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Asn	 Asparagine
BB	 Benign bile tract disease
CA19–9	 Carbohydrate antigen 19–9
CA-S27	 Carbohydrate antigen-S27
Cer	 Ceramide
CERS	 Ceramide synthase
CCA	 Cholangiocarcinoma
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EMT	 Epithelial to mesenchymal transition
ECCA	 Extrahepatic CCA
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FOXO3	 Forkhead box O3
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FUT	 Fucosyltransferase
Gal	 Galactose
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GalCer	 Galactosylceramide
GalT	 Galactosyltransferase
GalNAcT5	 GalNAc-transferase 5
Glc	 Glucose
GlcCer	 Glucosylceramide
GFAT	 Glutamine-fructose amidotransferase
GSL	 Glycosphingolipid
HC	 Healthy controls
hnRNP-K	 Heterogeneous nuclear ribonucleoprotein-K
HE4	 Human epididymis protein 4
LacCer	 Lactosylceramide
MAL	 Maackia amurensis lectin
MAL-SG	 MAL-II-binding glycan
Man	 Mannose
MMP	 Matrix metalloproteinase
mAb	 Monoclonal antibody
MUC	 Mucin
GalNAc	 N-acetylgalactosamine
GlcNAc	 N-acetylglucosamine
GlcNAc-T	 N-acetylglucosaminyltransferase
NEU	 Neuraminidase
POFUT1	 O-fucosyltransferase 1
OGP	 O-GlcNAcylated protein
OGT	 O-linked β-N-acetylglucosaminyltransferase
OST	 Oligosaccharyltransferase
PSA	 Pisum sativum agglutinin
PSC	 Primary sclerosing cholangitis
PSA	 Prostate-specific antigen
SNA	 Sambucus nigra agglutinin
Ser	 Serine
sLea	 Sialyl-Lewis A
sLex	 Sialyl-Lewis X
sTn	 Sialyl-Tn
ST	 Sialyltransferase
SNAG	 SJA-binding N-acetylgalactosamine-associated glycan
SNA-SG	 SNA-binding glycan
SJA	 Sophora japonica agglutinin
SBA	 Soybean agglutinin
TFG	 Terminal α1,2-fucose glycan
Thr	 Threonine
GalNAc-T	 UDP-GalNAc-polypeptide GalNAc-transferase
UEA-I	 Ulex europaeus agglutinin-I
UDP-GlcNAc	 Uridine diphospho-N-acetylglucosamine
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VVL	 Vicia villosa lectin
VBG	 VVL-binding GalNAc glycan
WFA	 Wisteria floribunda agglutinin
XIAP	 X-linked inhibitor of apoptosis protein
Xyl	 Xylose
OGA	 β-N-acetylglucosaminidase

�Introduction

Glycosylation is an enzymatic process that modifies glycans, lipids, or proteins 
with sugar molecules. The biosynthesis of glycan branches is effectuated through a 
specific set of glycosylation machinery, e.g., glycosyltransferases and glycosi-
dases, sugar transporters, and activated sugar donors. The resulting glycan micro-
heterogeneity and complexity is intricately involved with many physiological 
processes, e.g., cell identity, cell-cell cross talk, and cell-environment interactions. 
The specific terminal glycan modification can confer unique function and proper-
ties to oligosaccharides and is often regulated during ontogeny and cellular differ-
entiation [1].

Changes in glycan patterns have been observed as early events in several path-
ological conditions and used as biomarkers of many diseases, including cancer. 
Alteration of glycan structure of cell surface glycoproteins was first reported in 
SV-40-transformed murine fibroblasts [2]. Since then, the significance of glycan 
patterns in tumor development and progression has been extensively studied [3]. 
At present, it is well accepted that aberrant glycosylation is a universal feature of 
cancer cells and plays a crucial role in cancer biology [4]. Aberrant glycans that 
modify the cell surface or the secreted glycoproteins of cancer cells can be poten-
tial cancer biomarkers [5] and therapeutically targeted and manipulated to pro-
vide a new avenue to improving cancer treatment [6]. Advancements in 
high-throughput approaches for glycome analysis have accelerated the glycopro-
teomics-based discovery of glyco-biomarkers and drawn much attention from 
researchers to investigate glycomics for medical applications. Lectin-based 
approaches [7–10] and mass spectrometry [11, 12] have been applied to deter-
mine the aberrant glycosylation in clinical samples from cholangiocarcinoma 
(CCA) patients.

In this chapter, we present a broad overview of cellular glycosylation processes 
and the dysregulation of glycosylation in cancer. We then describe the aberrant 
glycosylation, in core (N- and O-glycosylation) and peripheral glycosylation 
(fucosylation, sialylation) as well as O-GlcNAcylation and glycosphingolipid 
synthesis, in the development and progression of CCA.  Lastly, we explore the 
potential of using these glycosylated products to improve diagnosis and treat-
ment of CCA.
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�Glycans and Glycosylation in Biology

�Biochemistry of Glycans

Glycans reported in eukaryotic cells can be classified according to the linkage to 
proteins or lipids and include glycoproteins, proteoglycans, sulfated glycosamino-
glycans, hyaluronan, and glycosphingolipids (GSLs) [13, 14]. A glycoprotein is a 
glycoconjugate in which a protein carries one or more glycans attached to a poly-
peptide chain, mostly via N- or O-linkages [15]. An N-linked glycosylation refers to 
the co- or posttranslational modification of a polypeptide with an oligosaccharide 
that is covalently linked to the amide nitrogen of an asparagine (Asn) residue and 
can be classified into three main types: high-mannose, complex, and hybrid types 
[16]. N-glycosylation is the most common glycosylation observed in a large num-
ber of proteins synthesized in humans. O-linked glycosylation refers to the post-
translational linkage of an oligosaccharide to the OH group of a serine (Ser) or 
threonine (Thr) residue of a polypeptide. The first sugar that attaches to Ser or Thr 
can be mannose (Man), fucose (Fuc), galactose (Gal), glucose (Glc), 
N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GlcNAc), or xylose (Xyl). 
An attachment of GalNAc to Ser/Thr is the most common O-glycosylation of mem-
brane-bound and secreted glycoproteins such as mucin (MUC) glycoproteins; 
therefore, O-linked GalNAc modifications are generally called mucin-type glyco-
sylation. One of the polypeptide N-acetylgalactosaminyltransferases (GalNAc-Ts) 
transfers a GalNAc to Ser or Thr of the specific proteins in different cell types and 
organs [17]. The oligosaccharide is further extended with Gal and GlcNAc, forming 
eight types of core mucin O-glycan [18, 19]. In addition, the linkage of Ser/Thr with 
a single molecule of GlcNAc, called O-GlcNAcylation, is another O-glycosylation 
that has been aggressively studied in the past decade. Several nucleocytoplasmic 
proteins, especially transcription factors, have been identified as O-GlcNAcylated 
proteins [20].

