this analysis, the width, number of occurrences and significance was set at 13, 5 and 

0.000001 respectively. The background selected was the IPI human proteome (the FASTA file 

containing all human protein sequences). 

 

4.3      Results and discussion 

Membrane proteomics of epithelial-enriched normal and tumour colorectal tissue 

A novel aspect in this proteomics study, as used in the glycomics studies reported earlier (Chapters 2 

and 3), is the enrichment of epithelial cells from the tissue specimens using immunoaffinity capture. 

This enrichment has been previously confirmed using Western Blot (Chapter 2) using representative 

epithelial marker keratin 18 [270] and mesenchymal/fibroblast marker vimentin [271]. In this study, 

complementary proteomic profiles of epithelial cell-enriched fractions from colorectal tissue were 

also analysed, although the proteomic profile of the non-epithelial fractions were not obtained due 

to limited recovery. However, the abundance of a panel of markers for epithelial and non-epithelial 

cells types (Supp Table 1, with references) was analysed for the epithelial-fractions of the normal and 

cancer tissues (Fig 2). None of the cellular specific markers (Supp Table 1) were differentially 

expressed between normal and tumour tissues except CD44 which was increased in the tumours (p < 

0.05). However, there were general observations which were notable in both normal and tumour 

tissues.  As expected, the epithelial markers EpCAM and cytokeratin 8/18/19 were abundantly 

detected which was consistent with the enrichment of epithelial cells (Fig 2). In contrast, immune 

markers (such as CD45, CD4, CD8) and muscle cell markers (such as actin gamma, caldesmon and 

desmin) were generally low in abundance or absent (Fig 2) demonstrating there was little evidence 

for non-epithelial cell types. Interestingly, vimentin was also identified by MS, although it was not 

detected in the epithelial fraction by Western blotting (Chapter 2). As vimentin and CD44 have both 

been associated with epithelial-to-mesenchymal transition (EMT)[272-274], this suggests EMT may 

be occurring in these colon tissues. Alternatively, there may also be residual fibroblasts as vimentin is 

http://weblogo.berkeley.edu/
http://motif-x.med.harvard.edu/motif-x.html
http://motif-x.med.harvard.edu/motif-x.html
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also known as a fibroblast marker [271]. Despite this, the overall protein expression pattern is clearly 

supportive of epithelial cell enrichment by immunoaffinity capture, although the presence of some 

residual stromal cells cannot be completely excluded following enrichment. 

 

 

Figure 2. Expression of cellular markers in the epithelial fractions of colon tissue (normal and 

tumour) quantified by normalised spectral abundance factors (NSAF). None of the cellular markers 

analysed were differentially expressed between normal and tumour tissues except for CD44 which 

was higher in the tumours (p < 0.05). Expression profile obtained complemented the confirmation of 

enrichment previously shown by Western Blot (Chapter 2).  

 

The combination of epithelial cell affinity enrichment and membrane protein enrichment enabled 

this study to identify 1648 proteins in total amongst all samples at 1% protein FDR (spectral counts of 

proteins and peptides provided in Supp Table 2 and 3). Of these, 392 (23.8%) were annotated as 

“glycoprotein” (predicted or experimentally confirmed) according to UniProt (Fig 3a). To give a 

general overview of the proteome, proteins were also classified according to their cellular 

localisation using the UniProt keywords “membrane” and “cytoplasm” (Fig 3b) which are mapped 

based on gene ontology (GO) annotation [275]. Following membrane enrichment, membrane-

associated proteins form the largest proportion of identified proteins in the proteome at 51%, of 

which 8% were also associated with the cytoplasm. When protein abundance was also considered, a 

similar result was obtained (52% were membrane proteins, Supp Fig 1). Compared to a previous 

membrane proteomics study using essentially the same membrane enrichment procedure on rat 

liver [221], the proportion of membrane proteins was lower in this study (74% vs 51%). However, the 
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overall number of identified membrane proteins is much higher in this report (849 in this study vs 

188 identified in [221]).  

 

Figure 3. Membrane proteomics of pair-matched normal and cancerous colorectal tissues (n=3) 

following epithelial cell enrichment. Protein classification as ‘glycoprotein’ and cellular localisation 

were analysed using UniProt keywords. A) A total of 1648 proteins were identified, out of which 392 

(23.8%) were glycoproteins. B) Comparison of cellular localisation between the proteome and 

glycoproteome suggests a higher percentage of membrane-associated proteins in the glycoproteome 

(43% vs 71%). Proteins annotated as ‘other’ have not been associated with either the membrane or 

the cytoplasm according to annotation by UniProt.  

 

In terms of comparison with other membrane proteomics studies using human colon tissues, three 

major studies have been performed since 2010 with two studies using up to 28 patient-matched 

normal and tumours [57, 249] while the third study investigated matched polyps with tumours [248]. 

Similar to this study, all had employed sodium carbonate-based centrifugation methods for the 

enrichment of membrane proteins although Triton X114 phase partitioning was not performed. The 

proportion of membrane proteins (as a percentage of total number of proteins) reported varied from 

51% [57] to 75% (642/856) [249] compared to 51% obtained in this study. Interestingly, although 
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workflow carried out in this study did not result in the highest enrichment of membrane proteins, the 

number of quantified membrane proteins was the highest (849) when contrasted with other 

proteomic studies comparing normal and tumour colonic tissues. 

 

Out of the 1648 proteins identified, 52 proteins were found to be differentially expressed between 

normal and tumour colorectal tissues. The differentially expressed proteins (excluding the 9 

glycoproteins located in Table 2) are reported in Table 1. Using DAVID bioinformatics tool for GO 

(gene ontology) analysis [276], the top 5 non-redundant GO terms for molecular function and 

biological process with the highest coverage are shown in Table 3, which indicates that the proteins 

are involved in the binding of various substrates and protein localisation. Pathway analysis was also 

performed using DAVID, although there was little overlap in pathways between various proteins, and 

no terms were significantly enriched. This is not surprising given that there were few differentially 

expressed proteins. However, a very small number of terms (≤3) such as “drug metabolism”, “purine 

metabolism”, “antigen processing and presentation” were shared by up to 2 proteins (maximum, 

Table 3).  
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Table 3. Top 5 non-redundant GO terms for biological process, molecular function and KEGG 

pathways with highest coverage for differentially expressed proteins using DAVID informatics tool. 

Category Term P-Value 

Fold 

Enrichment Count 

% of differentially 

expressed 

Molecular function 

Nucleoside and nucleotide 

binding 0.0319 1.93 14 27 

 

Unfolded protein binding 0.000001 18.82 7 13 

 

ATPase activity 0.0206 4.63 5 10 

 

Cofactor binding 0.0435 4.97 4 8 

  Collagen binding 0.0057 25.76 3 6 

Biological Process Protein localisation 0.0434 2.62 7 13 

 

Protein folding 0.0002 11.18 6 12 

 

Response to organic 

substance 0.0598 2.75 6 12 

 

Protein transport 0.0723 2.60 6 12 

 

Transmembrane transport 0.0861 2.90 5 10 

KEGG Pathway Purine metabolism 

  

2 4 

 

Drug metabolism 

  

2 4 

 

Antigen processing and 

presentation   2 4 

 

Due to the multifunctional nature of many proteins, it is not surprising that proteins can be 

associated with more than one GO term. One notable example in this dataset is nucleoside 

diphosphate kinase B (NDKB_HUMAN), a member of the nucleoside diphosphate kinase (NDK) family 

[277]. This protein was increased 2.6 fold in the tumours (Table 1) and associated with “nucleoside 

and nucleotide binding”, “response to organic substance” and “purine metabolism”. This protein 

functions to synthesise nucleoside triphosphates other than ATP and is known to have various roles 

in cell growth and differentiation [278]. In colorectal cancer, its expression has been observed to be 

increased in tumour tissues compared to normal epithelium as shown by immunochemistry [279]. In 

this study, unique peptides for NDK B were consistently observed in all three patients demonstrating 

elevated NDK B in CRC tumour cells. Although a related isoform, NDK A has been reported as 

upregulated in a previous proteomics study on colon cancer and other cancers [280] this NDK 

isoform was not detected in our study.  Though isoform-specific functions require further 

investigation, the findings here provide further support for the upregulation of nucleoside 

diphosphate kinase expression between normal and primary colon tumours. 

 

Other proteins highlighted by the GO analysis include the higher expression of heat shock proteins in 

tumours, such as mortalin (GRP75_HUMAN), and heat shock protein 90 (HS90B_HUMAN) which 

were increased 1.7 fold and 2.4 fold in the tumours, respectively (Table 1). These proteins were 

associated with the terms “protein localisation”, “protein folding” and “protein transport” since they 

are known as molecular chaperones which are required for protein structural integrity [281] and 
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correct protein folding [282]. Interestingly, molecular chaperones have been associated with 

glycoproteins as aberrant protein N-glycosylation has been shown to impair protein folding [283]. As 

well, calnexin (CALX_HUMAN), another protein involved in protein folding, was also upregulated 1.9-

fold in the tumours (Table 1). A possible explanation for the increased expression of molecular 

chaperones is the increased protein synthesis of tumour cells, which may in turn require the higher 

expression of molecular chaperones to facilitate correct protein folding and promote cell survival 

[284]. Overall, the increased expression of the above proteins in tumours is unsurprising since these 

findings are consistent with previous studies which widely report their upregulation in colorectal 

cancer [57, 285-290]. Given that these proteins have been found increased in tumours in multiple 

studies, it is not surprising that many of these have been identified as potential therapeutic targets 

for cancer therapy [291-295].  

 

While the above proteins were highlighted due to the GO analysis, there were also other noteworthy 

proteins in our dataset such as BRI3 binding protein (BRI3B_HUMAN), filamin A (FLNA_HUMAN) and 

hydroxymethylglutaryl-CoA synthase (HMCS2_HUMAN). In the tumours, BRI3 binding protein 

(BRI3BP) was increased 6.8-fold, Filamin A was increased 6.1-fold while hydroxymethylglutaryl-CoA 

synthase (HMGCS2) was decreased 25.5 fold (Table 1).  These proteins are known to be implicated in 

various cancer-related functions. For example, BRI3BP is known to play a role in tumorigenesis via 

functional disruption of tumour suppressor protein p53 [296]; filamin A mediates cell invasion, 

adhesion and metastasis [297-299]; while HMGCS2 has also been implicated in tumour growth [300]. 

These proteins have also been previously linked with CRC and on the whole, the changes in this study 

revealed similar trends to earlier reports as expected [296, 301, 302].  Thus, the general concordance 

between these results and the literature also provides evidence of the reliability of this proteomics 

workflow to capture representative protein changes despite the small patient group.  

 

Besides confirming findings from other investigations, there were membrane proteins identified in 

this study, which to the author’s best knowledge, have not been previously associated with CRC. 

