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Semaphorin 3A (Sema3A) is a secreted
disulfide-bound homodimeric molecule
that induces growth cone collapse and
repulsion of axon growth in the nervous
system. Recently, it has been demon-
strated that Sema3Ais produced by endo-
thelial cells and inhibits integrin function
in an autocrine fashion. In this study, we
investigated the effects of Sema3A on
platelet function by using 2 distinct hu-
man Sema3A chimera proteins. We de-
tected expression of functional Sema3A
receptors in platelets and dose-depen-

platelets. Sema3A dose-dependently in-
hibited activation of integrin allbg3 by all
agonists examined including adenosine
diphosphate (ADP), thrombin, convulxin,
phorbol 12-myristate 13-acetate, and
A23187. Sema3A inhibited not only plate-
let aggregation induced by thrombin or
collagen but also platelet adhesion and
spreading on immobilized fibrinogen.
Moreover, Sema3A impaired allbg3-inde-
pendent spreading on glass coverslips
and aggregation-independent granular
secretion. Sema3A inhibited agonist-
induced elevation of filamentous action

(F-actin) contents, phosphorylation of co-
filin, and Ract activation. In contrast,
Sema3A did not affect the levels of cyclic
nucleotides or agonist-induced increase
ofintracellular Ca2* concentrations. Thus,
the extensive inhibition of platelet func-
tion by Sema3A appears to be mediated,
at least in part, through impairment of
agonist-induced Rac1-dependent actin re-
arrangement. (Blood. 2005;106:913-921)

dent and saturable binding of Sema3A to
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Platelets play a crucial role not only in a hemostatic plug formation
but also in a pathologic thrombus formation, particularly within
atherosclerotic arteries subjected to high shear stress.!? As an
initial step in thrombogenesis, platelets adhere to altered vascular
surfaces or exposed subendothelial extracellular matrices, then
become activated and aggregate each other. These processes are
primarily mediated by platelet surface glycoproteins such as
GPIb-IX-V, integrin o«2B1, GPV], and integrin aIlbp3.34 Espe-
cially, integrin «Ilbf3 plays an essential part in aggregate forma-
tion and adhesive spreading of platelets during hemostasis.>7
Pathways that inhibit platelet function are as important as those that
activate them. Endothelial cells produce 2 well-documented
inhibitors of platelet activation and aggregation, prostaglandin
I, (PGI,) and nitric oxide (NO).2 PGI, binds to a specific
Gs-coupled receptor, thereby activating adenylate cyclase and
cyclic adenosine monophosphate (cAMP)—dependent protein
kinase or protein kinase A (PKA). NO activates soluble guany-
late cyclase and cyclic guanosine monophosphate (¢cGMP)-
dependent kinase or PKG. Ecto-adenosine diphosphatase
(ADPase, CD39) located on the luminal surface of endothelial
cells also inhibits platelet aggregation by decreasing the local
concentration of ADP. Thus, endothelial dysfunction or damage
promotes a prothrombotic state and may be involved in the
pathogenesis of cardiovascular disorders, including atheroscle-

rosis, diabetes mellitus, essential hypertension, hypercholester-
olemia, and hyperhomocysteinemia.?

The semaphorin family comprises soluble and membrane-
bound proteins that are defined by the presence of a conserved
500-amino acid semaphorin domain at their amino termini.’ Class
3 semaphorins are secreted disulfide-bound homodimeric mol-
ecules, and Sema3A, a prototypic class 3 semaphorin, causes
growth cone collapse and provides chemorepulsive guidance for
migrating axons.!%-12 Cell surface receptor for Sema3A consists of a
complex of 2 distinct transmembrane receptors, neuropilin-1 and
plexin A (A1-A3).1%3 Neuropilin-1 provides a binding site of
Sema3A, while plexin A transduces the Sema3A signals into the
cells through its cytoplasmic domain.!®!3 Although the intracellu-
lar signaling pathways evoked by Sema3A binding are not fully
understood, plexins should interact with signaling molecules to
regulate actin reorganization, since growth cone collapse is accom-
panied by rapid reorganization of the actin filaments normally
present in lamellipodia or filopodia.!!2 In this context, a Rho
family small G-protein, Rac, has been identified as a potential
regulator of semaphorin-dependent actin cytoskeletal dynamics.!1:12

Although Sema3A function on neural development is studied
intensively, its function in other organs is poorly understood.
The fact that semaphorins are expressed in mahy different
tissues suggests that they also play a role in systems other than
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the nervous system.!? Indeed, in addition to neural abnormali-
ties, mice lacking a functional Sema3A gene have abnormalities
in their heart and visceral tissues, suggesting that Sema3A
signaling might be indispensable for normal development in
several organs.!¥!5 Very recently, Serini et al reported that
semaphorins are also involved in angiogenesis.'® They showed
that endothelial cells generate chemorepulsive autocrine signals
of class 3 semaphorins that localize at nascent adhesive sites in
spreading endothelial celis.!® Interestingly, Sema3A inhibits the
integrin-mediated adhesion to extracellular matrix and impedes
their directional motility, which could explain the aberrant
vascularization that is observed in Sema3A-deficient mice.!6
Others also showed that plexin signaling negatively regulates
integrin-based adhesive complexes, which leads to the inhibi-
tion of cell adhesion, lamellipodia formation, and cell migration.!’

Since integrin allbB3 is essential for platelet function and
endothelial cells express Sema3A, we sought to investigate the
effects of Sema3A on platelet function. In this study, we demon-
strate that Sema3 A binds to platelets and inhibits oIIbB3 activation
extensively. Sema3A also inhibits platelet aggregate formation and
platelet adhesion and spreading on immobilized fibrinogen.
Moreover, Sema3A inhibits allbp3-independent spreading on
glass coverslips and aggregation-independent granular secre-
tion. Further investigation of signaling pathways demonstrates
that Sema3 A markedly impairs agonist-induced Rac1-dependent
actin rearrangement.

Materials and methods

Reagents

Recombinant human Sema3A fused to human Fc fragment (Sema3A/Fc)
was obtained from R&D Systems (Minneapolis, MN). A construct consist-
ing of the human Sema3A cDNA fused to the catalytic domain of human
placental alkaline phosphatase (AP) cDNA was prepared as previously
described using the pAP-tag2 expression vector (GenHunter, Nashville,
TN).1° The plasmid was transfected to 293T cells by Lipofectamine2000
(Invitrogen, Carlsbad, CA), and recombinant Sema3A/AP was purified
from cultured medium using anti-human AP monoclonal antibody—
conjugated sepharose beads (clone 8B6) and dialyzed against phosphate-
buffered saline (PBS). Human IgG (hlgG) and human placental AP were
used for controls of Sema3A/Fc and Sema3A/AP, respectively. Purity of
Sema3A/Fc and Sema3A/AP was confirmed by 7.5% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) followed by silver
staining (SilverSNAP Stain Kit; Pierce, Rockford, IL). Convulxin was
kindly provided by Dr M. Moroi (Department of Protein Biochemistry,
Institute of Life Science, Kurume University, Fukuoka, Japan). Fibrinogen
was purchased from Calbiochem (San Diego, CA) and was labeled with
fluorescein isothiocyanate (FITC), as previously described.® Type I
collagen was obtained from MC Medical (Tokyo, Japan). A hybridoma
producing I'V.3, a mouse monoclonal antibody specific for human Fcy-RIIA
(CD32), was obtained from American Type Culture Collection (Rockville,
MD) and IV.3 Fab fragments were generated as described previously.!? All
other reagents were purchased from Sigma (St Louis, MO), unless
otherwise indicated.

Platelet preparation

Washed platelets were prepared as described previously.? In brief, 6 vol
freshly drawn venous blood from healthy volunteers was mixed with 1 vol
acid-citrate-dextrose and centrifuged at 250g for 10 minutes to obtain
platelet-rich plasma (PRP). After a 5-minute incubation with 1 uM
prostaglandin E, (PGE;) and 1 U/mL apyrase, the PRP was centrifuged at
750g for 10 minutes, washed once with citrate buffer containing 1 WM
PGE; and 1 U/mL apyrase, and resuspended in an appropriate buffer.
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Washed platelets were rested for 30 minutes at 37°C before use in any
experiments. In all experiments using Sema3A/Fc¢, platelet FcyRIIA
receptor was blocked by preincubation with 20 pg/mL IV.3 Fab.

Platelets for RNA extraction were prepared as described previ-
ously?! In brief, to remove the contaminated leukocytes, PRP was
passed through a leukocyte removal filter (Sepacell PL-5A; Asahi
Medical, Tokyo, Japan), which can remove more than 99.9% of
contaminated leukocytes.?!

Detection of binding of Sema3A to platelets and Sema3A
receptors in platelets

For detection of binding of Sema3A/Fc to platelets, 5 X 105 washed
platelets in Walsh buffer (137 mM NaCl, 2.7 mM KC}, 1.0 mM MgCl,, 3.3
mM NaH,PO4, 3.8 mM HEPES [N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid], 0.1% glucose, 0.1% bovine serum albumin [BSA], pH
7.4) were incubated with various concentrations of Sema3A/Fc for 30
minutes at room temperature and washed once with citrate buffer. Then,
platelets were resuspended in PBS with FITC-labeled anti-human Fc for 20
minutes, followed by flow cytometric analysis. For detection of the binding
of Sema3A/AP, 5 X 10¢ platelets were incubated with various concentra-
tions of Sema3A/AP for 30 minutes at room temperature. After washing
with citrate buffer, AP activity was measured using disodium phenylphos-
phate as a substrate (Sanko Jun-yaku, Tokyo, Japan). The number of
Sema3A binding sites was estimated by the maximum AP activity of
Sema3A/AP obtained from standard AP activity. In some experiments,
platelets were first incubated with 125 pg/mL Sema3A/Fc or hlgG for 10
minutes. After washing, platelets were incubated with 10 pg/mL Sema3A/AP
for another 30 minutes, and AP activity was measured.