Proteoglycans are a polymeric glycoconjugate that contains one or more gly-
cosaminoglycan chains, linear polysaccharides, and uronic acid or galactose, 
attached to a core protein [21, 22]. Hyaluronan is one of the glycosaminoglycans; 
it is unique from other classes of glycosaminoglycans in that it is not further 
modified by sulfation or by epimerization of the glucuronic acid moiety to idu-
ronic acid [22]. A GSL consists of a glycan usually attached via glucose or galac-
tose to the terminal primary hydroxyl group of the lipid moiety ceramide, which 
is composed of a long chain base (sphingosine) and a fatty acid; therefore, they 
can be neutral or acidic [21, 22]. A ganglioside is an acidic glycolipid containing 
one or more residues of sialic acid [23]. All forms of glycosylation are synthe-
sized in the endoplasmic reticulum (ER) and Golgi apparatus, except 
O-GlcNAcylation.
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�Glycosylation Process

Unlike DNA, RNA, and protein, glycan structure is not directly encoded from the 
genome; rather, it is tightly regulated by a cellular process called “glycosylation” 
[13]. Particular glycan structures are generated and sequentially modified by a vari-
ety of glycosyltransferases and glycosidases as well as the presence of sugar donors 
inside the cells [19]. The sub-compartmentalization of glycan biosynthesis in the 
Golgi apparatus can also modulate the order of glycosylation [19]. A variety of 
glycan structures mediate the diversity and complexity of cellular biology. 
Furthermore, glycan structures and production can reflect small changes in intra- or 
extracellular environment.

Protein N-linked glycosylation is compartmentalized in the ER. The biosynthe-
sis of N-glycan precursors begins on the outer leaflet of the ER and is completed in 
the ER lumen, with proficiently glycosylated proteins then being exported to the 
Golgi apparatus for further elongation and addition of peripheral glycans moieties 
(Fig. 24.1) [16, 24, 25]. The biosynthesis of the core oligosaccharide (14-sugar 
glycan) for N-glycan requires several known enzymes. Firstly, the sugar moieties 
are sequentially added to the dolichol phosphate (Dol-P) on the outer part of the ER 
membrane by the asparagine-linked glycosylation family of glycosyltransferases 
[16, 24]. The mature oligosaccharide is then transferred to the acceptor protein in 
the sequence of asparagine-X-serine/threonine (X can be any amino acid except 
proline) by the oligosaccharyltransferase (OST) complex [24, 25]. The glucoses of 
the core oligosaccharide are then removed by glycosidase I–II. Generally, glycopro-
teins exiting ER to Golgi contain either eight or nine mannose residues of N-glycans. 
In the cis-Golgi, the oligomannoses are trimmed by α-mannosidases to form Man5, 
an important intermediate glycoform for synthesizing hybrid and complex N-glycans 
[16, 19]. In the last step of N-glycan processing, the biosynthesis of hybrid and 
complex N-glycans is started in the medial Golgi by adding and branching of 
GlcNAc to mannose residues via the action of N-acetylglucosaminyltransferases 
(GlcNAc-Ts) [16]. There are several glycosyltransferases, including galactosyl-
transferases (GalTs), fucosyltransferases (FUTs), and sialyltransferases (STs) 
involved in the extension of N-glycans to form mature N-glycans which ordinarily 
occur in the trans Golgi [16, 19].

Different from N-glycosylation, the synthesis of O-linked glycan is initiated by 
the addition of a monosaccharide to a Ser or Thr residue followed by the stepwise-
elongation into an oligosaccharide chain. Biosynthesis of mucin-type O-linked gly-
cosylation is initiated in the Golgi apparatus by the transfer of a GalNAc to a Ser or 
Thr residue on the peptide chain by one of the UDP-GalNAc enzymes (Fig. 25.1) 
[18]. The Tn antigen is further elongated to form complex O-glycan by several gly-
cosyltransferases [18, 19].

GSL biosynthesis starts with an addition of the first sugar to ceramide (Cer) and 
then transfer of subsequent sugars by glycosyltransferases. Cer is synthesized at the 
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outer part of the ER and consequently equilibrates to the luminal part and transfers 
to the Golgi apparatus (Fig. 25.2) [26, 27]. Glucosylceramide (GlcCer) is synthe-
sized at the cytoplasmic face of the ER and cis-Golgi apparatus and then flipped into 
the Golgi lumen, where it is further elongated by a series of glycosyltransferases. In 
contrast, galactosylceramide (GalCer) is synthesized inside of the ER lumen and 
consequentially traffics through the Golgi, where it can be sulfated to form sulfatide 
[26, 27].

�The Significance of Glycans and Glycosylation in Medicine

Glycosylation is one of the important co- and/or posttranslational modifications 
required for modulating the normal biological function of cells and is necessary to 
control protein folding, conformation, localization, stability, and activity [14, 28]. 
Glycans have various structures and biophysical roles, including surface antigens, 
adhesion molecules, signaling receptors, cell-cell recognition, and cell-matrix inter-
actions [29–31]. In addition, glycan elements in the matrix, such as proteoglycans, 
are important for maintaining tissue structure, porosity, and integrity [31]. Therefore, 
aberration of glycosylation has been shown to be involved in many human diseases, 
including cancer [28–30].

