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ABSTRACT: GMP-140 (CD62 or PADGEM), a member of the selectin family, is a membrane glycoprotein 
in secretory granules of platelets and endothelial cells. When these cells are activated by agonists such as 
thrombin or AMP, GMP-140 is rapidly redistributed to the cell surface. The carbohydrate epitope defined 
by GMP-140 was identified as sialosyl-LeX (as for ELAM-l), which may play an essential role in adhesion 
of leukocytes or tumor cells on endothelial cells, through aggregation with platelets. Redistribution of 
GMP-140 from &-granules of platelets to the cell surface, induced by thrombin and PMA, was strongly 
inhibited by preincubation of platelets with N,N-dimethylsphingosine (DMS) or N,N,N-trimethylsphingosine 
(TMS) at 10-20 pM concentration for a brief period ( 5  min). Inhibition of GMP-140 redistribution to 
the cell surface by DMS or TMS was also detected by a cell adhesion assay using HL60 cells, which highly 
express sialosyl-Le"; Le., HL60 cells adhered on platelets activated by thrombin or PMA but not on platelets 
which were briefly preincubated with DMS or TMS followed by activation. The inhibitory effect of DMS 
or TMS on GMP-140 redistribution is not due to cytotoxicity, since the TMS-treated platelets were fully 
capable of aggregating in the presence of ristocetin. Sphingosine (SPN) and protein kinase C inhibitors 
such as H-7 and calphostin C showed weaker inhibitory activity than DMS and TMS. Our results indicate 
that both DMS and TMS could be useful reagents to inhibit cell surface expression of crucial selectins which 
promote adhesion of LeX- or sialosyl-Lex-expressing cells with platelets and endothelial cells. They may 
therefore display effective inhibition of a variety of biological processes (e.g., inflammation and tumor 
metastasis) based on the expression and function of selectins. 

Interaction of leukocytes with activated platelets and en- 
dothelial cells is an initial step in inflammatory processes and 
is mediated by various adhesion molecules including selectins. 
Selectins, which include LECCAM-1 (LAM-1 in man, 
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MEL-14 in mice), ELAM-1, and GMP-140 (CD62/PAD- 
GEM), are all characterized by a similar structural motif 
consisting of a lectin domain at the N-terminal region, followed 
by an EGF sequence, a complement-regulatory domain, a 
transmembrane region, and a C-terminal domain (Stoolman, 
1989; &born, 1990; ~ ~ ~ i l ~ ~ ~ ~  et 1989; springer, 1990). 
A number Of recent reprts have focused On the identification 
of carbohydrate ligands recognized by members of the selectin 
family [e.g., Brandley et al. (1990), Lowe et al. (1990), Walz 
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et al. (1990), Goelz et al. (1990), Larsen et al. (1990), and 
Corral et al. (1990)l. On the basis of inhibition studies using 
a variety of GSL’ liposomes, binding epitopes of both ELAM- 1 
and GMP-140 expressed on HL60 cells were identified as 
sialosyl-LeX (Phillips et al., 1990; Polley et al., 1991). Ex- 
pression of these selectins is upregulated by the inductive effect 
of lymphokine, IL- lp, TNFa, bacterial lipopolysaccharides 
(for ELAM-l), thrombin, ADP and PMA (for GMP-140), 
and perhaps many other compounds. Leukocytes, together 
with platelets, are thereby recruited to the inflammatory site. 
Since tumor cells are capable of activating platelets (Ugen et 
al., 1988; Watanabe et al., 1988; Cavanaugh et al., 1988; 
Grignani & Jamieson, 1988; Tohgo et al., 1990; Karpatkin 
et al., 1988), a similar process is expected to occur during 
tumor cell adhesion, together with platelets, on microvascular 
endothelia. Thus, the process of tumor cell metastasis might 
be initiated by selectin-dependent tumor cell adhesion. Al- 
though there is no evidence of direct activation of endothelial 
cells by tumor cells, IL-1- or TNFa-activated endothelial cells 
have been shown to adhere to a variety of tumor cells (Walz 
et al., 1990; T. Irimura et al., unpublished results). 

