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Regulation of integrin functions by N-glycans
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Integrins are cell surface transmembrane glycoproteins that function as adhesion receptors in cell-ECM interactions and
link matrix proteins to the cytoskeleton. Integrins play an important role in cytoskeleton organization and in the transduction
of intracellular signals, regulating various processes such as proliferation, differentiation, apoptosis, and cell migration.
Although integrin-mediated adhesion is based on the binding of a and 3 subunits to a defined peptide sequence, the
strength of this binding is modulated by various factors including the status of glycosylation of integrin. Glycosylation
reactions are catalyzed by the catalytic action of glycosyltransferases, such as N-acetylglucosaminyltransferase lll, V and
a1, 6 fucosyltransferase, etc., which catalyze the formation of glycosidic bonds. This review summarizes effects of the
posttranslational modification of N-glycans of o331 and o531 integrins on their association, activation and biological

functions, by using biochemical and genetic approaches.
Published in 2004.

Keywords: N-glycosylation, Integrina331, Integrina531, glycosyltransferase, GnT-lll, GnT-V

Introduction

Most of secreted and cell surface proteins are glycosylated. Cell
surface carbohydrates contribute to a variety of interactions be-
tween the cell and its extracellular environment. Because they
are located on the outermost layer of the cell, carbohydrates
are the first molecules to be encountered and recognized by the
other cells, antibodies, invading viruses, and bacteria. Many se-
creted molecules such as hormones and toxins have also been
reported to bind to carbohydrate receptors on the cell surface.
The attached sugar chains have many biological functions, for
example, cell-cell communication, signal transduction, protein
folding and stability [1-3]. Given the role of glycosylation in
biological functions, therefore, it is not surprising that aberrant
glycosylation patterns can serve as markers for certain disease
states including cancer metastasis, development and differenti-
ation [4].

Integrins consist of & and S subunits. Each subunit has a
large extracellular region, a single transmembrane domain and
a short cytoplasmic tail (except for 84 integrin). The N-terminal
domains of the o and B subunits associate to form the in-
tegrin headpiece, which contains extracellular matrix (ECM)
binding site, whereas the C-terminal segments transverse the
plasma membrane and mediate interactions with the cytoskele-
ton and with signaling molecules (Figure 1A). Based on exten-
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sive searches of the human and mouse genomic sequences, 18
a- and 8 B-subunits are known to assemble into 24 integrins.
Among these integrins, 12 members containing 81 subunit have
been found (Figure 1B). Each of these integrins appears to have
a specific, nonredundant function. Genes for the 8 subunits and
the o subunits have been knocked out. Each phenotype is dis-
tinct, and reflects the different roles of the various integrins [5].
In the case of the phenotype of 81 integrin knock-out mice, for
example, preimplantation development is completely blocked.
Recent studies have shown that growth factor-induced prolif-
eration, cell-cycle progression and differentiation require the
adhesion of cells to the ECM, a process that is mediated by
integrins [6,7].

The majority of studies of integrin-mediated signaling events
have been performed on cells that adhere to fibronectin (FN)
through the o581 integrin, one of the best characterized in-
tegrins, that recognize the tripeptide sequence, Arg-Gly-Asp.
This association between FN and «581 integrin is involved
in regulating not only cell adhesion and migration, but also
differentiation and apoptosis [8,9]. On the other hand, an-
other of the major integrins in epithelial cells, «381 integrin,
which mediates adhesion to basement membrane laminins,
preferentially promotes cell migration and prevents apopto-
sis [10-12]. These cell surface integrins are all major carri-
ers of N-glycans. Changes in the N-glycan structures of these
integrins can also affect cell-cell and cell-ECM interactions,
thereby affecting cell adhesion, migration and tumor malig-
nancy [13-15]. In epithelial cells, a shift of N-glycans of in-
tegrin to the highly 81, 6 GlcNAc branched type via catalysis
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Figure 1. The integrin receptors and ECM. (A) Integrins are o heterodimers. Each subunit has a large extracellular region and
a short cytoplasmic tail (except for g4 integrin). The N-terminal domains of the « and g subunits associate to form the integrin
headpiece, which is required for ECM binding, whereas the C-terminal domain mediates interactions with the cytoskeleton and
signaling molecules. It is also clear that integrins synergize with other cell surface receptors including growth factor receptors to
activate several signaling pathways, to affect cell shape, migration, proliferation and differentiation. RTK, receptor tyrosine kinase.
(B) Among 24 integrins which have been identified so far, 12 members of 81 subunit-containing integrin have been found. They
have relative ECM specificities. This review focuses mainly on «381 and «581 integrins.

