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Abstract We investigated interaction of GM3 with

N-acetylglucosamine (GlcNAc) termini of N-linked glycans

of epidermal growth factor receptor (EGFR), as the

underlying mechanism for inhibitory effect of GM3 on

EGFR activation, using ldlD cells transfected with EGFR

gene. These cells, defective in UDP-Gal/UDP-GalNAc

4-epimerase, are incapable of synthesizing galactose (Gal)-

containing glycans, unless Gal is provided in culture

(?Gal). Key observations: (1) Expression of GlcNAc ter-

mini was high in -Gal cells, and strongly reduced in ?Gal

cells. (2) Comparative study of inhibitory effect of exog-

enously-added GM3 on EGFR activation in ?Gal versus

-Gal cells indicated that higher level of GlcNAc termini

on EGFR is correlated with greater inhibitory effect of

GM3. (3) GM3-, but not GM1-, coated beads bound to

EGFR in lysate of -Gal cells, which have highly exposed

GlcNAc termini. Such binding was inhibited in the pres-

ence of EDTA, similarly to other carbohydrate-carbohy-

drate interactions.

Keywords Epidermal growth factor receptor (EGFR) �
ldlD cells � N-linked glycan � GlcNAc termini �
Ganglioside GM3 � Carbohydrate-carbohydrate interaction

Abbreviations

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

FBS Fetal bovine serum

Gal Galactose

GlcNAc N-acetylglucosamine

ITS Insulin/transferrin/selenium

ldlD/EGFR ldlD cells transfected with EGFR gene

SDS–PAGE Sodium dodecyl sulfate polyacrylamide gel

electrophoresis

Introduction

The concept that cell growth is regulated by growth factors

and their receptors, through activation of protein kinase

associated with the receptor, was established initially by

studies of epidermal growth factor receptor (EGFR) [1, 2].

Following early findings of an association between phe-

notypic changes and changes of ganglioside expression

[3–6], subsequent studies revealed functional effects of

gangliosides on receptor-associated tyrosine kinases for

epidermal growth factor (EGFR) [7], platelet-derived

growth factor [8], fibroblast growth factor [9], neuronal

growth factor [10], insulin [11], etc.

Ganglioside effect in these studies was based mainly on

exogenous addition of ganglioside. Endogenous GM3

effect on EGFR was studied in ldlD cells transfected with

EGFR gene (‘‘ldlD/EGFR’’) [12]. ldlD cells, a mutant cell

line derived from Chinese hamster ovary (CHO) cells, are

deficient in the enzyme UDP-Gal/UDP-GalNAc 4-epi-

merase. When these cells are grown in glucose-based

media, they cannot synthesize enough UDP-Gal and UDP-

GalNAc to allow normal synthesis of glycolipids and

glycoproteins. All glycosylation defects observed in ldlD
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cells can be fully corrected by exogenous addition of Gal

and GalNAc [13]. ldlD/EGFR cells displayed clear inhi-

bition of cell growth and EGFR tyrosine kinase under

?Gal condition compared to -Gal condition [12], dem-

onstrating that endogenously- expressed GM3 has an

inhibitory effect, and supporting our previous finding that

GM3 inhibits EGFR tyrosine kinase activity [7].

Recent studies on the molecular mechanism underlying

the inhibitory effect of GM3 on EGFR tyrosine kinase

suggest that carbohydrate-to-carbohydrate interaction

between GM3 and N-acetylglucosamine (GlcNAc) termini

of N-linked glycans of EGFR plays a key role in this

process, in A431 cells [14, 15].

The purpose of the present study is to clarify the mecha-

nism of such interaction, using EGFR-transfected ldlD cells.

