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N-Linkedglycosylation (N-glycosylation) of proteins has long
been associated with oncogenesis, but not until recently
have the molecular mechanisms underlying this relation-
ship begun to be unraveled. Here, we review studies describ-
ing how dysregulation of the N-glycosylation-regulating
gene, DPAGT1, drives oral cancer. DPAGT1 encodes the
first and rate-limiting enzyme in the assembly of the lipid-
linked oligosaccharide precursor in the endoplasmic reticu-
lum and thus mediates N-glycosylation of many cancer-related
proteins. DPAGT1 controls N-glycosylation of E-cadherin,
the major epithelial cell–cell adhesion receptor and a tumor
suppressor, thereby affecting intercellular adhesion and
cytoskeletal dynamics. DPAGT1 also regulates and is regu-
lated by Wnt/β-catenin signaling, impacting the balance
between proliferation and adhesion in homeostatic tissues.
Thus, aberrant induction of DPAGT1 promotes a positive
feedback network with Wnt/β-catenin that represses
E-cadherin-based adhesion and drives tumorigenic pheno-
types. Further, modification of receptor tyrosine kinases
(RTKs) with N-glycans is known to control their surface
presentation via the galectin lattice, and thus increased
DPAGT1 expression likely contributes to abnormal activation
of RTKs in oral cancer. Collectively, these studies suggest
that dysregulation of the DPAGT1/Wnt/E-cadherin network
underlies the etiology and pathogenesis of oral cancer.
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Introduction

Protein N-glycosylation is one of the most abundant posttransla-
tional modifications in biology (Aebi 2013). Through its effects on
protein folding, targeting, clearance, secretion and conformation,

N-glycosylation controls a broad spectrum of cellular functions
that are vital for development and homeostasis, including cell–
cell and cell–matrix adhesion, cell proliferation, cell survival
and immune system responses (Stanley et al. 2009; Varki and
Lowe 2009). Despite the importance of N-glycosylation in
various cellular processes, the molecular mechanisms by which
N-glycosylation directs signaling networks or how the genes
that encode enzymes in the N-glycosylation pathway are regu-
lated are only starting to be unraveled.
Dysregulated N-glycosylation is a common theme in disease,

including a prevalent association with cancer (Varki and Freeze
2009; Varki et al. 2009). Cancer develops through a multistep
process that includes mechanisms that promote tumor initiation,
and progression, accompanied by complex pathology character-
ized by the accumulation of epigenetic, genetic and cytogenetic
changes (Hanahan and Weinberg 2011; Valastyan and Weinberg
2011). In tumors of epithelial origin (carcinomas), cancer pro-
gression is associated with dramatic changes in cell–cell or
E-cadherin-mediated adhesion, as well as aberrant organization
of cell polarity and cytoskeleton architecture (Beavon 2000;
Conacci-Sorrell et al. 2002; Wodarz and Nathke 2007). Dysre-
gulated signaling pathways contribute to the ability of tumor
cells to proliferate, evade cell death and, in extreme cases, to
metastasize into distant tissues (Dhillon et al. 2007). Studies
have emerged describing N-glycosylation as a key regulator of
various aspects of tumorigenesis, thus indicating that this post-
translational modification is a major player in the early develop-
ment and progression of cancer (Lau and Dennis 2008; Guo
et al. 2010).
In this review, we highlight the emerging roles of

N-glycosylation in cancer with a particular focus on oral squa-
mous cell carcinoma (OSCC). OSCC involves epithelial neo-
plasms of the oral cavity and oropharynx, and it ranks as one of
the most morbid cancers whose incidence is on the rise (Choi
and Myers 2008; Leemans et al. 2011; Rothenberg and Ellisen
2012). We discuss evidence for how N-glycosylation impacts
cell adhesion and cytoskeletal dynamics, as well as how the
N-glycosylation pathway directs key oncogenic signaling
pathways, such as the Wnt/β-catenin pathway (also known as
the canonical Wnt pathway).

DPAGT1 as a key regulator of protein N-glycosylation in
homeostasis and oral cancer

N-Glycosylation is initiated in the endoplasmic reticulum (ER)
by the dolichol phosphate-dependent N-acetylglucosamine
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1-phospho-transferase (GPT), encoded by the DPAGT1 gene
(Rine et al. 1983; Bretthauer 2009; Aebi 2013). GPT catalyzes
the transfer of N-acetylglucosamine (GlcNAc) from UDP-
GlcNAc to dolichol phosphate to produce dolichol-PP-GlcNAc,
which is the first step in the synthesis of a lipid-linked oligosac-
charide (LLO) precursor (Figure 1). Subsequently, LLO is
transferred co-translationally to newly synthesized polypeptides
(Helenius and Aebi 2001; Aebi 2013). After initial processing
steps in the ER, glycoproteins transit to the Golgi, where N-glycans
are further modified, giving rise to mature N-glycosylated proteins
(N-glycoproteins) decorated with oligosaccharides ranging from
high mannose/hybrid to complex (Helenius and Aebi 2001; Rini
et al. 2009) (Figure 1).

Functional significance
The N-glycosylation pathway is conserved across eukaryotes,
and the essential nature of proper N-glycan regulation is high-
lighted from work in model organisms. For example, deletion
of the Saccharomyces cerevisiae ortholog of DPAGT1, ALG7,
is lethal (Kukuruzinska and Robbins 1987) and the presence of
a hypomorphic alg7 allele is associated with dysregulation of
metabolic and signaling pathways, including those involved in
cellular differentiation and cell wall signaling (Klebl et al.
2001; Mendelsohn et al. 2005). Deletion of DPAGT1 in mice
leads to peri-implantation mortality (Marek et al. 1999), docu-
menting its essential role at the earliest stages of mammalian
development. In humans, mutations in DPAGT1 result in a sig-
nificant reduction in GPT activity, giving rise to congenital

disorders of glycosylation (CDG-Ij) and early mortality (Wu
et al. 2003; Carrera et al. 2012; Timal et al. 2012).
Tunicamycin, an analog of UDP-GlcNAc and antibiotic inhibi-
tor of GPT, causes cell death in all cellular systems examined to
date (Tkacz and Lampen 1975; Lehle and Tanner 1976; Heifetz
et al. 1979). While depletion of DPAGT1 results in severe disor-
ders, including hypotonia, mental retardation and hypokinesia
(Carrera et al. 2012), its overexpression is linked to oral tumori-
genesis (Nita-Lazar et al. 2009). In cultured epithelial cells,
overexpression of DPAGT1 drives cell proliferation, changes in
cell morphology and gene expression resembling an epithelial-
to-mesenchymal transition (EMT) (Sengupta et al. 2013).
Studies indicate that DPAGT1 regulates N-glycan site occu-
pancy, where a decrease in its expression is likely to result in
glycoprotein misfolding, while its overexpression may promote
the utilization of unused N-glycan addition sites to generate
novel glycoforms (Mendelsohn et al. 2005; Liu et al. 2013).
DPAGT1 functions at a rate-limiting step in the N-glycosylation

pathway, so modest changes in its expression result in robust
changes in the N-glycosylation status of proteins (Clark et al.
1983; Hayes and Lucas 1983; Welply et al. 1985; Meissner
et al. 1999; Mendelsohn et al. 2005; Bretthauer 2009). Human
fibroblasts from a patient bearing mutations in both alleles of
DPAGT1 display dramatically reduced GPTactivity that is asso-
ciated with diminished levels of LLO and hypo-glycosylation
of proteins (Wu et al. 2003). Similarly, a hypomorphic allele of
alg7 in budding yeast that produces 50% of GPT has a 6-fold
reduction in LLO levels and severe hypo-glycosylation of pro-
teins (Mendelsohn et al. 2005). Downregulation of LLO levels

Fig. 1. Simplified scheme of the N-glycosylation pathway. N-Glycosylation is initiated in the endoplasmic reticulum (ER) by the GPT, encoded by the DPAGT1
gene. GPT catalyzes the transfer of GlcNAc from UDP-GlcNAc to dolichol-phosphate to produce dolichol-PP-GlcNAc, which is the first step in the synthesis of
LLO precursor. Subsequently, LLO is transferred co-translationally to newly synthesized polypeptides. After initial processing steps in the ER, glycoproteins transit
to the Golgi, where N-glycans are further modified, giving rise to mature N-glycoproteins modified with oligosaccharides ranging from high mannose/hybrid to
complex.
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in yeast, in turn, leads to the rewiring of signaling networks and
altered cell adhesion and cell wall sensing (Klebl et al. 2001).
Furthermore, cells bearing the alg7 hypomorphic allele display
a “clumping” phenotype, suggesting altered cell surface proper-
ties and increased adhesion (Mendelsohn et al. 2005).

Regulation of DPAGT1 expression
The human DPAGT1 gene maps to chromosome 11q23 (Regis
et al. 2002). Both yeast ALG7 and mammalian DPAGT1 exhibit
transcript complexity (Kukuruzinska and Robbins 1987;
Lehrman et al. 1988; Huang et al. 1998). The yeast ALG7 gene
produces two major transcripts, 1.4 and 1.6 kb, which differ in
the lengths of their 3′UTRs (Kukuruzinska and Robbins 1987).
These 3′UTR differences are biologically significant, as the 1.4
kb transcript is less stable but more translationally competent
than the 1.6 kb species (Lennon et al. 1997). Mapping of rodent
DPAGT1 mRNAs also revealed multiple transcripts, including
1.9 and 2.2 kb, that exhibit identical 5′ ends but different 3′UTR
lengths (Huang et al. 1998). These transcripts are predicted to
give rise to GPT of 408 amino acids with a molecular weight of
46 kDa. Interestingly, a third transcript has been shown to map
downstream from the 5′ end of the 1.9 and 2.2 kb mRNAs
(Huang et al. 1998); the 1.5 kb transcript is predicted to give rise
to a GPT isoform lacking the first 107 N-terminal amino acids
and with a molecular weight of 35 kDa. These transcripts
produce biologically different GPT isoforms that contain either
one or two dolichol recognition domains (DRDs), with the first
dolichol-binding site mapping to the most N-terminal 100 amino
acids that is absent from the 1.5 kb transcript. Although earlier
studies suggested that both DRDs were required for GPT func-
tion (Datta and Lehrman 1993), transfection of a DPAGT1
cDNA encoding the short 1.5 kb mRNAvariant produces pheno-
types similar to the cDNA encoding the full-length transcript
(Sengupta et al. 2013). Further studies are needed to decipher the
precise roles of mammalian DPAGT1 transcript heterogeneity.
In many cellular systems, changes in GPT activity reflect

transcriptional regulation of DPAGT1. In yeast, ALG7 tran-
scripts are modulated with growth and differentiation, and
changes in their abundance have profound effects on the
N-glycosylation status of proteins (Kukuruzinska and Lennon
1995; Pretel et al. 1995; Kukuruzinska and Lennon-Hopkins
1999; Mendelsohn et al. 2005). Withdrawal of glucose from ex-
ponentially growing yeast cells leads to dramatic reduction of