by N-acetylglucosaminyltransferase V (GnT-V) leads to a de-
crease in cell adhesion, resulting in an increase in both cell
motility and tumorigenicity [16-18]. Conversely, the modi-
fication of N-glycans with a bisecting GlcNAc catalyzed by
N-acetylglucosaminyltransferase III (GnT-III) inhibits ligand
binding ability, subsequently leading to the down-regulation of
integrin-mediated signaling [19]. Although carbohydrate deter-
minants such as sialyl Lewis A and sialyl Lewis X, which are
frequently expressed on human cancer cells, are also involved in
the adhesion of cancer cells to endothelial cells in the hematoge-
nous metastasis of cancer [20], in this review, we will briefly
overview the N-glycan structures of integirns and their related
functions arising from recent studies, which provide insight
into some long-standing questions concerning N-glycosylation
functions.

Structures of N-linked oligosaccharides of the integrins

One of the most frequent biochemical alterations associated
with tumorgenesis and metastasis is an altered expression
and/or structure of cell-associated complex carbohydrates. It is
noteworthy that poly- N -acetyllactosamine structures have been
detected on a variety of cancer cells, and have been shown to
reduce the extent of cell-cell and cell-ECM adhesion. Actually,
31 integrin, which is expressed by human colon carcinoma
cells, is a major carrier of not only oncodevelopmental carbohy-
drate epitopes such as sialyl Lewis A and sialyl Lewis X, but 51,
6 branching N-glycans as well [21]. Based on the amino acid
sequences, both integrin «381 and 561 contain fourteen and

twelve potential asparagine-linked glycosylation sites on each
of the @ and 1 subunits (Figure 2), respectively. Determination
of the structures of N-linked oligosaccharides on integrins had
been believed to be a tedious work, since the purification of an
integrin is difficult, and it is usually obtained in small quan-
tity. However, Takahashi’s group developed a sensitive analyt-
ical method using different properties of HPLC columns, and
overcame this difficulty [22]. Finally, 35 different oligosaccha-
ride structures have been identified in 581 integrin purified
from human placenta, 10 of which were neutral, 6 mono-sialyl,
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Figure 2. Schematic diagram of integrin «5 and 1 subunits.
The potential sites for N-glycosylation are shown. The dark gray
region in the g1 subunit indicates the A domain; the white
region indicates cysteine rich repeats.
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10 di-sialyl, 7 tri-sialyl. The molar ratio of neutral and sialyl
oligosaccharides was 20.8% and 77.7%, respectively, whereas
high mannose-type oligosaccharides composed only 1.5% of
the total. The most predominant structure was the biantennary
di-(2,3)-sialyl fucosyl sugar chains.

The structures of oligosaccharides of integrin 381 from
human ureter epithelium cells (HCV29) were characterized
by means of matrix-assisted laser desorption/ionization mass
spectrometry [23]. Most of the oligosaccharides were com-
plex types with a wide heterogeneity including bi-, tri-, and
tetra-antennary sugar chains, while high mannose-type struc-
tures were minor cmponents. These results, together with an
analysis of oligosaccharides of integrin «581, suggest that the
N-glycosylation of native integrins is fully processed through
the Golgi apparatus. Considering the fact that the oncogenic
transformation of cells causes structural and functional changes
in integrins [24], a complete characterization of the sites to
which carbohydrate chains are attached, as well as structures of
carbohydrate chains on each potential N-linked site, would be
insightful.

