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Summary

As normal cell progress to neoplastic state, it acquires
distinctive and complementary capabilities, which are called as
the hallmark of cancer. In the course of noteworthy progress in
cancer research, newer observations have modified the original
formulation of the hallmark capabilities. Rising evidence supports
vital role of altered glycosylation during all steps of tumor
progression. Our data as well as other reports have documented
aberrant glycosylation as a new hallmark of tumor proliferation,
invasion, metastasis and angiogenesis. Protein glycosylation is the
most widely observed and structurally diverse form of post-
translational modifications after phosphorylation. It is the
enzymatic process that produces glycosidic linkages of
sachharides to other sachharides, proteins or lipids. Alterations in
cell surface glycosylation particularly, terminal motifs may results
in altered cell-cell adhesion, cell-matrix interactions, inter and
intra- cellular signaling and cellular metabolism. We have
reported that the understanding of biologically relevant aberrant
glycosylation can serve as clinically importamt biomarker for
various cancers. The review presented here symbolizes an ample
overview of literature on translational glycobiology. The results
also provide the evidence of aberrant glycosylation linked with
other hallmarks of cancer leading to a conclusion that
glycosylation is anew hallmark of cancer.
Keywords: Glycosylation, Sialyltransferase, Sialidase,
Fucosyltransferase, Fucosidase

Hallmarks of Cancer

In 2000, a highly influential review
article entitled “The hallmarks of cancer” was
published by Hanahan and Weinberg which proposed
six hallmarks of cancer that provides a logical
framework for understanding the biology of cancer. It
included sustaining proliferative signaling, evading
growth suppressors, activating invasion and
metastasis, enabling replicative immortality, inducing
angiogenesis and resisting cell death. (Figure: 1a) '
Almost after a decade they have reworked on the
hallmarks of cancer and proposed another two
emerging hallmarks: “Deregulating cellular
energetics” and “Avoiding immune destruction” and
two enabling characteristics: “Genome instability and
mutation” and Tumor-promoting inflammation”.
(Figure: 1b) ° The evidences indicate that
tumorigenesis in humans is a multistep process and
that these steps reflect genetic alterations that drive
the progressive transformation of normal human cells
into highly malignant derivatives. The hallmarks of
cancer are characterized by functional capabilities
that allow cancer cells to survive, proliferate and
disseminate during tumorigenesis. Further, they have

also proposed that refinement of these organizing
principles will surly come in the foreseeable future
which will continue in the remarkable conceptual
progress in the hallmarks of cancer.

Glycosylation as a hallmark of cancer

Glycans exist as membrane-bound
glycoconjugates or as secreted molecules, which
become integral parts of the extracellular matrix.
Changes in these glycan structures are associated with
many physiological and pathological events such as
cell growth, migration and differentiation.
Consequently, aberrant glycosylation occurring in
cancer cells influence cell proliferation, adhesion and
motility as well as angiogenesis and metastasis.”*Our
laboratory is working on several aspects of
glycosylation in cancer since 1985. Based on our
experience, we have came to a conclusion that
aberrant glycosylation interfere with almost all the
steps involved in malignant transformation and
therefore can be said as classic hallmark of ~ cancer’.
In support of this notion, several authors have also
reported glycosylation as a new hallmark of cancer. *’
Glycosylation is not a template based process such as
DNA, RNA or protein synthesis but is rather based on
the balance achieved by the expression and activity
levels of the different enzymes involved in the
glycosylation process such as glycosyltransferases
and glycosidases and on the availability of the nutrient
resources and expression of enzymes responsible for
their synthesis and interconversion." The study of the
changes in the enzymes associated with altered
glycosylation provides new directions for
understanding the molecular nature of cancer, cellular
transformation and often new opportunities for
identifying biomarkers of disease and developing
interventional strategies for treatment of cancer.’
Increased sialylation and fucosylation of cell surface
glycoconjugates is among the key molecular changes
associated with malignant transformation and cancer
progression. Therefore the present review is mainly
focused on clinical significance of aberrant
glycosylation via altered sialylation (sialidases and
sialyltransferases) and fucosylation (fucosidases and
fucosyltransferases) in various cancers. In particular,
aberrant protein glycosylation as a new hallmark of
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Figure 1: Hallmarks of Cancer (Reproduce from Hanahan and Weinberg RA, 2000,' 2011%)

cancer will be conversed in relation with various
human cancers.

