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FIGURE 4. Comparison of actin stress fiber formation among various
transfectants spread on FN, Cells were detached and then replated on cov-
erslips that had been pre-coated with 20 ug/ml FN in PBS and blocked with a
1% BSA as described under “Materials and Methods.” After incubation for 2 h,
cells were fixed, permeabilized, and then visualized with phalloidin-Alexa 549
(actin) and GFP tag (a5 integrin), respectively. The bar is 10 um.

not the A1-5 mutant or the mock control (Fig. 4). These find-
ings strongly suggest that N-glycosylation on the 8-propeller of
integrin o5 is essential for integrin a5-mediated cell spreading,
migration, and cytoskeletal formation.

N-Glycosylation on B-Propeller of a5 Subunit Is Essential for
Its Expression on the Cell Surface—To explore the molecular
mechanisms associated with the reduced abilities for cell
spreading and migration in transfectants expressing the A1-5
subunit, we examined the expression levels of each mutant in
total cell lysates or on cell surfaces. As shown in Fig. 54, each
mutant expressed comparable levels of a5 subunit, as con-
firmed by the use of an anti-integrin «5 antibody. It was also
clear that each domain of the a5 subunit carries N-glycans,
because the band for each mutant migrated faster than that for
the WT, Moreover, after treatment with N-glycosidase F, all
bands of the mutated or WT a5 subunits shifted to around 90
kDa under reducing conditions (data not shown). On the other
hand, the expression levels of a5 subunits on the cell surface
were examined by biotinylating the cell surface. Biotin-labeled
cells were lysed and immunoprecipitated with an anti-a5 sub-
unit antibody. Surprisingly, the expression level of the A1-5
mutant on the cell surface was significantly decreased, com-
pared with those of the WT as well as the A6-14 mutant (Fig.
5B). It is important to note that the expression level of the $3-5
mutant was comparable with that of WT, suggesting that
N-glycosylation on the SB-propeller of the o5 subunit may be
essential for its expression on a cell surface. These phenomena
were also observed for 293T cells transfected with all of these
mutants.

N-Glycosylation on B-Propeller Is Required for /3 Hetero-
dimerization—It has been reported that functional integrin
a51 is required for not only the heterodimerization of a5 and
1 subunits (4) but also for the maturation of N-glycans on the
integrin (33). Here we investigated the heterodimeric forma-
tion of a5 and B1 subunits by immunoprecipitation and an
immunostaining assay. The a subunits expressed in WT,
A6-14, and the S3-5 transfectants were clearly observed in
integrin B1 immunocomplexes. However, the o subunits

33262 JOURNAL OF BIOLOGICAL CHEMISTRY

expressed by Al-5 or vector control cells were under the
detectable levels in integrin 81 immunocomplexes (Fig. 5C).
The 1 subunits expressed in WT, A6—-14, and $3-5, but not in
the Al1-5 transfectants, were consistently detected in &5 immu-
nocomplexes (Fig. 5D). Surprisingly, the levels of B1 subunits
expressed in total cell lysates of the Al1-5 and GFP control
transfectants were significantly decreased, compared with cells
that expressed WT, A6 —14, or $3-5 mutants (Fig. 5E). The phe-
nomenon was also confirmed by co-transfection of a5 (WT,
A6-14, S3-5, or A1-5) plus the B1 subunit in 293T cells. The
findings showed that the expression levels of the 81 integrin in
the A1-5 and GFP control transfectants were reduced, com-
pared with those in the WT, A6 —14, or S3-5 transfectants (data
not shown). The association or dissociation of integrin e and 3
subunits was confirmed by immunostaining. Heterodimer for-
mation of a5 and B1 was clearly observed in WT, A6-14, or
$3-5, but not the Al-5 transfectants, as shown in Fig. 5F,
arrowheads. Collectively, these results suggest that the N-gly-
cosylation of the B-propeller domain of the a5 subunit is
involved in the formation of af heterodimers.

Effects of N-Glycosylation on B-Propeller of a5 on Post-trans-
lational Processing and Stability for B1 Integrin—To elucidate
the underlying mechanisms of impaired «f heterodimer for-
mation and the decreased expression of the 81 subunitin A1-5,
the kinetics of the biosynthesis of the a5 and 81 subunits in WT
and the mutant transfectants were examined by a pulse-chase
method. When chased at 0 h, one band of the a5 subunit pre-
cursor was clearly observed in both the WT and Al1-5 mutant
transfectants. The contents of the mature forms of the a5 sub-
unit were progressively increased during chases, reaching a
maximum at over an 8-h chase in the o5 WT transfectants (Fig.
6A, upper panel). Concomitantly, the maturation of the 81 sub-
unit with doublet bands as described in a previous study (34)
was also observed in the WT transfectants. In contrast, the
maturation of the a5 subunit was not detectable in the A1-5
transfectants, even in an 8-h chase (Fig. 64, lower panel). Sur-
prisingly, the immunocomplexes of the «5 subunit completely
lacked the 1 subunit in the mutant transfectants. These results
suggest that the N-glycosylation of the B-propeller may play an
important role in heterodimer formation of & and B subunits in
the ER. On the other hand, when endogenous 81 subunit was
immunoprecipitated with the anti-integrin 81 antibody (7E2),
the precursors of 81 subunits were clearly observed in the both
transfectants at a 0-h chase (Fig. 6B). The a5 subunit was con-
sistently detected in WT but not the Al-5 transfectants, fur-
ther supporting the notion that N-glycosylation of the 8-pro-
peller of &5 subunit is required for heterodimer formation, as
described above. The processing pattern of the B1 subunit pre-
cursor was similar to the a5 subunit, which was gradually con-
verted to the mature form, showing bands shifted up in the WT
transfectants. Such maturation could be not detected in A1-5
mutant cells. Interestingly, the rate of degradation of the Bl
subunit was much faster in the A1-5 mutant cells than in the
WT cells (Fig. 6B). In fact, it has been reported that the excess
B1 integrin could be degraded via the proteasome-dependent
pathway (35, 36). To examine whether this is the case, a protea-
some inhibitor, MG-132, was added to the culture media. In
fact, the degradation of the precursors of the B1 integrin was
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FIGURE 5. Effects of unglycosylation of the &5 subunit on its expression and
association with the 81 subunit. A, total cell lysates from different transfectants
expressing GFP tag as a control, WT, and several unglycosylated mutants as indi-
cated (A1-5, A6-15, and S3-5) were blotted with the anti-integrin o5 antibody
(clone 1). B, biotinylated cells were lysed and immunoprecipitated with the
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efficiently blocked in the presence of MG-132 as observed in
the 8-h chase (Fig. 6B, lower panel). The degradation of the 81
subunit precursor, but not its mature form, was also inhibited
by treatment of WT a5 cells with MG-132 (Fig. 6B, upper
panel). These results clearly demonstrate that N-glycosylation
on the B-propeller domain of the «5 is essential for maturation,
heterodimer formation, and the stability of «5B1 integrin.

Three N-Glycosylation Sites on -Propeller of Integrin a5 Are
Required for Its Functional Expression—To define which one or
two of these three sites are important for a5p1 integrin expres-
sion on the cell surface and its biological functions, we con-
structed some additional mutants as shown Fig. 1, and we then
examined the expression levels on the cell surface by FACS
analysis. The expressions levels of the $3,5 and $4,5 mutants,
but not the $3,4 mutant, on the cell surface were comparable
with that of the S3-5 mutant. Furthermore, in comparing the S3
and S4 mutants, the S5 mutant was expressed at a relative
higher level (Fig. 7B). These results suggest that the site 5 (Asn-
316) plays an important role in the expression of the a5 inte-
grin. Unexpectedly, although there were significant differences
in cell spreading (Fig. 8) as well as functional epitope expres-
sions on the cell surface, as analyzed by FACS using BIIG2, a
functional blocking antibody (Fig. 7, A and B), the total expres-
sion levels on the cell surface were comparable between the
A3-5 mutant and WT. We speculate that the mutation of the
3-5 sites (A3-5) might result in a large conformation change
and/or compensation by N-glycosylation of the putative 1 and 2
sites, which could cause the mutant assembly with 81 subunit
to allow its expression on the cell surface. Although S5 alone
can be efficiently expressed on the cell surface, as shown in Fig.
7C, it is also noteworthy that the mutant may not have biolog-
ical functions that are detected by a cell spreading assay (Fig. 8).
Taken together, these results indicate that the $3-5 mutant
might be the minimum requirement for N-glycosylation of a5
subunit in terms of its functional expression and biological
function, because a mutation in any of these three sites signifi-
cantly affects its biological function.