N-glycosylation of integrins plays an important role in
their biological functions

Glycosylation can act as a key regulatory switch for protein
activity. This was clearly demonstrated by the discovery that
the activity of the Notch receptor is directly modulated by O-
glycosylation by the Fringe glycosyltransferase, ensuring cor-
rect development in Drosophila [25,26]. A treatment of purified
integrin o581 with N-glycosidase F, also known as PNGase
F, which is an amidase which cleaves between the innermost
GlcNAc and asparagines residures of N-glycans from N-linked
glycoproteins, resulted in the blocking of o581 binding to FN
and the inherent association of both subunits [27], implicating
that N-glycosylation is essential for functional integrin «581.
A growing body of evidence indicates that the presence of
the appropriate oligosaccharide can modulate ¢581 integrin
activation. When human fibroblasts were cultured in the pres-
ence of I-deoxymannojirimycin, an inhibitor of «-mannosidase
II, which prevents N-linked oligosaccharide processing, imma-
ture «581 integrin receptors appeared at the cell surface, and
FN-dependent adhesion was greatly reduced [28]. In fact, an
alteration of expression of N-glycans in 581 integrin could
contribute to the adhesive properties of tumor cells and tu-
mor formation. When NIH3T3 cells were transformed with
the oncogenic Ras gene, the cell spreading on FN was greatly
enhanced due to an increase of 81, 6 GlcNAc branched tri-
and tetra-antennary oligosaccharides in o581 integrins [15].
Similarly, characterization of carbohydrate moieties of integrin
a3B1 from non-metastatic and metastatic human melanoma
cell lines showed that 81, 6 GIlcNAc branched structures
were highly expressed in metastatic cells compared with non-
metastatic cells [24], confirming the notion that the 81, 6 Glc-
NAc branched structure acquires the properties of cancer inva-
sion and metastasis. These cancer-associated glycan chains may
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modulate tumor cell adhesion by affecting the ligand binding
properties of these integrins.

Furthermore, sialylation on non-reducing end of N-glycans
of @581 integrin plays an important role in cell adhesion. It
has been reported that the hyposialylation of 81 integrin con-
tributed to an increase in the extent of FN binding in myeloid
cells, in which the expression of the ST6Gal I sialytransferase
was down-regulated by treatment with phorbol ester [29]. The
similar phenomenon has also been observed in hematopotic or
epithelia cells. The increased sialylation of the 81 integrin sub-
unit was correlated with decreased adhesiveness and metastatic
potential [30-32]. However, on the other hand, the enzymatic re-
moval of o2, 8-linked oligosialic acids in the o5 integrin subunit
expressed in G361 melanoma cells inhibited cell adhesion to
FN [33], supporting the observation that the N-glycans of & and
B integrin subunits play distinct roles in cell-ECM interactions
[34]. Collectively, these findings suggest that the interaction of
integrin o581 with FN is dependent on its N-glycosylation and
the processing status of N-glycans.

