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Sialyl Lewis antigens, sialyl Lewis a and sialyl Lewis x, are uti-
lized as tumormarkers, and their increase in cancer is associated
with tumor progression by enhancement of cancer cell adhesion
to endothelial E-selectin. However, regulation mechanisms are
not fully understood.We previously demonstrated that NEU4 is
the only sialidase efficiently acting on mucins and it is down-
regulated in colon cancer. To elucidate the significance ofNEU4
down-regulation, we investigated sialyl Lewis antigens as
endogenous substrates for the sialidase. NEU4 was found to
hydrolyze the antigens in vitro and decrease cell surface levels
much more effectively than other sialidases. Western blot, thin
layer chromatography, and metabolic inhibition studies of
desialylation products revealed NEU4 to preferentially catalyze
sialyl Lewis antigens expressed on O-glycans. Cell adhesion to
and motility and growth on E-selectin were significantly
reduced by NEU4. E-selectin stimulation of colon cancer cells
enhanced cell motility through activation of the p38/Hsp27/ac-
tin reorganization pathway, whereas NEU4 attenuated the sig-
naling. On immunocytochemical analysis, some NEU4 mole-
cules were localized at cell surfaces. Under hypoxia conditions
whereby the antigenswere increased concomitantlywith several
sialyl- and fucosyltransferases, NEU4 expression was markedly
decreased. These results suggest that NEU4 plays an important
role in control of sialyl Lewis antigen expression and its impair-
ment in colon cancer.

Aberrant glycosylation is a characteristic feature of cancer
cells, and especially alteration in sialylation during malignant
transformation has been proposed to be associated with the
malignant phenotype, including metastatic potential and inva-
siveness (1–3). Sialic acids, in fact, often include tumor-specific
carbohydrates as tumor markers. In particular, sialyl Lewis a
(sialyl-Lea)2 and sialyl Lewis x (sialyl-Lex), known, respectively,
as clinical markers CA19-9 and NCC-ST-439, are utilized
because they are useful for monitoring recurrence after surgery

and predicting the prognosis (4–6). Expression of Lewis anti-
gens is increased significantly in cancer compared with non-
malignant epithelial cells, and induction has been suggested to
be attributable to specific alteration of transcription of genes
for several glycosyltransferases and sugar transporters, which
are induced by hypoxia-inducible factor, hypoxia-induced fac-
tor, and hypoxic culture conditions (7, 8). In normal colon
mucosa, the expression of sialyl-Lea and sialyl-Lex is quite low,
whereas more complicated carbohydrates, such as disialyl-Lea
and sialyl-6-sulfo-Lex, are major components (9, 10). Sialyl-Lea
and sialyl-Lex play an important role, as carbohydrate ligands
for E-selectin, in E-selectin-mediated cancer cell adhesion to
vascular endothelial cells during the course of hematogenous
metastasis (11), through activation of the SAPK/p38 signaling
pathway (12, 13). On the other hand, disialyl-Lea, sialyl-6-sulfo-
Lex, Lea, and Lex do not bind to E-selectin. Control of sialyl-Lea
and sialyl-Lex expression may therefore have important impli-
cations for the development of anti-metastatic therapy.
To understand the causes of aberrant sialylation and the con-

sequences for cancer, we have focused on mammalian siali-
dases, which control cellular sialic acid contents in collabora-
tion with sialyltransferases. Human sialidases are classified into
four groups according to their enzymatic properties and sub-
cellular localization (abbreviated to NEU1, NEU2, NEU3, and
NEU4), and their expression levels indeed change in response
to various cellular phenomena and especially in relation to can-
cer phenotype (14, 15).Wepreviously demonstrated thatNEU1
shows down-regulation in cancers, promoting anchorage-inde-
pendent growth and contributing to metastatic ability (16),
whereas NEU3 exhibits marked up-regulation, playing as an
essential factor for cancer cell survival (17, 18). Among them,
NEU4 is a unique sialidase efficiently removing sialic acid resi-
dues from mucins. It possesses two splicing isoforms, NEU4L
and NEU4S, differing in the existence of 12 N-terminal amino
acids (19). NEU4L is dominantly expressed in brain, whereas
NEU4S levels are relatively high in liver, kidney, and colon
mucosa. NEU4S can be recovered in membrane fractions, and
recently was suggested to be present in endoplasmic reticulum
(20), whereas NEU4L is likely to be localized in mitochondria
(19, 20). Although the functions of NEU4 remain largely
unclear, the murine form seems to be involved in neuronal dif-
ferentiation (21).
We previously showed that NEU4S is down-regulated in

colon cancer as compared with normal mucosa and that the
expression ratio of tumor to non-tumor in patient samples is
significantly linked with venous invasion (22) as an indicator of
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the development of hematogenous metastasis (23). To eluci-
date the significance of NEU4S down-regulation and its close
relationship with venous invasion in colon cancer, we investi-
gatedwhether the sialidasemight influence expression of sialyl-
Lea and sialyl-Lex that is associated with tumor progression by
enhancement of cancer cell adhesion. Here we found that
NEU4S efficiently cleaves sialic acids from these carbohydrates,
leading to alteration of cancer cell phenotypes. The present
results suggest an essential biological role of NEU4S in home-
ostasis of colonmucosa through regulating sialyl Lewis antigen
expression and the functional loss by its down-regulation in the
cancer.

