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Abstract

Mucin-type O-glycans are a class of glycans initiated with N-acetylgalactosamine (GalNAc) α-

linked primarily to Ser/Thr residues within glycoproteins and often extended or branched by 

sugars or saccharides. Most secretory and membrane-bound proteins receive this modification, 

which is important in regulating many biological processes. Alterations in mucin-type O-glycans 

have been described across tumor types and include expression of relatively small-sized, truncated 

O-glycans and altered terminal structures, both of which are associated with patient prognosis. 

New discoveries in the identity and expression of tumor-associated O-glycans are providing new 

avenues for tumor detection and treatment. This chapter describes mucin-type O-glycan 

biosynthesis, altered mucin-type O-glycans in primary tumors, including mechanisms for 

structural changes and contributions to the tumor phenotype, and clinical approaches to detect and 

target altered O-glycans for cancer treatment and management.

1. INTRODUCTION

Altered glycosylation is a hallmark of cancer that has helped to shape the management and 

understanding of cancer. Currently, several glycan-based biomarkers are in use worldwide 

and glycans have been established as key participants in tumorigenesis and progression. In 

the 1950s, glycopep-tides isolated from transformed cells were found to be larger in size 

than those from their nontransformed counterparts (Buck, Glick, & Warren, 1971; Meezan, 

Wu, Black, & Robbins, 1969; Warren, Buck, & Tuszynski, 1978). Around the same time, 

some plant lectins were found to exhibit enhanced binding to tumor cells, and in the 1970s 

and 1980s, researchers discovered that many of the antitumor monoclonal antibodies (mAbs) 

generated against tumors recognized glycans (Aub, Tieslau, & Lankester, 1963; Feizi, 1985; 

Ozanne & Sambrook, 1971). These observations indicated that glycans are altered in cancer, 

setting the stage to investigate when, where, how, and what glycan structures are altered in 

cancer, which have led to new strategies that have fundamentally altered our view of cancer 

and approach to attack this deadly disease.

Glycans are present in all living organisms, required for life, and regulate a diversity of 

biological processes. In mammals, glycans are constructed from a combination of 10 

monosaccharides (Gal, Glc, Man, Fuc, Xyl, N-acetylgalactosamine (GalNAc), GlcNAc, 

GlcA, IdoA, and N-acetylneuraminic or sialic acids (SAs)), which are attached via α or β 
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gly-cosidic bond to form linear and/or branched structures (Fig. 1). Further structural 

diversity is obtained through modifications of the saccharides, e.g., phosphorylation, 

sulfation, and acetylation, as well as glycan linkage to various macromolecules. Such 

complex modifications occur in glycopro-teins, glycolipids, GPI-anchored proteins, and in 

free glycans as found in milk and secretions.

Glycoproteins can be broadly divided into two classes, N-glycans and O-glycans, although 

many types exist and 9 of the 20 amino acids can be modified with sugars. N-glycans are 

linked via an amide bond to asparagine in the Asn-X-Ser/Thr sequon where X is any amino 

acid except proline. O-glycans are linked most often to serine or threonine, and in some 

cases to tyrosine, and can be further subdivided into nuclear/cytoplasmic O-glycans, 

consisting of O-GlcNAc which functions in conjunction with phosphorylation to regulate 

signal transductions, and secreted or membrane-bound glycoproteins with O-glycans.

The most common O-glycan in both membrane and secretory proteins is the mucin-type or 

GalNAc-type O-glycan initiated by GalNAcα1-linked to Ser/Thr of both mucin and 

nonmucin glycoproteins (Ju, Aryal, Kudelka, Wang, & Cummings, 2014; Ju, Otto, & 

Cummings, 2011; Ju et al., 2013; Ohtsubo & Marth, 2006; Schjoldager & Clausen, 2012) 

(Fig. 1). Unlike N-glycans, no conserved glycosite sequon has been identified for O-

GalNAc-linked glycans (Hansen et al., 1998; Julenius, Molgaard, Gupta, & Brunak, 2005; 

Steentoft et al., 2013). Other types of O-glycans include O-glucose, O-fucose, O-mannose, 

O-galactose, and O-xylose, the latter occurs in proteoglycans. In contrast to nuclear/

cytoplasmic O-GlcNAc, which is dynamic, O-glycans in the secretory pathway are stable 

through the life of the glycoprotein, unless acted upon by glycosidases, such as sialidases 

(neuraminidases) derived from pathogens during infection. In addition to glycoproteins, 

glycolipids form a major component of cellular glycoconjugates and in mammals consist 

primarily of ceramide-linked gly-cans, forming what are called glycosphingolipids or GSLs 

(Fig. 1), divided into the lacto, globo, and ganglio series.

Mucin-type O-glycans were first observed on mucins but later shown to be ubiquitous. 

Eichenwald discovered that mucins contain carbohydrates in 1865, and Gottschalk and 

colleagues discovered that GalNAc links the carbohydrate to the mucin in the 1960s 

(Carubelli, Bhavanandan, & Gottschalk, 1965; Dahr, Uhlenbruck, & Bird, 1974; Gottschalk 

& Murphy, 1961; Schauer & Gottschalk, 1968; Tanaka, Bertolini, & Pigman, 1964). 

Recently, glycoproteomics and prediction algorithms identified mucin-type O-glycans on 

~83% of proteins entering the ER–Golgi secretory apparatus, including many nonmucin 

proteins (Steentoft et al., 2013). O-glycoproteins contain hundreds of O-glycans, as on 

MUC2, a dozen or so O-glycans, as on the LDL receptor, or a single O-glycan, as on 

erythropoietin and the transferrin receptor (Cummings et al., 1983; Do & Cummings, 1992; 

Do, Enns, & Cummings, 1990; Hollingsworth & Swanson, 2004; Larsson, Karlsson, Sjovall, 

& Hansson, 2009; Sasaki, Bothner, Dell, & Fukuda, 1987).

O-glycans regulate various physiological processes. Blockage of extensions of O-glycans in 

mice is embryonically lethal, while tissue-specific deletion results in defects in platelets, 

endothelia, kidneys, GI tract, immune cells, and lipid metabolism, indicating that O-glycans 

regulate these processes (Alexander et al., 2006; An et al., 2007; Ellies et al., 1998; Fu et al., 
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2011; Priatel et al., 2000; Tenno et al., 2007; Wang et al., 2012, 2010; Xia et al., 2004; Yeh 

et al., 2001). Related defects have also been observed in humans, resulting in endocrine, 

immune, and developmental dysfunction, in addition to cancer. Nonmalignant diseases 

include familial tumoral calcinosis, dyslipidemia, Wiskott–Aldrich Syndrome, Tn syndrome, 

and congenital heart disease (Fakhro et al., 2011; Higgins, Siminovitch, Zhuang, 

Brockhausen, & Dennis, 1991; Ju & Cummings, 2005; Schjoldager et al., 2012; Teslovich et 

al., 2010; Topaz et al., 2004).

Like glycans in general, O-glycans on glycoproteins use a variety of mechanisms to regulate 

biological processes. These are broadly categorized into direct and indirect effects 

(Cummings & Pierce, 2014). Direct effects involve direct interaction of a glycan epitope 

with a glycan-binding protein (GBP). GBPs include soluble and cell surface proteins from 

self or microbes or parasites. Many classes of GBPs have been identified including lectins 

(C-type, P-type, I-type, L-type, R-type, galectins, etc.), GAG-binding proteins, antibodies, 

and others (Varki & Angata, 2006). Indirect effects of protein glycosylation include effects 

on protein conformation, stability, recycling, solubility, proteolysis, immune surveillance, 

etc. A classic example is the LDL receptor, which requires mucin-type O-glycans for protein 

stability and activity (Kingsley, Kozarsky, Hobbie, & Krieger, 1986; Kingsley & Krieger, 

1984; Kozarsky, Kingsley, & Krieger, 1988).

Cancers express altered mucin-type O-glycans, in addition to altered N-glycans and 

glycolipids as described elsewhere (Bremer, Schlessinger, & Hakomori, 1986; Dall’Olio & 

Chiricolo, 2001; Dennis & Laferte, 1989; Dennis, Laferte, Waghorne, Breitman, & Kerbel, 

1987; Dennis, Waller, Timpl, & Schirrmacher, 1982; Fernandes, Sagman, Auger, Demetrio, 

& Dennis, 1991; Fuster & Esko, 2005; Ganzinger & Deutsch, 1980; Granovsky et al., 2000; 

Guo, Lee, Kamar, Akiyama, & Pierce, 2002; Hakomori, 1996; Nagy et al., 2002; Partridge 

et al., 2004; Santer, Gilbert, & Glick, 1984; Tai, Paulson, Cahan, & Irie, 1983; van Beek, 

Smets, & Emmelot, 1973; Yamashita, Tachibana, Ohkura, & Kobata, 1985). These tumor O-

glycans comprise (1) oncofetal antigens, which are rare in normal adult tissue but expressed 

embryonically; (2) neoantigens, which are novel structures not appreciably expressed either 

embryonically or in normal tissues; and (3) altered levels of normal antigens. Normal adult 

tissues do not express oncofetal or neoantigens, making these ideal for targeted diagnostics 

and therapeutics; however, all three types of alterations are important in tumor biology and 

can be useful in clinical management.

Tumor O-glycans consist of both relatively small and very extended structures, including the 

truncated glycans Tn, sialyl Tn, and T, as well as the extended glycans ABO(H) and 

sialylated Lewis antigens on poly-N-acetyllactosamine (Fig. 2). Tumors also express 

dysregulated post-glycosylational modifications, such as reduced sulfation and SA 

acetylation. In tumors, truncated O-glycans tend to be tumor-specific, or only found in 

tumors but not in normal cells, while altered terminal structures tend to be tumor-associated, 

with distinct changes noted in tumors but the structures themselves present in some normal 

tissues. Alterations in O-glycan terminal structures are also observed on N-glycans and 

glycolipids, in contrast to truncated O-glycans found only on O-glycans. Despite these 

differences, both small and extended tumor O-glycans are present across carcinomas and 

contribute to the tumor phenotype.
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O-glycans are altered at the earliest stages of cellular transformation, and genetically 

engineered mouse models recapitulating some of these alterations suggest that these 

alterations are important in cancer initiation (An et al., 2007; Wargovich et al., 2004). Tumor 

O-glycans also correlate with cancer invasion and metastasis and can be engineered into cell 

lines, resulting in enhanced metastatic potential in xenotransplant studies. Altered O-glycans 

contribute to metastasis through various mechanisms, ranging from supporting tumor–

endothelial interactions to survival in the blood via interaction with platelets and immune 

evasion (Biancone, Araki, Araki, Vassalli, & Stamenkovic, 1996; Fuster, Brown, Wang, & 

Esko, 2003; Kim, Borsig, Varki, & Varki, 1998; Takada et al., 1993).

Knowledge of altered O-glycan structures in cancer has led to the development of O-glycan-

based biomarkers, including glycan- or glycoprotein-targeted antibodies, such as CA15-3, 

CA125, CA19-9, and B72.3, as well as autoantibody arrays and glycan-based imaging. 

Glycan-targeted therapeutics have also been developed or are in development including 

passive immuno-therapies, carbohydrate-based vaccines, and various strategies to block 

glycan–GBP interactions, such as sialyl Lewis x (SLex)–selectin interactions (Fuster et al., 

2003).

This chapter introduces O-glycan biosynthesis, describes alterations observed in human 

tumors and possible mechanisms for these alterations, as well as how these alterations may 

contribute to tumor biology. Genetic and transcriptional alterations in genes contributing to 

O-glycosylation is also discussed as well as tissue and serum biomarkers, imaging, and 

glycan-targeted therapeutics. We conclude with our perspectives and where we believe the 

greatest opportunities are for translating what we know about altered O-glycans in cancer to 

improve patient care.