Association between Calnexin and Unglycosylated Mutant of
B-Propeller—To determine the possible involvement of chap-
erones such as calnexin and calreticulin in the folding of these
mutants, we examined the association of these mutants with
calnexin and calreticulin by co-immunoprecipitation. Calnexin
and calreticulin are ER chaperon proteins that are associated
with the monoglucosidated N-glycans on a misfolded glycopro-

rabbit anti-integrin &5 antibody. The samples were then subjected to 7.5%
SDS-PAGE, and biotinylated proteins were detected as described under
“Materials and Methods." Asterisks and bracket indicate the position of migra-
tion of each cotresponding integrin a5 and B1 subunits, respectively. Cells
were lysed and immunoprecipitated (IP) with the anti-hamster 81 (C) or the
anti-GFP (D) antibody, and immunoprecipitated samples were detected with
the anti-human o5 at reducing conditions or the anti-hamster 81 at nonre-
ducing conditions according to “Materials and Methods.” E, the expression
level of the B1 subunit was detected in total lysates. F, cells suspended in
DMEM without fetal calf serum were replated on coverslips that had been
pre-coated with 20 pg/m! FN. After incubation for 2 h, the cells were replaced
with the normal culture media containing 10% fetal calf serum and then incu-
bated overnight at 37 °C. The cells were stained with the mAb against ham-
ster 81 subunits (7E2) and then visualized with the goat antibody for mouse
lgG-conjugated Alexa 549. Integrin o5 subunit was visualized with GFP.
Arrowheads represent co-localization of @ and B subunits. The bar denotes 10
um. WB, Western blot.
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FIGURE 6. Comparison of expression patterns of a5 and 1 subunits in
WT and A1-5 transfectants by pulse-chase assay. After metabolic labeling
with [*3S]methionine for 30 min, cells were washed with fresh medium and
then chased at the indicated times. The cells expressing WT (upper panel) or
A1-5 (lower panel) of a5 subunits were lysed and immunoprecipitated (/P)
with anti-GFP (A) and anti-B1 integrin antibody (B) at the indicated times.
Open arrows, closed arrows, and arrows marked with star indicate the
migrated position of precursor of &5, 81, and the corresponding mature
forms, respectively. MG-132 is a proteasome inhibitor.

tein to offer the protein an opportunity to fold correctly and
then to be exported out of the ER (37, 38). As shown in Fig. 9,
increases in calnexin binding were clearly observed in these
mutants, compared with that in WT of &5 subunit. In addition,
the highest ratio of calnexin binding was found in A1-5 among
these mutants, suggesting that this mutant was a misfolded pro-
tein and could not escape from the calnexin cyclic machinery to
be exported from the ER. Moreover, it seemed that the ratios of
relative binding of calnexin to these mutants were inversely
correlated with their expression levels on the cell surface. On
the other hand, no association of these mutants with calreticu-
lin could be detected in this study (data not shown). In fact,
several studies have suggested that various glycoproteins may
specifically associate with calnexin or calreticulin, to achieve
folding (37,39 —41). We next examined the localization of these
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mutants, and we found that the localization of the A1-5 mutant
was quite different from that of WT, although similar to that of
calnexin, which is localized in the ER (Fig. 9C), further support-
ing the view that N-glycosylation of B-propeller is important for
its export from the ER to the cell surface. Consistent with this,
the expression level of the A3—5 mutant on the cell surface was
comparable with that of WT as shown in Fig. 7, and the local-
ization of A3-5 was also quite similar to that of WT (data not
shown).

DISCUSSION

In this study, we report for the first time that N-glycosylation
on the B-propeller but not the other domains of the integrin o5
subunit is essential for efficient heterodimer formation, matu-
ration, and integrin-mediated biological function. In fact, the
putative N-glycosylation sites on the B-propeller are com-
pletely conserved in human, mouse, rat, and Xenopus, but this is
not true for the other domains. Although alteration of the oli-
gosaccharide portion on integrin «581 could affect cis- and
trans-interactions caused by GnT-III, «2,6-sialytransferase,
and GnT-V, respectively (19-21), the molecular mechanism
remains unclear. Therefore, a detailed study of N-glycans such
as presented here may be useful in revealing the underlying
mechanisms of the remodeling of N-glycans on integrin a581.
To date, several functional mutation sites have been mapped on
o5 integrin (42), and the present study demonstrates, for the
first time, that mutations within putative N-glycan sites could
also regulate its function. Seales et al. (43) recently reported
that the I-like domain on the B8 subunit, which could be the
partner of the B-propeller of the « subunit, contains N-gly-
cans, supporting the importance of N-glycans on the 3-pro-
peller in this study. Considering that the B-propeller domain
has been postulated to be required for the accurate interac-
tion between o581 integrin and its ligand (44), this study
may shed light on such structural studies.

It has been reported or speculated that N-glycosylation facil-
itates conformational maturation by promoting the glycopro-
tein folding machinery and functions as tags for ER retention
and targeting to the ER-associated degradation pathway (45,
46). Yoshida et al. (46) reported that the F-box protein Fbx2, a
novel ubiquitin ligase, specifically interacted with the precursor
of integrin B1 that contains a high mannose-type oligosaccha-
ride. It is thought that the 81 subunit can associate with de novo
synthesized o subunit, otherwise the excess of noncomplexed
B1 would be either degraded immediately or remain in the ER
(35, 36). We have shown that treatment with MG-132 resulted
in the inhibition of 81 subunit degradation, suggesting that the
reduction of the expression level of the 81 subunit in the A1-5
mutant transfectants was because of degradation probably
through a proteasome pathway. It is clear that the impaired o3
assembly and processing of the a5 subunit was not because of
the down-regulation of mRNA of the B1 integrin, because the
protein expression levels of the 1 subunit in the A1-5 mutants
as shown in pulse-chase experiments (Fig. 6) did not show any
significant changes compared with that in the WT transfec-
tants. The disassembly of o8 was also confirmed by the tran-
sient transfection of the A1-5 mutant, and the 81 subunit in
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FIGURE 8. Comparison of cell spreading on FN for unglycosylated
mutants. Cells were detached and then replated on dishes that had been
pre-coated with 10 ug/ml FN. After incubation for 30 min, cells were fixed
with 3.7% paraformaldehyde. Relative cell spreading was determined by the
percentage of cells spread, with WT as 100%. Data were obtained from three
of independent experiments {(mean values = S.D.).

293T cells (data not shown) further supports the notion that
N-glycosylation on the B-propeller is essential for o3 assembly.

Calnexin is thought to function as a membrane-bound chap-
erone facilitating the assembly of glycoprotein complexes such
as major histocompatibility complex class I, the T cell receptor,
and integrin complexes as well (45). Lenter and Vestweber (47)
reported that the immature 81 subunit, as well as the o6 sub-
unit, transiently associates with a calnexin, prior to the matu-

NOVEMBER 3, 2006+VOLUME 281 +NUMBER 44 23008

ration of the a6 and the 81 subunit, suggesting that a calnexin is
involved in integrin assembly. The loss of «f3 pairing caused by
unglycosylation in this study supports this conclusion. The sig-
nificantly enhanced calnexin binding to the A1-5 mutant could
be due to this mutant being a misfolded protein that cannot
escape from the calnexin cyclic machinery to be exported from
the ER, which was also confirmed by a pattern of localization
shown in Fig. 9C. Conversely, the ratios of calnexin binding to
the a5 subunit were significantly decreased in $3-5 or S5, com-
pared with that in the Al-5 mutant. These results strongly
suggest that site 5 (Asn-316) plays an important role in the
assembly of the integrin for its expression on the cell surface.
Although S5 alone could be efficiently expressed on the cell
surface, it did not show any biological function such as cell
spreading. Taken together, this study clearly showed that these
three N-glycosylation sites (S3-5) in the B-propeller play impor-
tant roles not only in its expression but also its biological func-
tions. Although the effects of N-glycosylation on integrin o5 are
complicated, it would be very important for studies of the
molecular structure of the integrin.