Experimental Procedure

Cells, Antibodies and Reagents

ldlD14, a UDP-Gal/UDP-GalNAc 4-epimerase deficient

variant of Chinese Hamster Ovary cell line, was established

[13] and kindly donated by M. Krieger (Massachusetts

Institute of Technology, Cambridge, MA). ldlD14 cells and

their transfectants were cultured in Ham’s F12 culture

medium supplemented with 5% FBS, 100 IU/ml penicillin,

and 100 lg/ml streptomycin at 37�C in 5% CO2. Glyco-

sylation status of these cells was manipulated by culturing

in serum-free Ham’s F12 containing ITS (insulin/transfer-

rin/selenium) (BD Biosciences, Bedford, MA) alone, or in

the presence of Gal (10, 20, 50, 100, or 200 lM).

Mouse IgG1 anti-EGFR mAb Ab-5 (Clone H11) was from

Thermo Fisher Scientific (Waltham, MA). Mouse IgG2b anti-

phospho-Tyr (PY-20) mAb was from Biosciences (San Jose,

CA). Mouse IgG anti-c-tubulin mAb was from Sigma–

Aldrich (St. Louis, MO). Mouse IgM mAb J1, which selec-

tively recognizes GlcNAc termini of glycoproteins and

glycosphingolipids, was established in our lab [16]. Goat anti-

mouse IgG, conjugated with horseradish peroxidase (HRP),

was from Southern Biotech (Birmingham, AL). FITC-labeled

goat anti-mouse IgM ? IgG was from Biosource/Life

Technologies (Carlsbad, CA). HRP- or FITC-conjugated

lectin GS-II were from EY Labs (San Mateo, CA). Ganglio-

sides GM3 and GM1 were from Matreya (Pleasant Gap, PA).

Human recombinant EGF was from Earth Chemical (Tokyo,

Japan). Methotrexate hydrate (MTX), and other reagents

unless described otherwise, were from Sigma–Aldrich.

Transfection of ldlD Cells

Plasmid pXER, an expression vector containing human

EGFR gene, was kindly donated by R. Davis (Univ. of

Massachusetts Medical School, Worcester, MA). ldlD cells

were transfected with the plasmid using Fugene 6 Trans-

fection Reagent (Roche Diagnostics, Indianapolis, IN),

according to the manufacturer’s protocol. After drug

selection by culturing in 5% FBS/Eagle’s minimum

essential medium (EMEM, Sigma–Aldrich) containing

0.5 lM MTX, and screening for EGFR expression by

Western blot or cell surface staining, the transfectants were

cloned by colony selection.

SDS–PAGE and Western Blot

Western blot analysis was performed as described previ-

ously [17]. In brief, cells were lysed in RIPA buffer (1%

Triton X-100, 150 mM NaCl, 25 mM Tris pH 7.4, 5 mM

EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM

tetrasodium pyrophosphate, 50 mM sodium fluoride,

1 mM Na3VO4, 2 mM phenylmethanesulfonyl fluoride,

0.076 U/ml aprotinin), and protein concentration was

determined using Micro-BCA kit (Thermo Fisher/Pierce;

Rockford, IL). Proteins separated by SDS–PAGE were

transferred onto PVDF membranes (Millipore; Billerica,

MA). Membranes were blocked with 1% BSA in 0.1%

Tween 20 TBS (10 mM Tris–HCl, 150 mM NaCl, pH 8.0),

blotted with primary mAb, incubated with appropriate

HRP-conjugated secondary antibody, and visualized using

Supersignal Chemiluminescence substrate kit (Thermo

Fisher/Pierce).

Analysis of GlcNAc Termini on the Cell Surface

by Flow Cytometry and Fluorescence Microscopy

ldlD/EGFR cells were cultured in Ham’s F12 medium

containing 5% FBS for 24 h. Medium was replaced by

serum-free F12 medium with ITS, in the presence or

absence of 200 lM Gal. After further 48 h incubation, cells

were detached and aliquots (1 9 105 cells) were incubated

with mAb J1, followed by incubation with secondary

FITC-conjugated antibody, or incubated with GS-II-FITC,

and analyzed with flow cytometer (Epics XL, Beckman

Coulter, Brea, CA). Alternatively, cells were seeded onto

12-mm diameter glass coverslips in 24-well tissue culture

plates, and cultured under the condition described above.

