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N-Glycosylation Affects the Adhesive Function of
E-Cadherin Through Modifying the Composition of
Adherens Junctions (AJs) in Human Breast Carcinoma
Cell Line MDA-MB-435
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Abstract E-cadherin mediates calcium-dependent cell–cell adhesion between epithelial cells. The ectodomain of
human E-cadherin contains four potential N-glycosylation sites at Asn residues 554, 566, 618, and 633. In this study,
the role of N-glycosylation in E-cadherin-mediated cell–cell adhesion was investigated by site-directed mutagenesis.
In MDA-MB-435 cells, all four potential N-glycosylation sites of human E-cadherin were N-glycosylated. Removal of
N-glycan at Asn-633 dramatically affected E-cadherin stability. In contrast, mutant E-cadherin lacking the other three
N-glycans showed similar protein stability in comparison with wild-type E-cadherin. Moreover, N-glycans at Asn-554 and
Asn-566 were found to affect E-cadherin-mediated calcium-dependent cell–cell adhesion, and removal of either of the
two N-glycans caused a significant decrease in calcium-dependent cell–cell adhesion accompanied with elevated cell
migration. Analysis of the composition of adherens junctions (AJs) revealed that removal of N-glycans on E-cadherin
resulted in elevated tyrosine phosphorylation level of b-catenin and reduced b- and a-catenins at AJs. These findings
demonstrate that N-glycosylation may affect the adhesive function of E-cadherin through modifying the composition of
AJs. J. Cell. Biochem. 104: 162–175, 2008. � 2007 Wiley-Liss, Inc.
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E-cadherin, an important member of the
cadherin family, is usually expressed in epi-
thelial cells and involved in calcium-dependent
cell–cell adhesion. The highly conserved cyto-

plasmic domain of E-cadherin interacts with
a-, b-, and g-catenins, mediating connections
between E-cadherin and the actin cytoskeleton
[Provost and Rimm, 1999; Nagafuchi, 2001].
The ectodomain of E-cadherin contains five
tandemly repeated extracellular domains (EC),
each of which harbors �110 amino acids and
the first extracellular domain (EC1) governs
the homophilic interactions of E-cadherin
[Nose et al., 1990; Makagiansar et al., 2002]. As
the key component of adherens junctions (AJs)
in epithelial cells, E-cadherin participates in
the maintenance of epithelial morphology and
homoeostasis [Gottardi et al., 2001; Gumbiner,
2005; Tunggal et al., 2005].

The ectodomain of human E-cadherin con-
tains four potential N-glycosylation sites at Asn
residues 554, 566, 618, and 633 on the basis of
amino acid sequence analysis (GenBank Acces-
sion L08599) [Rimm and Morpanels, 1994]. The
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four N-glycosylation sites lie within the
fourth and fifth extracellular domain of
E-cadherin (EC4–EC5). Except that the
N-glycosylation site at Asn-566 is unique to
the human homolog of E-cadherin, the other
three sites are conserved in human, mouse, and
chicken E-cadherin [Kitada et al., 2001].

N-glycosylation is known to possess impor-
tant functions for many proteins, as it affects
protein stabilization, protein folding, quality
control, endocytic sorting, and degradation
[Rudd and Dwek, 1997; Helenius and Aebi,
2004]. To date, the structure and function of
E-cadherin N-glycosylation remain elusive.
Previously, structural modifications of E-
cadherin N-glycosylation by N-acetylglucosa-
minyltransferase III (GnT III) were shown
to cause increased cell–cell adhesion, where-
as structural modifications of N-cadherin
N-glycosylation by N-acetylglucosaminyltrans-
ferase V (GnT V) resulted in decreased cell–cell
adhesion [Yoshimura et al., 1996; Kitada et al.,
2001; Guo et al., 2003]. These observations
indicated that N-glycosylation may affect
cadherin-mediated cell–cell adhesion.

To systematically investigate the function
of E-cadherin N-glycosylation, we obliterated
each consensus sequence of human E-cadherin
by substituting Gln for Asn, either individually
or in combination, and expressed mutated
cDNAs in human breast carcinoma MDA-
MB-435 cells which lack E-cadherin expression
at both the mRNA and protein levels. In
the present study, we found that individual
N-glycan of E-cadherin presents distinctive
function. N-glycan at Asn-633, but not
N-glycans at the other three sites, seems to be
required for E-cadherin stability. However,
N-glycans at Asn-554 and Asn-566 affect the
adhesive function of E-cadherin significantly.
Further studies revealed that N-glycosylation
may affect the adhesive function of E-cadherin
through modifying the composition of AJs.

MATERIALS AND METHODS

Plasmids Construction, Site-Directed
Mutagenesis, and Transfections

The plasmid pcDNA3.0-Ecad containing
human full-length E-cadherin cDNA was kindly
supplied by Dr. Cara J. Gottardi (Memorial
Sloan-Kettering Cancer Center, New York). To
create either individual or combined mutations
of N-glycosylation sites of E-cadherin, a PCR-

based site-directed mutagenesis was carried out
using a three-round method. In the first-round
PCR, the forward primer was 50-AGT GAC GAA
TGT GGT ACC TTT TGA-30 (for N554Q, N566Q,
N618Q, and N633Q), and the reverse primers
were 50-TTA GGG CTG TGT ACG TGC TTT
GCT TCA-30 (for N554Q), 50-AGC AAC TGG
AGA ACC TTG GTC TGT AGC TAT-30 (for
N566Q), 50-TGA AGG GAG ATG TTT GGG
GAG GAA GGT C-30 (for N618Q), and 50-TAC
TGA ATG GTC CATTGG GGC ACT CGC C-30