EXPERIMENTAL PROCEDURES

Cells, Transfection, and Sialidase Activity—Human colon
cancer HT29 cells (ATCC), DLD-1 cells (Health Science
Research Sources Bank, Osaka, Japan), human hepatoma
HepG2 cells (Cell Resource Center for Biomedical Research,
Institute of Development, Aging and Cancer of Tohoku Uni-
versity), and human embryonic kidney HEK293T cells (a gift
from M. Sugai, Kyoto University School of Medicine, Japan)
were maintained in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum (FBS). The ORF of human NEU4S
tagged with HA at the C-terminal was subcloned into pcDNA
3.1 (Invitrogen), and a pCAGGS expression plasmid (a gener-
ous gift from Dr. Miyazaki, Osaka University School of Medi-
cine), and then transfected with Lipofectamine 2000 reagent
(Invitrogen). Expression vectors for NEU1, NEU2, and NEU3
were prepared as previously reported (24), and for NEU1
expression, the plasmid for the protective protein (carboxypep-
tidase A) pp11 gene was co-transfected (16). To obtain stable
transfectants, G418 (Sigma) was used with HT29 cells at 600
�g/ml and with DLD-1 at 300 �g/ml. For NEU4 gene knock-
down, NEU4 siRNA (22) was transfected with Lipofectamine
RNAiMAX (Invitrogen). For sialidase activity assays, homoge-
nates were prepared in PBS buffer containing leupeptin, pep-
statin, PMSF, and 1 mM EDTA using transfected cells as the
enzyme source. In some experiments, HEK293T cells were
transfected with the respective sialidase cDNAs and their
homogenates were used (24). Sialidase activity was measured
with 4-methylumbelliferyl-neuraminic acid (4MU-NeuAc),
GM3, sialyl-Lea, and sialyl-Lex (6 sugars, ganglioside-type,
Wako Pure Industries, Osaka, Japan) as substrates. Released
4-methylumbelliferylone (4MU) and sialic acids were meas-
ured by fluorescence spectrophotometry and HPLC, respec-
tively (25). Protein concentrations weremeasured by dye-bind-
ing assay (Bio-Rad). One unit (U) was defined as the release of 1
nmol of sialic acid over 1 h.
Cell Treatments—To characterize glycans bearing sialyl-Lea

and sialyl-Lex epitopes, cells were cultured for 72 h at 37 °C in
medium containing 2 mM benzyl-2-acetamido-2-deoxy-�-D-
galactopyranoside (benzyl-GalNAc) to inhibit O-linked glyco-
sylation (26) or 10 �g/ml of castanospermine to inhibit
N-linked processing of glycoproteins (27). For culture under
hypoxia conditions, cellswere treated for 72 h in the presence of
hypoxia mimetic, 100 �M deferoxamine (Sigma).
Flow Cytometric Analysis—Cell surface sialyl-Lea, sialyl-Lex,

Lea, Lex, and disialyl-Lea were determined by flow cytometric

analysis as described previously (28). Briefly, detached cells
were incubatedwith the respective antibodies or control IgGon
ice for 45 min, and then incubated with FITC-conjugated anti-
mouse IgG/M antibodies (Dako). Washed cells were analyzed
using a flow cytometer (BD Bioscience). The antibodies for sia-
lyl-Lea (1H4, 7LE), sialyl-Lex (2H5), Lea (2–25LE), and Lex
(H18A) were from Seikagaku Biobusiness (Tokyo, Japan), and
those for sialyl-Lex (CSLEX and HECA-452) were from BD
Pharmingen and Biolegend, respectively, and for disialyl-Lea
(FH7) from Chemicon.
Quantitative Reverse Transcription-PCR Analysis—Quanti-

tative analysis of endogenous mRNA levels of NEU4, �-galac-
toside �-2,3-sialyltransferase 1 (ST3 Gal I), �-galactoside
�-2,3-sialyltransferase 3 (ST3Gal III), ST3�-galactoside�-2,3-
sialyltransferase 4 (ST3 Gal IV), fucosyltransferase 3 (FUT3),
and fucosyltransferase 7 (FUT7) were performed by real time
PCR using a Light Cycler rapid thermal cycler system (Roche
Applied Science) as described previously (29). NEU4 primers
were designed as detailed in a previous report (22). Primers
were as follows: ST3 Gal I, sense (5�-ATGAGGTGGACTTGT-
ACGGC-3�) and antisense (5�-AACGGCTCCAGCAAGATG-
3�); ST3 Gal III, sense (5�-TGAGACTGAATTCAGCACCAG-
3�) and antisense (5�-TCAGATGCCACTGCTTAGATC-3�);
ST3 GalIV, sense (5�-ACACACTCCTCGTCCTGGTAGCT-
3�) and antisense (5�-CTACAGCTCTTGCCCAGGTCAGAA-
3�); FUT3, sense (5�-GCCGACCGCAAGGTGTAC-3�) and
antisense (5�-TGACTTAGGGTTGGACATGATATCC-3�);
FUT7, sense (5�-CTCGGACATCTTTGTGCCCTATG-3�)
and antisense (5�-CGCCAGAATTTCTCCGTAATGTAG).
GAPDH was used as an internal control to correct for expres-
sion between samples.
Immunoblotting—Cells were lysed with modified RIPA