2. O-GLYCAN BIOSYNTHESIS

Overview: Mucin-type O-glycans consist of branched and linear arrangements of 

monosaccharides that are transferred by glycosyltransferases to glycoproteins on serine/

threonine residues as they traverse the Golgi apparatus (Fig. 3). The synthesis of mucin-type 

O-glycans is complex and depends on many factors. (1) Expression of glycosyltransferase 

genes: Glycosyltransferases are first synthesized and undergo transcriptional regulation, 

which depends on tissue-specific, environmental, and pathologic factors. (2) Localization of 

glycosyltransferases: After transcription, glycosyltransferases must be translated in the 

rough endoplasmic reticulum and transported to the appropriate location in the secretory 

apparatus. The localization and levels of enzyme in the Golgi are regulated by retrograde 

and anterograde vesicular cycling, posttranslational modifications such as cytoplasmic tail 

phosphorylation, and also general Golgi regulation. (3) Golgi structure: The structure of 

Golgi stacks differs between cell types, under physiologic, environmental, and 

pharmacologic stress, and in different cellular states, such as proliferation or cytokinesis. 

These changes affect routes of protein export and glycosylation.

Ultimately, glycosylation results in production of glycan structures from the cumulative 

enzymatic activity of many glycosyltransferases and perhaps host or foreign glycosidases. 
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Glycosyltransferases exhibit varying activities on different glycoprotein or glycopeptide 

substrates and sometimes occupy distinct or overlapping compartments in the Golgi, 

enabling competition between glycosyltransferases in glycan synthesis. Availability and 

levels of sugar donors impact glycosylation, and congenital disorders of glycosylation have 

been observed due to defects in glycosyltransferases as well as defects in sugar transporters 

(Freeze & Ng, 2011).

In glycobiology, a nontemplate driven set of glycosyltransferase reactions results in 

glycosylation microheterogeneity: one glycosite on one type of protein contains various 

structurally distinct glycans. Microheterogeneity has been observed in various systems, for 

example, in the production of immunoglobulins for biopharmaceuticals, and is considered a 

principle of glycobiology. How this happens and what benefit microheterogeneity may 

confer to the cell is not completely clear. Nonetheless, protein conformation, structure, 

oligomerization, ratio of glycosyltransferase-to-substrate, and whether a protein is 

membrane-bound or secreted affect glycosylation and heterogeneity. Although glycosylation 

is complex and incompletely understood, much is known about how O-glycans are 

synthesized to produce a variety of structures, some of which are altered in cancer. Here, we 

outline key pathways, enzymes, and structures involved in mucin-type O-glycan 

biosynthesis as these are critical to informing our understanding of altered O-glycosylation 

in cancer.

2.1 Core structures 1–4

Mucin-type O-glycosylation initiates with transfer of GalNAc from UDP-GalNAc to Ser/Thr 

in a glycoprotein via an α-linkage to form GalNAcα1-Ser/Thr, which is also recognized as 

the Tn antigen (Ju et al., 2014, 2011, 2013). This reaction is catalyzed by a family of 

enzymes called polypeptide GalNAc-transferases (ppGalNAcTs), consisting of 20 members 

in humans (Fig. 3). In contrast, Drosophila has 14 and C. elegans has 9 members (Bennett et 

al., 2012). ppGalNAcTs are thought to initiate O-glycosylation in the cis-Golgi, although 

some reports indicate that these enzymes may be variably distributed in the medial and 

trans-Golgi, in addition to the cis-Golgi (Roth, Wang, Eckhardt, & Hill, 1994; Rottger et al., 

1998). ppGalNAcTs are unique among glycosyltransferases in that many contain a lectin 

domain, facilitating interaction not just with peptide but also with glycans on the peptide. 

This has led to the idea that there are two classes of ppGalNAcTs: initiator 

glycosyltransferases and glycopeptide glycosyltransferases (Tabak, 2010). The first group 

transfers UDP-GalNAc to unglycosylated peptides, while the second group utilizes 

glycosylated peptides. Notably, some ppGalNAcTs have both activities, so these groups are 

not mutually exclusive.

Each mammalian cell does not express all ppGalNAcTs, but rather, different tissues have 

unique expression patterns of particular family members (Young, Holcomb, Ten Hagen, & 

Tabak, 2003). Similarly, different ppGalNAcTs are thought to modify different, though 

possibly overlapping, sets of glycoproteins and glycosites, although ppGalNAcTs can 

compensate to some degree for defects in other transferases (Gerken, Raman, Fritz, & 

Jamison, 2006; Wandall et al., 1997). These ideas are supported by evidence that deletion of 

individual ppGalNAcTs in mice result in viable mice with variable and sometimes subtle 
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defects depending on the ppGalNAcT deleted (Orr et al., 2013). Similar findings are 

observed in humans in which defects in ppGalNAcT11 are associated with congenital heart 

disease and defects in ppGalNAcT3 are associated with calcium/phosphate dysregulation 

(Fakhro et al., 2011; Topaz et al., 2004). SNPs, mutations, and altered transcription of 

different ppGalNAcTs have been implicated in cancer as discussed later.

Synthesis of Tn antigen is normally followed by transfer of Gal, GlcNAc, or GalNAc to the 

Tn antigen to form core O-glycan structures 1–8 (Fig. 3). Cores 5–8 are rare structures, 

whereas cores 1–4 are common and are discussed here. Core 1 or the T antigen is Galβ1–3-

GalNAcα-Ser/Thr. This structure is synthesized by the T-synthase (Core 1 β3-

galactosyltransferase, C1GalT1), which transfers Gal from UDP-Gal to Tn in the cis- and 

medial-Golgi. T-synthase is ubiquitously expressed in all cells and in mammals requires its 

unique molecular chaperone Cosmc (core 1 β3-GalT-specific molecular chaperone or 

C1GalT1C1), which is also ubiquitously expressed (Aryal, Ju, & Cummings, 2010, 2012; 

Ju, Aryal, Stowell, & Cummings, 2008; Ju, Brewer, D’Souza, Cummings, & Canfield, 2002; 

Ju & Cummings, 2002). Cosmc is unique in the chaperone field in that it has a single 

specific client, and is unique in the glycobiology field in that it was the first and only 

chaperone identified for a glycosyltransferase (Fig. 4). Interestingly, Cosmc shares sequence 

similarity to the T-synthase, suggesting that it originally arose from a duplication and 

transposition of the T-synthase in an evolutionary ancestor. C. elegans and Drosophila T-

synthase orthologs do not require Cosmc for proper folding, presumably due to the presence 

of N-glycans that were lost in mammalian T-synthase but may facilitate interaction with 

calnexin/calreticulin in the ER (Ju, Zheng, & Cummings, 2006). Mammalian Cosmc 

interacts with unfolded T-synthase, perhaps cotranslationally in the RER via a unique 

peptide region in T-synthase called the CBRT (Cosmc Binding Region of T-synthase; Aryal, 

Ju, & Cummings, 2014; Narimatsu et al., 2011). This results in proper folding of the T-

synthase and production of an active enzyme, which is transported to the Golgi, preventing 

nonproductive aggregation, ubiquitination, retrotranslocation to the proteasome, and 

degradation (Ju, Aryal, et al., 2008). Loss of Cosmc or T-synthase activity results in 

expression of Tn in all cells described to date and various pathologies such as Tn syndrome 

(also known as permanent mixed-field polyagglutinability), possibly IgA nephropathy, and 

cancer as discussed below (Ju, Lanneau, et al., 2008; Ju et al., 2011, 2013; Wang et al., 

2010; Xia et al., 2004). Also, deletion of Cosmc or the T-synthase in a mouse results in 

embryonic lethality and expression of the Tn antigen and also bleeding dysfunction when 

deleted in platelet and endothelial cells (Wang et al., 2012, 2010; Xia et al., 2004). T antigen 

is normally sialylated or modified by GlcNAc trans-ferases; however, it can be expressed in 

various pathologies, such as cancer, as well as on activated B cells during a germinal center 

reaction.

Core 1 or the T antigen can be further converted to core 2 by one of three Core 2 GlcNAc 

Transferases (C2GnT1–3), which transfer GlcNAc from UDP-GlcNAc via a β1–6 linkage to 

form GlcNAcβ1–6(Galβ1–3) GalNAcα1-Ser/Thr (Bierhuizen & Fukuda, 1992; Schwientek 

et al., 1999, 2000; Stone et al., 2009; Yeh, Ong, & Fukuda, 1999)(Fig. 3). C2GnT1 and 3 

only modify core 1 to form core 2 structures, whereas C2GnT2 can also modify core 3 to 

form core 4 structure, as described below. Hence, C2GnT2 is also called C2/4GnT. C2GnT1 

is ubiquitously expressed, C2GnT2 or C2/4GnT is restricted to GI tract, pancreas, and 
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kidney, and C2GnT3 is restricted to thymus and T cells (Tian & Ten Hagen, 2009). 

Presumably, distinct tissue distribution and activities, in the case of C2/4GnT, facilitate 

tissue-specific regulation and coregulation of different core structures, such as core 2 and 4. 

C2GnTs are related to other β6GnTs, including the I-GnTs involved in formation of the I 

blood group structure and GnTV involved in β1–6 branching of N-glycans.

Unlike T-synthase, which appears to be constitutively transcribed and expressed, core 2 

appears to be more sensitive to cellular state and differentiation. Activation of mature T cells 

upregulates C2GnT1, resulting in increased core 2-based structures. In contrast, resting 

mature T cells contain primarily core 1-based structures (Fukuda, 2006). Transcriptional 

regulation of C2GnTs is complex with multiple transcripts and promoters per enzyme. 

C2GnT1, for example, uses alternative promoters to produce five different mRNAs 

(Falkenberg, Alvarez, Roman, & Fregien, 2003; Sekine, Nara, & Suzuki, 1997). In addition 

to transcriptional regulation, enzymatic competition regulates synthesis of core 2-based 

structures.

C2GnTs functionally colocalize with ST3Gal-I which transfers N-acetylneuraminic acid 

(SA) via α2–3 linkage to Gal in core 1 to form sialyl core 1 or sialyl T. Formation of sialyl T 

by ST3Gal-I inhibits transfer of GlcNAc by C2GnTs. Although only activated T cells 

normally express core 2, deletion of ST3Gal-I results in elevated expression of core 2 in 

naïve and activated T cells, suggesting that ST3Gal-I activity normally outcompetes C2GnT 

for substrate in naïve T cells (Priatel et al., 2000).

Core 2 forms a platform for polyLacNAc (−3Galβ1–4GlcNAcβ1-)n, which functions as a 

ligand for several galectins and as a substrate to form blood group antigens and various 

Lewis antigens. In addition to galectins, polyLacNAc-containing glycans interact with other 

lectins, such as selectins. Hence, regulation of core 2 is critical to the regulation of structures 

attached to core 2. Core 2 is elevated in immunopathologies, such as Wiskott-Aldrich 

syndrome and HIV, and expression of C2GnTs is elevated in many cancers and decreased in 

others, both correlating with progression of disease (Brockhausen, 2006; Higgins et al., 

1991; Lefebvre et al., 1994).

Core 1- and core 2-based structures are ubiquitously expressed. In contrast, cores 3 and 4 are 

primarily expressed in the GI tract. Core 3 structure is synthesized by Core 3 N-

acetylglucosaminyltransferase (C3GnT; β3GnT6) by transferring GlcNAc from UDP-

GlcNAc to the Tn antigen in β1–3 linkage to form GlcNAcβ1–3GalNAcα1-Ser/Thr, which 

can then be further modified by the C2/4GnT branching enzyme which transfers an 

additional GlcNAc via β1–6 linkage to form GlcNAcβ1–3(GlcNAcβ1–6)GalNAcα1-

Ser/Thr or core 4. Interestingly, although C3GnT is expressed in stomach>small 

intestine~colon in humans, core 3 is most often observed in the colon and appears less 

abundant in the stomach and not present in tissues outside of the GI tract (Iwai et al., 2002). 

This suggests that either transcript level does not completely correlate with the activity, that 

C3GnT may compete with other glycosyltransferases, such as T-synthase, for its substrate 

the Tn antigen, or that C3GnT may have unique acceptor specificities while T-synthase has 

broad substrates. In support of this idea, core 1 and 2 structures predominate in the stomach. 