(for N633Q). In the second round, the forward
primers were 50-TGA AGC AAA GCA CGT ACA
CAG CCC TAA-30 (for N554Q), 50-ATA GCT
ACA GAC CAA GGT TCT CCA GTT GCT-30 (for
N566Q), 50-GAC CTT CCT CCC CAA ACA TCT
CCC TTC A-30 (for N618Q), 50-GGC GAG TGC
CCC AAT GGA CCA TTC AGT A-30 (for N633Q),
and the reverse primers were 50-GC TCT AGA
TCT CGA GTC CCC TAG TGG TCC-30 (for
N554Q, N566Q, N618Q, and N633Q). In the last
round, PCR products from the first two steps
were purified, ligated, and used to replace
the similar fragment of human E-cadherin
cDNA plasmid. Mutations were confirmed
by automatic DNA sequencing wild-type and
mutant E-cadherin cDNAs with one individual
N-glycosylation site abrogated (M1-Ecad,
N554Q; M2-Ecad, N566Q; M3-Ecad, N618Q;
M4-Ecad, N633Q) and several N-glycosylation
sites abrogated in combination (M123-Ecad,
N554QN566QN618Q; M1234-Ecad, N554Q-
N566QN618QN633Q) were purified and trans-
fected into 3� 105 MDA-MB-435 cells using
Lipofectamine 2000 reagent (Invitrogen) ac-
cording to the manufacturer’s recommenda-
tions. Cell lines stably expressing wild-type or
mutant E-cadherin cDNAs were selected by
G418 (800 mg/ml) and screened by RT-PCR and
Western blotting analysis.

Cell Lines and Cell Culture

Human breast carcinoma cell line MDA-
MB-435, mock (empty plasmid stably trans-
fected MDA-MB-435), wtEcad-435 (wild-type
E-cadherin stably transfected MDA-MB-
435), M1-Ecad-435 (M1-Ecad stably trans-
fected MDA-MB-435), M2-Ecad-435 (M2-Ecad
stably transfected MDA-MB-435), M3-Ecad-
435 (M3-Ecad stably transfected MDA-MB-
435), M4-Ecad-435 (M4-Ecad stably transfect-
ed MDA-MB-435), M123-Ecad-435 (M123-Ecad
stably transfected MDA-MB-435), and M1234-
Ecad-435 (M1234-Ecad stably transfected
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MDA-MB-435) cells were maintained in DMEM
(Gibco, Invitrogen) supplemented with 10%
fetal bovine serum (HyClone Laboratories)
and 1% penicillin/streptomycin (Life Techno-
logies, Inc).

Reagents and Antibodies

Cycloheximide (CHX) was obtained from
Amresco (Solon, OH). Tunicamycin (TM) was
purchased from Sigma-Aldrich. Monoclonal
antibodies to a-catenin, b-catenin, PY20, and
tubulin were purchased from Santa Cruz. Mono-
clonal antibody to GAPDH and secondary anti-
bodies conjugated with HRP were purchased
from Kang-Chen Biotech (Shanghai, China).

RT-PCR

Total RNAs were isolated using the Trizol
system (Watson Biotechnologies, Shanghai,
China) according to the manufacturer’s guide-
lines. RT-PCR was performed to quantify the
mRNA level of E-cadherin. Oligo dT primer and
MMLV-RTase were used for first strand syn-
thesis. cDNA products (2 ml) were mixed with
Taq DNA polymerase (SABC, Luoyang, China),
50 pmol/L of each appropriate primer, 200 mmol/
L each dNTP in a reaction buffer containing
10 mmol/L Tris–HCl (pH 8.3), 50 mmol/L KCl,
0.01% (W/V) bovine serum albumin (BSA),
2 mmol/L MgCl2 in a final volume of 100 ml.
The primer pair for E-cadherin was: 50-AGT
GAC GAA TGT GGT ACC TTT TGA-30 (sense)
and 50-TAC TGA ATG GTC CAT TGG GGC ACT
CGC C-30 (anti-sense). The primer pair for
b-actin was: 50-TGG GCA TGG GTC AGA AGG
AT-30 (sense) and 50-AAG CAT TTG CGG TGG
ACG AT-30 (anti-sense). The expected product
sizes were as follows: E-cadherin, 507 bp;
b-actin, 900 bp. The samples were amplified
for 30 cycles at cyclic temperatures of 948C 30 s,
568C 30 s, 728C 1 min. PCR products were
analyzed through 1% agarose gel electro-
phoresis and following ethidium bromide stain-
ing. The band area of E-cadherin was measured
and normalized by that of b-actin, and then the
specific E-cadherin mRNA level was estimated.

Western Blotting

Cells were lysed in 1�SDS lysis buffer
(50 mM Tris–HCl, pH 6.8, 2% SDS, 10%
glycerol, 1 mM PMSF, and 1 mM Na3VO4) and
performed as described previously [Liang et al.,
2004]. Equal amount of total protein was loaded
on an SDS–PAGE gel and transferred to PVDF

membrane (Millipore). After blocked with
5% BSA in PBS (containing 0.05% Tween-20),
the membrane was incubated with specific
primary antibodies, and followed by incubation
with HRP-conjugated secondary antibodies
(Kang-Chen Biotech). Proteins were visualized
by fluorography using an enhanced chemilumi-
nescence system (Perfect Biotech, Shanghai,
China).