Considering that the three sites (3—5 sites) are sufficiently
close, either 10 or 9 residues to the neighboring N-glycosylation
site, there might exist in these three sites a cross-competition
for the transferase complexes as described by Karamyshev et al.
(48). We examined the bands of these mutants migrated on
SDS-PAGE by Western blotting, and we found that there were
no band shifts among the $3,4, 4,5, and $3,5 mutants, except
for the S3-5 mutant {(data not shown), suggesting that no appar-
ent competition exists for the transferase complex in the three
sites of a5 subunit.
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An analysis of crystal structure of integrins appears to be a
challenge. However, the crystal structure of integrin oV33 has
been successfully revealed, and the main contact between the
oV and 83 subunit is the B-propeller on the o and A domain on
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B3 with hydrophobic, ionic, and mixed contacts (49, 50).
Because the o5 subunit has a 47% homology to aV, Mold et al.
(51) performed a homology modeling structure of a581. Based
on the model, the o5 subunit seems to be surrounded by N-gly-
cans. We therefore speculate that the structural environment of
the «f3 interfaces could be affected by the presence of N-gly-
cans. In fact, it has been reported that the dissociation of the o3
heterodimer occurs when a5f1 is deglycosylated by treatment
with N-glycosidase F and that N-glycan was required for its
normal expression on the cell surface, as confirmed by using of
tunicamycin (15). Another possible mechanism for the involve-
ment of N-glycan in the «f interaction is that an unknown
lectin domain may exist on the 8 subunit, because the lectin
domain of «Mf2 integrin is associated with GlcNAc on the
nonreducing terminal of sugar chains on chilled platelets for its
phagocytosis (52, 53).

Detailed structural studies of integrins have been consis-
tently hampered because of the small amounts of purified pro-
tein available, the large size and the conformational flexibility of
integrins, and the presence of transmembrane domains and
N-linked glycosylation sites in both receptor subunits. To date,
no atomic resolution structure is available for integrin a581, the
non-Idomain integrin. It has been reported recently that the struc-
tures of N-glycan on integrin a531 may be present in a site-specific
and dependent manner (54). Therefore, we believe that mutants of
the o5 subunit, such as $3-5 or S5, might be useful for a crystal
structural study in the future.

In conclusion, this study clearly reports, for the first time,
that N-glycosylation on the B-propeller domain of the a5 sub-
unit is essential for the «f dimer formation and its biological
function, and might also shed light on structure-based molec-
ular mechanism study.
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Decoding sugar functions by identifying target glycoproteins
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Identification of the glycosyltransferase genes that are involved
in the biosynthesis of glycoconjugates has opened up new
avenues in glycobiology, the decoding of the function of sugar
chains. Specific biosynthesis of branched N-glycan structures
by glycosyltransferases functionally modifies target
glycoproteins, as observed in the recognition of cancer cells. A
mouse model with a specific defect in a1-6 fucosylation
showed emphysema-like changes of the lung and severe
degradation of lung alveoli that derived from the dysregulation
of signaling through the transforming growth factor-f receptor.
Functional glycomics and the identification of target proteins
will provide a new way to elucidate the nature of disease in the
post-genomic era.
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Introduction

It is well known that half of all known proteins are
glycosylated. Deciphering the function of the sugar
chains of glycoproteins is an important focus in the
post-genomic era. In addition, although targeting the
genes of the individual glycosyltransferases that bio-
synthesize sugar chains has revealed various phenotypic
changes [1°], few of the actual target proteins, namely the
glycoproteins that are directly associated with the phe-
notypic changes, have been identified. The same is true
for patients with congenital disorders of glycosylation
(CDGs), even though mutation or lack of a certain gly-
cosyltransferase gene has been identified as one of the
causes [2°°]. This review focuses on recent findings con-
cerning the function of branched N-glycan structures, as
revealed by the manipulation of glycosyltransferase
genes, with some examples of the identification of target
glycoproteins.

Three glycosyltransferase genes involved in
the biosynthesis of branched N-glycans

We have focused our work on the glycosyltransferases
that are involved in the biosynthesis of branched V-glycan
structures, and have successfully purified each enzyme to
homogeneity and cloned each gene [3-6].

By identifying target proteins with branched sugar chains,
the enzymatic products of such glycosyltransferases have
been shown to have specific functions. This review
focuses mainly on three enzymes, N-acetylglucosaminyl-
transferase III (GnT-1I1), N-acetylglucosaminyltransfer-
ase V (GnT-V) and a1-6 fucosyltransferase (Fut8). Each
glycosyltransferase produces a $1-4 bisecting GlcNAc, a
81-6 branching GlcNAc and an a1-6 fucose, respectively
(Figure 1).

Identification of target proteins for
glycosyltransferases

Target proteins with the B1-6 branching GlcNAc
structure

A relationship between the formation of the B1-6
GlcNAc branching structure and cancer metastasis has
been reported by several groups [7-9]. Transcriptional
factors from the Ets family play a major role in the
expression of the GnT-V gene, and oncogenes such as
ras, src and ErbB2 are involved in the regulation of the
gene [10-14].

A deficiency of GnT-V lowers T-cell activation thresh-
olds by directly enhancing T'-cell receptor (T'CR) cluster-
ing [15]. When Gn'T-V-deficient mice are mated with
tumorigenic mice, tumor growth and metastasis are
severely suppressed, suggesting that Gn'T-V is essential
for tumor metastasis [16]. GnT-V null mice embryonic
fibroblasts (MEFs) displayed enhanced adhesion to and
spreading on fibronectin-coated plates, with concomitant
inhibition of cell migration. Moreover, galectins, proteins
that are known to modulate T-cell proliferation and
apoptosis, regulate receptor endocytosis. As galectin 3
binds to polylactosamine structures that are extended
from B1-6 GlcNAc chains of growth factor receptors,
GnT-V activity is involved in the regulation of receptor
endocytosis. GnT-V knockout (KO) cells display defi-
ciencies related to endocytosis [17]. MEFs from Gn'T-V
null mice showed enhanced integrin clustering and acti-
vation of integrin a5B1 transcription by protein kinase C
(PKC) signaling; this in turn up-regulated the levels of
cell-surface fibronectin receptors for a5B1, resulting in
increased matrix adhesion and inhibition of cell migration
[17,18]. A decrease in B1-6 GlcNAc branching of a5p1
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The activities of three glycosyltransferases. GnT-lll, GnT-V and Fut8 produce a p1-4 bisecting GlcNAc, a B1-6 branching GlcNAc and an «1-6
fucose, respectively. These enzymes synthesize the branched structures of N-linked sugar chains. Possible target proteins are indicated.

integrins is directly linked to cisplatin resistance in neck
and head tumor cells [19].

Different types of mechanisms exist for cancer metastasis
[20]. We identified a matriptase, a metal-dependent ser-
ine protease, as a target glycoprotein for Gn'T-V in gastric
cancer cells [21,22]. Matriptase has four asparagine resi-
dues that could be targets for glycosylation by GnT-V.
Glycosylation of Asn772 by Gn'T-V mainly contributes to
resistance to autolysis and trypsin digestion, resulting in a
constitutively active form [23,24]. This may enhance
cancer invasion and metastasis because matriptase con-
verts proforms of hepatocyte growth factor (HGF) and
urokinase-type plasminogen activator (uTA) to active
forms that are involved in the regulation of metastatic
migration of cancer cells. Thus, GnT-V participates in
cancer metastasis.

Gn'T-V deletion mutants that lack catalytic activity retain
the ability to induce the release of fibroblast growth factor
2 (FGF2), an angiogenic growth factor that contributes to
the formation of blood vessels. These data suggest that
Gn'T-V has bifunctional properties and that the angio-
genic-factor-releasing function is separate from its glyco-
syltransferase activity [25]. Moreover, Gn'T-V is cleaved

by protease(s), including y-secretase, and then released in
a soluble form that promotes angiogenesis [26]. GnT-V
has a heparin-binding region with primary amino acid
sequence KRKRKK; this sequence is commonly found in
angiogenic factors such as vascular endothelial growth
factor (VEGF) and heparin-binding EGF-like growth
factor (HB-EGF). Thus, the cleaved form of GnT-V
competes with other proteins through the heparin-bind-
ing region and may cause the release of angiogenic growth
factors.

