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Abstract Several mechanisms have been proposed to

explain the E-cadherin dysfunction in cancer, including

genetic and epigenetic alterations. Nevertheless, a signifi-

cant number of human carcinomas have been seen that

show E-cadherin dysfunction that cannot be explained at the

genetic/epigenetic level. A substantial body of evidence has

appeared recently that supports the view that other mech-

anisms operating at the post-translational level may also

affect E-cadherin function. The present review addresses

molecular aspects related to E-cadherin N-glycosylation

and evidence is presented showing that the modification of

N-linked glycans on E-cadherin can affect the adhesive

function of this adhesion molecule. The role of glycosyl-

transferases involved in the remodeling of N-glycans

on E-cadherin, including N-acetylglucosaminyltransferase

III (GnT-III), N-acetylglucosaminyltransferase V (GnT-V),

and the a1,6 fucosyltransferase (FUT8) enzyme, is also

discussed. Finally, this review discusses an alternative

functional regulatory mechanism for E-cadherin operating

at the post-translational level, N-glycosylation, that may

underlie the E-cadherin dysfunction in some carcinomas.
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Abbreviations

GnT-III N-Acetylglucosaminyltransferase III

GnT-V N-Acetylglucosaminyltransferase V

FUT8 a1,6 Fucosyltransferase

GnT-IV N-Acetylglucosaminyltransferase IV

EC Extracellular domain

AJ Adherens-junction

ECM Extracellular matrix

Introduction

Cadherins comprise a large family of transmembrane gly-

coproteins that mediate specific cell–cell adhesion in a

calcium-dependent manner, functioning as key molecules

in the morphogenesis of a variety of organs [1]. E-cadherin,

a type-I cadherin, is generally considered to be the proto-

type of all cadherins. The mature E-cadherin molecule,
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with an approximate molecular mass of 120 kDa, com-

prises a single transmembrane domain, a cytoplasmic

domain (C-terminal) of about 150 amino acids, and an

ectodomain of about 550 amino acids comprised of five

repeated domains (EC1 to EC5) (Figs. 1, 2).

Crystal structures and mutagenesis studies support a

model in which the first extracellular domain (EC1) is

involved in binding to an opposing cadherin [2]. However,

recent evidence suggests that extracellular domains in

addition to EC1 regulate the cadherin function [3]. The

binding between the extracellular domains of cadherin is

weak, but strong cell–cell adhesion occurs during the lat-

eral clustering of cadherins, and through interactions

between the E-cadherin cytoplasmic domain and catenins

(Fig. 1) [4]. b-Catenin and plakoglobin (c-catenin) interact

directly with a core region of 30 amino acids within the

C-terminus of the cadherin cytoplasmic domain. The

N-terminal portions of both b-catenin and plakoglobin

interact with a-catenin, which links the cadherin to the

cytoskeleton (Fig. 1). In fact, a-catenin has been shown to

associate with actin-binding proteins such as vinculin and

EPLIN [5]. Another catenin, p120-catenin, interacts with

the highly conserved juxtamembrane domain of cadherins,

preventing the entrance of E-cadherin into degradative

endocytic membrane pathways. This cadherin-catenin

complex (Fig. 1) is required for normal cell–cell adhesion.

The broad-range of their effects on physiological tissue

organization makes cadherins important molecules during

tumorigenesis, their dysfunction or inactivation contribut-

ing to the aberrant morphogenic events observed in cancer.

Indeed, it is now clear that the classical cadherin dys-

function is a major contributor to cancer development and

progression. Such dysfunction can occur through several

molecular mechanisms including: mutations of the E-cad-

herin gene CDH1 [6]; epigenetic silencing through

promoter hypermethylation [7], or transcriptional silencing

through a variety of transcriptional repressors that target

the CDH1 promoter [8], and by microRNAs, which have

been shown to indirectly regulate the expression of

E-cadherin [9].