Core 3- and 4-based structures are found on mucins in intestines and may be important in 
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maintaining the mucus barrier and preventing pathological interactions between bacteria and 

luminal epithelial cells. Accordingly, deletion of C3GnT in mice increases susceptibility to 

DSS-induced colitis (An et al., 2007). Core 3 may play a role in suppressing tumor 

development as discussed below.

2.2 Extended O-glycans

Although O-glycan structures are typically smaller in size than N-glycans, core 1–4 

structures are often extended to form various structures including polyLacNAc chains, Lewis 

antigens, and various blood group antigens including well-known ABO blood groups, as 

well as less well-known Cad (Sda) antigens (Fig. 3). Some of these terminal structures are 

also found on other glycoconjugates such as N-glycans and glycolipids. In some cases, 

terminal structures can confer biological activity whether on an O-glycan, N-glycan, or 

glycolipid, for example, in SLex-mediated sperm–egg interactions; however, in some cases, 

the class of glycan presenting a terminal structure is biologically important (Pang et al., 

2011). For example, P-selectin requires a very specific glycopeptide epitope to engage its 

glycoprotein partner, PSGL1. This epitope includes SLex on a core 2 residue with nearby 

sulfated tyrosine (Leppanen et al., 1999; Somers, Tang, Shaw, & Camphausen, 2000). 

Deletion of O-glycans abrogates this binding (Ellies et al., 1998; Kumar, Camphausen, 

Sullivan, & Cumming, 1996). O-glycans likely share some glycosyltransferase machinery, 

such as β4GalT, with other classes of glycoconjugates to extend their O-glycans; however, 

O-glycan-specific extensions are also observed. In addition to glycosyltransferases, 

monosaccharide modifications, such as acetylation and sulfation, are critical to synthesize 

glycan-binding epitopes, whether for endogenous lectins or mAbs generated to recognize 

glycans or glycoconjugates.

2.3 Extended core 1

Core 1 is most often sialylated by ST3Gal-I and/or ST6GalNAc I–IV to form mono or 

disialyl core 1 and branched to form core 2. However, other modifications of core 1 are 

sometimes observed. Core 1 is classically defined as a type 3 chain (Galβ1–3GalNAc-R) 

and can serve as a platform for blood group antigens, such as H, A, and B antigens, as well 

as for O-glycan-specific modifications such as the Cad (Sda) antigen, which is also found on 

extended core 2, 3, and 4 structures (Fig. 3). Furthermore, core 1 can be elongated or 

extended by Core 1 β3-N-acetylglucoaminyltransferase (Core 1 GnT) by transferring 

GlcNAc from UDP-GlcNAc to form extended core 1, GlcNAcβ1–3Galβ1–3GalNAcα1-

Ser/Thr (Yeh et al., 2001). This can be further modified by other glycosyltransferases to 

form sulfated SLex structures on extended core 1, which is expressed by activated 

endothelial for inflammatory leukocyte homing and recognized by mAB MECA-79 (Bruehl, 

Bertozzi, & Rosen, 2000; Hemmerich, Butcher, & Rosen, 1994; Yeh et al., 2001).

2.4 Extended core 2

Extended core 2 are quite common and mediated by alternating activity of β4GalTs and 

β3GnTs, which form polyLacNAc chains based on type 2, repeats (3Galβ1–4GlcNAcβ1-)n 

(Fig. 3). These structures can be expressed as linear chains, also called i antigen, branched 

by β1–6GnT-I to form branched structures, and/or modified by fucosyltransferases, sialyl 

transfer-ases, sulfotransferases, etc., to form various blood group antigens as well as Lewis, 
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sialyl Lewis, and sulfo sialyl Lewis structures. PolyLacNAc are also substrates for a class of 

animal lectins called galectins, which are important in immunity, cell turnover, and growth 

factor activity (Yang, Rabinovich, & Liu, 2008). In addition to expression on O-glycans, 

poly-LacNAc are also found on N-glycans as the Galβ4Ts and β3GnTs responsible for 

synthesizing i antigen can function on O-glycans, N-glycans, and glycolipids (Clausen & 

Hakomori, 1989; Fukuda et al., 1985; Fukuda, Carlsson, Klock, & Dell, 1986; Inaba et al., 

2003; Watanabe, Hakomori, Childs, & Feizi, 1979).

2.5 Extended core 3, 4

Cores 3, 4, and extended structures are less well detailed, in part because core 3 structures 

are restricted to the GI tract in humans, but by enzyme activity are reduced in GI cancers and 

generally not observed in cancer cell lines (Iwai et al., 2002; Yang et al., 1994). Further, 

although core 3-based structures are thought to be a major component of colonic glycans, 

based on studies of purified or partially purified mucins from the GI tract, core 3 is 

minimally expressed in the mouse GI tract (Thomsson et al., 2012). Evaluating enzyme 

activity as a supplement or correlate to structural data is difficult because C3GnT is an 

extremely unstable enzyme (Vavasseur, Yang, Dole, Paulsen, & Brockhausen, 1995). 

Nonetheless, a few studies have evaluated mucins from GI tract and observed core 3, core 4, 

and extended core 3 and 4 structures in human colonic mucins (Podolsky, 1985). Extended 

core 3 structures are most often observed with one of the most abundant structures being 

Siaα2–6 core 3 with SA on the GalNAc, extended by β1–3/4Gal and with variable extension 

of a few type 1 or type 2 chains and presence of fucosylation, sialylation, and sulfation. 

Additionally, branching off Galβ1–3 core 3 has been observed as well as core 4 structures, 

core 5 structures (GalNAcα1–3GalNAc), Cad/Sda antigen, blood group determinants, and 

Lewis structures (Capon, Maes, Michalski, Leffler, & Kim, 2001; Larsson et al., 2009; 

Podolsky, 1985).

2.6 ABO blood group antigens

Blood group antigens are observed on O-glycoproteins, N-glycoproteins, and glycolipids, 

both on red blood cells and various other cells of the body. Blood group antigens are 

synthesized on type 1, 2, 3, or 4 structures. Type 1 and 2 structures are Galβ1–3GlcNAc-R 

and Galβ1–4GlcNAc-R, respectively (Fig. 3). Both are present on O- and N-glycoproteins as 

well as on glycolipids. Type 3 and 4 structures are both Galβ1–3GalNAc-R, however the R 

group for types 3 and 4 differs. R for type 3 is Ser/Thr of an O-glycopeptide, and R for type 

4 is a glycolipid moiety. Type 2 structures are ubiquitous, while type 1 structures are found 

in the GI tract. Types 1 and 2 can both be found in polymers of (Type 1)n and (Type 2)n, 

with the latter forming polyLacNAc chains, also called i blood group. In addition to forming 

a linear chain, i blood group can also be branched by various β1–6GnTs to form I blood 

group. I blood group predominates after embryonic development, increasing through 

adulthood (Marsh, 1961).

Synthesis of blood group antigens requires at least two steps. The first is synthesis of H 

antigen, the structure corresponding to O blood type. The second is synthesis of either A or 

B structure. The H antigen is generated by addition of fucose in α1,2 linkage to a terminal 

galactose on a type 1–4 chain. Two genetic loci encode the H transferase. The H loci is 
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functional in red blood cells and the secretor loci is functional in GI epithelia, getting its 

name for the secreted blood group antigens produced from secreted glycoconjugates (Henry, 

Oriol, & Samuelsson, 1995). These transferases are also important in synthesizing some 

Lewis antigen as discussed below.

After synthesis of the H structure, the A and B transferases, which differ by four amino 

acids, utilize the H structure to synthesize A and B structures on type 1–4 chains. The A 

transferase transfers GalNAc from UDP-GalNAc via α3 linkage to the terminal Gal of the H 

structure, while the B transferase transfers Gal from UDP-Gal via α3 linkage also to the 

terminal Gal of the H structure. Individuals carrying mutated A/B transferases encode 

neither functional A or B transferase, making them O blood group; only one functional A or 

B transferase, making them AA/AO or BB/BO; or both functional transferases, making them 

AB+. More rarely, individuals can be H-, Se-, or H-/Se-, making them unable to synthesize 

AB/H or other blood group structures such as Lewis antigens.

Susceptibility or protection from various diseases, such as certain infections, has been 

associated with the presence of different blood group antigens. Pathogens contain GBPs that 

may recognize cells of an individual with one blood type but not another. Alternatively, 

individuals with a given blood type cannot mount an adaptive immune response to pathogens 

expressing the same blood group or blood group-like structures. Galectins appear to be able 

to fill this immunologic gap by recognizing and killing ABO-expressing bacteria (Stowell et 

al., 2010). In addition to infections, AB/H structures and changes in these structures are 

observed in cancers and contribute to the tumor phenotype, as discussed later.

2.7 Lewis antigens

Lewis antigens are synthesized primarily by endodermal epithelia, such as GI epithelia, but 

are found in endodermal epithelia and RBCs due to transfer of glycolipids to RBCs (Henry 

et al., 1995). Lewis structures are found on type 1 and 2 chains of O-glycans, N-glycans, and 

glycolipids. Type 1 chains contain Lewisa/b, while type 2 chains contain Lewisx/y (Fig. 3). 

The Lewis locus encodes the fucosyltransferases responsible for synthesizing the Lewis 

antigens (Kukowska-Latallo, Larsen, Nair, & Lowe, 1990). These transferases exhibit 

similar expression to the secretor loci.

The Lewis transferase is an α3/4FucT which transfers fucose from GDP-Fuc to GlcNAc in a 

type 1 or 2 chain. An α3 linkage is formed when transferred to a type 2 chain, and an α4 

linkage is formed when attached to a type 1 chain due to prior occupancy of the Gal on the 4 

or 3 position of the GlcNAc, respectively. Addition of the fucose forms the Lea (type 1) or 

Lex (type 2) structure. Transfer of fucose to the terminal galactose in α1–2 to form the H 

antigen prior to action of the α3/4FucT is responsible for forming the Leb (type 1) and Ley 

(type 2) antigens. Formation of the H antigen uses the same α1–2FucT responsible for 

synthesizing the H precursor to A and B blood groups (Stanley & Cummings, 2009). In 

summary, Lewis antigens are synthesized by addition of α3/4fucose to an unsubstituted type 

1 or 2 chain to form Lea/x antigens or to an H type 1 or 2 chain to form Leb/y antigens.

Lewis antigens can also be sialylated and/or sulfated to form sialyl and sulfo Lewis antigens. 

Sialylation most often occurs at the 3 position of the terminal galactose of the type 1 or 2 
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chain to form SLea/x. Sulfation can also occur at the 3 position of the terminal galactose, 

denoted 3′ (′ indicates terminal galactose, whereas no ′ indicates modifications of the 

subterminal GlcNAc), the 6 position of the terminal galactose, denoted 6′, or the 6 position 

of the subterminal GlcNAc, denoted 6. Sialylation and sulfation on the terminal galactose 

are compatible, resulting in the possibility of structures such as 6,6′-bis-sulfo-Sialyl Lex 

(Stanley & Cummings, 2009). Sulfo, sialyl, and sulfo sialyl Lewis antigens are important in 

physiological processes such as inflammation, in particular, because of their role in 

leukocyte rolling and as selectin ligands. These antigens also play an important role in 

cancer, which additionally express dimeric Lewis antigens such as sialyl-dimeric Lewis x 

(Matsushita, Cleary, Ota, Hoff, & Irimura, 1990). Regulation of these structures is complex 

and involves coordinated synthesis and activity of multiple enzymes and careful regulation 

at both the genetic/transcriptional level as well as in the secretory apparatus.

2.8 Sialic acids

SAs are an important component of O-glycans as well as of N-glycans and glycolipids. Over 

50 different SAs have been observed. Neu5Ac is the most common in humans, while 

Neu5Gc is common in lower mammals but normally absent in humans due to a mutation in 

the synthase. Interestingly, Neu5Gc is observed in pathologic conditions in humans, such as 

cancer, presumably due to dietary uptake (Hedlund, Padler-Karavani, Varki, & Varki, 2008; 

Tangvoranuntakul et al., 2003). SA can be acetylated, methylated, etc., and contributes to 

glycan-binding epitopes, such as sialyl Lewis antigens.