While the regulatory mechanism for expression of GMP- 140 
in platelets is poorly understood, it apparently involves a 
complex sequence of activation processes including structural 
transformation and translocation of a-granules and secretion 
of their contents. This process is triggered by transmembrane 
signaling transducers including agonist receptor associated 
G-proteins, phospholipases A2 and C, PKC, and 47-kDa 
phosphoprotein (Hawiger, 1989; Lapetina, 1990). Some of 
these processes have been proposed to be modulated by SPN 
(Hannun et al., 1987), GSLs, and SPN derivatives (i.e., DMS 
and TMS) [Bremer et al., 1984; Bremer & Hakomori, 1984; 
Hannun & Bell, 1989; Igarashi et al., 1989, 1990; for reviews 
see Hakomori (1990) and Igarashi (1990)]. Platelet aggre- 
gation and associated ATP secretion were previously shown 
to be strongly inhibited by TMS; this phenomenon could be 
based on inhibition of 47-kDa protein phosphorylation or of 
phosphoinositide turnover as a membrane signaling pathway 
in platelets (Okoshi et al., 1991). We now report an inhibitory 
effect of SPN derivatives on GMP-140 expression in human 
platelets. 

MATERIALS AND METHODS 
Reagents. Thrombin, PMA, ristocetin, and SPN were 

purchased from Sigma Chemical Co. (St. Louis, MO). SPN 
used throughout this study was in sulfate form. H-7 was 
purchased from Seikagaku America Inc. (St. Petersburg, FL). 
Calphostin C was kindly donated by Dr. H. Saitoh (Kyowa 
Hakko Co. Ltd., Tokyo, Japan) and is also available from 
Kamiya Biochemical Co., Thousand Oaks, CA. This com- 
pound specifically interacts with the regulatory domain of 
PKC and thereby specifically inhibits PKC activity. [meth- 
yL3H] Thymidine (6.7 Ci/mmol) was purchased from ICN 
Biomedicals Inc. (Irvine, CA). MAb AC1.2 was kindly do- 
nated by Dr. Bruce Furie (Tufts University School of Med- 
icine, Boston, MA) and obtained through an arrangement with 
Becton-Dickinson Co. (San Jose, CA). DMS and TMS were 
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synthesized as previously described (Igarashi et al., 1989). 
DMS and TMS used in this study were free form and in 
chloride form, respectively. SPN, TMS, and calphostin C were 
dissolved in 50% ethanol at concentrations of 2,2, and 0.5 mM, 
respectively. DMS was dissolved in 100% ethanol at a con- 
centration of 2 mM. These stock solutions were appropriately 
diluted with Tyrode’s buffer and added to the platelet sus- 
pension in order to make various concentrations of these 
reagents (see Platelet Activation and Its Inhibition). 

Preparation of HL60 Cells and Platelets. Human pro- 
myelocytic cell line HL60 was cultured and maintained in 
RPMI 1640 medium (Irvine Scientific, Santa Ana, CA) 
supplemented with 10% FCS (Hyclone, Logan, UT). HL60 
cells were labeled by incubating cells with 2 pCi/mL [3H]- 
thymidine overnight. Platelets were isolated from “platelet-rich 
plasma” (Oregon Red Cross, Portland, OR). Contaminating 
erythrocytes were removed by centrifugation (80g for 10 min). 
Platelets were obtained by centrifugation (300g for 10 min), 
washed once in Tyrode’s buffer (pH 6.5) containing 22 mM 
trisodium citrate and 0.35% BSA, and resuspended in the same 
buffer at a concentration of 1 X lo9 platelets/mL. All pro- 
cedures were performed at room temperature. 

Platelet Activation and Its Inhibition. GMP-140 expression 
on the cell surface of platelets was determined by (i) flow 
cytometry with MAb AC1.2 (mouse IgG), which is directed 
to GMP-140, and (ii) adhesion of HL60 cells on the plate- 
let-coated solid phase, as follows. A suspension of platelets 
(1 X 108/mL) in Tyrode’s buffer as above was preincubated 
with inhibitor (see legends for Figures 1 and 2) at pH 7.2,37 
OC, for 5 min, supplemented with thrombin (final concen- 
tration 1 unit/mL) or PMA (final concentration M), and 
the mixture was incubated at 37 “C for 10 min without stirring 
(Carmody et al., 1990). Subsequently, platelets were fixed 
with an equal volume of 2% paraformaldehyde in PBS, pH 
7.2, washed twice with PBS containing 1% BSA, and subjected 
to flow cytometry as described below. 