ALG7 mRNA, whereas addition of glucose to growth arrested
cells results in a robust increase in ALG7 transcript levels in the
presence of cycloheximide, suggesting transcriptional derepres-
sion (Kukuruzinska and Lennon 1994). DPAGT1 expression is
also regulated during mouse mammary gland development, as
well as with hormonal insulin, glucocorticoid receptor or prolac-
tin stimulation (Rajput et al. 1994; Ma et al. 1996). In mouse
P19 teratocarcinoma cells, DPAGT1 transcription is regulated by
retinoic acid (Meissner et al. 1999). Hamster, canine and human
DPAGT1 expression is also upregulated with mitogenic signals
and with canonical Wnt signaling (Sengupta et al. 2010).
Consistent with these regulatory cues, transcriptional expression
of DPAGT1 is inappropriately induced in oral carcinoma
(Nita-Lazar et al. 2009; Jamal et al. 2012). Conversely, reduced
expression ofDPAGT1 is associated with increased cell adhesion
and cellular differentiation (described under DPAGT1 regulates
E-cadherin N-glycosylation status and AJ maturity) (Fernandes
et al. 1999; Nita-Lazar et al. 2009, 2010).
The promoter of DPAGT1 has potential binding sites for a

plethora of transcription factors, and it is estimated that close
to 200 transcription factors bind to the DPAGT1 promoter.
Some of these transcription factors have acknowledged roles in
important cellular processes and cancer, including TCF,
STAT, p53, TEAD, HIF1, Nkx2, MyoD, SOX13 and RXRα
(Figure 2). These factors affect expression of genes involved in
diverse cellular functions and thus provide a platform for inte-
grating N-glycosylation into the complex networks of signaling
and metabolic pathways and structural processes, including
those involved in cellular proliferation, survival, hypoxia, stress
response and T-cell lineage and immunity. To date, STAT5a has
been shown to bind to the mouse mammary DPAGT1 promoter
in vitro and to stimulate DPAGT1 transcription in COS7 cells
(Zhang et al. 2003). Moreover, TCF proteins, which function in
the canonical Wnt signaling pathway, bind to the DPAGT1 pro-
moter in vivo (Sengupta et al. 2010). Canonical Wnt effectors,
β- and γ-catenins, are recruited to TCF transcription factors at
the DPAGT1 promoter to activate its transcription (Sengupta
et al. 2010; Jamal et al. 2012). Aberrant activation of canonical
Wnt signaling in OSCC is associated with increased binding of
β- and γ-catenins to TCF in the DPAGT1 promoter and elevated
expression of DPAGT1 (Jamal et al. 2012). Human specimens
of OSCC display induced expression of DPAGT1 and GPT
protein levels, which is associated with increased modification
of E-cadherin and collagen triple helix repeat containing 1

Fig. 2. The organization of the DPAGT1 promoter. The promoter of DPAGT1 has potential binding sites for numerous transcription factors, as illustrated. These
factors affect diverse cellular functions, providing a platform for integrating N-glycosylation into the complex networks of signaling and metabolic pathways,
including those involved in cell adhesion, proliferation, survival, hypoxia and stress response.
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(CTHRC1) with complex N-glycans (Nita-Lazar et al. 2009;
Liu et al. 2013). Consistent with a fundamental role in cancer,
overexpression of DPAGT1 occurs in cancer cell lines derived
from a multitude of tumors from different oral sites (Nita-Lazar
et al. 2009; Jamal et al. 2012). Furthermore, treatment of cell
lines derived from tumors of different origins and of tumor
mouse models in vivo with tunicamycin, an inhibitor of GPT,
has been shown to reduce tumor growth (Shiraishi et al. 2005;
Hiss et al. 2007; de-Freitas-Junior et al. 2012; Hou et al. 2013).
Thus, it is likely that altered DPAGT1 expression is an import-
ant mechanism by which N-glycosylation is dysregulated in
cancer.

Coordinate regulation of N-glycosylation genes
In budding yeast, transcripts of N-glycosylation genes encoding
glycosyltransferases downstream from ALG7 in the LLO
pathway are co-regulated with ALG7, suggesting coordinate
gene regulation (Kukuruzinska and Lennon 1994; Lennon et al.
1995). In mammalian systems, in addition to regulating LLO
abundance and the extent of protein N-glycosylation, DPAGT1
affects the quality of N-glycan structures in the Golgi.
Upregulation of DPAGT1 mRNA is associated with increased
expression of ALG1, a gene that encodes a component of the
ER, as well as increased expression of MGAT5, a gene encod-
ing a Golgi protein (Sengupta et al. 2013). Since Golgi
N-glycosylation-regulating enzymes control the assembly of
macromolecular complexes at the cell surface, it is likely that
dynamic organization of the galectin lattice involves a synchro-
nized regulation with DPAGT1 expression (Lau et al. 2007;
Dennis et al. 2009). In addition, MGAT5 may be affected by
signaling pathways regulated by DPAGT1 (see below). In
Madin-Darby canine kidney (MDCK) cells, siRNA-mediated
reduction of DPAGT1 expression by only 40% results in a strik-
ing depletion of complex N-glycan modification of E-cadherin
(Nita-Lazar et al. 2010). Conversely, a 2.5-fold increase in
DPAGT1 expression by induction with the canonical Wnt
ligand, Wnt3a, leads to greatly enhanced modification of
E-cadherin with complex N-glycans (Sengupta et al. 2010).
Taken together, these data suggest that the Golgi-regulating
genes respond synchronously with changes to DPAGT1 expres-
sion, and that coordinate regulation of the N-glycosylation
pathway is critical for determining complex N-glycosylation
patterns observed upon changing developmental, physiological
and environmental cues.

DPAGT1/N-glycosylation as a regulator of intercellular
adhesion and cytoskeletal dynamics

Cell–cell adhesion directs cytoskeletal dynamics to establish
and maintain cellular polarity, which ultimately determines ac-
curate tissue architecture (Mays et al. 1995; Nejsum and Nelson
2007; Desai et al. 2009). Dysregulated cell adhesion is a hall-
mark of many diseases, most notably cancer (Wei et al. 2002;
Onder et al. 2008). Interestingly, modification of key adhesion
and cytoskeletal-regulating proteins with N-glycans controls
their activity, and thus dysregulated N-glycosylation may con-
tribute to altered adhesive properties observed in disease (Guo
et al. 2003, 2009, 2012; Liwosz et al. 2006; Vagin et al. 2008;
Jamal et al. 2009; Nita-Lazar et al. 2010; Langer et al. 2012).

Given the importance of this relationship, the links between the
regulation of N-glycosylation and cell adhesion are starting to
be explored. We summarize some recent findings in this
section.

DPAGT1 regulates E-cadherin N-glycosylation status
and AJ maturity
The N-glycoprotein E-cadherin is the major adhesion receptor
that mediates homotypic cell–cell interactions in epithelial cells
(Takeichi 1991; Wheelock and Johnson 2003; Gumbiner
2005). E-cadherin is a single span transmembrane protein-
containing five extracellular domains, or ectodomains (ECs), a
transmembrane region and a cytoplasmic tail. The ECs dimer-
ize in a Ca2+-dependent manner and interact with E-cadherin
dimers on adjacent cells to form cell–cell contacts. The stability
of E-cadherin contacts is regulated by the cytoplasmic domain
of E-cadherin, which organizes the recruitment of multiprotein
complexes that make up the adherens junctions (AJs) to
mediate associations with the cellular cytoskeleton (Jamora and
Fuchs 2002; Hartsock and Nelson 2008). Primordial, or
nascent, AJs consist of the core AJ components, E-cadherin/
β-catenin/α-catenin, which are frequently associated with
ZO-1, a scaffold protein that organizes tight junctions (TJs) api-
cally from AJs (Rajasekaran et al. 1996; Ando-Akatsuka et al.
1999). This sequestration of ZO-1 by immature AJs is thought
to prevent TJ formation when AJs are still unstable. In some
immature junctions, E-cadherin/β-catenin is directly associated
with IQGAP1, a known junction destabilizer that competes
with α-catenin for the binding to β-catenin (Kuroda et al.
1998). Nascent AJs do not exhibit extensive interactions with
the actin cytoskeleton or microtubules (Ligon et al. 2001;
Stehbens et al. 2006; Nejsum and Nelson 2007; Hong et al.
2013). In contrast, large multiprotein scaffolds define mature
AJs by recruiting γ-catenin and α-catenin as well as actin-
binding and actin-cross-linking proteins, such as vinculin and
α-actinin (Rudiger 1998; Watabe-Hchida et al. 1998; Imamura
et al. 1999; Vasioukhin et al. 2001; Nemade et al. 2004; Drees
et al. 2005; Maiden and Hardin 2011; Twiss et al. 2012).
Protein phosphatase 2A (PP2A) also has a key role in organiz-
ing mature AJs since PP2A dephosphorylates ZO-1 and other
components of TJs to interfere with their assembly into scaf-
folds and to form functional TJs (Sontag 2001; Tar et al. 2004).
When mature AJs form, they sequester PP2A and lose associ-
ation with ZO-1, thus enabling ZO-1 to become phosphorylated
and to move apically and assemble functional TJs (Jain et al.
2011) (Figure 3).
EC4 and EC5 of human E-cadherin have four N-glycan add-

ition sites that, depending on the physiological state, are modi-
fied with either complex or hybrid/high mannose oligosaccharides
(Liwosz et al. 2006; Nita-Lazar et al. 2009). Sites 1 on EC4 and
3 on EC5 are preferentially modified with N-glycans, while sites
2 and 4 on EC4 and EC5, respectively, have either no N-glycans
or unsubstantial structures (Liwosz et al. 2006) (Sengupta and
Kukuruzinska, unpublished). The N-glycosylation status of
E-cadherin is dynamic and subject to cell density changes
(Liwosz et al. 2006). In sparse cells, E-cadherin exhibits a
higher molecular size than in dense cells, and this size dif-
ference can be eliminated by treatment with PNGaseF, an
amidase that removes most N-glycans from N-glycoproteins.
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This higher molecular size of E-cadherin in sparse cells is due
to large complex N-glycans at site 1 on EC4, and high
mannose/hybrid N-glycans at site 3. Accordingly, E-cadherin
from sparse cells is mostly resistant to treatment with EndoH,
an endoglycosidase that removes high mannose/hybrid
N-glycans. In contrast, dense cultures typically produce
E-cadherin with high mannose/hybrid structures, suggesting
loss of complex N-glycans from site 1 (Liwosz et al. 2006)
(Sengupta and Kukuruzinska, unpublished). These density-
dependent changes in the E-cadherin N-glycosylation status are
significant, since sparse cells are known to form primordial, or
immature, AJs while dense cultures form mature adhesion belts
that drive stable cell–cell contacts. Thus, extensive
N-glycosylation of E-cadherin with complex N-glycans is asso-
ciated with nascent AJ while hypo-glycosylation of E-cadherin
reflects their mature status. Interestingly, hypo-glycosylation
does not appear to impact the trafficking of E-cadherin to the
cell surface (Nita-Lazar et al. 2010). Nonetheless, hypo-
glycosylated E-cadherin is associated with diminished abun-
dance, suggesting that N-glycosylation impacts its stability
(Liwosz et al. 2006; Sengupta et al. 2013). Although the
mechanisms underlying the effects of N-glycosylation on
E-cadherin junctional maturity remain unclear, recent studies
with the neural cadherin (N-cadherin) suggest that N-glycans
do not affect the initial interactions between cadherin molecules
in trans, but that subsequent additional cadherin interactions
are controlled by N-glycosylation (Langer et al. 2012).
Several lines of evidence indicate that DPAGT1 regulates the

N-glycosylation status of E-cadherin. Partial knockdown of
DPAGT1 expression with siRNA results in the production of

hypo-glycosylated E-cadherin, which organizes mature AJs
and exhibits increased interaction with the actin cytoskeleton
and microtubules (Jamal et al. 2009; Nita-Lazar et al. 2010).
Furthermore, knockdown of DPAGT1 expression in A253 and
CAL27 head and neck cancer cells reverts their mesenchymal-
like phenotype to an epithelial morphology by remodeling AJs
to promote interaction with γ- and α-catenins and vinculin
(Nita-Lazar et al. 2009; Jamal et al. 2012). Conversely, induced
DPAGT1 expression in MDCK cells leads to increased modifi-
cation of E-cadherin with complex N-glycans and its reduced
membrane association (Sengupta et al. 2010, 2013) (Figure 3).
Studies using a hypo-glycosylated mutant of E-cadherin,

