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atsuyuki Ohmori,* Kayoko Kanda,† Chikako Mitsuoka,† Akiko Kanamori,†
azumi Kurata-Miura,‡ Katsutoshi Sasaki,‡ Tatsunari Nishi,‡
akuya Tamatani,§ and Reiji Kannagi†,2

Central Clinical Laboratory, Kyoto University Hospital, Kyoto 606-8501, Japan; †Experimental Pathology, Aichi Cancer
enter Research Institute, Nagoya 464-8681, Japan; ‡Tokyo Research Laboratories, Kyowa Hakko Kogyo Co., Ltd.,
okyo 194-8533, Japan; and §J-T Pharmaceutical Basic Research Laboratories, Yokohama 236-0004, Japan

eceived October 4, 2000
protein endopeptidase treatment but only minimally
a
O
L
c
s
i
A

L
s

r
c
t
m
t
L
6
a
t
p
e
v
s
P
P
r
t
n
t
6
t
h
d

Recently we identified sialyl 6-sulfo Lex as a major
-selectin ligand on high endothelial venules of hu-
an peripheral lymph nodes. In this study we inves-

igated the ligand activity of sialyl 6-sulfo Lex to E-
nd P-selectins and compared it with the binding
ctivity of conventional sialyl Lex, by using cultured
uman lymphoid cells expressing both carbohydrate
eterminants. The results of the recombinant selec-
in binding studies and the nonstatic monolayer cell
dhesion assays indicated that both sialyl 6-sulfo Lex

nd conventional sialyl Lex served as ligand for E-
nd P-selectins, while L-selectin was quite specific
o sialyl 6-sulfo Lex. Anti-PSGL-1 antibodies as well
s O-sialoglycoprotein endopeptidase treatment al-
ost completely abrogated the binding of P-selectin

ut barely affected the binding of E-selectin, indicat-
ng that these carbohydrate determinants carried by
-glycans of PSGL-1 selectively serves as a ligand

or P-selectin, while the ligand for E-selectin is not
estricted to PSGL-1 nor to O-sialoglycoprotein
ndopeptidase-sensitive glycans. The binding of
-selectin was markedly reduced by O-sialoglyco-

Abbreviations used: BSA, bovine serum albumin; Fuc-T, fucosyl-
ransferase; GlcNAc, N-acetyl-glucosamine; PBS, phosphate-
uffered saline; OSGE, O-sialoglycoprotein endopeptidase; PSGL-1,
-selectin glycoprotein ligand-1; sialyl Lex, sialyl Lewis X,
euAca2 3 3Galb1 3 4[Fuca1 3 3]GlcNAcb1 3 R; sialyl 6-sulfo
ex, sialyl 6-sulfo Lewis X, NeuAca2 3 3Galb1 3 4[Fuca1 3
][SO3
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ffected by anti-PSGL-1 antibodies, indicating that
-glycans carrying sialyl 6-sulfo Lex were the major
-selectin ligands, while PSGL-1 was only a minor
ore protein for L-selectin in these cells. These re-
ults indicated that each member of the selectin fam-
ly has a distinct ligand binding specificity. © 2000

cademic Press

Key Words: cell adhesion; selectin; sialyl 6-sulfo
ewis X; sialyl Lewis X; PSGL-1; fucosyltransferase;
ulfotransferase.

Selectin is a family of cell adhesion molecules, which
ecognize carbohydrate determinants expressed on the
ell surface (1–3). Since C-type lectin domains of the
hree members of the selectin family bear a high ho-
ology, it had been assumed that selectins would bind