MALDI-TOF MS Analysis

E-cadherin mutant lacking N-glycans at Asn-
554, Asn-566, and Asn-618 was purified by
immunoprecipitation and analyzed on an 8%
SDS–PAGE gel. The gel was stained with
Coomassie blue and the protein band with
expected size was excised and cut into small
pieces. The Coomassie blue dye was removed by
extraction of the gel with 50% acetonitrile.
The gel was then dried and dissolved in 50 ml
of ammonia bicarbonate buffer. Five units of
PNGaseF (New England Biolabs, Inc., Ipswich,
MA) were added in the buffer and incubated at
378C for overnight. The released glycans were
desalted by carbograph SPE column (Alltech
Associates, Deerfield, IL). Bound glycans were
eluted by 30% acetonitrile in 0.05% trifluoro-
acetic acid (TFA). The released clean glycans
were labeled with 2-anthrailic acid (2-AA) and
purified by paper disk [Xia et al., 2005]. The
2-AA labeled N-glycans were analyzed by matrix-
assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS),
on Voyager-DE RP Biospectrometry Worksta-
tion instrument (Applied Biosystems, Framing-
ham, MA). MALDI spectra were acquired at
25 kV accelerating voltage in negative mode and
smoothed by applying a 19-point Savitzky–
Golay smoothing routine. The 2,5-dihydroxy-
benzoic acid (DHB) was used as matrix and
10 mM ammonium citrate solution was added
for depressing the salt ions. The instrument was
calibrated with dextran ladder-2AA. Average
masses of [M�H]�ions were calculated accord-
ing to EXPASy GlycoMod Tool and Glycan Mass
(http://us.expasy.org/tools/glycomod/).

Cell Aggregation Assay

Cell aggregation assay was performed as
described previously with minor modifications
[Guo et al., 2003]. Cells were detached with
HCMF buffer (150 mM NaCl, 0.6 mM Na2HPO4,
10 mM glucose and 10 mM HEPES, pH 7.4)
containing 0.02% trypsin and 2 mM CaCl2.
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Single cell suspensions were re-suspended in
HCMF buffer containing 2 mM CaCl2 at a
concentration of 105 cells/ml. Aliquots of cell
suspension (300 ml) were added to each well
of 24-well plates pre-coated with 1% BSA
and incubated for different times at 378C with
80 rpm agitation. For some experiments, func-
tion blocking antibodies against N-cadherin
(50 mg/ml, Santa Cruz), E-cadherin (DECMA,
1:100, Sigma), b1 integrin (50 mg/ml, Santa
Cruz), a5 integrin (2 mg/ml, Santa Cruz), and
nonimmune IgG (50 mg/ml, Santa Cruz) were
added into the cell suspensions, respectively.
The extent of cell–cell adhesion was repre-
sented by aggregation index (AI). AI was
calculated as (No�Nt)/No, where No was the
initial particle number before aggregation and
Nt was the total particle number at a given time.
Calcium-dependent aggregation was calculated
by subtracting values obtained from aggrega-
tion assays in the presence of EGTA (2 mM)
from the values of the total number of aggregat-
ing cells. The levels of aggregating cells in
EGTA were typically<5% of the total number of
aggregating cells.

Cell Migration Assay

Cell migration was determined using trans-
well chamber assay as described previously
with minor modifications [Bourguignon et al.,
2000]. Cells were re-suspended in medium
containing 0.1% BSA at a concentration of 106

cells/ml and 2� 105 cells were added to the top
well of transwell chambers (Costar Corpora-
tion). The cell suspensions were then placed into
the upper compartment and medium containing
5% fetal bovine serum were placed into the
lower compartment as an inducer. After 12 h
incubation, cells which had not migrated were
removed from the upper face of the filters using
cotton swabs, and cells which had migrated to
the lower surface of the filters were fixed in
methanol and stained by crystal violet. Migra-
tion was determined by counting the number of
cells which had migrated to the lower surface.
Six visual fields were counted for each essay.

Preparation of Triton X-100-Insoluble
Cytoskeletal Fractions

All procedures were performed as described
previously [Kim et al., 2002]. Briefly, cells were
lysed in a buffer containing 10 mM Tris–HCl,
pH 6.8, 1 mM EDTA, 150 mM NaCl, 0.25%
Nonidet P-40, 1% Triton X-100, 1 mM PMSF and

1 mM Na3VO4, and followed by centrifugation at
16,000g. For Triton X-100-insoluble cytoskeletal
fractions, the remaining pellet was re-extracted
twice with lysis buffer to ensure that all
detergent-soluble material was removed. The
final pellet after centrifugation at 16,000g was
extracted with SDS-containing buffer (10 mM
Tris–HCl, pH 6.8, 2 mM EDTA, 150 mM NaCl,
1% SDS). Equal amount of protein was loaded on
a 10% SDS–PAGE gel, and then analyzed using
Western blotting assay.