Several glycan/glycoprotein antigens have been used for detecting and monitor-
ing the growth status of tumors. For CCA, these include carbohydrate antigen 19–9 
(CA19–9), i.e., sialyl-Lewis A (sLea), attached to mucin glycoproteins and 
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-Synthesizing of N-Glycan

Golgi Apparatus
- Trimming and Extending of N-Glycan
- Synthesizing and extending of O-Glycan

Cytoplasm
Extracellular

matrix

GCS

OST
complex

N
ucleus

Fig. 25.1  Biosynthesis of protein glycosylation in mammalian cells. N-glycosylation is started in 
the ER by the synthesis of core N-glycan on a dolichol phosphate and then transferred to the pep-
tide and elongated to a more complex oligosaccharide in the Golgi apparatus. Mucin-type 
O-glycosylation is started and sequentially modified in the Golgi apparatus by several glycosyl-
transferases to form the complex oligosaccharides

A. Silsirivanit et al.



533

gangliosides and MUC5AC for screening, surveillance, and prognosis [34–36]. 
Examples in other tumors include CA15–3 (a sialylated O-glycan on MUC1), 
CA27–29 (recognizes MUC1), and HER2 for breast cancer; CEA for colon cancer; 
CA125 (i.e., MUC16) and human epididymis protein 4 (HE4) for ovarian cancer; 
alpha-fetoprotein (AFP) and its fucosylated form (i.e., AFP-L3) for hepatocellular 
carcinoma (HCC); sialyl-Lewis X (sLex)-related glycans for lung and breast can-
cers; prostate-specific antigen (PSA) for prostate cancer; and thyroglobulin for thy-
roid cancer [32, 33]. Although many candidate glycan/glycoprotein markers have 
been suggested, most of them yield only limited accuracy for cancer screening, 
diagnosis, prognosis, and/or monitoring. Therefore, the discovery of new biomark-
ers focused on carbohydrate antigens may improve the quality of diagnostic and 
prognostic predictions of particular cancers.

From a therapeutic perspective, inhibition of protein glycosylation using the 
antibiotic tunicamycin (in vitro) can induce cancer cell apoptosis and reduce 
metastasis of cancer cells via several mechanisms, e.g., ER-stress activation, reduc-
tion of stemness ability, inhibition of signaling pathways (TNF-related apoptosis-
inducing ligand, MAPK/Erk, EGFR, IGF-1R, and several RTKs), induction of 
drug sensitivity, etc. [37–40]. Tunicamycin, however, has not been used in humans 
due to its severe side effects [41, 42]. Several plant lectins have been shown to 
inhibit progression of cancer [43]; however, lectins again might cause side effects 
in human patients such as aggregation of red blood cells. Recently, 
5-[(Dimethylamino)sulfonyl]-N-(5-methyl-2-thiazolyl)-2-(1-pyrrolidinyl)-benza-
mide (NGI-1, ML414), a new inhibitor of protein glycosylation, was established [44]. 
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Fig. 25.2  Synthesis of GSLs. The synthesis of GSL starts with CER synthesis by ceramide syn-
thase (CERS) and related enzymes, followed by sequential glycosylation processes with different 
glycosyltransferases
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NGI-1 targets OST subunit and blocks N-linked glycosylation, reducing cancer 
growth and increasing cancer sensitivity to radiation in vitro and in vivo [44–46]. 
The synergistic effects of NGI-1 with other chemotherapeutics have been reported 
in glioma and non-small cell lung cancer, especially in drug-resistant cell lines. The 
low solubility of NGI-1 and its ability to pass through the blood-brain barrier, how-
ever, limit the benefit of this compound in cancer treatment [47]. Nevertheless, 
inhibition of protein glycosylation is still a potential strategy for developing the 
effective therapy for cancer.

�Clinical Relevance of Aberrant Glycosylation and Glycans 
in Cholangiocarcinoma

Alteration of glycosylation and elevation of cancer-associated glycans and glyco-
proteins in CCA have been increasingly reported. The aberrantly expressed glyco-
conjugates play important roles in CCA progression and are potentially useful as 
markers for detection of the disease. Direct evidence to demonstrate the alteration 
of glycosylation in CCA has been discovered by glycomics using lectin-based 
approaches [7–10] and mass spectrometry [11, 12]. The collective evidence sug-
gests that glycosylation is globally altered in CCA. The alterations can be observed 
either in N-linked and O-linked glycosylations [12, 48–50]. Peripheral glycosylat-
ing processes, including fucosylation and sialylation, and synthesis of glycosphin-
golipids have also been found to be altered in CCA [51–53], as described below.

�N-Glycans

Alteration in specific N-glycans can serve as a distinct molecular signature for can-
cer progression. Circulating N-glycoprotein/N-glycoform markers are suggested to 
be useful for diagnosis, disease monitoring, and assessment of clinical outcomes. 
Most serum/plasma N-glycoproteins are synthesized by the hepatobiliary system 
and reflect the status of the liver. In-depth analysis of the glycans in the serum/
plasma of CCA patients may facilitate the discovery of novel diagnostic/therapeutic 
markers of CCA.

The plasma glycoproteome of patients with CCA (n = 60) and control group who 
were negative for hepatobiliary diseases (n = 95) was determined by Chang et al. 
using liquid chromatography-tandem mass spectrometry [11]. The analyses revealed 
four proteins closely related to tumor progression and prognosis of hepatobiliary 
malignancies. Of these, galectin-3-binding protein, also named MAC-2-binding 
protein, was found to be highly correlated with tumor stage, tumor grade, recurrence-
free survival, and overall survival of CCA patients. Talabnin et  al. used positive 
nanospray ionization-linear ion trap mass spectrometry (NSI-MSn) to determine the 
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serum glycoproteomes and aberrant N-glycans in eight CCA patients compared to 
four healthy controls [12]. Similar glycan patterns with different relative quantities 
were obtained. The levels of high-mannose type N-glycan, M6N2, and the complex 
tri-antennary N-glycan containing a core fucose and terminal tri-sialic acid, 
NeuAc3H3N3M3N2F, were significantly increased, while levels of M9N2 were 
decreased, in CCA patients compared to healthy controls. The association of these 
glycans with clinicopathological features of patients, however, was not observed in 
this cohort.