buffer (50mMHepes, pH 7.5, 150mMNaCl, 1%Nonidet P-40, 2
mM EDTA, 7.5 �g/ml of aprotinin, 10 �g/ml of leupeptin, 10
mMNaF, 2mMorthovanadate, 0.25% sodiumdeoxycholate, and
2 mM PMSF). The lysates were clarified by centrifugation at
10,000 � g for 10 min and then resolved on SDS-PAGE. After
transfer to polyvinylidene difluoridemembranes, blockingwith
1% BSA in TBST, and incubation with primary antibodies,
binding was visualized using the appropriate peroxidase-cou-
pled secondary antibodies with ECL detection (AmershamBio-
sciences). Antibodies for anti-phospho-p38 (Thr180/Tyr182)
and anti-p38, were fromCell Signaling Technology. Anti-phos-
pho-Hsp27 (Ser78) and anti-Hsp27 antibodies were from
Stressgen and Santa Cruz Biotechnology, respectively. Recom-
binant human E-selectin/Fc chimera was a product of R&D
Systems. Densitometric analyses were carried out with Quan-
tity One one-dimensional analysis software (Bio-Rad).
Thin Layer Chromatography (TLC) Immunostaining—Gly-

colipids were extracted from cells and fractionated by thin layer
chromatography on HPTLC plates (Baker, Phillipsburg, NJ) in
chloroform/methanol/H2O (60:35:8, v/v/v), as described previ-
ously. For detection of sialyl Lewis antigens, immunostaining of
thin layer chromatography was performed using the respective
antibodies with an avidin-biotin immunoperoxidase staining
kit (Vector).
Indirect Immunofluorescence Microscopy—Cells grown on

glass coverslips were fixed with 4% paraformaldehyde for 15
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min and then incubated with or without 0.1% Triton X-100.
After blocking with 1% BSA, cells were incubated with anti-HA
(Roche Applied Science) and anti-sialyl-Lea antibody for 1 h,
followed by incubation with Alexa 488 anti-rat IgG and 594
anti-mouse IgG. FITC-phalloidin (Sigma) was used to visualize
F-actin. Preparations were examined by confocal microscopy
(LSM5, Carl Zeiss, Germany).
Cell Surface Biotinylation—Cell surface biotinylation was

carried out as described previously (16). Cell surface proteins
were labeled with sulfo-NHS-LC-Biotin (Pierce) according to
the manufacturer’s instructions. After quenching the biotin-
ylation with glycin/PBS, cells were lysed with RIPA buffer
followed by separation of biotinylated proteins with strepta-
vidin-agarose resin. Collected proteins were analyzed by
immunoblotting with antibodies for HA, Met (as a control of
cell surface proteins), and caveolin-1 (as a control for intra-
cellular proteins).
E-selectin Stimulation—Cells weremaintained under serum-

depleted conditions for 16 h before stimulation. E-selectin/Fc
chimera was adjusted to 1 �g/ml with medium and then sup-
plemented to culture dishes. At the indicated time points, cells
were collected, and signaling alterations were analyzed by
Western blotting.
Cell Motility Assays—Cell motility assays were carried out

using non-coated cell culture inserts (Falcon) (30). Cells
were seeded at 2.5 � 105 cells/well onto the upper chamber,
and the lower chamber was filled with medium. After 24 h
cells were fixed and stained with Wright-Giemsa solution
and the migrated cells on the lower membrane surface were
counted under a microscope. E-selectin/Fc chimera (1
�g/ml) was added to the upper chamber. To confirm the
specificity of effects, cells were incubated with anti-sialyl-Lea

and sialyl-Lex antibodies (5 �g/ml each) for 30 min on ice
before seeding.
Cell Adhesion and Cell Proliferation—Cell adhesion and

growth were analyzed as described previously (31). Briefly,
96-well plates were coated with 1 �g/ml of recombinant E-se-
lectin/Fc chimera, and then blocked with 1% BSA in PBS. Cell
suspensions were then applied to these coated 96-well plates.
For cell adhesion, after incubation for 30 min and fixation,
attached cells were stained with 0.1% crystal violet for 20 min,
and incorporated dye was eluted with 10% acetic acid, then
measured spectrophotometrically at A550. Cell growth in vitro
was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay. After 0–120 h, formazan pro-
duced by live cells was measured at absorbance 450 nm (refer-
ence 630 nm). To analyze cell growth in vivo, DLD-1 cells (5.0�
106) were injected subcutaneously into the lower flanks of
6-week-old scid mice obtained fromCLEA Japan, Inc. (Tokyo).
Tumor diameters were measured at maximum length and
width with digital calipers, and the tumor volume was calcu-
lated from the equation: volume � (width)2 � length/2.
Statistical Analysis—Results are expressed as mean � S.D.

The differences between the data from the experimental groups
were analyzed for statistical significance by Student’s or
Welch’s t tests.

RESULTS

NEU4 Down-regulates Cell Surface Sialyl-Lea and Sialyl-Lex—
To examine the possibility of an involvement of the sialidase(s)
in the expression of sialyl-Lea and sialyl-Lex, sialidase genes
were transfected into DLD-1 expressing sialyl-Lea and into
HT29 possessing both sialyl-Lea and sialyl-Lex (32, 33). Because
we previously found that expression of NEU2 and NEU4L was
hardly detectable in colon mucosa and cancer (22, 24), NEU1,
NEU3, or NEU4S genes were introduced. First, we observed
NEU4S effects on the sialyl-Lea and sialyl-Lex expression,
because of its broad substrate specificity (19). Stable transfec-
tants of NEU4S were obtained in DLD-1 and HT29 cells with
G418 selection, and their sialidase activities were increased
toward 4MU-NeuAc in DLD-1 cells (7.1 � 1.0 units/mg in
Mock, 16.1� 1.2 units/mg in NEU4S#1, 32.2� 3.0 units/mg in
NEU4S#2) and in HT29 cells (9.9 � 0.3 units/mg in Mock,
19.9 � 2.2 units/mg in NEU4S#11, 36.0 � 4.0 units/mg in
NEU4S#12). Evaluation of cell surface sialyl-Lea and sialyl-Lex