Immunoprecipitation

Cells were washed three times with ice-cold
PBS and solubilized with 1 ml lysis buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.1%
Nonidet P-40, 5 mM EDTA, 5 mM EGTA, 15 mM
MgCl2, 60 mM b-glycerophosphate, 0.1 mM
sodium orthovanadate, 0.1 mM NaF, 0.1 mM
benzamide, 10 mg/ml aprotinin, 10 mg/ml leu-
peptin, and 1 mM PMSF). Detergent-insoluble
materials were removed by centrifugation at
12,000g for 10 min at 48C. Protein concentra-
tions were determined by the Lowry assay,
500 mg of total cell lysates were incubated with
primary antibody at 48C for 2 h. Pre-equili-
brated proteinA/G-agarose beads (Santa Cruz)
were then added and incubated overnight. They
were collected by centrifugation at 12,000g and
gently washed three times with the lysis buffer.
The bound proteins were eluted by boiling in
2�SDS sample buffer, and then performed
Western blotting analysis according to the
standard protocols.

For tyrosine phosphorylation level of b-catenin
analysis, cells were cultured for 24 h in a DMEM
medium containing 1% fetal calf serum. After
50 ng/ml EGF (Promega) was added for the
indicated times, cells were collected andb-catenin
was separated by immunoprecipitation with
an antibody against b-catenin (Santa Cruz).
Tyrosine phosphorylation level of b-catenin was
analyzed by Western blotting using an anti-
phosphotyrosine antibody, PY20 (Santa Cruz).
The PVDF membrane was re-probed with the
antibody against b-catenin to verify that equal
amount of precipitated protein was obtained.

RESULTS

All Four Potential N-Glycosylation Sites
of E-Cadherin Are N-Glycosylated

The ectodomain of human E-cadherin con-
tains four potential N-glycosylation sites at Asn
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residues 554, 566, 618, and 633 on the basis of
amino acid sequence analysis (GenBank Acces-
sion L08599) [Rimm and Morpanels, 1994].
To date, little has been known about the role
of N-glycosylation in E-cadherin-mediated
cell–cell adhesion. Here we obliterated each
consensus sequence by substituting Gln for Asn,
either individually or in combination (Fig. 1A).
This method is generally considered to lead to
the least perturbation of protein function.
The E-cadherin mutants with one individual
N-glycosylation site abrogated (M1-Ecad,
N554Q; M2-Ecad, N566Q; M3-Ecad, N618Q;
M4-Ecad, N633Q) and several N-glycosylation
sites abrogated in combination (M123-Ecad,
N554QN566QN618Q; M1234-Ecad, N554Q-
N566QN618QN633Q) were stably expressed
in human breast carcinoma MDA-MB-435 cells,
which lack E-cadherin expression at both the
mRNA and protein levels (Fig. 1B) [Liu et al.,
1997].

We first investigated whether all four potential
N-glycosylation sites of E-cadherin were occupied
in MDA-MB-435 cells. As shown in Figure 1C, all
E-cadherin mutants with a single N-glycosylation
site abrogated (except M4-Ecad mutant) demon-
strated increased mobility on Western blotting
compared with wild-type E-cadherin, which indi-
cated that potential N-glycosylation sites at Asn-
554, Asn-566, and Asn-618 of human E-cadherin
were N-glycosylated in MDA-MB-435 cells. More-
over, the most pronounced mobility changes
were observed for M1-Ecad mutant followed by
M2-Ecadand M3-Ecad mutants,which suggested
that N-glycan at Asn-554 of E-cadherin was most
substantial in size.

However, it was difficult to observe the
mobility changes of M4-Ecad mutant for its
undetectable protein band (Fig. 1C). Thus,
MALDI-TOF MS was performed to determine
the occupation of N-glycosylation site at Asn-
633 of E-cadherin. E-cadherin mutant lacking
N-glycans at Asn-554, Asn-566, and Asn-618
(M123-Ecad mutant) was purified and digested
with N-glycosidase F (PNGaseF) to release the
glycan portion, thus allowing analysis of the
deglycosylated peptides by MALDI-TOF MS. As
shown in Figure 1D, the spectrum revealed four
complex patterns of signals and the assignment
of the monosaccharide compositions in these
peaks. The signals at m/z 1663.38, m/z 1843.85,
m/z 2005.17, and m/z 2344.0 were in agreement
with oligosaccharide structures HexNAc3-

Man3GlcNAc2, HexNAc4Man3GlcNAc2, Hex1-

HexNAc4Man3GlcNAc2, and Hex2HexNAc2

NeuAC2Man3GlcNAc2, respectively. Part of
putative N-glycans structures was also pre-
sented in Figure 1D. These data confirmed that
the potential N-glycosylation site at Asn-633 of
E-cadherin was occupied by complex N-glycan
in MDA-MB-435 cells.

As illustrated in Figure 1C, E-cadherin
protein bands in M4-Ecad-435 and M1234-
Ecad-435 cells were very faint or even undetect-
able, whereas the mRNA levels of E-cadherin
in these two transfectants were similar to
that in wtEcad-435 cells. This discrepancy of
E-cadherin protein and mRNA levels could be
repeated in many other transfectants of these
two cell lines (data not shown). On the other
hand, M123-Ecad mutant with the presence of
single N-glycan at Asn-633 could be expressed
at both the mRNA and protein levels. These
findings implied that Asn-633-linked N-glycan
seems to be required for E-cadherin stability. To
detect the effect of the other three N-glycans on
the stability of E-cadherin, we analyzed the
stability of M123-Ecad mutant by cyclohexi-
mide (CHX) treatment. CHX (50 mg/ml) was
added to wtEcad-435 and M123-Ecad-435 cells
for 12 h to inhibit new protein synthesis. The
total protein lysates were then collected at the
indicated time (0, 2, 4, 6, and 8 h) and subjected
to Western blotting analysis. As shown in
Figure 1E,F, the half-life of M123-Ecad mutant
was similar to that of wild-type E-cadherin.
These results demonstrated N-glycans at
Asn-554, Asn-566, and Asn-618 contribute
slightly to E-cadherin stability.