o a common carbohydrate determinant such as sialyl
ex or sialyl Lea (4–6). Recently we identified sialyl
-sulfo Lex as a major L-selectin ligand (7–9), whose
ctivity in relation to E- and P-selectin had not been
horoughly studied previously. Sialyl 6-sulfo Lex is ex-
ressed on certain subsets of peripheral leukocytes and
pithelial cancer cells as well as high endothelial
enules of lymph nodes (10, 11), and it is important to
ee whether or not it also serves as a ligand for E- or
-selectin. If sialyl 6-sulfo Lex can serve as a ligand for
-selectin, for example, is the core protein PSGL-1 still
equired for the sulfated carbohydrate determinant in
he binding to P-selectin, as was the case with the
on-sulfated carbohydrate determinant, sialyl Lex? In
his study we investigated the ligand activity of sialyl
-sulfo Lex for E- and P-selectins, and compared it with
he binding activity of conventional sialyl Lex, using
uman lymphoid cells expressing both carbohydrate
eterminants.
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Monoclonal antibodies directed to sialyl 6-sulfo Lex-related carbo-
ydrate determinants. The antibodies G152 directed to sialyl 6-sulfo
ex and G72 directed to sialyl 6-sulfo N-acetyl lactosamine were pre-
ared as described previously (8, 12). G152 is specific to sialyl 6-sulfo
ex, and does not react to conventional sialyl Lex. A classical anti-sialyl
ex antibody, CSLEX-1, was obtained from the American Type Culture
ollection (Manassas, VA). This antibody is reactive to conventional
ialyl Lex, but not to sialyl 6-sulfo Lex (7). The anti-sialyl Lex antibody
F3, which was established against a synthetic sialyl Lex-active glyco-
ipid and recognizes both sialyl Lex and sialyl 6-sulfo Lex (7), was
repared as described previously (13). Anti-PSGL-1 blocking antibody
L1 (3E2-25-5, IgG1) (14) was obtained from Immunotech (Marseilles,
rance), and KPL1 (IgG1) from PharMingen (San Diego, CA) (15).

Transfection of cultured human lymphoid cell line Namalwa KJM-1
ith Fuc-T VII. The cell line Namalwa KJM-1, a subline of the human
urkitt lymphoma cell line Namalwa, was chosen as a host for transfection
f Fuc-T VII. Vectors containing the replication origin of Epstein–Barr
irus, such as pAMo, were shown to replicate stably in an episomal state in
his cell line (16). The structure of the expression vector, pAMo, in which
DNAs are expressed under the control of the long terminal repeat pro-
oter of Moloney murine leukemia virus, was described previously (16).
amalwa KJM-1 cells were transfected with pAMo-Fuc-T VII or paren-

al vector pAMo as described previously (17). After the transfection,
ells grown in the selection medium containing G418 (0.5 mg/ml) were
sed in the experiments without further cloning procedures.

Binding analysis of recombinant selectins by flow cytometry and
onstatic monolayer cell adhesion assay. Namalwa KJM-1 trans-

ectant cells were cultured in RPMI1640 supplemented with 10%
CS and were harvested at a semi-confluent stage. Recombinant
uman E-, P-, and L-selectin-IgG chimera were kindly provided by
rs. H. Kondo and Y. Inoue of Department of Chemistry, R&D
aboratories, Nippon Organon K.K., Osaka, Japan. Recombinant
electins were preincubated with affinity-purified rabbit anti-human
gG (Dako, Glostrup, Denmark) followed by incubation with
hycoerythrin–streptavidin (Dako), before application to the stain-
ng of Namalwa KJM-1 transfectant cells. The cells were preincu-
ated with blocking antibodies (10 mg/ml) for 30 min at 37°C if
ndicated. Treatment with O-sialoglycoprotien endopeptidase (Ce-
arlane, Hornby, Ontario, Canada) was performed with 60 mg of the
nzyme per 5 3 106 cells at 37°C for 1 h. For analysis of expression
f sialyl 6-sulfo Lex and related carbohydrate determinants, the cells
ere mixed and incubated with the anti-carbohydrate monoclonal
ntibody (purified antibody at 1 mg/ml or culture supernatant at a
ilution of 1:10) at 4°C for 30 min. The cells were then washed three
imes with PBS containing 0.5% BSA and stained with 1:200 dilution
f fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse Ig
Silenus Laboratories, Australia) at 4°C for 30 min. Nonstatic mono-
ayer cell adhesion experiments were performed as described previ-
usly (18, 19). The cells were labeled with BCECF-AM, and were
ncubated in the presence or absence of the inhibitor anti-
arbohydrate antibodies (25 mg/ml) for 30 min at 37°C if indicated.
CECF-AM-labeled transfectant cells were added to the E- or
-selectin transfected CHO cells, which were cultured in monolayer

n 24-well plates. The plates were incubated with rotation at 90 rpm
or 20 min at room temperature. After non-adherent cells were
ashed out three times with PBS, the cells were lysed with 0.5%
P-40 and the attached cells were counted by measuring fluorescence
sing an Arvo 1420 multi-label counter (Wallac, Gaithersburg, MD).