levels was carried out by flow cytometric analysis. As shown in
Fig. 1a, sialyl-Lea and sialyl-Lex levels were significantly down-
regulated in the transfectants. NEU4S decreased sialyl-Lea by
86% in DLD-1 (NEU4S#1), and sialyl-Lea by 80% and sialyl-Lex

by 50% inHT29 cells (NEU4S#11) as comparedwithmock cells.
Similar results were obtained in the other transfectants in three
experiments (lower panel in Fig. 1a). However, unlike NEU4S,
NEU1 hardly exerted any effects and only a slight change was
noted with NEU3 (Fig. 1b), even they showed a 3–5-fold
increase in sialidase activity. We used two different antibodies
for the estimation of sialyl-Lea and three antibodies for sialyl-
Lex, and obtained essentially similar results. When cell surface
Lea and Lex were measured in NEU4S overexpressing cells, a
slight but significant increase was observed (Fig. 1c), possibly
produced by desialylation of sialyl-Lea or sialyl-Lex. To verify
whether the levels of biosynthetic enzymes were changed by
NEU4S overexpression, expression of ST3 Gal III, ST3 Gal IV,
FUT3, and FUT7 were estimated by quantitative PCR. NEU4S
transfection was without apparent influence (Fig. 1d), suggest-
ing that NEU4S decreased sialyl-Lea and sialyl-Lex without
affecting the expression of sialyl Lewis antigen synthetic
enzymes.
As mentioned earlier, NEU4S is relatively rich in non-can-

cerousmucosa, where the expression of sialyl-Lea and sialyl-Lex

is quite low and disialyl-Lea is preferentially expressed. In this
context, we examined whether NEU4S altered disialyl-Lea lev-
els in DLD1 cells expressing the disialyl-Lea (10). Interestingly,
the sialidase did not change the level of this normal glycan gen-
erally expressed in non-malignant epithelial cells (Fig. 1e). It is
feasible that desialylation byNEU4Smay occur specificallywith
cancer-related sialyl Lewis antigens and thus maintenance of
the normal glycan level can be achieved in colon mucosa even
highly expressing NEU4. To confirm NEU4 function for the
desialylation of sialyl Lewis antigens, endogenous NEU4 was
knocked downwith the specific siRNA forNEU4 and alteration
of the sialyl-Lex expression was assessed. However, due to the
extremely low expression of NEU4 in cancer cells (22), the
knockdown showed no apparent change in sialyl-Lea and sialyl-
Lex in DLD-1 and HT29 cells (data not shown). We then
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employed human hepatoma HepG2 cells, possessing sialyl-Lex
on the cell surface (34), because the endogenous NEU4 mRNA
level is far higher than in DLD-1 and HT29 cells. At 120 h after
treatment with siRNA for NEU4, cell surface sialyl-Lex was
slightly but significantly increased by 90% knockdown (Fig. 1f).
These results indicate that NEU4S regulates the expression of
sialyl-Lea and sialyl-Lex, but not disialyl-Lea, in colon mucosa.

Sialyl-Lea and Sialyl-Lex Are Substrates for NEU4S—As
NEU4S was found to reduce the expression of sialyl-Lea and
sialyl-Lex in colon cancer cells, we next examined whether sia-
lyl-Lea and sialyl-Lex could be substrates forNEU4S. Using syn-
thesized sialyl-Lea and sialyl-Lex, homogenates of sialidase
gene-transfected cells were incubated in the reaction mixture
for the sialidase activity assay. NEU4S effectively hydrolyzed

FIGURE 1. Down-regulation of sialyl-Lea and sialyl-Lex in DLD-1 and HT29 colon cancer cells by NEU4S overexpression. a, flow cytometric analysis of cell
surface sialyl-Lea in DLD-1 (left), HT29 (middle) cells, and sialyl-Lex in HT29 (right) (dotted line, mouse IgG; line filled with gray, Mock; black line, NEU4S). The data
are mean � S.D. from three experiments (*, p � 0.05; **, p � 0.01). b, effects of NEU1 (left) and NEU3 (right) overexpression on cell surface sialyl-Lea in HT29 cells
(dotted line, mouse IgG; line filled with gray, Mock; black line, NEU1 or NEU3). c, altered expression of Lea (left panel in DLD-1) and Lex (right panel in HT29) by
NEU4S (dotted line, mouse IgG; line filled gray, Mock; black line, NEU4S). d, relative expression of ST3 GalIII, ST3 Gal IV, FUT3, and FUT7 in NEU4-overexpressing
HT29 cells. mRNA levels were assessed by real time PCR. e, no significant change in disialyl-Lea expression by NEU4S (dotted line, mouse IgG; line filled gray, Mock;
black line, NEU4S). f, up-regulation of sialyl-Lex in HepG2 cells by NEU4S knockdown (dotted line, mouse IgG; line filled gray, scramble control; black line, NEU4S
RNAi).
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these carbohydrates to an extent comparable withGM3, a good
substrate for NEU4 (Fig. 2a). Consistent with the results
obtained above by flow cytometric analysis, three sialidases