Target proteins with the $1-4 bisecting GIcNAc
structure

GnT-1II and GnT-V act on the same substrate; once
GnT-III synthesizes a bisecting GlcNAc structure,
Gn'T-V cannot act on such bisected precursors [5,26~
28]. Therefore, introducing the GnT-I1I gene results in
not only gain of bisecting GlcNAc structure but also loss
of B1-6 GlcNAc branching structure. Melanoma cells that
overexpress Gn'T-1II barely form a metastatic region in
lungs following injection into immunologically compati-
ble, syngeneic, mice [20]. Thus, Gn'T-1II tends to com-
pete with Gn'T-V, resulting in inhibition of metastasis.
Interestingly, in the spleen, GnT-III overexpressed in
erythroleukemia cells (K562) shows CD44-mediated
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adhesion to hyaluronan, although wild-type K562 cells are
rejected through recognition by natural killer (NK) cells
in the spleen [29,30].

E-cadherin, a homophilic adhesion molecule, was identi-
fied as a target protein to which a bisecting GlcNAc was
added. Overexpression of GnT-III in melanoma cells
contributes to the stability of E-cadherin on the surface
of the cell, as it prevents the degradation of E-cadherin.
Thus, E-cadherin becomes resistant to proteolysis and
remains on the cell-cell border after modification (sugar
remodeling). Overexpression of GnT-1II suppresses
metastatic cell invasion in the lungs [20,31]. Different
mechanisms exist in human cancer cells that explain this.
Glycosylation of E-cadherin by Gn'T-111 leads to a reduc-
tion in the phosphorylation of B-catenin following stimu-
lation by EGF or Src. Therefore, $-catenin works as a
physiological glue that continuously maintains a tight
complex with E-cadherin; this prevents the initiation
of cancer cell migration leading to metastasis [32]. It
may also enhance the homophilic interactions of E-cad-
herin and contribute to the suppression of cancer
metastasis.

Transfection of the GnT-III gene also resulted in the
alteration of various functions of growth factor receptors.
The N-glycans of EGF receptor (EGFR) are involved in
receptor sorting, ligand binding and dimerization. The
addition of a bisecting GIlcNAc to EGFR N-glycans
increases the rate of endocytosis of EGFR [33]. The M-
glycans of T'rk, a high-affinity nerve growth factor receptor,
also affect its function [34]. EGFR, after modification by
Gn'T-111, activates MAP kinase (also known as extracel-
lular signal-regulated kinase; ERK) and PKC [33,35]. This
may lead to the dramatic alteration of biological processes
such as cell growth and apoptosis. Moreover, a deletion
mutant of EGFR at Asn240, an N-glycosylation site,
resulted in spontaneous oligomerization and signaling in
the presence or absence of the EGF ligand [36].

The transfection of GnT-111 was also found to modify the
N-glycans and biological functions of the integrin family
[37°]. Increased bisecting GIcNAc inhibits cell spreading
and the migration of fibronectin, a specific ligand of
integrin aSB1, and focal adhesion kinase phosphorylation.
The modification of integrin N-glycans by bisecting
GlcNAc inhibits its ligand-binding ability, subsequently
leading to the down-regulation of integrin-mediated sig-
naling [38].

N-glycans with a bisecting GlcNAc on target molecules
such as B1 integrin play important roles in the regulation
of neuritogenesis, an initial step in neurite formation [39].
The binding of annexin V to Hsp47 is mediated by a
bisecting GlcNAc oligosaccharide structure; therefore
Hsp47 is an intracellular glycoprotein ligand of annexin
V [40].

Sugar functions of glycoproteins Taniguchi et al. 563

The population of bisecting-GlcNAc-containing N-gly-
cans is substantially increased in cells cultured under
dense conditions compared with those cultured under
sparse conditions. These effects are abolished in E-cad-
herin-deficient cells [41].

Target proteins with core fucose

Glycoproteins modified by Fut8, a unique fucosyltrans-
ferase in mammals, to form al-6 fucose are widely dis-
tributed in tissues and are altered under certain
pathological conditions.

70% of Fut8 KO mice die during the neonatal period and
eventually show emphysema-like degeneration of lung
tissue. The abnormal production of metalloproteinases
(MMPs) has been implicated in the induction of emphy-
sema. The expression levels of MMP-1, -12 and -13 are
greatly increased in Fut8 KO lung tissues, and there is a
decreased level of elastin fibers, Signaling through trans-
forming growth factor-B (TGF-f) receptors, which are o1-
6 fucosylated, negatively regulates MMP expression,
which is a key factor in the regulation of extracellular
matrix (ECM) proteins. Signaling through the TGF-B1
receptor is down-regulated in Fut8 KO mice as ligand
affinity for the receptor is less strong. Therefore, the
degradation of the ECM overwhelms its synthesis, causing
emphysema in Fut8 KO mice. Importantly, the adminis-
tration of exogenous TGF-B1 resulted in significant rescue
of the emphysema-like phenotype, stimulated the forma-
tion of elastin fibers and, concomitantly, reduced MMP-12
expression in Fut8 KO lung tissue [42°°] (Figure 2).

Core fucosylation of N-glycans is required for the binding
of EGF 1o its receptor. The EGF-induced phosphoryla-
tion of EGFR was substantially blocked in Fut8 KO cells.
Consistent with this, EGFR-mediated JNK or ERK acti-
vation was significantly suppressed [43]. These results
indicate that EGFR is a target protein for Fut8. Addi-
tionally, Li ez /. [44] reported that Fut8 KO mice exhibit
reduced expression of trypsinogen due to dysregulation of
signaling via EGFR; this has possible implications for
growth retardation of the KO mice.

Another important role of core fucose is related to tumor
markers, substances produced by cancer cells. Alpha-feto-
protein (AFP) levels are increased in the serum of patients
with a primary hepatoma, and are also increased in patients
with acute and chronic hepatitis and liver cirrhosis. Fuco-
sylated AFP, especially the L3 fraction of AFP that can be
obtained by electrophoretic separation with LCA-lectin
(Iens culinaris agglutinin A lectin), is a specific marker for
primary hepatoma [45]. Fucosylated haptoglobin is a good
marker for pancreatic cancer, but its fucosylation is asso-
ciated with a1-6 as well as «1-3/1-4 linkages [46].

Some NK cells have receptors for the Fe domain of I1gG.
They bind to the Fc portion of IgG antibodies on the
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An example of a target protein with core fucose. Fut8 KO mice develop emphysema-like changes in lung tissue. One of the target proteins of Fut8
was identified as the TGF-8 receptor. The lack of core fucosylation resulted in dysregulation of the TGF-B receptor. TGF-B receptor with core
fucose acts as a negative regulator of MMP gene expression; in the Fut8 KO mice, dysregulated MMP expression led to degradation of ECM
proteins in lung alveoli. Exogenous administration of TGF-B successfully rescued the histological changes of lungs in Fut8 KO mice.

surface of target cells, such as tumor cells, and release
cytolytic components that kill the target cell. This
mechanism of killing is referred to as antibody-dependent
cell-mediated cytotoxicity (ADCQC). It is considered to be
the major mechanism of antibody therapeutics against
tumors, such as trastuzumab (Herceptin®) and rituximab
(Rituxan®), and requires both activation via FeyRIII and
inhibition via FeyRIIB antibody receptors. The addition
of bisecting GlcNAc to the Fc domain of the antibody
leads to an increase in ADCC as a result of an up to 10-20-
fold higher affinity for FCyRIII [47]. In a similar vein, two
groups [48,49] reported the use of Lecl3 cells, a variant
CHO cell line, to produce human IgG1 that is deficient in
the core fucose attached to the Asn297-linked carbohy-
drate. Deletion of the core fucose from IgG1 enhances
ADCC activity by up to 50~100-fold. This indicates that
the core fucose is the major sugar in terms of ADCC
activity and strongly suggests that core fucosylation of /V-
glycans modifies the function of the glycoprotein. The
strategy suggested by these reports should be applicable
to optimizing the ADCC activity of other therapeutic
IgGs and using conditional Fut8 KO mice would be the
best way to develop these antibodies.