V13, generated by deleting two major complex and high
mannose/hybrid N-glycan addition sites, further confirm the
enhanced ability for hypo-glycosylated E-cadherin to form
mature AJs. These effects are observed in Chinese Hamster
Ovary (CHO) cells that lack endogenous E-cadherin (Liwosz
et al. 2006), with similar results observed in MDCK cells,
which is consistent with V13 E-cadherin acting as a dominant
active mutation (Liwosz et al. 2006; Nita-Lazar et al. 2010).
Several possible models for how reduced N-glycosylation of
E-cadherin promotes molecular remodeling of AJs can be pro-
posed from the reported data and include: (i) hypo-glycosylated
E-cadherin associates with γ-catenin more efficiently than with
β-catenin; (ii) hypo-glycosylated E-cadherin/γ-catenin com-
plexes preferentially interact with α-catenin and vinculin; (iii)
hypo-glycosylated E-cadherin distributes with Triton-insoluble
membrane fraction; (iv) hypo-glycosylated E-cadherin com-
plexes interact more with PP2A; and (v) hypo-glycosylated
E-cadherin junctions exhibit reduced interaction with ZO-1 and

Fig. 3. Schematic of how N-glycosylation of E-cadherin affects intercellular adhesion and cytoskeletal dynamics. Immature or weak AJs comprise N-glycosylated
E-cadherin/β-catenin complexes which interact IQGAP1, thereby repressing the recruitment of α-catenin and local actin filaments. Conversely, mature AJs display
hypo-glycosylated E-cadherin/β-catenin-complexes that interact with PP2A, thereby restricting its phosphatase activity away from ZO-1 and claudin-1. This allows
ZO-1 and claudin-1 phosphorylation, leading to stabilization of TJs. Hypo-glycosylated V13/β-catenin complexes also recruit dynein/dynactin to tether
microtubules. Additionally, hypo-glycosylated E-cadherin/γ-catenin complexes recruit α-catenin and vinculin, which promotes the interaction of AJs with the actin
filaments.
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IQGAP1 (Figure 3). The mechanism by which N-glycosylation
affects the molecular organization of E-cadherin protein com-
plexes on the cytoplasmic side remains unclear, although it is
likely to involve a conformational change in cis that leads to
enhanced interaction with junction stabilizing and actin-
binding/cross-linking proteins.
Many epithelial cancers display loss of E-cadherin, and

E-cadherin is commonly downregulated in tumors by transcrip-
tional repressors such as SLUG, SNAIL, TWIST and ZEB
(Schipper et al. 1991; Doki et al. 1993; Gofuku et al. 1999; Wei
et al. 2002; Bolos et al. 2003; Conacci-Sorrell et al. 2003;
Wang et al. 2011; Wu et al. 2012). However, in some cancers,
notably a major subset of OSCCs, E-cadherin is not lost.
Rather, due to overexpression of DPAGT1, E-cadherin is highly
modified with complex N-glycans and unable to form mature
cell–cell contacts (Nita-Lazar et al. 2009). Notably, OSCC AJs
exhibit almost complete loss of α-catenin, vinculin and PP2A
and exhibit increased interaction with IQGAP1, a known junc-
tion destabilizer (Nita-Lazar et al. 2009). This suggests that in
OSCC, and most likely in other epithelial tumors that maintain
E-cadherin expression, N-glycosylation is a key determinant of
reduced E-cadherin adhesion. Indeed, E-cadherin in breast
tumors exhibits highly branched N-glycans on extracellular
domains EC4 and EC5, and hyper-glycosylation at these sites
destabilizes epithelial junctions and increases tumor progres-
sion (Pinho et al. 2009).

DPAGT1 impacts the assembly of TJs
Examination of the molecular organization of TJs in cells with
partially downregulated DPAGT1 expression and cells bearing
the hypo-glycosylated E-cadherin variant reveals that hypo-
glycosylated E-cadherin promotes the assembly of robust TJs.
This is reflected by an increased abundance of phosphorylated
ZO-1 and claudin-1 and by a greater molar ratio of claudin-1
bound to ZO-1 protein complexes. Moreover, these molecular
changes in TJs are physiologically significant as they result in a
higher transepithelial resistance (Nita-Lazar et al. 2010). Thus,
by affecting the composition and maturity of AJs, N-glycosylation
indirectly controls the assembly of TJs (Figure 3). Given the
key roles of TJs in cell density sensing and the establishment of
apical–basal polarity, N-glycosylation is also a likely contribu-
tor to these processes. The high N-glycosylation levels found in
OSCC may therefore drive the loss of TJs and epithelial polar-
ity, accounting for the mislocalization of ZO-1 from the junc-
tional regions to the cytoplasm in oral cancer (Nita-Lazar et al.
2009).

DPAGT1/N-glycosylation as a regulator of cytoskeletal
dynamics
N-Glycosylation-dependent differences observed in the com-
position of AJs are thought to impact AJ interactions with the
cytoskeleton. Immunofluorescence imaging and double immu-
noprecipitation experiments have shown that hypo-glycosylated
E-cadherin/β-catenin complexes preferentially interact with
PP2A and dynein/dynactin that, in turn, associate with microtu-
bules (Jamal et al. 2009). In contrast, E-cadherin/γ-catenin
complexes interact better with α-catenin and vinculin, indicat-
ing their association with the actin cytoskeleton (Liwosz et al.
2006; Jamal et al. 2009; Nita-Lazar et al. 2010). It is possible

that PP2A collaborates with α-catenin and vinculin in promot-
ing the association of hypo-glycosylated E-cadherin complexes
with the cytoskeleton by mediating their interaction with micro-
tubules. PP2A dephosphorylates the Tau protein, which is one
of the microtubule-associated proteins, and dephosphorylated
Tau promotes microtubule assembly. Furthermore, PP2A impacts
phosphorylation of EB1, the microtubule plus-end-tracking pro-
tein, which may affect association of p150 (Glued) with the
dynein/dynactin complex and consequently tethering to AJs.
PP2A may therefore affect the transport of polarity protein-
containing vesicles from the trans-Golgi network to AJs and help
establish apical–basal epithelial polarity. Thus, the N-glycosylation
status of E-cadherin has a central role in organizing the com-
position and cytoskeletal association of E-cadherin AJs and TJs
(Figure 3).
Increased association of hypo-glycosylated E-cadherin/

γ-catenin complexes with α-catenin is likely to affect the local
concentration of α-catenin and to promote α-catenin dimeriza-
tion concomitant with the inhibition of Arp2/3 complexes,
leading to decreased actin branching and increased actin bund-
ling and cable formation (Hartsock and Nelson 2008; Maiden
and Hardin 2011). Also, greater interaction of hypo-glycosylated
E-cadherin complexes with vinculin would promote actin
bundling and enhance local α-catenin function and interaction
with the actin cytoskeleton (Twiss et al. 2012). This scenario is
consistent with preferential association of hypo-glycosylated
E-cadherin with the Triton-insoluble membrane fraction (Liwosz
et al. 2006). The recruitment of vinculin to hypo-glycosylated
E-cadherin junctions occurs in a myosin II-dependent manner,
augmenting AJ mechanosensing (le Duc et al. 2010). In add-
ition, interactions between E-cadherin and the actin cytoskel-
eton are critical for limiting E-cadherin diffusion within the
membrane and for the increased packing of junctions and even-
tually for their apical migration (Hong et al. 2013). The
E-cadherin/F-actin interface plays critical roles in transducing
physical forces at cell–cell contacts into cellular signaling
(Huveneers and de Rooij 2013). Thus, by regulating the com-
position of E-cadherin junctions and their interaction with the
actomyosin cytoskeleton, N-glycosylation indirectly regulates
their mechanosensory capacity and mechanotransduction at
cell–cell junctions.

Other N-glycosylation genes in E-cadherin-mediated adhesion
The Golgi N-glycosylation-regulating enzymes have also been
reported to impact cell–cell adhesion and to play a role in
cancer (Dennis et al. 1987; Kitada et al. 2001; Guo et al. 2003,
2009; Pinho et al. 2009, 2013). Upregulation of MGAT5, a gly-
cosyltransferase that extends N-glycans into highly branched
structures, promotes cell migration and metastases in vivo (Guo
et al. 2003). The N-glycan products of MGAT5 have been
shown to interfere with cadherin adhesion and with the forma-
tion of tight adhesion belts (Guo et al. 2003; Vagin et al. 2008).
Conversely, increased expression of MGAT3, which encodes a
glycosyltransferase responsible for the addition of a bisecting
GlcNAc to the chitobiose core of N-glycans, interferes with the
formation of branched N-glycan structures and enhances cell–
cell adhesion, thus functioning as a tumor suppressor (Kitada
et al. 2001; Pinho et al. 2012). These collective findings indi-
cate that increased N-glycosylation and the generation of
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complex, highly branched structures promote tumorigenesis by
interfering with intercellular adhesion.

DPAGT1/N-glycosylation in Wnt signaling

Cancers are typically associated with dysregulated signaling
through pathways that normally have vital roles in embryonic
development. The canonical Wnt signaling pathway is one
such pathway which, when left unchecked, drives early patho-
genesis and/or the metastasis of a range of cancers, including
OSCC (Polakis 2000; MacDonald et al. 2009; Clevers and
Nusse 2012). Activation of canonical Wnt signaling involves
the binding of Wnt ligands to LRP/Frizzled receptor com-
plexes, triggering intracellular signaling cascades that prevent
the phosphorylation of the transcriptional regulator, β-catenin,
and subsequently lead to stabilization of β-catenin protein
levels. β-catenin thereby accumulates in the nucleus and inter-
acts with the TCF/LEF family of transcription factors to control
target gene expression. Over the past few years, data have
emerged linking the canonical Wnt pathway with the
N-glycosylation pathway, indicating that the network formed
between these signals may be the underlying force driving
tumorigenesis (Sengupta et al. 2010; Xu et al. 2011).

DPAGT1 is a target of canonical Wnt signaling
Several pieces of evidence indicate that DPAGT1 is a direct
target of the canonical Wnt pathway. First, treatment of cultured
cells with either a Wnt pathway activator, LiCl, or with its
ligand, Wnt3a, results in increased DPAGT1 expression in
canine MDCK, hamster CHO, human A253 salivary epiderm-
oid carcinoma and human CAL27 OSCC cells (Sengupta et al.
2010). Second, both β- and γ-catenins are recruited to the
DPAGT1 promoter at TCF/LEF sites in vitro and in vivo
(Sengupta et al. 2010). Third, mapping of the DPAGT1 pro-
moter has revealed that the TCF/LEF binding region is suffi-
cient to drive the expression of a luciferase reporter in response
to Wnt. Interestingly, the control of canonical Wnt signaling by
cell density may be an important regulator of DPAGT1 expres-
sion, since reduced DPAGT1 expression is associated with the
diminished canonical Wnt activity observed in dense cells.
High cell density conditions correlate with a decreased occu-
pancy of the DPAGT1 promoter by β- and γ-catenins deter-
mined by chromatin immunoprecipitation assays and with
reduced Wnt-specific TOP-Flash luciferase reporter activity
(Sengupta et al. 2013). These observations, therefore, indicate
that DPAGT1 provides an important point of crosstalk between
the Wnt and N-glycosylation pathways (Sengupta et al. 2010).
Evidence suggests that the connections between DPAGT1

and canonical Wnt signaling are important for cancer develop-
ment and progression. In OSCC, overexpression of DPAGT1 is
linked to aberrant activation of canonical Wnt signaling (Jamal
et al. 2012). OSCC tissues display great increases in total levels
of β- and γ-catenins, and this correlates with their increased oc-
cupancy at the DPAGT1 promoter. Aberrant activation of ca-
nonical Wnt signaling in OSCC is also associated with reduced
expression of DKK-1, which is a negative feedback inhibitor of
the Wnt pathways (Jamal et al. 2012). Under normal condi-
tions, DKK1 itself is a target of canonical Wnt signaling and its
induction by β-catenin leads to the eventual inhibition of

canonical Wnt signaling, including subsequent decreased ex-
pression of DPAGT1 and other Wnt targets. Such built-in
control assures that canonical Wnt is not activated for inappro-
priate lengths of time and the loss of DKK-1 in OSCC may be
an important mechanism driving cancer progression. Similar
inhibition of DKK-1 has been observed in colorectal cancer,
which results from the epigenetic modification of the DKK1
promoter (Aguilera et al. 2006). Although the mechanism
underlying the loss of DKK-1 in OSCC is unknown, treatment
of OSCC CAL27 cells with a methylation inhibitor, 5-aza-
2′-deoxycytidine, results in the inhibition of DPAGT1 expres-
sion, suggesting epigenetic repression of DKK1 in oral cancer
(Sengupta and Kukuruzinska, unpublished).