other than NEU4S only poorly catalyzed the removal of sialic
acids from sialyl-Lex and sialyl-Lea with andwithout detergents
including Triton X-100 and sodium cholate, except NEU3
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showing a considerable activity toward sialyl-Lex (Fig. 2b). To
obtain further information about endogenous substrates bear-
ing the cancer-associated carbohydrates, lysates from NEU4S-
transfected cells were analyzed by immunoblotting and thin
layer chromatography, because our previous studies demon-
strated removal of sialic acids from both lipid- and protein-
bound carbohydrates by NEU4S (19). The levels of protein-
bound sialyl-Lea and sialyl-Lexwere first compared between the
mock and NEU4S transfectants by immunoblotting with the
respective antibodies, because NEU4 can efficiently hydrolyze
mucin-type glycoprotein in vitro (19, 35). As shown in Fig. 2, c
and d, the levels of sialyl-Lea and sialyl-Lex on several glycopro-
teins were reduced by NEU4S overexpression in DLD-1 and
HT29 cells. In DLD-1 cell lysates, glycoproteins of �140, 160,
and 200 kDa bearing sialyl-Lea were reduced by NEU4S (Fig.
2c). In HT29 cells, NEU4S decreased the levels of protein-
bound sialyl-Lea 140, 200, and over 300 kDa, and also the sialyl-
Lex on glycoproteins by nearly 150 kDa (Fig. 2d). We used
another antibody for sialyl-Lex (HECA-452) and found that
about 100, 140, 160, 180, and over 300 kDa proteins were also
decreased (data not shown). These results showed that the sev-
eral glycoproteins are the targets for NEU4S, suggesting that
desialylation of cancer-associated glycans by the sialidasemight
cause functional changes accompanying cancer progression.As
it was reported that these E-selectin ligands are carried by
CD44, especially CD44v (36) and Mac1 (37), we attempted to
identify the glycoproteins observed above by immunoprecipi-
tation using antibodies for CD44S (2C5, R&D Systems),
CD44v6 (2F10, R&D Systems), Mac1 (VU4H5, Santa Cruz),
Mac3 (M3.1, Abcam), Mac4 (1G8, Zymed Laboratories Inc.),
andMac5AC (CLH2, Chemicon), followed by immunoblotting
with antibodies for sialyl-Lea and sialyl-Lex. However, the pro-
teins immunoprecipitated from the cell lysates by the respec-
tive antibodies for CD44 andMac did not correspond exactly to
the sialyl Lewis antigens. We then characterized whether the
sialyl Lewis antigen structures presented on N-linked and/or
O-linked glycans. Cells were cultured in the presence of benzyl-
GalNAc or castanospermine to inhibit synthesis ofO-linked or
N-linked glycans, respectively. In Fig. 2e, in control cells, ben-
zyl-GalNAc diminished the expression levels of both sialyl-Lex
and sialyl-Lea at cell surfaces, whereas castanospermine hardly
changed either. Consistent with these results, the NEU4S-me-
diated decrease in the glycan expression, especially in sialyl-Lex,
was abrogated profoundly when benzyl-GalNAc was present,
but castanospermine did not block the reduction by the siali-
dase. These data indicate sialyl Lewis structures hydrolyzed by
NEU4S to be mostly expressed on O-glycans. Regarding lipid-

bound sialyl-Lea, DLD-1 cells exhibited no detectable change
by NEU4S as assessed by TLC immunostaining. Even endoge-
nous sialyl-Lea failed to be detected in glycolipids from DLD-1
cells, possibly due to low expression (data not shown).
NEU4S Suppresses Cell Attachment to and Cell Growth on

E-selectin—Interaction of tumor cell surface sialyl-Lex and sia-
lyl-Lex with endothelium E-selectin is a major component of
cancer invasion and metastasis. To explore the physiological
significance of the decreased sialyl Lewis antigens by NEU4S,
cell adhesion to E-selectin was examined. NEU4S showed a sig-
nificant decrease in HT29 cell attachment onto E-selectin-
coated plates, whereas there was no significant change on BSA-
coated plates with mock and NEU4S transfectants (Fig. 3a).
NEU4S also suppressed cell attachment to E-selectin in
NEU4S-transfected DLD-1 cells (Fig. 3b). To confirm whether
these alterations are caused by hydrolysis of sialyl-Lea and sia-
lyl-Lex, cells were pre-treated with anti-sialyl-Lea and/or anti-
sialyl-Lex antibodies before attachment (33). Antibody treat-
ment suppressed cell attachment to E-selectin in both cells,
indicating that sialyl Lewis antigen-mediated cell attach-
ment was negatively modified by NEU4S. Next, the cell
growth rate on E-selectin-coated dishes was assessed in
HT29 cells, as Yusa et al. (38) reported that induction of
sialyl-Lex accelerates proliferation of colon cancer cells. Sig-
nificant inhibition was observed with a concomitant
decrease of sialyl-Lex in NEU4S-transfected cells as com-
pared with that in the mock cells (Fig. 3c).
To examine growth effects of the sialidase in vivo, NEU4S-

transfected DLD-1 cells (NEU4S#1 and NEU4S#2, 5 � 106
each) were implanted subcutaneously into scidmice (fourmice
for each group). Surprisingly, NEU4S overexpression showed
almost complete inhibition of tumor growth in both transfec-
tants even after 6 weeks of inoculation, whereas the wild type
and mock transfectants produced a considerable volume of
tumors that continued to increase in size (3867 � 1115 and
4786 � 1428mm3, respectively). These results suggest a strong
growth inhibitory effect of NEU4S in vivo, although it may not
be a direct E-selectin-mediated event but possibly a result of
acceleration of apoptosis as described in our previous report
(22). Observations on in vivo liver metastasis by injecting the
cancer cells transsplenically into mice would give further
insight into a possible role of the sialidase in the development of
hematogenous metastasis.
NEU4S Suppresses E-selectin-induced Cell Motility through

Action on the p38/Hsp27Pathway—Previous observations have
showed that sialyl-Lea and sialyl-Lex regulate cell motility (39).
To test whether NEU4 affects cell migration through desialyla-