Three of these were estradiol 17-beta-dehydrogenase 12 (DHB12_HUMAN), cytochrome b-245 light 

chain (CY24A_HUMAN) and ATPase family AAA domain-containing 3A (ATD3A_HUMAN), which will 

be discussed further below.  Estradiol 17-beta dehydrogenase 12 (HSD17B12) was upregulated 14.5-

fold in the tumours (Table 1). It has roles in the activation of estrogen (conversion of estrone (E1) to 

estradiol (E2)) and fatty acid metabolism [303]. HSD17B12 has also been associated with increased 

metastasis in hepatocellular carcinoma [304] and is considered a marker of poor prognosis in ovarian 

carcinoma [305]. However, the association of this isoform (of 14 isoforms [303, 306]) has not been 

linked to CRC before. Interestingly, a related isoform, HSD17B2, which inactivates estrogen (E2 to E1 

conversion) has been observed as downregulated in CRC tumours [307, 308] which may also lead to 
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higher levels of active estrogen. Taken together, these findings implicate estrogen activation in 

tumorigenesis of CRC though the exact mechanism remains to be elucidated.  

 

On a different note, cytochrome b-245 light chain (also known as p22phox) is a membrane bound 

subunit of the active NADPH oxidase (NOX), which generates reactive oxygen species involved in 

variety of functions such as microbe killing, angiogenesis [309] and cell signalling [310]. This protein 

was observed to be increased 8-fold in the tumours compared to the normal tissue (Table 1). The 

increased expression of p22phox has been linked with other cancers [311-313] but has not yet been 

correlated with CRC. Intriguingly, a related glycosylated subunit, gp91phox, known to form 

heterodimers with p22phox has been previously observed in a colon epithelial cell line and colon 

tissues [314]. This subunit (CY24B_HUMAN) was also detected in of this study although it was not 

differentially expressed between tumours and normal tissues. Though it has been reported that both 

subunits are vital for the fully functional NOX [310, 315, 316], it is not entirely clear how the change 

in p22phox:gp91phox ratio implied in this study will alter NOX function. However, as NOX enzymes 

are known to be involved in signal transduction related to angiogenesis [309], cell migration and 

growth [310], it is also speculated that these functions may be dysregulated by p22phox 

overexpression in tissue. 

 

Besides the above proteins, the ATPase family AAA domain-containing 3A (ATAD3A) protein was also 

elevated in the tumours. It is a mitochondrial inner membrane protein that has been recently found 

highly expressed in cancers of the cervix [317], lung [318], brain [319] and prostate [318] using 

antibody-based approaches. However, to date it has not been identified in colorectal cancer and this 

study hence has shown this to be a differentially expressed protein between normal and tumour 

colon tissues. Similar to studies in other cancers, ATAD3A was upregulated in the colonic tumours 

(2.1-fold, Table 1) compared to the normal controls. Although additional verification is required in a 

larger patient cohort, the overexpression of ATAD3A may be a prognostic marker for poor survival in 

colorectal cancer, similar to lung [318] and cervical cancers [317]. Likewise, it may also be correlated 

with increased lymphovascular invasion and tumour stage as previously observed in other cancers 

[318, 320]. Overall, this is an interesting novel finding that warrants further investigation due to its 

strong association with tumour progression in other cancers. 

 

Glycoproteins in CRC tumour tissues 

Whilst membrane proteins are of importance, analysis of the glycoprotein subset is also highly 

relevant in the light of the previous glycomic analysis (detailed in Chapter 3). Thus, glycoproteins, 

especially altered glycoproteins from the membrane enriched samples, will be discussed in greater 

detail in the following sections. In this study, proteins were considered glycosylated if specified as a 
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“glycoprotein” according to UniProt keyword annotation. UniProt annotation identifies both 

experimentally verified and putative glycoproteins (proteins with computationally predicted 

glycosylation sites)[264]. Of 1648 proteins found, 392 (23.8%) were glycoproteins using this criteria 

(Fig 3a). Compared to the proteome, the percentage of membrane-associated proteins is higher in 

the glycoproteome (71% vs 43%) as expected, as glycoproteins are known to be membrane-

associated or secreted [3]. 

 

Identification of N-glycosylation sites using PNGase-F 

An aspect of interest from the glycoproteins identified is the localisation of their N-glycosylation 

site(s). Not only is this a step towards site-specific glycosylation profiling [321], but there is also little 

known about whether N-glycosylation sites are changed in altered glycoproteins in CRC. The N-

glycosylation sites contain the consensus sequence NXS/T/C, where X represents any amino acid 

except proline although rarely serine or threonine may also be replaced by cysteine [322]. The use of 

PNGase-F releases the glycan from Asn residues, resulting in its deamidation and conversion to Asp 

that can be readily detected in the MS analysis of the tryptic peptides by searching the databases 

with a + 0.98 Da modification. In order to distinguish between genuine N-glycosylation sites resulting 

from enzymatic deamidation and spontaneous chemical deamidation [323, 324], two fractions were 

analysed from each tissue sample – the fractions were either PNGase-F treated or untreated prior to 

tryptic digestion. Deamidated peptides containing an N-glycosylation consensus sequence were 

therefore not included as an identified N-glycosylation site if they were present in the PNGase-F 

untreated fractions as these may have arisen from nonenzymatic chemical deamidation [323, 324].  

This is especially likely when the asparagine is adjacent to a glycine (G) as the small glycine residue 

favours formation of a cyclic intermediate in the chemical asparagine (N) to aspartic acid (D) 

conversion [323, 325]. 

 

In total, 1628 proteins were identified in the PNGase-F treated fractions while 813 were identified in 

the untreated fractions (Table 4; 1648 proteins were identified only when PNGase-F treated and 

untreated fractions were analysed together).The lower number of protein identifications in the 

untreated fractions may be explained by lower protein coverage (due to glycan shielding of peptide 

backbone from tryptic digestion[260]) and/or possibly lower protein loading. The spectral counts and 

full list of deamidated peptides used in this analysis is provided in Supp Table 4 and 5. Overall, 281 

deamidated Asn sites were identified in the PNGase-F treated samples whereas only 26 deamidated 

sites were identified in the untreated samples (Table 4), which could be attributed to nonenzymatic 

chemical transformation. However, it was noted that 13 of the 26 deamidated sites (50%) found in 

the untreated samples were also identified in the PNGase-F treated samples, indicating that a degree 

of nonenzymatic deamidation remained in the PNGase-F treated samples. A frequency plot of the 
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deamidated sites in PNGase-F treated and untreated samples is shown in Fig 4a. Analysis of these 

sequences showed that in the PNGase-F treated samples, the majority (70%, 197/281) contained the 

recognised N-linked glycosylation motif NXS/T (Fig 4b). In contrast, only 12%, (3/26) contained NXS/T 

in the untreated samples (Fig 4b). There were no deamidated peptide sequences found consisting of 

the NXC tripeptide in either PNGase-F treated or untreated samples. There were also 84/281 (30%, 

Fig 4b) deamidated sites in the PNGase-F treated samples which did not contain a known N-

glycosylation consensus sequence (NXS/T/C). 43 of these sites (43/84, 51%) had the NG motif which 

was the only motif found to be statistically overrepresented at these sites (by motif analysis, Fig 4c). 

For the remaining 41 sites, the amino acid adjacent to the deamidated asparagine varied (Supp Fig 3) 

and the reason for these sites is unclear at present. However, the frequency of deamidation at any 

one particular amino acid was notably lower for these 41 sites (≤ 7 sites for any other amino acid) 

than for glycine. The overrepresentation of glycine and other amino acids adjacent to asparagine will 

be discussed further below. 

 

As mentioned above, motif analysis was also carried out using the Motif-x tool [269, 326] to further 

determine whether there was a significant overrepresentation of NXS/T motifs in the PNGase-F 

treated samples. In this analysis, the background was selected as the IPI Human Proteome (the 

FASTA file containing all human protein sequences) while the foreground was all the sequences 

containing deamidated sites identified in this study (PNGase-F treated and untreated were analysed 

separately). The fold increase was calculated as (foreground matches/foreground size)/(background 

matches/background size)[269]. Using this tool, NXT and NXS motifs were significantly increased 6.4- 

and 5.4-fold (Fig 4c) in the PNGase-F treated fractions whereas in the untreated samples they were 

not significantly altered from the background. The presence of leucine residues upstream of 

deamidated asparagine (Fig 4a) was also remarkable although the motif was not significantly 

increased. The NG motif was found elevated relative to background in both PNGase-F treated and 

untreated fractions, although the majority of NG motifs found in untreated samples (9/11) were also 

identified in PNGase-F treated samples – again suggesting that a degree of spontaneous chemical 

deamidation remained in the PNGase-F treated samples. Nevertheless, the notable increase in 

deamidated peptides containing a NXS/T motif in PNGase-F treated compared to untreated samples 

indicates enzymatic deamidation occurred. More importantly, the enzymatically deamidated sites 

(i.e. formerly N-glycosylated) can be separated from nonenzymatically deamidated sites as the 

enzymatically deamidated sites would not be present in the untreated fractions. Only two 

deamidated peptides with NXS/T sites identified in untreated samples were also found in the 

PNGase-F treated samples (Fig 4d). These sites, along with the one site containing NPT sequence 

were removed from analysis and not considered as N-glycosylation sites. The latter was removed 

since it is not considered a canonical N-glycosylation motif.  
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Although there is a clear and significant number of deamidated sites with the canonical N-

glycosylation NXS/T motif identified in this study (as mentioned above, Fig 4c), the overall percentage 

in the PNGase-F treated sample (70%, Fig 4b) was notably lower than other reports. Utilising a MS-

based approach, typically >95% of deamidated sites identified contained an N-glycosylation 

consensus sequence [19, 259]. A likely explanation for the discrepancy with the current study is the 

noted use of 18O-water during sample preparation which was not employed in this study. The use of 

18O-water during PNGase-F digestion (while 16O-water was used for other processing steps) thus 

allowed ready discrimination between enzymatic and nonenzymatic deamidation. Therefore, one of 

the explanations for the number of deamidated sites in the PNGase-F treated samples which did not 

have an N-glycosylation site consensus sequence (84/281, 30%) found in this study is nonenzymatic 

deamidation at the asparagine residues. As mentioned previously, 51% (43/84) of these sites have 

the NG motif and this is the only motif that was statistically overrepresented at these sites (Fig 4c). 

Hence, nonenzymatic deamidation is not surprising at these sites, since it has been shown previously 

that the presence of glycine adjacent to the asparagine is especially prone to nonenzymatic 

deamidation [323]. This includes during conditions routinely utilised for trypsin digestion prior to MS 

like those employed in this study (pH 7.4-8.2, 37°C)[323, 325]. Indeed, the small size of the glycine 

may facilitate the formation of a cyclic intermediate which favours deamidation [323].  

 

Nevertheless, the existence of noncanonical N-glycosylation consensus sequences has been 

suggested [322] although this has been controversial and some may only be experimental artefacts 

[324, 327] similar to that observed in this study. While the presence of noncanonical N-glycosylation 

sites cannot be completely excluded in this investigation, the overall evidence suggests 

nonenzymatic deamidation is the more likely explanation for the higher percentage of deamidated 

sites observed. Having mentioned this, it has also been noted that spontaneous deamidation may 

still occur during PNGase-F digestion in 18O-water [324], although this was not always considered by 

the addition of untreated control samples in the previous studies [259]. Taken together, the 

comparison of the findings in this study with the literature indicates there may be a degree of 

nonenzymatic remaining in the treated samples. However, the inclusion of untreated controls 

accompanied by the stringent criteria for identification of deamidation sites [328] lends confidence 

that N-glycosylation sites identified in this investigation containing the NXS/T motif are genuine.  
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Table 4. Number of deamidated sites identified in PNGase-F treated and untreated fractions. As 

expected, the number of deamidated sites in untreated fractions was much lower than PNGase-F 

treated fractions.  