N-Glycosylation Affects the Adhesive
Function of E-Cadherin

We next examined the role of N-glycosylation
in the adhesive function of E-cadherin using
cell aggregation assay. The rate of calcium-
dependent cell–cell adhesion was measured
by AI as mentioned above. As shown in
Figure 2A,B, calcium-dependent cell–cell
adhesion of M1-Ecad-435, M2-Ecad-435 and
M123-Ecad-435 cells was significantly lower
than that of wtEcad-435 cells. Moreover,
calcium-dependent cell–cell adhesion of M1-
Ecad-435 cells was especially lower than that of
M2-Ecad-435 cells. Previous studies demon-
strated that E-cadherin-mediated cell–cell
adhesion prevents migration and invasion
of human carcinoma cells [Christofori and
Semb, 1999]. Here we found M1-Ecad-435 and
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Fig. 1. The four potential N-glycosylation sites at Asn
residues 554, 566, 618, and 633 of human E-cadherin
were N-glycosylated in MDA-MB-435 cells. A,B: Schematic
representation of site-directed mutagenesis (A) and N-glycosy-
lation-deficient mutants of E-cadherin (B). C: The mRNA levels of
E-cadherin in N-glycosylation-deficient mutants of E-cadherin
were detected by RT-PCR (the upper panels). The protein levels
of E-cadherin in N-glycosylation-deficient mutants of E-cadherin
were detected by Western blotting (the lower panels). D: The
occupation of N-glycosylation site at Asn-633 of E-cadherin were

investigated by MALDI-TOF MS. Due to N-glycans were labeled
with 2-anthrailic acid (2-AA, FW¼137.14) before analysis on
MALDI-TOF MS, the mass of annotated structure was off about
137.14 from the m/z of each peak. E,F: Analysis of protein
stability of wild-type E-cadherin and M123-Ecad mutant.
wtEcad-435 and M123-Ecad-435 cells were treated with
50 mg/ml CHX for 12 h, and total cell lysates were collected
at the indicated time points and subjected to Western blotting.
A typical blot (E) and densitometric scans of triplicate blots (F) are
shown. Data are presented as mean� SD.



M2-Ecad-435 cells exhibited increased cell
migration capacity along with disruption of
cell–cell adhesion (Fig. 2C,D). Nevertheless,
no difference was observed in the rates of
cell–cell adhesion and cell migration between
wtEcad-435 and M123-Ecad-435 cells (Fig. 2A–
D). Overall, these findings suggested that
N-glycans at Asn-554 and Asn-566, but not
Asn-618, significantly affect the adhesive func-
tion of E-cadherin.

Previous reports showed that MDA-MB-435
cells express a moderate level of N-cadherin
instead of E-cadherin [Fedor-Chaiken et al.,
2003]. In some studies, the re-expression of
E-cadherin in E-cadherin-negative tumor cells

was shown to downregulate the endogenous
N-cadherin expression [Kuphal and Bosserhoff,
2006]. Here the expression of N-cadherin in
mock, wtEcad-435 and M123-Ecad-435 cells
was detected using Western blotting analysis.
These data showed that the above cell lines
expressed N-cadherin at the similar level
(Fig. 3A), which suggested that the re-expres-
sion of wild-type E-cadherin or M123-Ecad
mutant did not affect the expression of endo-
genous N-cadherin in MDA-MB-435 cells.

To further exclude the possible involvement
of integrin and N-cadherin in reduced calcium-
dependent cell–cell adhesion of M123-Ecad-435
cells, we used function-blocking antibodies in

Fig. 2. N-glycans at Asn-554 and Asn-566 affected the
adhesive function of E-cadherin. A: Calcium-dependent
cell–cell adhesion of mock, wtEcad-435, M1-Ecad-435,
M2-Ecad-435, M3-Ecad-435, and M123-Ecad-435 cells was
analyzed by cell aggregation assay. Scale bar¼ 20 mm.
B: Quantitative representation of cell aggregation assay
(A). Data represent mean� SD of three independent experi-

ments. *P< 0.05, compared with mock cells. C: Cell migration of
the above six cell lines was investigated using cell migration
assay. Scale bar¼20 mm. D: Quantitative representation of cell
migration assay (C). Data are also presented as mean� SD from
three independent experiments. *P< 0.05, compared with mock
cells.
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cell aggregation assay. As shown in Figure 3B,
calcium-dependent cell–cell adhesion of mock,
wtEcad-435 and M123-Ecad-435 cells was
unaffected by antibodies against a5 integrin
and b1 integrin. Meanwhile, although function-
blocking antibody of N-cadherin was shown to
inhibit calcium-dependent cell–cell adhesion
of these cell lines, it could not eliminate
the difference in calcium-dependent cell–cell
adhesion between wtEcad-435 and M123-Ecad-
435 cells. In contrast, function-blocking anti-
body against E-cadherin (DECMA) significantly
inhibited calcium-dependent cell–cell adhesion
of wtEcad-435 and M123-Ecad-435 cells and
eliminated the difference in calcium-dependent
cell–cell adhesion between the two cell lines.
Together, these findings suggested that lower
capacity of cell–cell adhesion of M123-Ecad-
435 cells was mainly due to the changes of
N-glycan moiety of E-cadherin, not to integrin
or N-cadherin.