FIGURE 2. Desialylation of sialyl-Lea and sialyl-Lex by NEU4 and characterization of these glycans. Substrate specificity of NEU4S toward GM3, sialyl-Lex

and sialyl-Lea in vitro (a). Different substrate specificity of sialidases NEU1, NEU2, NEU3, and NEU4S toward sialyl-Lex (b, left panel) and sialyl-Lea (b, right).
Homogenates from HEK293T cells transfected with the respective sialidase cDNAs were used as enzyme sources, and essentially equal amounts for each
sialidase were applied. According to their known substrate specificity, the activity levels were determined in advance with 4MU-NeuAc for NEU1, NEU2, NEU4
and with GM3 for NEU3 and NEU4 as substrates with Triton X-100 (0.1%) or sodium cholate (0.05%). Released sialic acids were estimated by HPLC as described
under “Experimental Procedures.” Immunoblot analysis of sialyl-Lea in DLD-1 (c), HT29 (d, left panel) cells, and sialyl-Lex in HT29 cells (d, right). Equal protein
loading was confirmed by immunoblots of �-tubulin. Marked decrease in sialyl Lewis antigens is shown with an asterisk. To characterize glycans bearing sialyl
Lewis antigens, cells were cultured in the presence of benzyl-GalNAc and castanospermine to inhibit synthesis of O-linked or N-linked glycans, respectively. In
both DLD-1 (e, right panel) and HT29 colon cancer cells (e, left panel), treatment with benzyl-GalNAc diminished most of the expression level of both sialyl-Lex

(dark gray in 2) and sialyl-Lea (dark gray in 6) at cell surfaces as compared with non-treated cells (gray in 1 and 5), whereas castanospermine (gray in 2 and 6)
hardly changed either. The NEU4S-mediated decrease in the glycan expression, especially in sialyl-Lex, was abrogated by treatment with benzyl-GalNAc (black
lines in 4 and 8) but castanospermine did not block the reduction by the sialidase (black lines in 3 and 7).
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tion of sialyl-Lea and sialyl-Lex, cell motility assays were per-
formed in the cells stimulated with E-selectin using a Boyden
chamber. Because E-selectin is known to work not as a che-
moattractant (39), alteration of cell motility could be regulated
only by E-selectin and sialyl-Lea and sialyl-Lex binding. Under
conditions of no stimulation, both mock and NEU4S-trans-
fected cells migrated, and there was no significant difference
between the two cases, as in previous reports (22). On the other
hand, E-selectin stimulation only markedly provoked motility
in mock cells (Fig. 4a), but NEU4S showed little effect on E-se-
lectin-stimulated cell migration. These results indicate that
decrease of sialyl-lea and sialyl-Lex by NEU4S led to suppres-
sion of E-selectin-mediated cell motility. To clarify details with
reference to signal transduction, we focused attention on the
p38/Hsp27 pathway. It is known that binding of sialyl-Lea and
sialyl-Lex to E-selectin activates p38 signaling in cancer cells
(12, 39), resulting in stimulation of phosphorylation of various
transcription factors and MAPKAP kinase 2, with subsequent
activation of MAPKAP kinase 2 and Hsp27, the actin polymer-
izing factor (40). To investigate the influence of NEU4S on cell

motility, HT29 cells were stimulated with E-selectin and the
phosphorylation levels were assessed. The stimulation caused
phosphorylation of p38 after 5–10 min, whereas NEU4S sup-
pressed this E-selectin-induced p38 phosphorylation (Fig. 4b).
Moreover, Hsp27 phosphorylation was also suppressed by
NEU4S in HT29 cells (Fig. 4c). Similar phenomena were also
observed in DLD-1 cells. To assess actin reorganization, fluo-
rescence microscopy was conducted with FITC-phalloidin. At
120min after E-selectin stimulation, F-actin accumulated at the
cell periphery in mock cells (Fig. 4d) but NEU4S hardly exerted
any influence, suggesting that the decrease of sialyl-Lea and
sialyl-Lex caused by NEU4S leads to suppression of signaling
followed by decreased cell motility.
NEU4SMay Hydrolyze Sialyl Lewis Antigens at Cell Surfaces—

The intracellular localization of NEU4S has not been detailed,
although the presence as extrinsic proteins in the ER was
reported by Bigi et al. (20). We then studied the possibility that
NEU4Smight localize at plasmamembranes with access to sia-
lyl Lewis antigens in DLD-1 cells. With 0.1% Triton X-100 per-
meabilization, NEU4S was almost entirely intracellular, but in
its absence some NEU4S was localized at the plasma mem-
brane, along with sialyl-Lea (Fig. 5a). Biotinylation of cell sur-
face proteins confirmed the existence of NEU4S. In NEU4S-
transfected cells, some NEU4 molecules were found in the
biotinylated fractions, in which Met was collected but not
caveolin-1, an intracellular control (Fig. 5b). These results
imply that NEU4S could be present functionally at plasma
membranes and desialylate the sialyl-Lea and sialyl-Lex of cell
surface glycans.
Endogenous NEU4S Is Down-regulated under Hypoxic

Conditions—Induction of sialyl Lewis antigens has been
reported when cells were cultured in the presence of hypoxia
mimetics such as deferoxamine, an iron-chelating agent known
to activate hypoxia-inducible factor-1 (41), concomitant with
increased expression of several sialyl- and fucosyltransferases
responsible for the antigen synthesis. To establish whether
endogenous NEU4S is linked to these events, expression was
therefore assessed under hypoxic culture conditions by adding
deferoxamine to cultures of HCT-15 and SW480 colon cancer
cells expressing relatively higher NEU4S levels than HT29 and
DLD-1 cells. Under conditions whereby sialyl-Lea expression
was up-regulated (Fig. 5c, left panel) accompanied by ST3Gal I
and FUT7 elevation, endogenous NEU4S was dramatically
down-regulated in HCT-15 cells (Fig. 5c, right panel), despite
only a slight change in NEU1 and NEU3 expression. Similar
results were obtained with SW-480 cells for sialyl-Lex expres-
sion (Fig. 5d). These data suggest thatNEU4Smay be negatively
linked to regulation of sialyl Lewis antigen expression and adhe-
sion of cancer cells to endothelial E-selectin.

