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Abstract

Mucins are large glycoproteins expressed on the epithelia that provide a protective barrier against 

harsh insults from toxins and pathogenic microbes. These glycoproteins are classified primarily as 

being secreted and membrane-bound; both forms are involved in pathophysiological functions 

including inflammation and cancer. The high molecular weight of mucins is attributed to their 

large polypeptide backbone that is extensively covered by glycan moieties that modulate the 

function of mucins and, hence, play an important role in physiological functions. Deregulation of 

glycosylation machinery during malignant transformation results in altered mucin glycosylation. 

This review describes the functional implications and pathobiological significance of altered 

mucin glycosylation in cancer. Further, this review delineates various factors such as 

glycosyltransferases and tumor microenvironment that contribute to dysregulation of mucin 

glycosylation during cancer. Finally, this review discusses the scope of mucin glycan epitopes as 

potential diagnostic and therapeutic targets.
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1. Introduction

Mucins are a family of glycosylated proteins with high molecular weight and complex 

molecular organization. So far, 21 mucin genes have been identified. Based on their 

structural organization, mucins are mainly classified as secreted and membrane-bound forms 

[1, 2]. Both of these mucin classes are involved in epithelial cell homeostasis where they act 

as a protective shield against severe environmental insults from toxins and pathogenic 

microbes [3]. MUC2, MUC5AC, MUC5B, MUC6, MUC7, and MUC19 are secreted 

mucins, which lack transmembrane domains and have a common von Willebrand factor D 

domain (vWF-D) and C terminus cysteine knot domain that are required for their 

oligomerization [4]. The other important class of mucins is the transmembrane mucins, 

which include MUC1, MUC3, MUC4, MUC12, MUC16, and MUC17. These 

transmembrane mucins are anchored to the cell surface via their transmembrane domains 

and are involved in various signaling pathways through their short cytoplasmic tails [5].

The structural complexity of these secreted and transmembrane glycoproteins is due to their 

large polypeptide chain and various post-translational modifications such as glycosylation, 

sulfation, and phosphorylation [6–8]. Glycosylation is one of the major post-translational 

modifications that defines these mucins and affects their function. Mucins can be either O-

glycosylated or N-glycosylated. Both forms of glycosylation occur in distinct subcellular 

compartments. They differ by the amino acid involved and the covalent attachment of 

carbohydrates [9]. N-glycosylation of mucins is initiated in the endoplasmic reticulum (ER) 

by the action of UDP-GlcNAc phosphotransferases, whereas mucin type O-glycosylation 

occurs in the Golgi apparatus and is mediated by a family of enzymes known as UDP-

GalNAc: polypeptide GalNAc-transferases (GalNAc-Ts/GALNTs) [10, 11]. Notably, O-

glycosylation is the major post-translational modification of mucins. It occurs predominantly 

in the central tandem repeat domain, which is common to all mucins and rich in proline, 

serine, and threonine (PTS) residues [12].
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Carbohydrate structures located on mucin polypeptides dictate their biochemical and 

biophysical characteristics. These structures also determine the biological functions of 

mucins. For instance, mucin glycans act as a steric barrier that prevents microorganisms 

from attacking the underlying epithelium surface [6, 13]. Indeed, some of the glycan 

structures are also involved in mediating cellular interactions like those with leukocytes 

[14]. Importantly, this review discusses the pathobiological significance of altered mucin 

glycosylation in cancer and focuses on the functional implications of oligosaccharide 

structures displayed by mucins during cancer progression. It also discusses regulation of 

mucin glycosylation by several factors such as glycosyltransferases and the tumor 

microenvironment. Finally, the potential involvement of these mucin-associated glycans in 

diagnostics and therapeutics is discussed.

2. Mucin glycosylation

Glycosylation is the principal post-translational modification and hallmark of mucins. 

Mucins undergo both O- and N-linked glycosylation, depending on the amino acid on which 

glycans are added. In the case of N-glycosylation, carbohydrate chains are attached to the 

amidic nitrogen of asparagine, whereas O-glycosylation is defined by the addition of 

carbohydrate chains to the hydroxyl group of serine or threonine [15, 16]. Both forms of 

glycosylation occur in distinct cellular regions and contribute to the biochemical, 

biophysical, and functional properties of mucins [9].

2.1. N-linked glycosylation

Protein N-glycosylation is initiated by the transfer of N-acetyl glucosamine phosphate 

(GlcNAc-P) to the polyisoprenol lipid precursor, dolichol phosphate (Dol-P), which results 

in the formation of dolichol pyrophosphate N-acetyl glucosamine (Dol-P-P-GlcNAc) (Figure 

1). This occurs on the cytoplasmic face of the ER and is mediated by the action of UDP-N-

acetylglucosamine-dolichyl-phosphate N-acetylglucosaminephosphotransferase (DAPGT1/

GPT). Following this event, another molecule of N-acetyl glucosamine (GlcNAc) and five 

mannose (Man) residues are transferred sequentially by specific glycosyltransferases to 

generate Man5GlcNAc2-P-P-Dol. Subsequently, the dolichol-linked glycan precursor 

translocates to the ER lumen by the action of the enzyme flippase. Further, the transfer of 

four mannose and three glucose (Glc) glycans from Dol-P-Man and Dol-P-Glc, respectively, 

completes the synthesis of the N-glycan precursor Glc3Man9GlcNAc2-P-P-Dol. This 

structure is then transferred en bloc by oligosaccharyl transferase (OST) to the asparagine 

residue in one of the prominent N-glycosylation sites of the nascent protein (Asp-X-Ser/Thr) 

[15] A series of enzymatic processing reactions inside the ER trim this 14 sugar N-glycan 

structure, following which the nascent glycoprotein is transported to the Golgi apparatus by 

COPII-coated vesicles [17, 18]. In cis Golgi, further processing involves the removal of 

mannose residues by means of mannosidases. The processed protein is then transferred to 

the medial Golgi, where oligomannose (containing high mannose), complex-type 

(comprising several saccharides including N-acetylglucosamine) and hybrid N-glycans 

(mixture of oligomannose and complex N-glycans) are synthesized. In Trans Golgi, complex 

and hybrid N-glycan structures are further elongated by the addition of several repeats of N-
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acetyllactosamine (LacNAc-3Galβ1-4GlcNAcβ1-). Finally, these elongated structures are 

capped by the addition of residues like sialic acid, N-acetylglucosamine, and fucose [11].

The number of N-glycosylation sites varies among mucin family members. For example, 

MUC1 has five potential N-glycosylation sites, whereas MUC4 has more than 10 putative 

N-glycosylation sites [19, 20]. N-glycosylation sites in different mucins contribute to protein 

stability, folding, and trafficking. For example, in the secreted mucin MUC2, Asker et al. 

showed the N-glycosylation to be critical for its proper folding inside the ER, which ensures 

its correct dimerization [21]. They demonstrated this using pulse chase studies on MUC2 in 

tunicamycin-treated LS14T colon carcinoma cells; tunicamycin is an N-glycosylation 

inhibitor. In the absence of N-glycans, the formation of disulfide-linked dimers via the 

cysteine knot domain of MUC2 was reduced due to incorrect folding of MUC2 apomucin. 

Further, non-glycosylated MUC2 was not transported to the Golgi apparatus and was 

subsequently degraded in the ER [21]. Importantly, transport of MUC2 to the Golgi 

apparatus allows for its O-glycosylation and multimerization, which is followed by its 

packaging into secretory vesicles [22, 23]. Thus, N-glycans allow for correct dimerization of 

MUC2 in the ER, which is followed by assembly and secretion of MUC2. In addition to its 

role in protein folding and dimerization, N-glycosylation has been been shown to play an 

important role in the surface localization of the membrane mucin MUC17 [24]. Taken 

together, the above studies highlight the critical role of N-glycans in regulating the 

biological functions of mucins.