Fraction Protein No. Deamidated sites Unique sequences 

PNGase-F treated 1628 281 266 

No PNGase-F 813 26 22 

 

 

Figure 4. Motif analysis of deamidated sites indicates an increase in nXS/T motif from enzymatic 

deamidation (where n=Asp). A) Frequency plot of sequences surrounding the deamidated sites from 

PNGase-F treated and untreated samples shows an increase of serine and threonine in the third 

amino acid after asparagines, consistent with the well-established motif for N-glycosylation whereas 

the nonenzymatic sites showed a majority of nG motifs. B) Comparison of deamidation site 

distribution shows that the majority of deamidated sites (70%, 197/281) were in nXS/T motifs in 

PNGase-F treated samples, whereas they formed only a minority (12%, 3/26) in untreated fractions. 

One deamidated peptide in the PNGase-F treated sample had the motif nPT. No sequences 

containing nXC were found in either fraction. C) Motif analysis of unique sequences using motif-x tool 

indicated that the sequences nXT, nXS and nG were significantly overrepresented from background in 

PNGase-F treated samples. The selected background dataset was the “IPI Human Proteome” 

database. The foreground dataset was the sequences containing deamidated asparagines identified 
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this study. The fold increase was calculated as (foreground matches/foreground size)/(background 

matches/background size)[269]. D) Overlap of unique sequences with nXS/T between PNGase-F 

treated and untreated samples. 

 

Table 5. Number of N-glycosylation sites identified and the proteins associated with these sites. 

  No. 

Sites with NXT 110 

Sites with NXS 84 

Total N-glycosylation sites 194 

Proteins with N-glycosylation sites 128 

 

 

Figure 5. N-glycosylation sites identified in colon tissue and their UniProt annotation. A) UniProt 

annotation of 194 N-glycosylation sites from 128 proteins identified by mass spectrometry in this 

study. B) Number of N-glycosylation sites per protein (experimentally identified in this study vs. sites 

annotated by UniProt). 

 

Overall, 194 N-glycosylation sites were identified which were mapped to 128 distinct proteins (Supp 

Table 6). Mass spectra of all N-glycosylation sites have been provided in Supp Fig 4. N-glycosylation 

sites with NXT motif (110 sites, Table 5) were more common than sites with NXS motif (84 sites, 

Table 5) and this is in agreement with previous reports of eukaryotic N-glycosylation including 

humans [19, 259]. When these were matched with sequence annotation from UniProt (release 

2014_06), 61% (118 sites, Fig 5a) were reported previously with experimental verification. However, 

60 sites (31%, Fig 5a) were annotated either as potential (30%, 58 sites) or probable sites (1%, 2 sites) 

and therefore, the findings in this study provided experimental confirmation for these N-

glycosylation sites.  
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In addition, a further 16 sites (all containing NXS/T motif) that have not been previously annotated as 

potential by UniProt (Table 6) was also identified in this study.  These 16 unannotated sites were 

mapped to 15 proteins (one protein had two sites). The majority of the corresponding proteins (60%, 

9/15) were membrane-bound or secreted, 33% (5/15) were cytoplasmic and 7% (1/15) were not 

linked to either the cytoplasm or membrane. These unannotated sites from the membrane/secreted 

proteins (10 sites) were simply sequons (consensus sequences with NXS/T motif) identified as less 

likely to be N-glycosylated by NetNGlyc, the N-glycosylation site prediction tool utilised by UniProt 

[264]. The identified sites had NetNGlyc result scores of less than 9/9 or a threshold of less than 0.5 

as determined by computational neural networks  [329]. Hence, these sites were not considered as 

potential sites by the database as they were not predicted as sites with the highest confidence. 

Despite this, it is very plausible that these are genuine N-glycosylation sites since they are located on 

membrane-bound or secreted proteins. Thus, they can be N-glycosylated according to canonical 

glycosylation pathways through the endoplasmic reticulum (ER) and Golgi apparatus [25]. Therefore, 

this study has provided the first evidence for the N-glycosylation of these sites. 

 

Intriguingly, there were also 5 other unannotated sites mapped to 5 cytoplasmic proteins (such as 

myosin 9, desmoplakin and vimentin) which are not classified as membrane proteins (Table 6). 

Moreover, none of the cytoplasmic proteins contained any predicted transmembrane helices or 

signal peptides (as determined by prediction tools, TMHMM v 2 and SignalP v 4.1) to indicate a 

potential alternative role as membrane or secreted protein. As cytoplasmic proteins are not generally 

known to be N-glycosylated, whether the deamidated peptides associated with these sites are 

exclusive or homologous to other proteins was also determined. All deamidated peptides were found 

to be exclusive to their corresponding identified proteins, further showing that they were not linked 

with the membrane. Additionally, the indicated N-glycosylation sites were examined to determine 

whether the asparagine was adjacent to glycine, which is known to be susceptible to nonenzymatic 

deamidation [323, 325]. None of the sites were located next to glycine and thus, there is little 

evidence to show that they were an experimental artefact. Taken together, the evidence appears to 

point to the existence of 5 novel N-glycosylation sites on proteins considered to be cytoplasmic, that 

have not been reported before. Having mentioned this, their existence is thought-provoking since N-

glycosylation is only known to occur on membrane-bound/secreted proteins synthesised in the ER or 

Golgi. At present, alternative mechanisms for cytoplasmic N-glycosylation have not been shown. 

Given that the glycan moiety was not analysed in this study, more experimental validation, by 

identification of the actual glycosylated peptide(s) with the glycan attached, is needed to show that 

these proteins are indeed N-glycosylated. Regardless, it is a provocative finding that merits further 

experimental verification as it suggests the possibility of noncanonical N-glycosylation and alternative 

N-glycosylation pathways, at least in colon tissues. 
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Besides this, the number of N-glycosylation sites observed experimentally was also compared with 

the number of N-glycosylation sites annotated by UniProt. Experimentally, one N-glycosylation site 

was identified for the majority of proteins while fewer proteins were identified with multiple N-

glycosylation sites (Fig 5b).  This trend is consistent with previous study performed by Deeb et. al. 

where N-glycosylation sites from human lymphoma cell lines were also identified using a 

deglycosylation mass spectrometry-based approach [259]. Despite this, it was noted that the number 

of proteins annotated with multiple N-glycosylation sites (5+; only proteins identified in this study 

considered) was much higher in UniProt than experimentally identified (Fig 5b, red vs blue). This 

indicates that not all sites from highly N-glycosylated proteins were mapped in this experiment. 

Having observed this, an association between the number of experimentally identified sites and the 

abundance of the corresponding proteins was also considered. However, there was also no 

association between number of experimentally observed N-glycosylation sites and protein 

abundance (Supp Fig 2). On the whole, this suggests alternative strategies are required to target 

proteins with a high number of N-glycosylation sites regardless of the protein’s abundance if all sites 

are to be identified. Nevertheless, the mass-spectrometry based method presented here still enabled 

high throughput confirmation of predicted N-glycosylation sites and identification of previously 

unreported N-glycosylation sites (Fig 5a). Therefore, this approach is likely to be complementary to 

others such as glycopeptide analysis where more detailed information about the attached glycan 

moiety is obtained, albeit also incomplete at this stage of technology development. 

 

Next, it was determined whether these sites were identified in any of the altered glycoproteins found 

between tumour and normal tissue. In total, the expression of 9 identified glycoproteins were 

significantly changed (Table 2). This includes the well-known biomarker, carcinoembryonic antigen 

(CEAM5_HUMAN) where 6 of the 28 predicted N-glycosylation sites were found (N115, N152, N208, 

N246, N375, N508) and immunoglobulin J chain (IGJ_HUMAN) where the only known N-linked site 

(N71) was found as shown in Table 7. For example MS2 spectra from colon tumour tissues treated 

PNGase-F showing deamidation at N246 (parent peptide RSDSVILNVLYGPDAPTISPLnTSYR) and N508 

for CEAM5 (parent peptide TITVSAELPKPSISSnNSKPVEDK), and at N71 on immunoglobulin J (parent 

peptide IIVPLNNREnISDPTSPLR), are shown in Fig 6a, c and d. Interestingly, the corresponding non-

glycosylated peptides (intact or “native” Asn residue) from these sites was also found in the PNGase-

F treated fractions, indicating less than 100% glycan occupancy of these protein sites in CRC tumours. 

For example, MS2 showing N246 of CEAM5 without deamidation (non-glycosylated) is shown in Fig 

6b. However, neither the non-glycosylated or deamidated versions were found in the PNGase-F 

untreated fractions (normal or tumour), possibly due to low abundance. In terms of other proteins, 

the non-glycosylated “native” versions of the formerly N-glycosylated peptides were also generally 
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not found in PNGase-F treated fractions (normal or tumour). Only four other N-glycosylation sites 

(N60 of ARF1, N75 of FCGBP, N381 of MYH9 and N118 of TSN8) out of 194 were noted to have their 

corresponding non-glycosylated forms in the treated fractions. 

 

Since limited information is reported for the alteration of glycosylation sites in colorectal cancer, the 

deamidated and native glycopeptides covering N246 and N508 from CEA5 were quantified in normal 

and tumour samples using NSAF (Fig 7). These two sites were chosen because they were consistently 

detected across all three cancer patients (min. one peptide per patient). This analysis indicated that 

there is an overall higher abundance of both deamidated and native peptides in tumour samples 

which reflects the higher general expression of CEA5 in tumours compared to normal tissues. 

However, the average fold-increase in deamidated peptides of N246 was still higher (6.7-fold, Fig 7) 

than the average increase in CEA5 (3-fold, Table 2) in tumours as determined by spectral counts of 

peptides with and without N-glycosylation sites. This suggests that the increase in deamidated 

peptides is not due only to an increase in protein abundance but also an increase the glycan 

occupancy of CEA5 at N246 in the tumours compared to normal tissues. Furthermore, there is a 

trend towards a higher ratio of deamidated:native N246 peptides (p = 0.065) compared to 

deamidated:native N508 peptides within tumours. Thus, while an increase in overall CEA5 

contributes to the increased abundance of its corresponding deamidated (formerly N-glycosylated) 

peptides, it is also likely there are positional preferences for N-glycosylation along the polypeptide 

chain – a phenomenon which has been previously reported [330]. In general, N-glycosylated sites 

tend to be more common toward the N-terminus [331] and glycosylation efficiency appears reduced 

within 60 residues of the C-terminus [332]. Thus, the findings of CEA5 in this study support these 

previous observations with N246 trending a higher deamidated:native peptide ratio compared to 

N508 within tumours, indicating higher glycosylation at the site closer to N-terminus. 