Determination of GMP-I 40 Expression at the Platelet 
Surface by Flow Cytometry. Paraformaldehyde-fmed platelets 
(2.5 X lo7 cells) prepared as above were incubated with 50 
pL of MAb AC1.2 (2.5 pg/mL) at room temperature for 30 
min. Platelets were washed twice with PBS containing 1% 
BSA, supplemented with 50 pL of fluorescent isothio- 
cyanatelabeled goat anti-mouse Ig (purchased from Tag0 Co., 
Burlingame, CA), incubated at room temperature for 30 min, 
again washed twice with PBS containing 1% BSA, and ana- 
lyzed by Epics Profile (Coulter Corp., FL). As a negative 
control, the paraformaldehyde-fixed platelets were incubated 
with mouse IgG instead of MAb AC1.2 and treated as de- 
scribed above. For flow cytometric analysis of platelets, 
suitable gating was set (Carmody et al., 1990). To calculate 
the inhibitory effect of various reagents, the mean fluorescence 
intensity of resting platelets (obtained on incubation of platelets 
without activator) was subtracted from the value of each 
sample which was pretreated with inhibitors and subsequently 
activated . 

Adhesion of HL60 Cells on the Platelet-Coated Solid 
Phase. HL60 cell adhesion on the platelet-coated solid phase 
was determined as follows. Each well of a 48-well plate 
(Costar Scientific, Cambridge, MA) was filled with poly(L- 
lysine) solution (100 pg/mL) in PBS and incubated for 1 h. 
Each well was then washed with PBS and supplemented with 
150 pL of PBS containing 6 X lo7 fmed platelets. Plates were 
centrifuged (300g for 7 min) and further incubated for 30 min 
at rmm temperature. Bound platelets were fixed by addition 
of 0.1% glutaraldehyde in PBS for 2 min at 4 OC. Each well 

Abbreviations: ADP, adenosine diphosphate; BSA, bovine serum 
albumin; DAG, diacylglycerol; DMS, N,N-dimethylsphingosine; FCS, 
fetal calf serum; GSL, glycosphingolipid; H-7, 1-(5-isoquinolinyl- 
sulfonyl)-2-methylpiperazine; MAb, monoclonal antibody; PBS, Dul- 
becco’s phosphate-buffered saline (2.7 mM KCl, 1 .1  mM KH2P04, 138 
mM NaCl, 8.1 mM Na2HP04); PKC, protein kinase C; PMA, phorbol 
12-myristate 13-acetate; SPN, sphingosine; TMS, N,N,N-trimethyl- 
sphingosine. 
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FIGURE 1: Cytofluorograph of the platelet expressing GMP-140 at 
the cell surface and inhibition of this expression by SPN derivatives. 
A total of 25 pL of the platelet suspension (2.5 X lo7 cells) was mixed 
with 225 pL of Tyrode's buffer, pH 7.2, containing SPN, DMS, or 
TMS (final concentration 20 pM for each compound). Platelet 
suspensions were incubated at  37 "C for 5 min, then stimulated by 
addition of 10 pL of PMA (panels C-F) or not (panels A and B), 
and incubated for another 10 min. Cells were then fixed with pa- 
raformaldehyde, stained by normal mouse IgG (panel A) or MAb 
ACl.2 (panels B-F), and analyzed by flow cytometry. Numbers on 
each panel indicate mean fluorescence intensity. Panels D, E, and 
F include preincubation with 20 pM SPN, TMS, and DMS, re- 
spectively. 

was washed with 10 mM glycine in PBS, and plates were 
incubated with 5% BSA containing 0.1% sodium azide and 
10 mM glycine in PBS for 1 h at  room temperature. After 
being washed with culture medium (RPMI 1640 containing 
5% F a ) ,  1 X 106 HL60 cells labeled with [3H]thymidine were 
added to each well. After incubation for 45 min at room 
temperature, unbound cells were aspirated and wells were 
washed once with medium (RPMI 1640 containing 5% FCS); 
bound cells were detached with 0.05% trypsin402% EDTA 
(Irvine Scientific) in PBS and counted with a liquid scintil- 
lation counter. 