E-Cadherin N-Glycosylation Affects Tyrosine
Phosphorylation of b-Catenin

Next, we investigated the mechanisms by
which E-cadherin N-glycosylation affected cal-
cium-dependent cell–cell adhesion. E-cadherin
is not always at AJs, and it spends variable
amounts of time in vesicles trafficking to
and from the cell surface. E-cadherin on the
cell surface, instead of those in intracellular
vesicles and compartments, plays a crucial role
in mediating cell–cell adhesion [Bryant and
Stow, 2004]. Consequently, we wanted to know
whether N-glycans at Asn-554, Asn-566, and
Asn-618 affected the correct localization of

E-cadherin to the cell surface, and ultimately
led to disruption of cell–cell adhesion. To this
end, immunofluorescence analysis was per-
formed and these data suggested that N-glycans
at Asn-554, Asn-566, and Asn-618 do not affect
the localization of E-cadherin to the cell surface
(data not shown).

The highly conserved cytoplasmic region of
E-cadherin interacts with b-, a-, and g-catenins,
which mediate connections between E-cadherin
and the actin cytoskeleton and ultimately form
cell–cell adhesion [Provost and Rimm, 1999;
Nagafuchi, 2001]. Cell–cell adhesion is a rather
dynamic process for which interactions between
cell adhesion molecules and the actin cytoske-
leton must be continually modified. E-cadherin
and especially b-catenin are major target sites
for phosphorylation and dephosphorylation
modifications [Gumbiner, 2000; Lilien and
Balsamo, 2005].

In our study, tyrosine phosphorylation levels
of b-catenin in 435, mock, wtEcad-435 and
M123-Ecad-435 cells were then investigat-
ed with epidermal growth factor (EGF) as a
stimulus. Previous studies reported that EGF
can induce a rapid tyrosine phosphorylation of
b-catenin [Hazan and Norton, 1998]. When
treated with EGF (50 ng/ml), wtEcad-435
and M123-Ecad-435 cells showed no difference
in total protein levels of b-catenin (data not
shown). However, a marked difference in tyro-
sine phosphorylation of b-catenin was observed
between two cell lines. The tyrosine phos-
phorylation level of b-catenin in wtEcad-435
cells was very low and increased slightly after
EGF stimulation. In case of M123-Ecad-435

Fig. 3. Reduced cell–cell adhesion in M123-Ecad-435 cells
was due to the changes of N-glycan moiety of E-cadherin, not to
N-cadherin or integrin. A: The N-cadherin expression in mock,
wtEcad-435 and M123-Ecad-435 cells was detected by Western
blotting. The GAPDH was used as a loading control. B: Effects of
potential inhibitors on calcium-dependent cell–cell adhesion of
the above cells. Protein inhibitors used here are function-

blocking antibodies against N-cadherin, E-cadherin (DECMA),
a5 integrin, b1 integrin, and nonimmune IgG was used as a
control. These antibodies were added into the cell suspension
respectively and cells were allowed to aggregate for 30 min at
378C with 80 rpm agitation. The results (mean� SD) of three
independent experiments are shown. *P< 0.05, compared with
mock cells.
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cells, the basal level of tyrosine phosphorylation
of b-catenin before EGF treatment was some-
what higher than that in wtEcad-435 cells, and
it increased dramatically after EGF stimulation
and persisted for at least 60 min (Fig. 4A,B).

In order to further elucidate the extent
of involvement of E-cadherin N-glycosylation
in tyrosine phosphorylation of b-catenin, we
treated wtEcad-435 and M123-Ecad-435 cells
with tunicamycin (TM) before the addition
of EGF. Tunicamycin (TM) used here could
produce the similar N-glycans structures of
E-cadherin in wtEcad-435 and M123-Ecad-435
cells by blocking the first step in biosynthesis of
the lipid-linked oligosaccharide precursor. And
we found that the patterns of tyrosine phos-
phorylation of b-catenin in wtEcad-435 and
M123-Ecad-435 cells seemed to be almost

identical after TM treatment (Fig. 4C,D), which
indicated that the difference in tyrosine phos-
phorylation of b-catenin between two cell
lines was mainly attributed to the presence of
differential N-glycans on E-cadherin. Together,
these results suggested a direct involvement of
E-cadherin N-glycosylation in tyrosine phos-
phorylation of b-catenin.

E-Cadherin N-Glycosylation Affects the
Composition of AJs

The above data provided evidence that
removal of N-glycans on E-cadherin resulted in
elevated tyrosine phosphorylation of b-catenin.
Considering that enhanced tyrosine phos-
phorylation level of b-catenin was usually
viewed as a concomitant with the disassocia-
tion of cadherin–catenin complex [Matsuyoshi