Mechanistically, N-terminally located sites may spend more time being exposed to 

oligosaccharyltransferase (the sugar-adding enzyme) as they are translated and this may contribute 

to their increased likelihood of glycosylation.  
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Figure 6. Example of tandem mass spectra from altered glycoproteins with deamidated (formerly 

N-glycosylated) sites. A-B) Mass spectra from carcinoembryonic antigen 5 (CEAM5_HUMAN). 

Asparagine 246 from this protein was found in deamidated (A) and native (non-glycosylated) forms 

(B). C) Deamidation of asparagine 508 from CEA5. D) Deamidation of asparagine 71 from 

immunoglobulin J.  
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Figure 7. Quantification of peptides with formerly N-glycosylated (deamidated) and non-

glycosylated (native) asparagine 246 and asparagine 508 in carcinoembryonic antigen 5. These sites 

were chosen for quantification since they were consistently detected (min. 1 peptide) in all three 

patients. 

  

Additionally, for reasons not yet clear, there is also an increase in the ratio of deamidated:native 

N246 peptides between tumours and normal tissue, indicating a relative increase in glycosylation site 

occupancy in the tumours. Though the observations presented require additional samples for 

validation, this preliminary result suggests that glycosylation site occupancy may be correlated with 

carcinogenesis. This is not entirely surprising as differences in N-glycosylation site occupancy have 

been formerly associated with pathology. In a study by Hulsmeier et. al.[333], N-glycosylation 

occupancy of serum transferrin from individuals with congenital disorders of glycosylation (CDG) was 

compared with healthy controls samples. Of the two N-glycosylation sites (N413 and N611), the 

percentage occupancy of the second site at N611 was correlated with disease severity with highest 

occupancy for healthy controls and lowest observed for patients with severe form of CDG [333]. 

Moreover, N-attachment has been shown to influence biological properties of a glycoprotein such as 

its stability, solubility, half-life and enzymatic activity [330]. For example, N-glycan occupancy at N25 

increased the resistance of interferon-gamma (IFN-γ) to protease digestion compared to wild-type 

IFN-γ [334].  Given that CEA is generally increased in CRC patients, increased glycosylation occupancy 

may be one potential mechanism which contributes to extending its serum half-life and therefore its 

increased expression in CRC. Hence, it would be interesting in future studies to confirm whether 

glycosylation site occupancy of N246 is increased in patient-derived tumour tissue or serum. Such 

changes in glycosylation site occupancy may also be exploited for assay development as biomarkers 

in combination with CEA protein expression for improvement of marker sensitivity and specificity. 
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Glycoprotein changes in CRC tumours compared to matched normal tissues 

Apart from changes in CEA, other glycoproteins were also found to be differentially altered during 

carcinogenesis and many of these have been previously associated with CRC. Differences in N-

glycosylation sites were not compared for these proteins (mentioned below) either because their 

corresponding deamidated peptides were not identified in the dataset; or in the case of 

immunoglobulin J, the deamidated site at N71 was identified in one patient only.  

 

As examples of differentially expressed glycoproteins, CD44, zinc transporter ZIP14, serpin H1, 

carbonic anhydrase 12 (CA12) were increased while cocaine esterase was decreased (Table 2) in 

tumours compared to normal tissues in this study. Taken into account directionality of regulation 

(whether increased/decreased), the alteration of these proteins is in good agreement with the 

literature where CD44, ZIP14, serpin H1 are generally increased during CRC progression [335-339]. 

These proteins have a variety of biological functions which likely support malignancy. For example, 

CD44 overexpression in colon cancer cells increases cell migration/invasion and induces activation of 

the pro-growth Akt signalling pathways [273]. On the other hand, ZIP14 controls transport of divalent 

cations such as zinc and iron, which may have implications for DNA repair in tumour cells [340] while 

serpin H1 is a molecular chaperone that is involved in the synthesis of collagen, a component of the 

extracellular matrix which is involved in signalling networks regulating cell proliferation [341]. 

Working in a concerted manner, it is likely that the overexpression of these proteins contribute to 

carcinogenesis by affecting pathways involved in DNA damage, increased tumour growth and 

invasion. 

 

Interestingly, though the downregulation of cocaine esterase (also known as carboxylesterase 2) in 

tumour tissue has also been reported in a variety of cancers, its expression in CRC was not markedly 

changed compared to normal tissue [342]. However, in this study, cocaine esterase was decreased 

4.2-fold in the tumours compared to tissues (Table 2). While its precise role in carcinogenesis is 

unclear, one of its major functions is in the metabolism of drugs, including therapeutic prodrugs such 

as irinotecan which is actively used to treat colorectal cancer.  Through hydrolysis, irinotecan is 

activated to generate SN-38 which is known to be 100 times more potent than irinotecan [342].  

Thus, its decreased expression in colon tumour tissue may have implication for lower drug activation 

and overall tumour response to this drug [343]. While more experimental confirmation is required, 

this may ultimately have downstream effects on patient outcomes. 

 

Although several glycoproteins have been found correlated with CRC, others were identified linked 

with CRC for the first time, namely immunoglobulin J chain and coiled-coil domain containing protein 
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47 (CCDC47) which was decreased 3.4 fold and increased 9.8-fold in this study, respectively (Table 2). 

Very limited information is known about CCDC47 though its coiled-coil domain may have functions in 

force production [344], cell motility [345] and membrane localisation of proteins [346]. Most 

importantly, coiled-coil domains of membrane proteins are believed to mediate protein-protein 

interactions [347]. This includes protein interactions of occludin which has been suggested to play a 

role in the maintenance of epithelial tight junctions which serve to bind adjacent epithelial cells 

[348]. Overall, it is unclear at present how elevated expression of CCDC47 influences cancer 

behaviour and further research is needed to elucidate its biological functions in colorectal cancer.  

 

Immunoglobulin J chain was also shown to be downregulated in CRC tumour cells by 3.4-fold (Table 

2). This immunoglobulin polypeptide plays a role in the initiation of IgA and IgM polymerisation 

[349]. The polymerisation of IgA into dimers and IgM into pentamers leads to highly valent antigen 

binding sites well-suited to binding foreign pathogens [350]. Its downregulation may indicate 

reduced immune surveillance in the tumour microenvironment, which may contribute to immune 

escape of the cancer cells. Interestingly, a component of the MHC class II molecule, the MHC class II 

histocompatibility antigen DRB1-16 beta chain, was upregulated (5.8-fold) in the same patients. 

Though it is unclear whether the MHC class II histocompatibility antigen is expressed by epithelial 

cells [351], antigen presenting cells or both, its presence suggests a degree of immune response in 

the tumour. Therefore, it appears that regulations of immune surveillance is highly intricate and 

require further investigation for deeper understanding of underlying molecular mechanisms. 

Nevertheless, the differential regulation of these two proteins strongly indicates alteration of 

immune-associated proteins, which may have implications in immune escape of tumours cells in 

colorectal cancer. 

 

Limitations of current LC-MS/MS approach 

Although spectral counting is commonly employed for label-free quantitation in proteomics due to 

its simplicity, many other approaches exist. In order to improve relative quantification, the use of 

isotopic labels may be employed to increase the robustness of quantification. The distinct advantage 

of using a labelled approach is that different samples may be mixed (following labelling) to minimise 

any differences in sample handling that may influence protein quantification. In addition, 

quantification of multiple samples can be performed simultaneously in the same MS run, further 

reducing variance associated with run-to-run spectral comparisons [352].  One labelled approach 

commonly utilised for human tissue samples is iTRAQ labelling where peptides from various samples 

are labelled with isobaric tags that are fragmented by MS/MS to give different reporter ions. The 

relative abundance of the reporter ions are used as a proxy to quantify proteins [353].  This approach 

has been successfully employed in an earlier study to investigate changes the in membrane 
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proteome of CRC tissues [57]. However, due to the limited recovery of peptide in this study, we 

chose not to utilise this method.  

 

An alternative method is the use of SILAC (stable isotope labelling of amino acids in culture) labelling. 

As a form of metabolic labelling, SILAC has traditionally been used to quantify  proteomes of cell lines 

since they are able to gradually incorporate ‘light’ or ‘heavy’ isotopes of amino acids over several 

generations. Nevertheless, a mix of SILAC-labelled cell lines (referred to as the super-SILAC mix [354]) 

can be spiked in as an internal standard for relative quantification of human tissue samples. A mix of 

different cell lines (of same cancer type) is used in order to provide internal standards to a 

representative number of proteins. Although this approach is likely to be more time-consuming than 

iTRAQ (as time is needed to generate several fully labelled SILAC cell lines), the limited sample 

recovery is less likely to be a concern because further sample processing was minimal compared to 

the label-free approach. Therefore, this method is promising as a future direction to improve the 

robustness of relative quantification of (formerly) N-glycosylated peptides investigated in this study. 

 

4.4      Conclusions and future perspectives 

In this study, membrane proteomic profiles from epithelial cells of patient-matched normal and 

tumour tissue was performed which resulted in the quantification of 1648 proteins – the highest 

number of proteins to date identified in membrane proteomics studies comparing normal and 

tumour samples. On the whole, 52 proteins including 9 glycoproteins were differentially expressed 

with altered protein abundances involved in nucleotide binding, protein transport, immunity and cell 

proliferation. The differential expression of known CRC associated proteins were validated and other 

proteins not previously implicated in CRC were identified.  

 

As glycosylation is the main focus of this thesis, the glycoprotein subset of the proteome was 

investigated further. Specifically, the N-glycosylation sites were mapped after enzymatic 

deglycosylation as little is known about N-glycosylation site changes in colorectal cancer. 194 sites 

from 128 proteins were found which included confirmation of 60 potential sites and identification of 

a further 16 sites not annotated as being glycosylated in UniProt. This included the confirmation of 5 

potential N-glycosylation sites on the currently used cancer marker, CEA. Quantification of formerly 

glycosylated and non-glycosylated peptides from CEA suggests N-glycosylation site differences may 

occur in CRC which warrant further investigation as these differences may be exploited to improve 

biomarker sensitivity and specificity.  

 

Overall, this study has shown the viability of simultaneous membrane and N-glycosylation site 

profiling of proteins on a small sample set using high accuracy mass spectrometry. When combined 
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with N-glycosylation profiles obtained from the same samples (Chapter 3), there is new depth of 

information on the glycosylation and protein changes which occur during carcinogenesis. Though at 

this stage the global structural glycosylation changes observed cannot be directly attributed to 

specific proteins, these may be further investigated by immunopurification of target proteins 

followed by analysis of the intact glycopeptides.  In addition, while the number of patients in this 

study is small, the experimental workflow was validated by the known biomarkers found and can be 

easily upscaled to a larger patient cohort. Targeted analysis of the carriers of the specific glycans 

found in this study (Chapter 3) may expedite throughput. Taken together, the application of this 

experimental approach provides a platform for in-depth exploration of glycosylation-related changes 

which may provide novel leads for biomarker discovery. 
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4.5      Supplemental information 
Additional Supplemental information (Supp Tables 2-6, Supp Fig 4) is located in the provided CD 

(inserted in thesis).  

Supplementary Table 1. Epithelial and non-epithelial cellular markers used for determination of 

epithelial enrichment by proteomics. EMT, epithelial-to-mesenchymal transition. 