Approximately, 20 sialyltransferases mediate transfer of CMP-SA to glycoconjugates in 

mammals. These transfer SAs in α2–3 and α2–6 linkage to Gal, α2–6 linkage to GalNAc, 

and α2–8 to other SAs as observed in poly-sialic acid on N-glycans in N-CAM and on O-

glycans in neuropilin-2. Four families of sialyltransferases catalyze these reactions including 

ST3Gal-I–VI, ST6Gal-I,II, ST6GalNAc-I–VI, and STSia-I–VI (Harduin-Lepers et al., 

2001). Within a sialyltransferase family, enzymes are further divided based on properties of 

the acceptor, in particular the glycan structure, e.g., type I (Galβ1–3GlcNAc) or type II 

chains (Galβ1–4GlcNAc), and the class of glycoconjugate, e.g., O-glycans, N-glycans, and 

glycolipids.

Many sialyltransferases transfer SAs to O-glycans. These include ST3Gal-I,III–V; ST6Gal-

II; and ST6GalNAc-I–IV. ST3Gal-I makes Siaα2–3 core 1, while ST3Gal-III–V forms 

Siaα2–3Galβ1–3/4GlcNAc-(i.e., on type 1 or type 2 chains), which is found on extended 

core 2 chains. ST6Gal-I–II makes Siaα2–6Galβ1–4GlcNAc- (i.e., on type 2 chains), which 

is also found on extended core 2 chains. ST6GalNAc-I–IV all modify GalNAc of core 1 to 

form sialyl or disialyl T but differ in substrate preference based on whether core 1 is 

unsubstituted or whether it is monosialylated by ST3Gal-I. ST6GalNAc-I modifies 

unsubstituted acceptors and is the only ST6GalNAc that synthesizes STn, ST6GalNAc-II 

modifies unsubstituted or monosialylated acceptors, and ST6GalNAc-III–IV modify mono-

sialylated acceptors. ST6GalNAc-IV also modifies glycolipids.
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2.9 Monosaccharide modifications

Monosaccharides in glycoconjugates can be sulfated, phosphorylated, acyl/deacylated, 

epimerized, and methylated by postglycosylational modifications (Muthana, Campbell, & 

Gildersleeve, 2012; Yu & Chen, 2007). All but methylation are observed in humans. These 

modifications increase the structural and functional diversity of glycans and are altered in 

disease. Sulfation, as discussed previously, generates sulfo Lewis and sulfo sialyl Lewis 

antigens, as well as GAGs. Acylation/deacylation utilizes common substituents such as 

acetyl or less common substituents, such as ferrulate and lactyl, through the action of human 

enzymes and sometimes microbial/parasitic enzymes. In colon cancer, a loss of SA O-

acetylation is observed. Normally, ~50% of colonic mucin SAs are O-acetylated. Glycan 

phosphorylation is best characterized for the lysosomal sorting signal Man-6-P on N-glycans 

and O-Mannose glycans on α-dystroglycan (α-DG) as well as some microbial/parasitic 

organisms but probably modulate other glycan biology. Epimerization alters the 

stereochemistry of monosaccharides and converts glucuronic acid to iduronic acid in the 

synthesis of GAGs. Post-glycosylational modifications are not well studied and often 

difficult to assay, but observations to date indicate they are diverse and important in multiple 

classes of glycans in humans and other animals and organisms.

3. ALTERED O-GLYCAN STRUCTURES OBSERVED IN CANCER

Overview: Alterations in O-glycan structures were arguably first observed in the 1940s and 

1950s with expression of immature blood group structures in gastric carcinoma (Oh-Uti, 

1949). Later, purification and characterization of specificities of various lectins as well as 

generation of mAbs led to the identification of truncated and shortened O-glycans, such as 

Tn, STn, and T antigens, as well as identification and confirmation of altered terminal O-

glycan structures, such as Lewis blood group and AB/H structures (Lee et al., 1991; 

Magnani et al., 1982; Miyake, Taki, Hitomi, & Hakomori, 1992; Nuti et al., 1982; Prokop & 

Uhlenbruck, 1969; Takahashi, Metoki, & Hakomori, 1988). Recent studies investigating 

glycan-binding specificities of many of these reagents through glycan microarrays have 

allowed improved interpretation of these early studies. Further evidence for altered O-

glycans in cancer derived from immunologic studies evaluating autoantibody signatures and 

cellular immunity through glycopeptide arrays and delayed type hypersensitivity reactions 

(DTHR), while advances in physical methods, such as mass spectrometry, gas 

chromatography, and NMR, have revealed structural features of these altered O-glycans. The 

initial discovery of altered O-glycans in cancer led researchers to investigate the clinical 

applicability of these discoveries—including sensitivity and specificities, tissue localization, 

clinical stage of expression, and whether these structures correlate with survival/progression 

and/or contribute to the tumor phenotype. This section focuses on structural alterations 

observed in primary human tumors, including histology and mechanistic insights into 

structural alterations as well as potential contributions to the tumor phenotype.

3.1 Methods to identify altered O-glycosylation in cancer

There are three general approaches to identify alterations in glycosylation, including O-

glycosylation, in human tumors. The first method uses affinity probes, the next method uses 
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physical methods, such as mass spectrometry, and the third method involves indirect 

immunologic approaches, evaluating immunologic responses to altered glycosylation. There 

are advantages and limitations to all of these approaches.

Antibodies against carbohydrates have been generated through a variety of approaches. With 

the advent of mAbs, many researchers began immunizing mice against tumor and tumor cell 

extracts and screening against tumor cells and/or histologic specimens. Although the initial 

goal was to develop antitumor antibodies and not necessarily anticarbohydrate antibodies, 

many of the antibodies generated were against glycan or glycopeptide epitopes including O-

glycoproteins or O-glycans, such as CA15-3 (MUC1), CA-125 (MUC16), B72.3/Tag-72 

(STn), and CA19-9 (SLea)(Gendler et al., 1990; Magnani, Steplewski, Koprowski, & 

Ginsburg, 1983; Nuti et al., 1982; Yin & Lloyd, 2001). More recently, investigators have 

taken targeted approaches to generate anti-O-glycan tumor antibodies, such as immunizing 

mice with tumor cells, microorganisms, or glycoproteins containing defined tumor glycans, 

and screening antibodies against histo-logic specimens, tumor cell lines, defined 

glycoproteins, and/or glycopep-tide microarrays. Not all glycan structures are equally 

immunogenic, biasing the production of antibodies. Glycan determinates recognized by 

antibodies and other GBPs contain two to six monosaccharides, limiting the generation of 

mAbs against single monosaccharides, such as GalNAc (Cummings, 2009). However, 

antibodies against monosaccharide clusters or monosaccharide peptide epitopes have been 

developed, for example, to the Tn antigen (Heimburg-Molinaro et al., 2013).

Lectins have also been used as affinity reagents in conjunction with mAbs. Lectins form 

multimeric units, facilitating detection of low-affinity interactions through enhanced avidity. 

Altered binding of plant lectins to tumor cells, such as of wheat germ agglutinin, provided 

some of the earliest evidence that glycans are altered in cancer (Aub et al., 1963; Ozanne & 

Sambrook, 1971). Lectins differ from mAbs in that they tend to be more polyreactive, 

recognizing many related glycan structures with a gradient of affinities, in contrast to mAbs 

which tend to be more specific. Despite these limitations for lectins, careful use of GBP 

inhibitors and multiple GBPs can provide important structural information. In addition to 

classic use of lectins and mAbs, other affinity reagents may provide additional information, 

including VLR-Fcs generated from lampreys, which use unique binding domains to generate 

glycan reactivity (Han, Herrin, Cooper, & Wilson, 2008; Hong et al., 2013).

3.2 Truncated O-glycans

Overview: Tn, STn, and T antigens are biosynthetically related carbohydrate structures that 

are highly expressed in carcinomas but not present in normal tissues or cells (Tables 1 and 3) 

(Fig. 3). Various reagents have been used to assess these structures, including antibodies to 

all three structures and lectins that bind Tn and T antigens. Some of these reagents have 

been validated across platforms, including defined tissues for immunohistochemistry, hap-

ten inhibition, column chromatography, and glycopeptide and glycan microarrays, whereas 

other reagents are less well-defined. For example, BaGs6 and TKH2 mAbs, recognizing Tn 

and STn, are highly specific, whereas lectins, such as HPA, and other mAbs, cross-react with 

normal structure, such as blood group A, or are poorly characterized (Hirohashi, Clausen, 

Yamada, Shimosato, & Hakomori, 1985; Ju et al., 2014).
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As discussed previously, Tn is synthesized by a family of ppGalNAcTs and normally 

extended to form core O-glycan structures 1–4. Alterations in biosynthetic machinery and 

other factors may contribute to expression of the truncated O-glycans, Tn, STn, and T. 

Further, these structures have been shown to contribute to the tumor phenotype in various 

model systems.

3.2.1 Tn antigen

3.2.1.1 Background: Tn antigen is expressed on a majority of carcinomas arising from 

every tissue evaluated to date and not expressed on normal adult tissues. The Tn antigen was 

first identified by Dausset in 1959 on red blood cells from a patient with a rare autoimmune 

hemolytic anemia and polyagglutinability, later shown to result from anti-Tn antibodies in 

serum (Dausset, Moullec, & Bernard, 1959). Tn, or T nouvelle, was named in reference to T 

antigen, which was discovered earlier through a similar RBC polyagglutinability. However, 

in contrast to Tn, T is present on all individuals after treatment with neur-aminidase. Dahr 

described GalNAc-Ser/Thr as the Tn antigen, and Springer and others identified the 

biosynthetic relationship between Tn and T (Dahr et al., 1974; Springer, 1984). Tn was first 

observed on tumor cells in 1969 but established as a pan-carcinoma antigen in the 1970s–

1980s through the work of Springer (Prokop & Uhlenbruck, 1969). Many groups have since 

verified these early observations. Tn is highly expressed on carcinomas but less common on 

blood cancers (Ju et al., 2014). Interestingly, many of the tissues that express Tn also express 

other truncated O-glycans, such as STn, and T.

3.2.1.2 Histology: Tn antigen is a pan-carcinoma antigen. It is expressed in ≥90% of 

carcinomas of breast, pancreas, and lung, ≥60% of carcinomas of colon, stomach, and 

bladder, 45–80% of cervical carcinomas, 20–90% of salivary carcinomas, depending on the 

tumor type, and <1% of primary melanomas and blood cancers (Cao et al., 1995; David et 

al., 1992; Hamada et al., 1993; Hirao et al., 1993; Itzkowitz et al., 1992, 1989; Kakeji et al., 

1991; Laack et al., 2002; Langkilde et al., 1992; Osako et al., 1993; Roxby et al., 1992; 

Springer et al., 1975, 1980; Therkildsen et al., 1993). Tn is expressed in <20% of normal 

tissues, with lower percentages observed with more specific reagents (Cao et al., 1995; 

David et al., 1992; Itzkowitz et al., 1989; Langkilde et al., 1992; Osako et al., 1993; Roxby 

et al., 1992; Springer et al., 1975). Furthermore, Tn is expressed highly on carcinoma cell 

surfaces and in luminal content, in addition to being upregulated in the cytoplasm of cancers. 

Expression of Tn on the cell surface and in luminal content is extremely specific for 

carcinomas as normal tissues do not express Tn in these locations (Osako et al., 1993). Tn is 

a normal biosynthetic precursor but not a normal terminal product. Therefore, Tn is 

occasionally observed in the secretory apparatus but not found on cell surface or secreted 

proteins, except in cancer.

Tn antigen is expressed early in cancer development and its expression correlates with 

clinical progression. In the colon, Tn is found on 25–70% of transitional tissues and also in 

premalignant lesions and hyperplastic polyps (Cao et al., 1995; Itzkowitz et al., 1992, 1989; 

Yuan, 1989). In carcinogen-induced rodent models of colorectal and breast cancers, Tn is 

observed in precursor lesions (Babino et al., 2000; Berriel et al., 2005). The ratio of Tn to T 

increases during cancer progression, largely due to increased Tn, and accordingly, Tn 
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predicts cancer invasion more readily than T (Desai, 2000). In comparing Tn-positive and -

negative tumors, Tn expression correlates with poor survival in carcinomas of the cervix, 

lung, colon, and stomach (Hirao et al., 1993; Kakeji et al., 1991; Konno, Hoshino, 

Terashima, Motoki, & Kawaguchi, 2002; Laack et al., 2002).