ESULTS

Expression of sialyl 6-sulfo Lex and conventional sia-
yl Lex determinants on cultured human lymphoid cells
ransfected with Fuc-T VII. A lymphoid leukemia cell
ine Namalwa KJM-1, a clone of the cultured human
91
ymphocytic leukemia cells Namalwa, expressed
-sulfo N-acetyllactosamine-related determinants, in-
icating they contain a significant endogenous
-sulfotransferase activity. This indicated that the cell
ine has substrates necessary for the synthesis of sialyl
-sulfo Lex determinants and is suitable for this study.
he cells did not express sialyl Lex-related carbohy-
rate determinants, and the transfection of human
ymphoid cells with Fuc-T VII cDNA resulted in signif-
cant expression of sialyl 6-sulfo Lex and conventional
ialyl Lex as ascertained by flow cytometric analysis
Fig. 1). Sialyl 6-sulfo Lex on the transfectant cells was
hought to be synthesized through the action of trans-
ected Fuc-T VII and endogenous 6-sulfotransferase.
he cells contained a significant amount of mRNA for
EC-GlcNAc-6ST reported by Bistrup et al. (20), and a

mall amount of mRNA for GlcNAc-6ST reported by
chimura et al. (12, 21) (Kanamori, A., and Kannagi,
., unpublished results). The mock-transfected cells
id not express any determinants including sialyl
-sulfo Lex and conventional sialyl Lex (Fig. 1).

Binding of recombinant human selectins to Fuc-T VII
ransfectant cells. The binding of recombinant human
electin-Igs to the Fuc-T VII transfectant cells were
tudied to assess and differentiate the respective role
layed by sialyl 6-sulfo Lex and conventional sialyl Lex

n the selectin-mediated cell adhesion (Fig. 2). All three
ecombinant selectins showed significant binding to
he Fuc-T VII transfectant cells (Fig. 2A). Binding of
ecombinant E- and P-selectin-Ig to the cells was mod-
rately inhibited by either the sialyl 6-sulfo Lex anti-
ody G152 or anti-conventional sialyl Lex antibody
SLEX-1, and combination of the two antibodies re-
ulted in almost complete inhibition of the binding
Fig. 2). This suggested that sialyl 6-sulfo Lex and
onventional sialyl Lex are both involved in the bind-
ng. The binding of recombinant E-selectin tended to be
nhibited more strongly by CSLEX-1 than by G152,
hereas that of recombinant P-selectin was more

FIG. 1. Expression of sialyl 6-sulfo Lex and conventional sialyl
ex on cultured human lymphoid cells transfected with Fuc-T VII
DNA or mock-transfected cells as ascertained by flow cytometry
sing anti-carbohydrate monoclonal antibodies with well-defined
pecificity. Abscissa, relative fluorescence intensity; ordinate, cell
umber. The carbohydrate structure specifically recognized by the
espective antibody, G152 and CSLEX-1, is shown in the left panel.
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rominently affected by G152 than by CSLEX-1. This
endency was consistently observed in three indepen-
ent experiments. The binding of recombinant
-selectin-Ig was nearly completely inhibited by G152,
ut only minimally affected by CSLEX-1, confirming
ur previous findings that sialyl 6-sulfo Lex is a much
referred ligand for L-selectin compared to conven-
ional sialyl Lex (8, 9).