Collectively, these genetic or epigenetic alterations of

E-cadherin lead to alterations in the expression of this protein

that often result in tissue disorders, cellular de-differentia-

tion and increased invasiveness of tumor cells, which

ultimately contributes to malignancy. However, there are

several different types of invasive carcinomas in which the

E-cadherin dysfunction has been observed but none of the

aforementioned genetic or epigenetic mechanisms could be

detected in the tumor cells. This discrepancy remains con-

troversial, and thus other mechanisms precluding the proper

function of E-cadherin may occur in cancer cells. Various

lines of evidence support the conclusion that such a mech-

anism may also operate at the post-translational level in E-

cadherin, constituting an alternative mechanism for dis-

turbing or inhibiting the normal E-cadherin function under

pathological conditions.

In this review, we will comprehensively discuss a

mechanism for post-translational modification of E-cad-

herin, N-glycosylation, and its contribution to the biology/

functionality of this adhesion molecule under homeostatic

conditions and in a tumor context.

E-cadherin post-translational modifications

The significance of the post-translational modifications of

proteins is gaining importance and acceptance, and, since

more than 50% of all eukaryotic proteins are glycosylated,

it is impossible to understand many protein functions

without considering the contribution of protein post-trans-

lational modifications.

E-cadherin can be post-translationally modified through

phosphorylation, O-glycosylation, and N-glycosylation

(Fig. 2). These post-translational modifications have been

reported to have an effect on E-cadherin functionality.

E-cadherin can be phosphorylated at a cluster of eight serine

residues that are located in the cytoplasmic domain of the

protein, and thus phosphorylation can modulate the affinity

between b-catenin and E-cadherin, ultimately modifying

Fig. 1 Schematic representation of the E-cadherin–catenin complex.

The E-cadherin–catenin complex is proposed to interact with F-actin

via a-catenin association with actin-binding proteins such as EPLIN

[5]. b-Catenin and c-catenin bind to E-cadherin in a mutually

exclusive manner
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the strength of cell–cell adhesion [10]. Moreover, cyto-

plasmic O-glycosylation (O-GlcNAc) of newly synthesized

E-cadherin was reported to block its cell surface transport,

resulting in reduced intercellular adhesion. Zhu and

co-authors proposed that it is possible that the addition of

O-GlcNAc structures to E-cadherin directly prevents the

binding of p120-catenin. These authors also reported that

the induction of apoptosis resulted in the accumulation of

E-cadherin with O-GlcNAc structures, and blocked the cell

surface transport. Therefore, the authors concluded that the

cytoplasmic O-GlcNAc glycosylation of E-cadherin con-

stitutes a mechanism for regulating cell surface transport

and, thus, for down-regulate adhesion in some but not all

apoptosis pathways [11].

E-cadherin has four possible sites available for N-gly-

cosylation (Fig. 2), and indeed its N-linked carbohydrate

chains represent the most prominent post-translational

modification of this glycoprotein. N-Glycosylation is

characterized by the addition of oligosaccharide structures

to the asparagine (Asn) residues of nascent proteins in a

consensus sequence Asn-X-Ser/Thr, where X is any amino

acid other than proline [12]. The sites of N-glycosylation of

E-cadherin are localized in its extracellular domain

(Fig. 2), and most of these sites are conserved among

species. Both human and canine E-cadherin have four

potential N-glycosylation sites, three of which are con-

served in the two species. Two of the putative

N-glycosylation sites of human E-cadherin are located in

extracellular domain 4 (EC4), the other two sites being in

EC5 (Fig. 2). On the other hand, canine E-cadherin has one

potential N-glycosylation site in EC4 and two in EC5

shared with the humans. An additional site in EC5 has also

been reported for canine E-cadherin from a mammary

carcinoma cell line. Available evidence suggests that this

N-glycosylation site, which is shared with the mouse but

not with the human E-cadherin, is occupied by a b1,6

GlcNAc branched N-glycan structure [13].

Overall, the N-linked oligosaccharide chains and phos-

phorylation modifications represent important mechanisms

affecting E-cadherin that are capable of modifying the

physiological role of this molecule under homeostatic and

pathological conditions.