3.2.1.3 Mechanisms for expression: Tn is highly expressed in carcinomas, expressed early 

in tumorigenesis, and correlates with disease progression and survival. However, the 

mechanism for Tn expression is less clear. Approximately, 10 mechanisms have been 

proposed for expression of Tn antigen in cancer and some of these have been observed in 

primary tumors. The proposed mechanisms include genetic/transcriptional alterations in 

proteins required for extension of the Tn antigen, alterations—either genetic or cell biologic

—of the enzymes that synthesize the Tn antigen, changes in expression of nucleotide sugars 

or transporters, and changes in vesicular transport, retention, and structure of the Golgi/ER 

as well as alterations in glycosyltransferase oligomerization (Ju et al., 2014).

Tn is normally extended by the T-synthase or C3GnT to form core 1 or core 3 structures. 

Loss of T-synthase and C3GnT activity has been observed in tumor cells and tissue (Ju, 

Lanneau, et al., 2008; Vavasseur et al., 1995; Yang et al., 1994). Defects in Cosmc, rather 

than T-synthase, appear to result in loss of T-synthase activity. Cosmc mutations, LOH, and 

epigenetic silencing have been observed in cancer cell lines, and mutations have been 

observed in cervical cancer specimens (Ju, Lanneau, et al., 2008; Mi et al., 2012). Recently, 

methylation of the Cosmc promoter was observed in ~40% of a series of pancreatic 

adenocarcinoma samples, correlating with Tn expression and loss of T-synthase protein 

(Radhakrishnan et al., 2014).

Various mechanisms that result in altered Golgi structure or altered glycosyltransferase 

localization within the Golgi have also been suggested to result in Tn expression. These 

include growth-factor-induced relocalization of ppGalNAcTs to the ER, relocalization of 

ppGalNAcTs to the trans-Golgi, alterations in proteins required for glycosyltransferase 

retention, and altered Golgi pH (Gill, Chia, Senewiratne, & Bard, 2010; Kellokumpu, 

Sormunen, & Kellokumpu, 2002; Petrosyan, Ali, & Cheng, 2012). However, unlike loss of 

T-synthase and C3GnT activities, the potential roles of altered Golgi structure and 

glycosyltransferase localization in Tn expression have not been evaluated in primary tumors 

so that their contributions to Tn expression are unknown.

3.2.2 Sialyl-Tn

3.2.2.1 Background: Sialyl-Tn (STn), or Neu5Acα2,6Tn, is a pan-carcinoma antigen that is 

expressed early in tumorigenesis and correlates with disease expression. STn is often 

coexpressed with Tn and, similar to Tn, not expressed on normal cells or tissues (Fig. 3). 

STn was first identified along with Tn in Tn syndrome but discovered in tumors with 

generation of an mAb, B72.3, generated from immunization with cell membrane fractions 

from metastatic breast cancer (Colcher, Hand, Nuti, & Schlom, 1981). B72.3 reacts with a 

sialidase-sensitive epitope on STn-containing ovine submaxillary mucin (OSM) and binding 

to OSM is blocked by STn-Ser (Johnson et al., 1986; Kjeldsen et al., 1988). Other STn 
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antibodies, such as MLS102 and TKH2, were also generated and have been used to evaluate 

STn in tumors (Julien, Videira, & Delannoy, 2012).

3.2.2.2 Histology: Most carcinomas express STn, including >60% of carcinomas of the 

breast, colon, stomach, pancreas, lung, ovaries, and endometrium, 20–90% of salivary 

carcinomas, and, in contrast to Tn, few bladder carcinomas (Cao et al., 1995; David et al., 

1992; Inoue, Ogawa, et al., 1991; Inoue, Ton, et al., 1991; Itzkowitz et al., 1990, 1992, 1989; 

Kim et al., 2002; Langkilde et al., 1992; Ma et al., 1993; Motoo et al., 1991; Nanashima et 

al., 1999; Nuti et al., 1982; Osako et al., 1993; Therkildsen et al., 1993; Thor et al., 1986; 

Vazquez-Martin et al., 2004; Werther et al., 1994, 1996). STn is also expressed early in 

tumorigenesis and correlates with poor survival. Aberrant crypt foci (the earliest sign of 

cellular atypia) and ulcerative colitis lesions that will progress to colorectal cancer express 

STn (Itzkowitz et al., 1995, 1996; Wargovich et al., 2004). Similar to Tn, STn is also 

expressed in precursor lesions in carcinogen-induced rodent models of breast and colorectal 

cancer, and STn has been shown to correlate with histologic and clinical cancer progression, 

including poor survival in colorectal, gastric, and ovarian cancers (Babino et al., 2000; 

Berriel et al., 2005; Itzkowitz et al., 1990, 1995, 1996; Kobayashi, Terao, & Kawashima, 

1992; Ma et al., 1993; Werther et al., 1994, 1996). In contrast to Tn, STn is not a normal 

biosynthetic precursor. Therefore, both intracellular and cell surface expression are 

necessarily pathologic.

3.2.2.3 Mechanisms for expression: STn is often coexpressed with Tn and therefore 

mechanisms that result in Tn expression likely apply to STn, including alteration in 

Cosmc/T-synthase, defects in C3GnT, and alterations in Golgi structure and 

glycosyltransferase dynamics, as discussed previously. Tn-independent mechanisms for STn 

expression have been proposed, including ST6GalNAc-I upregulation and de-esterification 

of acetyl STn to form STn. Engineered overexpression of ST6GalNAc-I in cell lines results 

in STn expression (Julien et al., 2001; Marcos et al., 2004). While some tumors exhibit 

elevated ST6GalNAc-I transcript, protein, or activity correlating with STn expression, other 

tumors, such as colorectal carcinoma, have a reduction in ST6GalNAc-I activity despite 

robust STn expression, and tissues expressing STn almost always coexpress Tn, which could 

not be explained by ST6GalNAc-I (Marcos et al., 2011; Vazquez-Martin et al., 2004; Yang 

et al., 1994). Another Tn-independent mechanism for STn expression derives from studies 

using alkaline, de-esterifying conditions, which results in STn expression in normal colon 

(where it is usually absent) but not in other normal tissues such as pancreas (Jass, Allison, & 

Edgar, 1994; Julien et al., 2012). This suggests that in some tissues acetyl STn may normally 

conceal STn antigen, and therefore STn may arise in tumors from increased esterase activity. 

However, this assumes that all STn antibodies evaluated in normal tissue to date are blocked 

by STn acetylation, which is unlikely but untested.

3.2.3 T antigen

3.2.3.1 Background: T antigen is highly expressed on tumors, but reagents used to define T 

are more variable and less defined than those used for Tn and STn, resulting in more cross-

reactivity with normal tissues and non-T structures. Parts of the CNS and germinal center B 

cells normally express T antigen (Butcher et al., 1982; Desai, 2000). Structurally, T consists 
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of Galβ1–3GalNAcα1-Ser/Thr, which forms after transfer of Gal to Tn by the T-synthase 

(Fig. 3). Historically, T was sometimes considered Galβ1–3GalNAc in α or β linkage to a 

glycoprotein or -lipid, in contrast to the current definition of α linkage to a glycoprotein. 

Normally, T is extended by addition of Neu5Ac and/or GlcNAc to form mono or disialyl T 

and core 2-based structures. The T antigen was first discovered by Hübener, Thomsen, and 

Friedenreich in the 1920s and 1930s when studying blood agglutination (Reepmaker, 1952). 

They found that a microbial contaminant, later attributed to neuraminidase, results in cold 

agglutination of RBCs when mixed with serum due to normal anti-T antibodies. Georg 

Springer first identified T as a pan-carcinoma antigen, along with his studies of Tn in the 

1970s (Springer, 1984; Springer et al., 1975, 1980; Springer, Desai, Tegtmeyer, Spencer, & 

Scanlon, 1993).

3.2.3.2 Histology: T antigen is a pan-carcinoma antigen that is expressed in greater than 

60% of tumors of breast, colon, pancreas, and lung, and ~20% of gastric tumors. Normal 

tissues express 0–40% of T, likely due to cross-reactivity of anti-T reagents, some of which 

react with α- and β-linked Galβ1–3GalNAc on glycoprotein or lipids (Cao et al., 1995; 

David et al., 1992; Itzkowitz et al., 1989; Klein et al., 1979; Osako et al., 1993; Springer et 

al., 1975, 1980). Nonetheless, chemical and enzymatic studies have confirmed that T is a 

genuine carcinoma antigen (Campbell, Finnie, Hounsell, & Rhodes, 1995). In contrast to Tn 

and STn, T expression is less helpful to prognosticate tumors (Desai, 2000). Early studies 

from Springer using DTHRs suggested that cellular immune responses to T are extremely 

sensitive and specific for carcinoma (Desai, 2000; Springer, 1984).

3.2.3.3 Mechanisms for expression: The expression of T antigen could occur through a 

variety of mechanisms. Colon tumors upregulate UDP-Gal transporters, resulting in elevated 

T antigen, as well as SLea/x, in cancer cells (Kumamoto et al., 2001). Reduction of 

sulfotransferase activity in colon tumors has been proposed to result in conversion of 

endogenous sulfo-T in colon to T antigen (Yu, 2007). Alterations in Golgi pH increase T 

expression in cell lines, presumably due to changes in Golgi structure and 

glycosyltransferase localization (Kellokumpu et al., 2002). In breast cancer, decrease in 

C2GnT results in a shift from core 2- to core 1-based structures, which along with other 

mechanisms may enhance T expression (Brockhausen, Yang, Burchell, Whitehouse, & 

Taylor-Papadimitriou, 1995). However, the importance of any of these mechanisms in T 

expression in primary tumors is currently unclear.

3.2.4 Comparing Tn, STn, and T expression and function in tumor biology

3.2.4.1 Expression: The truncated O-glycans Tn, STn, and T are pan-carcinoma antigens 

and many tumors coexpress these structures. Over half of colorectal cancers express all three 

antigens, while most pancreatic cancers express both Tn and STn (Itzkowitz et al., 1989; 

Osako et al., 1993). Interestingly, benign lesions sometimes express one of these antigens 

but rarely coexpress multiple antigens (Osako et al., 1993). Some tumors, such as breast, 

exhibit a shift from core 2- to core 1-based structures including elevation of normal mono 

and disialylated T antigens (Brockhausen et al., 1995). Hence, Tn, STn, T, and normal core 

1-based structures can all be expressed on the same tumor. This probably reflects 

heterogeneity across some tumors, in which different cells express different antigens, as well 
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as coexpression of these antigens on individual cells and individual proteins within a tumor. 

Whether one of these situations predominates is unclear but may highlight which 

mechanism(s) drive expression of truncated O-glycans.

3.2.4.2 Function: Tn, STn, and T are highly expressed in tumors and Tn and STn expression 

correlates with disease progression, suggesting that these antigens may contribute to the 

tumor phenotype. Deletion of C3GnT in a mouse results in expression of Tn and STn in the 

GI tract and increased susceptibility to chemically induced colorectal cancer (An et al., 

2007). Further, deletion of Cosmc in pancreatic cancer cells or an organotypic tissue model 

results in features of cellular transformation and tumorigenesis in vitro as well as increased 

tumor growth in xenotransplant studies (Radhakrishnan et al., 2014). Alterations in cell 

adhesion and oncogenic signaling were also observed in these engineered cells, consistent 

with the behavioral alterations. Expression of Tn or STn may be immunomodulatory. STn 

facilitates resistance to NK cell killing, and Tn interacts with MGL on dendritic cells and 

inhibits migration of immature APCs (Ogata, Maimonis, & Itzkowitz, 1992; van Vliet, 

Paessens, Broks-van den Berg, Geijtenbeek, & van Kooyk, 2008). T antigen interacts with 

galectin-3, facilitating tumor cell interaction with endothelia and platelets (Glinsky et al., 

2001). Many additional mechanisms likely contribute to the participation of truncated O-

glycans in tumor biology, given that ~83% of proteins entering the secretory pathway are O-

glycoproteins (Steentoft et al., 2013). Identifying these mechanisms may provide new 

therapeutic strategies.