After washing, the cells were fixed with 2% paraformal-

dehyde/PBS, washed with PBS, blocked with 1% BSA/

0.1% NaN3/PBS, and stained with J1 or GS-II as described

above. Cell nuclei were stained with Hoechst 44442

(Invitrogen, Carlsbad, CA). Stained cells were washed,

mounted with Glycergel (Dakocytomation, Carpinteria,

CA), and photographed with fluorescent microscope

(Leica DM6000B, Leica Microsystems Ltd., Heerbrugg,

Switzerland).
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EGFR Activation Induced by EGF

EGF-dependent EGFR activation was assessed by tyrosine

phosphorylation of the receptor using anti-phosphotyrosine

mAb PY20. Cells were incubated under various conditions

as described above for 3 days, then stimulated with 100 ng/

ml EGF for 30 min at 37�C in 5% CO2. Cells were washed

39 with cold PBS containing 1 mM sodium vanadate,

lysed, and subjected to SDS–PAGE and Western blot.

Exogenous Addition of GM3 to ldlD/EGFR Cells

GM3 in methanol/chloroform (2:1) was dried under nitro-

gen stream, and re-suspended in Ham’s F12 medium by

sonication at room temp for 3 h. ldlD/EGFR cell mono-

layers were grown in Ham’s F12 medium with ITS in the

presence or absence of 200 lM Gal for 3 days, then

incubated with 50 lM GM3 for 2 h. EGF-dependent EGFR

activation was analyzed as described above.

Phagokinetic Gold Sol Assay for Motility

Cell motility was measured by gold-sol assay as described

previously [17, 18]. In brief, cells were detached with

trypsin/EDTA, and resuspended in serum-free medium

containing soybean trypsin inhibitor (Sigma–Aldrich),

washed with F12 medium, and seeded onto gold sol-coated

wells in F12 medium alone, or in the presence of 20 lM

Gal and/or 10 ng/ml EGF. After 18 h incubation, the track

area of 30 cells was photographed, and cleared areas on

gold sol were measured using Scion Image program.

Interaction of GSL-Coated Polystyrene Beads

with EGFR

The interaction was assessed as described previously [14].

Briefly, polystyrene beads (sulfate latex, 1 lm diameter,

Invitrogen) were coated with ganglioside as follows. Beads

were washed with PBS, and suspended in ethanol. Gan-

gliosides were dried and dissolved in ethanol/distilled

water (9:1). Beads and gangliosides were mixed and rota-

ted overnight at 4�C. Coated beads were blocked with 0.1%

gelatin, mixed with cell lysate, and bound EGFR was

detected by Western blot.

Results

Endogenous GM3 Inhibits Phosphorylation of EGFR,

and EGF Induced-Cell Motility

ldlD14 cells, a mutant from CHO cells, lack UDP-Gal/

UDP-GalNAc 4-epimerase and are unable to synthesize

UDP-Gal or UDP-GalNAc from glucose [13, 19]. This

deficiency can be fully reversed by addition of Gal and

GalNAc in culture medium. Using the mutant cell lines, we

can modify cell surface glycan expression. For example,

the cells do not express endogenous ganglioside GM3 on

the cell surface, unless Gal is added to culture medium

(?Gal condition) [13, 20–22]. To extend our previous

finding that N-glycan structure of EGFR plays an essential

role in GM3-dependent inhibition of EGFR activation, we

transfected human EGFR gene to ldlD14 cells, and estab-

lished ldlD/EGFR cells. Flow cytometry analysis indicated

that ldlD/EGFR cells express high surface level of EGFR

(Fig. 1a). Incubation of ldlD/EGFR cells with EGF

enhanced EGFR phosphorylation on tyrosine residue, and

such enhancement was reduced under ?Gal condition, i.e.,

when they express GM3 (Fig. 1b), as reported previously

by Weis & Davis [12].

Next, we investigated the effect of GM3 expression on

haptotactic cell motility in response to EGF stimulation.