Cellular marker Protein name 
Protein 
short name UniProt ID Description Ref(s) 

Epithelium 
Epithelial cell 
adhesion molecule EpCAM EPCAM_HUMAN 

Cell surface antigen for 
epithelial cells 

[355, 
356] 

 
Keratin 8 Keratin 8 K2C8_HUMAN 

Intermediate filament 
proteins expressed by 
epithelial cells [270] 

 
Keratin 18 Keratin 18 K1C18_HUMAN 

Intermediate filament 
proteins expressed by 
epithelial cells [270] 

 
Keratin 19 Keratin 19 K1C19_HUMAN 

Intermediate filament 
proteins expressed by 
epithelial cells [270] 

 
Villin-1 Villin-1 VILI_HUMAN 

Actin binding protein 
expressed on epithelial 
microvilli 

[357-
359] 

Fibroblast/ 
mesenchymal Vimentin Vimentin VIME_HUMAN 

Intermediate filament 
protein expressed by 
fibroblast and mesenchymal 
cells 

[271] 
[272] 

Mesenchymal CD44 antigen CD44 CD44_HUMAN 

Transmembrane receptor for 
hyaluronan associated with 
EMT 

[273, 
274] 

Muscle 
Actin gamma, 
smooth muscle 

Actin 
gamma ACTH_HUMAN 

An actin isoform expressed 
by vascular/enteric smooth 
cells and  myofibroblasts [360] 

 
Caldesmon Caldesmon CALD1_HUMAN 

Actin-associated protein 
marker for smooth muscle 
cells [361] 

 
Calponin Calponin CNN1_HUMAN 

Actin-binding protein 
specifically by smooth 
muscle [362] 

 
Desmin Desmin DESM_HUMAN 

Intermediate filament 
protein expressed by smooth 
muscle cells [363] 

Immune cells 
T-cell surface 
glycoprotein CD4 CD4 CD4_HUMAN 

Membrane receptor 
expressed by cytotoxic T-
cells [364] 

 

T-cell surface 
glycoprotein CD8 CD8 CD8_HUMAN 

Antigen receptor expressed 
by predominantly by helper 
T-cells [365] 

 

B-lymphocyte 
antigen CD19 CD19 CD19_HUMAN 

B-cell surface receptor 
involved in cell signalling [366] 

 

Receptor-type 
tyrosine protein 
phosphatase C 
(CD45) CD45 PTPRC_HUMAN 

Membrane glycoprotein 
found on all hematopoietic 
cells except erythrocytes [367] 
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Supplementary Figure 1. Cellular localisation of membrane proteome by percentage NSAF. 

 

Supplementary Figure 2. Correlation between number of experimentally identified N-glycosylation 

sites and protein abundance determined by normalised spectral abundance factors (NSAF). Each data 

point represents the number of N-glycosylation sites and protein abundance of one protein. 
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Supplementary Figure 3. Dependence of deamidation on the amino acid adjacent to the deamidated 

asparagine (n=84) at sites without the N-glycosylation consensus sequence (NXS/T). 
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5      Final discussion and conclusions 

In this final discussion and conclusions chapter, an overview of the findings presented in the thesis 

will be summarised. This will be followed by further discussion on the use of CRC cell lines as model 

systems and the utility of mass spectrometry in glycomics/glycoproteomics. Taking the above into 

account, various potential future directions following this thesis will be considered. Finally, the 

overall conclusions and perspectives will be presented. 

 

5.1      Thesis overview 

Colorectal cancer (CRC) is a prevalent disease that is newly diagnosed in approximately one million 

people worldwide each year [41]. There is still a need for novel biomarkers for this cancer since the 

currently approved FDA marker, carcinoembryonic antigen has limited sensitivity, which makes it 

unsuitable for early CRC detection [213]. The aim of this thesis was to investigate potentially novel 

sources of CRC biomarkers by examining membrane glycoproteins and N- and O-linked glycans 

released from these proteins in order to understand the biochemical processes underlying the 

production of these biomolecules in the context of CRC. The approach centred on using mass 

spectrometry for detection and comparison.  

 

Several colon cancer cell lines were compared with colon tumour tissue to evaluate whether cell 

model systems provide a good representation of in vivo glycosylation observed in tumours. For the 

purpose of achieving a bona fide comparison with the epithelial origin of the cancer cell lines, a 

positive selection method based on EpCAM immunoaffinity was developed to enrich epithelial cells 

from tumour tissues prior to MS analysis (Chapter 2). The reduction of non-epithelial cell types 

allowed for a closer comparison with cell lines, which are a homogeneous epithelial population. The 

N- and O-glycan profiles of membrane proteins of the tumour tissue were compared with those from 

the cell lines using MS (detailed in Chapter 2). To date, this is first protein glycan analysis of colon 

cancer which has incorporated an additional enrichment step for epithelial cell selection. The results 

of O-glycan analysis were especially striking as the well-known glycan cancer marker sialyl-Tn, highly 

expressed in the EpCAM-enrich fractions from colon tumours, was undetected in the majority of cell 

lines. Moreover, a second potential glycan marker also detected in the tumour epithelial cells, which 

is a sialyl-Lewis X hexasaccharide, was also absent in the cell lines. The sialyl-Tn antigen was only 

produced in a mucinous cell line (LS174T). Further investigation suggested that sialyl-Tn formation in 

this cell line was associated with: 1) reciprocal regulation of the biosynthetic enzymes C1GalT1 and 

ST6GalNAc1, and 2) the expression of membrane-associated mucins including mucin-2, mucin-5B, 

and mucin-6. The association of this glycan with mucins is unsurprising given that sialyl-Tn has 

previously been identified as a pan-carcinoma cancer marker [368] carried by mucins [102, 369]. 

Thus, the findings presented here are consistent with mucins being the major protein carriers of 
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sialyl-Tn. More specifically, the evidence is consistent with previous reports that MUC2 carries sialyl-

Tn [102, 122], although the data (from chapter 2) also implicates MUC5B and MUC6 as sialyl-Tn 

carrying glycoproteins.  Thus, it is suggested that these mucins and sialyl-Tn are absent or lowly 

expressed in the non-mucinous cell lines examined.  

 

In contrast, fewer overt changes were observed for the N-glycan profiles, where glycan abundances 

altered but no abundant glycans were expressed solely in either sample type. Nevertheless, when N-

glycans were grouped into various classes, the expression of sialylated, fucosylated and bisecting N-

glycans was found to vary between different cell lines. When investigated further, the expression of 

bisecting N-glycan structures corresponded well with the abundance of the relevant 

glycosyltransferase, GlcNAcT-III (encoded by the gene MGAT3).   

 

Overall, this work (Chapter 2) showed that there are glycosylation differences between different 

cultured colon cancer cell lines and also between these cell lines and the epithelial cells of CRC 

tumours, especially in regards to O-glycans. These observations suggest that changes in the 

expression of glycan biosynthetic machinery and glycan protein carriers in different cellular 

environments can lead to the specific expression of particular membrane glycans. The findings also 

emphasise the need for clinical tissues to be analysed during the biomarker discovery phase and 

cautions against the sole use of cell models since known glycan markers have been shown in this 

study to be absent. This will be further discussed in the next section (5.2).  

 

In the light of the above findings, a search for putative glycan biomarkers of CRC was conducted by 

using pair-matched normal and cancer colon tissues (Chapter 3). Though some previous work has 

been performed comparing mucin O-glycosylation [122, 177] and protein N-glycosylation in CRC [38], 

limited information is known about the glycosylation that is specifically characteristic of total 

membrane proteins from tumour epithelial cells. Comparison of the N- and O-glycans of membrane 

proteins from epithelial cells enriched by EpCAM immunoaffinity was carried out using LC-MS/MS. As 

an initial discovery approach, a small cohort (n=6 and n=3) of matched normal and cancerous tissue 

was analysed for their N- and O-glycosylation profiles respectively.  For O-glycans, sialyl-Tn and the 

sialyl-Lewis X hexasaccharide were found to be increased in the tumours compared to normal tissue. 

Though these findings were not statistically significant because of large individual variations and 

limited numbers of measurements, the results presented agree with previous studies [78, 170]. 

Another previously unreported O-linked trisaccharide of composition (HexNAc)2 (NeuAc)1 with m/z 

716 was also observed to be decreased in the tumours (p < 0.05). As mucins were implicated as the 

carriers of sialyl-Tn in the LS174T cell lines, mucin-2 and mucin-13 were quantified in a proteomics 

study (Chapter 4). These were quantified since they were consistently detected across all patients 
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although other mucins (such as mucin-1, mucin-4 and mucin-5B) were also detected. The 

quantification of mucin-2 and mucin-13 showed that mucin-2 showed a decrease in the tumour cells 

while mucin-13 was stable, which suggested that sialyl-Tn and mucin 2/13 expression are not 

positively correlated in the tissue environment. Given that mucin-2 is implicated as a major carrier of 

sialyl-Tn, this suggests that there may be an increase in sialyl-Tn being carried by mucin-2 in tumours 

concomitant with a degree of mucin-2 down expression. Alternatively, sialyl-Tn may be carried by a 

variety of other glycoproteins that have yet to be characterised. Moreover, the absence or 

inconsistent detection of mucin-5B and mucin-6 suggests these glycoproteins may be of lower 

abundance in the examined tumour tissues. Their heavily glycosylated nature may contribute to this 

observation as glycans tend to shield the polypeptide backbone from proteolytic cleavage.  

 

In addition, analysis of the abundance of O-glycan cores showed that the core 1 O-glycan (Galβ1-

3GalNAc or the T-antigen) were differentially increased in tumours (p < 0.05) compared to the 

matching normal tissue, which was mirrored by a downward trend in core 3 (GlcNAcβ1-3GalNAc) 

glycans. Again reinforcing the difference in cell lines and tumour tissue, the increased expression of 

core 1 glycans was associated with increased expression of sialyl-Tn (NeuAcα2-6GalNAc) in colon 

tissues contrasting with the decreased expression of core 1 glycans correlating with increased sialyl-

Tn in the LS174T cell line (Chapter 2). This observation may be explained by a concomitant increase in 

the activity of C1GalT1 and ST6GalNAc1 glycosyltransferases in the tumours. As this occurs, there 

may be a reciprocal decrease in core 3 synthase activity, which may explain the decreased core 3 

glycans in the tumours. Having mentioned the above, the activities of the relevant 

glycosyltransferases are regulated by many different factors including nucleotide sugar transporters, 

substrate availability (such as CMP-sialic acid, UDP-GalNAc) and its own protein expression. Thus, a 

complex interplay of various components may contribute to the tissue glycan changes observed. 

Nevertheless, changes in glycosyltransferase expression may be determined as one of the many 

factors to be investigated during further hypothesis testing. This will be discussed further in section 

5.5. 