2.2. O-linked glycosylation

Although more complex and less understood than N-linked glycosylation, O-glycosylation is 

the major post-translational modification that occurs in mucins (Figure 2). O-glycan chains 

attached to mucin polypeptide (apomucin) comprise various monosaccharides such as N-

acetylgalactosamine, galactose, N-acetylglucosamine, sialic acid, and fucose. Arrangement 

of these sugars on mucins adds to the structural diversity of oligosaccharides (as outlined in 

Figure 2) that dictate the biophysical and functional characteristics of mucins. O-

glycosylation of mucins is a multistep process that begins after the glycoproteins are 

exported to the Golgi apparatus by vesicle-mediated transport [9, 25].

First, the assembly of O-glycans is initiated by the addition of the sugar N-

acetylgalactosamine (GalNAc) to the serine/threonine amino acid in the PTS region. This 

occurs through the activity of a superfamily of enzymes known as GalNAc-Ts [26]. The first 

O-glycan formed by this family of enzymes is the Tn (GalNAc-α1-O-Ser/Thr) antigen [27]. 

Based on earlier in vitro studies performed by Yoshida et al. in 1990s, it is established that 

efficient transfer of GalNAc occurs mainly to the threonine residue [28]. To date, 20 

GalNAcTs genes have been identified. These genes catalyze the initiation of mucin type O-

glycosylation. Despite the functional redundancy among GalNAc-Ts, different substrate 

specificity and tissue-specific expression of these enzymes have been reported [26]. In an 

attempt to understand the mechanism that confers substrate specificity to these distinct 

GalNAc-Ts, one study by Kinarsky et al. investigated the role of the polypeptide 

conformation in substrate recognition by GalNAc-Ts. Using series of synthetic MUC1 

glycopeptides and recombinant GalNAc-Ts, Kinarsky et al. proposed that the glycosylation 
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pattern confers a particular conformation recognizable by a GalNAc-T-specific catalytic site 

[29]. Notably, a characteristic feature of this class of glycosyltransferases is their lectin 

domain, which helps them bind to existing GalNAc residues on mucins. This binding 

increases their catalytic efficiency and allows them to complete the initiation of 

glycosylation prior to elongation of GalNAc residues [30]. The first sugar, GalNAc (Tn) is 

then processed by the activity of various glycosyltransferases that add distinct glycans. For 

instance, GalNAc can be elongated by specific glycosyltransferases that add several 

monosaccharides, giving rise to various core structures. To date, eight core structures (Core 

1 – 8) have been recognized. Biosynthesis of the Core 1 structure is initiated by the addition 

of galactose sugar to GalNAc by β1, 3 linkage. This reaction is catalyzed by T-synthase/

Core 1 synthase (C1GALT1) that gives rise to a disaccharide structure known as Core 1/T 

antigen (Thomsen-Friedenreich antigen-Galβ1-3GalNAc-α1-O-Ser/Thr). The key molecule 

that regulates the activity of C1GALT1 is an ER chaperon molecule Cosmc (Core 1 β3-Gal-

T-specific molecular chaperone), which associates with C1GALT1, thereby preventing its 

ubiquitin-mediated proteasomal degradation [31]. Mutations in the Cosmc protein lead to 

the inactivation of C1GALT1, which is associated with Tn syndrome [32]. In addition to 

extending to the Core 1 carbohydrate structure, the first sugar, GalNAc, can also be 

elongated by addition of N-acetylglucosamine to form a disaccharide Core 3 carbohydrate 

structure. Both the Core 1 and Core 3 structures can be elongated to form trisaccharide Core 

2 and Core 4 carbohydrate structures, respectively. This is brought about through the 

addition of N-acetylglucosamine by family of enzymes known as β1,6-N-

acetylglucosaminyltransferases [33]. The resultant core structure depends on the relative 

activity of glycosyltransferase. These O-glycans can also be extended by addition of several 

residues of poly-N-acetyllactosamine. Further, these oligosaccharide chains can be 

terminally glycosylated by sialylation, fucosylation, or sulfation. Terminal glycosylation 

often results in the formation of several carbohydrate epitopes such as Lewis antigen x 

(Lex), Lewis antigen a (Lea), sialylated Lewis antigen x (sLex), and sialylated Lewis antigen 

a (sLea), which are commonly expressed by carcinoma mucins (Figure 2) [34].

In addition to elongation to several core structures, the first sugar (Tn antigen) can also be 

sialylated by α2, 6-sialyl transferases (ST6GalNAc1) to yield the disaccharide Sialyl-Tn 

(sTn-Neu5Acα2-6GalNAcα-O-Ser/Thr). Additionally, T antigen can also be modified by 

sialylation to trisaccharide, sialyl-T (sT) antigen. Sialic acid can be linked either by 

alpha-2,3 linkage to galactose (NeuAcα2-6(Galβ1-3)GalNAc-O-Ser/Thr) via ST3Gal1 or by 

alpha-2,6 linkage to N-acetylgalactosamine via ST6GalNAc1 [35]. De-sialylation of T 

antigen (NeuAcα2-3Galβ1-3(NeuAcα2-6) GalNAc- Ser/Thr), in which both galactose and 

N-acetylgalactosamine are sialylated, can also occur. These sialyltransferases compete with 

other glycosyltransferases and prevent elongation of glycans. Such hypoglycosylated 

structures (sTn, sT) that arise in pathological conditions like cancer are usually not seen in 

healthy tissues [36].

The extent of O-glycosylation is determined by the length and the number of PTS repeats, 

which are distinct to each mucin and can vary in the same mucin due to gene 

polymorphisms [12]. Additionally, O-glyosylation is influenced by variations in the peptide 

sequence of PTS repeats. For instance, replacement of proline with threonine in the PTS 
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repeat of MUC1 results in an additional site of O-glycosylation [37]. A large number of 

PTS-rich tandem repeats in mucins allows for extensive glycosylation such that the 

polypeptide backbone adopts a bottle brush-like conformation. The complex glycan 

structures surrounding these mucins have been shown to contribute to viscoelastic properties 

of mucus and also protect the apomucin backbone from attack by proteases. Additionally, 

the diverse array of glycans on mucins that line different intestinal regions dictate their 

interactions with the gut microbiome [38]. Specifically, it has been shown that the 

oligosaccharide composition of mucins varies in different intestinal regions, in which the 

sialic acid content increases from the ileum to the colon, whereas the fucose content 

decreases [39]. This may also explain specific colonization of microbiota in intestine. 

Further, several peripheral oligosaccharide structures on mucins, such as Lex and sLex, serve 

as ligands for bacterial fimbrial adhesins, thereby trapping and preventing them from 

infecting the underlying epithelia [40].

3. Role of mucin and its aberrant glycosylation in cancer

3.1. Role of mucins in cancer pathogenesis

Aberrant expression of mucins is observed in various malignancies, wherein they play an 

essential role in cancer pathogenesis [1, 41]. For example, MUC1 is involved in breast 

cancer pathogenesis as it affects several signaling pathways that influence disease 

aggressiveness. The C-terminal subunit of MUC1, also known as MUC1-C, acts as an 

oncoprotein through its interaction with various receptor tyrosine kinases such as EGFR and 

ErbB2, which leads to the activation of PI3K–Akt and MEK-ERK signaling pathways in 

breast cancer [42, 43] . Further, this transmembrane mucin is also found to be overexpressed 

in ovarian cancer and various gastrointestinal malignancies including pancreatic cancer [44–

46]. Similarly, MUC4, another transmembrane mucin, is implicated in the pathobiology of 

cancers including pancreatic, breast, lung, and cervical cancers. Several studies from our lab 

have well established the involvement of MUC4 in certain aspects of cancer progression 

including metastasis, evasion of apoptosis, and induction of drug resistance [47–49]. 