DPAGT1 regulates canonical Wnt signaling
Activation of DPAGT1 expression by Wnt signaling induces ca-
nonical Wnt activity by controlling N-glycosylation of its up-
stream regulatory components. N-Glycosylation is required for
efficient membrane targeting of Wnt3a and LRP5/6 (Khan
et al. 2007; Komekado et al. 2007; Jung et al. 2011). Sparse
cells in which DPAGT1 expression is knocked down with
siRNA show decreased DPAGT1 promoter activity and reduced
Wnt activity. Moreover, silencing of DPAGT1 expression leads
to the retention and diminished membrane localization of hypo-
glycosylated Wnt3a and LRP5/6 and reduced canonical Wnt
signaling (Sengupta et al. 2013). These findings indicate that
DPAGT1 and canonical Wnt function in a positive feedback
loop which, when activated, may drive disease states, including
cancer (Jamal et al. 2012).

Mature AJs inhibit DPAGT1 and canonical Wnt signaling:
Feedback loops among DPAGT1, canonical Wnt and
E-cadherin adhesion
In addition to its function as a transcriptional effector of the ca-
nonical Wnt pathway, β-catenin is a key structural component
of AJs (Brembeck et al. 2006). Likewise, γ-catenin also func-
tions as both a transcriptional effector of canonical Wnt signal-
ing and as a junctional component (Zhurinsky et al. 2000;
Maeda et al. 2004; Shimizu et al. 2008). Such sharing of β- and
γ-catenins by canonical Wnt signaling, DPAGT1 and
E-cadherin adhesion provides a platform for the intimate coord-
ination of their activities during development and in tissue
homeostasis (Heuberger and Birchmeier 2010; Sengupta et al.
2013).
Direct crosstalk between E-cadherin adhesion, DPAGT1 and

canonical Wnt signaling is demonstrated by studies showing
that upregulation of DPAGT1 by canonical Wnt leads to
increased modification of E-cadherin with complex N-glycans,
shown to be inhibitory to adhesion (Figure 4A) (Sengupta et al.
2010). Conversely, canonical Wnt activity and DPAGT1 expres-
sion are downregulated with cell density and maturation of AJs
(Jamal et al. 2012; Sengupta et al. 2013). Indeed, transfection
of the hypo-glycosylated V13 E-cadherin mutant, but not fully
N-glycosylated wild-type E-cadherin, into sparse MDCK or
A253 cells, depletes nuclear β- and γ-catenin levels, conse-
quently inhibiting canonical Wnt signaling and DPAGT1 ex-
pression (Jamal et al. 2012; Sengupta et al. 2013). Both in
dense cultures and in V13-transfected cells, reduction of
nuclear γ-catenin is associated with its preferential recruitment
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to AJs, whereas depletion of nuclear β-catenin occurs via
mechanisms that attenuate its cellular abundance. Therefore,
mature AJs inhibit DPAGT1 expression and canonical Wnt sig-
naling by depleting nuclear β- and γ-catenins from the DPAGT1
promoter (Figure 4A).
E-cadherin antagonizes canonical Wnt signaling and inhibits

cell proliferation (Figure 4A) (Gottardi et al. 2001; Stockinger
et al. 2001; Kam and Quaranta 2009; Maher et al. 2009). In-
appropriate dissociation of β-catenin from E-cadherin leads to
loss of adhesion, driving cancer development and progression.
In human OSCC specimens, DPAGT1 expression and canonical
Wnt signaling are aberrantly induced, leading to extensive
N-glycosylation of E-cadherin with complex N-glycans and
loss of intercellular adhesion. Such extensive N-glycosylation
of E-cadherin compromises its ability to inhibit canonical Wnt
signaling and DPAGT1 expression. Partial inhibition of
DPAGT1 with siRNA enhances E-cadherin adhesion and inhi-
bits canonical Wnt signaling in OSCC cells, promoting
changes in cellular morphology resembling a mesenchymal–
epithelial transition (Nita-Lazar et al. 2009; Jamal et al. 2012).
This is coincident with enhanced E-cadherin adhesion through
the recruitment of stabilizing proteins to AJs. Likewise, trans-
fection of OSCC cells with hypo-glycosylated E-cadherin inhi-
bits DPAGT1 expression and canonical Wnt signaling by
depleting nuclear β- and γ-catenins from the DPAGT1 promoter

and from Wnt target genes (Jamal et al. 2012). Therefore, it is
tempting to speculate that partial inhibition of DPAGT1 may be
an effective way to restore normal interactions among these
pathways in OSCC.

Dysregulation of DPAGT1/Wnt signaling in oral cancer:
CTHRC1 and the non-canonical Wnt/PCP pathway
Dysregulation of the DPAGT1/canonical Wnt feedback loop
has deleterious consequences to cellular homeostasis. Recent
work demonstrates that in OSCC, DPAGT1 and canonical Wnt
signaling converge to induce the expression of CTHRC1, an
N-glycoprotein implicated in invasion and metastasis of many
aggressive tumors (Tang et al. 2006; Wang et al. 2012; Liu
et al. 2013; Park et al. 2013). In human OSCC specimens,
amplification of CTHRC1 levels is associated with its hyper-
glycosylation. Partial inhibition of DPAGT1 expression in
OSCC CAL27 cells reduces CTHRC1 abundance by increasing
protein turnover, indicating that N-glycosylation promotes
CTHRC1 stability. Additionally, in OSCC, amplified canonical
Wnt signaling induces β-catenin nuclear activity at the CTHRC1
promoter to further increase CTHRC1 abundance (Liu et al.
2013) (Figure 4B).
In pancreatic cancer and OSCC CAL27 cells, CTHRC1

drives cell migration (Liu et al. 2013; Park et al. 2013). Recent
studies suggest that DPAGT1-dependent induction of CTHRC1
facilitates its localization to cells at the leading edge of a wound
front to promote OSCC cell migration (Liu et al. 2013).
Although the precise mechanism by which CTHRC1 drives
cell migration is unclear, CTHRC1 is implicated in the activa-
tion of the Wnt/planar cell polarity (PCP) pathway—a non-
canonical branch of the Wnt pathway (Yamamoto et al. 2008).
This relationship with the PCP pathway may also be relevant in
OSCC, as CTHRC1 interacts with components of the non-
canonical Wnt/PCP signaling including the Wnt5a ligand and
the Fzd6 receptor (Liu et al. 2013). Accordingly, CAL27 cells
and OSCC specimens display increased levels of non-canonical
Wnt/PCP pathway components, including Dishevelled2
(DVL2), RAC1, RHOA and active JNK, p-JNK. Thus, aber-
rantly activated canonical Wnt signaling and N-glycosylation
in OSCC collaborate to induce CTHRC1 on transcriptional and
posttranslational levels, respectively, to drive OSCC cell migra-
tion and tumor spread (Figure 4B).

N-Glycosylation and other signaling pathways in oral cancer
Canonical Wnt signaling and N-glycosylation affect a multi-
tude of genes and proteins that function within diverse net-
works of signaling cascades that regulate cell proliferation,
survival and motility. Many of these signaling pathways are
known to have important roles in carcinogenesis, although the
precise mechanisms linking them to canonical Wnt and
N-glycosylation in specific cancers await further studies.
Nonetheless, several signaling pathways that are dysregulated
in OSCC are likely to be affected by the DPAGT1/canonical
Wnt signaling feedback loop.
Major advances in the understanding how N-glycans impact

cell behavior in cancer have come from studies revealing the as-
sociation between high multiplicity of N-glycosylation sites
and proliferation-promoting activities of receptor tyrosine
kinases (RTKs) (Partridge et al. 2004; Lau et al. 2007; Lau and

Fig. 4. DPAGT1/Wnt/E-cadherin network. (A) Signaling network of DPAGT1,
canonical Wnt signaling and E-cadherin. Canonical Wnt signaling activates
DPAGT1 expression and protein N-glycosylation, leading to extensive
N-glycosylation of E-cadherin and weak intercellular adhesion. In OSCC, this
positive feedback loop between Wnt signaling and DPAGT1 is amplified, in
part, by diminished expression of DKK-1, a canonical Wnt inhibitor.
Furthermore, extensive N-glycosylation of E-cadherin prevents it from
depleting nuclear β- and γ-catenins, allowing the positive feedback between
Wnt and DPAGT1 to operate without controls. (B) CTHRC1 is induced by
DPAGT1 and canonical Wnt signaling in OSCC. Schematic showing the
interactions between DPAGT1 and canonical Wnt signaling and their
subsequent effects on CTHRC1 expression and non-canonical Wnt signaling.
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Dennis 2008; Dennis et al. 2009). RTKs are cell surface recep-
tors for many growth factors, cytokines and hormones, and act
to regulate a wide range of critical signaling pathways. At the
cell surface, RTKs are regulated by a galectin lattice, which is a
molecular structure formed between the Golgi-remodeled
complex N-glycans and N-acetyl lactosamine-binding proteins,
galectins. The Golgi enzymes have been shown to be ultrasen-
sitive to UDP-GlcNAc flux for the formation of tri- and tetra-
antennary N-glycans on extracellular domains of RTKs that
preferentially interact with galectins. The galectin lattice has
been shown to play key roles in preventing RTK diffusion and
opposing the loss to endocytosis (Partridge et al. 2004; Lau
et al. 2007). These important studies have established a concep-
tual framework for the current understanding of the role of
N-glycosylation in RTK signaling in homeostasis and cancer.
Several RTKs are commonly dysregulated in OSCC, includ-

ing EGFR and FGFR (Haugsten et al. 2010; Wheeler et al.
2010; Stransky et al. 2011; Motahhary et al. 2012). EGFR is ab-
errantly activated in �80% of head and neck cancers, frequent-
ly through unwarranted increases in its protein levels (Cassell
and Grandis 2010; Wheeler et al. 2010). Elegant studies have
shown that EGFR and FGFR belong to RTKs with high multi-
plicity of N-glycosylation sites (8–12), which has been aligned
with their proliferation-promoting and oncogenic activities
(Lau et al. 2007; Dennis et al. 2009). The Golgi-modified
N-glycans regulate EGFR activity by controlling its surface re-
tention within the galectin lattice and by preventing its loss to
endocytosis. In cancer, aberrant upregulation of MGAT5, which
promotes modification ofN-glycans with poly-N-acetyllactosamine,
stabilizes EGFR at the cell surface and promotes its activity
(Lajoie et al. 2007; Dennis et al. 2009). Since upregulation of
DPAGT1 expression in OSCC is associated with increased
modification of glycoproteins with complex N-glycans (Liu
et al. 2013), it is likely that in the absence of mutations these
structures are responsible for the observed increased activities
of EGFR and FGFR in oral cancer. Further, EGFR expression
may be regulated on a transcriptional level by β-catenin and the
canonical Wnt pathway (Guturi et al. 2012). EGFR, in turn,
activates downstream signaling cascades, including STAT, JNK
and PI3K/AKT, known to promote tumorigenesis in oral cancer
(Wheeler et al. 2010; Lui et al. 2013). Inhibition of
N-glycosylation with tunicamycin disrupts RTK signaling in
tumor cells and enhances susceptibility of lung cancer cells to a
therapeutic agent, erlotinib, emphasizing the importance of
DPAGT1/N-glycosylation in RTK signaling in cancer (Contessa
et al. 2008; Ling et al. 2009). EGFR itself regulates β-catenin
and Wnt signaling (Lee et al. 2010) and associates with
E-cadherin, although the precise role of this interaction in
OSCC has not been examined.
Type II transforming growth factor-beta (TGFβ) receptors,

which bind to TGFβ and form complexes with Type I receptors
to promote intracellular signals, are modified by N-glycans. In
contrast to EGFR and FGFR, which display hyperbolic re-
sponses in cell surface expression in response to UDP-GlcNAc
concentration, TGFβ receptors have a low number of N-glycan
sites and their surface expression follows a sigmoidal response
(Lau et al. 2007). Under normal conditions, this regulation
assures that initial activation of proliferation by high multipli-
city RTKs will be opposed by an increased presentation of