 

On the other hand, for the N-glycans, bisecting and paucimannosidic type N-glycans were found 

altered in CRC tumours. Bisecting GlcNAc N-glycans were found decreased (p = 0.017) while 

paucimannosidic type N-glycans were found to be increased in the tumours (p= 0.022). These 

changes in bisecting and paucimannose N-glycans between normal and tumour tissues are in 

agreement with the only other study on the detailed glycan structures in CRC published by Balog et. 

al. [38], that analysed the protein glycosylation of pair-matched normal and tumour colon tissues 

from 13 patients. However, when individual N-glycans were quantified, some N-glycans were 

reported as differentially expressed for the first time in this thesis. In total, 12 differentially 
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expressed N-glycans were observed in this study but only one structure (bisecting N-glycan 65, Table 

2, Chapter 3) was observed by Balog et. al. as differentially expressed. Of the 12 glycans, 5 were 

bisected N-glycans that were decreased more than 2-fold in the tumours, indicating that multiple 

structures were synthesised by the differential activity of GlcNAcT-III, the enzyme response for 

addition of bisecting GlcNAc to N-glycans. As for paucimannose, the differing activities of 

glycosidases such as hexosaminidase and α-mannosidase II may explain its increased abundance in 

the tumours. The changes in the bisecting and paucimannose expression during CRC carcinogenesis 

observed in this study suggests that these glycans may play important biological roles in malignancy 

that is yet to be fully explained. 

 

Four monoantennary glycan structures were also found to be increased in tumours compared to 

non-neoplastic colonic mucosa. Additionally, there was also an overall increase in monoantennary 

structures in the cancer tissues. Concomitantly, there was a decrease in biantennary and an upward 

trend in triantennary structures in tumour tissues. These observations highlight the intricate 

regulation of N-glycan branching which is altered in CRC.  A possible explanation for these changes is 

alterations in the activity of α-mannosidase II and GlcNAcT-IV/GlcNAcT-V enzymes as these are 

required for the trimming of residual mannose residues for biantennary extension and the addition 

of GlcNAc to the biantennary N-glycan to form triantennary N-glycans, respectively. Interestingly, this 

complex dynamic of dysregulated N-glycan branching has not been previously mentioned in earlier 

studies in CRC. However, increased N-glycan branching is consistent with trends reported in other 

cancers [107, 236]. Though the above proposed mechanisms for the regulation of N-glycan branching 

require further validation (discussed further in section 5.5), the differential expression of the 

monoantennary glycans suggests they might be candidate glycan markers of CRC.  

 

Given that the glycosylation changes in this study occurs on membrane proteins, it was relevant to 

consider whether membrane protein expression was also changed between normal and tumour 

colonic tissues. In this regard, label-free membrane proteomics was performed on the epithelial cells 

of normal and tumour tissues from three CRC patients. The results, presented in chapter 4, revealed 

that 52 proteins were differentially expressed (40 upregulated and 12 downregulated), including 9 

glycoproteins (5 upregulated and 4 downregulated).  The proteins were associated with the broad 

processes of nucleotide binding, protein transport, immunity and cell proliferation. The differential 

expression of proteins previously correlated with CRC such as carcinoembryonic antigen 5 (CEA5) 

[57] and CD44 [273] were observed. However, proteins not previously implicated in CRC were also 

identified such as coiled-coiled domain containing protein 47 (CCDC47) and immunoglobulin J (IGJ) 

chain. In addition to membrane protein profiling, the N-glycosylation sites of the glycoproteome 

subset were mapped on the basis of the change in peptide mass accompanying enzymatic 
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deglycosylation that converts Asn to Asp. Overall, 194 sites on 128 proteins were found which 

allowed confirmation of 60 sites annotated in UniProt either as “potential” or “probable” sites and 

the identification of another 16 unannotated sites. Remarkably, 5 potential N-glycosylation sites 

were confirmed in the CRC biomarker protein CEA.  Most importantly, changes in formerly 

glycosylated and non-glycosylated peptides of CEA indicated that there are N-glycosylation site 

differences between normal and tumour tissues. Though the glycan moiety previously residing on 

these glycosylation sites was not determined, the observation that there are differences in N-

glycosylation sites warrant further investigation as the glycosylation site changes combined with the 

biomarker protein, may provide utility for improving biomarker sensitivity and specificity.  

 

5.2      The use of CRC cellular models as an investigative approach in 

glycomics 

The marked changes observed in the O-glycosylation profiles of cell lines in comparison to CRC 

tumours is one of the most critical elements in this thesis. Within the context of biomarker discovery, 

the observed changes imply that some glycan based cancer markers may be underexpressed in many 

commonly utilized colon cancer cell line models, and this heralds caution against relying solely upon 

cell lines for biomarker discovery studies.  Interestingly, this finding also suggests that cell lines have 

some inherent differences. For example, the mucinous cell line LS174T expressed sialyl-Tn, while it 

was not detected in four other non-mucinous cell lines, which is consistent with the trend found in 

another study [369]. In addition, the presence of mucins in LS174T cell lines results in more 

heterogeneous glycosylation than the membrane O-glycosylation observed of the other cell lines. 

Given that mucins are also found on the membrane epithelia of CRC patient tumours, LS174T (and 

other mucinous cell lines) may therefore be more suitable than non-mucinous cell lines as models of 

membrane protein O-glycosylation. The expression of sialyl-Tn in LS174T correlates with their mucin 

producing capacity that mirrors the complex O-glycosylation found in CRC tumours. In contrast, the 

differences in the N-glycosylation profiles of CRC tumours and cell lines were more subtle and glycan 

changes that occurred appeared quantitative (due to differences in relative abundance) rather than 

qualitative (presence/absence). As N-glycans are carried by membrane proteins other than mucins 

(though mucins cannot be excluded as potential carriers) different cell models of N-glycosylation may 

be used. 

 

Taking this into account, one aspect of N-glycan change which merits further investigation is the 

increase of paucimannosidic N-glycans in CRC tumour tissues compared to the normal colonic 

epithelia. Since the regulation of bisecting N-glycans was already observed in CRC cell lines (Chapter 

2), it would be interesting to use cell lines to investigate the biosynthetic pathways regulating 

paucimannose expression as it has not been previously studied in CRC. Consequently, it is relevant to 
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evaluate whether any cell lines studied may be used to model paucimannose changes which may 

yield insights into the regulation of paucimannose synthesis. Interestingly, SW480 and SW620 cells 

may be potential models since the expression of paucimannose as a percentage of the total 

membrane N-glycome of SW480 cells is similar to the normal tissue epithelial cells (1.2% ± 1.2% in 

normal tissue vs 1.2% ± 0.1% in SW480 cells, Fig 1a) while the paucimannose expression in SW620 

cells is increased and comparable to the tumours (2.7% ± 1.8% in the tumours vs 2.8% ± 0.2% in 

SW620 cells, Fig 1a). Notably, the SW480 and SW620 colon cancer cells were derived from the same 

patient with the SW480 cells isolated from the primary tumour and SW620 cells isolated from a 

lymph node metastasis respectively [217]. Thus, these cell lines may be considered in vitro models of 

CRC progression. It also indicates that while mucinous colon cancer cell lines may be better models of 

membrane protein O-glycosylation, some aspects of in vivo N-glycosylation, such as 

paucimannosylation, in non-mucinous cell models may be comparable with tissue changes. In this 

regard, a variety of techniques may be employed more easily in cell lines to elucidate the underlying 

molecular mechanisms, such as qRT-PCR, Western Blotting, immunofluorescence microscopy or 

selected reaction monitoring (SRM) targeted towards the possible altered 

glycosyltransferases/glycosidases.  

 

The use of cell lines however is still restricted to the modelling of malignant cell states as colon cell 

lines representing normal healthy tissues are not available except as primary cultures.  This is 

important in the case of bisecting N-glycans where their expression was increased in SW620 

compared to the less metastatic SW480 cell line, indicating an increase in bisecting N-glycans during 

cancer progression (Fig 1b). In contrast, the converse was observed between normal and tumour 

tissues (Fig 1b). Indeed, there is a stark difference in the expression of bisecting N-glycans observed 

between SW480 colon cancer cells (0.1% ± 0.01%) and normal colonic tissues (36.1% ± 18.3%; Fig 

1b). It is possible that the expression of bisecting N-glycans is decreased during CRC carcinogenesis 

only to increase later during CRC metastasis. However, extended subculturing on two-dimensional 

plates and patient variability cannot be excluded as factors that may also lead to differences in 

bisecting N-glycan expression. Regardless, it suggests that normal healthy tissues at present remain 

irreplaceable to investigate alterations in bisecting N-glycans as there is a lack of ‘normal’ non-

cancerous colon cell lines for the profiling of glycosylation and other glycan-related changes in the 

healthy state. 
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Figure 1. Expression of paucimannose-type (A) and bisecting N-glycans (B) in normal/tumour 

colonic tissues and the colon cancer cell lines, SW480 and SW620. Data shown as mean ± SD for 

tissues (n=6) and mean ± max/mean for cell lines (biological duplicates). The N-glycans were 

quantified as described in Chapter 2 and 3.  

 

While cell line models clearly do not encompass the full complexity of in vivo tumours, they remain a 

valuable tool for elucidating molecular mechanisms underlying observed glycan changes that occur 

during cancer progression. Having mentioned this, it is prudent to validate findings from CRC cell 

lines in clinical tissues. However, their judicious use still gives insights which can be combined with 

other approaches to provide a cohesive view of glycosylation changes and their regulation in CRC. 

 

5.3      The use of mass spectrometry for in-depth glycomic and 

glycoproteomic analysis 

Historically, the use of monoclonal antibodies has been more common to detect glycan changes in 

CRC compared to mass spectrometry [78, 169, 170]. Even now, there are few mass spectrometry-

based studies on glycan changes in CRC during carcinogenesis and/or cancer progression [38, 102]. 

Unsurprisingly, proteomic studies on CRC have been much more common (recently reviewed in [76]). 

However, to date, there are no known studies on CRC which combine N-glycosylation profiling with a 

parallel proteomics analysis on the same patient samples, as performed in this thesis (Chapter 3 and 
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4). Not only was membrane protein expression profiled, but the N-glycosylation sites were mapped 

on a large number of proteins, revealing novel information on N-glycosylation site localisation. 

Therefore, in-depth information on protein glycosylation, protein identification and N-glycosylation 

sites may be obtained from the same patient samples. Although the chosen method does not allow 

analysis of the glycan moiety on the formerly glycosylated peptides, it could be the first step in a 

multi-level analysis that goes on to utilise other glycoprotein/glycopeptide analysis strategies, as 

shown by Parker et. al. [321], where glycan and deglycosylated peptide information was combined to 

create a database for further glycopeptide analysis in rat brain samples.  

 

Additionally, the overall experimental workflow may be upscaled and applied to other cancer types. 

In this regard, the most likely hurdle in the upscaling process is the low throughput of glycan 

structural analysis, which remains largely manual and is a noted drawback of the non-targeted 

approach presented in this thesis. To overcome this bottleneck, there have been efforts made 

towards development of bioinformatics tools which facilitate automated glycan analysis [145, 370]. 