Sialylation

Sialylation affects the half-lives of many
circulating glycoproteins and plays a role in a variety
of biologic processes such as cell-cell
communication, cell matrix interaction, adhesion, and
protein targeting. The transfer of sialic acids from
CMP sialic acids to the acceptor carbohydrates is
catalyzed by the sialyltransferase (ST) family.
Aberrant sialylation in cancer cell is a characteristic
feature associated with malignant properties
including invasiveness and metastatic potentials.10
Sialic acid is linked either through a-2, 3 or a-2, 6
linkage to subterminal galactose or a-2, 8 linkage to
another sialic acid forming polysialic acid catalyzed
by specific ST. The different STs can be distinguished
on the basis of oligosaccharide sequence used as
acceptors and anomeric linkage formed with the
penultimate sugar residue."" " Sialylation is governed
by Sialyltransferases and sialidases. Sialic acids are
transferred from a donor substrate to terminal
positions of glycoprotein and glycolipid carbohydrate
groups by STs." STs are categorized into four families
on the basis of the carbohydrate side chain they
synthesize, namely ST3Gal (a2, 3-ST), ST6Gal (a2,
6-ST), ST6GalNAc and ST8Sia (a2, 8-ST)." On the
other hand, their removal from glycan chains is
catalyzed by sialidases. Sialidases also called
neuraminidases (NEU) are glycosidases catalyzing
the removal of a-glycosidically linked sialic acid
residues from carbohydrate groups of glycoproteins
and glycolipids. They are classified according to their
major intracellular locations as intra-lysosomal,
cytosolic, lysosomal membrane and plasma
membrane associated NEUs. NEU1, NEU2 and
NEU3 are known to be localized predominantly in the
lysosomes, cytosol and plasma membranes,
respectively and NEU4 is found in lysosomes or in
mitochondria and endoplastic reticulum.” The
amount and type of sialylation of tumor cell
membrane depend on the activity of a number of

different STs.” The activity of these enzymes affects
the conformation of glycoproteins and therefore
contributes to either increased recognition or masking
of biologically relevant sites in molecules and cells.”
Alterations in sialidase, STs and mRNA subtypes
expression have been reported in various cancers.

Our laboratory has reported elevated sialidase
activity in patients with OPC and oral cancer
patients.' A study has observed alterations in different
subtypes NEU1, NEU2 and NEU3 and NEU4 which
was found to be correlated with cancer progression in
various cancer cell lines.” NEU3 was also found to be
up regulated in prostate cancer which plays a role in
tumor progression through androgen receptor
signaling.” In colon cancer, high expression of the
sialidase NEU3 in cancer cells leads to protection
against programmed cell death by modulation of
gangliosides is documented." In addition, NEU3 also
plays a major role in maintenance of self-renewal and
tumorigenic potential of colon cancer cells.” In
various head and neck squamous cell carcinoma
(HNSCC) cell lines, NEU3 has been reported to
regulate the EGFR signaling through ganglioside
modulation which is further associated with lymph
node metastasis.” In colorectal cancer, NEU4 is
implicated as an important player in control of sialyl
Lewis antigen (sLe) expression and its impairment.”'
Our laboratory has reported significant over
expression of sLe™ in malignant tissues as compared to
adjacent normal tissues which is further associated
with disease progression and poor prognosis of the
patients."

Earlier studies from our laboratory have
reported altered enzyme activities of 0-2, 3 and -2, 6
STs in serum, saliva and tissue of patients with OPC
and oral cancer patients and its significance in
treatment monitoring. Figure 2 depicts levels of serum
and salivary 0-2, 3 and a-2, 6 ST in Pre treatment (PT),
Complete responders (CR) and Nonrtesponders (NR)
during post treatment follow-ups. It was observed that
levels of serum and salivary a-2, 6 ST along with
salivary a-2, 3 ST were significantly decreased in CR
(p=0.012, p=0.001 and p=0.010 respectively) as
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Figure 2: Levels of serum and salivary a-2, 3 and 0-2, 6 ST in PT, CR and NR*

compared to PT levels. The levels of serum a-2, 6 ST
were found to be significantly increased (p=0.024) in
NR as compared to PT levels. The levels of serum a-2,
3 ST, serum and salivary a-2, 3 ST and a-2, 6 ST were
also found to be increased in NR as compared to PT
levels."*