Without addition of EGF, ldlD/EGFR cells showed low

motility, and ?Gal condition had no significant effect

(Fig. 2, columns 1, 2). In the presence of EGF, the cells

showed increased motility (column 3). Such enhancement

was significantly reduced under ?Gal condition, which

induces GM3 synthesis (column 4).

Expression of GlcNAc Termini of N-Linked Glycans

in ldlD/EGFR Cells

During the maturation process of N-linked glycans, the

majority of complex-type and hybrid-type N-linked gly-

cans undergo addition of b-linked Gal residues to GlcNAc

termini, to form the ubiquitous building block Galb1-

4GlcNAc, i.e., bi- to penta- antennary structures [23, 24].

Without addition of Gal, ldlD/EGFR cells do not complete

this process, and express high level of GlcNAc termini.

Lectin GS-II [25] or mAb J1 [16], directed to non-substi-

tuted b-GlcNAc, was used to determine GlcNAc termini on

cell surface by flow cytometry or fluorescence microscopy.

LdlD/EGFR cells cultured under -Gal condition

showed high levels of GS-II sites, as expected (Fig. 3a).

Addition of 20 lM Gal, which is used to induce GM3

expression, caused no detectable change in binding of

GS-II. Addition of 50 or 100 lM Gal caused some

reduction of binding, but much less than the blocking effect

of 200 lM Gal. Addition of 200 lM Gal to culture med-

ium significantly reduced binding of GS-II, as detected by

flow cytometry (Fig. 3a). ldlD/EGFR cells showed simi-

larly high levels of J1 binding sites under -Gal condition,

and addition of 200 lM Gal completely blocked the J1

binding (Fig. 3a). Cell staining analysis with monolayer

cells gave similar results (Fig. 3b). These findings are
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consistent with those from GM3 binding experiments as

described below (Fig. 5).

Effect of Highly Exposed GlcNAc Termini

on Inhibitory Effect of GM3 on EGFR Activation

Since we are able to modify GlcNAc termini on N-glycans

by culturing cells with 200 lM Gal, we examined the

effect of such modification on the inhibitory effect of

exogenous addition of GM3 on EGFR activation. For this

purpose, we analyzed the inhibitory effect of exogenously-

added GM3 (50 lM) on EGF-induced EGFR phosphory-

lation. Under -Gal condition, ldlD/EGFR cells showed

highly exposed GlcNAc termini detected by GS-II binding,

and clearly reduced EGF-dependent EGFR activation when

exogenous GM3 was added (Fig. 4a). When cells were

cultured with 200 lM Gal, expression of GlcNAc termini

on EGFR, assessed by GS-II blotting, was strongly reduced

(Fig. 4a, b), indicating that some GlcNAc termini of

N-glycans of EGFR are indeed blocked by Gal elongation.

Under ?Gal condition, EGF-dependent EGFR activation,

detected with PY20, was greatly enhanced (Fig. 4a, c),

consistent with our previous results with A431 cells using

inhibitors of N-glycan processing [14]. Under both condi-

tions, EGFR expression was not significantly altered.

Binding of GM3 to EGFR Through Highly Exposed

GlcNAc Termini

Next, we examined whether GM3 binds selectively to

exposed N-linked GlcNAc termini of EGFR, using the

procedure described previously [14]. Polystyrene beads

coated with GM3, or GM1 as control, were mixed with

lysate from cells grown in the presence or absence of

200 lM Gal, and bound EGFR was detected by Western

blot analysis using anti-EGFR mAb. Non-coated control

beads, and GM1-coated beads, showed no binding to

EGFR (Fig. 5a, lanes 1, 6, 7). GM3-coated beads showed

clear binding to EGFR, which has highly exposed N-linked

GlcNAc termini, from -Gal cells (lane 4), but not ?Gal

cells (lane 5). Binding of GM3 to N-linked GlcNAc termini

was strongly inhibited by co-incubation with EDTA

(lane 2), consistent with our previous finding with A431
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Fig. 1 Phosphorylation of EGFR in transfected cells. a ldlD14 and

ldlD/EGFR cells (1 9 105 per well) were cultured in 6-well plates, in

Ham’s F12 medium with 5% FBS for 2 days. Cells were detached

with trypsin/EDTA. 1 9 105 cells were incubated with anti-EGFR

mAb for 2 h, washed 39 with 1% BSA/0.1% NaN3/PBS, then

incubated with FITC-labeled secondary antibody, fixed with 2%

paraformaldehyde/PBS, and subjected to flow cytometry. Gray

histogram: ldlD14 cells. Empty histogram: ldlD/EGFR cells. LFI
log fluorescence intensity. b Phosphorylation of EGFR induced by