Western blotting and flow cytometry of neuropilin-1 were performed
with mouse anti~neuropilin-1 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) as described previously.2Z Horseradish peroxidase (HRP)-
conjugated anti~mouse IgG (New England Biolabs, Beverly, MA) and
Alexad88-conjugated anti-mouse IgG (Molecular Probes, Eugene, OR)
were used as secondary antibodies for Western blotting and flow cytometry,
respectively. Reverse transcriptase—polymerase chain reaction (RT-PCR)

. for detection of plexin-Al, -A2, and -A3 was performed as described.!¢ In

brief, RNA was extracted by a Trizol reagent (Invitrogen), and cDNA was
synthesized using Moloney murine leukemia virus (M-MLV) reverse
transcriptase (Invitrogen). RT products were amplified in a PCR reaction
with a Taq polymerase (Takara ExTaq; Takara Bio, Shiga, Japan). Primer
sequences and PCR conditions were described previously.!6

Activation of allbp3 by various agonists

Actjvation state of alIbB3 was monitored by binding of a ligand-mimetic
antibody, PAC-1, or soluble fibrinogen under flow cytometric analysis as
described previously.21222 Ip brief, 5 X 105 platelets in Walsh buffer were
preincubated with Sema3A/Fc or Sema3A/AP for 10 minutes, followed by
incubation with agonists and FITC-conjugated PAC-1 (BD Biosciences,
Franklin Lakes, NJ) or FITC-fibrinogen for 20 minutes at room tempera-
ture. Then, platelets were diluted to 500 pL with Walsh buffer and analyzed
immediately on flow cytometry (FACScan; BD Japan, Tokyo, Japan).

Platelet aggregation study

Platelet aggregation was monitored using a platelet aggregometer
(model 313M; MC Medical) at 37°C with a stirring rate at 1000 rpm, as
previously described.?® In brief, Sema3A/AP- or AP-treated platelets
were suspended in modified Tyrode buffer containing 1 mM MgCl; at
the concentration of 2 X 105/uL. After addition of CaCl, at the final
concentration of 1 mM and incubation for one minute at 37°C,
aggregation was initiated by addition of agonists.

Platelet granular secretion

Granular secretion was monitored by FITC-CD62P (Immunotech, Mar-
seille, France) and phycoerythrin-conjugated CD63 (Immunotech) binding
to platelets under flow cytometry as described previously.?s
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Adhesion to immobilized fibrinogen or glass coverslips

Adhesion of platelets to immobilized fibrinogen was assessed as described
previously.?6 In brief, a 96-well polystyrene plate (Greiner Japan, Tokyo,
Japan) was coated with fibrinogen at the various concentrations in PBS for
16 hours at 4°C. Platelets (1.25 X 10%) in Tyrode buffer (137 mM NaCl, 12
mM NaHCOs, 2.6 mM KCl, 1 mM CaCl;, 1 mM MgCl,, 5 mM HEPES,
0.1% glucose, 0.1% BSA, pH 7.4) were incubated with 20 pg/mL
Sema3A/Fc or higG for 10 minutes at room temperature, and then they
were placed on each well followed by incubation for one hour at room
temperature. After washing 3 times with PBS to remove nonadherent
platelets, adhered platelets were quantified by measuring endogenous
cellular acid phosphate activity.?” Relative adhesion to the maximum
binding was calculated by dividing the acid phosphatase activity of
adherent platelets by that of nontreated platelets adhered on the 10
pg/mL fibrinogen.

Morphologic study of adhered platelets was performed as described
previously.?® In brief, glass coverslips were coated with 20 mg/mL
fibrinogen for 16 hours at 4°C, and then washed with PBS. After incubation
with Sema3A/Fc or hIgG, 2 X 10 platelets in Tyrode buffer were incubated
on the fibrinogen-coated coverslips for 45 minutes at 37°C or on the
nontreated coverslips for 10 minutes at room temperature. Nonadherent
platelets were washed away and adherent cells were stained with tetrameth-
ylrhodamine B isothiocyanate—conjugated phalloidin. Platelet spreading
was observed under a florescence microscope (PROVIS AX-80; Olympus,
Tokyo, Japan).

Quantification of F-actin contents

Filamentous actin (F-actin) content was analyzed by flow cytometry with
bodipy-phallacidin as described previously.28 In brief, after incubation with
20 pg/mL Sema3A/Fc or hlgG, platelets in Walsh buffer were stimulated
with a 30-second incubation with 30 wM protease-activated receptor 1
(PAR1)—thrombin receptor-activating peptide (TRAP) or 0.5 U/mL throm-
bin at 37°C. Then, platelets were fixed with 4 vol of 2.6% glutaraldehyde in
5.3 mM EDTA (ethylenediaminetetraacetic acid) for 2 hours at 37°C. After
washing twice with PBS, the platelets were resuspended to half their initial
volume and incubated at 37°C either with 3.3 uM bodipy-phallacidin
(Molecular Probes) or bodipy-phallacidin in the presence of a 300-fold
molar excess of unlabeled phallacidin. After 30 minutes, the platelets were
washed twice with PBS and platelet fluorescence was analyzed in the
fluorescence intensity 1 (FL1) channel of the flow cytometer. Specific
phallacidin binding was obtained by subtraction of mean fluorescence
intensity of FL1 with unlabeled phallacidin from that of FL1 without
unlabeled phallacidin.

Detection of phosphorylation of cofilin and activated Rac1

After incubation with 20 pg/mL Sema3A/Fc or hlgG for 10 minutes at
room temperature, 1 X 107 platelets in Walsh buffer were incubated with
0.5 U/mL thrombin for the indicated times at 37°C without stirring. Then,
cells were lysed with SDS sample buffer with 5% -mercaptoethanol
(B-ME). Proteins were resolved on a 15% SDS-PAGE gel and transferred to
a polyvinylidene difluoride (PVDF) membrane (Immobilon-P; Millipore,
Bedford, MA). Phosphorylated cofilin was detected by using anti—phospho-
cofilin antibody (Cell Signaling Technology, Beverly, MA). After stripping
the membrane with a stripping buffer (Restore Western Blot Stripping
Buffer; Pierce), the membrane was rehybridzed with anticofilin antibody
(BD Biosciences). Optical density of the bands was measured by National
Institutes of Health (NIH) Image software (Bethesda, MD). After calibrat-
ing the density of phosphorylated cofilin with that of total cofilin, relative
increase of phosphorylated cofilin against that of IgG-treated platelets
without agonist stimulation was calculated.

Detection of activated Racl was performed using a kit of pull-down
assay according to the manufacturer’s directions (EZ-Detect Racl Activa-
tion Kit; Pierce). In brief, Sema3A/Fc- or hlgG-treated platelets in Walsh
buffer were incubated with 30 uM PAR1-TRAP for the indicated times at
37°C without stirring. Then, cells were lysed with 0.5% Triton-X100 lysis
buffer. Guanosine triphosphate (GTP)—form of Racl was pull-downed by
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incubation with glutathione-S—transferase (GST)-p21-activated kinase 1
(PAK1)-p21-binding domain (PBD) and glutathione beads for one hour
at 4°C. After washing with lysis buffer, precipitates were eluted with
SDS sample buffer with B-ME, followed by electrophoresis on a 12%
SDS-PAGE gel. After transfer to a PVDF membrane, Racl was detected
by a mouse anti-Racl-specific antibody. Total Racl was detected by
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Figure 1. Detection of Sema3A binding to platelets and expression of Sema3A
receptors in platelets. (A) Silver stain of purified Sema3A fusion proteins; 0.25 pg of
Sema3A/Fc (~ 125 kDa, lane c) and Sema3A/AP (~ 150kDa, lane d) were loaded on
a7.5% SDS-PAGE gel under reducing conditions and silver staining was performed.
Sema3A/Fc and Sema3A/AP samples contain BSA as a carrier protein. In lane ¢, only
BSA was loaded. Molecular weight marker was loaded in lane a. (B) Binding of
Sema3A/Fc or Sema3A/AP fo platelets. Washed platelets (5 X 105) were incubated
with Sema3A/Fc or higG, followed by incubation with FITC anti-human Fc. Sema3A/Fc
binding was detected by flow cytometry, and mean fluorescence intensity (MF1) was
plotted in the top panel. Washed platelets (5 X 108) were incubated with Sema3A/AP
or AP, and after washing, AP activity was measured using disodium phenylphosphate
as a substrate. Change in optical density (AOD) was plotted on the bottom panel. .
Shown are representative results of 3 independent expsriments. (C) Inhibition of
Sema3A/AP binding by Sema3A/Fc. Washed platelets were first incubated with 125
ng/mL higG or Sema3A/Fc. Then, platelets were incubated with 10 pg/mL Sema3A/
AP, and AP activity was measured. Shown is mean and SE of relative binding to
higG-incubated sample of 3 independent experiments. (D) Expression of plexin-A1,
-A2, of -A3 in platelets was detected by RT-PCR assay (left). Human umbilical vein
endothelial cell (HUVEC) was used as a positive control. Expression of neuropilin-1 in
platelets was detected by Western blotting and flow cytometric analysis (right). In
Western blotting, neuropilin-1 expression was detected by anti-neuropilin-1 antibody,
followed by incubation with HRP anti-mouse IgG. MDA-MB231 was used as a
positive control. in flow cytometry, platelets were incubated with mouse monoclonal
anti-neuropilin-1 antibody (filed curve) or control antibody (MOPC21; open curve),
followed by incubation with Alexa488-conjugated anti-mouse 19G. MWM indicates
molecular weight marker.
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electrophoresis of total lysates on an SDS-PAGE gel followed by
detection with the Racl-specific antibody.

Intracellular Ca?* mobilization

Intracellular Ca?* concentrations in fluo-3-loaded platelets were assessed
under flow cytometry as described previously.? In brief, platelets were
labeled with 5 pM fluo-3-AM (Wako Pure Chemical, Osaka, Japan) at 37°C
for 15 minutes. After incubation with 20 pg/mL Sema3A/Fc or higG,
5 X 10° platelets in 200 wL Walsh buffer were subjected to flow cytometry
analysis. After the determination for about 10 seconds of baseline fluo-3
fluorescence from the platelet population, cell aspiration into the flow
cytometry was briefly paused, and 1:10 volume of 5 U/mL thrombin was
added. The acquisition was then resumed, and changes in log fluorescence
versus time were recorded. For each plot, rectangular analysis regions were
defined over the time axis, and mean florescence intensity was calculated
with CellQuest software (BD Japan).