Future perspectives

Following the isolation of glycosyltransferase genes, a
promising strategy to elucidate specific functions of
sugar chains is to identify target proteins for

glycosyltransferases. Sugar chains, as reviewed in this
article, modify biological functions of the target protein,
resulting in pathophysiological changes of cells or tissues
[42°°,50,51]. Thus, integrated analyses of sugar chains to
reveal the biological importance of glycosylation will give
further insight into health and disease [52°].
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The core fucosylation («1,6-fucosylation) of glycoprotein is
widely distributed in mammalian tissues. Recently a1,6-fucosy-
lation has been further reported to be very crucial by the study of
al,6-fucosyltransferase (Fut8)-knock-out mice, which shows
the phenotype of emphysema-like changes in the lung and
severe growth retardation. In this study, we extensively investi-
gated the effect of core fucosylation on «3p1 integrin and found
for the first time that Fut8 makes an important contribution to
the functions of this integrin. The role of core fucosylation in
a3p1 integrin-mediated events has been studied by using
Fut8*'* and Fut8 '~ embryonic fibroblasts, respectively. We
found that the core fucosylation of a3f1 integrin, the major
receptor for laminin 5, was abundant in Fut8*'* cells but was
totally abolished in Fu£8~/~ cells, which was associated with the
deficient migration mediated by 381 integrin in Fuz8 '~ cells.
Moreover integrin-mediated cell signaling was reduced in
Fut8~ '~ cells. The reintroduction of Fut8 potentially restored
laminin 5-induced migration and intracellular signaling. Col-
lectively, these results suggested that core fucosylation is essen-
tial for the functions of @381 integrin.

al,6-Fucosyltransferase (Fut8) catalyzes the transfer of a
fucose residue from GDP-fucose to position 6 of the innermost
GleNAc residue of the hybrid and complex types of N-linked
oligosaccharides on the glycoproteins (Fig. 1) (1). Core fucosy-
lation (ee1,6-fucosylation) of glycoprotein is widely distributed
in mammalian tissues and altered under pathological condi-
tions, such as hepatocellular carcinoma and liver cirrhosis (2,
3). A high expression of Fut8 was observed in 33.3% of papillary
carcinoma, and the incidence was directly linked to tumor size
and lymph node metastasis, thus Fut8 expression may be a key
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factor in the progression of thyroid papillary carcinomas (4). It
has also been reported that the deletion of the core fucose from
the IgG1 molecule enhances antibody-dependent cellular cyto-
toxicity activity by up to 50- to 100-fold. This indicates that the
core fucose is an important sugar chain in terms of antibody-
dependent cellular cytotoxicity activity (5). Recently, the phys-
iological functions of the core fucose have been further investi-
gated by our group using analysis of core fucose-deficient mice
(6). The Fut8~'~ mice showed severe growth retardation, and
70% died within 3 days after birth. The surviving mice suffered
from emphysema-like changes in the lung that appear to be due
to the lack of core fucosylation of transforming growth fac-
tor-B1 receptor, which consequently resulted in a marked dys-
regulation of transforming growth factor-B1 receptor activa-
tion and signaling. We also found that the loss of core
fucosylation resulted in the down-regulation of EGF® receptor-
mediated signaling pathway (7). These results together suggest
that core fucose performs the important physiological func-
tions through modification of some important functional
proteins.

Cell-extracellular matrix (ECM) interactions play essential
roles during the acquisition of migration and invasive behavior
of the cells. The integrin family consists of @ and B het-
erodimeric transmembrane receptors for ECM and connects
many biological functions, such as development, the control of
cell proliferation, protection against apoptosis, and malignant
transformation (8). For example, 381 integrin, the major
receptor for laminin 5 (LN5), is widely distributed in almost all
tissues, and a3 knock-out mice have been reported to show the
defects in kidney, lung, and skin (9). It has been reported that
G-like repeats of LN5 constitute the favored ligand for a3$1
integrin, triggering haptotaxis (10). Especially, the G3 domain is
essential for the unique activity of LN5, such as promotion of
cell migration (11). Furthermore, «381 integrin has been pro-
posed to be involved in tumor invasion (12, 13): the interaction

3 The abbreviations used are: EGF, epidermal growth factor; ECM, extracellu-
lar matrix; LN5, laminin 5; FN, fibronectin; COL, collagen; mAb, monocional
antibody; PBS, phosphate-buffered saline; GnT-Ill, N-acetylglucosaminyl-
transferase Ill; GnT-V, N-acetylglucosaminyltransferase V; MEF, mouse
embryonic fibroblast; ERK, extracellular signal-regulated kinase; AAL, Aleu-
ria aurantia lectin; LC, liquid chromatography; MS, mass spectrometry; FT,
Fourier transform; GM3, NeuAca2,3Galf1,4Glc-ceramide.
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FIGURE 1. Reaction pathway for the biosynthesis of core fucose by Futs.
Man, mannose; Fuc, fucose; GDP-Fuc, guanosinediphospho-fucopyranoside;
Asn, asparagine.

of a3B1 integrin with LN5 in exposed basement membrane
provides both a molecular and a structural basis for cell arrest
during pulmonary metastasis (14). In some malignant tumors,
a3p1 integrin is found to be the most predominant integrin
expressed (15), and cell invasion on ECM could be inhibited by
antibodies against a3 integrin (13) and B1 integrin (14). Thus,
a3l integrin, which mediates to laminins of basement mem-
brane, preferentially promotes cell migration and metastasis
(16 -18). Given its various biological functions, @381 integrin,
as one of most important extracellular adhesive molecules,
deserves the more detailed investigation.

It has long been known that various factors can modulate
integrin functions, including the status of glycosylation of inte-
grin (19), the partnerships with tetraspanins, growth factor
receptors (20-22), and the association with ganglioside GM3
(22), and others. Cell surface integrins are all major carriers of
N-glycans, therefore N-glycosylation of integrins plays an
important role in their biological functions (23). For example:
the o3 and B1 subunits expressed by the metastasis human
melanoma cell lines carry 81,6-branched structures, and these
cancer-associated glycan chains may modulate tumor cell
adhesion by affecting the ligand properties of a3B1 integrin
(23). The linkage and expression levels of the terminal sialic acids
of a3B1 integrin play an important role in cell-ECM interactions
(24, 25). An increase in B1,6-GlcNAc sugar chains of 81 integrin
resulted in the stimulation of cell migration and the organization
of F-actin into extended microfilaments in cells plated on
FN-coated plates (26). Moreover, a recent study has shown that
introduction of bisecting GIcNAc into o581 integrin down-regu-
lates cell adhesion and cell migration (27). These previous papers
listed above have shown that the functions of integrins were posi-
tively or negatively regulated by N-glycans catalyzed by GnT-III,
GnT-V, sialyltransferases, and others.

However, until now the effect of core fucosylation on integrin
functions remains unclear. Here, we described studies compar-
ing embryonic fibroblasts from wild-type and Fut8 ™/~ mice to
elucidate the role of core fucosylation in a381 integrin-stimu-
lated events, and our finding for the first time showed that core
fucosylation is required for the functions of @381 integrin.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—A polyclonal antibody against
mouse a3 integrin and functional blocking monoclonal anti-
body (mAb) against a2f1 integrin were obtained from Chemi-

38344 JOURNAL OF BIOLOGICAL CHEMISTRY

con International, Inc. (Temecula, CA). mAbs against o3 inte-
grin, FAK, FAK (pY397), and functional blocking mAbs against
integrin a6 and B1 subunits were from BD Transduction Lab-
oratories (Lexington, KY). A polyclonal antibody against rabbit
ERK1/2 and peroxidase-conjugated goat antibody against rab-
bit IgG were obtained from Cell Signaling (Beverly, MA). A
mouse control IgG was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). A peroxidase-conjugated goat antibody
against mouse IgG was obtained from Promega (Madison, WI),
and biotinylated Aleuria aurantia lectin (AAL) was from Seika-
gaku Corp., Japan.

Cell Culture—Fut8""* and Fut8~'~ mouse embryonic fibro-
blasts (MEFs) and restored cells were previously established in
our laboratory (6). Fut8*/* and Fut8 '~ embryonic fibroblasts
and restored cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum in the
presence of 400 pg/ml Zeocin, and restored cells were main-
tained in Dulbecco’s modified Eagle’s medium in the presence
of 400 ng/ml Zeocin and 400 pg/ml hygromycin.

Western Blot and Lectin Blot Analysis—Cell cultures were
harvested in lysis buffer (20 mm Tris-HCl, pH 7.4, 10 mm
EGTA, 10 mm MgCl,, 1 mm benzamidine, 60 mm S-glycero-
phosphate, 1 mm NaVO,, 20 mm NaF, 2 ug/ml aprotinin, 5
ug/ml leupeptin, 1% Triton X-100, 0.1 mMm phenylmethylsulfo-
nyl fluoride). Cell lysates were centrifuged at 15,000 X g for 10
min at 4 °C, the supernatants were collected, and the protein
concentrations were determined using a BCA protein assay kit
(Pierce). Proteins were then immunoprecipitated from the
lysates using a combination of 2 ug of anti-a3 integrin antibody
and Protein G-Sepharose beads. Immunoprecipitates were sus-
pended in nonreducing buffer, heated to 100 °C for 3 min,
resolved on 7.5% SDS-PAGE, and electrophoretically trans-
ferred to nitrocellulose membranes (Schleicher & Schuell). The
blots were then probed with anti-a3 integrin antibody and bio-
tinylated AAL, respectively. Immunoreactive bands were visu-
alized using a Vectastain ABC kit (Vector Laboratories, Burl-
ingame, CA) and an ECL kit (Amersham Biosciences).