EGF in ldlD/EGFR cells under different glycosylation status. ldlD/

EGFR cells (1 9 105 per well) were seeded into 12-well plates in

Ham’s F12 medium with 5% FBS, and cultured overnight. Medium

was changed to serum-free medium supplemented with ITS alone, or

ITS ? Gal (20 lM). After growth for 48 h, medium was replaced by

Ham’s F12 only, or by medium containing 20 lM Gal, and the cells

were further cultured overnight. The cells were then added with

100 ng/ml EGF, incubated at 37�C in 5% CO2 for 30 min, washed

with cold PBS containing 1 mM sodium vanadate, and lysed with

RIPA buffer. Proteins (8 lg/well) were subjected to SDS–PAGE, and

blotted with anti-phosphotyrosine, PY20, as described under Exper-

imental Procedures. After stripping with Re-blot Plus Mild Solution

(Millipore), membrane was re-blotted with anti-EGFR. Experiments

were performed in triplicate, and representative Western blot results

are shown (left panel). Upper band phosphorylated EGFR expression.

Lower band EGFR expression. EGF-induced phosphorylation of

EGFR was quantified as density of phospho-EGFR divided by that of

EGFR, by densitometry using Scion Image. Data shown are

mean ± SD from triplicate experiments (right panel). Lane 1 ITS

alone. Lane 2 ITS ? Gal. **P = 0.001–0.005
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Fig. 2 EGF-dependent cell motility. ldlD/EGFR cells (5 9 104 per

well) were seeded into 12-well plates in Ham’s F12 medium with 5%

FBS, and monolayer cells were cultured in serum-free medium as

described above. EGF-dependent cell motility was measured by gold-

sol assay as described in Experimental Procedures. (1) ITS alone,

-EGF. (2) ITS ? Gal, -EGF. (3) ITS, ?EGF. (4) ITS ?

Gal, ?EGF. Mean ± SD of cleared area (squared pixels) is shown.

***P \ 0.001
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cells that interaction of GM3 with N-linked GlcNAc ter-

mini requires divalent cation [14], similarly to other car-

bohydrate- carbohydrate interactions [26–28]. Binding of

GM3 to EGFR in lysate prepared from ?Gal cells showed

a concentration-dependent response (Fig. 5b); i.e., binding

was somewhat reduced at 50 lM Gal, and disappeared

completely at 200 lM Gal. The amount of EGFR in each

cell lysate used for the binding assays was consistent; i.e.,

it was similar among the blots shown in Fig. 5a, and

similar among the blots shown in Fig. 5b. This finding

indicates that addition of Gal does not significantly alter

expression of EGFR.
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Fig. 3 Analysis of GlcNAc termini on surface in ldlD/EGFR cells.

a ldlD/EGFR cells (1 9 105) were cultured in 6-well plates.