For extrahepatic CCA (ECCA), the N-glycome profiling patterns in serum were 
determined using DNA sequencer-assisted fluorophore-assisted capillary electro-
phoresis (DSA-FACE) in 106 ECCA patients compared to 60 benign bile tract dis-
ease (BBD) and 89 healthy controls [54]. Different N-glycan patterns were observed 
in CCA vs. BBD and CCA vs. healthy controls, suggesting the N-glycan pattern 
specific to the disease condition and the potential use of these N-glycans as diagnos-
tic markers. In addition, high levels of branching fucosylated tri-antennary and 
tetra-antennary N-glycans but not CA19–9 were correlated with positive lymph 
node metastasis. Using logistic regression coefficients, the authors constructed a 
mathematical formula for specific N-glycans to separate ECCA patients from nor-
mal controls with a higher diagnostic power than CA19–9. The combination of an 
N-glycan peak and CA19–9 improved the diagnostic accuracy of CA19–9 from 
90.8% to 94.4% [54]. Moreover, N-glycan profiles but not CA19–9 levels in pre- 
and postoperative sera were significantly different. These data suggest circular 
N-glycan markers as novel and noninvasive markers in the diagnosis and progres-
sion monitoring of CCA.

�O-Glycans

Alterations of O-glycosylation and an increase in O-glycans can be applied to the 
diagnosis and prognostic prediction of many types of cancer [5, 55]. In addition, 
these glycans have also been found to play significant roles in cancer progression 
and therapeutic resistances [17, 56, 57].

Increases in cancer-associated O-glycans in patient tissues and sera are possibly 
triggered by the overexpression of carrier glycoproteins. In CCA, elevation of 
mucin glycoproteins, such as MUC5AC and MUC1, was reported in tissues and 
sera [34, 36, 58, 59]. MUC5AC was elevated in CCA comparing with normal bile 
ducts [58, 59] and was demonstrated to be a good candidate for a diagnostic and 
prognostic marker for CCA. A high level of serum MUC5AC was associated with 
high tumor stage and short survival of CCA patients [59]. MUC1 and its glyco-
forms were found to be elevated in CCA [58, 60, 61], and high levels of MUC1 in 
CCA was associated with vascular invasion and shorter survival of patients [58]. 
These mucins also play significant roles in CCA progression and metastasis 
[62, 63].
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Not only the elevation of carrier proteins but also the variation of glycan pattern 
may have clinical significance in CCA. Truncated mucin-type O-glycans such as 
Tn antigen (GalNAc-Ser/Thr), sialyl-Tn (sTn, Sia-GalNAc-Ser/Thr), Thomsen-
Friedenreich antigen (T antigen, Gal-GalNAc-Ser/Thr), and sialyl-T antigen (Sia-
Gal-GalNAc-Ser/Thr) are elevated and appear to play important roles in progression 
and metastasis of cancers; therefore, studies on the potential of using these antigens 
as targets for immunotherapy have been recently performed [64]. In CCA, Tn-, 
STn, and T-antigens were found to be elevated in CCA cells [48, 65]; the methods 
for detection these antigens in patients’ sera are being continuously developed 
[66, 67].

There are many lines of evidence pointing to the elevation of O-GalNAc modi-
fication or mucin-type glycosylation in CCA [8, 48, 61, 68]. Matsuda et al. ana-
lyzed the glycan profiles in CCA and normal bile ducts using lectin microarray 
and showed that a GalNAc-binding lectin, Wisteria floribunda agglutinin (WFA), 
provided the highest power in differentiating CCA from normal bile duct epithelia 
[61]. In addition, lectin histochemistry studies revealed that Gal/GalNAc-binding 
lectins, Sophora japonica agglutinin (SJA) and Vicia villosa lectins (VVL), pro-
vided strong reactivity with hyperplastic/dysplastic bile ducts and CCA com-
pared with normal bile ducts and hepatocytes (Fig. 25.3) [8, 48, 68]. SJA-binding 
N-acetylgalactosamine-associated glycan (SNAG) appeared to be applicable as a 
diagnostic and prognostic marker for CCA; it was highly detected in sera from 
CCA patients compared to non-CCA controls and associated with short survival 
of CCA patients [68]. In addition, VVL-binding GalNAc glycan (VBG) has been 
found to play important roles in CCA metastasis in vitro [48]. Synthesis of VBG 
and its metastatic potential were recently shown to be related with the activity of 
polypeptide GalNAc-transferase 5 (GalNAcT5) in CCA cell lines [48]. Suppression 
of GalNAcT5 expression significantly reduced the migration and invasion abilities 
of CCA cell lines, while the overexpression of GalNAcT5 reversed these features. 
The molecular basis underlying this event involved AKT/ERK signaling pathways. 
In addition, an immunohistochemistry-based study showed that diffusely positive 
staining of GalNAcT3 in cancer cells was associated with lymph node metastasis of 
CCA, suggesting the usefulness of preoperative GalNAcT3 investigation in clinical 
management [69].

Experiments in animal models are useful to better understand the association of 
glycan modification and CCA tumor biology. Using a hamster model of liver fluke-
associated CCA [70, 71], O-GalNAc modifications, VBG and SNAG, were detected 
in hyperplastic/dysplastic bile ducts of hamster liver tissues as early as 1 month after 
liver fluke infection and CCA induction [48, 68]. No signal of VBG and SNAG was 
detected in normal bile ducts and hepatocytes. This finding suggested the associa-
tion of VBG and SNAG in the development of carcinogenesis.