Specifically, we have shown that MUC4 can promote breast and pancreatic cancer 

metastasis [48, 49]. Interestingly, in the case of ovarian cancer, MUC4 also plays a role in 

cancer stem cell maintenance via stabilization of HER2 [50]. MUC4 has also been shown to 

interact with and stabilize HER2 in pancreatic cancer cells, but whether or not this 

interaction is involved in cancer stem cells (CSCs) remains to be examined [51].

The largest transmembrane mucin identified to date is MUC16, also known as CA-125, 

which exhibits pro-tumorigenic and pro-metastatic properties [52]. In ovarian cancer, 

MUC16 is deregulated and plays an important role in metastasis by protecting the tumor 

cells from cytotoxic responses from natural killer (NK) cells [53, 54]. Further, studies from 

our lab indicate the involvement of MUC16 in pancreatic cancer progression and in breast 

cancer proliferation [55, 56]. In pancreatic cancer cells, MUC16 has been reported to 

interact with the GPI-linked protein Mesothelin (MSLN), which leads to activation of 

MMP-7, an extracellular matrix remodeling enzyme, thereby resulting in enhanced 

pancreatic cancer cell motility and invasion [57]. In addition to MUC16, aberrant expression 
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of MUC13 is also observed in many epithelial cancers but has not been significantly 

examined [58].

Along with transmembrane mucins, expression of secreted mucins is also dysregulated in 

various malignancies. Specifically, MUC5AC is one of most studied secreted mucins and is 

shown to be upregulated in various cancers including colorectal and pancreatic cancer [59]. 

Differential expression of another secreted mucin, MUC5B, is also observed in malignancies 

such as breast and colorectal cancer [43, 60]. MUC2 is equally important as it has been 

associated with colorectal cancer and is typically downregulated during cancer progression 

[61]. Overall, compounding evidence helps to confirm that mucins play an important role in 

the pathobiology of various malignancies.

3.2 Aberrant glycosylation of mucins in cancer

Alterations in the composition and structure of mucin glycans have been observed in various 

malignancies [62]. During carcinogenesis, neo glycan structures emerge on various 

glycoproteins including mucins. These atypical glycan forms can be due to incomplete 

glycosylation that results in truncated structures (Tn, sTn, T, ST) or aberrant extension of 

glycan chains (sLex, sLea) [36, 63, 64] (Figure 3). Expression of these truncated 

carbohydrate antigens are generally observed in embryonic tissues, and hence they are also 

known as oncofetal antigens [65]. Moreover, several examples of such glycan alterations in 

carcinoma mucins have been reported in literature. For instance, mucins with reduced Core 

1 and Core 3 structures, along with increased expression of truncated glycans such as Tn and 

sTn, have been observed in intestinal, colon, and pancreatic cancers [35, 66].

Evidence for the abnormal carbohydrate structures on mucins emerged from earlier studies 

that demonstrated the increased expression of Thomsen–Friedenreich antigens (T/TF) on the 

surface mucins in colonic adenocarcinoma and ulcerative colitis, compared to the normal 

colon [67]. Likewise, dramatic changes in mucin glycosylation have been reported in 

colonic adenocarcinoma, compared to normal colon. Terminal sialic acids of colonic mucins 

are generally O-acetylated under normal conditions, which prevents degradation of the 

mucins from the sialidase activity of enteric bacteria [63, 68]. Acetylation of the sialylated 

glycan structures on cancer cells also blocks their interaction with cognate receptors, such as 

selectins and siglecs present on endothelial and immune cells [68]. Malignant transformation 

of colon tissue is marked by significant decrease in O-acetylation of these sialic acid 

residues. This was shown by isolating mucin fractions from human colonic carcinoma cell 

lines representative of different stages of disease progression (from adenoma to cancer). The 

decrease in acetylation is associated with exposure of glycan structures such as sLex and 

sTn, which are masked by acetylation of sialic acid in normal condition [69].

Unusual glycan structures formed on glycoproteins during cancer are involved in its 

progression. The role of these aberrant glycans is well documented in cancer cell adhesion, 

motility, invasion, and altering the interaction of cancer cells with other cells, such as 

lymphocytes and endothelial cells [35]. Apart from the pathologic role of these atypical 

mucin glycans, these aberrant glycan structures also constitute tumor-associated 

carbohydrate antigens (TAA), which are extensively used as diagnostic markers.
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4. Pathologic role of mucin glycans in cancer

Accumulating evidence suggests that deregulated expression of mucin glycans can 

significantly influence the function of the mucins in pathological conditions.

4.1. Mucin glycans mediated cellular interactions

The glycophenotype of cell surface mucins dictates both homotypic and heterotypic cellular 

interactions. These glycan moieties on mucins serve as ligands for various carbohydrate-

binding proteins, such as galectins, selectins, and siglecs, and mediate diverse biological 

processes including cell adhesion, migration, trafficking, and inflammation [35]. All of these 

glycan binding proteins comprise the lectin family and are expressed by specific subsets of 

cells such as immune cells and endothelial cells.

4.1.1. Galectins—Cancerous conditions are often accompanied by altered expression of 

beta galactoside-binding lectins, also known as galectins [70, 71]. So far, 15 galectin 

members have been discovered and are involved in wide range of biological processes. 

Specifically, the role of galectins in immunomodulation, regulating cell proliferation, and 

apoptosis has been well elucidated [72]. Galectin 1 and 3 are among the most characterized 

galectins and are upregulated in several malignancies. Several studies have identified their 

roles in tumor angiogenesis and metastasis. [73–75]. Various mucins display galactose-rich 

oligosaccharides on their surface and hence serve as binding partners for galectins. The 

importance of galectin-mucin interactions is reflected by the ocular epithelial barrier, where 

interaction of MUC4 and MUC16 with galectin-3 maintains the integrity of the mucosal 

barrier that prevents infection of underlying eye epithelium [76]. Further, galectin-mucin 

glycan interactions play an important role in tumor metastasis, which is further described in 

this review.

4.1.2. Selectins—Selectins are adhesion molecules that recognize galactose-containing 

carbohydrates on their cognate ligands [77]. Depending on the cell types on which they are 

expressed, selectins are classified into E-selectin (endothelial cells), L-selectin (leukocytes), 

and P-selectin (platelets). These selectins recognize sialylated/sulfated lewis antigens (such 

as sLex, sLea) on mucin glycoproteins, which are highly expressed on cancer cells [78]. The 

interaction of secreted and surface mucins with selectins on endothelial cells, platelets, and 

leukocytes is illustrated in colon carcinoma [79]. Interaction of carcinoma mucins with 

selectins on these components of the blood stream allow cancer cells to extravasate and 

metastasize to the target organs. Also, the interaction of mucins with selectins on platelets 

has been shown to cause aggregation of platelets, which results in the formation of structures 

known as microthrombi. This may also explain excessive coagulation (Trousseau syndrome) 

generally observed in mucinous adenocarcinomas such as mucinous ovarian and breast 

carcinomas, which are marked by excessive production of mucins in the bloodstream [80].

4.1.3. Siglecs (Sialic acid-binding immunoglobulin (Ig)-type lectins)—Sialic 

acid-binding lectins, or siglecs, are expressed by some hematopoietic cells such as 

macrophages (Siglec-1/sialoadhesin) and B cells (Siglec-2/CD22). Siglecs play an important 

role in mediating cell-cell interactions and modulating the immune response [81, 82]. To 
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date, 10 different siglecs have been identified [82]. Siglecs can interact with sialic acid 

groups present on the non-reducing ends of glycoproteins such as mucins. This siglec-

glycoprotein interaction has been described between Siglec-1 (sialoadhesin) on tumor-

infiltrating macrophages and MUC1 (presenting sialylated glycan structures) on breast 

carcinoma cells. However, the biological role of this interaction remains unclear [83]. 