Quantification of platelet cyclic nucleotide levels

For cAMP quantification, 1.6 X 106 platelets in Walsh buffer were incu-
bated with 20 pg/mL Sema3A/Fc or hlgG for 10 minutes at room
temperature. [loprost (20 pg/L; Cayman Chemical, Ann Arbor, MI) was
used as an agonist for activation of adenylate cyclase. ADP (5 pM) was
added to the platelet samples and incubated for 2 minutes at room
temperature to study inhibition of adenylate cyclase. After lysing platelets,
cAMP contents were measured by an enzyme immunoassay kit according
to the manufacturer’s directions (Biotrak cAMP EIA System; Amersham,
Piscataway, NJ). For cGMP quantification, 3.6 X 105 platelets in Walsh
buffer were incubated with 20 pug/mL Sema3 A/Fc or hlgG for 10 minutes at
room temperature, and ¢cGMP contents were measured by an EIA kit
(Biotrak cGMP EIA System; Amersham).

Statistical analysis

Experimental differences over the controls were analyzed by the Student ¢
test. Probability values of P less than .05 were considered significant.

Results

Binding of Sema3A to platelets and expression of Sema3A
receptors in platelets

We used 2 distinct Sema3A chimera proteins in this study:
recombinant human Sema3A fused to human Fc fragment
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(Sema3A/Fc) or to the catalytic domain of human placental
alkaline phosphatase (Sema3A/AP) (Figure 1A). We first inves-
tigated the binding of Sema3A to platelets. As shown in Figure
1B (upper), Sema3A/Fc bound to platelets in a dose-dependent
and saturable manner. Sema3A/AP also bound to the platelets in
basically the same manner as Sema3A/Fc, although it needed
about 2-fold concentrations, compared with Sema3A/Fc, to
saturate the binding to platelets (Figure 1B lower). About 90%
of the Sema3 A/AP binding was inhibited by preincubation with
excess amounts of Sema3A/Fc, confirming the specificity of
Sema3A binding to platelets (Figure 1C). We estimated the
binding sites of Sema3 A were approximately 8000 (7980 * 500,
n = 4) per platelet.

Next, we examined expression of Sema3A receptors in
platelets. Western blotting and flow cytometric analysis revealed
that neuropilin-1 was expressed in platelets (Figure 1C). Plexin
expression was examined by RT-PCR assay, using platelet
samples in which the contaminated leukocytes were removed by
a leukocyte removal filter. As shown in Figure 1C, plexin-Al
and low levels of plexin-A2 and plexin-A3 were expressed in
platelets. These results suggest that platelets express functional
Sema3A receptors.

Effects of Sema3A on alibB3 activation by various agonists
and platelet aggregation

Since Sema3A inhibits integrin function in endothelial cells,!s we
examined the effects of Sema3A on integrin allb@3 activation
using a ligand-mimetic antibody, PAC-1. Sema3A/Fc dose-
dependently inhibited PAC-1 binding induced by all agonists
examined, including agonists that act via G-protein—coupled recep-
tors (ie, ADP, thrombin, and U46619) and convulxin, which acts
via G-protein—uncoupled receptor, GPVI (Figure 2A; Table 1).
Sema3A/Fc inhibited A23187- and phorbol 12-myristate 13-
acetate (PMA)-induced PAC-1 binding, suggesting that Sema3A
inhibits allbB3 activation mainly downstream of intracellular
calcium mobilization and protein kinase C activation. Sema3A/AP
also inhibited aIIbf33 activation by thrombin and ADP (Figure 2B),
indicating that the inhibitory effects were caused by the Sema3A
domain, not by the fused Fc or AP domain. Sema3A/Fc inhibited a
physiologic ligand, soluble fibrinogen binding to platelets after
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Figure 2. Inhibition of «llbp3 activation by Sema3A. (A) Washed platelets preincubated with the indicated concentrations of Sema3A/F¢ (# and bold lines) or higG (M and
thin lines) were activated with ADP (5 uM), PAR1-TRAP (15 pM), U46618 (2 wM), convulxin (S ng/mL), A23187 (2.5 uM), or PMA (200 nM). Activated allbB3 was detected by
binding of FITC—PAC-1. Shown are representative results of 3 to 5 independent experiments. (B) Washed platelets were preincubated with Sema3A/AP (# and bold lines) or
AP (Wl and thin lines) and activated by ADP (5 uM) or thrombin (0.5 U/mL), and then FITC~PAC-1 binding was detected. Shown are representative results of 3 independent
experiments. (C) PBS-, higG-, or Sema3A/Fc-treated platelets were incubated with or without an allbp3-activating antibody, PT25-2, and PAC1 binding was examined. Shown
are representative results of 3 independent experiments.
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Table 1. Inhibition of agonist-induced PAC1 binding by Sema3A

Agonist Concentration (% inhibition)
ADP, pM 5(90.4 + 12.1)
PAR1-TRAP, pM 15(115.2 £ 10.2)
Thrombin, U/mL 0.5(97.4 + 3.3)
U46619, uM 2(112.5 + 0.3)
Convulxin, ng/mL 5(04.7 + 6.0}
A23187, uM 2.5(106 * 5.5)

PMA, nM 200 (58.1 + 14.3)

Platelets preincubated with 10 pg/mL Sema3A/Fc were activated with indicated
agonists, and FITC-PAC1 binding was detected as demonstratedin Figure 2. Percent
inhibition of mean fluorescent intensity against higG-treated platelets was calculated.
Data represent mean + SE of at least 3 independent experiments.

ADP and PAR1-TRAP stimulation, as well as PAC-1 binding (data
not shown). PAC-1 binding with PT25-2, an anti-aIIb@3 antibody
that induces activated conformation of aIIb@3 without intracellular
signaling, was unaffected by preincubation with Sema3A (Figure
2C), indicating that Sema3A does not disturb PAC-1 binding
competitively to its receptor. Since activation of allbB3 leads to
ligand binding and platelet aggregate formation, we studied the
effects of Sema3A on platelet aggregation. Sema3A/AP im-
paired aggregate formation in low concentrations of collagen
and thrombin (Figure 3), although it was hard to detect the
inhibitory effects of Sema3A on platelet aggregation in high
concentrations of the agonists.

Effects of Sema3A on granular secretion

We examined effects of Sema3A binding to platelets on granular
secretion after ADP and thrombin stimulation. Surface expression
of CD62P and CD63 was used for monitoring the secretion of alpha
granule and dense or lysosome granule, respectively.>® Sema3A/Fc
dose-dependently inhibited surface expression of both CD62P and
CD#63 after ADP and thrombin stimulation without stirring, indicat-
ing that Sema3A inhibits aggregation-independent granule secre-
tion induced by platelet agonists (Figure 4).

Thrombin
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Figure 3. Inhibition of platelet aggregation by Sema3A. Washed platelets
preincubated with 20 ug/mL Sema3A/AP or AP were activated with the indicated
concentrations of collagen (left column) or thrombin (right column). Platelet aggrega-

tion was monitored using a platelet aggregometer. Arrow indicates the addition of *

agonists. Shown are representative results of 3 independent experiments.
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Figure 4. Inhibition of agonist-induced granular secretion by Sema3A. Washed
platelets were preincubated with the indicated concentrations Sema3A/Fc, and then
activated with ADP (5 uM) or thrombin (0.5 U/mL). Granular secration was assessed
by FITC-CD62P and PE-CD63 binding to platelets, and percent binding against
higG-treated platelets was calculated. Shown are mean + SE of percent binding of 3
independent experiments. *P < .05; **P < .01.

Effects of Sema3A on platelet adhesion and spreading

We next examined the effects of Sema3A on platelet adhesion to
immobilized fibrinogen or nonspecific glass coverslips under static
conditions. Quantification of adhered platelets by acid phosphatase
method showed that preincubation with 20 wg/mL Sema3A/Fc led
to about 20% reduction in platelet adhesion at every concentration
of fibrinogen examined (Figure 5A). Microscopic examination
demonstrated that after 45 minutes of incubation on 20 wg/mL
fibrinogen, more than 80% of platelets showed full spreading
(Figure 5Bi). In sharp contrast, spreading of Sema3A-treated
platelets was markedly impaired (Figure 5Bii). The inhibition of
platelet spreading by Sema3A was not allbB3 specific, since
Sema3A also inhibited platelet spreading on noncoated glass
coverslips (Figure 5Biii-iv).

Effects of Sema3A on agonist-induced cytoskeleton
rearrangement of platelets

The remarkable inhibition of platelet spreading by Sema3A
suggests that Sema3A affects cytoskeletal rearrangement of plate-
lets. To address the hypothesis, we quantified F-actin contents in
platelets using bodipy-phallacidin and flow cytometry. Thrombin
and PAR1-TRAP induced elevation of F-actin as demonstrated,?
and Sema3A significantly impaired the elevation of agonist-
induced F-actin elevation (Figure 6A). Cofilin is a protein that
promotes severing and depolymerization of F-actin,?!*2 and involve-
ment of cofilin in Sema3A signaling has been demonstrated.3!
Therefore, we next examined phosphorylation of cofilin after
PAR1-TRAP stimulation. Sema3A decreased the level of phosphor-
ylated cofilin in both resting and PAR1-TRAP-stimulated platelets,
suggesting that Sema3 A may keep cofilin in the dephosphorylated,
activated state and increase severing of F-actin (Figure 6B). Since
phosphorylation of cofilin is regulated by LIM kinase!2 an
effecter of Rac-PAK signaling pathway,®® and the involvement of
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Rac in semaphorin signaling is well demonstrated,!!"12 we exam-
ined the effects of Sema3A on Racl activation by PAR1-TRAP.
Consistent with previous reports,®35 PAR1-TRAP induced rapid
activation of Racl in platelets at the maximum in 30 seconds, and
Sema3A almost completely inhibited the Racl activation induced
by PAR1-TRAP (Figure 6C). These results suggest that Sema3A
inhibits agonist-induced actin rearrangement via Racl-dependent
pathway including phosphorylation of cofilin.

Some reports demonstrated that Sema3A affects another cy-
toskeletal component, microtubule rearrangement.3637 However,
we did not observe any apparent effects of Sema3A on tubulin
staining in platelets (data not shown).

100

80
60

40

%adhesion

20

Effects of Sema3A on Ca?* and cyclic nucleotide signaling
_in platelets '

To examine whether Sema3A may affect Ca’* signaling, fluo-3-
loaded platelets were stimulated with thrombin and intracellular
Ca’* concentrations were monitored under flow cytometry. Throm-
bin induced rapid increase in intracellular Ca?* concentrations in
control platelets as described,? and Sema3A/Fc did not affect the
thrombin-induced increase in intracellular Ca?* concentrations
(Figure 7).