During neoplastic transformation, the activity
ofthe Golgi localized STs is usually increased and as a
consequence, cancer cells express more heavily
sialylated tumor associated carbohydrate antigen
(TACA) at their surface. Various STs play role in
formation of TACA in various cancers.” ST3GAL1
plays role in formation of sT antigen, ST3GAL4 in
sLe* formation, ST6GAL1 in CD75s and ST2H
formation, ST6GALNACI in sTn antigen etc. The
common glycan alterations observed in various
cancers are increased sLe*, increased Tn epitopes,
increased sialyl Tn epitopes, increased sialyl T
antigens and increased a-2,6 sialylation.” A study has
reported ST3GAL1 as an independent adverse
prognostic factor for recurrence and survival in clear
cell renal cell carcinoma patients.” Further, it was
observed that ST3GALI plays the major role in the T
antigen sialylation, and its expression is associated
with progression and recurrence in bladder cancer.”In
cervical cancer, loss of ST6GAL1 has been showed to
promote cell apoptosis and to inhibit the invasive
ability of cancer cells.” Increased ST6GALI and
subsequently elevated levels of cell-surface a 2, 6-
linked sialic acids have found to be associated with
metastasis and therapeutic failure in colorectal
cancer.” In hepatocellular carcinoma, ST6GAL1 and
ST8SIA2 regulation has been shown to affect unusual
properties of invasion and chemosensitivity by
modulating the PI3K/Akt signaling pathway.”
Further, over expression of ST3GAL4 leads to SLe"
antigen expression in gastric cancer which in turn
induces an increased invasive and aggressive
phenotype.™* ST3GAL4 has also been reported as a
biomarker for diagnosis and prognosis of multi drug
resistance in acute myeloid leukemia.” In addition,
elevated mRNA level of STOGAL1 and ST3GAL4 are
found to be positively associated with the high risk of

pediatric acute lymphoblastic leukemia.” Hence,
expression of STs are often found to be de-regulated in
various cancers like colorectal, liver, gliomas, gastric
and oral cancer.” ’ However, despite of increased
amounts of evidence showing the involvement of STs
and aberrant sialylation in cancer progression,
therapeutic strategies to reduce aberrant sialylation
lag behind.

Fucosylation

Fucosylation is one of the most common
modifications involving oligosaccharides on
glycoproteins and glycolipids. Fucosylation consists
of transfer of fucose residue from GDP to N-glycans,
O-glycans and glycolipids.” Fucosylation is catalyzed
by a family of fucosyltransferase enzymes (FTs),
consisting of 13 members, including FUTI to 11,
protein o-fucosyltransferase 1 (POFUT1) and protein
o-fucosyltransferase 2 (POFUT2). FUTs promote
attachment of fucose to N-, O- and lipid linked
glycans through an a 1, 2- (by FUT 1 and FUT2), a 1,
3-(by FUT 3to 7and FUT 9to 11), a 1, 4- (by FUT 3
and FUTS) and a 1, 6- (by FU8) linkage or directly
link to the serine/ threonine residues of EGF-like or
thrombospondin receptor (by POFUT 1 & 2).” *
Fucosylated glycans can be generally divided into two
subcategories, (i) core fucosylated and (ii) terminally
fucosylated glycans.

Core Fucosylation: Core fucosylation is the addition
of a 1-6 fucosyltransferases (encoded by FUTS). Up
regulation of core fucosylation and the associated
FUTS8 gene has been observed in most cancers.”
Importantly, in most of cancers the presence of core
fucosylated glycans on the cell surface is largely
mirrored by their presence, thereby demonstrating the
potential for further use of specific protein glycoforms
for early cancer detection.™

Terminal Fucosylation: Cell surface glycans
frequently carry fucose residues in a 2-3 and/or o 2-4
linkage at the terminus of the N- and O- linked glycan
structures, giving rise to the formation of specific
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Figure 3: a-L-fucosidase between the untreated/pretreatment
(PT) patients with OC and patients who achieved a
CR or who had an NR"

Lewis blood group antigens, such as Le** and Le™".
Several FUTs are involved in the formation of Lewis
antigens including those coded by FUT 1-7 and FUT
9" with FUT 3-7 and FUT 9 gene products known to
produce the Lex structure. FUT 1-2 genes, on the
other hand are involved in creating the precursor of
H-antigen.™

Although fucosylation is essential for
normal biological functions, alterations in
fucosylation are strongly implicated in cancer and
increasing metastatic potential. Alterations in
fucosidase and fucosyltransferase expression have
been reported in various cancers.