Glycosylation status of the cells was altered by addition of ITS, with

various concentrations of Gal (0, 20, 50, 100, 200 lM), as described

in Experimental Procedures. After 3 days incubation, cells were

detached with trypsin/EDTA as described in the Fig. 2 legend. For

GS-II-FITC staining, 1 9 105 cells were incubated with GS-II-FITC

for 1 h at room temp, washed with 1% BSA/0.1% NaN3/PBS, and

fixed with 2% paraformaldehyde/PBS. For mAb J1 staining, cells

were incubated with J1 for 2 h at 4�C, washed with 1% BSA/0.1%

NaN3/PBS, incubated with FITC-labeled secondary antibody for 1 h

at 4�C, washed, and fixed as above. Stained cells were subjected to

flow cytometry. Empty histograms: GS-II-FITC (left) or mAb J1

(right) staining. Gray histograms: normal mouse IgM ? FITC-

labeled goat anti-mouse IgM ? IgG (same in each panel). LFI log

fluorescence intensity. b ldlD/EGFR cells (1 9 104 per well) were

seeded onto 12-mm diameter glass coverslips in 24-well tissue culture

plates. Glycosylation status of the cells was altered by addition of ITS

with or without 200 lM Gal, as described in the Fig. 3 legend and

Experimental Procedures. Cells were fixed with 2% paraformalde-

hyde in PBS for 15 min at room temp, washed with PBS, blocked

with 1% BSA/0.1% NaN3/PBS for 30 min, stained with mAb J1 for

2 h at room temp, followed by incubation with FITC-labeled

secondary antibody for 1 h at room temp, or staining with GS-II-

FITC for 2 h. Cells were then washed, incubated with Hoechst-44442

(Invitrogen) for 15 min, and mounted with Glycergel (Dakocytoma-

tion). Stained cells were photographed with Leica DFC camera. Left
Cell staining with GS-II-FITC and Hoechst-44442. Right Cell

staining with J1 and Hoechst-44442. Lane 1 ITS alone. Lane 2
ITS ? Gal
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Discussion

Following our initial finding that GM3 inhibits EGF-

dependent tyrosine kinase in human epidermoid carcinoma

A431 cells [7], a series of studies were performed on

regulatory effects of gangliosides on tyrosine kinases

associated with various growth factor receptors [8–11].

These previous studies were based on the effect of exog-

enous addition of gangliosides on tyrosine kinases associ-

ated with various growth factor receptors. Effect of

endogenous GM3 on tyrosine kinase activity was studied

by M. Davis, using ldlD cells transfected with EGFR gene

[12]. However, the mechanism of a possible interaction of

GM3 with EGFR has been unclear in these cells, including

ldlD cells.

The major focus of the present study is a possible inter-

action of GM3 with GlcNAc termini of N-linked glycans of

EGFR, using ldlD cells transfected with EGFR (ldlD/

EGFR). These cells do not express GM3 or other glycans

containing Gal or GalNAc in Ham’s F12 media containing

ITS, but express GM3 and various other N-linked glycans

when Gal is added to medium (?Gal condition). In these

cells, GM3 is the major GSL and other higher gangliosides or

other GSLs are very minor components [20], assumed to be

similar to original CHO cells from which ldlD cells were

derived [19]. Furthermore, these cells are capable of syn-

thesizing the core structure of N-linked glycan, but incapable

of chain elongation of N-linked glycan, i.e., the cells express

N-linked glycans with b-GlcNAc termini under -Gal con-

dition, whereas GlcNAc termini are masked by b-Gal under

?Gal condition. Thus, the studies with these cells grown in

under ?Gal versus -Gal condition are useful for evaluation

of possible interaction of GM3 with GlcNAc termini of

N-linked glycans of EGFR, and effect on EGF-induced

tyrosine kinase.

In our model experiment using glycans isolated from

ovalbumin, GM3 was found to bind to ‘‘Os Fr.B’’ having

5–6 GlcNAc termini, showed less binding to glycan having

3 GlcNAc termini, and no binding to glycan having 2

GlcNAc termini [29]. Further studies with A431 cells

indicated that the mechanism for the inhibitory effect of

GM3 on EGFR tyrosine kinase was based on carbohydrate-

to-carbohydrate interaction between GM3 and GlcNAc

termini of N-linked glycan of EGFR [14]. The present

study, using a different approach with ldlD/EGFR cells, led

to the same conclusion.