Since the best characterized platelet inhibitory signaling path-
ways are cyclic nucleotide pathways,® we finally examined the
effects of Sema3A on cyclic nucleotides in platelets. Sema3A did

Figure 5. Etfects of Sema3A on platelet adhesion and spreading. (A) Washed
platelets were incubated with 20 pg/mL Sema3A/Fc (bold line) or higG (thin solid

line), or PBS (dashed line), and then placed on the various concentrations of
immobilized fibrinogen for one hour. After washing with PBS to remove nonadherent
platelets, adhered platelets were quantified by acid phosphatase method. Mean and
SE of percent adhesion of 3 independent experiments was plotted. *P < .05. (B}
Sema3dA-treated platelets (iiiv) or higG-treated platelets (i i) were placed on
fibrinogen-coated (i-ii) or nontreated (ifi-iv) glass coverslips. Adhered platelets were

not increase the basal cAMP level in nonstimulated platelets per se
(Table 2). Stable prostacyclin, illoprost, elevates intracellular cAMP,
and addition of ADP impairs the iloprost-induced cAMP elevation
by inhibiting adenylate cyclase.>? Again, Sema3 A treatment did not

change cAMP contents in iloprost- and ADP-treated platelets
(Table 2). Sema3A also had no effects on basal cGMP contents,
whereas sodium nitroprusside, a stimulator of NO/protein kinase G
pathway, induced elevation of cGMP contents (Table 3). Moreover,
a nitric oxide synthase (NOS) inhibitor, L-nitroarginine methyl
ester, or a NO-donor, L-arginine, had no effects on the inhibition of
allbp3 activation by Sema3A (data not shown).** These results
suggest that neither cAMP nor cGMP is involved in inhibition of
platelet function by Sema3A.

stained with TRICT (tetramethylrhodamine-5(and 6)-isothiocyanate)-phalloidin. Im-
ages were captured with a CCD camera (DP-70; Olympus) mounted on an Olympus
AX-80 fluorescence microscope equipped with a 100 X/1.30 oil immersion objective
lens. Images were acquired with Olympus DP Controller software and processed with
Adobe Photoshop Elements 2.0 (Adobe Systems, San Jose, CA). Original magnifica-
tion X 1000, and barin panel Bi represents 10 um.
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Figure 6. Effects of Sema3A on F-actin contents, cofilin phosphorylation, and Rac1 activation. (A) Sema3A/Fc- (gray bars) or higG-treated (black bars) platelets were
activated by 30 M PAR1-TRAP or 0.5 U/mL thrombin at 37°C for 30 seconds without stirring. After fixation, F-actin was stained with bodipy-phallacidin. Specific phallacidin
binding was obtained by subtraction of FL1 fluorescence with a 300-fold more excess of unlabeled phallacidin from FL1 fluorescence without unlabeled phallacidin, and fold
increase against fluorescence of no agonist sample was calculated. Data represent mean and SE of 3 independent experiments. *P < .05. (B) Sema3A/Fc- or higG-treated
platelets were activated with 30 uM PAR1-TRAP for the indicated time at 37°C without stirring. Then, cells were lysed and SDS-PAGE was performed. Phospho-cofilin was
detected by anti-phospho-cofilin—specific antibody. After stripping, total cofilin was detected by anticofilin antibody. Optical density of the bands was measured by NIH Image
software, and relative increase against phospho-cofilin in IgG-treated platelets without thrombin was calculated. Mean and SE of 3 independent experiments was plotted in
bottom panel. *P < .05; **P < .01. (C) Sema3A/Fc- or higG-treated platelets were activated with 30 uM PAR1-TRAP for the indicated time at 37°C without stirring. GTP-form of
Rac1 was precipitated by incubation with GST-PAK1-PBD and glutathione beads. After SDS-PAGE electrophoresis, Rac1 was detected by a Rac1-specific antibody. Total Rac
was detected by electrophoresis of total lysates on an SDS-PAGE gel followed by detection with the same antibody. Optical density of the bands was measured by NIH image
software, and relative increase against GTP-Rac in |gG-treated platelets without thrombin was calculated. Sema3A/Fc is indicated by ll and bold lines; higG, by # and thin
lines. Mean and SE of 3 independent experiments was plotted in lower panel. *P < .05.
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Figure 7. Effects of Sema3A on thrombin-induced increase of intracellular Ca2+
concentrations. Fluo-3-labeled platelets were incubated with 20 pg/mL Sema3A/Fc
or higG. After the determination for about 10 seconds of baseline fluo-3 fluorescence
from the platelet population, cell aspiration into the flow cytometry was briefly paused,
and 1:10 volume of 5 U/mL thrombin (Thr) was added. The acquisition was then
resumed, and changes in log fluorescence versus time were recorded (top panels).
For each plot, rectangular analysis regions were defined over the time axis, and mean
fluorescence intensity was calculated. Mean + SE of 3 independent experiments was
plotted in bottom panel. Bold and thin lines represent Sema3A/Fc and hlgG,
respectively.

Discussion

In this report, we demonstrated for the first time the binding of
Sema3A on platelets and extensive inhibitory effects of Sema3A on
platelet function. As reported in endothelial cells,'s Sema3A
inhibited integrin-mediated function in platelets (ie, inhibition of
oIIbf33 activation and platelet aggregate formation, and adhesion
and spreading on immobilized fibrinogen). However, Sema3A also
inhibited allbf3-independent adhesion and spreading on non-
treated glass coverslips and aggregation-independent granular
secretion. Although the most potent platelet inhibitory pathways
are cyclic nucleotide pathways,?® we did not detect any effect on
cAMP and ¢GMP contents by Sema3A treatment. Thrombin-
induced Ca?* signaling was also unaffected by Sema3A treatment.

Sema3A markedly impaired allbf3-independent as well as
alIbp3-dependent platelet spreading. We demonstrated that Sema3A
inhibited the increase of F-actin contents after thrombin or
PAR1-TRAP stimulation. Thus, Sema3A inhibited adhesion-
induced and agonist-induced actin rearrangement. Furthermore,
Sema3A inhibited phosphorylation of cofilin and Racl activation
after PAR1-TRAP stimulation. Several reports revealed that Racl
activation is necessary for platelet actin assembly and lamellipodia
formation after agonist stimulation.33541 Therefore, marked impair-
ment of Racl activation is very likely to account for the Sema3A-

Table 2. Effects of Sema3A on cAMP

cAMP, pmoV10®

platelets
hlgG, 20 pg/mL 1.06 + 0.19*
Sema3A/Fc, 20 ng/mL 1.00 £ 0.68*
lloprost, 20 pg/L 4594 *+ 531
lloprost, 20 pg/L + ADP, 5 uM + higG, 20 pg/mL 7.34 +0.471
lloprost, 20 ug/L + ADP, 5 pM + Sema3A/Fc, 20 ng/mL 5.66 + 0.901

Data represent the mean * SE of 3 independent experiments.
*P= 04,
1P = 24.
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Table 3. Effects of Sema3A on cGMP

¢GMP, pmol/108 platelets

higG, 20 pg/mL 0.83 + 0.08"
Sema3A/Fc, 20 pg/mL 0.86 * 0.04"
Sodium nitroprusside, 1 mM 5.56 + 0.83

Datarepresent the mean * SE of 3 independent experiments.
“P=.70.

induced impairment of actin rearrangement and spreading in
platelets. There were 2 major downstream effectors of Racl
identified, PAK and WAVEs ([Wiskott-Aldrich syndrome protein]
WASP family Verprolin-homologous proteins).2 Several PAK
substrates or binding partners have been implicated in the effects of
PAK, including filamin, LIM kinase, myosin, and paxillin.?
Among them, LIM kinase phosphorylates and inactivates cofilin, a
protein that promotes severing and depolymerization of F-
actin.3132 Consistent with the inhibition of Rac1 activation, Sema3A
inhibited phosphorylation of cofilin in both resting and activated
platelets, suggesting that Sema3A increases severing and depoly-
merization of F-actin by keeping cofilin in the activated state. Racl
inhibition by Sema3A might affect the activation of another major
downstream effector of Racl, WAVEs. WAVEs, also known as
Scar, belong to the WASP family and activate actin-related protein
2 and 3 (Arp2/3) complex, resulting in nucleating actin polymeriza-
tion*3 Others and we have demonstrated that platelets contain
WAVE isoforms and may regulate lamellipodia formation.#445
Therefore, it is also likely that Sema3 A may inhibit actin rearrange-
ment via inhibition of WAVE-dependent initiation of actin
polymerization.

In contrast to our results, it has been demonstrated that Racl
activation is essential for Sema3A-induced growth cone collapse in
neural cells,*é#7 and Sema3 A-induced phosphorylation of cofilin is
necessary for the process.*® However, in these reports, the authors
analyzed direct signaling induced by the binding of Sema3A. In
this study, we analyzed the effects of Sema3A binding on agonist-
induced signaling in platelets. Interestingly, Aizawa et al also found
that phosphorylated cofilin was subsequently dephosphorylated
within 5 minutes at the neural growth cone and the phosphorylated
level of cofilin decreased to 0.16-fold of that of untreated growth
cone,* which is consistent with our observation that cofilin is
dephosphorylated in Sema3 A-treated platelets. Signaling pathways
from semaphorin receptors to Rac have not been fully understood
even in neural cells.!12 Human plexin-B1, a receptor for SemadD,
and fly plexin B interact with activated Rac directly, and it has been
suggested that these plexins sequester activated Rac and antagonize
its signaling pathway.*-5! Very recently Turner et al reported the
association of activated Rac and the cytoplasmic tail of plexin-
Al,%2 although others failed to detect the interaction.5%5? Further
studies are necessary to reveal the mechanism of regulation of Rac
by Sema3A in platelets.