a-L-fucosidase (EC: 3.2.1.51) is a
lysosomal enzyme that catalyzes the hydrolytic
cleavage of terminal fucose residue that is involved
in maintaining the homeostasis of fucose
metabolism. The presence of fucosidases (FUCAs)
is necessary for rapid turnover of N-glycans
(including fucose) followed by reglycosylation and
reinsertion of the proteins in plasma membrane.”
Our earlier studies have documented serum a-L-
fucosidase as a useful marker for close monitoring
of patients during post—treatment follow-up.
(Figure: 3) *' Our pervious study has also reported
significantly higher serum and salivary a-L-
fucosidase activity in oral cancer patients as
compared to controls.”

It has been observed that high FUCA
expression alters the composition and decrease the
quantity of cell surface fucosylation-associated
molecules, thereby limiting the invasiveness of
cancer cells in early-stage breast tumors.” So, the
tumor cells expressing lower FUCA protein levels
exhibit increased cell surface fucosylation, which
enhances the malignant potential of the tumor cells
in triple-negative breast cancer.” A study has
reported that over expression of a-L-fucosidase 1
(FUCAT1) suppressed the growth of cancer cells and
induced cell death by protein defucosylation which
is further involved in tumor suppression in several

cancers.” In HNSCC, primary tumors exhibiting
higher FUCA1 expression were found to be
associated with significantly worse patient survival.”
In adition, down-regulation of FUCA 1 was also found
to be correlated with increased aggressiveness of
thyroid cancer.”

It has been demonstrated that altered
expression of various FTs such as FUT3,” FUT4, 48
FUT6 ,”* FUT7, > FUT8 ™ mediate cancer cell
migration and thereby metastasis, suggesting that
altered fucosylation may play an important role in
disease progression. Our laboratory has reported a
significant decrease in FUT3 and FUT5 mRNA
expressions in oral cancer patients.” Increased
fucosylation has been established as a crucial
character in invasive and metastatic properties of head
and neck cancer stem cells.” In breast cancer high
FUTS protein expression was found to be correlated
with lymphatic metastasis and stage status.” High
expression of FUTS8 was also found to be associated
with poor survival which can be a significant and
independent unfavorable prognostic factor in patients
with potentially curatively resected non-small cell
Lung Cancer.” Further, over expression of FUT8 was
found to be associated with aggressive prostate cancer
which can serve as a promising target to differentiate
between aggressive and non-aggressive prostate
tumors.” Moreover, altered levels of FUTS were also
significantly linked to the malignant behavior of
proliferation and invasion in human hepatocarcinoma
cell lines.” In addition, FUT4 was found to be
associated with the proliferation and metastasis of
breast cancer and which can serve as novel biomarker
in the diagnosis and prognosis of breast cancer.”
FUT3 mRNA over expression was found to be
responsible for increased SLe™ biosynthesis leading to
metastasis in colon carcinoma cell line whereas
increased FUT7 levels were observed to be a
significant indicator of poor prognosis.” The results
documented here reveal the importance of monitoring
fucosylation changes during various stages of cancer
progression which can be helpful for early detection
and management of cancer patients.

Our laboratory has long been keenly involved
in studying clinical significance of glycosylation
changes in various cancers. Our recent review has also
summarized the correlation of altered glycosylation
with other hallmarks of cancer.’ Furthermore various
studies which have documented alterations in
sialylationa and fucosylation and its association with
tumour burden, invasion and metastasis in a variety of
cancers has strengthen our concept that glycosylation
isanew hallmark of cancer progression.

Conclusion
Glycosylation is a posttranslational
modification of proteins playing a major role in cell
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signalling, immune recognition and cell-cell
interactions. Aberrant glycosylation has been
identified in almost every type of cancer due to
significant modification/ alterations in sialylation and
fucosyltion by altered expression of various enzymes
involved in it. The current review summarizes various
literatures including our data documenting clinical
utility of altered expression of STs, sialidase, FUTs
and fucosidase in various cancers. In nut shell,
distinctive alterations in tumor-associated
glycosylation may provide us a unique feature of
cancer cells and therefore grant novel diagnostic and
even therapeutic targets. This suggests that altered
glycosylation has an important translational value in
clinical setting. More interestingly, the development
and progression of cancer results in the fundamental
changes to the glycome; so, changes in glycosylation
can be believed as a brand new hallmark of malignant
transformation and a hallmark of translational value in
cancetr.
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