Further, Siglec-9, which is expressed on surface of immune cells such as B-cells, 

monocytes, and NK cells, has also been shown to interact with transmembrane mucins 

including MUC16 and MUC1 [84, 85].

4.2. Functional consequences of mucin glycotope-mediated cellular interactions

The interactions of mucin glycans with sugar-binding proteins have been shown to affect 

several aspects of tumor progression including tumor growth, escape of immune 

surveillance, and metastasis (Figure 4).

4.2.1. Mucin Glycans in tumor growth—Sialoglyans expressed on mucins have been 

shown to affect tumor growth. For instance, MUC1 sialoglycans, such as sLex, are shown to 

mediate its binding to siglec-9, which is commonly expressed by immune cells. Preferential 

interaction of MUC1 with Siglec-9 was seen using pull-down studies with several soluble 

recombinant siglec molecules (Siglec-1, 3, 5 and 9). The functional role of this interaction 

was established using a co-culture model, in which HCT116 (colon cancer cells) and 

HEK-239 that were stably transfected with MUC1cDNA and Siglec-9cDNA, respectively 

were used. Co-incubation of these cells resulted in recruitment of β-catenin to MUC1-C 

domain. Further, ligation of MUC1 (on 3T3 cells) with Siglec-9 triggered translocation of 

beta-catenin from cytoplasm to nucleus that was accompanied by elevated expression of c-

myc and increased proliferation of 3T3/MUC1 cells [84] (Figure 4a).

4.2.2 Role of mucin glycans in evading immune surveillance—Although tumor 

tissues are characterized by the infiltration of immune cells, such as macrophages, natural 

killer cells, and cytotoxic T cells, tumor cells still effectively escape the immune system. 

This is due to the activation of various immunosuppressive pathways by the tumor cells 

themselves [86]. A considerable body of evidence suggests that cancer cells escape the 

immune response through the involvement of their surface glycan epitopes. Elongation of 

mucin glycans beyond the Tn antigen alters their susceptibility towards NK-and cytotoxic T 

lymphocyte-mediated killing [87] (Figure 4b). This has been shown in breast (T47D) and 

pancreatic cancer cells (Capan1), wherein knockout of Cosmc protein (chaperone for 

C1GALT1) inhibited glycan elongation beyond Tn, which consequently increased their 

sensitivity towards immune attack via NK cell-mediated antibody dependent cell 

cytotoxicity (ADCC) and cytotoxic T lymphocytes. Further, a reverse correlation was 

observed between MUC1/MUC16 expression and immune killing, which suggests that 

upregulated expression of these mucins along with their glycan elongation beyond Tn is 

involved in immune evasion [87].

4.2.3. Mucin Glycotope-mediated cancer metastasis—In order to successfully 

metastasize, cancer cells must leave their primary site of origin by degrading the 

extracellular matrix. Following this degradation, the cancer cells enter the blood stream (i.e., 
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intravasation), wherein they are recognized as circulating tumor cells. After being brought 

into the endothelia of target organs, these cells extravasate (i.e., leave the blood vessel) and 

colonize in secondary sites [88]. Several studies highlight the important roles played by 

aberrant glycans on mucins during various stages of the metastatic cascade. In 2010, it was 

shown that altered glycans on MUC1 affect invasion and migration of breast cancer cells by 

influencing the interaction of MUC1 with CIN85, an adaptor protein involved in invasion 

and cytoskeletal alterations [89]. This was demonstrated by overexpressing 

glycosyltransferases ST6GalNAc1 and ST3Gal1, which are involved in the biosynthesis of 

carbohydrate antigens, sTn and sT respectively. Specifically, increased interaction of CIN85 

and MUC1 was observed with increased expression of sTn, whereas this interaction was not 

altered with increased expression of sT [90]. This suggests that the hypoglycosylated form 

of MUC1 (MUC1-sTn) can promote MUC1’s interaction with CIN85 that results in 

increased migration and invasion. Further, elevated expression of STn on the surface of 

MUC1 in gastrointestinal cancer cells is also associated with increased intraperitoneal 

metastasis. However, the exact mechanism underlying intraperitoneal metastasis remains 

undefined.

Overexpression of mucin-associated glycans, such as sLex, has also been implicated in 

metastasis. This involves interaction of the sLex glycan of mucin with E and P selectins on 

endothelial and platelet cells, respectively [91]. In addition to selectins, interaction of mucin 

glycans with circulating/membrane-bound galectins also leads to enhanced metastasis. As 

shown by our lab, MUC4 interacts with Galectin-3 via T antigens on its surface [92]. This 

Galectin-3 binding results in MUC4 clustering (MUC4 cell surface polarization) that 

exposes adhesion molecules, such as integrins, that were concealed by MUC4. This 

facilitates the attachment of tumor cells to endothelial cells, which is essential for the 

extravasation of circulating tumor cells (Figure 4c). Similarly, elevated levels of circulating 

Galectin 3 in several cancers have also been shown to interact with Thomsen–Friedenreich 

(TF/T) antigens on MUC1, which expose surface ligands (which were earlier shielded by 

presence of extensive glycans on MUC1), like CD44, to endothelial cells. Hence, the 

interaction of mucins with galectins leads to metastasis by eliminating the “shield effect” of 

mucins, which prevents the adhesion of cancer cells to endothelial cells (Figure 4c) [73, 93]. 

This galectin3-MUC1 (TF) interaction also induces MUC1 cell surface polarization, which 

results in exposure of adhesion molecules that were previously shielded by MUC1. This 

allows homotypic interaction among cancer cells and increases the survival of these cancer 

cells in the blood stream (Figure 4c) [94].

Apart from O-glycan structures, N-glycans on mucins such as MUC16 are also implicated in 

facilitating peritoneal metastasis via their interaction with mesothelin expressed by 

mesothelial cells lining the peritoneal cavity [95].

4.2.4. Role of glycosylation in membrane trafficking of mucins—Most of the 

aforementioned processes mediated by mucin glycans, including metastasis and tumor 

growth, necessitate the membranous localization of these glycoproteins. Both N-and O-

linked oligosaccharides for certain mucins contain tremendous information for their apical 

sorting. This has been well described for MUC1 using Madin-Darby canine kidney (MDCK) 

cells. Here, it was demonstrated that O-glycosylated tandem repeats on MUC1 serve as an 
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apical sorting signal [96]. Several studies suggest the involvement of these O- and N-

glycomoieties in the membrane trafficking of their carrier protein. This was shown using 

Benzyl 2-acetamido-2-deoxy-3-O-D-galactopyranoside (BGN) and tunicamycin, which are 

commonly used drugs that interfere with O- and N-glycan biosynthesis, respectively. 

Tunicamycin is a uridine analog that inhibits N-glycan biosyntheis by preventing the 

formation of a pentasaccharide core (Man3GlcNAc2), whereas BGN inhibits O-

glycosylation in a competitive fashion by acting as a structural analog of GalNAc-α-1-O-

serine/threonine [97]. For example, incubation of human colorectal adenocarcinoma cells 

(HT29) with BGN decreased the secretion and membrane targeting of MUC1 [98]. 

Consistent with this study, treatment of endometrial and breast cancer cells with these 

inhibitors also reduced the expression of MUC1 on their surface [99]. These studies 

highlight the essential role played by mucin glycosylation in their membrane trafficking. 

However, the possible roles of glycans in apical sorting of other mucins, such as MUC4 and 

MUC16, remain to be investigated.