Is the impairment of actin rearrangement via inhibition of Rac1
responsible for Sema3A-induced extensive negative regulation of
platelet function other than platelet spreading? To investigate the
role of actin rearrangement on platelet function, effects of cytocha-
lasins or latrunculin A, inhibitors of actin polymerization, have
been studied.>*58 There are some discrepancies in these reports,
mainly because of the differences in experimental conditions; some
reports demonstrated that high concentrations of cytochalasins
inhibited agonist-induced IIbB3 activation and platelet aggrega-
tion, indicating that de novo actin polymerization affects activation
of allbB3,3435:8 whereas low concentrations of cytochalasin D and
latrunculin A activated alIbB3.7 Integrin activating inside-out
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signaling consists of 2 aspects: conformational change that regu-
lates integrin affinity and integrin clustering that regulates its
avidity.” aIIbf3 clustering may be promoted by actin cytoskeletal
rearrangement, although conformational change seems to be the
dominant way in oIIbB3 activation.’ Moreover, recent reports
revealed that talin binding to integrin cytoplasmic tails is essential
for integrin activation.5%6! Since talin links integrin to actin
filaments in clustering of integrins into adhesion complexes, 5263
defects of actin polymerization may impair broad aspects of
integrin signaling. However, impairment of actin rearrangement
does not appear to be the sole mechanism of Sema3A inhibition of
platelet function, since, in contrast to Sema3A, cytochalasins have
no inhibitory effects on granular secretion.’>%% Racl regulates
many cellular activities besides cytoskeletal rearrangement, such as
cell polarity and vesicle trafficking in other cells.*? Moreover,
Sema3A may act via Racl-independent pathways (eg, the collapsin
response mediator protein (CRMP)-mediated pathway).!? These
hypotheses remain to be determined.

It has been well documented that endothelial cells negatively
regulate platelet function by secreted PGI,, NO, and membrane-
bound ecto-ADPase.® Since Sema3A is also produced in endothe-
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lial cells and inhibits platelet function extensively, Sema3A
may contribute to maintain blood flow in normal, injured, or
newly synthesized vessels by keeping platelets in the resting
state. Moreover, since Sema3A appears to inhibit platelet
function via unique Racl-dependent pathway, modulation of
Sema3A-inducing signaling pathway may be a new target of
antiplatelet therapy.

In conclusion, we demonstrated that Sema3 A binds to platelets
and inhibits platelet function extensively. The inhibition of platelet
function by Sema3A appeared to be mediated, at least in part,
through impairment of agonist-induced Racl-dependent actin
rearrangement. We believe that these results reveal a new Sema3A
function on thrombosis and hemostasis, and a unique inhibitory
signaling pathway evoked by Sema3 A binding to platelets.
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Summary. Background: The ay,B; antagonists inhibit platelet
aggregation and are used as antithrombotic agents for cardi-
othrombotic disease. The present study investigates the corre-
lation of inhibition of fibrinogen and von Willebrand factor
(VWF) binding by ogpf; antagonists with the inhibition of
platelet aggregation and prolongation of bleeding time
(BT). Methods: Inhibition of fibrinogen and VWF binding
~ were assessed in a purified oqy,B3-binding assay. As an in vitro
cell-based assay, platelet aggregation and VWF-mediated
adhesion studies were performed using human platelets. In vivo
effects on BT were measured using a template device in dogs at
the same time as an ex vivo aggregation study was per-
formed. Results: In vitro studies demonstrated that the antiag-
. gregatory effects of am,fs antagonists correlate with their
inhibition of fibrinogen binding, but not VWF. Interestingly,
the effects of ayp,Bs antagonists on BT could be differentiated
from the inhibition of platelet aggregation. Furthermore, this
differentiation was strongly correlated with the different
inhibitory potencies between fibrinogen and VWF binding, as
well as that between VWF-mediated adhesion and aggrega-
tion. Conclusions: Our study provides novel evidence showing
that the inhibitory effect of oyp,B; antagonists on VWF, but
not fibrinogen binding, correlates with their ability to prolong
BT.
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Introduction

Platelet aggregation and adhesion are key mechanisms for
normal hemostasis and limiting blood loss from injured tissue
(1,2]. oypBs, the major integrin on the surface of the platelet
membrane, is a physiologic receptor for fibrinogen and von
Willebrand factor (VWF). The binding of these two ligands
plays a crucial role in platelet aggregation and adhesion, in the
initial process of thrombus formation. Antagonism of o5 is
an attractive strategy for antiplatelet therapy and achieves
complete inhibition of aggregation [3,4]. Several a,fs antag-
onists have been used as antithrombotic drugs, and have
demonstrated favorable efficacy in reducing the incidence of
ischemic events in unstable angina and in preventing vascular
events after percutaneous transluminal coronary angioplasty
(PTCA) [5-7], although they appeared to increase the risk of
bleeding [8,9]. Thus, careful management and monitoring of
patients, such as weight adjustment of heparin dose and
assessment of hemostatic markers [10-11], is required to avoid
bleeding complications. Mechanistic studies on the hemorrha-
gic properties of oyn,Ps antagonists would provide more
detailed information about controlling bleeding complications.

Current mechanistic studies on platelet-thrombus formation
under flow conditions suggest that the o, ps ligands, VWF and
fibrinogen, play different functions in the process of thrombus
formation. In the initial process of hemostasis, VWF binding to
omPs is a key step for formation of platelet adhesion, causing
the initial surface coverage of injured vascular lumen. In
contrast, fibrinogen binding plays a major role in the later
phase of thrombus formation on the covered surface by
recruiting platelet aggregates [12-14), and leads to formation of
a mature thrombus to plug the injured vessels. Therefore, we
hypothesized, if inhibition of the VWF-dependent surface
coverage by platelets is the critical hemorrhagic determinant for
omPs antagonists, rather than the later fibrinogen-dominant
phase, oy,P; antagonists with minimal inhibition of VWF
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binding should show reduced tendency for prolonged bleeding
time (BT) but retain potent antiaggregation effects.

In this study, we assessed the inhibitory effects of synthetic
ayr,Ps antagonists on VWF and fibrinogen binding and exam-
ined their association with ex vivo inhibition of platelet aggrega-
tion and an in vivo hemorrhagic effect, prolongation of BT.

Materials and methods

Materials

FK419 [15], FK633 [16), FR184764, FR233229, FR231643,
lamifiban [17], xemilofiban [18], and tirofiban [19] (Fig. 1) were
synthesized in Fujisawa Pharmaceutical Co., Ltd (Osaka,
Japan), with purity >98% by HPLC and mass spectrum
analysis. All antagonists were dissolved in isotonic sodium
chloride solution or buffer prior to use.

Proteins and antibodies

Fibrinogen and VWF were purchased from American Diag-
nostica Inc. (Stamford, CT, USA). Purified human oy, 5 was
purchased from Enzyme Research Laboratories Inc. (IN,
USA). Anti-am,Bs (PT25-2) was purchased from Takara,
(Japan). HPR-F(ab), fragments of goat antimouse IgG
(H + L) antibody was purchased from Zymed Laboratories
Inc. San Francisco, (CA, USA) . Bovine serum albumin (BSA)
was purchased from Nakarai (Japan).

Inhibition assay for the interaction of purified o,B3 with
fibrinogen and von Willebrand factor

Fibrinogen (1 pg per well) was immobilized on a 96-well
microtiter plate overnight at 4 °C. The residual exposed plastic

FK419
n NHCOCHS
'O SN S VUE ui
0 o
Lamifiban

Fig. 1. Chemical structures of synthetic oy, B; antagonists.

was blocked with 1% BSA. After the plate was washed twice
with buffer, 50 uL of purified oy,Bs at 20 uyg mL™! in the
presence or absence of 50 pL of drug were added to each well
and incubated for 3 h at room temperature. Bound oy,,B; was
measured by ELISA by using primary (antihuman a,$5) and
secondary (goat antimouse IgG coupled to HPR) antibodies.
In the case of VWF-binding assay, ayy,B3 was immobilized on
the plate. VWF was added and binding was measured by
ELISA. ICs, values were calculated by using the curve fitting
and statistics software, PRISM version 4, and are expressed as
the mean + SEM of five experiments. All experiments were
performed with the same lot of the proteins. oy,B3 antagonists
were compared under the same assay conditions. We also
measured Ky values for fibrinogen and VWF binding in our
assay formats. The Ky values (Fg: Kj = 87 nm, VWF: K4 =
11 nm) were comparable with those reported in the literature
[20,21].

Platelet adhesion to von Willebrand factor coated plate

Venous blood from healthy male volunteers was collected onto
sodium citrate. Platelet-rich plasma (PRP) was prepared by
rapid centrifugation of whole blood. Platelets were washed with
modified HEPES-Tyrode’s buffer containing 1 ym PGE,.
After washing, platelets were suspended in modified HEPES-
Tyrode’s buffer containing 1.0 mm CaCl, without PGE,, and
platelet count was adjusted. Adhesion assay protocol was
performed as described previously [22]. Briefly, 96-well microt-
iter plates were coated with 1 pg per well of VWF. The plates
were then blocked with 1% BSA. After washing the plates with
buffer, ADP-activated washed platelets were added to each
well in presence of drugs or buffer and incubated for 30 min at
37 °C. The plates were then washed three times with buffer.
The number of adhered cells was determined by the acid
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phosphatase activity of cells at 410 nm using a microplate
reader.

Platelet aggregation study

Platelet aggregation assays were performed using NBS HEMA
TRACER 801, an eight-channel aggregometer (Nikobio-
science, Tokyo, Japan). Light transmittance of PPP was
calibrated as 100%. PRP was incubated for 2 min in the
aggregometer at 37 °C. ADP (2.5 um for humans and 20—
40 o for dogs) was added as an agonist at which full response
of platelet aggregation was obtained, and the change in light
transmittance was monitored by a PL500 recorder (Yokogawa,
Tokyo, Japan). Percent inhibition of aggregation in the drug-
treated samples was calculated by comparison with the
aggregation in the absence of drug or in the pretreatment
period.

Measurement of template bleeding time

All experiments were carried out in accordance with the
guidelines provided by the Ethical Committee of Fujisawa
Pharmaceutical Co., Ltd. Beagle dogs (Kashou Co., Ltd or
Japan Laboratory Animals Co., Ltd, Tokyo, Japan) were
anesthetized with sodium pentobarbital at 30 mg kg™' intra-
peritoneally. oyp,Bs antagonists were administered by a bolus
injection (0.2 mL kg™"), followed by continuous infusion
(0.1 mL kg™ h™!) for 3 h, from a catheter inserted into the
vein on the surface of the hind limb. Blood samples were taken
six time-points from the cephalic vein for the platelet aggre-
gation study and for measurement of plasma drug concentra-
tions at 30-min intervals after dosing. At the same time as
blood sample collection, BT was assessed with an automated
spring-loaded device (Simplete R, Organon Teknika, Durham,
NC, USA) designed to produce a standardized incision applied
to the inner side of the upper jowl. Blood from the incision was
blotted with Whatman No.2 filter paper every 30 s unti} all
bleeding had stopped. In order to eliminate the experimental
validity, we have excluded animals with the basal BT of > Sor
< 3 min. Our laboratory standard of basal BT was
3.9 £ 0.3 min. When bleeding did not stop within 30 min,
BT was recorded as 30 min. Prolongation of BT was
determined by comparison with the time in the pretreatment
period.