Role of N-glycosylation of E-cadherin

in its biological functions

Glycosylation is of utmost importance for the physiology

of eukaryotic cells. In fact, N-glycosylation is essential for

multicellular life, as shown by the fact that its complete

absence has been demonstrated to be embryonically lethal

[14]. Furthermore, genetic defects that affect protein gly-

cosylation are the basis of at least 30 currently known

human diseases [15]. Evidence indicates that sugar chains

on glycoproteins are involved in the regulation of a myriad

of relevant cellular biological functions [16]. Elucidation

Fig. 2 E-cadherin post-translational modifications. a The extracellular

domain (EC) of human E-cadherin contains four potential N-glycosyl-

ation sites, which are located in EC4 and EC5. The phosphorylation of

E-cadherin by casein kinase II (CKII) can occur in a short stretch of 30

aa in the cytoplasmic domain (CD), which contains a cluster of 8 Ser

residues. Cytoplasmic O-glycosylation (O-GlcNAc addition in Thr/Ser

residues) has been reported to regulate E-cadherin. These mechanims

can modulate E-cadherin mediated cell–cell adhesion at a post-

translational level. b Three-dimensional structure of the extracellular

domain (EC1–EC5) of E-cadherin. The crystal structure of human EC1

was used in this representation and EC2–EC5 were modeled based on

the crystal structure of C-cadherin. Four N-glycans were modeled with

GlyProt (http://www.glycosciences.de/glyprot/), as shown in red
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of the structures and functions of the oligosaccharide

chains of glycoproteins is a major goal in the post-genomic

era.

Several studies have shown that alterations in N-glyco-

sylation can modulate the biological functions of

E-cadherin. N-Glycans at Asn 633 are essential for

E-cadherin folding, trafficking, and for its proper expres-

sion [17]. Furthermore, N-glycans have been reported to

influence the stability of adherens-junction (AJ) by

affecting their molecular organization [18]. The modifica-

tion of E-cadherin with complex N-glycans has been shown

to be associated with the formation of dynamic but weak

AJ, whereas diminished N-glycosylation of E-cadherin has

been reported to promote the establishment of stable AJ

[19]. Consistent with this, an inverse relationship between

the extent of branched N-glycans and establishment of

intercellular adhesion has been reported [20].

Recent studies also demonstrated, in a canine mammary

tumor cell line model, that during the acquisition of the

malignant phenotype, E-cadherin undergoes extensive

modification of its N-glycans, which is characterized by an

increase in b1,6 branched N-glycan structures, an increase

in sialylation and the presence of few high mannose

structures, when compared to E-cadherin from a non-

malignant cell line model. These observations support the

roles that E-cadherin N-glycosylation plays in the modu-

lation of E-cadherin-mediated cell–cell adhesion, and in

the process of tumor development and progression [13].

Glycosyltransferases GnT-III, GnT-V, and FUT8

controlling crucial steps in N-glycosylation

of E-cadherin

Contrary to DNA and proteins, glycosylation is a non-

template-driven process, with no proofreading machinery.

It is a process that involves the coordinated action of an

endogenous portfolio of hundreds of specific glycosyl-

transferases that catalyze the addition of saccharide

structures to different positions of the extending glycan, in

a step-wise manner. Regarding N-glycosylation, the

resulting structures are generally classified into three

principal categories: (1) high mannose, in which only

mannose residues are attached to the core; (2) complex, in

which ‘‘antennae’’ are attached to the core via the action of

N-acetylglucosaminyltransferases; and (3) hybrids type, in

which only mannose residues are attached to the Mana1–6

arm of the core and one or two antennae to the Mana1–3

arm.

Two important glycosyltransferases involved in N-gly-

can biosynthesis are N-acetylglucosaminyltransferase III

(GnT-III) and N-acetylglucosaminyltransferase V (GnT-

V). The N-glycan products of these two enzymes are,

respectively, bisecting GlcNAc structures and b1,6 Glc-

NAc branched structures [21, 22]. In addition, another

relevant enzyme in the N-glycan biosynthetic pathway is

a1,6 fucosyltransferase (FUT8) that catalyses the synthesis

of an a1,6 fucose N-glycan structure [23] (Fig. 3).