While glycosylation affects trafficking, altered cellular trafficking can also affect mucin 

glycosylation. This concept was demonstrated for MUC1, wherein secreted and membrane-

shed MUC1 probes have been shown to display altered glycosylation profiles. Specifically, 

the secreted MUC1 form (MUC1-S) exhibited more Core 2 glycan structures, whereas 

membrane-shed form was rich in sialylated Core 1 glycan structures [100].

4.2.5 Mucin glycans and cancer stem cells—Recent studies have established the 

critical role of mucins in self-renewal of cancer stem cells (CSCs). Because altered mucin 

glycosylation is implicated in cancer growth and metastasis, it is possible that CSCs have an 

increased tendency for altered glycosylation of mucins. However, few studies suggest the 

altered glycosylation of mucins in highly tumorigenic cells like CSCs. Studies from our lab 

utilizing ovarian cancer cells that ectopically overexpressed MUC4 demonstrated slight 

decrease in the molecular weight of MUC4 in the enriched side-population (CSC 

population) as compared to non-side population [50]. Altered glycosylation is a plausible 

mechanism for such an observation, but this remains to be investigated. Interestingly, 

another study reported the existence of hypoglycosylated MUC1 in CSCs in MCF-7 breast 

cancer cells [101]. Still, more comprehensive studies can decipher the role of mucin 

glycosylation in development and maintenance of CSCs.

5. Regulation of Mucin glycosylation

Given the functional significance of aberrant mucin glycans in cancer, it is important to 

understand how mucin glycosylation is regulated. Several factors influence the differential 

expression of mucin glycans during carcinogenesis. These include alterations in glycogene 

expression, altered localization of the glycosyltransferases, aberrant activity of respective 

glycosyltransferases/glycosidases, changes in the pH of the Golgi apparatus, efficiency of 

the sugar nucleotide transporters, and physiological alterations in the tumor 

microenvironment such as hypoxia and inflammation [102].
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5.1. Mucin glycosyltransferases and glycosidases

Glycogenes consist of either glycosyltransferases that are responsible for synthesizing 

glycan structures or glycosidases that catalyze the release of glycans from glycoproteins and 

glycolipids. These glycosyltransferases and glycosidases are essential components of the 

cellular glycosylation machinery. The relative level and activity of glycosyltransferases and 

glycosidases dictate the glycan profiles of glycoproteins like mucins, and any imbalance 

results in aberrant glycosylation [103].

5.1.1 Altered glycogene expression during cancer—Diversity in the expression of 

glycosyltransferases and glycosidases in a cell manifests in the variety of glycans displayed 

by mature mucins [104]. In general, cancer-associated glycan expression is regulated by 

myriad of glycogenes, some of which are transcriptionally repressed while others are 

induced during malignant transformation [105, 106]. Further, genetic and epigenetic 

silencing mechanisms are involved in the inactivation of many glycogenes during 

carcinogenesis. Such alterations in glycogenes profoundly change glycosylation patterns 

such that glycans that exist in normal conditions are modified (truncated/extended). For 

instance, normal pancreatic and biliary tract epithelia express disialyl Lewis A. This 

carbohydrate determinant is lost during oncogenic transformation of these tissues due to the 

epigenetic silencing of the glycogene ST6GALNAC6 that synthesizes this antigen. In turn, 

loss of this glycogene is associated with elevated expression of SLea. Notably, SLea is one 

of the carbohydrate antigens associated with mucins and plays a significant role in diagnosis 

of several gastrointestinal cancers including pancreatic cancer [107, 108]. Further, in colon 

cells, activity of core-3 synthase is suppressed by promoter methylation, and its ectopic 

overexpression reduces cancer cell motility, suggesting that cancer cells downregulate this 

enzyme to enhance their metastatic potential [109]. Furthermore, loss of the Sda antigen in 

gastrointestinal malignancies has been reported, which is attributed to hypermethylation of 

CpG islnds in the promoter region of β1, 4-N-acetylgalactosaminyltransferase (β1, 

4GalNAcT2/ B4GALNT2) [110]. The Sda antigen is mainly expressed in glycolipids 

(oxyntic mucosa) and glycoproteins/mucins (colonic mucosa). B4GALNT2 catalyzes the 

last step in biosynthesis of the Sda carbohydrate antigen by an addition of N-

acetylgalactosame (in the β1, 4 linkage) to terminal galactose of α2, 3-sialylated N-

acetyllactosaminic units [111, 112]. B4GALNT2 and Fucosyltransferases (FucTs) compete 

for α2, 3-sialylated N-acetyllactosaminic units and form Sda and sLex/sLea, respectively. 

The absence of this glycogene favors the expression of the sLex and sLea antigens due to 

competition between β4GALNT2 and FucTs. In turn, sLex and sLea serve as ligands for 

selectins and are involved in metastasis. Stable expression of β4GALNT2 

glycosyltransferase in colorectal cancer cells (HT29, LS174T) and gastric cancer cells 

(KATOIII) leads to reduced expression of sLex and sLea and decreased metastasis [113, 

114]. These studies suggest that gastrointestinal cells downregulate β4GALNT2 (i.e., 

decrease Sda) during malignant transformation, which is accompanied by compensatory 

increases in sLex and sLea due to increased activity of FucTs, thus allowing for cancer cells 

to metastasize.

In addition to the enzymes involved in the synthesis of terminal carbohydrate antigens and 

core glycan structures, expression of glycosyltransferases involved in initiation of O-
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glycosylation is also regulated by epigenetic mechanisms. In 2013, Keita et al. showed that 

the O-glycosylation-initiating enzyme GALNT3 is hypomethylated and overexpressed in 

epithelial ovarian tumors [115]. Further, Wang et al. showed that knockdown of this enzyme 

is associated with increased adhesion and decreased MUC1 stability, which suggest that the 

involvement of GALNT3 in ovarian cancer progression possibly via aberrant MUC1 

glycosylation [116]. Thus, there is direct evidence that the epigenetic regulation of 

glycogenes can significantly contribute to cancer progression and metastasis.

In addition to epigenetic mechanisms, researchers have also reported the post-transcriptional 

regulation of glycosyltransferases. For example, during melanoma metastasis, the expression 

of the O-glycosylation-initiating GalNAc transferase, GALNT7, is down regulated by the 

increased expression of miR-30b/30d. Knockdown of miR-30b/30d restores GALNT7 

expression, results in decreased cellular invasion, and induces IL-10, which is an 

immunosuppressive cytokine [117].

5.1.2. Localization of glycosyltransferases in normal and cancer cells—Various 

glycosylating enzymes are distributed non-uniformly inside the Golgi apparatus, with each 

compartment expressing a unique set of glycosyltransferases. Several factors, including 

intrinsic structural features, dictate the localization of these glycosylating enzymes on the 

Golgi apparatus. These glycosyltransferases are predominantly type II integral proteins that 

are organized into N-terminal, cytoplasmic tail, transmembrane and the stem regions (CTS), 

which are involved in directing their localization to the Golgi apparatus [118]. Specifically, 

the transmembrane domain of α-2, 6-sialyl transferase affects its distribution in the Golgi. 

For example, mutagenesis studies have revealed that the length of the transmembrane 

domain serves as a sorting signal, and varying its length alters the ability of the Golgi 

apparatus to retain the trans Golgi enzyme α-2, 6-sialyl transferase [119]. The 

compartmental identity of medial Golgi enzymes like mannosidase II and MGAT1 (α-1,3-

mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase) is maintained through their 

oligomerization, which is mediated by their luminal regions [120]. The differential ratio of 

glycerophospholipids and sphingolipids among individual Golgi compartments also 

accounts for non-homogenous distribution of these enzymes, with 

sphingolipids:glycerophospholipids being highest in trans Golgi and lowest in cis [118, 121, 

122]. The relative position of these glycosyltransferases inside the Golgi apparatus 

determines the glycan structure that is produced by the cells. Aberrant glycosylation in 

various pathological states can also be attributed to anomalous localization of 

glycosyltransferases.