Cell Surface Biotinylation—Cell surface biotinylation was
performed as described previously (28). Briefly, cells were
rinsed twice with ice-cold PBS and then incubated with ice-cold
PBS containing 0.2 mg/ml sulfosuccinimidobiotin (Pierce) for
2 hat4 °C. After incubation, 50 mm Tris-HCI (pH 8.0) was used
for the initial wash to quench any unreacted biotinylation rea-
gent, and the cells were washed three times with ice-cold PBS
and then solubilized in lysis buffer. The resulting cell lysate was
then immunoprecipitated with the anti-a3 integrin antibody as
described above. The biotinylated proteins were visualized
using a Vectastain ABC kit and an ECL kit.

Migration Assay and Functional Blocking Assay—Transwells
(BD Bioscience) were coated with 5 nM of recombinant LN5, as
described previously (29), or 15 nm of human plasma FN, 50
ug/ml collagen I (COL, Sigma) in PBS by an overnight treat-
ment at 4 °C followed by an incubation with 1% bovine serum
albumin for 1 h at 37 °C. Serum-starved cells (2 X 10°) per well
in 500 pl of fetal calf serum-free medium were seeded in the
upper compartment of the plates. After incubation for 3 h, the
cells in the upper chamber of the filter were removed with a wet
cotton swab. Cells on the lower side of the filter were fixed and
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stained with 0.5% crystal violet. Each experiment was per-
formed in triplicate, and counting was done in three randomly
selected microscopic fields within each well. To identify which
specific integrin mediates cell migration on LN5, monoclonal
antibodies against different types of integrins at concentrations
of 10 pg/ml were preincubated individually with fibroblasts for
10 min at 37 °C. Then cells were transferred into Transwells
coated with LN5 and then incubated for 2 h 37 °C. The migrated
cells were then quantified as described above.

Construction of Small Interference RNA Vector and Retrovi-
ral Infection—Small interfering oligonucleotides specific for
integrin o3 subunit were designed on the Takara Bio website,
and the oligonucleotide sequences used in the construction of
the small interference RNA vector were as follows: 5'-GATC-
CGCTATGGAGAATCACACTGATTCAAGAGATCAGTG-
TGATTCTCCATAGCTTTTTTG-3' and 5'-AATTCAAAA-
AAGCTATGGAGAATCACACTGATCTCTTGAATCAGT-
GTGATTCTCCATAGCG-3'. The oligonucleotides were
annealed and then ligated into BamHI/EcoRI sites of the RNAi-
Ready pSIREN-Retro Q vector (Takara Bio). A retroviral super-
natant was obtained by transfection of human embryonic kidney
293 cells using a Retrovirus Packaging Kit Eco (Takara Bio)
according to the manufacturer’s protocol. Embryonic fibroblasts
cells were infected with the viral supernatant, and the cells were
then selected with 15 ug/ml puromycin for 2-3 weeks. Stable a3
integrin knockdown clones were therefore selected.

Tyrosine Phosphorylation Assay of FAK—Serum-starved cells
were detached and held in suspension for 60 min to reduce the
detachment-induced activation and then replated on dishes
coated with LN5 (5 nm) for the indicated times, and the cell
lysates were blotted with anti-phosphotyrosine FAK (pY397)
antibody. Then the equal loading was confirmed by blotting
with an antibody against total FAK.

Purification of 381 Integrin—The purification of &381 inte-
grin was performed as described previously (30). Briefly, con-
fluent cells were detached with TBS(+) (20 mm Tris-HCl, pH
7.5, 130 mm NaCl, 1 mm CaCl,, and 1 mm MgCl,) and washed
with TBS(+). The cell pellets were extracted with 50 mm Tris/
HCl containing 15 mm NaCl, 1 mm MgCl,, 1 mm MnCl,, pH7.4,
and protease inhibitor mixture (Roche Applied Science), 100
mM octyl-B-D-glucopyranoside at 4°C. The cell extract was
applied to an affinity column prepared by coupling 5 mg of GD6
peptide of laminin «1 chain (30) (KQNCLSSRASFRGCVRNL-
RLSR residues numbered 3011-3032, Peptide Institute, Inc.,
Osaka, Japan) to 1 ml of activated CH-Sepharose (Sigma). The
bound «3p1 integrin was eluted with 20 mm EDTA in 50 mm
Tris/HCl, pH 7.4, containing 100 mm octyl- B-p-glucopyrano-
side. The elutes containing &3 81 integrin were further purified
on 1 ml of a wheat germ agglutinin-agarose column (Seikagaku
Corp.) and eluted with 0.2 M N-acetyl-p-glucosamine contain-
ing 100 mm octyl- B-D-glucopyranoside. The purity of the inte-
grin was verified by SDS-PAGE by means of a silver staining kit
(Daichi Pure Chemicals Co., Ltd., Tokyo, Japan).

Analysis of N-Glycan Structure by Liquid Chromatography
(LC/Tandem Mass Spectrometry (MS/MS))—Purified «3f31
integrin was applied to SDS-PAGE and excised from the gel
then cut into pieces. The gel pieces were destained and dehy-
drated with 50% acetonitrile. The protein in the gel was reduced
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FIGURE 2. Effects of deficient core fucosylation on cell migration on LN5
but not on EN. Fut8*/", Fut8~/~, and rescued cells were replated on the
upper chamber coated with LN5 (5 nm), FN {15 nm), or 50 pg/ml COL. Cell
migration was determined using the Transwell assay described under “Exper-
imental Procedures.” A, representative fields on LN5 were photographed
using a phase-contrast microscope. The arrowheads indicate migrated cells.
B, the numbers of migrated cells on LN5, FN, or COL were quantified and
expressed as the means = S.D. from three independent experiments.

and carboxymethylated with dithiothreitol and monoiodoacetic
acid according to the reports described by Kikuchi et al. (31) with
some modifications. N-Glycans were released and extracted from
the gel pieces as reported by Kustar et al. (32). The extracted
oligosaccharides were reduced with NaBH,. LC/MS was per-
formed using a quadrupole liner ion trap-Fourier transform
(FT) ion cyclotron resonance mass spectrometer (Finnigan
LTQ FT™, Thermo Electron Corp., San Jose, CA) connected
to a nanolLC system (Paradigm, Michrom BioResource, Inc.,
Auburn, CA). The eluents were 5 mm ammonium acetate, pH
9.6/2% CH,CN (pump A), and 5 mm ammonium acetate, pH
9.6/80% CH,CN (pump B). The borohydride-reduced N-linked
oligosaccharides were separated on a Hypercarb (0.1 X 150
mm, Thermo Electron Corp.) with a linear gradient of 5-20% of
B in 45 min and 20-50% of B in 45 min. FT-full MS scan (m/z
450-2000) followed by data-dependent MS/MS for the most
abundant ions was performed in both negative and positive ion
modes as described in the previous report (33).