Determination of plasma concentration of ;B3 antagonists

Plasma samples were mixed with water, and purified by solid-
phase extraction. The eluate was evaporated under a nitrogen
stream, dissolved in water, and analyzed by LC-MS-MS.
HPLC separation was achieved using a mobile phase consisting
of formate buffer/acetonitrile/methanol with flow rate
0.2 mL min~'. The lower limit of quantification was
10 ng mL™" using 50 pL plasma, and intra-day precision
measurements of the assay as indicated by coefficients of
variation were <10%.

© 2005 International Society on Thrombosis and Haemostasis
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Calculation of mean plasma concentrations for 50%
inhibition of platelet aggregation and for 2.5-fold
prolongation of bleeding time

Data for inhibition of ADP-induced ex vivo platelet aggrega-
tion (Yi%) and prolongation of BT (Zi-fold) at all doses and
time points were sorted in order of increasing plasma concen-
trations (Xi, ng mL™") of an antagonist. Mean concentrations
for 50% inhibition of platelet aggregation and 2.5-fold
prolongation of BT were calculated using curve fitting and
statistics software, PRISM version 4. The values are expressed
as mean + SEM.

Results

Inhibition of fibrinogen and von Willebrand factor binding
to priﬁed a//bB_;

Inhibitory effects of synthetic ap,B; antagonists on fibrinogen
and VWF binding were determined by ELISA assays of purified
o, Bs. In this binding assay, all antagonists effectively inhibited
both fibrinogen and VWF binding to purified oqpB; in a
concentration-dependent manner (Fig. 2). Interestingly, the
rank orders of antagonists for the inhibition were different
between fibrinogen and VWF binding (fibrinogen inhibition;
tirofiban < FK419 = xemilofiban < FK633, VWF inhibi-
tion; tirofiban < xemilofiban < FK419 = FK633).  For
instance, FK419 inhibited VWF binding with similar potency
as FK633; however, its potency for fibrinogen was fourfold
higher than FK633. Thus, FK419 is a relatively selective
inhibitor of fibrinogen binding compared with FK633. To
validate the relative selectivity of oy Bs antagonists, we calculate
ratios of ICsgs for fibrinogen to VWF binding as a selectivity
index, VWF/Fg (Table 1). The results of this study suggest that
the selectivity index varied for each oy, B; antagonist.

Inhibition of human platelet aggregation and von Willebrand
factor-mediated adhesion

To further assess the cell-based antagonism of oyy,P; antago-
nists against fibrinogen and VWF, we assessed their inhibitory
effects of the antagonists on ADP-induced aggregation and
adhesion onto immobilized VWF in vitro. As summarized in
Table 2, all antagonists were effective in inhibiting ADP-
induced platelet aggregation (AG1) with ICs values ranging
from 21 to 103 nm, with comparable potency to their inhibition
of fibrinogen binding to purified ogPs. Furthermore, in the
platelet adhesion assay, they also effectively inhibited ADP-
activated platelet adhesion to VWF-coated plates. However
ICsp values for VWF-mediated adhesion (AD) were not
parallel to that for aggregation. The oypfs antagonists,
xemilofiban, lamfiban, and tirofiban, showed similar or greater
potency for inhibiting VWF-mediated adhesion compared with
their inhibitory effects on platelet aggregation, and had a lower
ratio (AD/AG1). In other words, these antagonists had lower
ratios of AD/AGI than those of FK419 and FR233229. The
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Fig. 2. Effects of synthetic oy, 33 antagonists, FK419, FK633, tirofiban,
and lamifiban, on fibrinogen and von Willebrand factor binding to
purified oyp,B3 receptors. All experiments were performed by using the
same protein preparation and assay plates. Data are presented as the
mean + SEM of five experiments.

Table 1 Inhibitory effects of oym,B; antagonists for purified oyp,f5-ligand
binding

von Willebrand

Fibrinogen (Fg) factor (VWF), Ratio

ICso (nm) ICso (nn) (VWE)/(Fg)
FK419 53 £2.7 32 £ 034 0.060
FK633 200 + 14 28 + 049 0.014
Xemilofiban 45 £ 0.2 0.87 £ 0.15 0.019
Lamifiban 20 £ 49 0.76 = 0.06 0.038
Tirofiban 26 £ 0.2 0.73 + 0.30 0.028
FR184764 34 £ 3.6 0.68 + 0.14 0.020
FR233229 95 £ 0.6 0.47 = 0.07 0.049
FR231643 - 24 + 2.8 1.2+£13 0.050

results of cell-based studies suggest that each oy, B3 antagonists
have different inhibitory effects between platelet aggregation
and VWF-mediated platelet adhesion.

Table 2 Inhibitory effects of ay,B; antagonists on platelet aggregation
and von Willebrand factor-mediated adhesion

ADP-induced VWF-mediated

aggregation (AG1), adhesion (AD)  Ratio

ICs (nm) ICss (nMm) (AD)/(AG])
FK419 53 £ 83 219 £ 12 5.5
FKé633 103 £ 53 190 '+ 23 1.8
Xemilofiban 26 £ 7.8 29 + 6.1 1.1
Lamifiban 45 + 30 20 £ 16 0.44
Tirofiban 46 + 7.6 67 £ 22 0.15
FR184764 43 + 53 157 £+ 10 3.7
FR233229 21 £ 1.1 92 + 14 4.3
FR231643 37 £ 25 94 + 6.2 2.5

Ex vivo inhibition of ADP-induced platelet aggregation
and template bleeding time

The effects of dose escalation of oy,P; antagonists, FK419,
xemilofiban and lamifiban on ADP-induced ex vivo platelet
aggregation and template BT are represented in Fig. 3. These
antagonists effectively inhibited ADP-induced aggregation in a
dose-dependent manner, with time-courses of inhibition that
paralleled their pharmacokinetics (data not shown). In tem-
plate BT measurements, all the antagonists prolonged BT in a
dose dependent manner; however, their potency was not
dependent on the inhibition of platelet aggregation. It is
noteworthy that the i.v. administration of FK419 at doses of
200 + 70 pg kg™' h™' completely inhibited ADP-induced
aggregation without any prolongation of BT. Even at
500 + 150 pg kg™ h™', FK419 induced only modest prolon-
gation of BT. In sharp contrast, xemilofiban and lamifiban
markedly prolonged BT even at doses causing more than 70%
(100 + 92 g kg™ h™") and 85% (200 + 70 pg kg™t h7)
inhibition of platelet aggregation, respectively.

To clarify the separation of the effects on BT and
inhibition of aggregation, data points were plotted as a
function of plasma concentrations attained during infusion of
the four og,f; antagonists, FK419, FK633, xemilofiban, and
lamifiban, at all time points and doses given (Fig. 4). In
FK419-treated animals, plasma concentration-dependent
inhibition of platelet aggregation and prolongation of BT
were observed at different concentration ranges. Although
FK419 completely inhibited platelet aggregation at plasma
levels of ~300 ng mL™, it started to prolong BT at the levels
over 700 ng mL~'. However, in FK633, xemilofiban, or
lamifiban-treated animals, prolongation of BT was observed
in accordance with their inhibition of platelet aggregation.
Table 3 summarizes the mean plasma concentrations of
omPs antagonists for inducing 50% inhibition of platelet
aggregation (AG2), and 2.5-fold prolongation of BT com-
pared with pretreatment value (BT). Antagonists such as
xemilofiban and FK633 showed narrow differences between
inhibition of aggregation and prolongation of BT, with BT/
AG2 ratios of 2.7 and 2.2, respectively. On the contrary,
FK419 and FR233229 had a wide separation of these
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Fig. 3. Effects of synthetic ayyB3 antagonists on the platelet aggregation in response to ADP and template bleeding time during bolus plus continuous
infusion in dogs. Data are presented as the mean + SEM of four experiments.

parameters with a ratio of 17. These results suggest that the
inhibitory effect of ap,Ps antagonists on platelet aggregation
could be discriminated from their effect on BT.

Correlation between in vivo BT/AG2 ratio and ligand
selectivity, or in vitro AD/AG1

To further investigate the mechanism of in vivo separation
between inhibition of fibrinogen-mediated platelet aggregation
and prolongation of BT (BT/AG2), we assessed the correlation
between BT/AG2 and selectivity of the inhibition of ligand
binding (VWF/Fg), or AD/AG] obtained from in vitro platelet
adhesion and aggregation studies. In Fig. 5a, BT/AG?2 ratios
for antagonists were plotted against ligand selectivity (VWF/Fg
ratios). There was a good correlation between BT/AG?2 ratios

© 2005 International Society on Thrombosis and Haemostasis

and VWF/Fg (r = 0.81, n = 8). These results suggest that the
selectivity of antagonists for inhibition of two-ligand binding
associate with separation between inhibition of aggregation
and prolongation of BT. Moreover, as shown in Fig. Sb, there
was also a strong correlation between BT/AG2 and AD/AG1
ratios (r = 0.89, n = 8). Together with the results of fibrinogen
dependence of platelet aggregation, the present study strongly
imply that inhibition of the interaction between oypps; and
VWEF is responsible for their hemorrhagic profile, prolongation
of BT.

Discussion

The antagonism of platelet oppfs represents an attractive
antithrombotic approach for the treatment of vaso-occlusive
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Fig. 4. Effects of synthetic oy, 33 antagonists on ADP-induced platelet aggregation (s) and template bleeding time () in dogs as a function of plasma

concentrations of synthetic oyp,f; antagonists at all doses and time points.