The functions of integrins modulated by sugar remodeling

Oligosaccharide heterogeneity presents a challenge not only in
deciphering a structure of interest, but also in identifying the
multiple enzymes that are involved in its biosynthesis. The au-
thors’ group has been interested in tumor-associated changes
in glycoproteins such as y-glutamyltranspeptidase which plays
a major role in the biosynthesis of glutathione [35] and found
that bisecting GlcNAc residues are only found in enzymes puri-
fied from ascites hepatoma AH-66 but not in enzymes purified
from normal rat livers [36]. In order to confirm the underlying
mechanism, we purified and cloned the specific glycosyltrans-
ferase, GnT-III, responsible for producing the bisecting Glc-
NAc [37,38]. Until now, a large number of glycosyltransferases
(about 170 genes) have been cloned as of this writing and some
of their important functions are now understood. The authors’
group has been interested in these glycosyltransferases, which
are involved in the synthesis of branching N-linked sugar chains
in glycoproteins, i.e. GnT-1II, GnT-V [39-41] and « 1, 6 fuco-
syltransferase (Fut8) [42—44] (Figure 3). These three branched
N-glycans, bisecting GlcNAc, 81, 6 GlcNAc branching and
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Figure 3. The authors’ group has been interested in these four
shaded glycosyltransferases, which are involved in the synthesis
of branching N-linked sugar chains in glycoproteins.
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core fucose (a1, 6 fucose), may play crucial roles in the inhi-
bition of cancer metastasis, promotion of cancer invasion and
metastasis, and growth and development, respectively.

The introduction of the bisecting GlcNAc results in the sup-
pression of further processing and the elongation of N-glycans
catalyzed by other glycosyltransferases, since they are not able
to use the bisected oligosaccharide as a substrate [45]. Thus,
GnT-III is generally regarded to be a key glycosyltransferase in
N-glycan biosynthetic pathways. It is interesting to note that the
metastatic capabilities of B16 mouse melanoma cells are down-
regulated by the introduction of the GnT-III gene [46]. This
anti-metastatic effect has been, in part, attributed to the effect
of GnT-III on an increase in E-cadherin-mediated homotypic
adhesion and the suppression of the phosphorylation of the E-
cadherin-B-catenin complex on the cell-cell adhesion [47,48].
Recently, we found that the overexpression of GnT-III inhibited
o581 integrin-mediated cell spreading and migration, and the
phosphorylation of the focal adhesion kinase [19]. The affinity
of the binding of integrin 581 to fibronectin was significantly
reduced as the results of the introduction of the bisecting Glc-
NAc to the a5 subunit. Taken together, the overexpression of
GnT-III inhibits tumor metastasis by at least two mechanisms:
an enhancement of cell-cell adhesion and a down-regulation of
cell-ECM adhesion (Figure 4).

To explore the possible mechanisms involved in increased
B1,6 branched N-glycans on cell surface of metastatic cancer
cells, Guo et al. transfected GnT-V cDNA into human HT1080
cells using retroviral vectors, and found that cell migration to-
ward FN and invasion through the matrigel were both substan-
tially stimulated in cells in which the expression of GnT-V
was induced [17]. Increased branched sugar chains inhibited
the clustering of the integrin «581 and the organization of
F-actin into extended microfilaments in cells plated on FN-
coated plates, confirming the hypothesis that the degree of ad-
hesion of cells to their ECM substrate is a critical factor in
regulating the rate of cell migration, i.e., migration is maxi-
mal under conditions of intermediate levels of cell adhesion
[49].
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Figure 4. Possible mechanisms for the suppression of can-
cer metastasis by the overexpression of GnT-Ill. One is an en-
hancement in cell-cell adhesion by an increase in the stability of
E-cadherin on the cell surface and the suppression of the phos-
phorylation of g-catenin. The other is the down-regulation of
integrin-mediated cell-ECM adhesion.
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Interestingly, these glycosyltransferases appear to selectively
modify some N-glycans, but not entire sugar chains. There was
no detectable expression of §1,6 branched structures on the o5
subunit purified from HT1080 cells before and after induction
of GnT-V, but the branched structures on the 81 subunit were
greatly increased after the induction of GnT-V. In contrast to
the modification by GnT-V, the reactivity of E4-PHA lectin
was greatly enhanced in integring «5 subunit, but was barely
detectable in the 81 subunit purified from GnT-III transfectants.
To study mechanism of these selective modifications would be
interesting.