3.3 Altered terminal and extended structures

Overview: Cancers exhibit alterations in terminal glycans, including Lewis antigens, blood 

group structures, as well as recently identified terminal α-GlcNAc on core 2 (Tables 2 and 

3). Many tumors overexpress sialyl Lewisa/x and delete, overexpress, or ectopically express 

blood group structures, while gastric carcinomas delete terminal α-GlcNAc on core 2. Many 

of these changes correlate with survival; however, unlike truncated O-glycans and terminal 

α-GlcNAc, alterations in Lewis and blood group antigens are observed on N-glycoproteins 

and glycolipids in addition to O-glycoproteins. Determining the glycan carrier is not always 

possible, but a few examples highlight the importance of O-glycans as platforms for these 

alterations. O-glycans are major carriers of sialylated Lewis antigens and ABH structures in 

some tumors and of sialylated Lewis antigens in serum, and expression of these structures 

on O-glycans correlates with poor prognosis (Gupta et al., 1985; Izumi et al., 1995; 

Shimodaira et al., 1997; St Hill et al., 2009). Further, expression of SLex on core 2 O-

glycans facilitates interaction with E-selectin, which is important for tumor metastasis (St 

Hill, Baharo-Hassan, & Farooqui, 2011).

3.3.1 Terminal α-GlcNAc on core 2—Gastric cancer is the fourth most common 

malignancy and the second leading cause of cancer deaths worldwide (Thun, DeLancey, 

Center, Jemal, & Ward, 2010). Helicobacter pylori is a major risk factor for gastric cancer 

and interacts with surface but not gland mucins of the stomach (An international association 

between Helicobacter pylori infection and gastric cancer. The EUROGAST Study Group, 

1993; Nakayama, 2014; Parsonnet et al., 1991). A unique glycan structure—α1–4GlcNAc 
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terminating core 1 and core 2 branches of core 2 O-glycans—was identified on gland 

mucins, suggesting that this structure may prevent H. pylori colonization. Accordingly, 

terminal α1–4GlcNAc on a soluble protein inhibits H. pylori growth through disrupting the 

cell wall (Kawakubo et al., 2004). Interestingly, deletion of α1–4GlcNAcT in a mouse 

results in spontaneous gastric adenocarcinoma, independent of H. pylori, along with 

protumorigenic immune activation (Karasawa et al., 2012). Hence, α1–4GlcNAc on core 2 

prevents gastric cancer through its antibiotic properties toward H. pylori and by preventing 

protumorigenic inflammation in the stomach. In line with these mouse studies, loss of α1–

4GlcNAc has been observed in patients with gastric carcinoma and Barrett’s 

adenocarcinoma and found to correlate with worse survival in gastric cancer (Iwaya et al., 

2014; Shiratsu, Higuchi, & Nakayama, 2014).

3.3.2 Lewis antigens

3.3.2.1 Background: Sialyl Lewis antigens consist of sialylated and fucosylated type 1, 2 

chains (Fig. 2), as previously described. Sialyl Lea/x (SLea/x) are upregulated in cancer; 

however, tumors express long-chain and polyfucosylated forms, such as dimeric SLex, in 

contrast to short-chain and monofucosylated forms observed in inflammation and normal 

tissues and cells. Lewis antigens were first discovered in an RBC agglutination reaction, 

however, later observed as a synthetic product of internal epithelia and not RBCs, having 

been transferred to RBCs on glycolipids in serum (Marcus & Cass, 1969). Generation of 

mAbs against tumor cells in the 1970s and 1980s resulted in identification of tumor-

associated SLea/x antigens.

3.3.2.2 SLea: SLea is a tumor-associated carbohydrate antigen as first identified by Magnani 

and Koprowski using an antibody, CA19-9, generated from immunization with SW1116 

cells (Magnani et al., 1982, 1983) (Fig. 2). SLea is expressed by >50% of carcinomas of the 

colon, stomach, pancreas, ~40% of carcinomas of the lung, and ≤10% of carcinomas of 

esophagus, liver, breast and mesotheliomas. Normal colon does not express SLea in contrast 

to >30% of normal stomach, pancreas, and liver (Atkinson et al., 1982; Magnani et al., 1982; 

Nakagoe et al., 2001; Nakamori et al., 1997; Nakayama et al., 1995). CA19-9 is mainly used 

as a serum test for pancreatic cancer. Although normal pancreas expresses CA19-9, 

pancreatic carcinomas secrete elevated levels of this antigen and its expression correlates 

with poor survival (Berger et al., 2008). CA19-9 is not useful for all patients as 10–20% of 

the population is Lewis-negative and therefore cannot synthesize SLea.

3.3.2.3 SLex: SLex is a tumor marker and ligand for leukocyte adhesion. As described 

above, monofucosylated short-chain SLex is present in normal tissue and blood cells, 

whereas long-chain polyfucosylated SLex, such as sialyl-dimeric Lex, is tumor specific. In 

colon, for example, antibodies against short-chain SLex bind 60–80% of normal tissues, 

whereas antibodies against long-chain structures bind 5–10% of normal tissues (Itzkowitz et 

al., 1986). Expression of SLex in tumors largely resembles expression of SLea. SLex is 

expressed in >90% of tumors of stomach and pancreas, ≥40% of carcinomas of colon, 

esophagus, and ovaries, and ~25% of breast carcinomas (Fukushima et al., 1984; Itzkowitz 

et al., 1986; Matsushita et al., 1990; Nakagoe et al., 2001; Nakamori et al., 1993, 1997). In 

colon, SLex expression correlates with poor survival (Nakamori et al., 1993, 1997).
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3.3.2.4 Functions of SLex and SLea in tumor biology: Sialyl Lewis antigens facilitate 

metastasis in model systems and patients. SLea/x are selectin ligands, mediating tumor cell 

attachment to endothelia, platelets, and leukocytes (Takada et al., 1991, 1993). Attachment 

to endothelia contributes to vessel invasion, whereas attachment to platelets, and possibly 

leukocytes, contributes to survival in the vasculature. Cancer cells that express SLea/x more 

readily metastasize in xenotransplants, and overexpression of E-selectin in the liver results in 

metastatic redirection of SLea/x(+) cells to the liver (Biancone et al., 1996; Fukuda et al., 

2000; Fuster et al., 2003). In patients, expression of SLea/x correlates with worse survival 

and using agents that block selectin expression or interactions with SLea/x improves survival 

(Berger et al., 2008; Lee et al., 2005; Matsumoto et al., 2002; Nakamori et al., 1993, 1997; 

Nakayama et al., 1995).

3.3.2.5 Mechanisms for overexpression: Expression of SLea/x arises from glycan 

truncation or overexpression (Kannagi, 2004). Some tissues contain 6-sulfated and 2–6 

sialylated SLea/x. However, tumorigenesis results in reduced sulfation and 2–6 sialylation of 

SLea/x and increased expression of SLea/x (Kannagi, 2004). SLea/x overexpression results 

from oncogene or environmental induction of biosynthetic enzymes, such as Cox-2 

expression and hypoxia (Kannagi, 2004). Various glycosyltransferases can be affected 

although upregulation of sialyltransferases appears to be a major mechanism for SLea/x 

expression. Fut3, the major fucosyltransferase responsible for synthesizing SLea, is not 

usually upregulated in tumors (Kannagi, 2004). In addition to affecting glycosyltransferases, 

hypoxia induces UDP-Gal transporter overexpression, resulting in elevated levels of SLea/x 

and T antigen (Kumamoto et al., 2001).

3.3.3 ABH structures

3.3.3.1 Background: Alterations in AB/H structures are observed in tumors with loss of 

blood groups in tissues normally containing structures (Fig. 2), gain of blood groups in 

tissues normally deficient in structures, and occasionally mismatched expression of blood 

groups, e.g., expression of A in a BB/BO individuals. Some of these changes correlate with 

clinical progression. Landsteiner first described the ABO blood groups in the early 1900s, 

Watkins later characterized the structure and genetics of blood groups, and Masumune first 

observed alterations in ABO blood groups in tumors in the 1940s (Oh-Uti, 1949). AB/H 

structures are synthesized on type 1–4 chains, as previously discussed.

3.3.3.2 Histology: Colon and lung carcinomas exhibit different alterations in blood group 

structures due to different levels of normal expression. Colons (especially distal) are 

deficient in ABH, while lungs express these structures. Accordingly, colon cancers exhibit 

ectopic and mismatched expression of blood groups structures, while lung carcinomas 

exhibit deletion of normal structures and expression of truncated structures, such as H in A 

individuals. A/B incompatibility is observed in 0% to >50% of colorectal carcinomas, 

depending on the study, and accumulation of blood group ABH structures is observed in 5–

40% of tumors, depending on the structure, in contrast to 0–5% ABH expression in normal 

tissues (Nakagoe et al., 2001, 2000; Yuan et al., 1985). Lung carcinomas exhibit a loss of 

ABH structures, for example, 40–55% of tumors exhibit a loss of A with a gain of 

H/Ley/Leb structures, due to precursor accumulation (Graziano et al., 1997; Gwin et al., 
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1994; Lee et al., 1991; Miyake et al., 1992) (Fig. 2). In addition to carcinomas, myeloid 

cancers exhibit ~55% loss of A or B in A, B, A/B blood types and 21% loss of H in O blood 

types (Bianco et al., 2001). Further, altered ABH structures correlate with disease 

progression. In particular, deletion of A in lung and ectopic expression of ABH in colon 

correlate with poor survival.

3.3.3.3 Mechanisms for altered expression: Loss of blood group structures appears to 

occur at the level of the A and B transferases. Loss of A/B transferase activities and 

epigenetic silencing at the A, B, H loci correlate with blood group deletion in carcinomas 

and myeloid cancers, respectively (Bianco-Miotto, Hussey, Day, O’Keefe, & Dobrovic, 

2009; Orntoft, Wolf, & Watkins, 1988). Mechanisms for incompatible blood group 

expression are less clear. A and B glycosyltransferases differ by four amino acid residues, so 

mutation could result in conversion from A to B or vice versa. Alternatively, cross-reactivity 

of antiblood group reagents with other tumor-associated antigens such as Forssman or Tn—

both of which express terminal GalNAc—may result in apparent incompatible ABH 

expression. However, many antiblood group reagents are specific so this is not likely.

3.3.3.4 Function of blood group structures in tumor biology: Correlation of survival with 

altered blood group structures suggests that these changes contribute to tumor biology. 

However, the mechanistic contributions of altered ABH to the tumor phenotype may differ, 

depending on the tissue, since some tumors, such as colon, ectopically express ABH while 

others, such as lung, delete AB structures. In line with deleted AB structures in lung, A−/H+ 

cells display greater motility and proliferation in vitro as compared to A+/H− cells as well as 

changes in integrin function (Ichikawa, Handa, & Hakomori, 1998).

3.4 Genetic associations with glycogenes and cancer

Genomic studies including, GWAS, linkage analysis, transcriptomics, etc., have provided 

invaluable insights in biomedicine, including in cancer glycobiology, where it has been 

applied to investigate ppGalNAcTs in disease. ppGalNAcTs constitute a 20 enzyme family 

in mammals that expanded in recent evolutionary history. These enzymes exhibit partially 

overlapping specificities and expression, resulting in coordinated activity, which is poorly 

understood. Deletion of individual enzymes in higher organisms often results in subtle 

defects that are lethal in simpler model systems, such as Drosophila, and some mammalian 

GalNAcTs are not able to compensate for their lower homologs bringing into question 

conservation of biological function across evolutionary history (Bennett et al., 2010; Orr et 

al., 2013; Ten Hagen & Tran, 2002; Tran et al., 2012). To address these limitations, 

researchers have performed genomic studies in humans to better understand roles of 

ppGalNAcTs and have observed a range of associations in cardiac development, obesity, 

dyslipidemia, calcium/phosphate imbalance, and cancer. SNPs in ppGalNAcT1 have been 

associated with ovarian cancer, mutations in ppGalNAcT12 have been observed in colorectal 

carcinoma, elevations in transcripts have been observed for ppGalNAcT6 and ppGalNAcT14 

in breast and gastric cancers, and alterations in ppGalNAcT14 have been associated with 

apoptotic signaling in cancer cells, connecting enzyme level to cancer biology (Berois et al., 

2006; Freire et al., 2006; Gomes et al., 2009; Patani, Jiang, & Mokbel, 2008; Phelan et al., 

2010; Sellers et al., 2008; Wagner et al., 2007; Wu et al., 2010). However, it is currently 
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unclear how or whether these observed alterations/associations in ppGalNAcTs contribute to 

altered glycan structure or tumor biology. More studies will be needed to confirm these 

initial observations and provide additional mechanistic insight.