DISCUSSION

Sialyl-Lea and sialyl-Lex are widely used as cancer markers,
and a positive correlation between their expression and cancer
cell metastasis or invasion has been reported. In the present
study, we demonstrated that human sialidaseNEU4S efficiently
catalyzes the removal of sialic acids from sialyl-Lea and sialyl-
Lex, causing reduction of malignant phenotypes including cell
attachment, cell migration, and cell proliferation, probably by

FIGURE 3. Effect of NEU4S on cell adhesion to and proliferation on
E-selectin. HT29 (a) and DLD-1 (b) cell adhesion on BSA and E-selectin-
coated plates. Open bars, wild and mock; gray and black bars, NEU4S trans-
fectants. As a positive control, cells were preincubated with anti-sialyl-Lea

antibody for 30 min, and then seeded. c, growth of HT29 cells cultured on
E-selectin (5 �g/ml) or non-treated plastic dishes assessed by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. The curves
are compared for mock and NEU4S (#11 and #12) transfectants. *, p � 0.05;
**, p � 0.01. n.s., not significant.
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lowering binding of cancer cells to E-selectin on endothelial
cells. These findings are likely to account for the tumor progres-
sion by down-regulation of NEU4S in colon cancer, as
described in our previous report (22).
Hydrolysis of the antigens byNEU4Swas observed in cells by

flow cytometric analysis and in in vitro sialidase assays. To our
knowledge, this is the first description of regulation of sialyl-Lea
and sialyl-Lex expression by NEU4 in a cancer. Although it has
been proposed that glycosyltransferases are responsible for
synthesis of these antigens, expression levels of the encoding
genes have not always been found to correlate with sialyl Lewis
antigen contents, with even contradictory expression noted in
various cells, including normal colon FHCcells (42).One report
indicated that ST3Gal IV, Fuc-T3, and Fuc-T6 are mainly
responsible for synthesis of the sialyl Lewis antigens in colon
tissues, but are not for their augmented expression in colon
cancers (43). In this context, it is important to consider sialidase
as a critical regulator of the cancer-associated antigens. In par-
ticular, it may be feasible that lack of NEU4S contributes to
metastatic events in colon cancer, because the sialidase is
down-regulated (22) and desialylates only sialyl-Lea and sialyl-
Lex but not disialyl-Lea in normal mucosa. Interestingly, the
NEU4S expression ratio of tumor to non-tumor tissues was
previously found to be statistically linked (p � 0.025) to venous
invasion (22) that is known to be closely related to the develop-
ment of hematogenous metastasis in patients with colorectal
carcinoma (23). Although we found a marked inhibition of

tumor growth in vivo by NEU4S, it is uncertain whether the
effect is directly related to reduction of sialyl Lewis antigens. To
confirm further the role of NEU4S in liver metastasis, experi-
ments of in vivo metastasis with the mock and NEU4S-trans-
fected cells would be necessary.
NEU4S down-regulation here was marked in the presence of

the hypoxia mimetics, deferoxamine, as well as in colon cancer
tissues, where the expression of sialyl Lewis antigens was aug-
mented, along with ST3Gal I, STGal III, and FUT7, responsible
for their synthesis. It should be noted that under these condi-
tions NEU1 and NEU3 showed no significant changes in
expression. The molecular mechanisms remain unclear, but
action of transcription factors including hypoxia-inducible fac-
tor-1 may be indirectly involved. We surveyed possible tran-
scription factors in the upstream region of theNEU4 gene using
TF search3 and found a transcription factor, P300, to be down-
regulated in colon cancer. The gene has also been identified as a
co-activator of hypoxia-inducible factor-1� and a stimulating
factor of hypoxia-induced genes (44), although we did not esti-
mate the functional transcriptional activity of the gene in the
cells used here. One possibility is that NEU4S is down-regu-
lated physiologically under hypoxic conditions or pathologi-
cally in colon cancer by the action(s) of transcription factors
and then plays a critical role in controlling sialyl-Lea and sialyl-
Lex through desialylation of the antigens.

3 Y. Akiyama, unpublished observations.

FIGURE 4. Effects of NEU4S on cell motility and p38/Hsp27 signaling induced by E-selectin stimulation. a, alteration of cell motility in HT29 cells, with or
without E-selectin stimulation. Open bars, mock; gray and black bars, NEU4S transfectants. As a positive control, cells were preincubated with antibodies for
sialyl-Lex and sialyl-Lea 30 min before seeding onto Boyden chambers (*, p � 0.05; **, p � 0.01). b, phosphorylation of p38 in HT29 cells with E-selectin
stimulation. c, phosphorylation of Hsp27 in HT29 (upper) and DLD-1 (lower) cells with E-selectin stimulation. d, actin localization in HT29 cells at 120 min after
E-selectin stimulation (left panel, mock; right panel, NEU4S). Cells were fixed and stained with FITC-phalloidin.
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In a recent report, Gadhoum and Sackstein (45) presented
evidence that NEU1 up-regulates Lex through desialylation of
sialyl-Lex during differentiation of human myeloid cells,
although they did not cover or discuss NEU4. Rat Neu2 also
decreased sialyl-Lex in mouse colon 26 cells (28), whereas
humanNEU2 is almost absent in colonmucosa. DR3 glycopro-
teins of the death receptor family may include sialyl-Lea and
sialyl-Lex, and could bind to E-selectin in HT29 and Lovo cells
(39), impacting on cell motility and cell survival. As our previ-
ous study (19) showed that NEU4S enhanced TRAIL-induced
apoptosis in colon cancer cells, it is conceivable that it desialy-
lates the sialyl Lewis antigens on DR3 glycoproteins, thus
reducing their binding to E-selectin and inhibiting cell motility