Table 3 Inhibitory effects of antagonists on ex vivo platelet aggregation
and bleeding time in dogs

ADP-induced
aggregation (AG2),
ICs (ng mL™Y)

Bleeding
time (BT), Ratio
BT 2.5 (ngmL™!) (BT)/(AG2)

FK419 46 + 4.0 770 £ 20 17
FK633 108 + 23 238 * 16 2.2
Xemilofiban 16 + 0.2 43 + 1.6 2.7
Lamifiban 50 £ 54 212 + 5.7 42
Tirofiban 57 £ 1.0 184 + 5.8 32
FR184764 33+ 1.0 260 + 8.0 7.9
FR233229 2.8 £ 0.51 47 + 3.0 17
FR231643 31 +£ 30 244 + 12 7.8
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disorders. Intravenous oq,f; antagonists such as abciximab,
tirofiban, and integrelin, have been demonstrated to exert
favorable efficacy in reducing the incidence of ischemic events
in unstable angina as well as in preventing adverse events after
PTCA [5-7). However, a major concern of treatment with
oy antagonists is the risk of critical bleeding. Early clinicat
studies with ap,f; antagonists found substantial increases in
the rate of major bleeding events and requirements for
transfusion [8]. Therapeutic doses of these antagonists in
unstable angina patients increase bleeding complications as
well as BT by six to eightfold over baseline, when platelet
aggregation is inhibited by > 80% [23]. Careful management
and monitoring of patients are required to avoid bleeding
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Fig. 5. Association of ligand selectivity or antiaggregation-adhesion effects of synthetic am,B; antagonists with the hemorrhagic profile. (A) Comparison
of in vitro ligand selectivity (VWF/Fg) with in vivo safe separation between inhibition of platelet aggregation and prolongation of bleeding time (BT/AG2).
(B) Comparison of in vitro antiaggregation-adhesion effects (AD/AG1) with in vivo safe separation between inhibition of platelet aggregation and

prolongation of bleeding time (BT/AG2).
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complications, including weight-adjustment of heparin dose
and assessment of hemostatic markers.

In the present in vivo and ex vivo studies, we have
demonstrated the prolongation of BT caused by oypfs
antagonists can be dissociated from their inhibition of ex vivo
platelet aggregation. apy,Ps antagonists such as FK419 and
FR233229 did not markedly prolong BT even though they
completely inhibited platelet aggregation (high BT/AG2
ratios). In contrast, other antagonists such as xemilofiban
and lamifiban showed poor dissociation between these two
effects (low BT/AG2 ratios). This discrepancy cannot be
explained by pharmacokinetic differences (e.g. rapid decline of
plasma concentration of antagonists might underestimate the
ability to prolong BT during measurement period). For
example, FK419 showed less tendency to promote bleeding
even with a slower decline in plasma concentration, compared
with xemilofiban and lamifiban, which showed a relatively
rapid decline. These results suggest that distinct mechanisms
underlie the inhibition of platelet aggregation and prolongation
of BT by oppB; antagonists.

In terms of the inhibitory effect of ayp,B; antagonists on
platelet aggregation, it is well documented that fibrinogen
binding to amy,Ps is crucial for platelet aggregation. It has
been shown that genetic mutation of the fibrinogen y-chain
abolished platelet aggregation induced by similar condition
as the present study [24]. Thus, we hypothesized that
blockade of VWF binding by a,fB; antagonist is respon-
sible for the prolongation of BT. To prove this hypothesis,
we have assessed the inhibitory effects of o3 antagonists
on fibrinogen and VWF binding using a purified receptor-
binding assay. To classify the relative VWF selectivity of
oypPs antagonists against fibrinogen, we determined the
ratio of ICs, values for VWF to fibrinogen binding (VWF/
Fg). When the parameter of in vivo bleeding tendency, BT/
AG?2, was plotted against VWF selectivity, VWF/Fg, there
was a strong correlation between these parameters. We also
assessed cell-based selectivity for VWF inhibition, and found
that there was a strong correlation between bleeding
tendency and VWF selectivity. Thus, inhibition of VWF
binding by oyp,ps antagonists is responsible for their ability
to prolong BT. This observation is in agreement with
findings showing that ap,Ps ligands, fibrinogen, and VWF
play functionally different roles in hemostasis. Under high
flow conditions, VWF binding to op,fs is essential for the
formation of the initial irreversible platelet adhesion. In
contrast, fibrinogen binding to oy,Ps plays a key role in
later thrombus growth and stabilization, including platelet
aggregation [14,25]. As VWF binding is responsible for the
initial arrest of bleeding, o,Ps antagonists with stronger
potency for VWF inhibition would be predicted to prolong
BT.

One question raised by this study is why o83 antagonists
targeting the same receptor have different effects on VWF and
fibrinogen binding. This difference could be explained by a
difference in the binding sites within og,f; molecule. VWF
contains an RGD motif as receptor recognition sequence,
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whereas fibrinogen binds to appfs through a non-RGD motif
in its y-chain, indicating that the nature of binding is different
between two ligands [26,27]. Several reports also indicate that
aym B3 contains two distinct and interacting ligand binding sites,
and that small peptide ligands can binds to distinct sites and
elicit different functional responses [28-30). Therefore, the
selectivity of ayp,fs antagonists for inhibition of fibrinogen vs.
VWF binding probably originates from discrimination of
binding sites within oqr,Ps. In fact, ogp,fs antagonists such as
FK633 and xemilofiban, which have low VWF/Fg values, were
modified from an RGD peptide structure, whereas FK419 and
FR233229, which have high VWF/Fg values, more closely
resemble the structure of the LDV peptide in the y-chain of
fibrinogen [31].

The prolongation of BT has been attributed to the effects on
other RGD-dependent integrins, such as o, 85 and osf, [32], or
to the calcium ion dependence of their antagonism [33].
However, all antagonists examined in the present study were
selective for ay,P; among RGD-dependent integrins, but still
have different effects on BT. In terms .of calcium ion
dependence for inhibition of platelet aggregation, we also
determined the relationship between prolongation of BT and
inhibition of aggregation measured by heparinized platelets.
However, no correlation was observed between the inhibition
of aggregation and prolongation of BT (data not shown).
Thus, integrin specificity and calcium dependence do not
explain the dissociation of prolongation of BT and inhibition of
platelet aggregation.

Debate still continues regarding the measurement of BT in
man and its predictive value [34, 35]. However, platelets play a
central role in the process of a hemostatic plug formation, as
BT is prolonged in patients with- platelet disorder or taking
antiplatelet agents [36]. Thus, to ensure whether there are any
differences of hemorrhagic property is between o,ps antag-
onists, further clinical evaluation and comparison of antago-
nists such as FK419 will elucidate its clinical relevance.

In conclusion, the effect of apyf; antagonists on BT
could be discriminated from their inhibitory effect on
platelet aggregation. The prolongation of BT for oypfs
antagonists is dependent on the ability to inhibit VWF
binding to oy,P; Platelet cohesion mediated by the inter-
action of VWF with o33 plays an important role in the
process of a hemostatic plug formation at the site of the
wound. Thus, our present study provides novel evidence
showing that ligand selectivity of on,Bs antagonists affects
their hemorrhagic property, BT.
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Summary. In this study, we have identified a patient (OSP-1)
with a congenital P2Y, deficiency showing a mild bleeding
tendency from her childhood and examined the role of P2Y,in
platelet function. At low concentrations of agonists OSP-1
platelets showed an impaired aggregation to several kinds of
stimuli, whereas at high concentrations they showed a specif-
ically impaired platelet aggregation to ADP. ADP normally
induced platelet shape change and failed to inhibit PGE;-
stimulated cAMP accumulation in OSP-1 platelets. Molecular
genetic analysis revealed that OSP-1 was a homozygous for a
mutation in the translation initiation codon (ATG to AGG) in
the P2Y,, gene. Heterologous cell expression of wild-type or
mutant P2Y |, confirmed that the mutation was responsible for
the deficiency in P2Y;,. OSP-1 platelets showed a markedly
impaired platelet spreading onto immobilized fibrinogen. Real-
time observations of thrombogenesis under a high shear rate
(2000 s7*) revealed that thrombi over collagen were small and
loosely packed and most of the aggregates were unable to resist
against high shear stress in OSP-1. Our data suggest that
secretion of endogenous ADP and subsequent P2Y |,-mediated
signaling are critical for platelet aggregation, platelet spreading,
and as a consequence, for stabilization of thrombus.

Keywords: oy, s, initiation codon, mutation, P2Y, deficiency,
platelets, thrombogenesis.

Introduction

Platelets play a crucial role not only in a hemostatic plug
formation, but also in a pathologic thrombus formation,
particularly within atherosclerotic arteries subjected to high
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shear stress [1,2]. As an initial step in thrombogenesis, platelets
adhere to exposed subendothelial matrices such as von
Willebrand factor (VWF) and collagen, then become activated
and aggregate to each other. These processes are primarily
mediated by platelet surface glycoproteins such as GPIb-IX-V,
a2, GPVI, and oy, B3 (GPHb-IIIa) [3,4]. In addition, several
mediators such as ADP, thromboxane A,, and thrombin cause
further platelet activation and recruitment of circulating
platelets to the injury sites through activation of oy,f; and
subsequent binding of VWF and fibrinogen.

Recent studies have demonstrated that the critical role for
ADP in arterial thrombogenesis [5-7). ADP is actively
secreted from platelet dense granules on platelet activation
and is passively released from damaged erythrocytes and
endothelial cells. Platelets possess at least two major G
protein-coupled ADP receptors that are largely responsible
for platelet responses to ADP: P2Y, and P2Y, [6]. P2Y is
the Gg-coupled receptor responsible for mediating platelet
shape change and reversible platelet aggregation through
intracellular calcium mobilization [8,9], whereas P2Y, is the
Gi-coupled receptor responsible for mediating inhibition of
adenylyl cyclase and sustained platelet aggregation [10-12].
P2Y 5 is the therapeutic target of efficacious antithrombotic
agents, such as ticlopidine, clopidogrel, and AR-C com-
pounds [5,6], and its congenital deficiency results in a
bleeding disorder {13,14]. The analyses of patients with
P2Y,, deficiency as well as P2Y),-null mice would provide
more precise information about the role of P2Y, in platelet
function than those using P2Y, inhibitors. To date, four
different families with a defect in the expression or the
function of P2Y|, have been characterized [10,13-16). In
this study, we have described a patient with the congenital
P2Y,, deficiency due to a homozygous mutation in the
translation initiation codon and analyzed the role of P2Y),
in platelet aggregation, platelet spreading onto immobilized
fibrinogen, and thrombogenesis on a type I collagen-coated
surface under a high shear rate. Qur present data have
demonstrated a crucial role of P2Y,, in various platelet
functions.
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Materials and methods

Patient history

The proband (OSP-1) is a 67-year-old Japanese female with a
lifelong history of easy bruising. She (OSP-1) was born from
non-consanguineous parents who had no hemorrhagic dia-
thesis. Although she showed massive bleeding during delivery
of her son, she had no history of transfusions. Patient OSP-1
showed normal platelet count, normal coagulation tests
(prothrombin time and activated partial thromboplastin
time) and slightly elevated plasma fibrinogen (398 mg dL™).
Ivy bleeding time of the patient was consistently prolonged
(>15 min). Clot retraction by MacFarlane’s method was
normal (50%; normal values 40%-70%). Her son never
suffered from a bleeding tendency. Informed consent for
analyzing their platelet function and molecular genetic
abnormalities was obtained from OSP-1, her husband and
their son.