Pretreatment of the cells with the anti-PSGL-1 an-
ibody almost completely abrogated the binding of
-selectin-Ig, whereas it had a only minimal effect on
he binding of E-selectin-Ig, confirming the importance
f PSGL-1 in the binding of P-selectin, but not
-selectin (22). It is well known that conventional sia-

yl Lex must be carried on PSGL-1 for the binding to
-selectin. The current findings indicate that the same

FIG. 2. Binding of recombinant human E-, P-, or L-selectin-Ig to
he human lymphoid cells transfected with Fuc-T VII cDNA and
ontribution of carbohydrate determinants or core protein PSGL-1 in
he adhesion. (A) Results of flow cytometric analyses; (B) results of
nhibition studies using blocking antibodies. Antibodies used are
152 specific for sialyl 6-sulfo Lex and CSLEX-1 specific for conven-

ional sialyl Lex. KPL-1 was used as the blocking antibody for
SGL-1. Representative results obtained in three independent ex-
eriments are shown.
92
f recombinant L-selectin-Ig to these cells was signifi-
antly but only weakly inhibited by the treatment with
he anti-PSGL-1 antibody, KPL-1. This was reproduc-
ble in three independent experiments in which 10–
0% inhibition of L-selectin-Ig binding was consis-
ently observed, whereas the binding of P-selectin-Ig
as nearly 90% inhibited by the same treatment in
very experiment.

Adhesion of Fuc-T VII-transfected cells to E- and
-selectin-CHO cells. To further assess the specificity
f binding of selectins to sialyl 6-sulfo Lex and conven-
ional sialyl Lex, we have performed non-static mono-
ayer cell adhesion experiments (Fig. 3). The cells
ransfected with Fuc-T VII strongly adhered to E- and
-selectin-CHO cells (Fig. 3A). Adhesion of the trans-

ectant cells to P-selectin-CHO cells was weaker than
o E-selectin-CHO cells, probably because of the weak
xpression of PSGL-1, the core protein required for the
inding to P-selectin (23) on the Namalwa KJM-1 cells.
The adhesion of the cells transfected with Fuc-T VII

DNA to E-selectin- or P-selectin-CHO cells was again
ignificantly inhibited by the addition of either anti-
ialyl 6-sulfo Lex antibody G152 or anti-sialyl Lex an-
ibody CSLEX-1, as shown in Fig. 3B. This further
onfirmed that sialyl 6-sulfo Lex and conventional sia-
yl Lex are both involved in the binding. Again, the
dhesion to E-selectin-CHO cells tended to be inhibited
ore strongly by CSLEX-1 than by G152, while that to

FIG. 3. Adhesion of human lymphoid cells transfected with
uc-T VII cDNA to E- and P-selectin-expressing CHO cells and
ontribution of carbohydrate determinants in the adhesion. (A) Ad-
esion to E-selectin-CHO cells, P-selectin-CHO cells, and parental
HO cells. (B) Results of inhibition studies using blocking antibod-

es. Antibodies used are G152 specific for sialyl 6-sulfo Lex, CSLEX-1
pecific for conventional sialyl Lex, and 2F3 reactive to both sialyl
-sulfo Lex and conventional sialyl Lex.
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152 than by CSLEX-1. The inhibitory effects of these
ntibodies were additive, and the combination of the
wo antibodies further inhibited the binding, as well as
he addition of the 2F3 antibody, which recognizes both
eterminants (Fig. 3B).

O-Sialoglycoprotein endopeptidase susceptibility of
ialyl 6-sulfo Lex determinant on cultured human lym-
hoid cells transfected with Fuc-T VII cDNA. As
hown in Fig. 4A, the sialyl 6-sulfo Lex determinant on
he cells transfected with Fuc-T VII was highly suscep-
ible to the treatment of the cells with OSGE, indicat-
ng the sialyl 6-sulfo Lex determinant was predomi-
antly carried by the O-glycans of membrane
lycoproteins in these cells. The expression of sialyl
-sulfo N-acetyl lactosamine was also highly suscepti-
le to the OSGE treatment to a similar degree as sialyl
-sulfo Lex. On the other hand, conventional sialyl Lex,
hich has no sulfate residue, was not effectively

leaved by the enzyme; its expression showed a mean
ecrease of only about 27% by the enzymatic treatment
n terms of mean fluorescence intensity (Fig. 4A). This
uggested that O-glycans were preferentially 6-O-
ulfated in these cells. The enzymatic treatment com-
letely abrogated expression of the PL-1- or KPL-1-
efined epitope on PSGL-1 in these cells (Fig. 4A).
Binding of recombinant E-selectin-Ig to the cells was