Effects of N-glycosylation on cross-talk between growth
factor receptors- and integrins-mediated signals

The remodeling of cell surface growth factor receptors and
ECM receptors by modification of their oligosaccharide struc-
tures is associated with the function and biological behavior of
tumor cells. Nerve growth factor has been shown to bind to its
receptor, TrkA, on the surface of PC12 cells, resulting in TrkA
dimerization and phosphorylation [50]. TrkA-mediated neurite
outgrowth and its tyrosine phosphorylation are blocked as the
result of the transfection of GnT-III to PC12 cells, suggesting
that bisecting structures may participate in the regulation of
TrkA functions [51]. It is well known that integrin-mediated
cell adhesion functions cooperatively with growth factor recep-
tors in the control of cell proliferation, cell differentiation, cell
survival, and cell migration in epithelia cells and fibroblasts [7].
Because integrins and growth factor receptors share many com-
mon elements in their signaling pathways, it is clear that there
are many opportunities for integrin signals to modulate growth
factor signals. In fact, integrins enable growth factor signaling
in many cases, that is, normal growth factor signaling does not
occur unless cells are adhered to ECM or other cells through
integrins.

The association of integrins with growth factor receptors is
indicated by co-clustering and co-precipitation studies [52,53].
Not only physical association but also functional cooperation
between integrins and growth factor receptors such as EGF
receptor has been demonstrated. The mitogen-activated pro-
tein (MAP) kinase pathway provided the best characterized
example of this principle, because a number of integrins and
growth factor signals converge at multiple points [54]. Adding
soluble mitogens to cells in suspension triggers the weak or
transient activation of the Erk, compared with strong and sus-
tained Erk activation observed in adherent cells. To examine
whether these synergistic effects are also needed for differenti-
ation, PC12 cells in a serum-free medium were plated on plastic
dishes without an ECM-coating. Treatment with EGF or NGF
alone failed to induce neurite formation in these cells [55], sug-
gesting that the integration of signaling pathways trigged by
receptor tyrosine kinases and integrins are required for the reg-
ulation of PC12 cell differentiation. Interestingly, EGF-induced
neurite outgrowth through the Ras/MAP kinase activation
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pathway, was completely blocked in GnT-III-transfected PC12
cells. The blocking was restored by the overexpression of a con-
stitutively activated mitogen- or extracellular signal-regulated
kinase kinase-1 (MEK1). These observations indicate that the
modulation of N-glycan structures of integrins could control
not only cell adhesion, as described above, but growth factor-
mediated signals as well.

Many recent studies indicate that integrins are associated
with various members of the tetraspanin family such as CD9
and CD82 [56]. Integrin @3 or «5 subunit associated with
tetraspanin CD9 or CD82 strongly affect cell motility and may
control cell malignancy. The formation of complexes of in-
tegrins and tetraspanin is affected by the N-glycosylation of
both integrin and tetraspanins, as well as by gangliosides in
the microdomain [57]. CD82 with complete N-glycosylation
reduces its association with «3 or a5 integrin, whereas CD§2
with incomplete N-glycosylation enhances their associations
[58]. Conversely, the association of CD9 with the o3 or 5 in-
tegrin subunits is not influenced by N-glycosylation, since CD9
contains no N-glycosylation sites.

Future perspectives

It is well known that a large number of proteins undergo post-
translational modification with corresponding changes in their
structures and functions. Among the various posttranslational
modification reactions of proteins, glycosylation is the most
abundant, and nearly 50% of all proteins are thought to be gly-
cosylated. As described above, modulation of the N-glycans of
these integrins could significantly alter their biological func-
tions including cell spreading, migration as well as signaling
transduction. Integrins contain multiple potential N-linked gly-
cosylation sites on each of o or B subunit, so it is essentially
important to identify which sites of these integrins are occu-
pied with N-glycans, which N-glycans are required for their
functions, as well as which N-glycans are participated in asso-
ciation with other molecules such as growth factor receptors,
for unraveling molecular mechanism of the inhibition of tumor
metastasis, such as regulated by GnT-II1.
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