These structures produced by the above three glycosyl-

transferases have been associated with various biological

functions of cell adhesion molecules [24–26].

GnT-III (Mgat3)

GnT-III catalyzes the addition of GlcNAc via a b1,4

linkage to the b-mannose of the mannosyl core of N-gly-

cans (Fig. 3), and thereby alters the composition and also

the conformation of the N-glycans. This bisecting GlcNAc

structure, produced by GnT-III, precludes the action of

GnT-V, which is no longer able to act on the biantennary

oligosaccharide chains and thus prevents the formation of

b1,6 branched structure.

The enzymatic competition between GnT-III and

GnT-V, where GnT-III has been shown to exhibit priority

activity, contributes to the suppression of cancer metastasis

[27]. In fact, the overexpression of GnT-III in highly

metastatic B16 melanoma cells reduces b1,6 GlcNAc

branching of cell-surface N-glycans and increases bisected

N-glycans, which ultimately results in a significant

decrease in the metastatic potential in experimental models

of lung metastasis [28]. Therefore, GnT-III has been

clearly shown to induce an anti-metastatic phenotype.

The general relationship between GnT-III expression

and the suppression of cancer metastases has been

Fig. 3 Biosynthesis of N-linked glycans. Representation of a

N-glycan structure with the reactions catalyzed by GnT-III, GnT-V,

and FUT8
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demonstrated to be, at least partially, due to the modulation

of the function of E-cadherin as a tumor suppressor protein

preventing cell invasion and metastasis. In fact, previous

studies demonstrated that cells expressing GnT-III exhibit

enhanced cell–cell adhesion due to a delay in the turnover

of E-cadherin on the cell surface [29]. Furthermore, it has

also been demonstrated that the addition of bisecting

GlcNAc residues to E-cadherin by GnT-III is associated

with the down-regulation of tyrosine phosphorylation of

b-catenin through EGFR or Src signaling. This mechanism

contributes to the retention of b-catenin binding to the

cytoplasmic E-cadherin domain, enhancing the homophilic

interaction of E-cadherin, which leads to the suppression of

cancer metastasis [30]. In addition, the suppression of

metastasis induced by GnT-III has also been shown to be

due to alterations of integrin functions. The overexpression

of GnT-III was shown to suppress a3b1 integrin-mediated

cell migration on laminin 332 [27], as well as the inhibition

of a5b1 integrin-mediated cell spreading and migration.

The affinity of the binding of a5b1-integrin to fibronectin

was shown to be reduced upon the biosynthesis of bisecting

GlcNAc on N-glycans on the a5 subunit [31]. Recently,

site-4 on the integrin a5 subunit was reported to be the key

site modified with bisecting GlcNAc structures catalyzed

by GnT-III, which affects cell spreading and migration

[32]. This comprehensive body of data supports the view

that GnT-III plays roles in the suppression of tumor

metastasis through at least two mechanisms: enhancement

of cell–cell adhesion and down-regulation of cell-ECM

adhesion.

Recent studies have shown that E-cadherin expression

can also interfere with the transcription of the GnT-III

gene, leading to up-regulation of GnT-III transcription

[33]. In addition, Iijima et al. showed that the mRNA

expression level and the activity of GnT-III were up-

regulated in cells cultured under dense conditions, where

E-cadherin is highly active, compared with cells cultured

under sparse conditions [34]. Moreover, it was demon-

strated that up-regulation of GnT-III was accompanied by

the formation of bisecting GlcNAc structures on E-cad-

herin. These observations suggest the existence of a mutual

feedback loop, and a regulatory mechanism between

E-cadherin-mediated cell adhesion and GnT-III expression

[33, 35]. This regulatory loop between E-cadherin and

GnT-III has also been observed in some cases of human

diffuse gastric carcinomas, where E-cadherin down-regu-

lation is accompanied by reduced GnT-III functional

activity [33].