Collectively, these observations point to the importance of O-GalNAc modified 
glycans in CCA development and metastasis, suggesting the possibility of using the 
enzymes involved in O-GalNAc modification, e.g., GalNAcT5, as a target for CCA 
treatment in the future.
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Fig. 25.3  Expression of CCA-associated glycans in patient tissues. Lectin immunohistochemistry 
staining was used to detect VVL-binding glycan (VBG), SJA-binding GalNAc-associated glycan 
(SNAG), terminal fucose glycan (TFG), carbohydrate antigen (CA)-S27, CA-S121, and MAL-II-
binding glycan (MAL-SG) in CCA tissues. Normal bile ducts (NBD) were for all CCA-associated 
glycans, except CA-S27. Hyperplastic/dysplastic (HP/DP) bile ducts were positive for all the gly-
cans except MAL-SG, while CCA was positive for all examined glycans. Bar = 50 μm
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�O-GlcNAcylation

O-GlcNAcylation is a dynamic posttranslational modification by adding a GlcNAc 
moiety on Ser or Thr residues of proteins via O-β-glycosidic linkage without any 
elongation. The process is regulated by two enzymes; O-linked β-N-
acetylglucosaminyltransferase (OGT) and β-N-acetylglucosaminidase (OGA). 
OGT transfers GlcNAc from uridine diphospho-N-acetylglucosamine (UDP-
GlcNAc) to -OH group of Ser or Thr, whereas OGA catalyzes the reversed reaction. 
Unlike the general N-linked or O-linked glycosylation, O-GlcNAcylation is a 
reversible process [20]. The rapid modification of proteins by O-GlcNAcylation can 
dynamically modulate protein function, stability, and activity. Several cellular pro-
cesses including transcription regulation, translation control, inhibition of protea-
somal degradation, stress response, and modulation of signal transduction can be 
regulated by O-GlcNAcylation [72, 73]. The dynamic interplay between 
O-GlcNAcylation and other posttranslational modifications, e.g., phosphorylation, 
has also been reported [20, 72, 74]. The balance between O-GlcNAcylation and 
phosphorylation of proteins is required for normal cell growth and development; 
hence, the alteration of these modifications may lead to the pathobiological pro-
cesses and then disease [72, 75].

O-GlcNAcylation in CCA has been intensively studied in recent years. An 
increase in O-GlcNAcylated proteins (OGPs) in correlation with high OGT and low 
OGA levels was demonstrated in tumor tissues of CCA patients [50]. High expres-
sion of OGT (similar to high levels of SNAG, as discussed above [68]) was found to 
be associated with poor prognosis and shorter survival of CCA patients, suggesting 
the involvement of O-GlcNAcylation in CCA development and progression. The 
roles of O-GlcNAcylation on metastasis were studied in CCA cell lines; without 
any effect on cell proliferation, the migration and invasion abilities of CCA cell 
lines were dramatically reduced when O-GlcNAcylation was suppressed using spe-
cific siRNA against OGT. In contrast, enhancing O-GlcNAcylation by siOGA sig-
nificantly increased migration and invasion abilities of CCA cell lines [76]. This 
effect was shown to be via O-GlcNAcylation of a transcription factor, NF-κB. Nuclear 
translocation of NF-κB was regulated by O-GlcNAc modification, which in turn 
induced expression of matrix metalloprotease enzymes [76].

Besides NF-κB, the glycoproteomics has identified several novel CCA-associated 
OGPs [77]. Among these, heterogeneous nuclear ribonucleoprotein-K (hnRNP-K) 
was abundantly detected in highly metastatic CCA cell lines [77]. O-GlcNAcylation 
was found to be an important modification to mediate nuclear translocation of 
hnRNP-K, which subsequently activated expression of several downstream genes, 
including cyclin D1, X-linked inhibitor of apoptosis protein 1 (XIAP1), epithelial to 
mesenchymal transition (EMT) markers, matrix metalloproteinase 2 (MMP2), and 
MMP7. Suppression of hnRNP-K negatively affected proliferation, migration, and 
invasion of CCA cell lines. In addition, immunohistochemistry of tumor tissues 
from CCA patients revealed that the nuclear localization of hnRNP-K could predict 
metastatic status and poor patient survival [77].
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A recent study in CCA cell lines revealed that O-GlcNAcylation could indirectly 
mediate the N-glycan pattern of the membrane-bound glycoproteins via 
α1-mannosidase 1A (MAN1A1), an enzyme that reduces the high-mannose type 
N-glycan [49]. Suppression of O-GlcNAcylation using si-OGT could reduce the 
level of high-mannose type N-glycan and consequently repressed metastatic ability 
of CCA cells. Decreased O-GlcNAcylation was concomitant with the repression of 
PI3K/Akt and MAPK/Erk signaling pathways, which enhanced the stability of fork-
head box O3 (FOXO3), the transcriptional factor regulating MAN1A1 expression 
[49]. Masking the high-mannose type N-glycan on the CCA cell surface using 
Pisum sativum agglutinin (PSA), a mannose specific lectin, reduced the metastatic 
ability of CCA cells. The correlation between O-GlcNAcylation, high-mannose 
type N-glycan, and CCA metastasis was also demonstrated in tumor tissues from 
CCA patients [49].

Aside from the enzymes OGT and OGA, the concentration of nutrient-sensing 
UDP-GlcNAc can also modulate intracellular O-GlcNAcylation. UDP-GlcNAc is 
synthesized via the hexosamine biosynthesis pathway in which glutamine-fructose 
amidotransferase (GFAT) is a rate-limiting enzyme. Recent studies have indicated 
an association between diabetes mellitus and poor prognosis of CCA patients. In 
vitro experiments have demonstrated that high-glucose media can promote the 
aggressiveness of CCA cells via mediating O-GlcNAcylation [78, 79]. Cultured 
cells in high-glucose conditions could enhance the expression of OGT and GFAT, 
resulting in an increase of O-GlcNAcylation and metastatic abilities of CCA cell 
lines. Vimentin was found to be highly stabilized under high-glucose conditions. 
The GFAT inhibitor, 6-Diazo-5-oxo-L-norleucine (DON), significantly suppressed 
O-GlcNAcylation, migration, and vimentin stability of CCA cells [79]. The associa-
tion between O-GlcNAcylation and the expression level of GFAT in human CCA 
tissues were also confirmed using immunohistochemistry [79].