3.5 Mucins

Mucins comprise a large gene family of ~20 molecules, which can broadly be divided into 

secreted and membrane-associated mucins. Some mucins exhibit tissue-restricted 

expression, while others are broadly expressed in a range of epithelia. Biochemically, 

mucins are large molecules characterized by tandem repeats rich in serine, threonine, and 

proline. These tandem repeats are highly O-glycosylated and mucins themselves exhibit 

>50% O-glycosylation by weight (Hollingsworth & Swanson, 2004; Kufe, 2009). O-

glycosylation is important in regulating mucin biology as defects in O-glycosylation appear 

to result in decreased expression of mucins in vivo and enhanced bacterial degradation in 
vitro (An et al., 2007; Fu et al., 2011; van der Post et al., 2013). Alterations in mucin 

structure, expression, and glycosylation have been observed in a range of carcinomas, and 

these alterations have been hypothesized to be important in the tumor phenotype 

(Hollingsworth & Swanson, 2004; Kufe, 2009). Changes in glycosylation include both 

underglycosylation and misglycosylation, for example, expression of tumor glycans Tn, 

STn, and SLea. Mucins maintain barrier function, retain growth factors and signaling 

molecules, and engage in receptor-mediated signaling. Altered mucin structure is thought to 

result in alterations in all of these functions. Mucins play two opposing roles in cancer—as 

tumor suppressors and tumor promoters—probably depending on the tissue and mucin type. 

Deletion of MUC2 in mice results in spontaneous tumorigenesis in intestine, colon, and 

rectum, while overexpression of MUC1 in mouse mammary tissue results in spontaneous 

mammary carcinoma (Schroeder et al., 2004; Spicer, Rowse, Lidner, & Gendler, 1995; 

Velcich et al., 2002).

4. CLINICAL APPLICATIONS

Overview: Discovery of tumor-associated O-glycans has led to development of clinical tools 

to target these antigens for detection and therapy. Application of tumor O-glycans for 

detection has been focused in three major areas: (1) tissue and serum biomarkers, (2) 

assessment of antitumor O-glycan immune responses, and (3) tumor O-glycan imaging. The 

second major application of tumor O-glycans is in cancer therapies. Tumor-associated O-

glycans provide a unique epitope for targeted therapeutics. Cytotoxic antibodies and 

antibodies conjugated to radionuclides or toxins as well as therapeutic vaccines have been 

developed to target these TACAs. Further, efforts to interfere with the biologic contributions 

of tumor O-glycans to the cancer phenotype have been investigated, including interruption 

of sialyl Lewis–selectin interaction important in metastasis. Although many of the efforts 

focused on tumor detection and therapeutics are investigative, some have proved to be 

efficacious in patient treatment and/or management, including a few examples in which 

these technologies have become standard in patient management.
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4.1 Cancer detection

4.1.1 Serum biomarkers—Serum biomarkers are important for diagnostics, prognostics, 

and following tumor response and burden. The first tests to identify tumor-associated O-

glycans used immunohistochemistry to stain tumor samples. These include antibodies and 

lectins against truncated O-glycans Tn, STn, and T as well as altered terminal structures, 

such as SLex, SLea, and altered ABH antigens, as discussed above (Fig. 2). Identification of 

tumor antigens in tissues led to the idea that these antigens may be present in serum, 

allowing noninvasive tumor detection.

Healthy epithelia are polarized with apical membranes often facing a luminal structure and 

basolateral membranes attached to basement membrane and extracellular matrix. This 

polarized architecture prevents secretion of large glycoproteins into serum. In contrast, 

transformation results in a loss of epithelial polarity and aberrant secretion of glycoproteins 

into serum. These include mucins and other aberrantly glycosylated glycoproteins which 

contain altered O-glycans.

Some of the earliest serum TACAs identified are CA15-3, CA125, CA19-9, and STn 

(CA72-4) (Table 4; Reis, Osorio, Silva, Gomes, & David, 2010). These are glycoproteins or 

glycans, and all but STn are widely used in clinic to follow tumor progression. CA15-3 and 

CA125 were cloned and discovered to recognize MUC1 and MUC16, which are highly O-

glycosylated and aberrantly glycosylated in patient serum (Gendler et al., 1990; Kufe et al., 

1984; Siddiqui et al., 1988; Swallow et al., 1987; Yin & Lloyd, 2001). CA19-9, in contrast, 

recognizes SLea (Magnani et al., 1982) (Fig. 2). CA15-3, CA125, and CA19-9 are most 

useful in the management of breast, ovarian, and pancreatic cancer, respectively. However, 

none of these antigens are sufficiently specific to be used for diagnostics. Further, expression 

of SLea requires a functional Lewis transferase. STn is thought to be an extremely specific 

marker; however, STn is expressed in most carcinomas (e.g., stomach, colon, pancreas, 

biliary tract, ovaries, and cervix), limiting its utility in identifying tissue of origin. Recent 

strategies have sought to increase specificity of mucin biomarkers as well as localization of 

STn by identifying glycoproteins in serum containing both of these antigens. Proof-of-

principle experiments using sandwich ELISAs or arrays with STn and CA125 have 

established increased specificity of ovarian cancer detection as compared to CA125 alone 

(Akita et al., 2012; Chen et al., 2013).

4.1.2 Imaging—Tumor imaging facilitates diagnosis, management, and planning as well as 

intra/postoperative assessment. Technologies such as MRI and X-ray evaluate features of the 

tissue, whereas scintigraphy, SPECT, and PET utilize radiopharmaceuticals, such as 

immunoradionuclides and metabolites, to assess tumor properties. Radionuclides have been 

optimized for various purposes and in general are transferable across probes, i.e., antibodies 

or antibody fragments as well as metabolites such as FDG. Pharmacokinetic properties of 

antibodies have revealed that antibody fragments, such as scFvs, exhibit enhanced tissue 

penetration and reduced Fc-dependent clearance as compared to full-length antibodies. 

Nonetheless, radio and pharmacokinetic properties of an agent can be optimized once a 

selective probe is identified.
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Antitumor O-glycan antibodies provide a unique opportunity for tumor imaging and as such 

have been developed for underglycosylated MUC1, Tn, STn, and STn/ST (Table 5). 

Reagents against all of these epitopes have been evaluated in rodents and humans, and a 

reagent targeting STn/ST has been shown to be useful in radioguided immunosurgery 

(RIGS; Agnese et al., 2004; Alisauskus, Wong, & Gold, 1995; Beresford, Pavlinkova, 

Booth, Batra, & Colcher, 1999; Cardillo et al., 2004; Chaturvedi et al., 2008; Chinn et al., 

2006; Colcher et al., 1987, 1988; Danussi et al., 2009; Esteban et al., 1987; Forero et al., 

2003; Goel et al., 2001, 2000; Gold, Alisauskas, & Sharkey, 1995; Gold, Cardillo, 

Goldenberg, & Sharkey, 2001; Gold, Cardillo, Vardi, & Blumenthal, 1997; Gold et al., 2008; 

Gulec et al., 2011; Karacay et al., 2009; Mariani et al., 1995; Milenic et al., 1991; Nakamoto 

et al., 1998; Pavlinkova, Beresford, Booth, Batra, & Colcher, 1999; Pavlinkova, Booth, 

Batra, & Colcher, 1999; Salouti, Rajabi, Babaei, & Rasaee, 2008; Slavin-Chiorini et al., 

1993, 1997, 1995; Xiao et al., 2005; Yao et al., 1995; Yokota, Milenic, Whitlow, & Schlom, 

1992; Yokota et al., 1993; Zhang et al., 1998; Zou et al., 2010). Probes and radionuclides 

have been optimized for many of the antitumor O-glycans tested to date. Interestingly, one 

of the most researched antibodies for imaging is CC49, which reacts with ST>STn on 

TAG-72(Colcher et al., 1988; Hanisch, Uhlenbruck, Egge, & Peter-Katalinic, 1989; O’Boyle 

et al., 1996).

CC49 has been validated in RIGS and was initially developed as a second-generation 

antibody against TAG-72 (tumor-associated glycoprotein-72)(Agnese et al., 2004). CC49 

binds TAG-72 and is inhibited by ST but not STn (Hanisch et al., 1989). Further, it binds 

ST>STn in vitro, with some reactivity against both antigens (O’Boyle et al., 1996). 

Although ST is not generally considered to be a TACA, its presentation on TAG-72 appears 

to be tumor-associated. In contrast to CC49, the antibody B72.3 reacts with STn on 

TAG-72(O’Boyle et al., 1996). Based on the high expression of STn on tumors, this begs the 

question as to why there has been tremendous investment in CC49 as compared with B72.3 

for imaging.

A major line of evidence that likely contributed to this shift in evaluation of CC49 highlights 

an important lesson in tumor glycobiology—that tumor cells are not always representative of 

tumor tissue glycosylation. Second-generation CC series anti-TAG-72 antibodies were 

developed and tested in a colorectal cancer cell xenotransplant model (Colcher et al., 1988). 

Many of the CC series, especially CC49, exhibited greater reactivity with the colorectal 

cancer cell in vivo. Importantly, the cell line evaluated was LS174T. LS174T comprise a 

mixed population of cells with a small fraction of cells exhibiting a loss of Cosmc and 

expression of Tn and STn antigens while the larger fraction exhibits intact O-glycosylation 

(Ju, Lanneau, et al., 2008). This differs from real tumor biology in which STn, along with 

Tn, is highly expressed as a TACA in contrast to ST which is generally considered a normal 

O-glycan structure. Whether B72.3 or other STn/Tn immunoradionuclides would 

outperform CC49 in RIGS or other applications requires further investigation.

4.1.3 Assessing anti-O-glycan immune responses—The discovery that tumors 

elicit autoantibodies has led to attempts to use these autoantibodies and other immunologic 

parameters for clinical evaluation and diagnosis (Sahin et al., 1995; Wang et al., 2005). Most 

of the early attempts to identify tumor autoantibodies focused on protein recognitions; 
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however, early evidence from Springer suggested that tumors elicit glycan-specific immune 

responses, which result in changes in antiglycan antibodies and induction of antiglycan 

cellular immunity (Springer, 1984).

Recently, autoantibodies produced against tumor O-glycans have been evaluated in well-

defined glycopeptide arrays and suggest that a portion of cancer patients with breast, 

ovarian, and prostate cancers generate IgG against MUC1-Tn, STn, T, and core 3 tumor 

glycopeptides (Wandall et al., 2010). Antibodies appeared to be glycopeptide-specific, not 

reacting with peptide or glycan alone. Autoantibodies against core 3 were surprising, as core 

3 has not previously been shown to be expressed in many of the tissues evaluated and it is 

believed to be a normal O-glycan in the GI tract. In contrast to IgG, antiglycan and 

glycopeptide IgM antibodies were present in patients and controls, confirming Springer’s 

early work that normal gut bacteria induce antiglycan antibodies.

Autoantibody arrays have also been used to predict clinical course. In a subset of breast 

cancer patients, elevated autoantibodies against STn-MUC1 and core 3-MUC1 correlated 

with survival (Blixt et al., 2011). This supports the intriguing possibility that normal immune 

responses against glycopeptides may contribute to cancer clearance.