Furthermore, other studies have demonstrated that the

restoration of the a-catenin gene in DLD-1 cells results in a

significant increase in GnT-III activity and in the produc-

tion of the bisected N-glycans [36], which further supports

the view that the E-cadherin–catenin complex and/or an

E-cadherin-dependent signaling pathway is required for

GnT-III up-regulation.

These findings suggest that this bidirectional regulatory

mechanism between E-cadherin-mediated cell–cell adhe-

sion and GnT-III expression as well as glycosyltransferase

activity appear to be important for proper E-cadherin

expression on the cell membrane and for the maintenance

of a structured cell–cell adhesion complex, which is

essential for the suppression of invasion and metastasis

(Fig. 4). Interestingly, it was observed that, when GnT-III

is silenced in a cell line model, there is remarkable modi-

fication of the cellular phenotype with an increase in

lamellipodia and filopodia formation, and a de-localization

of E-cadherin from the cell membrane to the cytoplasm

[33].

Altogether, these studies strongly support the biological

relevance of GnT-III as to the regulation of E-cadherin

functions at the post-translational level (Fig. 4).

GnT-V (Mgat5)

It is generally recognized that another change in terminal

glycosylation associated with cancer comprises the size

and branching of N-linked glycans [25, 37]. This increased

branching is due to enhanced activity of GnT-V. This

glycosyltransferase is located in the medial/trans Golgi,

where it catalyzes the addition of b1,6-linked GlcNAc units

to the a1,6-linked mannose of the trimannosyl core of

Fig. 4 Regulatory mechanism of E-cadherin-mediated cell–cell

adhesion and GnT-III/GnT-V. GnT-III activity is associated with an

increase in bisecting GlcNAc structures in E-cadherin, leading to a

concomitant decrease in b1,6 branched structures, due to competition

with GnT-V glycosyltransferase. The addition of bisecting GlcNAc

residues to E-cadherin down-regulates the tyrosine phosphorylation of

b-catenin and thus enhances cell–cell binding to suppress metastasis

(lower figure). Conversely, in metastatic cancer cells (upper figure),

the addition of b1,6 branched structures by GnT-V to E-cadherin is

associated with increased tyrosine phosphorylation of b-catenin

through the EGFR and Src signaling pathways, and therefore reduces

E-cadherin-mediated cell–cell adhesion thereby contributing to the

promotion of cancer metastasis

Role of N-glycans on E-cadherin 1015



N-linked glycans to form tri- or tetraantennary branches

(Fig. 3) [22]. This branched structure can be further

extended with poly-N-acetylactosamine chains that can be

terminally modified with sialylated structures.

The enhanced b1,6 GlcNAc branching of N-linked

structures, formed through the increased activity of GnT-V,

is a common glycosylation change inducing malignancy.

Alteration of the b1,6 branched N-glycans on the cell

surface has been implicated in the modulation of cell–cell

adhesion and migration, and has been associated with the

metastatic potential of tumors. In fact, previous studies

demonstrated that during the acquisition of the malignant

phenotype, E-cadherin undergoes addition of b1,6 GlcNAc

branches whereas E-cadherin from a benign canine mam-

mary tumor cell line model did not contain these glycans

[13]. GnT-V modification also affects other molecules that

are important in the modulation of tumor adhesion,

including the integrin family of adhesion molecules.