Platelets (3.5 X 
108/mL) in Tyrode's buffer were preincubated with inhibitors, 
followed by addition of ristocetin (0.75 mg/mL). Platelet 
aggregation was evaluated by transmittance change using an 
aggregometer (Chrono-log Corp., Havertown, PA) equipped 
with a computer analyzer. 

RESULTS 
Effect of SPN, TMS, DMS, H-7, and Calphostin C on 

GMP- I40 Expression in Platelets. Agonist-induced GMP- 140 
redistribution to the cell surface from secretory granules of 
platelets was determined by flow cytometry as described under 
Materials and Methods. Figure 1 shows representative cy- 
tofluorographs of resting and PMA-activated platelets with 
or without pretreatment with SPN derivatives. SPN, either 
free form or in salt form, showed the same effect (data not 
shown). Effects of various compounds at  various concentra- 
tions, expressed in terms of percent activity of thrombin-ac- 
tivated platelets without preincubation with reagent, are 
summarized in Figure 2A. TMS and DMS, at 10-20 pM, 
strongly inhibited thrombin-induced GMP- 140 expression, 
whereas SPN and H-7 produced no significant inhibition. 
Calphostin C produced weak inhibition at 10-20 pM; however, 
this compound has been reported to inhibit PKC at a con- 
centration of 0.05 pM (IC5,,) in vitro (Hidaka et al., 1984). 
In our previous study on thrombin- and ADP-induced platelet 
aggregation, TMS showed strong inhibitory activity at 10-20 
pM, while DMS in this concentration range showed only weak 
activity, regardless of salt form (Okoshi et al., 1991). 

Similar results were obtained for PMA-induced platelet 
activation; i.e., both TMS and DMS, at 10-20 pM, strongly 

Platelet Aggregation by Ristocetin. 

lWR 80 

60t \ a \  I \ \  
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FIGURE 2: Effect of various compounds on thrombin- (panel A) and 
PMA- (panel B) induced GMP-140 expression, detected by flow 
cytometry. A total of 25 pL of the platelet suspension (see Figure 
1 legend) was mixed with 225 pL of Tyrode's buffer, pH 7.2, con- 
taining SPN derivatives or PKC inhibitors H-7 or calphostin C, as 
indicated on the abscissa. The cell suspensions were incubated at 37 
"C for 5 min and then stimulated by addition of 10 pL of thrombin 
(final concentration 1 unit/mL) or PMA (final concentration 
M), followed by incubation at 37 "C for 10 min. After fiation, the 
platelets were stained by MAb AC1.2 and analyzed by flow cytometry 
as in Figure 1. The mean fluorescence intensity of the resting platelets 
(incubated in the absence of inhibitor and activator) was subtracted 
from the value of each activated platelet sample. Addition of ethanol 
(0.5% and 1.0%) alone, which was used for preparing 10 or 20 pM 
DMS or TMS in Tyrode's, had no effect. Results represent an average 
of three similar experiments using different platelet sources. 

I A  I B  

P "t \kS "f Ls 

5 10 20 5 10 20 
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FIGURE 3: Effect of various compounds on thrombin- (panel A) and 
PMA- (panel B) induced GMP-140 expression, detected by HL60 
cell adhesion. Platelets were preincubated and activated as described 
in Figures 1 and 2, except that this experiment was done on a large 
scale (3 mL). Platelets were fiied on 48-well plates precoated with 
poly(L-lysine) as described under Materials and Methods. ['HI- 
Thymidine-labeled HL60 cells (1 X lo6 cells) were added to each 
well, and the mixture was incubated at room temperature for 45 min. 
After washing, bound cells were detached and counted in a scintillation 
counter. Experiments were performed in quadruplicate, and the mean 
value for HL60 cell binding on resting platelets (incubated in the 
absence of inhibitors and stimulators) was subtracted from that on 
experimental platelets. Results represent an average of three similar 
experiments using different platelet sources. 

inhibited GMP-140 redistribution to the cell surface (Figure 
2B). Neither SPN nor H-7 showed significant inhibition, even 
though H-7 was reported to inhibit PKC at a concentration 
of 15 bM. 