TGFβ receptors at the cell surface, where they function to inhibit
cell proliferation. However, this balance is lost in tumorigenesis
when membrane remodeling and changes in cellular metabol-
ism promote retention and activities of EGFR and other high
multiplicity RTKs at the expense of TGFβ receptors. In add-
ition, TGFβ family members are modified by N-glycans, and
evidence suggests that N-glycosylation controls their stability,
thereby shaping TGFβ morphogen gradients (Le Good et al.
2005). By controlling the transport and surface exposure of the
TGFβ receptors, N-glycosylation may enable inappropriate
binding to TGFβ (Kim et al. 2012). Dysregulated TGFβ signal-
ing promotes disease progression, and thus aberrant
N-glycosylation signaling may be a key mechanism facilitating
TGFβ-induced oncogenic signals (Massague 2008), including
those in OSCC (Prime et al. 2004).
Tumor cells are frequently hyper-metabolic (a phenomenon

known as the Warburg effect) due to their preferred production of
energy by aerobic glycolysis rather than oxidative phosphoryl-
ation (Ward and Thompson 2012). Indeed, glucose has been
shown to be required for the proliferation and survival of head
and neck squamous carcinoma cells (Sandulache et al. 2011).
High rates of glycolysis are likely to augment the levels of
UDP-GlcNAc, a substrate for GPT, derived from the hexosamine
pathway (Anagnostou and Shepherd 2008; Dennis et al. 2009).
Accoringly, the roles of metabolism and UDP-GlcNAc in the
regulation of the Golgi N-glycosylation in homeostasis and
cancer have been described (Mendelsohn et al. 2007; Dennis
et al. 2009). Furthermore, increased glucose levels also induce ca-
nonical Wnt signaling and protein N-glycosylation in cultured
cells, and this has been aligned with more extensive
N-glycosylation of EGFR (Konishi and Berk 2003; Anagnostou
and Shepherd 2008). The DPAGT1 promoter has potential
binding sites for HIF1, a transcription factor known to influence
the metabolic shift during tumorigenesis (Figure 2). HIF1 is stabi-
lized under hypoxia and triggers the upregulation of genes that
drive the switch to glycolysis, including GLUT1, HKII and
PDK1 (Harada et al. 2009). Furthermore, p53, a tumor suppressor
most frequently inactivated in oral cancer (Agrawal et al. 2011;
Sano et al. 2011), also has potential binding sites in the promoter
of DPAGT1 (Figure 2). Since glycolytic enzymes are inhibited by
pharmacologically activated p53, it is possible that under normal
conditions of homeostasis, p53 acts as a suppressor of unwarrant-
ed N-glycosylation (Zawacka-Pankau et al. 2011). Thus, tumor
cells may upregulate DPAGT1 expression by increasing substrate
levels and/or by increasing transcriptional regulation as a conse-
quence of activated oncogenic factors, such as HIF1. Further
studies, however, are required to examine these ideas.

Conclusions

N-Glycosylation, canonical Wnt signaling and E-cadherin adhe-
sion belong to a core network of cellular processes that maintain
a fine balance between proliferation and adhesion. These pro-
cesses play pivotal roles in embryogenesis and their dysregula-
tion is a feature of many malignancies, including OSCC. How
this network becomes dysregulated in cancers is still poorly
understood. It is possible that the initial activation of the
DPAGT1/canonical Wnt feedback loop may involve a mutation
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in any of the components of the canonical Wnt signaling
pathway. Likewise, upregulation of DPAGT1 expression either by
activating mutations or by increased availability of UDP-GlcNAc
from glycolysis may initiate the deregulation of the network.
Since activation of canonical Wnt signaling and protein
N-glycosylation contributes to EMT, it is also likely that this
N-glycosylation/Wnt network plays a role in metastasis (Fodde
and Brabletz 2007; Dennis et al. 2009; Polyak and Weinberg
2009). EMT underlies many aggressive features of head and
neck cancers and is associated with the acquisition of stem cell-
like properties in cancer, including OSCC (Prince et al. 2007;
Mandal et al. 2008; Mani et al. 2008). Interestingly, canonical
Wnt signaling is required for the maintenance of stem cell niches
in various tissues, including skin, intestinal crypt, hair follicles
and mammary gland (Korinek et al. 1998; Wend et al. 2010;
Schwitalla et al. 2013). Most recently, induced canonical Wnt
signaling has been shown to be a feature of cancer initiating cells
in human salivary gland and head and neck tumors (Wend et al.
2013). Thus, it is tempting to speculate that dysregulation of
DPAGT1/canonical Wnt feedback loop may have an important
role in directing “stem cell-like” properties in cancers.
We propose that inappropriate activation of either DPAGT1

or canonical Wnt signaling sets off a sequence of events that
lead to hyper-glycosylation and transcriptional activation of
oncogenic transcriptional targets, such as CTHRC1 and EGFR.
These events subsequently have the potential to drive feed-
forward pro-tumorigenic signals. Future studies are likely to
reveal the molecular details into how these signals are impacted
by the N-glycosylation/Wnt interplay and whether distinct
N-glycosylation-regulated events control different stages of
tumorigenesis. Given the large increases of N-glycosylation in
cancers, along with the impact that dysregulated N-glycosylation
can have on a range of signaling processes, targeting DPAGT1 or
other N-glycosylation pathway regulators represents a potential
approach for cancer treatment.

Funding

M.A.K. was supported by the National Institutes of Health
(RO1 DE015304 and RO1 DE014437) and X.V. by the March
of Dimes Foundation (Research Grant number 5-FY11-578)
and the Concern Cancer Foundation. Funding to pay the Open
Access publication charges for this article was provided by the
Boston University School of Dental Medicine Oral Cancer
Research Initiative to M.A.K.

Conflict of interest statement

None declared.

Abbreviations

AJs, adherens junctions; CHO, Chinese Hamster Ovary;
CTHRC1, collagen triple helix repeat containing 1; DRDs,
dolichol recognition domains; DVD2, Dishevelled2; ECs, ecto-
domains; EMT, epithelial-to-mesenchymal transition; ER,
endoplasmic reticulum; GlcNAc, N-acetylglucosamine; GPT,
dolichol phosphate-dependent N-acetylglucosamine 1-phospho-
transferase; LLO, lipid-linked oligosaccharide; MDCK, Madin-
Darby canine kidney; N-cadherin, neural cadherin; OSCC, oral

squamous cell carcinoma; PCP, planar cell polarity; PP2A,
protein phosphatase 2A; RTKs, receptor tyrosine kinases; TGFβ,
transforming growth factor-beta; TJs, tight junctions.

References

Aebi M. 2013. N-linked protein glycosylation in the ER. Biochim Biophys
Acta. 1833:2430–2437.

Agrawal N, Frederick MJ, Pickering CR, Bettegowda C, Chang K, Li RJ,
Fakhry C, Xie TX, Zhang J, Wang J, et al. 2011. Exome sequencing of head
and neck squamous cell carcinoma reveals inactivating mutations in
NOTCH1. Science. 333:1154–1157.

Aguilera O, Fraga MF, Ballestar E, Paz MF, Herranz M, Espada J, Garcia JM,
Munoz A, Esteller M, Gonzalez-Sancho JM. 2006. Epigenetic inactivation
of the Wnt antagonist DICKKOPF-1 (DKK-1) gene in human colorectal
cancer. Oncogene. 25:4116–4121.

Anagnostou SH, Shepherd PR. 2008. Glucose induces an autocrine activation
of the Wnt/beta-catenin pathway in macrophage cell lines. Biochem J.
416:211–218.

Ando-Akatsuka Y, Yonemura S, Itoh M, Furuse M, Tsukita S. 1999. Differential
behavior of E-cadherin and occludin in their colocalization with ZO-1 during
the establishment of epithelial cell polarity. J Cell Physiol. 179:115–125.

Beavon IR. 2000. The E-cadherin-catenin complex in tumour metastasis:
Structure, function and regulation. Eur J Cancer. 36:1607–1620.

Bolos V, Peinado H, Perez-Moreno MA, Fraga MF, Esteller M, Cano A. 2003.
The transcription factor Slug represses E-cadherin expression and induces
epithelial to mesenchymal transitions: A comparison with Snail and E47
repressors. J Cell Sci. 116:499–511.

Brembeck FH, Rosario M, Birchmeier W. 2006. Balancing cell adhesion and
Wnt signaling, the key role of beta-catenin. Curr Opin Genet Dev. 16:51–59.

Bretthauer RK. 2009. Structure, expression, and regulation of UDP-GlcNAc:
Dolichol phosphate GlcNAc-1-phosphate transferase (DPAGT1). Curr Drug
Targets. 10:477–482.

Carrera IA, Matthijs G, Perez B, Cerda CP. 2012. DPAGT1-CDG: Report of a
patient with fetal hypokinesia phenotype. Am J Med Genet A.
158A:2027–2030.

Cassell A, Grandis JR. 2010. Investigational EGFR-targeted therapy in head and
neck squamous cell carcinoma. Expert Opin Investig Drugs. 19:709–722.

Choi S, Myers JN. 2008. Molecular pathogenesis of oral squamous cell carcin-
oma: Implications for therapy. J Dent Res. 87:14–32.

Clark GF, Miller KR, Smith PB. 1983. Formation of dolichol-linked sugar inter-
mediates during the postnatal development of skeletal muscle. J Biol Chem.
258:14263–14270.

Clevers H, Nusse R. 2012. Wnt/beta-catenin signaling and disease. Cell.
149:1192–1205.

Conacci-Sorrell M, Simcha I, Ben-Yedidia T, Blechman J, Savagner P,
Ben-Ze’ev A. 2003. Autoregulation of E-cadherin expression by cadherin-
cadherin interactions: The roles of beta-catenin signaling, Slug, and MAPK.
J Cell Biol. 163:847–857.

Conacci-Sorrell M, Zhurinsky J, Ben-Ze’ev A. 2002. The cadherin-catenin ad-
hesion system in signaling and cancer. J Clin Invest. 109:987–991.

Contessa JN, Bhojani MS, Freeze HH, Rehemtulla A, Lawrence TS. 2008.
Inhibition of N-linked glycosylation disrupts receptor tyrosine kinase signal-
ing in tumor cells. Cancer Res. 68:3803–3809.

Datta AK, Lehrman MA. 1993. Both potential dolichol recognition sequences
of hamster GlcNAc-1-phosphate transferase are necessary for normal
enzyme function. J Biol Chem. 268:12663–12668.

de-Freitas-Junior JC, Bastos LG, Freire-Neto CA, Rocher BD, Abdelhay ES,
Morgado-Diaz JA. 2012. N-Glycan biosynthesis inhibitors induce in vitro
anticancer activity in colorectal cancer cells. J Cell Biochem.
113:2957–2966.

Dennis JW, Laferte S, Waghorne C, Breitman MC, Kerbel R. 1987. Beta
1,6-branching of Asn-linked oligosaccaride is directly associated with metas-
tases. Science. 236:582–585.