Fig. 4. Removal of N-glycosylation on E-cadherin resulted
in elevated tyrosine phosphorylation level of b-catenin.
A,B: Tyrosine phosphorylation levels of b-catenin in 435, mock,
wtEcad-435, and M123-Ecad-435 cells were investigated by
immunoprecipitation. A typical blot (A) and densitometric scans
of triplicate blots (B) are shown. Data are presented as
mean� SD. C,D: Tyrosine phosphorylation levels of b-catenin

in the above cell lines after TM treatment were detected by
immunoprecipitation. Cells were treated with tunicamycin (TM,
0.5 mg/ml) for 24 h, then stimulated with EGF (50 ng/ml) for the
indicated times. A typical blot (C) and densitometric scans
of triplicate blots (D) are shown. Data are also presented as
mean� SD.
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et al., 1992; Behrens et al., 1993; Hoschuetzky
et al., 1994; Ozawa and Kemler, 1998],
we hypothesized that removal of N-glycans of
E-cadherin would lead to an increase in tyrosine
phosphorylation of b-catenin, which maybe, in
turn, affected the composition of AJs. To confirm
this hypothesis, we first investigated whether
N-glycans at Asn-554, Asn-566, and Asn-618
of E-cadherin affected the formation of
E-cadherin/b-catenin complex using immuno-
precipitation assay. As shown in Figure 5A,
M123-Ecad mutant could bind to b-catenin as
wild-type E-cadherin.

Further, we compared the composition of
AJs formed by wild-type E-cadherin with
that formed by M123-Ecad mutant. Since
E-cadherin in the Triton X-100-insoluble cyto-
skeletal fractions has been shown previously to
reach AJs and anchor to the actin cytoskeleton
[McNefll et al., 1993; Hinck et al., 1994; Bryant
and Stow, 2004], 1% Triton X-100 was used to
extract E-cadherin-based AJs fractions. In view
that cell confluence influenced recruitment of
E-cadherin to the cell surface [Le et al., 1999],
Triton X-100-insoluble cytoskeletal fractions
derived from wtEcad-435 and M123-Ecad-
435 cells which were grown and maintained
under different conditions (dense conditions:
cells were grown to >90% confluence; sparse
conditions: cells were grown to <30% con-
fluence) were prepared respectively. As shown
in Figure 5B, despite E-cadherin at AJs was
substantially increased in both wtEcad-435 and
M123-Ecad-435 cells cultured under dense
conditions compared with those under sparse
conditions, the levels of b- and a-catenins at AJs
in M123-Ecad-435 cells (Fig. 5B), as well as
the ratio of b- and a-catenins to E-cadherin
(Fig. 5C,D), were significantly lower than
those in wtE-cad-435 cells under the same
conditions. As mentioned before,b-catenin links
E-cadherin to the actin cytoskeleton, which
forms calcium-dependent cell–cell adhesion.
Therefore, we hypothesized that removal of
N-glycans of E-cadherin may modify the com-
position of b- and a-catenin at AJs, which
further resulted in reduced calcium-dependent
cell–cell adhesion.

DISCUSSION

E-cadherin, an important member of the
cadherin family, provides calcium-dependent
cell–cell adhesion between adjacent epithelial

cells [Provost and Rimm, 1999; Nagafuchi,
2001]. The ectodomain of human E-cadherin
contains four potential N-glycosylation sites
at Asn residues 554, 566, 618, and 633.
Herein N-glycosylation-deficient mutants of
E-cadherin were generated by substituting
Asn by Gln in the consensus sequence NXS/T
and then the role of E-cadherin N-glycosylation
in its adhesive function and the molecular
mechanisms were investigated in detail.

In this study, we found that N-glycans at
Asn-554 and Asn-566 affect the adhesive func-
tion of E-cadherin in MDA-MB-435 cells.
To explore the mechanisms underlying this
phenomenon, we examined the effect of
N-glycosylation on the intracellular localization
of E-cadherin. Protein N-glycosylation has long
been known to ensure proper protein folding
and intracellular localization for influenza
hemagglutinin [Roberts et al., 1993], CD39
and glycine transporter (GLYT2) [Zhong et al.,
2001; Martinez-Maza et al., 2001]. However,
such a function of N-glycosylation was not
found for type VI adenylyl cyclase (ACVI) and
the Lassa virus glycoprotein GP-C [Wu et al.,
2001; Eichler et al., 2006]. Using immunofluor-
escence analysis, we found that N-glycans at
Asn-554, Asn-566, and Asn-618 do not affect the
correct localization of E-cadherin to the cell
surface.

b-catenin, as a key mediator of the Wnt
signaling pathway, has been shown to play a
dual role in E-cadherin-mediated cell–cell
adhesion [Miller et al., 1999; Zhurinsky et al.,
2000; Gottardi and Gumbiner, 2004; Harris and
Peifer, 2005]. It binds tightly to the cytoplasmic
domain of E-cadherin and then to a-catenin
and vinculin, through which adherens complex
is linked to the actin cytoskeleton [Provost
and Rimm, 1999; Nagafuchi, 2001; Gottardi
and Gumbiner, 2004; Harris and Peifer, 2005].
E-cadherin/b-catenin complex forms imme-
diately after the synthesis of E-cadherin and
a-catenin associates with E-cadherin/b-catenin
complex later in the secretory pathway
[McCrea et al., 1991; Ozawa and Kemler,
1992]. E-cadherin-mediated cell–cell adhesion
is a rather dynamic process that is regulated
by diverse factors. E-cadherin and especially
b-catenin are major target sites for modifica-
tions of cell–cell adhesion, including primarily
phosphorylation and dephosphorylation events
[Lilien and Balsamo, 2005; Gumbiner, 2000].
Elevated serine/threonine phosphorylation
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levels of E-cadherin result in increased
stabilization of E-cadherin/b-catenin complex
and increased E-cadherin-mediated cell–cell
adhesion [Lickert et al., 2000; Serres et al.,