5.2. Nucleotide transporters in glycosylation

Altered efficiency and expression of sugar nucleotide transporters also influence 

glycosylation of carcinoma mucins [123]. Transport of sugars from the cytoplasm to the ER 

and Golgi apparatus, where glycosylation occurs, is facilitated by nucleotide transporters 

that line the membranes of these organelles [124]. A series of nucleotide sugar transporters 

are available to transport these sugars to the Golgi apparatus, thus influencing glycosylation. 

Some of the examples of these transporters are UDP-galactose (UDP-Gal), UDP-N-

acetylglucosamine (UDP-GlcNAc) and CMP-sialic acid (CMP-SA).
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In colorectal carcinoma, which involves lymph nodes and distant metastases, increased 

mRNA expression of UDP-Gal has been reported. Likewise, the availability of galactose 

sugar via UDP-Gal transporter influences the biosynthesis of several carbohydrate structures 

involved in metastasis, such as Thomsen–Friedenreich (T/TF), sLea, and sLex antigens. For 

example, when colon cancer cells (SW1083, SW480) were transfected with UDP-Gal 

Transporter cDNA, increased expression of the Thomsen–Friedenreich antigen was 

observed. Transfection of this cDNA in SW80 cells also induced expression of other 

carbohydrate determinants such as sLea and sLex. Further, the transfected cells showed 

increased adhesion to E-selectin, which suggests increased metastatic behavior of UDP-Gal-

transfected cells [125].

A study by Yusa et al. revealed altered glycosylation in colon cancer cells due to epigenetic 

silencing of the diastrophic dysplasia sulfate transporter (DTDST). This transporter is 

involved in formation of 6 sulfo-sialyl–Lewis x structure by sulphation of the terminal sLex 

glycan structure. Expression of 6 sulfo-sialyl–Lewis x is seen in normal colonic epithelial 

cells but undetectable in colon cancer cells. Further, epigenetic silencing of DTDST results 

in insufficient sulfation and increased expression of sLex [126]. Studies have also shown 

that in HeLa cells the silencing of nucleotide transporters CMP-sialic acid and GDP-fucose, 

which provide terminal sugars, is associated with increased ER stress along with decreased 

synthesis and secretion of glycoproteins.

5.3. Effect of tumor microenvironment on Mucin glycosylation

In addition to the aforementioned cell-intrinsic determinants, various factors in the tumor 

microenvironment like hypoxia and inflammation can also modulate glycans on carcinoma 

mucins.

5.3.1. Hypoxia-induced glycogene expression—A hypoxic microenvironment 

prevails in the advancing tumor niche. Hypoxia induces neo-angiogenesis, directs the 

intracellular metabolism to anaerobic glycolysis, and increases the metastatic potential of the 

cancer cells [127]. Such hypoxic conditions also result in altered glycan structures due to 

transcriptional deregulation of various glycogenes including sialyl transferase, FucTs 

(Fucosyltransferases), and sugar transporters. Certainly, hypoxic conditions activate 

hypoxia-induced factors (HIFs) that result in increased expression of sLea and sLex in colon 

cancer cells. These selectin ligands were increased due to the increased expression of UDP-

galactose transporter-1 expression (UGT1), sialyltransferase (ST3Gal-I), and FucT-7 [128]. 

Abnormal glycan structures with increased N-glycosyl sialic acid residues are also prevalent 

in hypoxic conditions. This is attributed to Sialin, a sialic acid transporter that is activated 

under hypoxic conditions and promotes the incorporation of the N-glycolyl neuraminic acid 

(Neu5Gc) in mucin-type glycans [129]. Like N-acetylneuraminic acid, N-glycolyl 

neuraminic acid is also a sialic acid molecule; however, it cannot be synthesized in humans 

and is incorporated into glycoproteins via dietary absorption [130, 131]. Notably, hypoxia 

induces a specific set of glycans under malignant versus nonmalignant conditions, such as 

ischemic disorders, suggesting the distinct role of glycans under different pathological 

conditions [105].
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5.3.2. Inflammation and altered glycosylation—Inflammation is associated with 

several pathological conditions, including Helicobacter pylori infection, inflammatory 

bowel disease (IBD), and cancer, and can lead to altered glycosylation of many proteins 

[132–134]. For instance, inflammation is associated with changes in surface glycans of 

lymphocytes, resulting in an increase in sulfated carbohydrate epitopes, such as 6-sulpho-

sLex, that mediate transient interactions with selectins on endothelial cells. This in turn 

facilitates the homing of activated lymphocytes to inflamed sites [135, 136]. Similarly, 

inflammatory conditions have also been shown to modulate the glycan profile of various 

mucins in cancer cells [137]. This has been described by Haab et al. at the Van Ander 

Research Institute, wherein by stimulating pancreatic cancer cells (Aspc-1, BxPC-3 and SU.

86.86) with various inflammatory cytokines, such as IFNγ, IL-1α and TNFα, significant 

changes were observed in mucin glycosylation and expression. Using immunoprecipitation 

and antibody microarrays, Haab et al. demonstrated that TNFα and IFNγ-stimulated BxPC-3 

cells display elevated CA 19-9 (sLea) levels on MUC1 and MUC5AC. Further, elevated 

levels of terminal sugars such as GlcNAcβ, GalNAcα, GalNAcβ, and lactosamine were 

observed on MUC16 in MIA PaCa pancreatic cancer cells [138]. These experiments 

highlight the effect of inflammation on mucin glycans with respect to cancer, although much 

remains to be discovered regarding the underlying mechanisms involved in inflammation-

mediated glycan changes in mucins. Interestingly, studies by Kreisman et al. described the 

crosstalk between inflammation and glycosylation, in which they showed that many 

glycosylation changes can also contribute to inflammation [139]. As such, further research 

will be intriguing to determine whether such an autocrine loop exists between mucin 

glycosylation and inflammation in cancer.

5.4. Impaired mucin glycosylation with elevated pH

The ability of the Golgi apparatus to facilitate essential cellular functions, such as protein 

folding, glycosylation, sorting, and trafficking, relies on its luminal pH. An aberration in this 

pH interferes with these events, resulting in several abnormalities seen in pathological 

conditions like cystic fibrosis and cancer [140, 141]. While an altered glycosylation profile 

of mucins in several cancers is attributed to mislocalization of glycosyltransferases, 

evidence also supports the involvement of an altered Golgi pH in aberrant glycosylation. For 

instance, in breast and colorectal cancer cells, increased Golgi pH is associated with elevated 

expression of the T antigen, a Core 1 carbohydrate structure usually associated with 

carcinoma mucins [142]. However, the exact mechanism by which these changes occur 

remains unclear.

6. Diagnostic and prognostic significance of mucin glycans

Altered expressions of mucin glycans are the hallmark of several malignancies, including 

pancreatic, breast, gastric, colon and lung cancer [143]. Because these unusual glycan 

structures are generally not seen in normal tissues, mucin glycotopes can potentially serve as 

efficient diagnostic tools. It is well accepted that early diagnosis is the key for improving the 

clinical outcome of malignancies and mandates the development of efficient diagnostic 

tools. Given the non-invasive nature and relative cost effectiveness of serum biomarkers, 

they are clinically acceptable and preferred over other diagnostic modalities like a CT scan, 
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MRI, and endoscopy. In fact, aberrant mucin glycans released by tumor cells into the 

bloodstream have been the basis of several clinically approved serodiagnostic tests for 

certain malignancies [144–146]. For example, Cancer Antigen 125 (CA-125), used in the 

diagnosis of ovarian cancer, is an epitope present on MUC16 [147]. Similarly Cancer 

Antigen 15-3 (CA15-3), used to monitor breast cancer, is an epitope on MUC1 [148]. 