Dennis JW, Nabi IR, Demetriou M. 2009. Metabolism, cell surface organiza-
tion, and disease. Cell. 139:1229–1241.

Desai RA, Gao L, Raghavan S, Liu WF, Chen CS. 2009. Cell polarity triggered
by cell-cell adhesion via E-cadherin. J Cell Sci. 122:905–911.

Dhillon AS, Hagan S, Rath O, Kolch W. 2007. MAP kinase signalling pathways
in cancer. Oncogene. 26:3279–3290.

Doki Y, Shiozaki H, Tahara H, Inoue M, Oka H, Iihara K, Kadowaki T, Takeichi
M, Mori T. 1993. Correlation between E-cadherin expression and

X Varelas et al.

588



invasiveness in vitro in a human esophageal cancer cell line. Cancer Res.
15:3421–3426.

Drees F, Pokutta S, Yamada S, Nelson WJ, Weis WI. 2005. Alpha-catenin is a
molecular switch that binds E-cadherin-beta-catenin and regulates actin fila-
ment assembly. Cell. 123:903–915.

Fernandes RP, Cotanche DA, Lennon-Hopkins K, Erkan F, Menko AS,
Kukuruzinska MA. 1999. Differential expression of proliferative, cytoskel-
etal, and adhesive proteins during postnatal development of the hamster sub-
mandibular gland. Histochem Cell Biol. 111:153–162.

Fodde R, Brabletz T. 2007. Wnt/beta-catenin signaling in cancer stemness and
malignant behavior. Curr Opin Cell Biol. 19:150–158.

Gofuku J, Shiozaki H, Tsujinaka T, Inoue M, Tamura S, Doki Y, Matsui S,
Tsukita S, Kikkawa N, Monden M. 1999. Expression of E-cadherin and
alpha-catenin in patients with colorectal carcinoma. Correlation with cancer
invasion and metastasis. Am J Clin Pathol. 111:29–37.

Gottardi CJ, Wong E, Gumbiner BM. 2001. E-cadherin suppresses cellular
transformation by inhibiting b-catenin signaling in an adhesion-independent
manner. J Cell Biol. 153:1049–1059.

Gumbiner BM. 2005. Regulation of cadherin-mediated adhesion in morpho-
genesis. Nat Rev Mol Cell Biol. 6:622–634.

Guo HB, Johnson H, Randolph M, Nagy T, Blalock R, Pierce M. 2010.
Specific posttranslational modification regulates early events in mammary
carcinoma formation. Proc Natl Acad Sci USA. 107:21116–21121.

Guo HB, Johnson H, Randolph M, Pierce M. 2009. Regulation of homotypic
cell-cell adhesion by branched N-glycosylation of N-cadherin extracellular
EC2 and EC3 domains. J Biol Chem. 284:34986–34997.

Guo HB, Lee I, Kamar M, Pierce M. 2003. N-acetylglucosaminyltransferase V
expression levels regulate cadherin-associated homotypic cell-cell adhesion
and intracellular signaling pathways. J Biol Chem. 278:52412–52424.

Guo H, Nairn A, dela Rosa M, Nagy T, Zhao S, Moremen K, Pierce M. 2012.
Transcriptional regulation of the protocadherin beta cluster during Her-2
protein-induced mammary tumorigenesis results from altered N-glycan
branching. J Biol Chem. 287:24941–24954.

Guturi KK, Mandal T, Chatterjee A, Sarkar M, Bhattacharya S, Chatterjee U,
Ghosh MK. 2012. Mechanism of beta-catenin-mediated transcriptional
regulation of epidermal growth factor receptor expression in glycogen syn-
thase kinase 3 beta-inactivated prostate cancer cells. J Biol Chem. 287:
18287–18296.

Hanahan D, Weinberg RA. 2011. Hallmarks of cancer: The next generation.
Cell. 144:646–674.

Harada H, Itasaka S, Kizaka-Kondoh S, Shibuya K, Morinibu A, Shinomiya K,
Hiraoka M. 2009. The Akt/mTOR pathway assures the synthesis of
HIF-1alpha protein in a glucose- and reoxygenation-dependent manner in
irradiated tumors. J Biol Chem. 284:5332–5342.

Hartsock A, Nelson WJ. 2008. Adherens and tight junctions: Structure, func-
tion and connections to the actin cytoskeleton. Biochim Biophys Acta.
1778:660–669.

Haugsten EM, Wiedlocha A, Olsnes S, Wesche J. 2010. Roles of fibroblast
growth factor receptors in carcinogenesis.Mol Cancer Res. 8:1439–1452.

Hayes GR, Lucas JJ. 1983. Stimulation of lipid-linked oligosaccharide assem-
bly during oviduct differentiation. J Biol Chem. 258:15095–15100.

Heifetz A, Keenan RW, Elbein AD. 1979. Mechanism of action of tunicamycin
on the UDP-GlcNAc:dolichyl-phosphate Glc-NAc-1-phosphate transferase.
Biochemistry. 18:2186–2192.

Helenius A, Aebi M. 2001. Intracellular functions of N-linked glycans. Science.
291:2364–2369.

Heuberger J, Birchmeier W. 2010. Interplay of cadherin-mediated cell adhesion
and canonical Wnt signaling. Cold Spring Harb Perspect Biol. 2:a002915.

Hiss DC, Gabriels GA, Folb PI. 2007. Combination of tunicamycin with antic-
ancer drugs synergistically enhances their toxicity in multidrug-resistant
human ovarian cystadenocarcinoma cells. Cancer Cell Int. 7:5.

Hong S, Troyanovsky RB, Troyanovsky SM. 2013. Binding to F-actin guides
cadherin cluster assembly, stability, and movement. J Cell Biol. 201:131–143.

Hou H, Sun H, Lu P, Ge C, Zhang L, Li H, Zhao F, Tian H, Zhang L, Chen T,
et al. 2013. Tunicamycin potentiates cisplatin anticancer efficacy through the
DPAGT1/Akt/ABCG2 pathway in mouse Xenograft models of human hepa-
tocellular carcinoma.Mol Cancer Ther. 12:2874–2884.

Huang GT, Lennon K, Kukuruzinska MA. 1998. Characterization of multiple
transcripts of the hamster dolichol-P-dependent N-acetylglucosamine-1-P
transferase suggests functionally complex expression. Mol Cell Biochem.
181:97–106.

Huveneers S, de Rooij J. 2013. Mechanosensitive systems at the
cadherin-F-actin interface. J Cell Sci. 126:403–413.

Imamura Y, Itoh M, Maeno Y, Tsukita S, Nagafuchi A. 1999. Functional
domains of alpha-catenin required for the strong state of cadherin-based cell
adhesion. J Cell Biol. 144:1311–1322.

Jain S, Suzuki T, Seth A, Samak G, Rao R. 2011. Protein kinase Czeta phos-
phorylates occludin and promotes assembly of epithelial tight junctions.
Biochem J. 437:289–299.

Jamal BT, Nita-Lazar M, Gao Z, Amin B, Walker J, Kukuruzinska MA. 2009.
N-Glycosylation status of E-cadherin controls cytoskeletal dynamics through
the organization of distinct beta-catenin- and gamma-catenin-containing
AJs. Cell Health Cytoskelet. 2009:67–80.

Jamal B, Sengupta PK, Gao ZN, Nita-Lazar M, Amin B, Jalisi S, Bouchie MP,
Kukuruzinska MA. 2012. Aberrant amplification of the crosstalk between
canonical Wnt signaling and N-glycosylation gene DPAGT1 promotes oral
cancer. Oral Oncol. 48:523–529.

Jamora C, Fuchs E. 2002. Intercellular adhesion, signalling and the cytoskel-
eton. Nat Cell Biol. 4:101–108.

Jung H, Lee SK, Jho EH. 2011. Mest/Peg1 inhibits Wnt signalling through
regulation of LRP6 glycosylation. Biochem J. 436:263–269.

Kam Y, Quaranta V. 2009. Cadherin-bound beta-catenin feeds into the Wnt
pathway upon adherens junctions dissociation: Evidence for an intersection
between beta-catenin pools. PLoS ONE. 4:e4580.

Khan Z, Vijayakumar S, de la Torre TV, Rotolo S, Bafico A. 2007. Analysis of
endogenous LRP6 function reveals a novel feedback mechanism by which
Wnt negatively regulates its receptor.Mol Cell Biol. 27:7291–7301.

Kim YW, Park J, Lee HJ, Lee SY, Kim SJ. 2012. TGFβ sensitivity is determined
by N-linked glycosylation of the type II TGF-β receptor. Biochem J.
445:403–411.

Kitada T, Miyoshi E, Noda K, Higashiyama S, Ihara H, Matsuura N, Hayashi N,
Kawata S, Matsuzawa Y, Taniguchi N. 2001. The addition of bisecting
N-acetylglucosamine residues to E-cadherin down-regulates the tyrosine
phosphorylation of b-catenin. J Biol Chem. 276:475–480.

Klebl B, Kozian D, Leberer E, Kukuruzinska MA. 2001. A comprehensive ana-
lysis of gene expression profiles in a yeast N-glycosylation mutant. Biochem
Biophys Res Commun. 286:714–720.

Komekado H, Yamamoto H, Chiba T, Kikuchi A. 2007. Glycosylation and pal-
mitoylation of Wnt-3a are coupled to produce an active form of Wnt-3a.
Genes Cells. 12:521–534.

Konishi A, Berk BC. 2003. Epidermal growth factor receptor transactivation is
regulated by glucose in vascular smooth muscle cells. J Biol Chem.
278:35049–35056.

Korinek V, Barker N, Moerer P, van Donselaar E, Huls G, Peters PJ, Clevers H.
1998. Depletion of epithelial stem-cell compartments in the small intestine
of mice lacking Tcf-4. Nat Genet. 19:379–383.

Kukuruzinska MA, Lennon K. 1994. Growth-related coordinate regulation of
the early N-glycosylation genes in yeast. Glycobiol. 4:437–443.

Kukuruzinska MA, Lennon K. 1995. Diminished activity of the first
N-glycosylation enzyme, dolichol-P-dependent N-acetylglucosamine-1-P
transferase (GPT), gives rise to mutant phenotypes. Biochem Biophys Acta.
1247:51–59.

Kukuruzinska MA, Lennon-Hopkins K. 1999. ALG gene expression and cell
cycle progression. Biochem Biophys Acta. 1426:359–372.

Kukuruzinska MA, Robbins PW. 1987. Protein glycosylation in yeast:
Transcript heterogeneity of the ALG7 gene. Proc Natl Acad Sci USA.
84:2145–2149.

Kuroda S, Fukata M, Nakagawa M, Fujii K, Nakamura T, Ookubo T, Izawa I,
Nagase T, Nomura N, Tani H, et al. 1998. Role of IQGAP1, a target of the
small GTPases Cdc42 and Rac1, in regulation of E-cadherin- mediated cell-
cell adhesion. Science. 281:832–835.

Lajoie P, Partridge EA, Guay G, Goetz JG, Pawling J, Lagana A, Joshi B,
Dennis JW, Nabi IR. 2007. Plasma membrane domain organization regulates
EGFR signaling in tumor cells. J Cell Biol. 179:341–356.

Langer MD, Guo H, Shashikanth N, Pierce JM, Leckband DE. 2012.
N-Glycosylation alters cadherin-mediated intercellular binding kinetics. J
Cell Sci. 125:2478–2485.

Lau KS, Dennis JW. 2008. N-Glycans in cancer progression. Glycobiology.
18:750–760.