4.2 Cancer therapeutics

Generation of mAbs against tumor antigens led to the idea that tumors express unique 

antigens that may be targeted by antibodies or therapeutic vaccines. These approaches are 

currently being evaluated for a variety of tumor O-glycans and have resulted in a variety of 

important lessons in the glycoimmunology and cancer glycoimmunology fields.

4.2.1 Passive immunotherapies—Passive cancer immunotherapies include 

unconjugated antibodies with intrinsic cytolytic activity (antibody-dependent cell-mediated 

cytotoxicity, ADCC), antibodies conjugated to radionuclides (radioimmunotherapy), and 

antibodies-conjugated toxins (immunotoxins). Reagents targeting tumor O-glycans have 

been developed for unconjugated antibodies and immunotoxins; however, the emerging 

success of radiolabeled antibodies for imaging highlight the potential for 

radioimmnotherapies.

Antibodies against Tn, STn, and mucins have been generated which exhibit ADCC-

dependent and independent cytolytic activities, some of which have been evaluated in vivo 
(Ando et al., 2008; Hubert et al., 2011; Ibrahim et al., 2011; Kubota, Matsushita, Niwa, 

Kumagai, & Nakamura, 2010; Morita, Yajima, Asanuma, Nakada, & Fujita-Yamaguchi, 

2009; Pegram et al., 2009; Welinder, Baldetorp, Borrebaeck, Fredlund, & Jansson, 2011). A 

major limitation of this approach, however, is that full-length antibodies with Fc are often 

required for cytolytic activities but exhibit poor tissue penetration. Further, not all highly 

specific antibodies exhibit cytolytic activities, although these can sometimes be engineered, 

for example, by isotype swapping.

To address some of these challenges, researchers have developed immunotoxins in which 

antibody or antibody fragments have been conjugated to bacterial toxins. When these 

antibodies bind the cell surface, they are endocytosed and the toxins are activated within the 
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cell, resulting in cell death. This is a powerful approach but requires the antibodies to 

recognize antigens that are selectively expressed on the tumor surface and not normal cells. 

Therefore, this approach would theoretically be promising for tumor-specific O-glycans like 

Tn and STn but are less likely to be successful for tumor-associated O-glycans, such as 

Lewis or blood group antigens. Nonetheless, an antibody specific for Ley, which is elevated 

in some carcinomas, was generated and tested in vivo. Initial results were promising but 

dose-limiting toxicities, including gastritis, were observed and most likely resulted from 

reaction with low levels of antigen present in normal tissues (Pai, Wittes, Setser, 

Willingham, & Pastan, 1996; Pastan, Hassan, Fitzgerald, & Kreitman, 2006; Pastan et al., 

1991).

4.2.2 Therapeutic vaccines—Although long controversial, landmark studies with 

melanoma and prostrate cancer established therapeutic vaccination as a viable approach for 

cancer treatment (Kantoff et al., 2010; Schwartzentruber et al., 2011). Further, early work 

from Springer suggested that vaccination with T/Tn containing substance (in his case RBC) 

could elicit antiglycan immune responses and may improve patient survival (Springer, 

1984). More recent work suggests that anticancer immune response may correlate with 

patient survival. Together, these lines of evidence suggest that therapeutic vaccination using 

tumor-associated O-glycans may be able to generate antiglycan and antitumor immunity.

In contrast to the traditional view that glycans elicit T-cell-independent immunity, producing 

IgM and not IgG, and that glycoconjugates rely on peptide–MHC and not glycopeptide–

MHC interactions for presentation, work over the last 10–20 years has established that (1) 

certain classes of glycans, such as zwitterionic polysaccharides, elicit T-cell-dependent help 

through ROS-mediated endolysosomal processing and presentation by MHC-II to CD4 T 

cells, (2) glycopeptides are generated and processed in the endolysosome and presented as a 

glycopeptide in the MHC-II for presentation to glycopeptide-specific TCRs of T helper 

cells, so-called Tcarbs, (3) glycopeptides can be presented by MHC-I and recognized by 

glycopeptide-specific cytolytic T cells, and (4) antiglycan IgG is abundant in human sera 

(Avci, Li, Tsuji, & Kasper, 2011; Cobb, Wang, Tzianabos, & Kasper, 2004; Haurum et al., 

1994; Springer et al., 1993; Stowell et al., 2014). Further, Tn and STn can elicit natural T-

cell-dependent antiglycan or glycopeptide responses in cancer patients as well as in 

immunization while linked to carrier proteins or presented as glycopeptides (Gilewski et al., 

2007; Ingale, Wolfert, Gaekwad, Buskas, & Boons, 2007; Julien et al., 2012; Napoletano et 

al., 2007; Pedersen et al., 2011; Sabbatini et al., 2007; Sorensen et al., 2006; von Mensdorff-

Pouilly et al., 2000; Wandall et al., 2010). Although early attempts to generate antiglycan 

and anti-O-glycan immune responses capable of impacting clinical course were empirical 

and exhibited mixed success, lessons learned over the last 20 years as well proof-of-

principle glycovaccine engineering with other diseases and tumor models provide a basis for 

systematic development and evaluation of therapeutic vaccines targeting tumor-associated 

O-glycans (Avci et al., 2011).

4.2.3 Selectin–Lewis interactions—SLea and SLex interact with selectins on 

endothelial cells, platelets, and leukocytes. Tumors overexpress sialyl Lewis antigens, 

facilitating metastasis via enhanced platelet interactions in blood and enhanced endothelial 
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interaction during vascular extravasation. Platelets bind tumor in blood, forming a “cloak” 

that protects tumor cells from antitumor cellular immunity. Blocking SLea/x–selectin 

interactions in model systems through decoy disaccharides or peptide mimics has provided 

proof-of-concept that blocking SLe–selectin interactions can block metastasis (Fukuda et al., 

2000; Fuster et al., 2003). Further, work in mice and clinical trials suggested that 

interactions of P-selectin and SLea/x could be blocked by heparin, resulting in improved 

course of disease in mice and patients (Borsig et al., 2001; Lee et al., 2005). These results 

appear independent of anticoagulant effects as benefits were observed to a lesser degree in 

patients treated with coumarin anticoagulant. Cimetidine, an H2 blocker, was also shown to 

increase survival among patients with colorectal cancer through downregulating E-selectin 

expressed on endothelia. This effect was most pronounced among patients with high level of 

SLea/x expression in tumors and least pronounced among patients with low SLea/x 

expression (Matsumoto et al., 2002). Results from mouse models using specific SLe–

selectin inhibitors as well as human studies using heparin and cimetidine provide strong 

evidence that SLe–selectin interactions may be a viable target for cancer treatment; however, 

no conclusions can be made until specific inhibitors are tested in patients in randomized 

controlled prospective studies.

5. CONCLUSIONS

Since the discovery of altered glycosylation in cancer through lectin binding, mAbs, and 

glycopeptide analysis, altered glycosylation has been observed in most every cancer to date 

establishing it as a hallmark of cancer. Altered O-glycosylation was arguably first observed 

with alterations in blood group structures in gastric cancer, but validated for truncated pan-

carcinoma O-glycans T/Tn with the work of Springer and colleagues. Alterations include 

expression of truncated, tumor-specific O-glycans such as Tn, STn, and T antigens, which 

are only found on O-glycans, loss of terminal α-GlcNAc on core 2 in gastric cancer, and 

altered terminal tumor-associated structures, such as ABH and SLea/x structures, which are 

found on various classes of glycoconjugates.

Recent advances have highlighted possible mechanisms for altered expression of tumor O-

glycans, including deletion, epigenetic silencing, and LOH of Cosmc resulting in Tn/STn 

expression, hypoxia-induced transcriptional changes, resulting in increased expression of 

SLea/x and T antigens, as well as epigenetic silencing of A, B transferases. The extent of 

these and other mechanistic alterations is currently unclear and will require further 

investigation.

New insights into whether and how altered O-glycans contribute to the tumor phenotype 

have also developed. Expression of Tn and STn results in increased susceptibility to 

tumorigenesis in core 3 knockout mice, and loss of α-GlcNAc contributes to gastric 

tumorigenesis in H. pylori-dependent and -independent manners. T antigen expression has 

been implicated in tumorigenesis in xenotransplant studies as have deletion of ABH 

structures and overexpression of SLea/x. Tn, STn, α-GlcNAc, ABH, and SLea/x correlate 

with patient survival across studies, and blocking SLea/x through heparin or cimetidine 

increases patient survival in clinical studies.
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Antibodies against glycoproteins and glycans, including CA15-3, CA19-9, and CA125, are 

in clinical use but used for prognostics and not diagnostics due to poor specificities. 

Development of new antibodies against tumor O-glycans and use of multiple antibodies, 

such as CA125 and anti-STn, will increase sensitivities and specificities, allowing broader 

application of these reagents. Imaging with radiolabeled antiglycan antibodies provides a 

unique opportunity to localize tumors and has proved useful in surgical planning. Although 

no agent targeting tumor O-glycans is in standard clinical use, various approaches including 

radioimmunotherapies, immunotoxins, therapeutic vaccines, and glycan-GBP inhibitors are 

promising in preclinical and some clinical studies. The discovery of tumor O-glycans and 

associated applications for tumor detection, evaluation, and therapeutics offer great promise 

in the management of this terrible disease.
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Figure 1. 
Human cells are covered with a dense assortment of glycoproteins, proteogly-cans, and 

glycolipids, in addition to GPI-anchored glycoproteins (not shown here). The glycoproteins 

contain Asn-linked oligosaccharides (N-glycans) and Ser-/Thr-linked oligo-saccharides (O-

glycans). The proteoglycans contain Ser-linked glycosaminoglycans, comprised of heparan 

sulfate, chondroitin sulfates, dermatan sulfate, and keratin sulfate. The glycolipids are 

largely glycosphingolipids, comprised of ceramide to which glucose is the linking sugar. In 

addition, O-linked GlcNAc is found in cytoplasmic, nuclear, and mitochondrial 

glycoproteins. The large repertoire of glycans in such glycoconjugates constitutes the 

glycome of the cell and each cell type expresses its own relatively unique glycome, which is 

also subject to development and disease-specific changes. The symbols used to represent the 

monosaccharides are indicated.
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Figure 2. 
The structures of many tumor-associated carbohydrate antigens are indicated. The colored 

(different gray shades) box in each structure represents the known antigenic determinant 

recognized by antibodies.
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Figure 3. 
The biosynthesis of O-GalNAc-type O-glycans is initiated and completed in the Golgi 

apparatus. The ppGalNAcT family of enzymes adds N-acetylgalactosamine from the 

nucleotide sugar donor UDP-GalNAc to proteins entering the Golgi to form the Tn antigen. 

The Tn antigen is normally a precursor to a wide variety of other structures, deriving from 

modifications of the GalNAc residue, to generate core 1, core 2, and core 3 O-glycans. The 

key reaction is the addition of galactose from UDP-Gal by the enzyme termed T-synthase, 

which generates the common core 1 O-glycan. The core 1 and/or core 2 O-glycans are found 

in all human cells. Such glycans are extended by various glycosyltransferases using specific 

nucleotide sugar donors, e.g., UDP-Gal, UDP-GlcNAc, UDP-GalNAc, GDP-Fuc, CMP-

Sialic acid, etc.
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Figure 4. 
The T-synthase is the enzyme that generates core 1 O-glycan, also termed the T antigen. 

However, the formation of active T-synthase (the core 1 β3galactosyltransferase or 

C1GalT1), which is a Golgi enzyme, requires its correct folding in the endoplasmic 

reticulum by the specific molecular chaperone Cosmc (core 1 β3-GalT-specific molecular 

chaperone). Cosmc is encoded by a gene on the X-chromosome, and acquired alterations in 

expression of Cosmc, either by genetic mutation, epigenetic silencing, or by other 

mechanisms, can lead to expression of the Tn antigen.
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Table 4

Serum biomarkers

Biomarker Glycan/glycoprotein antigen Tissue Use

CA15-3 MUC1 Breast Clinical, tumor burden

CA125 MUC16 Ovarian Clinical, tumor burden

CA19-9 SLea Pancreas Clinical, tumor burden

CA72-4 STn on Tag-72 Pan-carcinoma Not in general use

STn/CA125 STn and CA125 Ovarian In development
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