Further, several glycan epitopes have been approved by the FDA as biomarkers both for 

diagnosis and to monitor therapeutic responses. A well-documented example of such a 

marker is CA19-9, which possesses clinical utilities to detect various gastrointestinal cancers 

and is often used to diagnose pancreatic cancer [149]. This serological assay detects aberrant 

changes in sLea tetrasaccharide, which is highly expressed on mucins. Likewise, the CA72-4 

assay is used to detect elevated levels of sTn, another carbohydrate antigen associated with 

mucins in several epithelial cancers [150]. However, it is important to note that while 

several glycan markers are used in clinics, they are often inefficient due to lack of 

specificity. This necessitates the development of a targeted diagnostic approach that is 

directed towards detection of glycan changes on certain mucins that carry these altered 

glycans.

Due to extremely low level of glycans during early disease stages, rapid hepatic clearance, 

and complexities associated with their characterization, the discovery of glycan biomarkers 

is challenging [151]. As an alternative, a few studies have provided encouragement for the 

identification of glycan biomarkers by detecting anti-glycotope autoantibodies. For example, 

during the onset of tumorigenesis, the immune system recognizes altered glycan epitopes as 

neoantigens and elicits humoral responses that result in the generation of autoantibodies. 

These autoantibodies are highly specific and display exclusive affinity toward the host 

antigen as the disease progresses. These two unique features poise autoantibodies as an 

effective diagnostic tool for the early detection of cancer, as well as for monitoring the 

disease status. Importantly, the presence of these autoantibodies towards glycopeptide 

regions (Tn-MUC1, sTn-MUC1) of aberrantly glycosylated MUC1 has been demonstrated 

in breast, ovarian, and prostate cancer [152].

In 2001, Pederson et al. used seromic profiling of colon cancer patients to demonstrate the 

existence of autoantibodies directed towards Tn and sTn epitopes, and T antigens on MUC1, 

MUC4, and other mucins [153]. Among these autoantibodies, the IgG type in the serum of 

cancer patients specifically reacted with MUC1 glycopeptides, while there was no reactivity 

with sera from healthy and IBD controls. On the other hand, the IgM type in the serum 

showed reactivity with all known mucins associated with Core 3 glycans. Thus, it can be 

deduced that the IgG type autoantibodies are highly specific to MUC1 and can be used to 

discern between cancer and IBD patients. Further, the serum samples of cancer patients 

contained increased levels of anti-MUC4 IgA type autoantibodies. The study was also 

extended to secreted mucins such as MUC2, MUC6, MUC7, and MUC5AC; however, it 

should be noted that the membrane mucins MUC1 and MUC4 carry the most prominent 

tumor-associated glycan epitopes [6, 153].

In 2012, Pinto et al. attempted to detect the combination of mucins and their associated 

glycans using a proximity ligation assay (PLA). Specifically, using a set of samples from 

different types of adenocarcinomas, including colon, lung, breast, and ovarian cancer cells, 
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they suggested that this in situ technique can detect aberrant mucin glycoforms with 

increased sensitivity and specificity compared with assays that detect only O-glycans or 

mucins [154]. However, further studies with an increased cohort size are needed to confirm 

these aberrant glycoforms as cancer biomarkers.

7. Glycans as therapeutic targets

The presence of glycans on various biomolecules underscores their functional importance. 

Some of these molecules, including mucins, are localized on the cell surface and modulate 

cellular functions during physiological and pathological conditions [6]. More specifically, 

mucin glycans are involved in tumor cell proliferation, invasion, hematogenous metastasis, 

and angiogenesis. Thus, glycans are very attractive targets for cancer treatment.

7.1 Mucin glycan/glycopeptide vaccines

A major limitation in targeting mucins peptides is the normal homeostatic role played by 

their secreted and membrane-bound forms. However, mucin glycopeptide-based vaccines 

may offer an added advantage in that they limit undesirable effects on normal epithelial 

tissues due to the distinct glycan patterns in mucins of tumor cells compared to normal cells. 

Unusual glycomotifs on mucins are recognized by the immune system, but they are poorly 

immunogenic. Therefore, administration of synthetic glycans along with carrier proteins can 

be used as anti-cancer vaccines to boost the immune response [155]. One such example is 

the sTn-KLH vaccine, which was used in phase III clinical trials for breast cancer patients 

with metastatic disease and has been shown to induce both humoral and cellular immune 

responses [156, 157]. Another example of glycan vaccines are multi-copy multivalent 

vaccines, in which a polymerised Tn carbohydrate antigen is conjugated with gold 

nanoparticles. In vivo experiments on New Zealand white rabbits using this vaccine have 

demonstrated significant immune response along with cross-reactivity towards the Tn 

antigen on various mucins [158].

In addition to glycan vaccines, in 2009 Kaiser et al. designed a MUC1-based glycopeptide 

vaccine by linking the sialyl-Tn-MUC1 (glycopeptide antigen) to tetanus toxoid. This 

vaccine induced a very strong and selective immune response in mice [159]. Similarly, 

because the MUC1 glycopeptide is poorly immunogenic, Westerlind et al. designed a 

synthetic vaccine in 2008 that consists of a MUC1 glycopeptide along with a T helper (TH) 

peptide to activate humoral immunity [160]. To stimulate immune response, Cai et al. 

constructed an oligovalent vaccine in 2011 by conjugating a MUC1 glycopeptide with toll-

like receptor 2 (TLR2) lipopeptide ligands using click chemistry [161]. In 2014, Abdel-Aal 

et al. generated a MUC1 tripartite vaccine using a MUC1 glycopeptide, TH peptide, and 

TLR2/9 agonist, which was found to elicit an improved immune response [162].

Currently, our lab is investigating MUC4-associated glycan epitopes in various cancers for 

their use in vaccine development. Understanding the glycan alterations on mucins in cancer 

is expected to lead to the development of novel diagnostic and therapeutic targets. 

Additionally, generating vaccines carrying both N- and O-glycosylated mucin peptides could 

be an effective therapy against various cancers. Further, it is important to investigate the 

possibility of MUC16 as a vaccine candidate, as it is highly overexpressed in pancreatic, 
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breast, and ovarian cancers [52]. Finally, considering that multiple mucins are involved in 

malignant conditions, multivalent vaccines that target many mucins could also be of great 

therapeutic potential.

7.2 Glycosyltransferase inhibitors and glycomimetics as therapeutic agents

A significant number of studies have been performed that use glycans as therapeutic targets 

have been performed. The role of several core glycan structures that build the O-glycans 

have been studied extensively by several investigators. In addition to core glycans, the 

terminal glycans on mucins are also uniquely important due to their primary interactions 

with other proteins [85]. Sialic acid and fucose are the common glycan structures observed 

on the terminal branches of N- and O-glycans of mucins. Interestingly, sialylation of mucin 

glycans has been shown to modulate several functions and play a major role in cancer 

metastasis by aiding the cancer cells in detaching from the primary tumor [163]. In 

particular, selectin ligands (e.g., sLex and sLea) carry α2, 3-linked sialic acid in their 

terminal regions and are involved in metastasis. This further highlights the importance that 

sialylation has on mucin-associated glycans in cancer. A family of enzymes known as 

sialyltransferases catalyzes the addition of sialic acid groups to mucin glycans. Given the 

role of the terminal sialic acid in mucin glycans (sTn, sLex, SLea, and ST) in tumor growth 

and metastasis, several inhibitors that target sialyltransferases have been developed. One 

example of such an inhibitor is soyasponin-I, which selectively inhibit α2, 3-

sialyltransferase activity. Hsu et al. showed that treatment of metastatic breast cancer cells 

(MBA-231cells) with soyasponin-I significantly decreased their migration [164]. In 2010, 

Chiang et al. reported on the lead-derived compound AL10, which is a novel inhibitor of 

sialyltransferase. AL10 was shown to inhibit both α2, 3 sialyltransferase and α2, 6-

sialyltransferase activity. Further, AL10 shown to inhibit metastasis in vivo by metastatic 

lung cancer cells (A549 cells) [165]. While the effect of these inhibitors on the sialylation of 

carcinoma mucins has not been addressed, collectively these studies suggest that the 

potential use of sialyltransferases inhibitors as an effective cancer treatment approach [166].