nly minimally impaired by the OSGE treatment (Fig.
B), confirming that E-selectin could recognize sialyl
ex or sialyl 6-sulfo Lex determinants carried by mol-
cules other than O-glycans. In contrast, binding of
ecombinant P-selectin-Ig was almost completely abro-
ated by the enzymatic treatment (Fig. 4B), which is
ompatible with the nearly complete degradation of
SGL-1 by the treatment. The L-selectin-Ig binding
as considerably reduced by the treatment, yet a weak
ut significant reactivity was nevertheless retained
Fig. 4B). This may reflect an extensive but incomplete
ydrolysis of sialyl 6-sulfo Lex on the surface of cells

Fig. 4A).
When the same cells treated with OSGE were sub-

ected to non-static monolayer cell adhesion assays,
dhesion of the treated cells to E-selectin-CHO cells
as again only minimally affected, whereas strong in-
ibition of adhesion to P-selectin-CHO cells was noted
Fig. 4C), confirming the preference of P-selectin for
igands carried by O-glycans.

ISCUSSION

Previously we succeeded in reconstituting functional
-selectin ligand on cultured human cell lines such as
CV304 or COS-7 cells by transfecting Fuc-T VII and
-sulfotransferase genes (9). Significant L-selectin-
ediated cell adhesion was observed only with the

ells doubly transfected with Fuc-T VII and
93
-sulfotransferase genes which expressed sialyl 6-sulfo
ex (9). On the other hand, E-selectin-mediated adhe-
ion was supported by the cells transfected with Fuc-T
II gene alone expressing sialyl Lex, as well as the
oubly transfected cells expressing sialyl 6-sulfo Lex

FIG. 4. Effect of O-sialoglycoprotein endopeptidase treatment on
arbohydrate determinant expression and selectin binding activity of
uman lymphoid cells transfected with Fuc-T VII cDNA. (A) Effect of
-sialoglycoprotein endopeptidase treatment on the expression of

ialyl 6-sulfo Lex and related determinants. Antibodies used are
152 for sialyl 6-sulfo Lex, G72 for sialyl 6-sulfo N-acetyl lac-

osamine, CSLEX-1 for conventional sialyl Lex, and PL-1 for PSGL-1.
bscissa, relative fluorescence intensity; ordinate, cell number. (B)
ffect of O-sialoglycoprotein endopeptidase treatment on the binding
f recombinant E-, P-, or L-selectin-Ig to human lymphoid cells
ransfected with Fuc-T VII cDNA. (C) Effect of O-sialoglycoprotein
ndopeptidase treatment on the adhesion of human lymphoid cells
ransfected with Fuc-T VII cDNA to E- or P-selectin-expressing CHO
ells. OSGE treatment, O-sialoglycoprotein endopeptidase treat-
ent.
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9). This indicated that L-selectin is quite specific to
ialyl 6-sulfo Lex, while E-selectin can bind to either
ialyl Lex or sialyl 6-sulfo Lex. However, P-selectin-
ediated cell adhesion was not observed with these

ells, and this was putatively ascribed to the absence of
SGL-1, the core protein assumed to be specifically
equired for P-selectin-mediated cell adhesion, on the
ells applied for the previous cell adhesion experiments
9). Whether or not sialyl 6-sulfo Lex is really recog-
ized by P-selectin remains to be seen. Another point
as the importance of PSGL-1 in the L-selectin-
ediated cell adhesion. Several previously published

tudies concluded that conventional sialyl Lex carried
y PSGL-1 is a good ligand for L-selectin (24, 25) as
ell as P-selectin, whereas our previous study indi-

ated that the cells expressing sialyl 6-sulfo Lex but not
SGL-1 significantly adhered to L-selectin (9).
The characteristics of the cell adhesion experimental

ystem applied in the present study are different in
everal aspects from those of the previously applied
ystem. Both Fuc-T VII and 6-sulfotransferase were
ransfected to the cells used in the previous experimen-
al system (9), which resulted in very strong expression
f sialyl 6-sulfo Lex and elimination of conventional
ialyl Lex expression from the surface of cells. The cells
pplied in the present study were not transfected with
-sulfotransferase cDNA, and expressed both determi-
ants probably because of the moderate activity of
ndogenous 6-sulfotransferases. This enabled direct
omparison of the relative contribution of the two de-
erminants expressed on the very same cells in the cell
dhesion. The most important difference is that the
ells applied in the current study express PSGL-1,
hile the epithelioid cells applied in the previous stud-

es did not. The presence of PSGL-1 on the cells applied
n the present experiments enabled us to study the
ignificance of sialyl 6-sulfo Lex in P-selectin-mediated
ell adhesion.