RESULTS

Impaired a3B1 Integrin-mediated Cell Migration Was Found
in Fut8/~ Cells—One of the major functions of @381 integrin
is promotion of cell migration. In some malignant tumors,
a3P1 integrin was found to be the most predominant integrin
expressed (15), and it has made an important contribution to
metastasis (14); therefore, cell motility on different ECMs was
firstly examined by utilizing a Transwell assay. Cells were
applied into the chambers, the bottoms of which had been
coated with LN5, FN, or COL. As shown in Fig. 2 (4 and B),
Fut8™ '™ cells showed impaired migration on LN5 by a decrease
to 44% relative to Fut8/* cells. Consistently, reintroduction of
Fut8 partly restored cell migration by an increase in the per-
centage of migrating cells from 44% to 74%, indicating that core
fucosylation is required for LN5-stimulated cell migration. But
in the case of cell migration on FN, a specific ligand for a581
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FIGURE 3. Cell migration on LN5 was mediated by o331 integrin. A, Fut8*/*, Fut8~/~, and rescued cells were detached, preincubated with mouse control
lgG or function-blocking mAbs against 81, a6, or «231 integrin for 10 min, replated on the upper chamber coated with LN5 (5 nm), and checked by Transwell
assay. Representative fields were photographed using a phase-contract microscope. B, the numbers of migrated cells were quantified and expressed as the
means = S.D. from three independent experiments. C, cell migration of a3-knockdown cells on LN5 (5 nm). Representative fields were photographed using a
phase-contrast microscope. Arrowheads indicate migrated cells. D, quantification of migration of mock and a3-knockdown cells. The numbers of migrated cells
were quantified and expressed as the means = S.D. from three independent experiments. £, a3-knockdown was confirmed by blotting total cell lysates with
anti-a3 antibody (upper panel), and equal loading was confirmed by probing with an antibody against total protein ERK1/2 (lower panel). KD1 and KD2,

a3-knockdown cells.

integrin, the obvious difference among Fut8**, Fut8~/~, and
rescued cells was not found. In addition, the motility of these
three types of cells on COL, a ligand for 181 and o281 inte-
grins, was barely detectable (Fig. 2B). This suggested that a581,
alBl and a2B1 integrins, unlike receptor of laminin 5, may be
not strongly affected by Fut8. So MEF cells may favor LN5 as an
ECM for cell migration. Furthermore, the cell migration on
LNS5 was completely blocked by the presence of function-block-
ing antibodies against S1 but not by a6 or «2f1 integrin anti-
bodies (Fig. 3, A and B), further excluding the involvement of a6
and o231 integrin on LN5-stimulated cell migration. However,
so far the function-blocking antibody against mouse a3 is
unavailable. To definitely confirm the important function of
integrin 3 subunit for the cell migration on LN5, we utilized an
RNA interference strategy to silence a3 in MEF cells. After
retroviral infection, the cells were selected based on their resist-
ance to puromycin as described under “Experimental Proce-
dures.” Expression of @3 but not a5 (data not shown), or other
proteins such as ERK, was effectively down-regulated, com-
pared with those in mock cells (Fig. 3E). We then tested cell
migration on LN5 and found that a3-knockdown resulted in a
significant decreased cell migration compared with mock cells
(Fig. 3, C and D). Together with the data in Fig. 3 (A and B),
these results provided the evidence that in this study the cell
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migration on LN5 was mediated by «381 integrin. This result
was consistent with the view of previous study that @381 inte-
grin is distinct from other integrins and preferentially promotes
cell migration (16). The result above was also supported by the
previous observation that LN5 as well as LN10/11 promoted cell
migration is mainly mediated by 381 integrin, but not «6f1 or
a6P4 integrins (34). However, we cannot definitely exclude the
involvement of syndecan-1 and -4, because it has been reported to
have an interaction with LN5 (35, 36); therefore, they might regu-
late integrin functions in an indirect way. Collectively, these results
suggested that a381 integrin is a key molecule for cell migration on
LNS5 in the embryonic fibroblasts and that core fucosylation regu-
lates @31 integrin-mediated cell migration.

Integrin-stimulated Phosphorylation of FAK Was Reduced in
Fut8™’~ Cells—ECM-integrin signaling events are promi-
nently involved in regulating cell migration (16). In particular,
the protein-tyrosine kinase FAK plays a prominent role in inte-
grin signaling (37-39). To address the effects of Fut8 on @331
integrin-mediated signaling, we examined FAK phosphoryla-
tion in adherent cells on LN5. As shown in Fig. 4, the level of
tyrosine phosphorylation was reduced in the Fut8~/~ cells
compared with Fut8*/* cells, moreover the down-regulation of
phosphorylation in Fut8 ™/~ cells was restored in the rescued
cells, suggesting that deficient core fucosylation was able to neg-
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FIGURE 4. Comparison of tyrosine phosphorylation levels of FAK among
Fut8*'* and Fut8~'~ and rescued cells on LN5. Serum-starved cells were
detached and held in suspension for 60 min to reduce the detachment-in-
duced activation and then replated on dishes coated with LN5 (5 nm) for the
indicated times, and the cell lysates were blotted with anti-phosphotyrosine
FAK antibody to detect the amount of phosphorylation. Then the equal load-
ing was confirmed with an antibody against total protein FAK.

g - 6
P put® ges? wB
200 kDa
a3 :
113 k0 D B AAL-lectin
Bl «— o3 o3 integrin

IP: a3 integrin
FIGURE 5. Glycosylation analysis of a3 1 integrin from Fut8*'*, Futg~'~,
and rescued cells, Whole cell lysates were immunoprecipitated (IP) with
anti-a3 integrin antibody, and the resulting immunocomplexes were sub-
jected to 7.5% SDS-PAGE under nonreducing condition. After electroblotting,
the blots were probed, respectively, by AAL (upper panel) and an anti-a3 inte-
grin antibody (lower panel).

atively regulate o331 integrin-mediated signaling pathway. Con-
siderable evidence implicates FAK in the regulation of cell migra-
tion. Most notably, FAK-deficient cells exhibit poor migration
ability in response to chemotactic and haptotactic migration
(40, 41). Therefore, based on such evidence we suggested that
the deficient signal transduction may account for the deficient
cell migration on LN5 in Fut8 ™/ cells.

Expression of a3B1 Integrin on the Cell Surface Was Not
Influenced by Fut8—Some important glycosyltransferases have
been reported to modify and further regulate the functions of
integrins by modulating the status of glycosylation on them
such as GnT-1II and GnT-V; however, there is no such data so
far to show the relation of Fut8 and integrins. Therefore, in Fig.
5, the fucosylation on 31 integrin among Fut8*"*, Fur8™'",
and rescued cells has been examined by using blotting of &3
integrin-immunoprecipitated lysates with AAL lectin (upper
panel). Equal loadings were verified by blotting with &3 integrin
antibodies (lower panel). As shown in Fig. 5, the levels of core
fucosylation in both «3 and 1 subunits were abolished in
Fut8~ '~ cells consistent with no Fut8 activity in these cells (7),
whereas they were rescued by reintroduction of Fut8, suggest-
ing @381 integrin is the target of Fut8. Furthermore, the effect
of deficiency of core fucosylation on the expression of @381
integrin on the cell surface was also determined, because N-gly-
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IP: a3 integrin

FIGURE 6. Effects of core fucosylation on expression levels of 31 inte-
grin on cell surface, Fut8*/™, Fut8™'~, and rescued cells were biotinylated,
whole lysates were immunoprecipitated (/P) with anti-a3 integrin antibody,
the samples were subjected to 7.5% SDS-PAGE and transferred to a nitrocel-
lulose membrane, and the biotinylated proteins were then detected as
described under “Experimental Procedures.”

cosylation plays an important role in the quality control of the
expression of glycoproteins. The biotinylation of cell surface
proteins followed by immunoprecipitation of o3 integrin was
examined by blotted. As shown in Fig. 6, the expression levels of
a3B1 integrin on the cell surface remained unchanged among
Fut8**, Fut8~ ', and rescued cells, indicating that the expres-
sion of @31 integrin on cell surface was not influenced by Fu8.
Collectively, we suggested that the deficiency of core fucosyla-
tion resulted in the malfunctions of 31 integrin but not its
expression level.

Purified a3B1 Integrin, Rich in Core Fucosylation, Was Shown
by LC/MS/MS—The analysis of glycan structural alteration in
glycoproteins is becoming increasingly important in the discov-
ery of therapies and diagnostic markers (42). To better under-
stand the detailed modification of Fut8 for «3pB1 integrin, we
purified 31 integrin from Fut8*'* and Fut8 '~ cells by using
a GD6 peptide affinity column combined with a wheat germ
agglutinin affinity column. The purity was evaluated by SDS-
PAGE followed by silver staining. Two major bands, migrating
at 150 and 110 kDa on SDS-PAGE under nonreducing condi-
tions (Fig. 7A, inset, right panel), corresponding to the immu-
noreactivity with the anti-a3 and anti-81 antibodies, were
detected, respectively (data not shown). Then we analyzed
N-glycan profiles of purified a3B1 integrin by LC/MS and
LC/MS/MS. The profiles of the N-linked oligosaccharides
extracted from purified 31 integrin of Fut8*'* and Fut8™'~,
respectively, are shown in Fig. 7A4. They were obtained by full
MS scan {m/z 450 ~2000) in the negative ion mode. The FT MS
spectra of the peaks 1-7 (from Fut8"'*) and peaks 1'-7' (from
Fut8 /™) are shown in Fig. 7B, respectively. The structures of
carbohydrates in these peaks could be deduced from the m/z
values of protonated ions obtained by FT MS and data-depend-
ent MS/MS spectra. The oligosaccharides released from o381
integrin of Fut8"'" (peaks 1-7) were assigned to fucosylated
complex and hybrid type oligosaccharides, whereas those
released from «3B1 integrin of Fut8™'~ (peaks 1'-7') were
nonfucosylated forms. The data correspond to that of AAL lec-
tin blot, revealing that 381 integrin derived from Fuz8™*'" is
highly modified by Fu8 and suggesting loss of core fucosylation
will result in the deficiency of @381 integrin function.