Effect of SPN, DMS, and TMS on HMO Cell Adhesion. 
Inhibition of thrombin- and PMA-induced cell surface ex- 
pression of GMP- 140 by DMS and TMS was in accord with 
prevention of thrombin- and PMA-induced stimulation of 
platelet adhesion to sialosyl-le"-expressing HL60 cells (Figure 
3). SPN had minimal effect (Figure 3), in accord with its 
minor effect on GMP-140 expression as estimated by MAb 
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despite its potent inhibition of ICAM- 1 expression. 
Stimulatory or inhibitory effects on the secretory response 

of platelets may take place through at least three transmem- 
brane signal pathways: (i) through the channel of PKC/47- 
kDa phosphoprotein, (ii) through inositol phosphate turnover 
associated with Ca2+ mobility change, and (iii) through the 
prostaglandin/thromboxane A2 channel [for review see Haw- 
iger (1989)l. The mechanisms operating in up- and down- 
regulation of GMP-140 expression must be highly complex 
but could be closely associated with these pathways, particu- 
larly pathway i, since phosphorylation of the 47-kDa phos- 
phoprotein, the substrate of PKC, was greatly enhanced on 
platelet activation by agonist and inhibited in the presence of 
10-20 pM TMS and 30 pM DMS (Okoshi et al., 1991). A 
brief preincubation of platelets in 10-20 pM DMS or TMS 
strongly inhibited surface expression of GMP-140 as described 
in this paper, and similar treatment of platelets with a similar 
concentration of DMS or TMS inhibited agonist-induced 
phosphorylation of the 47-kDa protein, as well as platelet 
aggregation (Okoshi et al., 1991). Thus, involvement of the 
sphingoid base in modulation of transmembrane pathway i 
above, as a part of the secretory response of platelets, is 
strongly suggested. TMS-treated platelets, which are not 
susceptible to aggregation by thrombin or ADP, can be ag- 
gregated in the presence of ristocetin, which induces platelet 
aggregation through a channel independent from pathway i 
above. 

Involvement of PKC in GMP- 140 expression was further 
suggested by the observation that calphostin C, which binds 
specifically to the regulatory domain of PKC (Hidaka et al., 
1984), also inhibited GMP-140 expression in the 10-20 pM 
range, whereas this reagent inhibited PKC in vitro at very low 
concentration (10-50 nM). Calphostin C may not penetrate 
readily into platelets, therefore requiring a thousandfold 
concentration for inhibition of pathway i above. This reagent 
is incapable of inhibiting platelet aggregation by thrombin or 
ADP (Okoshi et al., 1991), to which pathways ii and iii above 
may also contribute. GMP-140 expression is not inhibited 
when intact platelets are preincubated with the PKC inhibitor 
H-7. Thus H-7, like calphostin C, may not penetrate easily 
into platelets under the experimental conditions. Our results 
suggest that TMS and DMS, in contrast, penetrate easily into 
platelets and inhibit platelet secretory response through in- 
hibition of PKC/47-kDa protein phosphorylation. 