The results of the present study clearly indicated
hat the sialyl 6-sulfo Lex determinant serves as a
igand for all selectins. Sialyl 6-sulfo Lex, but not con-
entional sialyl Lex, served as a good ligand for
-selectin, while E-selectin recognized sialyl 6-sulfo
ex as well as conventional sialyl Lex. P-selectin was
lso found to be reactive to both sialyl 6-sulfo Lex and
onventional sialyl Lex provided these determinants
ere carried on the PSGL-1 molecule.

Summary of Ligand Specificity of Selectin

E-Selectin

arbohydrate determinant Sialyl LeX or sialyl 6-sulfo LeX

Sialyl LeX . sialyl 6-sulfo LeX

SGL-1 as core protein Minimum contribution
94
The examination of binding specificities of selectins
sing inhibitory antibodies also indicated that each
electin member has its own distinct ligand specificity
s summarized in Table 1. The ligand specificities of E-
nd P-selectins are similar in that they recognized both
ialyl 6-sulfo Lex and conventional sialyl Lex. The re-
ults of OSGE treatment indicated that P-selectin ex-
lusively recognized the ligands carried on O-glycans,
hile E-selectin mainly recognized OSGE-resistant
lycans. The binding of cells expressing sialyl 6-sulfo
ex to P-selectin was strongly dependent on PSGL-1,
hile E-selectin-mediated adhesion was not dependent
n PSGL-1. This is in line with the previous notion that
ulfated tyrosine residue in PSGL-1 is specifically re-
uired for P-selectin, but not for E-selectin (23, 26, 27).
ur current results suggested that the 6-sulfation in

he carbohydrate portion did not replace the role
layed by sulfated tyrosine residues in the PSGL-1
olecule in the binding to P-selectin.
These ligand specificities of E- and P-selectins are in
clear contrast to the specificity of L-selectin, which

as a marked preference to sialyl 6-sulfo Lex compared
o conventional sialyl Lex. Previously we have shown
hat the cells expressing conventional sialyl Lex did not
ind L-selectin, while those expressing sialyl 6-sulfo
ex significantly bound to L-selectin (9). This was con-
rmed in this study by showing that the binding of the
uman lymphoid cells expressing both determinants to
-selectin was inhibited only by anti-sialyl 6-sulfo Lex,
ut not by conventional anti-sialyl Lex antibody, even
he cells expressing both determinants were used in
he experiments.

The present investigation further indicated that
SGL-1 has a relatively minor contribution in
-selectin binding compared to that P-selectin. The

eukocyte-leukocyte interaction mediated by L-selectin
as been suggested to be mediated by the binding of
-selectin to specific carbohydrate determinants car-
ied by PSGL-1 (24, 25). The modest inhibitory effect of
nti-PSGL-1 antibody observed in the binding to
-selectin indicated that sialyl 6-sulfo Lex carried by
he core molecules other than PSGL-1 played a signif-
cant role in the binding of L-selectin in the current
xperimental system. This could be related to the weak
xpression of PSGL-1 on the cells applied in the cur-
ent study. This, however, was in a clear contrast to the
inding of P-selectin, which was strictly PSGL-1-

ased on Findings Obtained in This Study

P-Selectin L-Selectin

Sialyl 6-sulfo LeX or sialyl LeX Sialyl 6-sulfo LeX

Sialyl 6-sulfo LeX . sialyl LeX

Indispensable Minor contribution
s B
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ion of binding by anti-PSGL-1 antibody, even when
uch a low-expressor cell line of PSGL-1 was used in
he experiments.
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