The creation of curated databases which house glycan spectral information such as UniCarb-DB 

[146], provides a basis for automated spectral matching algorithms. The development and 

application of these algorithms is likely to increase glycomics analysis throughput similar to those 

now routinely employed in proteomics [371]. Although various obstacles still need to be overcome 

prior to high-throughput glycomics analysis, this study has nevertheless taken the initial steps to 

demonstrate the wealth of information which may be mined by harnessing the power of mass 

spectrometry, making it a critical component in the growing arsenal used to discover glycosylation 

changes to be exploited in the fight against cancer. In the following section, glycan alterations 

identified in CRC and presented in this thesis, will be compared with other cancer types. 

 

5.4      Major glycan changes in CRC compared with other cancers 

Using a mass spectrometry-based approach, altered glycosylation patterns have been discovered in 

the epithelial cells of colonic tumours compared to their matched normal mucosa in this thesis 

(Chapter 3). Table 1 summarises the major N- and O-glycan changes found or confirmed in CRC 

(including findings from other studies) compared with other cancers. While not intended to be 

comprehensive (for a more complete review, see authored publication in Chapter 1), the 

comparisons provide a glimpse into whether the trends observed in CRC differ or mirror those seen 

amongst different cancer types, particularly for the glycosylation of tissues or cell lines.  

 

For N-glycans, bisecting N-glycans on proteins is emerging as an altered glycan phenotype of cancer 

although the directionality of the change (increase/decrease) is dependent on the cancer type. Thus 

far, bisecting N-glycans have been observed to be decreased during carcinogenesis of CRC [38] and 
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progression of breast cancer [372] (Table 1). In contrast, bisecting N-glycans were found increased 

during carcinogenesis of ovarian cancer [373](Table 1). Moreover, when expression of the 

corresponding enzyme (GlcNAcT-III) was investigated, there was generally good correlation between 

enzyme expression (as determined by mRNA expression) and bisecting glycan expression (as 

determined by LC-MS/MS, Chapter 2) [219, 373]. However, it is not yet clear whether the global 

changes in bisecting N-glycans observed in cancer are reflected in the overall glycoproteome or only 

on a subset of glycoproteins. Nonetheless, it is likely that this glycan type plays an important role 

given its general association with cancer.  For example, bisecting N-glycans have been shown to 

modify specific proteins implicated in tumour invasion and migration, such as E-cadherin in CRC [209] 

and integrin α5β1 in cervical cancer [374] which may have impact on tumour metastasis. Despite 

this, there may be a number of other glycoproteins modified by bisecting N-glycans not yet identified 

which may also be functionally modulated. Thus, further work is required to empirically demonstrate 

the concerted effect of altered bisecting N-glycans on its carrier proteins in CRC progression. 

 

While there have been some cancer studies showing the changes in bisecting N-glycans from 

tissues/cell lines, there have been limited reports on the expression of paucimannose and 

monoantennary glycans in cancer in general. Paucimannose changes in colon cancer have only been 

reported in this thesis and in the LC-MS/MS study by Balog et. al. [38]. Both these studies observed 

an increase in paucimannose N-glycans on the proteins of CRC tumours compared to normal colonic 

mucosa. Changes in paucimannose glycans in other cancer types have not yet been reported. Having 

mentioned this, alterations in paucimannose glycan expression have been shown in other non-cancer 

diseased conditions associated with inflammation such as cystic fibrosis [375] and systemic lupus 

erythematosus [376]. In fact, our laboratory has shown that paucimannose glycans are a dominant 

feature in the sputum of cystic fibrosis patients with average expression of 43.4% (± 4.1%) of the 

total N-glycans [375]. This is notably higher than the paucimannose expression that was observed in 

CRC (<3 %, detailed in Chapter 2 and 3; percentage expression not reported by Balog et. al. [38]). 

Overall, this suggests that paucimannose glycans are not unique to cancer but may be associated 

with other inflammation-related conditions. Therefore there is a need to profile patients with other, 

non-cancerous colonic diseases such as inflammatory bowel disease to determine basal expression of 

this glycan type in non-cancer diseased states and its cancer-specificity. This is discussed further in 

section 5.6. 
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Table 1. Major glycan changes identified or confirmed in this thesis compared with other cancer types. 

Information regarding tissue/cell line glycan changes for ovarian and breast cancer have been taken from 

the reviewed publication (presented at end of Chapter 1)[36]. Where limited information is available for 

other cancers, glycan changes from other non-cancer conditions have also been included. Green arrows 

indicate trends identified or confirmed in this thesis. ↑: Increased, ↓: decreased, d: detected, H: human, 

M: mouse, S: serum, Sp: sputum, MAb: monoclonal antibody. aIon corresponds to second eluted isomer 

with composition (HexNAc)2 (NeuAc)1. 
bIon corresponds to sialyl Lewis X hexasaccharide previously 

identified as a potential cancer marker in CRC. 

    Sample type   Disease stage Analytical method   

Glycan change Regulation Tissue 
Cell 
line Other 

Cancer vs 
non-

cancer 
Early/late/ 
metastatic 

MAb/ 
Lectin HPLC/MS Ref(s) 

N-glycans 
         

Bisecting 
         

Colorectal cancer ↓ H 
  

X 
  

X [38] 

Ovarian cancer ↑ 
 

H 
 

X 
  

X [373] 

Breast cancer ↓ M 
   

X X 
 

[372] 

Paucimannose 
         

Colorectal cancer ↑ H 
  

X 
  

X [38] 

Lupus ↑ M 
     

X [376] 

Cystic fibrosis ↑ 
  

Sp 
   

X [375] 

Monoantennary 
         

Colorectal cancer ↑ H 
  

X 
  

X This thesis 

Lung cancer ↑ 
  

S X 
  

X [377] 

Triantennary          

Colorectal cancer ↑ H   X   X This thesis 

Ovarian cancer ↑ 
  

S X X 
 

X [378] 

          

O-glycans 
   

  
     

Sialyl-Tn 
         

Colorectal cancer ↑ H 
   

X X X 
[37, 78, 80, 102, 
169, 170] 

Breast cancer ↑ H 
  

X X X X [379-382] 

Ovarian cancer ↑,d H 
  

X X X 
 

[383-387] 

m/z 716ba 
         

Colorectal cancer ↑, d H 
  

X 
  

X 
This thesis, [102, 
177] 

Ulcerative colitis d H 
     

X [388] 

m/z 1315b 
         

Colorectal cancer ↑ H 
  

X 
  

X This thesis, [102] 

Ulcerative colitis d H      X [388] 
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On a different note, changes in monoantennary N-glycans have only also been reported in lung 

cancer, although these changes were observed in the serum glycoproteins of lung cancer patients 

[377] rather than in lung cancer tissues or cell lines. In that study, monoantennary glycans were 

found to be significantly increased in the serum glycome of lung cancer patients compared to non-

cancer healthy controls, although no change was significantly observed in biantennary N-glycans 

using LC-MS/MS [377]. In comparison, in this study a significant increase in monoantennary N-

glycans (3.2-fold, p = 0.0083) as well as a significant decrease in biantennary N-glycans (1.5-fold, p = 

0.0041) was shown in the CRC tumours compared to normal mucosa (Chapter 3). Nevertheless, a 

significant increase in the expression of triantennary N-glycans (p = 0.00184) have also been 

observed in ovarian cancer serum compared to healthy female controls by LC-MS/MS [378] (Table 1). 

Taken together, the overall findings in both of these studies suggest that an increase in mono-

/triantennary glycans and dysregulated glycan branching is not specific to CRC but can occur during 

carcinogenesis across different cancer types. Similar to the other major N-glycan changes mentioned 

above, the biological functions of this glycan change on the overall cancer behaviour remains to be 

fully explored. For monoantennary N-glycans, a potential option to study this would be N-glycan 

remodelling by gene transfection or silencing of relevant enzymes (such as knockdown of the enzyme 

which extends the second antenna of biantennary glycan, GlcNAcT-II) prior to additional cell 

functional assays. The use of in vitro models for functional glycan analysis is also discussed further in 

section 5.6. 

 

For O-glycans, the trend of increased sialyl-Tn expression in CRC tumours is consistent with 

observations from other epithelial cancers such ovarian [386], breast [382] and pancreatic cancers 

[389]. However, the decreased expression of an isomer of the trisaccharide (with m/z 716) and sialyl-

Lewis X carrying hexasaccharide (with m/z 1315) observed in this study in CRC tumour tissues have 

not been reported in other cancer studies. However both these O-glycans have been reported to be 

expressed in patients with active ulcerative colitis (a form of inflammatory bowel disease) [388] 

although there was no significant change of either glycan found between patients with ulcerative 

colitis (n=15) and patient controls (n=25) who did not have colonic inflammation. Thus, the 

decreased expression of these two glycans may possibly be specific to CRC, but given the small 

number of O-glycan patient profiles (n=3) analysed in this study, requires further validation in a 

larger patient group. Intriguingly, sialyl-Tn was also found to be significantly increased in ulcerative 

colitis patients in the same study [388] which demonstrates that its overexpression may also be 

linked to inflammation. This further underscores the complexities of glycan changes in disease as the 

same glycans may be altered in different pathological conditions. While these findings indicate that 

identification of CRC-specific glycan markers is likely to be a challenge, the overall observations in 

this thesis have been in good agreement with the reported glycan changes in other cancers (where 
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available). The most notable were in the expression of bisecting N-glycans where directionality of 

change is dependent on cancer type. Other changes such as increases in paucimannosidic and sialyl-

Tn were similar between different cancers as well as observed in other non-cancer conditions. The 

implications of these findings on future work will be detailed more below. 

 

5.5      Future directions 

 

Figure 2. Possible future directions following findings reported in this thesis. 

 

There are many directions that can be undertaken following the findings presented in this thesis and 

these have been outlined in Fig 2. In terms of biomarkers, although the strengths of using LC-MS/MS 

approaches have been highlighted above (section 5.4), it is clear that further validation of novel 

biomarker candidates in a larger patient population (step 1, boxed in green, Fig 2) is extremely 

important given the small patient number analysed in this thesis (n=3 - 6) as mentioned above. This is 

especially the case for differentially expressed N-glycans where there have only been two published 
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glycomics studies (the study presented in this thesis and Balog et. al. [38]) so far on protein 

glycosylation changes in CRC – each with patient cohorts of less than 15. In addition, though some 

colonic tumours (n= 4 - 5) were classified in stage C and D in the other study, neither of the above 

glycomics investigations has examined whether there are stage-specific glycan patterns which may 

be potentially useful as molecular signatures to aid pathological classification. Moreover, little is 

known about N-glycan structural diversity along the colon in the healthy and tumour states although 

mucin O-glycans of normal human colon have been shown to distribute regio-specifically [177]. 

Interestingly, membrane proteomic profiling along different segments of the normal colon has also 

revealed distinct regional differences [390]. Since mucin O-glycans and proteomic differences have 

been reported along different regions of the normal colon, there may also be N-glycan changes yet to 

be profiled in the normal (as well as tumour) colonic epithelia along the different segments from the 

proximal to distal colon.  

 

Additionally, there have been limited reports on glycosylation differences in the non-cancer diseased 

colon (such as inflammatory bowel disease) compared with either normal or tumour colonic tissues. 