These findings strongly suggest that a high level of O-GlcNAcylation supports 
progressive phenotypes of CCA cells in several ways (Fig. 25.4). CCA-associated 
OGPs may be of clinical use, either as a prognostic marker or a potential target for 
CCA treatment. Before use in a clinical setting, however, further preclinical and 
clinical studies are needed to confirm the true indicators and utility of these CCA-
associated OGPs for prognosis and treatment of CCA.

�Fucosylation

Fucosylation is a glycosylation step catalyzed by 1 of 13 fucosyltransferases (FUTs) 
that use GDP-fucose as a donor substrate [81]. FUT adds a fucose to oligosaccha-
rides with through various linkages, providing products with various glycan struc-
tures (Fig. 25.5). FUTs can be classified into four subfamilies based on the glycosidic 
linkage formed. The first group, FUT1 and FUT2, transfers a fucose residue to the 
terminal galactose to form α1,2-linkage, yielding H blood group antigen and related 
structures. The second group, α1,3/4-FUTs, FUT3, FUT4, FUT5, FUT6, FUT7, and 
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FUT9, is involved in the synthesis of Lewis blood group antigens. The third group 
is comprised of FUT8, an α1,6-FUT which directly adds a fucose to the innermost 
GlcNAc of the N-linked oligosaccharides on glycoproteins to produce core fucosyl-
ation. Finally, protein O-fucosyltransferase 1 (POFUT1) and POFUT2 transfer a 
fucose residue via an α-linkage to Ser or Thr to produce O-fucosylation.

Fucose is added to an oligosaccharide chain in the final step in the late cisternae 
of the Golgi apparatus to increase the complexity of glycan structures. This specific 
glycan modification can confer unique function and properties to oligosaccharides 
and is often regulated during ontogeny and cellular differentiation [1]. Abnormal 
fucosylation has been observed in various disease states including cancer. Monitoring 
fucosylation changes across the spectrum of carcinogenesis can be useful for early 
cancer detection and management [57]. Exploring fucosylation in CCA develop-
ment and progression, therefore, may offer an opportunity for early diagnosis and 
targeted treatment.
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cell surface
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�Blood Group Antigens

Fucosylation is involved in the biosynthesis of blood group-related antigens, such as 
A, B, H, Lea, Leb, Lex, Ley, sLea, and sLex. Several fucosylated products are potential 
biomarkers for CCA. Immunohistochemistry of these blood group-related antigens 
has been reported in 75 cases of CCA tissues (31 peripheral type and 44 hilar type 
CCA) [80]. Expression of A, B, and H were detected in the large bile ducts, whereas 
Lea, Leb, and Ley were variably observed in small and large bile ducts of nonneo-
plastic tissues. In CCA, expression of the blood group A, Lea, Leb, Ley, and sLea 
antigens were differentially expressed according to the histological type of cancer, 
suggesting that the distribution of blood group-related antigens may relate to the 
differentiation of CCA.

�Terminal α1, 2-Fucose Glycans

Clinical relevance of terminal α1,2-fucose glycan (TFG) in CCA was reported by 
Indramanee et al. (2019) [82]. Lectin histochemistry of human CCA tissues using 
Ulex europaeus agglutinin-I (UEA-I) that recognizes TFG was performed in 79 
paraffin-embedded tumors from CCA patients [8]. Neither hepatocytes nor normal 
bile duct epithelia expressed TFG; in contrast, 47% of CCA specimens showed high 
expression of TFG (Fig. 25.3), which was correlated with shorter patient survival, 
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suggesting aberrant terminal fucosylation in CCA and a possible prognostic indica-
tor. The involvement of TFG in carcinogenesis and progression of CCA has been 
demonstrated in the liver fluke-associated CCA hamster model. UEA-I lectin histo-
chemistry of hamster liver sections demonstrated that TFG was absent in normal 
bile duct epithelia but elevated in hyperproliferative bile ducts and gradually 
increased during CCA development. TFG was expressed in CCA but was negative 
in all HCC tissues tested, suggesting TFG as a potential biomarker for differentiat-
ing CCA from HCC.

Significance of TFG on the efficiency of EGF-EGFR binding and/or activation 
has also been examined [82]. Suppression of TFG expression using siFUT1 or neu-
tralizing the surface TFG with UEA-I in CCA cell lines effectively inhibited migra-
tion, invasion, and adhesion abilities in vitro. The observation was concurrent with 
the reduction of Akt/Erk signaling and EMT. The effect was further shown to be 
driven by the decreasing of EGF-EGFR activation that consequently reduced the 
Akt/Erk cascades.

�Carbohydrate Antigen-S27

A novel carbohydrate antigen, CA-S27, recognized by the S27 monoclonal anti-
body (mAb) [83, 84], was proven to be a Lea-associated glycan using glycoconju-
gate microarray [84]. The clinical relevance of CA-S27 was reported by Silsirivanit 
et al. (2013) [84]. Immunohistochemistry of 45 human CCA tissues revealed a high 
reactivity of CA-S27  in almost all CCA tissues but not hepatocytes (Fig.  25.3). 
Additionally, a quantitative determination of serum CA-S27 by sandwich ELISA 
was developed using the CA-S27 monoclonal antibody and soybean agglutinin. 
Using this method, serum CA-S27 of CCA patients (n = 96) was found to be signifi-
cantly higher than those of the control groups (patients with gastrointestinal can-
cers, HCC, benign hepatobiliary diseases, and healthy subjects [n  =  190]) and 
distinguished CCA patients from controls with 87% sensitivity and 59% specificity. 
Serum CA-S27 was secreted from CCA tissues, and serum CA-S27 level declined 
dramatically after tumor removal. Moreover, a high serum CA-S27 level was asso-
ciated with shorter survival of CCA patients. MUC5AC mucin, a secretory mucin-
related to poor prognosis in CCA [36], was shown to be the major glycoprotein 
possessed by CA-S27 in serum [84].