and survival. However, we were not able to identify DR3 as a
sialyl Lewis positive glycoprotein by immunoblot analysis
using antibodies for sialyl Lewis and DR3. We also failed to
demonstrate the presence of either CD44v (36) or Mac1 (37)
carrying sialyl-Lex and/or sialyl-Lea epitope(s) in HT29 and
DLD-1 cells. At present, little is known about the endoge-
nous glycoprotein molecules as targets for NEU4S, but it is
obvious that most sialyl-Lea and sialyl-Lex are detectable as
mucin-type glycans. Consistent with this conclusion, differ-
ing from other sialidases, NEU4 isoforms can cleave sialic
acids from mucins in vitro (19, 35).
To ascertain whether endogenous NEU4S actually plays an

essential role in regulation of the expression of sialyl Lewis anti-
gens, we evaluated the expression level of NEU4S in human
colon mucosa and made a comparison with those of NEU4S-
transfected cells. Because in general, a good correlation has so
far been observed between the activity and mRNA levels in
sialidase expression, the activity was estimated according to
these levels. It appears that the NEU4S level in mucosa is
roughly comparable with those of overexpressingNEU4S in the
transfected DLD-1 and HT29 cells, based on the following esti-
mation. We previously described the sialidase activity toward
4MU-NeuAc in normal colon mucosa to be 12–17 units/mg
(29). The activity includes those of NEU1 as well as NEU4S due
to their similar substrate preference to 4MU-NeuAc (14), and
the relative mRNA level of NEU4S to NEU1 in colon mucosa
was found�1⁄3 by quantitative analysis (19), suggesting that the
activity for NEU4S might be 4–6 units/mg in mucosa. On the
other hand, colon cancer cells increased the apparent activity
by NEU4S transfection, as described earlier (7.1 and 9.9 to 16.1
and 19.9 units/mg in transfectants NEU4S#1 and NEU4S#11,
respectively). However, because of an extreme reduction of
NEU4S in the colon cancer cells, the ratio of endogenous
NEU4S to the NEU1mRNA level was quite low (1/100–1/500)
and the activity forNEU4S is predicted to be 0.01–0.2 units/mg
before the transfection, where almost all activity toward 4MU-
NeuAc is probably derived from endogenous NEU1. The
NEU4S activity after transfection then becomes 9–10 units/mg
by subtracting the endogenous NEU1 activity, as the NEU1
level is not affected by the transfection. Altogether, the
increased activity level after transfection can be considered in a
range similar to those in normal colon. These data support that
endogenous NEU4S in normal mucosa is probably enough to
hydrolyze and physiologically regulate the expression of sialyl
Lewis antigens effectively as in the case of the NEU4S transfec-
tants used in this study. Because of the lack of NEU4L in colon
mucosa and cancer tissues, it is likely that NEU4S dominantly
contributes to control of the cancer-related antigens, especially
on O-glycans, and that its reduced expression in cancer proba-
bly causes impairment of their control and thus accumulation.
Although subcellular localization of NEU4S has not been

thoroughly clarified, it has been recovered in intracellular
membrane fractions (19) and in endoplasmic reticulum (20).
We observed here some portion of NEU4S molecules localized
at plasma membranes as assessed by immunostaining and bio-
tinylation. Similar to the case of human myeloid cell differenti-
ation (45), desialylation of sialyl-Lea and sialyl-Lex by the siali-
dase might occur at cell surfaces. Taken together, the present

FIGURE 5. Functional localization of NEU4S at plasma membranes and
decreased expression of endogenous NEU4S under conditions of
hypoxia. a, intracellular localization of NEU4S in DLD-1 cells with (upper
panel) or without permeabilization (lower panel). Indirect immunofluores-
cence for HA-tagged NEU4S and sialyl-Lea using anti-HA (left) and sialyl-Lea

(right) antibodies, respectively. b, biotinylation of the NEU4S protein. DLD-1
cells were subjected to protein biotinylation and labeled proteins were col-
lected by affinity chromatography followed by immunoblotting analysis with
antibodies. c and d, NEU4S down-regulation in the presence of deferoxamine,
a hypoxia mimetic. HCT-15 (c) and SW-480 (d) colon cancer cells were cultured
in the presence of deferoxamine (100 �M), and expression of sialyl Lewis anti-
gens was assessed by flow cytometrically. mRNA levels were evaluated by
quantitative RT-PCR, and the values represent means from two independent
experiments.
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results revealed thatNEU4Splays a physiological role in control
of sialyl Lewis antigens throughdesialylation ofO-glycans, rein-
forcing our previous evidence that down-regulation of the siali-
dase linked to venous invasion in colon cancermight contribute
to invasive properties of the cancer. Regulation of NEU4 gene
expression could be of potential utility in the development of
novel cancer therapies.
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