Only changes in mucin O-glycosylation of patients with active and inactive ulcerative colitis (one of 

the two major forms of inflammatory bowel disease) have been reported [388] as discussed earlier in 

section 5.4. However, N-glycosylation changes have not been previously investigated in inflammatory 

bowel conditions. Given that there is a well-known association between CRC and colonic 

inflammation [391, 392], it would be advantageous to determine whether differentially expressed N-

glycans alter in other non-cancer diseases of the colon and not only cancer. Furthermore, it would be 

useful to determine whether there are correlations between glycan-related changes and other 

clinicopathological parameters such as lymphatic invasion, histological differentiation and overall 

survival. Thus, additional work in a larger patient cohort will provide more in-depth information on 

the potential of these glycan candidate markers as diagnostic or prognostic indicators of CRC. As 

manual data analysis of samples is time-consuming, targeted glycan analysis with quantification 

against an internal standard (which could be a labelled or non-mammalian glycan) is a potential 

approach to increase accurate analysis at high throughput.  

 

Having discussed possible future directions, given the very small number of samples available for 

glycan tissue analysis, it is clear that the comparison of glycan profiles between epithelial cells of 

normal and tumour colon tissues in this thesis was only intended to be a proof-of-concept study. 

Higher sample numbers are clearly required to confirm or refute the conclusions reached in this 

thesis. Another aspect that is difficult to determine is whether having an epithelial enrichment 

provides a superior approach to identifying glycan markers compared to glycan profiling of mixed cell 

tissues. For instance, we identified 11 novel N-glycans as differentially expressed between normal 
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and tissue epithelial cells which were not previously observed in an earlier study [38]. Since epithelial 

enrichments were not performed in that study, the epithelial enrichment of the samples analysed in 

this thesis may have enabled these novel identifications. However, differences in sample preparation 

(such as total vs membrane protein preparation in this thesis) and LC-MS/MS approach (HILIC vs PGC 

in this study) cannot be excluded as contributing factors. In order to clearly elucidate the basis for 

these differences, more samples are required to perform complementary LC-MS/MS analyses with 

different sample preparations. As the availability of tissue samples was highly limited in this study, 

these comparisons were not performed. However, a more thorough comparison between epithelial-

enriched and mixed-cell glycan profiles is acknowledged as a future direction to be pursued. 

Besides additional glycan profiling using LC-MS/MS, other mass spectrometry-based 

glycoprotein/glycopeptide strategies not used in this thesis could also be employed in the near-

future to provide a connection between glycan and protein changes observed. In particular, the 

information obtained in the tissue N-glycome and deglycosylated peptide analysis can be 

concatenated to construct a potential glycopeptide library for further N-glycopeptide analysis as 

demonstrated previously in rat brain [321]. It would be interesting to use this approach to determine 

the site-specific N-glycosylation of differential proteins of interest. For example, for 

carcinoembryonic antigen 5 (CEA5), it would be relevant to analyse whether differentially expressed 

N-glycans found in this study are carried by specific N-glycosylation sites on this CRC-associated 

glycoprotein. Additionally, differences in glycosylation site occupancy of CEA between normal and 

cancer colonic tissues (proposed in Chapter 4) can be confirmed. While CEA is known to be present in 

the blood, further analysis in patient serum will also reveal whether there are other tissue membrane 

glycoproteins that are shed and/or secreted into the blood (step 1, boxed in green, Fig 2). This would 

allow them to be profiled in the serum which will improve ease of CRC screening. With a patient 

cohort of adequate size, one can also determine whether the glycan and glycoprotein changes found 

in this and other studies could be combined to form novel biomarker panels with increased 

sensitivity and specificity (step 1, boxed in green, Fig 2), which can lead to improved early detection 

and ultimately, patient outcomes in CRC. 

 

Even though validation of novel glycan marker candidates (step 1, boxed in green, Fig 2) are a crucial 

future step in the translation from bench to bedside, some of the molecular mechanisms 

underpinning the observed glycan changes such as altered paucimannose expression and the O-

linked trisaccharide isomer remain to be fully elucidated (section 5.2). There are many factors that 

contribute towards altered glycosylation such as nucleotide sugar donors, nucleotide sugar 

transporters and glycan enzymes (glycosyltransferases/glycosidases). To add to this complexity, the 

mRNA stability, protein expression and turnover of each of these components may also impact on 

glycosylation. As a starting point, changes in the expression of glycan enzymes may be investigated in 
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in vitro models (step 2, boxed in green, Fig 2).  For instance, the following changes proposed to 

correspond to paucimannose expression (Chapter 3) may be studied further in suitable cell line(s): 1) 

Increased activity of α-mannosidase II, which trims the last remaining mannose residues prior to 

biantennary extension (Fig 6a, Chapter 3), and 2) increased activity of hexosaminidase, which 

removes GlcNAc residue for the formation of paucimannose (Fig 6a, Chapter 3). As discussed 

previously (section 5.2), SW480 and SW620 colon cell lines may be used for these experiments due to 

differences in their inherent paucimannose expression. Thus, cell model systems may be employed 

to provide mechanistic insights for greater holistic understanding of glycan change, especially in 

regards to changes in enzyme protein expression. Many of the relevant enzymes 

(glycosyltransferases and glycosidases) are likely to be low in abundance and therefore the capacity 

of subculturing of cell lines allows the generation of abundant sample material for further 

enrichment/fractionation as required [393, 394] prior to MS-based techniques such as SRM. 

Alternatively, other techniques such as qRT-PCR [81, 373], immunofluorescence microscopy [395] or 

Western blotting may be also used to validate change in glycan enzyme expression. Indeed, some 

studies have shown that protein expression of glycosyltranferases on human tissues can be 

determined using Western Blotting [155] or immunohistochemistry [156]. Therefore, while cell lines 

are a useful initial starting tool to probe underlying mechanistic changes, the protein changes of the 

enzymes can be validated further in human tissue samples using efficacious antibodies to 

demonstrate their relevance to human in vivo changes. 

 

Having mentioned this, model systems (in vitro and animal in vivo) could also be employed to further 

explore the biological functions of observed glycan alterations (if any) through experimental 

manipulation of glycan synthesis (step 3, boxed in green, Fig 2). In particular, in this thesis, the 

findings of qRT-PCR (Chapter 2) indicated that glycosyltransferases such as GlcNAcT-III (encoded by 

MGAT3), core 1 synthase (encoded by C1GALT1) and ST6GalNAc1 (encoded by ST6GALNAC1) are 

associated with CRC-associated glycan changes, namely the expression of bisecting N-glycans and 

sialyl-Tn. However, it appears that it is more common to alter only one enzyme during experimental 

manipulation of a synthetic pathway. For instance, fucosyltransferase 8 (Fut8) or GlcNAcT-III have 

been transfected into WiDr colon cancer cells previously [155, 211] but both enzymes have not been 

transfected and altered together. Given the findings regarding bisecting N-glycans/sialyl-Tn 

expression in this thesis, it would be interesting transfect both GlcNAcT-III and ST6GalNAc1 into 

SW480 (or other cancer cells) which may have low endogenous expression of both enzymes (Chapter 

2) and subsequently monitor whether sialyl-Tn and bisecting N-glycan expression are altered. Since a 

subset of mucins have been proposed as major sialyl-Tn carriers, the expression of mucins (such as 

mucin-2/5B/6) may also be required as their expression is also low in SW480 cells. To this end, co-

transfection with a mucin transcription factor such as GATA-4 [396] or Forkhead box transcription 
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factors [397] may be needed as the expression of these regulators have been shown to induce 

mucin-2 expression. The direction transfection of the above-mentioned mucins has also been 

considered. However, this may be difficult given their relatively large sizes (>250,000 kDa according 

to UniProt). Overall, the aim would be to establish a cell model where bisecting and sialyl-Tn can be 

altered singly or in combination to examine the synergistic effect of these glycan changes on cell 

function by in vitro analyses such as cell invasion and cell proliferation assays (step 3, boxed in green, 

Fig 2). As well, these cells may be injected into nude mice to generate animal models to determine 

changes in metastatic potential and cell growth (step 3, boxed in green, Fig 2). 

 

Taken together, the findings presented in this thesis may be further extended in various ways 

towards the discovery of improved glycan and glycoprotein biomarkers in CRC. Clearly, the validation 

of novel potential glycan markers found in larger patient cohort is an important priority. The 

correlation of the glycan changes and other tumour location, TNM stage and inflammation should 

also be considered. As well, alterations in N-glycosylation site occupancy and site-specific N-

glycosylation of differentially expressed glycoproteins (such as CEA) could be further profiled using 

MS-based glycopeptide analysis in patient colonic tissues and serum. Finally, model systems may be 

utilised to give mechanistic insights to the observed glycan changes – especially in regards to 

synergistic effects of multiple glycan changes and their biological functions during malignancy. 

Overall, the validation of candidate markers in clinical patient samples combined with a strategic use 

of model systems is predicted to lead to a cohesive and well-rounded understanding of identified 

glycan changes. It is envisaged that this will result in improved biomarkers, therapeutic surveillance 

and overall treatment outcomes for CRC patients. 

 

5.6     Conclusions and perspectives 

In summary, this thesis has examined the alterations in membrane glycosylation and glycoproteins in 

the context of colorectal cancer. In particular, this is the first known study to perform a 

comprehensive glycomics comparison of several cell line models and colonic tumours which also 

accounted for the heterogeneity of cell types found in tumour tissue. The findings empirically reveal 

glycosylation differences which imply that analysis of primary tumours are indispensable for glycan 

biomarker discovery. However, cell lines may still provide insights into molecular mechanisms 

governing membrane glycan expression, such as the variable sialyl-Tn expression investigated in this 

thesis.  

 

Further work in patient-matched normal and cancer colon tissues in this study showed glycan and 

membrane protein alterations as well as intriguing N-glycosylation site changes that warrant further 

investigation. Overall, this study has demonstrated that in-depth analysis can be performed using 
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only a limited number, and quantity, of clinical samples (6 patients) using mass spectrometry. The 

strength of this study is that profiling of N-glycans, proteins and their corresponding N-glycosylation 

sites can be performed on the same tissues, which to the author’s best knowledge, has not been 

previously demonstrated in human cancer tissues. Additionally, the abundant information obtained 

revealed changes in the glycans and proteins which may provide novel leads in cancer biomarker 

discovery. As some of the changes agreed and extended alterations that have been previously 

reported, there is potential for the novel candidate markers to be used in combination with other 

known markers to form a new and improved biomarker panel with increased specificity and 

sensitivity for early detection of CRC.  

 

Moreover, although the patient cohort in this study was relatively small, the experimental workflow 

utilised may be conveniently upscaled. The low throughput nature of glycomics analysis may be 

overcome in the near-future by the current development of bioinformatics tools. Furthermore, the 

glycosylation changes found in this study may have functional roles in carcinogenesis, such as cell 

invasion, proliferation and metastasis that remain to be fully explored. This study therefore 

represents an initial but important foray into the mining of glycan and glycan-related changes which 

may be ultimately exploited in the battle against CRC.  It is envisioned that mass spectrometric 

analysis of clinical tissues and judicious use of cell lines will provide complementary approaches 

which can be integrated to give an overall “bird’s eye” view on the intricate regulation of glycan 

expression towards improved therapeutic treatment, monitoring and patient outcomes in CRC.  
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