The generally accepted mechanism for growth factor-

induced activation of tyrosine kinase is that originally

proposed by Schlessinger, based on receptor-to-receptor

interaction to form dimer [30, 31], in which involvement of

GSLs or glycans was not considered. It is possible that such

dimeric interaction may be inhibited by GM3 or other

gangliosides. Along this line of study, GM3 was shown to

interact equally well with monomeric versus dimeric

EGFR, and GM3 equally inhibited tyrosine kinase of these

two types of EGFR [32]. This suggests that GM3 may

interact directly, and inhibit EGF tyrosine kinase, regard-

less of its association with monomeric versus dimeric form

of EGFR. Further extensive studies are necessary to

examine this possibility.

Our previous study showed that high motility of A431

cells was reduced by treatment with EtDO-P4 [33], an

inhibitor of GlcCer synthesis, which blocks ganglioside

expression. The findings suggested that EGFR is com-

plexed with gangliosides and tetraspanins, to maintain high

cell motility, and that such complex is dissociated by
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Fig. 4 Effect of reduced GlcNAc termini of EGFR on GM3-

dependent inhibition of EGFR activation. GM3 in chloroform/

methanol 2:1 was dried under nitrogen stream, dissolved in Ham’s

F12 serum-free medium, and sonicated for 3 h. ldlD/EGFR cells

(1 9 105/well in 6-well plates) were incubated for 72 h in serum-free

medium supplemented with ITS alone (lane 1), or ITS ? Gal

(200 lM) (lane 2). Cells were treated with 50 lM GM3 for 2 h,

added with 100 ng/ml EGF, and incubated at 37�C in 5% CO2 for

30 min. After washing, cell lysate was prepared. GlcNAc termini on

EGFR were determined using GS-II-HRP. EGFR and phosphorylated

EGFR were determined as described in the Fig. 1b legend, and

Experimental Procedures. c-tubulin staining was used as loading

control. a Representative results of Western blot for GlcNAc termini

(GS-II), PY20, EGFR, and c-tubulin. b Relative expression of

GlcNAc termini, quantified by densitometry using Scion Image, and

normalized with c-tubulin expression. c EGF-induced phosphoryla-

tion of EGFR was quantified as density of phospho-EGFR divided by

that of EGFR, by densitometry using Scion Image. Data shown are

mean ± SD from triplicate experiments. **P = 0.001–0.005. Lane 1
ITS alone. Lane 2 ITS ? Gal

1650 Neurochem Res (2011) 36:1645–1653

123



elimination of gangliosides by EtDO-P4 [34]. These results

are different from the enhanced motility of EGF-stimulated

ldlD/EGFR cells, and its inhibition by GM3 expression, as

observed in the present study, but both sets of results

illustrate cell motility control through EGFR function.

A few studies have suggested that changes in N-linked

glycans of EGFR may play an essential role in regulation

of EGFR kinase. Binding of Phaseolus vulgaris-E lectin,

which recognizes bisecting b1-4GlcNAc structure, to

EGFR of human glioblastoma-astrocytoma U373MG cells,

blocked EGF binding and EGFR autophosphorylation [35].

These results were confirmed by transfection of b1-4Glc-

NAc transferase (GlcNAcT-III) gene in the cells, which

caused decrease of EGF binding and inhibition of EGFR

autophosphorylation [36]. This findings may be limited to

U373MG cells, and may not be applicable to GM3 effect

on EGFR in A431 cells or ldlD/EGFR cells. However, it

will be interesting to study the status of GlcNAcT-III

versus b1-6GlcNAcT-V, and their correlation with EGFR-

associated tyrosine kinase activity, in A431, ldlD/EGFR,

and other cell lines, since GlcNAcT-III and -V are reported

to be competitive [37–41]. GlcNAcT-V produces side

chain branch, GlcNAcb1-6Mana1-6Mana, leading to tetra-

to penta-antennary structure of N-linked glycans, which

can be detected by binding to Phaseolus vulgaris-L lectin

[42].

Further detailed studies on the structural basis for

interaction of GM3 with specific N-linked glycans carrying

multivalent GlcNAc termini of EGFR will clarify the

mechanism by which GM3 localized in membrane micro-

domains inhibits EGFR tyrosine kinase activity.
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