The significance of CA-S27 in promoting CCA progression was demonstrated in 
CCA cell lines [84]. FUT3, a key enzyme for Le synthesis was highly expressed in 
CCA cells with high CA-S27expression. Silencing of FUT3 expression by siFUT3 
or neutralizing surface CA-S27 by CA-S27 mAb effectively decreased invasion, 
migration, adhesion, and proliferation abilities of CCA cells.

Collectively, these data suggest important roles and significance of CA-S27 in 
CCA. In particular, serum CA-S27 might be a serum marker for diagnosis and pro-
gression of CCA, a prognostic factor for clinical outcomes of CCA, and a potential 
therapeutic target for metastatic CCA.
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�Carbohydrate Antigen-S121

Carbohydrate antigen-S121 (CA-S121 or CCA-CA) is an unidentified sugar 
structure recognized by a monoclonal antibody S121 [83]. The glycan epitope 
was found on MUC5AC mucin and strongly detected in hyperplastic/dysplastic 
and neoplastic bile duct epithelia but not in normal bile ducts or hepatocytes 
(Fig. 25.3). Serum CA-S121 assessment by lectin sandwich ELISA was able to 
distinguish CCA patients from several controls, e.g., healthy individuals, 
Opisthorchis viverrini-infected individuals, patients with benign hepatobiliary 
diseases, and patients with various gastrointestinal cancers or HCC with 87.63% 
sensitivity and 89.58% specificity. CCA patients with high serum CA-S121 had a 
shorter survival than those with low serum CA-S121. Moreover, the combination 
of serum CA-S121 with serum alkaline phosphatase resulted in sensitivity, speci-
ficity, positive predictive value, and negative predictive value all >95% [85]. 
Using the combination of these two markers may be useful for screening people 
who are risk of CCA.

sLea or CA19–9

sLea or CA19–9 has been used clinically since 1997 for diagnosis and surveillance 
of patients with gastrointestinal cancers, especially CCA, pancreatic adenocarci-
noma, and gallbladder adenocarcinoma [86, 87]. Although CA19–9 is not a specific 
biomarker for CCA, it is the most frequent and best studied marker for identifying 
CCA in clinical practice. Recently, use of CA19–9 has also been recommended as 
part of CCA surveillance in primary sclerosing cholangitis (PSC), as discussed in 
greater detail elsewhere in this book (Chap. 20, Ali et al.) [88–92].

The biosynthesis of CA19–9 is based on the enzymatic activity of FUT3 irre-
spective of FUT2 activity [93, 94]. In contrast, inactivity of FUT2 increases levels 
of serum CA19–9 [95]. Based on these observations, Wannhoff A et al. (2013) sug-
gested to use a new optimal cutoff value for CA19–9 based on individual FUT2/3 
genotype [96]. The approach could improve the power of CA19–9 in differentiating 
PSC from CCA with 90% sensitivity and a 43% reduction of false-positive results. 
Serum CA19–9 and FUT genotyping is clinically beneficial and may enhance the 
early detection of CCA in clinical practice.

The clinical relevance of sLea in CCA has been demonstrated in various studies. 
For example, Juntavee et al. (2005) found that sLea was highly expressed in tissue 
of the mass-forming type of CCA and correlated well with vascular invasion and 
unfavorable patient outcomes [51]. The significance of sLea in vascular invasion 
was signified by the fact that CCA cells that possessed high sLea expression adhered 
and transmigrated to IL-1β-activated endothelial cells of the human umbilical vein 
more than CCA cells without sLea expression. Moreover, these abilities were sig-
nificantly diminished in the presence of neutralizing antibodies specific to either 
sLea or E-selectin.
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�Fucosylated Fetuin-A and Kininogen

The aberrant N-linked glycans observed in serum can be used as a diagnostic or 
prognostic marker for specific cancers, including CCA. Betesh et al. used a gly-
comic approach to analyze and compare N-linked glycans in sera from CCA patients 
and controls. Increased levels of serum alpha-1,6 linked core and alpha 1,3 linked 
outer arm fucosylation in CCA patients were noted [97]. Furthermore, the fucosyl-
ated proteome of sera from CCA patients identified numerous fucosylated glyco-
proteins, e.g., alpha-2-macroglobulin, kininogen, hemopexin, fetuin-A, and 
ceruloplasmin. The relative proportion of fucosylation of these proteins was further 
determined using lectin fluorophore-linked immunosorbent assay (lectin-FLISA). 
The technique detects the amount of fucosylation present on an equal number of 
captured molecules independently of the total amount of protein tested. Of these, 
fucosylated fetuin-A and kininogen were significantly elevated in sera from CCA 
patients compared with those from PSC. Fucosylated fetuin-A could differentiate 
PSC from CCA with 62% sensitivity and 90% specificity, while fucosylated kinino-
gen could differentiate CCA from the control group with similar diagnostic perfor-
mance. In addition, these markers, either used alone or in combination, provide 
better detection of CCA than CA-19-9, indicating the potential of these two glyco-
proteins as diagnostic markers for CCA [97].

�Alpha-L-Fucosidase

Alpha-L-fucosidase (AFU), a lysosomal enzyme, hydrolyzes the cleavage of fucose 
𝛼-1,2, 𝛼-1,3, 𝛼-1,4, and 𝛼-1,6 linkages in the glycosylation chains to maintain homeo-
stasis of fucose metabolism. It has been used as a tumor marker for various cancers, 
e.g., HCC and colorectal cancer [98, 99]. A high level of serum AFU has been shown 
to be associated with poor outcomes in HCC [100], though the reversed outcome was 
observed in breast cancer [101]. For CCA, AFU activity in serum was determined in 
148 intrahepatic CCA cases by an automated analyzer. Based on ROC analysis and 
a cutoff of AFU <20.85 U/L, it was found that AFU level was an independent prog-
nostic factor in patients with intrahepatic CCA [102]; patients with a high serum 
AFU level exhibited better outcomes. Treating CCA cells with AFU diminished the 
invasion capacity of CCA cells by suppression of MMP-2 and MMP-9 expression. 
Hence, serum AFU has been proposed to be a prognostic indicator for CCA.