Lau KS, Partridge EA, Grigorian A, Silvescu CI, Reinhold VN, Demetriou M,
Dennis JW. 2007. Complex N-glycan number and degree of branching co-
operate to regulate cell proliferation and differentiation. Cell. 129:123–134.

le Duc Q, Shi Q, Blonk I, Sonnenberg A, Wang N, Leckband D, de Rooij J.
2010. Vinculin potentiates E-cadherin mechanosensing and is recruited to
actin-anchored sites within adherens junctions in a myosin II-dependent
manner. J Cell Biol. 189:1107–1115.

N-Glycosylation networks in oral cancer

589



Le Good JA, Joubin K, Giraldez AJ, Ben-Haim N, Beck S, Chen Y, Schier AF,
Constam DB. 2005. Nodal stability determines signaling range. Curr Biol.
15:31–36.

Lee CH, Hung HW, Hung PH, Shieh YS. 2010. Epidermal growth factor recep-
tor regulates beta-catenin location, stability, and transcriptional activity in
oral cancer.Mol Cancer. 9:64.

Leemans CR, Braakhuis BJ, Brakenhoff RH. 2011. The molecular biology of
head and neck cancer. Nat Rev Cancer. 11:9–22.

Lehle L, Tanner W. 1976. The specific site of tunicamycin inhibition in the for-
mation of dolichol-bound N-acetylglucosamine derivatives. FEBS Lett.
71:167–170.

Lehrman MA, Zhu XY, Khounlo S. 1988. Amplification and molecular cloning
of the hamster tunicamycin-sensitive N-acetylglucosamine-1-phosphate
transferase gene. The hamster and yeast enzymes share a common peptide se-
quence. J Biol Chem. 263:19796–19803.

Lennon K, Bird A, Chen Y-F, Pretel R, Kukuruzinska MA. 1997. The dual role
of mRNA half-lives in the expression of the yeast ALG7 gene. Mol Cell
Biochem. 169:95–106.

Lennon K, Pretel R, Kesselheim J, te Heesen S, Kukuruzinska MA. 1995.
Proliferation-dependent differential regulation of the dolichol pathway genes
in Saccharomyces cerevisiae. Glycobiology. 5:633–642.

Ligon LA, Karki S, Tokito M, Holzbaur ELF. 2001. Dynein binds to beta-
catenin and may tether microtubules at adherens junctions. Nature Cell
Biology. 3:913–917.

Ling YH, Li T, Perez-Soler R, Haigentz M, Jr. 2009. Activation of ER stress
and inhibition of EGFR N-glycosylation by tunicamycin enhances suscepti-
bility of human non-small cell lung cancer cells to erlotinib. Cancer
Chemother Pharmacol. 64:539–548.

Liu G, Sengupta PK, Jamal B, Yang HY, Bouchie MP, Lindner V, Varelas X,
Kukuruzinska MA. 2013. N-Glycosylation Induces the CTHRC1 protein
and drives oral cancer cell migration. J Biol Chem. 288:20217–20227.

Liwosz A, Lei T, Kukuruzinska MA. 2006. N-Glycosylation affects the molecu-
lar organization and stability of E-cadherin junctions. J Biol Chem.
281:23138–23149.

Lui VW, Hedberg ML, Li H, Vangara BS, Pendleton K, Zeng Y, Lu Y, Zhang Q,
Du Y, Gilbert BR, et al. 2013. Frequent mutation of the PI3K pathway in head
and neck cancer defines predictive biomarkers. Cancer Discovery. 3:761–769.

Ma J, Saito H, Oka T, Vijay IK. 1996. Negative regulatory element involved in
the hormonal regulation of GlcNAc-1-P transferase gene in mouse
mammary gland. J Biol Chem. 271:11197–11203.

MacDonald BT, Tamai K, He X. 2009. Wnt/beta-catenin signaling:
Components, mechanisms, and diseases. Dev Cell. 17:9–26.

Maeda O, Usami N, Kondo M, Takahashi M, Goto H, Shimokata K, Kusugami
K, Sekido Y. 2004. Plakoglobin (gamma-catenin) has TCF/LEF family-
dependent transcriptional activity in beta-catenin-deficient cell line.
Oncogene. 23:964–972.

Maher MT, Flozak AS, Stocker AM, Chenn A, Gottardi CJ. 2009. Activity of
the beta-catenin phosphodestruction complex at cell-cell contacts is
enhanced by cadherin-based adhesion. J Cell Biol. 186:219–228.

Maiden SL, Hardin J. 2011. The secret life of alpha-catenin: Moonlighting in
morphogenesis. J Cell Biol. 195:543–552.

Mandal M, Myers JN, Lippman SM, Johnson FM, Williams MD, Rayala S,
Ohshiro K, Rosenthal DI, Weber RS, Gallick GE, et al. 2008. Epithelial to
mesenchymal transition in head and neck squamous carcinoma: Association
of Src activation with E-cadherin down-regulation, vimentin expression, and
aggressive tumor features. Cancer. 112:2088–2100.

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, Brooks M,
Reinhard F, Zhang CC, Shipitsin M, et al. 2008. The epithelial-mesenchymal
transition generates cells with properties of stem cells. Cell. 133:704–715.

Marek KW, Vijay IK, Marth JD. 1999. A recessive deletion in the
GlcNAc-1-phosphotransferase gene results in peri-implantation embryonic
lethality. Glycobiology. 9:1263–1271.

Massague J. 2008. TGFbeta in cancer. Cell. 134:215–230.
Mays RW, Nelson WJ, Marrs JA. 1995. Generation of epithelial cell polarity:

Roles for protein trafficking, membrane-cytoskeleton, and E-cadherin-
mediated cell adhesion. Cold Spring Harb Symp Quant Biol. 60:763–773.

Meissner JD, Naumann A, Mueller WH, Scheibe RJ. 1999. Regulation of
UDP-N-acetylglucosamine:dolichyl-phosphate
N-acetylglucosamine-1-phosphate transferase by retinoic acid in P19 cells.
Biochem J. 338(Pt 2):561–568.

Mendelsohn R, Cheung P, Berger L, Partridge E, Lau K, Datti A, Pawling J,
Dennis JW. 2007. Complex N-glycan and metabolic control in tumor cells.
Cancer Res. 67:9771–9780.

Mendelsohn RD, Helmerhorst EJ, Cipollo JF, Kukuruzinska MA. 2005. A
hypomorphic allele of the first N-glycosylation gene, ALG7, causes mito-
chondrial defects in yeast. Biochim Biophys Acta. 1723:33–44.

Motahhary P, Baghaie F, Mamishi S, Pourakbari B, Mahmoudi S, Shakib PA.
2012. Mutational Status of FGFR3 in Oral Squamous Cell Carcinoma. J
Dentistry. 9:7–13.

Nejsum LN, Nelson WJ. 2007. A molecular mechanism directly linking
E-cadherin adhesion to initiation of epithelial cell surface polarity. J Cell
Biol. 178:323–335.

Nemade RV, Bierie B, Nozawa M, Bry C, Smith GH, Vasioukhin V, Fuchs E,
Hennighausen L. 2004. Biogenesis and function of mouse mammary epithelium
depends on the presence of functional alpha-catenin.Mech Dev. 121:91–99.

Nita-Lazar M, Noonan V, Rebustini I, Walker J, Menko AS, Kukuruzinska MA.
2009. Overexpression of DPAGT1 leads to aberrant N-glycosylation of
E-cadherin and cellular discohesion in oral cancer. Cancer Res. 69:5673–5680.

Nita-Lazar M, Rebustini I, Walker J, Kukuruzinska MA. 2010. Hypoglycosylated
E-cadherin promotes the assembly of tight junctions through the recruitment
of PP2A to adherens junctions. Exp Cell Res. 316:1871–1884.

Onder TT, Gupta PB, Mani SA, Yang J, Lander ES, Weinberg RA. 2008. Loss
of E-cadherin promotes metastasis via multiple downstream transcriptional
pathways. Cancer Res. 68:3645–3654.

Park EH, Kim S, Jo JY, Kim SJ, Hwang Y, Kim JM, Song SY, Lee DK, Koh SS.
2013. Collagen triple helix repeat containing-1 promotes pancreatic cancer
progression by regulating migration and adhesion of tumor cells.
Carcinogenesis. 34(3):694–702.

Partridge EA, Le Roy C, Di Guglielmo GM, Pawling J, Cheung P,
Granovsky M, Nabi IR, Wrana JL, Dennis JW. 2004. Regulation of cyto-
kine receptors by Golgi N-glycan processing and endocytosis. Science.
306:120–124.

Pinho SS, Figueiredo J, Cabral J, Carvalho S, Dourado J, Magalhaes A, Gartner F,
Mendonca AM, Isaji T, Gu J, et al. 2013. E-cadherin and adherens-junctions
stability in gastric carcinoma: Functional implications of glycosyltransferases
involving N-glycan branching biosynthesis, N-acetylglucosaminyltransferases
III and V. Biochim Biophys Acta. 1830:2690–2700.

Pinho SS, Oliveira P, Cabral J, Carvalho S, Huntsman D, Gartner F, Seruca R,
Reis CA, Oliveira C. 2012. Loss and recovery of Mgat3 and GnT-III
mediated E-cadherin N-glycosylation is a mechanism involved in
epithelial-mesenchymal-epithelial transitions. PLoS ONE. 7:e33191.

Pinho SS, Reis CA, Paredes J, Magalhaes AM, Ferreira AC, Figueiredo J,
Xiaogang W, Carneiro F, Gartner F, Seruca R. 2009. The role of
N-acetylglucosaminyltransferase III and V in the post-transcriptional modifi-
cations of E-cadherin. Hum Mol Genet. 18:2599–2608.

Polakis P. 2000. Wnt signaling and cancer. Genes Dev. 14:1837–1851.
Polyak K, Weinberg RA. 2009. Transitions between epithelial and mesenchy-

mal states: Acquisition of malignant and stem cell traits. Nat Rev Cancer.
9:265–273.

Pretel R, Lennon K, Bird A, Kukuruzinska MA. 1995. Expression of the first
N-glycosylation gene in the dolichol pathway, ALG7, is regulated at two
major control points in the G1 phase of the Saccharomyces cerevisiae cell
cycle. Exp Cell Res. 219:477–486.

Prime SS, Davies M, Pring M, Paterson IC. 2004. The role of TGF-beta in epi-
thelial malignancy and its relevance to the pathogenesis of oral cancer (part
II). Crit Rev Oral Biol Med. 15:337–347.

Prince ME, Sivanandan R, Kaczorowski A, Wolf GT, Kaplan MJ, Dalerba P,
Weissman IL, Clarke MF, Ailles LE. 2007. Identification of a subpopulation
of cells with cancer stem cell properties in head and neck squamous cell car-
cinoma. Proc Natl Acad Sci USA. 104:973–978.

Rajasekaran AK, Hojo M, Huima T, Rodriguez-Boulan E. 1996. Catenins and
zonula occludens-1 form a complex during early stages in the assembly of
tight junctions. J Cell Biol. 132:451–463.

Rajput B, Muniappa N, Vijay IK. 1994. Developmental and hormonal regula-
tion of UDP-GlcNAc:dolichol phosphate GlcNAc-1-P transferase in mouse
mammary gland. J Biol Chem. 269:16054–16061.

Regis S, Dagnino F, Caroli F, Filocamo M. 2002. Genomic structure of the
human UDP-GlcNAc:dolichol-P GlcNAc-1-P transferase gene. DNA Seq.
13:245–250.

Rine J, Hansen W, Hardeman E, Davis RW. 1983. Targeted selection of recom-
binant clones through gene dosage effects. Proc Natl Acad Sci USA.
80:6750–6754.

Rini J, Esko J, Varki A. 2009. Glycosyltransferases and glycan-processing
enzymes. In: Varki A, Cummings RD, Esko JD, Freeze HH, Stanley P,
Bertozzi CR, Hart GW, Etzler ME, editors. Essentials of Glycobiology. Cold
Spring Harbor (NY): Cold Spring Harbor Press.

X Varelas et al.