Increased GnT-V expression and the consequent increased

b1,6 branching on N-glycans of the b1 subunit of tumor

a5b1 integrins, result in down-regulation of focal contact

formation, which in turn increases tumor motility and

invasiveness through the ECM [38]. Furthermore, Pierce

and co-workers also reported that the GnT-V expression

level modulates homotypic cell–cell adhesion depending

on neural cadherin (N-cadherin). They showed that the

induction of GnT-V expression causes increased levels of

N-linked b1,6 branched structures on N-cadherin, resulting

in a decrease in the rate of homophilic cell–cell adhesion,

by promoting the phosphorylation of catenins through the

EGFR and Src signaling pathways, as well as a stimulation

of cadherin mediated-cell migration [39]. A recent study

has demonstrated that the b1,6 branched N-glycans

expressed at three sites in the EC2–3 domains regulate

N-cadherin-mediated cell–cell adhesion. Inhibition or

deletion of these three sites with branched N-glycans had

no effect on the N-cadherin level on the cell surface or the

formation of cadherin/catenin complexes, but led to

increased cis-dimerization of N-cadherins, as well as

increased cell–cell adhesion-mediated intracellular signal-

ing and reduced cell migration [40]. Collectively, these

results indicate that the level of b1,6 branched N-glycans,

produced by the GnT-V enzyme, can modulate N-cadherin-

associated homotypic cell–cell adhesion and intracellular

signaling, thus playing a crucial role in the regulation of

cellular motility and invasiveness.

Concerning the effects of GnT-V and its product, the

b1,6 GlcNAc branched structure, on E-cadherin molecules,

it has been reported that the removal of complex type

N-glycans from ectodomain 4 of E-cadherin using a CHO

cell line model led to an increased interaction of the

E-cadherin–catenin complexes with vinculin and the actin

cytoskeleton, affecting the stability of AJ [19].

In addition, previous studies have shown that GnT-III

knockdown in MCF-7/AZ carcinoma cells resulted in a

significant increase in b1,6 GlcNAc branched N-glycans,

due to increased GnT-V enzymatic activity, concomitant

with a decrease in bisecting GlcNAc structures on E-cad-

herin [33]. This remodeling of E-cadherin N-glycans with

an increase in b1,6 branched structures had repercussions

on E-cadherin cellular localization and cell morphology.

These cell line models showed that there was de-localiza-

tion of E-cadherin from the cell membrane with

internalization to the cytoplasm, along with the formation

of cellular filopodia and lamellipodia extrusions [33].

These results support the deleterious effects of b1,6

GlcNAc branched structures, by GnT-V, on E-cadherin-

mediated cell–cell adhesion (Fig. 4). Furthermore, we have

also observed a remarkable overexpression of these b1,6

GlcNAc branched structures in human diffuse gastric car-

cinoma cells that exhibited E-cadherin down-regulation

[33].

In conclusion, b1,6 GlcNAc branched N-glycans play a

prominent role in regulating E-cadherin-mediated adhesion

and its intracellular signaling pathways, which can con-

tribute to an increase in the migratory/invasive phenotype

of cancer cells (Fig. 4).

FUT8

The introduction of an a1,6 fucose unit on the asparagine-

linked N-acetylglucosamine residue of the chitobiose units

of complex N-glycans was demonstrated to be catalyzed by

FUT8 (Fig. 3) [23]. The action of FUT8 has been shown to

be associated with oncogenesis, since the a1,6 fucosylation

of a-fetoprotein is a well-known marker of hepatocellular

carcinomas [41]. Taniguchi and co-workers reported that

FUT8 expression is markedly enhanced in several types of

cancer cell lines [42]. Furthermore, a1,6 fucosylation was

reported to be essential for a3b1 integrin functions. Dele-

tion of a1,6 fucosylation on a3b1 integrin was found to be

associated with decreased a3b1 integrin-mediated cell

migration and cell signaling. The reintroduction of FUT8

restored both the migration and signaling, indicating that

a1,6 fucosylation is essential for a3b1 integrin functions

[43].