�Sialylation

Sialylation, the addition of sialic acid to subterminal sugar residues on oligosac-
charides, is an important peripheral glycosylation process for maturation of glyco-
proteins and glycolipids (Fig. 25.6). The patterns of sialylation in cells are regulated 

A. Silsirivanit et al.



545

by levels of nucleotide sugar donor, CMP-sialic acid, and the expressions of sialyl-
transferases (STs) and sialidases. STs are a family of enzymes responsible for 
transferring a sialic acid from a nucleotide sugar donor (CMP-sialic acid) to a gly-
coconjugate acceptor. Desialylation, the process of removing terminal sialic acid 
from glycoconjugates, is driven by sialidases or neuraminidases (NEUs). Altered 
expression of STs and/or NEUs, resulting in increases in uncommon sialylated 
glycans, has been reported in many cancer types [103]. These sialylated glycans 
were found to promote tumor progression and therapeutic resistance in several 
cancers.

Accumulating data over the past few decades have demonstrated alterations of 
sialylation in CCA. Serum sialic acid was found to be increased in CCA patients 
and capable of differentiating CCA patients from those with benign biliary dis-
eases and healthy controls [104]. The elevation of serum sialic acid in CCA patients 
may be due to increases in core glycans/glycoproteins such as MU5AC and sLea 
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[34]. Moreover, sialic acid residues on sLea or sLex (section Fucosylation) are 
important for the binding of these molecules with E-selectin during extravasation 
[105, 106].

Lectin histochemistry of CCA tissues using Maackia amurensis lectin-II 
(MAL-II) and Sambucus nigra agglutinin (SNA) has revealed that alpha-2,3-
sialylated glycan (MAL-II-binding glycan, MAL-SG) and alpha-2,6-sialylated gly-
can (SNA-binding glycan, SNA-SG) were overexpressed in CCA tissues compared 
to normal bile ducts (Fig. 25.3) [52]. A high level of MAL-SG in CCA tissues was 
associated with shorter survival of CCA patients, suggesting the potential of 
MAL-SG as a prognostic indicator for CCA. In addition, in vitro drug sensitivity 
assays have shown that suppression of sialylation by a sialyltransferase inhibitor 
significantly enhanced the sensitivity of CCA cell lines to 5-fluorouracil (5-FU), a 
common chemotherapeutic drug used for CCA treatment [52]. In addition to 5-FU, 
the involvement of sialylation in drug resistance to cisplatin and paclitaxel has also 
been reported (in other cancers) [107, 108]; a similar effect may be expected for 
CCA, in which cisplatin and paclitaxel are also drugs of choice.

�Glycosphingolipids

GSLs are an important membrane component which play important roles in form-
ing functional membranous microdomains. Synthesis of GSLs is separated into two 
phases: (1) CER synthesis and (2) glycosylation (Fig. 25.2). Hydrophobic interac-
tions between the ceramide part of GSLs and other membrane components, such as 
cholesterol, proteins, and sphingomyelin, are important for determining the func-
tions of microdomains [109–113]. The heterogeneity of GSLs is attributable to 
either glycan or ceramide compositions [114, 115]. The glycan part of a GSL can be 
monosaccharide, such as glucose and galactose, or oligosaccharide such as lactose, 
forming glucosyl-ceramide (GlcCer), galactosylceramide (GalCer), and lactosylce-
ramide (LacCer), respectively. The ceramide part of a GSL can be composed of 
either hydroxylated or non-hydroxylated forms of fatty acids with C16 to C24. 
Aberrant expression of GSLs has been reported in many cancers, including breast, 
endometrial, and lung, and may be due to dysregulated expression of ceramide syn-
thases (CERSs), GTs, and fatty acid-2-hydroxylases (FA2H) [116–122]. Indeed, 
altered expression of these enzymes has been associated with tumor growth and 
metastasis [116, 117, 120, 121, 123].

There is limited information regarding GSL expression in CCA. A recent study 
using LC-MS/MS analysis revealed that GSLs were elevated in CCA tissues com-
pared with the adjacent normal liver [53]. High level of hydroxylated fatty-
containing GSL was associated with shorter survival of CCA patients, suggesting 
the role of fatty acid hydroxylation in tumor progression of CCA [53]. These find-
ings suggest increased activity of GSL-associated enzymes, e.g., ceramide synthase 
and fatty acid hydroxylase, in CCA as well as potential prognostic implications. 
Further study, however, is needed in this regard.
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�Conclusions and Perspectives

Glycoconjugates are one of the major components in cells that modulate key bio-
logical and physiological processes to maintain cellular homeostasis. Aberrant gly-
cosylation of cell surface molecules alters cellular functions which can contribute to 
human diseases, including cancer. With the advanced technology in glycobiology 
research, several glycan structures and functions related to diseases have been 
revealed. The association of abnormal glycosylation patterns and aggressive pheno-
types, e.g., tumor growth and metastasis, have been reported in CCA. Moreover, 
several CCA-associated glycans have been validated and are applicable for diagno-
sis and prognostic prediction. Directly targeting the synthesis of these glycans for 
cancer treatment, however, remains to be validated and is an area of ongoing inves-
tigation. A number of glycosylation inhibitors have been developed and studied for 
their antitumor activities, many of which appear to effectively suppress tumor 
growth and metastasis and enhance chemosensitivity of cancer cells. A combination 
of glycosylation inhibitors with other therapeutic agents or therapy may be a prom-
ising strategy to improve the treatment of CCA.

Further research into the molecular basis of glycosylation in CCA is expected to 
enhance understanding of cell-cell interactions, extracellular communications, and 
cancer immunology and which may reveal new targets for CCA treatment. 
Furthermore, the integration of large data analysis of glycomics/glycoproteomics 
and several other “-omics,” e.g., genomics, transcriptomics, proteomics as well as 
metabolomics, in CCA cell lines/tissues from patients will provide an avenue for 
greater impact on developing novel approaches for the screening, diagnosis, prog-
nosis, and targeted treatment for this highly lethal malignancy.
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