2000; Bek and Kemler, 2002]. When E-cadherin
was phosphorylated by casein kinase II (CKII)
or glycogen synthase kinase-3b (GSK-3b), the
interaction between E-cadherin and b-catenin

Fig. 5. Removal of N-glycosylation on E-cadherin resulted in
reduced b- and a-catenins at AJs. A: The binding of M123-Ecad
mutant to b-catenin was determined by immunoprecipitation.
Cell lysates from wtEcad-435 and M123-Ecad-435 cells
were immunoprecipitated with anti-E-cadherin antibody, and
followed by Western blotting with the antibody against
E-cadherin and b-catenin. Representative results from one of
two experiments are shown. B: The composition of AJs formed by
wild-type E-cadherin and that formed by M123-Ecad mutant.
Mock, wtEcad-435 and M123-Ecad-435 cells were grown and

maintained at different densities. S, sparse conditions; D, dense
conditions. Triton X-100-insoluble cytoskeletal fractions
from the above cell lines were prepared and underwent
Western blotting analysis. The primary antibodies used here
was indicated left. The tubulin was regarded as a loading control.
C,D: Quantitative analyses of the ratio of b-catenin to E-cadherin
(C) and the ratio of a-catenin to E-cadherin (D) at AJs in wtEcad-
435 and M123-Ecad-435 cells. Data represent mean� SD of
three independent experiments.
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was enhanced and cell–cell adhesion was
strengthened [Lickert et al., 2000]. In our study
removal of N-glycans of E-cadherin did not
influence serine/threonine phosphorylation
levels of E-cadherin (data not shown), but it
caused an increase in tyrosine phosphorylation
levels of b-catenin.

Consistent with our findings, previous stu-
dies showed that modifications of E-cadherin
N-glycosylation by GnT III resulted in decreas-
ed tyrosine phosphorylation of b-catenin
[Kitada et al., 2001]. Then, how N-glycosyla-
tion of E-cadherin affects tyrosine phosphory-
lation levels of b-catenin? One possible
mechanism is that N-glycosylation directly
affects the spatial conformation of E-cadherin/
b-catenin adhesion complex. In addition, pre-
vious studies demonstrated that there was
bi-directional regulation between receptor tyro-
sine kinases (RTKs) and E-cadherin [Qian et al.,
2004; Andl and Rustgi, 2005]. The ectodomain of
E-cadherin seems to be crucial for the inhibition
of E-cadherin to RTKs. Truncation mutations
of the ectodomain of E-cadherin potentially
caused upregulation of RTKs activity in infil-
trative lobular breast carcinomas [Berx et al.,
1995]. Thus, N-glycosylation of E-cadherin may
affect the inhibitory effect of E-cadherin on
RTKs by modifying spatial conformation of the
ectodomain of E-cadherin.

It is widely accepted that elevated tyrosine
phosphorylation levels of b-catenin induce dis-
association of E-cadherin/b-catenin complex.
Data from different groups have confirmed a
strong correlation between elevated tyrosine
phosphorylation levels of b-catenin and disrup-
tion of cell–cell adhesion [Matsuyoshi et al.,
1992; Behrens et al., 1993; Hoschuetzky et al.,
1994; Ozawa and Kemler, 1998]. Along with the
decreased b- and a-catenins at AJs (Fig. 5B,C),
we hypothesize that E-cadherin N-glycosyla-
tion may influence the composition of AJs
through modifying tyrosine phosphorylation
levels of b-catenin, and ultimately affect
E-cadherin-mediated cell–cell adhesion.

Actually, Liwosz et al. [2006] had different
observations in another similar study and
they found that E-cadherin N-glycosylation
destabilized AJs in Chinese Hamster Ovary
(CHO) and Madin–Darby canine kidney
(MDCK) cell lines. Notably, both CHO and
MDCK cell lines are glycosylation-defective
mammalian cell lines. For instance, CHO cell
line is defective in Golgi N-acetylglucosaminyl-

transferase III (GnT III) and a 1,3-fucosyltrans-
ferase activity. Accordingly, glycoproteins
processed in CHO cell lines are defective in
bisecting glycans and peripheral fucose resi-
dues. On the other hand, N-glycosylation is
often altered in all types of human cancers. For
this reason, N-glycans structures of E-cadherin
expressed in human breast carcinoma MDA-
MB-435 cells are obvious distinct from that
expressed in CHO and MDCK cells. Therefore,
it is understandable that N-glycosylation of
E-cadherin in different cells presumably has
distinct influences on its adhesive function.
In other words, the role of N-glycosylation
of E-cadherin in regulation of E-cadherin-
associated cell–cell adhesion depends on speci-
fic N-glycans structures of E-cadherin which
could be differential in different types of cells.

In addition, vinculin may be involved in
regulation of E-cadherin N-glycosylation to
cell–cell adhesion [Liwosz et al., 2006]. It is a
membrane-cytoskeletal protein which assem-
bles in the adhesion complex by direct binding to
b-catenin and competing with a-catenin for
the same binding site on b-catenin and
mediates the linkage of b-catenin to the actin
cytoskeleton [Hazan et al., 1997]. Since no
evidence supports that vinculin is able to
bind to E-cadherin directly, it seems that
N-glycosylation of E-cadherin modulates the
recruitment of vinculin at AJs in an indirect
manner.
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