DISCUSSION

The physiological importance of fucose modification on pro-
teins has been highlighted by the description of human congen-
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FIGURE 7. Chromatograms of N-linked oligosaccharides extracted from purified o381 integrin from Fut8*'* and Fut8~'~ cells. In A: MS, full MS scan
(m/z 450-2000) in the negative ion mode. LC, pump A, 5 mm ammonium acetate, pH 9.6/2% CH;CN; Pump B, 5 mm ammonium acetate, pH 9.6/80% CH,CN;
column, hypercarb (0.1 X 150 mm); gradient, 5-20% of B (0-45 min) and 20-50% of B (45-90 min). The purity of «381 integrin was verified by silver staining

under nonreducing condition as shown in the right panel of the inset. B, FT MS spectra of N-glycans from purified 381 integrin from Fut8*/* and Fut8~'~ cells.
Peaks 1-7 in Fut8™'* cells, peaks 1'-7' in Fut8~'~ cells, and carbohydrate compositions assigned by m/z values of protonated ions and MS/MS spectra.

A, fucose; @, galactose; O, mannose; B, N-acetylglucosamine; 4, N-acetylneuraminic acid.,
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ital disorders of glycosylation (6). The congenital disorders of
glycosylation-IIc disease is due to lack of the GDP-fucose trans-
porter activity (43, 44), which mainly caused reduced terminal
fucosylation of N-glycans (45, 46), and the core fucosylation is
speculated to be responsible for the phenotype of congenital
disorders of glycosylation-Ilc (6). Recently, the loss of core
fucosylation has been reported to down-regulate transforming
growth factor-B1 receptor and EGF receptor functions, which
is thought to be related to the phenotype of emphysema and
growth retardation of Fuz8 ™/~ mice. In the present study, we
found that the deficient core fucosylation results in the block-
age of @31 integrin-mediated cell migration and cell signaling.
These results showed for the first time that in addition to the
important physiological functions mentioned above, core fuco-
sylation is also essential for the functions of @381 integrin.

Several lines of evidence suggest that N-glycans are required
for integrin activation. An increase in B1,6-branched sugar
chains on a581 integrin by GnT-V promotes cell migration on
EN (26). Although the overexpression of GnT-III has been
reported to inhibit e581 integrin-mediated functions in HeLa
S3 cells (27). It has also been reported that GnT-1Il and GnT-V
can positively and negatively regulate «381 integrin-mediated
cell migration on LN5 (47). The modification of B1 integrin by
sialyltransferase makes this integrin capped with the negatively
charged sugar, sialic acid, and contributes to cell motility and
invasion (25) We found that cell migration on COL was barely
detectable, suggesting that MEFs did not favor COL as an ECM
for cell migration. In fact, we found that different cells may
favor specific ECM for cell migration (27). We also found that
core fucosylation had no significant difference in the cell migra-
tion on FN among wild-type, Fut8-KQO, and rescued cells. This
suggests that al,6-fucose modification has little or only mild
effects on 581 integrin, which is a receptor for FN. Actually,
we previously reported that the introduction of the bisecting
GlcNAc to the a5 subunit resulted in a reduced affinity in the
binding of &581 integrin to FN, therefore resulting in decreased
cell migration (27). Thus, we assumed that the core fucosylation
affected «3 subunit in a similar manner, which caused the
decreased cell migration on LN5. However, the modification of
al,6-fucose to a5 subunit may not affect their binding to FN. As
described before, only N-glycans on some important domains
of integrins, can contribute to the regulation of their functions
(48). For example, the addition of a glycan at the B1 or 83
subunit I-like domains caused an increase in the distance
between the head and stalk domains, therefore inducing the
integrin dimer to adopt a more activated integrin conforma-
tion. Furthermore, it has recently been reported that the N-gly-
cans only located on some specific sites of integrin a5 subunit
play key roles in functional expression (49).

It has been reported that purified 581 integrin from human
placenta and purified @381 integrin from the human ureter
epithelium cell line HCV29 exhibited a highly heterogenous
glycosylation pattern, and >50% of these were fucosylated (50,
51). In this study, the @381 integrin we purified from mouse
embryonic fibroblast carried the bi-, tri-, and tetra-antennary
complex types, and the majority of these were core-fucosylated.
So it is easily postulated that core fucosylation may be impor-
tant to integrin functions due to the abundance of it. However,

DECEMBER 15, 2006 «VOLUME 281 +-NUMBER 50

to our knowledge, no reports showing that core fucosylation
regulates integrin functions have appeared to date. The fact
that integrin-mediated migration and cell signaling were
decreased in Fut8™' cells, and such inhibition was partly res-
cued by re-introduction of the Fut8 gene to Fut8™ /'~ cells,
strongly suggested that core fucosylation is important to 331
integrin, and Fut8, like other important glycosyltransferases,
plays an essential role in the regulation of integrin functions.

Although the precise reason for why the core fucosylation
modifies these molecular functions remains to be elucidated,
we proposed some possible mechanisms: Fuz8 may affect the
cross-talk between growth factor receptors and integrin. It is
well known that integrin mediated functions cooperatively with
growth factor receptors in the control of cell proliferation, cell
differentiation, cell survival, and cell migration in epithelial
cells and fibroblasts (52), because integrins and growth factor
receptors share many common elements in their signaling
pathway (19). PC12 cells in a serum-free medium were plated
on the plates without ECM coating and, when treated with EGF
alone, failed to induce neurite formation (53), suggesting that
the integration of the signaling pathway triggered by receptor
and integrins is required for the regulation of PC12 cell differ-
entiation. In our study, the association of integrin with EGF
receptor was indicated by co-precipitation, and we found that
the complex of a331 integrin and EGF receptor in Fut8 ™/ cells
was decreased compared with Fut8*/™ cells.* This may affect
the signal integration of both partners and, thus, further affect
the a3B1 integrin-stimulated signal and cell migration, or defi-
cient core fucosylation may cause the conformation of integrin
to change. Luo et al. (48) have suggested that the changes in the
glycan structures of integrin can affect its conformation and
activity. They reported that in Chinese hamster ovary-K1 cells,
the addition of a glycan at 81 I-like domain caused an increase
in the distance between the 81 head and stalk domains, there-
fore inducing the integrin dimmer to be a more extended (acti-
vated) integrin conformation (48). Consistently, the affinity of
the binding of @581 integrin to fibronectin was significantly
reduced by the introduction of the bisecting GlcNAc (27). So
we supposed that core fucosylation contributes to stable con-
formation and normal activity of «381 integrin to its ligand.
However, we cannot exclude additional reasons that still
remain to be determined.

The a3 integrin gene is expressed during the development of
many epithelial organs, including the kidney (54), lung (55), and
others. As a major basement membrane receptor in both kidney
and lung during embryogenesis, @381 integrin is likely to be
involved in mediating signals between the mesenchyme and
epithelial cells in the kidney and lung. The glomeruli of a3-KO
mice showed the abnormality in kidney, including disorganized
glomerular basement membrane and a dramatic absence of
foot process formation by podocytes (9). Therefore, it could be
worthy to extensively examine the effects of core fucosylation
on @31 integrin in vivo in the future.

In conclusion, we demonstrate here some aspects of the biolog-
ical significance of the core fucosylation of 381 integrin-medi-

Y. Zhao, S.toh, X. Wang, T. Isaji, E. Miyoshi, Y. Kariya, K. Miyazaki, N. Kawasaki,
N. Taniguchi, and J. Gu, unpublished data.
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ated cell migration and signaling. This study provides new insights
into the biological functions of core fucosylation and the signifi-
cance of the modification of N-glycans for 331 integrins.
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