Recent studies have also suggested that FUT8 may

affect the biological functions of E-cadherin. The activity

of FUT8 was involved in the appearance of a lower

molecular weight population of E-cadherin and regulated

its total amount [44. FUT8 transfected WiDr cells showed

the accumulation of E-cadherin at cell–cell borders, and an

increased cell aggregation. These observations suggest that

a1,6 fucosylation regulates the processing of oligosaccha-

rides and the turnover of E-cadherin, supporting a possible

role of a1,6 fucosylation in the regulation of cell–cell
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adhesion in cancer [44]. In line with this study, Hu et al.

proposed that a1,6-fucosylated E-cadherin is involved in

the regulation of nuclear b-catenin accumulation in lung

cancer cells. In FUT8 transfected cells, E-cadherin was

found to be a1,6 fucosylated and there was a significant

decrease in nuclear b-catenin accumulation, which may

indicate an increase in binding between E-cadherin

a1,6-fucosylated and b-catenin [45]. Alternatively, we could

not exclude that this decrease in nuclear b-catenin accu-

mulation is due to increased degradation of cytoplasmic

b-catenin. Conversely, in FUT8 silenced cells, E-cadherin

was less a1,6-fucosylated and a significant increase in

nuclear b-catenin accumulation was observed [45]. How-

ever, this phenotype does not seem to be always the case.

E-cadherin-mediated cell–cell adhesion was strengthened

with a reduction in a1,6 fucosylation on E-cadherin after

FUT8 RNAi and was weakened with elevated a1,6

fucosylation on E-cadherin by the overexpression of FUT8

in lung cancer [46].

Collectively, these studies support the possible involve-

ment of a1,6-fucosylation of N-glycans of E-cadherin in the

regulation of cell–cell adhesion and downstream signaling

pathways.

Other N-glycosylation-related enzymes

GPT (DPAGT1)

The biosynthesis of Asn-linked oligosaccharides on cellu-

lar and secreted glycoproteins has many stages along the

secretory pathway, where the initial steps occur on the

cytoplasmic face of the ER and the final stages on the Golgi

compartment of the cell with the branching and further

extension of the oligosaccharides by the Golgi glycosyl-

transferases [12].

The early steps in the N-glycan biosynthetic pathway are

highly conserved in eukaryotes and suggest that there are

important roles for the mature lipid-linked oligosaccharide

for efficient N-glycosylation, protein folding and further

transport from the ER [47, 48]. In fact, enzymatic defects

resulting in incomplete lipid-linked oligosaccharide syn-

thesis result in severe, multi-systemic human diseases

including congenital disorders of glycosylation (CDG) type

I [49].

The first gene involved in the protein N-glycosylation

process is DPAGT1 which encodes the enzyme dolichol-

P-dependent N-acetylglucosamine-1-phosphate-transferase

(GPT) [50]. In the ER, DPAGT1 initiates the synthesis of

the lipid-linked oligosaccharide precursor that will later be

transferred en bloc to the Asn residues of the nascent

proteins. Since it is the first gene involved in the N-gly-

cosylation biosynthetic pathway, DPAGT1 expression has

been reported to control the extent of protein N-glycosyl-

ation, being also reported to affect the N-glycosylation

status of E-cadherin with an impact in its functions.

Overexpression of DPAGT1 in an oral cancer cell line

model was associated with modifications of E-cadherin

with complex N-glycans together with alterations in the

molecular organization of the adherens-junction, and a

decrease in the association with c-catenin, a-catenin and

vinculin. Conversely, the partial inhibition of DPAGT1 by

small interfering RNA was associated with a decrease in

complex N-glycans on E-cadherin, and increased associa-

tion with catenins and vinculin, which was described to

promote the formation of more stable adherens-junctions

and the assembly of tight-junctions in an oral carcinoma

model [51]. Furthermore, DPAGT1 was also shown to

regulate E-cadherin N-glycosylation in a canine cell line

model (MDCK), where it was shown to have an impact on

the organization and assembly of adherens-junctions and

tight-junctions [52].

These studies demonstrated that DPAGT1 is an

upstream regulator of protein N-glycosylation with

important roles in the modulation of E-cadherin-mediated

cell–cell adhesion, through control of the amount of the

lipid-linked oligosaccharide precursors and thus the extent

of protein N-glycosylation.