Several studies have documented the significant role played by terminal fucose on 

glycoproteins to mediate cellular adhesion. Fucose constitutes many terminal glycan 

structures, as such as Lex and sLex antigens. The involvement of these antigens on mucins in 

cancer pathogenesis is well elucidated. The process of addition of terminal fucose, also 

known as fucosylation is catalyzed by family of enzymes known as fucosyltransferases 

(FucTs) [167]. Recently a study has reported the pharmacologic potential of cell permeable 

inhibitors of both FucTs and sialyltransferases. These are fluorinated analogs of fucose and 

sialic acids and have been shown to inhibit fucosylation and sialylation in vitro [168, 169] .

Ernst and Magnani examined the potential of glycomimetic drugs to block selectin 

interaction with the endogenous glycans [170]. Acetylated derivatives of GlcNAcβ3GalβO-

Nap and Galβ4GlcNAcβ1O-Nap were used as decoys to disrupt the biosynthesis of natural 

ligands for selectins. Similarly, Marathe et al. evaluated the utility of acetylated F-4 GlcNAc 

as an inhibitor of lectin-mediated ovarian tumor cell adhesion [171]. This study indicates 

that fluorinated GalNAc metabolically alters glycan structures on mucins. Specifically, the 

glycans of leukocyte PSGL-1 are altered, which reduces cell binding to selectins and inhibits 
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the biosynthesis of chondroitin sulfate. Further, acetylated F-4GalNAc exhibits superior 

metabolic inhibitory activity compared to the GalNAcα-OBenzyl inhibitor. Additionally, 

significant efforts have also been invested to synthesize/isolate natural products that can 

function as competitive inhibitors against their native substrates. Several of these small 

molecules that mimic the glycan epitope are currently undergoing clinical trials [172]. Even 

with this progress, further research is needed to identify effective glycan targets on mucins 

that aid in the progression of disease. Their discoveries will provide the platform for 

designing the systematic synthesis of therapeutic reagents.

8. Conclusion and perspectives

The glycosylation of mucins not only regulates their stability but also modulates their 

function. As discussed in this review, mucin glycosylation is altered during neoplastic 

transformation and cancer progression. This results in the expression of several truncated 

glycan epitopes on carcinoma mucins that are not seen in their normal counterparts. 

Currently, these carbohydrate structures also known as tumor associated carbohydrate 

antigens are the focus of translational research and have been utilized clinically for 

diagnosis/prognosis of several cancers. However, much improvement is required in order to 

generate diagnostic tools that offer greater sensitivity and specificity. This can potentially be 

achieved by detecting glycan changes on specific mucins. Further, in addition to their uses 

as biomarkers, significant efforts are also being made in designing glycan/glycopeptide 

vaccines.

Differential glycosylation of mucins during cancer is caused by several factors including 

genetic and epigenetic mechanisms, dysregulated glycosylation machinery, and the tumor 

microenvironment. Altered expression of specific glycosyltransferases leads to the 

formation of specific glycan structures (Tn, sTn, sLex, sLea) that are involved in cancer 

growth and metastasis due to several mechanisms. This altered expression provides a greater 

opportunity to screen for the specific inhibitors of glycosyltransferases. Knowledge of the 

specificities of these enzymes and their tissue distribution is important for drug discovery, 

especially for those enzymes involved in altering the glycan signature during cancer 

progression.

Considering the implications in cancer and other diseases, considerable interest has been 

generated to explain the role of glycans in the versatile functions of the mucins. While great 

strides have been made, further research is needed to identify the functional glycotopes on 

the surface of mucins that are responsible for cancer progression. To gain deep insight into 

the involvement of mucin glycans in cancer, we suggest the development of animal models 

of cancer with modulated expression of glycosyltransferases such as GALNTs, C1GALT1, 

and sialyltransferase. These improved models have the strong potential to help elucidate the 

functional significance of mucin glycosylation in cancer and lead to the identification of 

useful prognostic, diagnostic, and therapeutic targets.
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Highlights

• Mucins are high molecular weight proteins that are aberrantly glycosylated in 

cancer.

• Deregulated expression of mucin glycans alters biological properties of mucins.

• Mucin glycans are involved in cancer growth and metastasis.

• Glycans on mucins are clinically important as diagnostic markers.

• Further research is needed to target specific glycans on mucins.
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Figure 1. N glycosylation of mucins
N-glycosylation is initiated in ER by the transfer of GlcNAc from UDP-GlcNAc to the lipid 

molecule known as Dol-P. Further, one molecule of UDP-GlcNAc and four molecules of 

Man are transferred sequentially on GlcNAc-P-P-Dolichol resulting in the formation of 

Man5GlcNAc2-P-P-Dol. This is followed by the translocation of this oligosaccharide-linked 

Dolichol to the lumen of ER. Next, the successive addition of four molecules of mannose 

and three molecules of glucose forms Glc3Man9GlcNAc2P-P-Dol, which is transferred en 

bloc by OST to an Asn residue of the mucin molecule. N-glycans linked to the mucin 

molecule are further trimmed inside ER and processed in the Golgi apparatus (complex N-

glycan synthesis, elongation and capping), which gives rise to mature N-glycans linked to 

the mucin molecule.
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Figure 2. Overview of mucin type O glycosylation
O-glycosylation is initiated by the activity of ppGalNAcTs, which attaches an N-

acetylgalactosamine to Ser/Thr (highlighted in yellow) amino acid residues in the tandem 

repeat region, resulting in the formation of a Tn antigen. This Tn antigen formed can be 

extended by activity of C1GALT1 to form the T/Core 1 antigen. Alternatively, Tn can be 

modified by sialyltransferase to form sialyl Tn (sTn). The Core 1 antigen can be further 

elongated to form the Core 2 structure. Further, Core 2 structure is extended to several 
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structures, including Lex, sLex, Lea, and sLea. Tn can also be extended by activity of other 

glycosyltransferases to form several other core structures (i.e., Cores 3 – 8).
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Figure 3. Aberrant glycosylation of mucins during cancerous conditions
Differential glycosylation of mucins occur in malignant conditions that result in truncated 

glycan structures such as Tn, STn, and T, and several Core 2 extended structures such as 

sLex and sLea. This aberrant glycosylation is a result of several factors such as altered 

glycogene expression, mislocalization of glycosyltransferases, abnormal Golgi pH, and the 

tumor microenvironment.
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Figure 4. A schematic representation of mucin glycans mediated cellular interactions
a) Aberrant glycan structures (e.g., sLex) on MUC1 mediate tumor growth by binding to 

siglec-9 on immune cells. This binding induces the translocation of beta catenin to the 

nucleus of cancer cells and results in cell growth. b) Extensive glycosylation of MUC16 

helps tumor cells escape immune attack via NK cells. c) Interaction between galectin-3 and 

the T antigen on MUC1 and MUC4 results in clustering of these mucins towards one side of 

the cell (polarization), which exposes adhesion molecules concealed earlier by the presence 

of mucins around the entire cell surface. Exposure of adhesion molecules allow cancer cells 
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to interact with endothelial cells thereby mediating extravasation leading to metastasis. Also 

exposure of adhesion molecules causes homotypic interactions among cancer cells, which 

results in the formation of aggregates and prevents their anoikis.
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