590



Rothenberg SM, Ellisen LW. 2012. The molecular pathogenesis of head and
neck squamous cell carcinoma. J Clin Invest. 122:1951–1957.

Rudiger M. 1998. Vinculin and alpha-catenin: Shared and unique functions in
adherens junctions. Bioessays. 20:733–740.

Sandulache VC, Ow TJ, Pickering CR, Frederick MJ, Zhou G, Fokt I,
Davis-Malesevich M, Priebe W, Myers JN. 2011. Glucose, not glutamine, is
the dominant energy source required for proliferation and survival of head
and neck squamous carcinoma cells. Cancer. 117:2926–2938.

Sano D, Xie TX, Ow TJ, Zhao M, Pickering CR, Zhou G, Sandulache VC,
Wheeler DA, Gibbs RA, Caulin C, et al. 2011. Disruptive TP53 mutation is
associated with aggressive disease characteristics in an orthotopic murine
model of oral tongue cancer. Clin Cancer Res. 17:6658–6670.

Schipper JH, Frixen UH, Behrens J, Unger A, Jahnke K, Birchmeier W. 1991.
E-cadherin expression in squamous cell carcinomas of head and neck:
Inverse correlation with tumor dedifferentiation and lymph node metastasis.
Cancer Res. 51:6328–6337.

Schwitalla S, Fingerle AA, Cammareri P, Nebelsiek T, Goktuna SI, Ziegler PK,
Canli O, Heijmans J, Huels DJ, Moreaux G, et al. 2013. Intestinal tumori-
genesis initiated by dedifferentiation and acquisition of stem-cell-like proper-
ties. Cell. 152:25–38.

Sengupta PK, Bouchie MP, Kukuruzinska MA. 2010. N-Glycosylation gene
DPAGT1 is a target of the Wnt/beta-catenin signaling pathway. J Biol Chem.
285:31164–31173.

Sengupta PK, Bouchie MP, Nita-Lazar M, Yang HY, Kukuruzinska MA. 2013.
Coordinate regulation of N-glycosylation gene DPAGT1, canonical Wnt sig-
naling and E-cadherin adhesion. J Cell Sci. 126:484–496.

Shimizu M, Fukunaga Y, Ikenouchi J, Nagafuchi A. 2008. Defining the roles of
beta-catenin and plakoglobin in LEF/T-cell factor-dependent transcription
using beta-catenin/plakoglobin-null F9 cells.Mol Cell Biol. 28:825–835.

Shiraishi T, Yoshida T, Nakata S, Horinaka M, Wakada M, Mizutani Y, Miki T,
Sakai T. 2005. Tunicamycin enhances tumor necrosis factor-related
apoptosis-inducing ligand-induced apoptosis in human prostate cancer cells.
Cancer Res. 65:6364–6370.

Sontag E. 2001. Protein phosphatase 2A: The Trojan Horse of cellular signal-
ing. Cell Signal. 13:7–16.

Stanley P, Schachter H, Taniguchi N. 2009. N-Glycans. In: Varki A, Cummings RD,
Esko JD, Freeze HH, Stanley P, Bertozzi CR, Hart GW, Etzler ME, editors.
Essentials of Glycobiology. Cold Spring Harbor (NY): Cold Spring Harbor Press.

Stehbens SJ, Paterson AD, Crampton MS, Shewan AM, Ferguson C, Akhmanova
A, Parton RG, Yap AS. 2006. Dynamic microtubules regulate the local concen-
tration of E-cadherin at cell-cell contacts. J Cell Sci. 119:1801–1811.

Stockinger A, Eger A, Wolf J, Beug H, Foisner R. 2001. E-cadherin regulates
cell growth by modulating proliferation-dependent beta-catenin transcrip-
tional activity. J Cell Biol. 154:1185–1196.

Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K, Sivachenko A,
Kryukov GV, Lawrence MS, Sougnez C, McKenna A, et al. 2011. The muta-
tional landscape of head and neck squamous cell carcinoma. Science.
333:1157–1160.

Takeichi M. 1991. Cadherin cell-adhesion receptors as a morphogenetic regula-
tor. Science. 251:1451–1455.

Tang L, Dai DL, Su M, Martinka M, Li G, Zhou Y. 2006. Aberrant expression
of collagen triple helix repeat containing 1 in human solid cancers. Clin
Cancer Res. 12:3716–3722.

Tar K, Birukova AA, Csortos C, Bako E, Garcia JGN, Verin AD. 2004.
Phosphatase 2A is involved in endothelial cell microtubule remodeling and
barrier regulation. J Cell Biochem. 92:534–546.

Timal S, Hoischen A, Lehle L, Adamowicz M, Huijben K, Sykut-Cegielska J,
Paprocka J, Jamroz E, van Spronsen FJ, Korner C, et al. 2012. Gene identifi-
cation in the congenital disorders of glycosylation type I by whole-exome se-
quencing. Hum Mol Genet. 21:4151–4161.

Tkacz JS, Lampen O. 1975. Tunicamycin inhibition of polyisoprenyl
N-acetylglucosaminyl pyrophosphate formation in calf-liver microsomes.
Biochem Biophys Res Commun. 65:248–257.

Twiss F, Le Duc Q, Van Der Horst S, Tabdili H, Van Der Krogt G, Wang N,
Rehmann H, Huveneers S, Leckband DE, De Rooij J. 2012.
Vinculin-dependent Cadherin mechanosensing regulates efficient epithelial
barrier formation. Biol Open. 1:1128–1140.

Vagin O, Tokhtaeva E, Yakubov I, Shevchenko E, Sachs G. 2008. Inverse cor-
relation between the extent of N-glycan branching and intercellular adhesion
in epithelia - Contribution of the Na,K-ATPase beta(1) subunit. J Biol Chem.
283:2192–2202.

Valastyan S, Weinberg RA. 2011. Tumor metastasis: Molecular insights and
evolving paradigms. Cell. 147:275–292.

Varki A, Freeze HH. 2009. Glycans in acquired human diseases. In: Varki A,
Cummings RD, Esko JD, Freeze HH, Stanley P, Bertozzi CR, Hart GW,
Etzler ME, editors. Essentials of Glycobiology. Cold Spring Harbor (NY):
Cold Spring Harbor Press.

Varki A, Kannagi R, Toole BP. 2009. Glycosylation changes in cancer. In: Varki
A, Cummings RD, Esko JD, Freeze HH, Stanley P, Bertozzi CR, Hart GW,
Etzler ME, editors. Essentials of Glycobiology. Cold Spring Harbor (NY):
Cold Spring Harbor Press.

Varki A, Lowe JB. 2009. Biological roles of glycans. In: Varki A, Cummings
RD, Esko JD, Freeze HH, Stanley P, Bertozzi CR, Hart GW, Etzler ME,
editors. Essentials of Glycobiology. Cold Spring Harbor (NY): Cold Spring
Harbor Press.

Vasioukhin V, Bauer C, Degenstein L, Wise B, Fuchs E. 2001. Hyperprolifera-
tion and defects in epithelial polarity upon conditional ablation of alpha-
catenin in skin. Cell. 104:605–617.

Wang D, Su L, Huang D, Zhang H, Shin DM, Chen ZG. 2011. Downregulation
of E-Cadherin enhances proliferation of head and neck cancer through tran-
scriptional regulation of EGFR.Mol Cancer. 10:116.

Wang P, Wang YC, Chen XY, Shen ZY, Cao H, Zhang YJ, Yu J, Zhu JD, Lu
YY, Fang JY. 2012. CTHRC1 is upregulated by promoter demethylation and
transforming growth factor-beta1 and may be associated with metastasis in
human gastric cancer. Cancer Sci. 103:1327–1333.

Ward PS, Thompson CB. 2012. Metabolic reprogramming: A cancer hallmark
even warburg did not anticipate. Cancer Cell. 21:297–308.

Watabe-Hchida M, Uchida N, Imamura Y, Nagafuchi A, Fujimoto K, Uemura
T, Vermeulen S, van Roy F, Adamson ED, Takeichi M. 1998.
Alpha-Catenin-vinculin interaction functions to organize the apical junc-
tional complex in epithelial cells. J Cell Biol. 142:847–857.

Wei Y, Van Nhieu JT, Prigent S, Srivatanakul P, Tiollais P, Buendia MA. 2002.
Altered expression of E-cadherin in hepatocellular carcinoma: Correlations
with genetic alterations, beta-catenin expression, and clinical features.
Hepatology. 36:692–701.

Welply JK, Lau JT, Lennarz WJ. 1985. Developmental regulation of glycosyl-
transferases involved in synthesis of N-linked glycoproteins in sea urchin
embryos. Dev Biol. 107:252–258.

Wend P, Fang L, Zhu Q, Schipper JH, Loddenkemper C, Kosel F, Brinkmann V,
Eckert K, Hindersin S, Holland JD, et al. 2013. Wnt/beta-catenin signalling
induces MLL to create epigenetic changes in salivary gland tumours. EMBO
J. 32:1977–1989.

Wend P, Holland JD, Ziebold U, Birchmeier W. 2010. Wnt signaling in stem
and cancer stem cells. Semin Cell Dev Biol. 21:855–863.

Wheeler SE, Suzuki S, Thomas SM, Sen M, Leeman-Neill RJ, Chiosea SI,
Kuan CT, Bigner DD, Gooding WE, Lai SY, et al. 2010. Epidermal growth
factor receptor variant III mediates head and neck cancer cell invasion via
STAT3 activation. Oncogene. 29:5135–5145.

Wheelock MJ, Johnson KR. 2003. Cadherins as modulators of cellular pheno-
type. Annu Rev Cell Dev Biol. 19:207–235.

Wodarz A, Nathke I. 2007. Cell polarity in development and cancer. Nat Cell
Biol. 9:1016–1024.

Wu ZQ, Li XY, Hu CY, Ford M, Kleer CG, Weiss SJ. 2012. Canonical Wnt sig-
naling regulates Slug activity and links epithelial-mesenchymal transition
with epigenetic Breast Cancer 1, Early Onset (BRCA1) repression. Proc
Natl Acad Sci USA. 109:16654–16659.

Wu X, Rush JS, Karaoglu D, Krasnewich D, Lubinsky MS, Waechter CJ,
Gilmore R, Freeze HH. 2003. Deficiency of UDP-GlcNAc:dolichol phos-
phate N-acetylglucosamine-1 phosphate transferase (DPAGT1) causes a
novel congenital disorder of glycosylation type Ij. Hum Mutat. 22:144–150.

Xu Q, Akama R, Isaji T, Lu Y, Hashimoto H, Kariya Y, Fukuda T, Du Y, Gu J. 2011.
Wnt/beta-catenin signaling down-regulates N-acetylglucosaminyltransferase III
expression: The implications of two mutually exclusive pathways for regula-
tion. J Biol Chem. 286:4310–4318.

Yamamoto S, Nishimura O, Misaki K, Nishita M, Minami Y, Yonemura S, Tarui
H, Sasaki H. 2008. Cthrc1 selectively activates the planar cell polarity pathway
of Wnt signaling by stabilizing the Wnt-receptor complex.Dev Cell. 15:23–36.

Zawacka-Pankau J, Grinkevich VV, Hunten S, Nikulenkov F, Gluch A, Li H,
Enge M, Kel A, Selivanova G. 2011. Inhibition of glycolytic enzymes
mediated by pharmacologically activated p53: Targeting Warburg effect to
fight cancer. J Biol Chem. 286:41600–41615.

Zhang XL, Qu XJ, Vijay IK. 2003. STAT5a regulates the GlcNAc-1-phosphate
transferase gene transcription and expression. Cell Physiol Biochem. 13:85–92.

Zhurinsky J, Shtutman M, Ben-Ze’ev A. 2000. Plakoglobin and beta-catenin:
Protein interactions, regulation and biological roles. J Cell Sci. 113(Pt
18):3127–3139.

N-Glycosylation networks in oral cancer

591



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