Preparation of platelet-rich plasma and washed platelet
suspension

Platelet-rich plasma (PRP) for aggregation studies was pre-
pared by a centrifugation of whole blood anticoagulated with
citrate at 250 g for 10 min and then the platelet count was
adjusted at 300 x 10° mL™! by platelet-poor plasma. Washed
platelets were prepared as previously described [17]. In brief, 6
volumes of freshly drawn venous blood from the patient, her
husband, son or healthy volunteers were mixed with 1 volume
of acid—citrate-dextrose (ACD; National Institutes of Health
Formula A, NIH, Bethesda, MD, USA) and centrifuged at
250 g for 10 min to obtain PRP. After incubation with
20 ng mL™! prostaglandin E1 (PGE,; Sigma-Aldrich, St Louis,
MO, USA) for 15 min, the PRP was centrifuged at 750 g for
10 min, washed three times with 0.05 mol L™! isotonic citrate
buffer containing 20 ng mL™' PGE, and resuspended in an
appropriate buffer.

Platelet aggregometry

Platelet aggregation using PRP was monitored by a model
PAM-6C platelet aggregometer (Mebanix, Tokyo, Japan) at
37 °C with a stirring rate of 1000 r.p.m. as previously
described [18]. Protease-activated receptor l-activating peptide
(PAR1 TRAP, SFLLRNPNDKYEPF) and adenosine 3’,5'-
diphosphate (A3P5P) were purchased from Sigma-Aldrich
Corp. P2Y |, antagonist, AR-C6993MX (2-propylthio-p-fluor-
omethylene adenosine 5-triphosphate) was a kind gift from
AstraZeneca (Loughborough, UK).

Flow cytometry and measurement of intracellular cAMP

Flow cytometric analysis using various monoclonal antibodies
(mAbs) specific for platelet membrane glycoproteins was
performed as previously described [19].

For measuring intracellular cAAMP levels, samples of 200 pL
of washed platelets (60 x 10% in Walsh buffer (137 mm of
Na(l, 2.7 mm of KCl, 1.0 mm of MgCl,, 3.3 mM of NaH,PO,,
3.8 mm of HEPES, 0.1% of glucose, 0.1% of BSA, pH 7.4)
were incubated with 1 pmol L™! PGE, for 15 min, and then
platelets were. stimulated with ADP or epinephrine. After
incubation for 15 min, total cellullar cAMP levels were
measured using the Biotrak cAMP enzyme immunoassay
system from Amersham Pharmacia Biotech (Piscataway, NJ,
USA).

Platelet adhesion assay

Adhesion study was performed as previously described [20]. In
brief, non-treated polystyrene 10 cm dishes were coated with
100 pg mL~! human fibrinogen in 5 mL of phosphate-buffered
saline (PBS) at 4 °C overnight. After washing with PBS, dishes
were blocked with PBS containing 1% of bovine serum
albumin (BSA) for 90 min at 37 °C. Aliquots (1 mL) of
washed platelets (25 x 10° mL™") were added to the fibrinogen-
coated dishes and incubated at 37 °C. After incubation for
40 min, adherent platelets were fixed with 3.7% formaldehyde,
permeabilized with 0.1% Triton X-100 and stained with
TRITC-conjugated phalloidin. Platelet morphology and
degrees of spreading were determined by fluorescence micros-
copy (Olympus, Tokyo, Japan).

Platelet thrombus formation under flow conditions

The real-time observation of mural thrombogenesis on a type I
collagen-coated surface under a high shear rate (2000 s™!) was
performed as previously described [21). In brief, type I collagen-
coated glass coverslips were placed in a parallel plate flow
chamber (rectangular type; flow path of 1.9-mm width, 31-mm
length, and 0.1-mm height). The chamber was assembled and
mounted on a microscope (BX60; Olympus, Tokyo, Japan)
equipped with epifluorescent illumination (BX-FLA; Olympus)
and a charge-coupled device (CCD) camera system (U-VPT-N;
Olympus). Whole blood containing mepacrine-labeled platelets
obtained from OSP-1 or control subjects was aspirated through
the chamber by a syringe pump (Model CFV-3200, Nihon
Kohden, Tokyo, Japan) at a constant flow rate of
0.285 mL min™, producing a wall shear rate of 2000 s™* at
37°C.

Amplification and analysis of platelet RNA

Total cellular RNA of platelets was isolated from 20 mL of
whole blood, and P2Y, or P2Y,, mRNA was specifically
amplified by reverse transcription-polymerase chain reaction
(RT-PCR), as previously described [22]. The following primers
were constructed based on the published sequence of P2Y,,
cDNA and used for the first round PCR for P2Y,,
cDNA: YI12F1, 5-GGCTGCAATAACTACTACTTACT-
GG-3' [sense, nucleotide(nt) —74 to —50}; Y12R4, S-CAGGA-
CAGTGTAGAGCAGTGG-3 (antisense, nt 85 to 105) [10].
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Allele-specific restriction enzyme analysis (ASRA)

Genomic DNA was isolated from mononuclear cells using
SepaGene kit (Sanko Junyaku Co Ltd, Tokyo, Japan).
Amplification of the region around the initiation codon of
the P2Y, gene was performed by using primers BstDI-GF, 5'-
CTTTTGTTCTCTAGGTAACCAACAAGCAA-3 (sense,
the mismatched base is underlined), and Y12R4 (antisense
described above) using 250 ng of DNA as a template. These
primers can be found in GenBank accession no. AC024886.20
and the sense primer corresponds to 127558-127585. PCR
products were then digested with restriction enzyme BsrDI
The resulting fragments were electrophoresed in a 6%
polyacrylamide gel.

Construction of P2Y;; expression vectors and cell transfection

The full-length cDNA of wild-type (WT) and mutant P2Y,
was amplified by RT-PCR using primers Y12-HindIII-F, 5-
GAATTCAAGCTTCAAGAAATGCAAGCCGTCGACA-

ACCTC-3’ (sense, nt —6 -21 for WT, EcoRI and HindIII sites
introduced at the 5" end were underlined) or Y12-HindIII-F2,
§-GAATTCAAGCTTCAAGAAAGGCAAGCCGTCGAC-
AACCTC-% (sense, nt —6 21 for mutant), and Y12H-Not-R,
5-TCTAGAGCGGCCGCTCAATGGTGATGGTGATGA-
TGCATTGGAGTCTCTTCATT-% (antisense, nt 1012-1029,
His x 6 were introduced before stop codon, Notl and Xbal
sites introduced at the 5 end were underlined). The amplified
fragments were digested with HindIll and Norl, and the
resulting 1059-bp fragments (nt -9 —1050) were extracted using
QIAquick gel extraction kit (Qiagen, GmbH, Germany). These
fragments were inserted into the pcDNA3 (Invitrogen, San
Diego, CA, USA) digested with HindIIl and Norl. The
fragments inserted were characterized by sequence analysis to
verify the absence of any other substitutions and the proper
insertion of the PCR cartridge into the vector.

A total of 10 pg of WT or mutant P2Y,; construct was
transfected into human embryonic kidney 293 cells (HEK 293
cells, 10° cells) using the calcium phosphate method as
previously described [22]. Transfectants were lyzed by 1%
Triton X-100 PBS containing protease inhibitors 2 days after
transfection, and proteins were separated by 7.5% SDS-
PAGE. After transferred onto a PVDF membrane, expressed
proteins were detected by rabbit anti-His tag antibody.

Results

Platelet aggregation studies

We first examined the expression of platelet membrane
glycoproteins in OSP-1 by flow cytometry. The patient’s
platelets (OSP-1 platelets) normally express GPIb-IX, oyr,ps
(GPIIb-IIIa), a,f,, and CD36 (data not shown). Fig. 1 shows
platelet aggregation of PRP in response to various agonists.
The aggregation of OSP-1 platelets induced by 20 um of ADP
was markedly impaired with only a small and transient
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Fig. 1. Platelet aggregation induced by various agonists. Platelet aggre-
gation was induced by various agonists in citrated PRP from patient OSP-
1 (labeled ‘P’) or a control subject (labeled ‘C’). Agonists used are (A)

20 pv of ADP, (B) 100 pv of ADP, (C) 20 pu of ADP in the presence of
1 pM of AR-C69931MX (‘AR-C), a specific P2Y,-antagonist, or 1 mm of
A3P5P (‘A3P5P’), a specific P2Y;-antagonist, (D) 20 uv of ADP in the
presence of 5 mm of EDTA, (E) 0.5 ug mL™" of collagen, (F) 0.63 pm of
U46619, (G) 10 M of epinephrine, and (H) 25 pm of PAR1-TRAP.

aggregation (Fig. 1A), and the aggregation was still impaired
even at 100 um of ADP (Fig. 1B). As compared with control
platelets, the aggregation of OSP-1 platelets was also impaired
with a transient aggregation in response to low concentrations
of collagen (0.5 g mL™?, Fig. 1E), U46619 (0.63 um, Fig. 1F),
or PAR1 TRAP (25 pm, Fig. 1H). In response to 1.3 mg mL™
ristocetin (not shown) or 10 pm of epinephrine (Fig. 1G), OSP-
1 platelets aggregated normally. When OSP-1 platelets were
stimulated with 20 um of ADP in the presence of 5 mm of
EDTA, the light transmission decreased equivalent to control
platelets suggesting that OSP-1 platelets changed shape
normally (Fig. 1D). We then examined effects of ADP receptor
antagonists on the aggregation of OSP-1 platelets induced by
20 pv of ADP. A total of 1 mM of A3PSP, a specific P2Y,
antagonist, abolished the residual response of OSP-1 platelets
to ADP, whereas 1 pm of AR-C69931MX, a specific P2Y,,