Both SPN and DMS are physiological modulators of 
transmembrane signaling, as is DAG [see, for review, Hannun 
and Bell (1989), Hakomori (1990), and Igarashi (1990)l. 
SPN and DMS have been detected in various animal cells as 
minor physiological components, with a concentration on the 
order of 20-50 nM, similar to that of DAG. However, con- 
centrations of SPN, DMS, or DAG required to affect in vitro 
PKC activity are as high as 50-100 pM (Wilson et al., 1988; 
Igarashi et al., 1989). The rationale for this discrepancy is 
not known. DMS was metabolically labeled by [3H]Ser as 
the major sphingoid base in human epidermoid carcinoma 
A431 cells (Igarashi et al., 1990) and mouse T-cell lymphoma 
CTLL cells (Felding-Habermann et al., 1990) and is physi- 
ologically derived from SPN (Igarashi & Hakomori, 1989; 
Goldkorn et al., 1991). While the chemical quantity of SPN 
has been determined to be in the range of 20-50 pmol per lo7 
cells by detection of the N-fluorescent derivative (Wilson et 
al., 1988; Kolesnick, 1989), that of DMS cannot be determined 
under these conditions. The quantity and identification of 
DMS and SPN in various cells and tissues, including platelets, 
are currently determined by gas chromatography-mass 
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FIGURE 4: Effect of TMS on ristocetin-induced platelet aggregation. 
Platelets (3.5 X 108/mL) were preincubated in 450 pL of Tyrode’s 
buffer (with or without TMS) and stimulated by addition of 50 pL 
of ristocetin (final concentration 0.75 mg/mL) solution. Platelet 
aggregation was measured as the change of light transmittance 
(410-nm wavelength) recorded by an aggregometer as described under 
Materials and Methods. 

(Figure 2). The inhibitory effect of DMS and TMS on 
GMP-140 expression is not likely due to cytotoxicity, since 
platelets preincubated with these compounds showed a similar 
degree of aggregation to control in the presence of ristocetin 
(Figure 4). Binding of HL60 cells to activated platelets is 
considered to depend solely on recognition by GMP-140 of 
sialosyl-Le” expressed on HL60 cells, since the binding was 
specifically inhibited by liposome containing sialosyl-LeX but 
not by liposome containing other GSLs (Polley et al., 1991). 

DISCUSSION 
Platelet activation is of central importance for initiation of 

numerous biological processes related to hemostasis, inflam- 
mation, wound healing, and tumor cell metastasis and invasion. 
There are many factors and mechanisms which influence 
platelet activation and many consequences of this activation 
[for reviews see Hawiger (1989) and Jamieson (1988)l. The 
present study is focused on expression of GMP- 140 (CD62) 
by redistribution from a-granules to the cell surface as a 
“secretory response” of platelets induced by agonist, thrombin, 
or PMA. GMP-140 is a member of the selectin family and 
binds to neutrophils and monocytes or tumor cells which ex- 
press the sialosyl-Le” or LeX epitope (Polley et al., 1991). 
Mechanisms of expression of GMP-140 on the cell surface 
from secretory granules, and its subsequent binding to sialo- 
syl-LeX or Lex, are of central importance for initiation of in- 
flammatory processes as well as tumor cell metastasis. Our 
results clearly indicate that GMP- 140 expression due to re- 
distribution from a-granules to platelet cell surface can be 
blocked by preincubation of platelets with DMS or TMS, or 
to a lesser extent by calphostin C, based on flow cytometric 
analysis with anti-GMP-140 MAb AC1.2 or on HL60 cell 
adhesion to activated platelets. HL60 cell adhesion on acti- 
vated platelets was previously shown to be based on recognition 
of sialosyl-Le” by GMP-140 (Polley et al., 1991). 

A remarkable feature of adhesion molecules expressed on 
endothelial cells and platelets is their inducibility by lym- 
phokine, IL-lp, TNFa, TGFP (for ELAM-l), ADP, PMA 
(for GMP-140), and many other compounds which have 
physiological relevance in initiation of inflammatory processes. 
Expression of these adhesion molecules is also downregulated 
by endogenous factors, particularly those involved in trans- 
membrane signaling. Intercellular adhesion molecule 1 
(ICAM-l), a member of the Ig receptor family, was previously 
shown to be downregulated by H-7, a PKC inhibitor (Lane 
et al., 1990). A similar mechanism appears to operate in 
downregulation of the selectin family. As demonstrated by 
the present study, H-7 had no effect on GMP-140 expression, 
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spectrometry ( S .  B. Levery, E. Nudelman, Y. Igarashi, K. 
Handa, and S .  Hakomori, unpublished results). Data on exact 
levels of SPN and DMS in platelets and their changes in 
response to agonist stimulation will be presented elsewhere. 
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