GnT-IV and a-mannosidase II

There are other glycosyltransferases involved in the

N-glycosylation biosynthetic pathway that have been

reported to have possible roles in cancer. Among them,

N-acetylglucosaminyltransferase-IV (GnT-IV), which

catalyses the formation of the b1,4 GlcNAc branch on

the Mana1,3 arm of the core structure of N-glycans [53], has

been reported to be significantly upregulated in human can-

cers such as choriocarcinomas [54], pancreatic carcinomas

[55], and colorectal cancer, where GnT-IV upregulation

was closely associated with the metastatic potential [56].

Regarding the specific role of this glycosyltransferase in the

modulation of E-cadherin-mediated cell–cell adhesion,

limited information has been reported. Although and since

the activity of GnT-IV affects the antennary number of

N-glycans, and consequently the terminal sialylation, it

has been hypothesized that it could also play a role in the

modulation of cell adhesion [57], however, this remains to be

further examined.

Furthermore, processing glycosidases also play an

important role in N-glycan biosynthesis by providing the

correct substrates for the subsequent formation of complex

and hybrid N-glycan structures. Glycosidases play crucial

roles in the folding and quality control of newly synthe-

sized glycoproteins [58]. One of the key glycosidases that

is a target for the development of anti-cancer therapies is
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a-mannosidase II. Golgi a-mannosidase II removes the

terminal a1,3- and a1,6-linked mannose from GlcNAc-

Man5GlcNAc2 to yield GlcNAcMan3GlcNAc2 [59, 60],

which allows the further action of other glycosyltransfer-

ases, including GnT-V, involved in the branching and

extension of the N-glycan structures. Inhibition of a-man-

nosidase II by swainsonine results in the accumulation of

hybrid oligosaccharides and inhibition of the synthesis of

the complex N-glycans [61]. In addition, previous in vitro

and in vivo studies demonstrated that the inhibition of the

synthesis of complex N-glycans by swainsonine can mod-

ulate tumor cell adhesion, invasion and progression [57,

62]. In fact, cells treated with swainsonine exhibited inhi-

bition of the action of the GnT-V enzyme due to the

unavailability of a substrate for it. This inhibition of the

synthesis of b1,6GlcNAc branched N-glycan structures by

swainsonine was associated with an increase in N-cadherin-

mediated cell adhesion [39] as well as with stabilization of

cell–cell junctions and a decrease in cell motility [20].

In summary, the interplay between glycosyltransferases

and glycosidases involved in the N-glycosylation biosyn-

thetic pathway coordinates crucial steps as to E-cadherin

N-glycosylation status with a consequent impact on

E-cadherin biological functions.

E-cadherin regulation in cancer: Future perspectives

Numerous human diseases including cancer are associated

with changes in glycan structures and, in some cases, it has

been shown that changes in glycosylation are not conse-

quences of altered cell physiology, but one of the causative

agents of the disease [15]. The clinical relevance of glycans

is currently a subject of intense interest, since the roles that

glycans play in the development, regulation and progres-

sion of diseases is being unveiled. In this post-genomic era,

it is crucial to identify target proteins and to determine the

functions of specific oligosaccharide structures in these

different proteins (Fig. 5).

In fact, E-cadherin is a classical tumor suppressor gene

that encodes a protein that, when dysfunctional or inactive,

leads to tumor initiation and progression. In this review, we

have comprehensively summarized a significant amount of

data showing that, in addition to the genetic and epigenetic

regulation of E-cadherin, the post-translational modifica-

tion through N-glycosylation can be a mechanism that

modulates and regulates E-cadherin biological functions,

and in this manner influences the disease process (Fig. 5).

Since E-cadherin deregulation is a common event that

occurs during tumor progression as well as a causative

event in the cases of some carcinomas, such as diffuse

gastric cancer and lobular breast cancer, it is essential to

elucidate the in vivo molecular mechanisms underlying the

N-glycan regulation of the adhesive function of E-cadherin

in cancer biology. We envision that this knowledge will

lead to novel therapeutic perspectives of cancer through the

targeting deleterious N-glycan structures that play a role in

deregulation of the functions of E-cadherin.
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