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Table 1. Inhibition of agonist-induced PAC1 binding by Sema3A

Agonist Concentration (% inhibition)
ADP, pM 5(90.4 * 12.1)
PART-TRAP, uM 15 (115.2 = 10.2)
Thrombin, Umi. 0.5 (974 = 3.3)
U46619, uM 2(112.5 = 9.3)
Convujxin_, ng/mi_ B (94.7 = 6.0)
A23187, pM 2.5 (106 * 5.5)

PMA, ni 200 (58.1 = 14.9)

Platelets preincubated with 10 pg/mL Sema3A/Fc were activated with indicated
agonists, and FITC-PAC1 binding was detected as demonstrated in 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-«IIb@3 antibody
that induces activated conformation of aflbp3 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 oIIbB3 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
CD63 after ADP and thrombin stimulation without stirring, indicat-
ing that Sema3A inhibits aggregation-independent granule secre-
tion induced by platelet agonists (Figure 4).
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Figure 3. Inhibition of platelet aggregation by Sema3A. Washed platelets
preincubated with 20 p.g/mL Sema3A/AP or AP were activated with the indicated
concentrations of collagen (left column) or thrombin (right columny. Platelet aggrega-
tion was monitored using a platelet aggregometer. Arrow indicates the addition of
agonists. Shown are representative results of 3 independent experiments.

INHIBITION OF PLATELET FUNCTION BY Sema3A 917

ADP

%binding %binding

0 16 31 63 125 L 16 3.1 63125
ug/mL ng/mb.
CD62P CcD63
Thrombin
%binding %binding
100 100
80 80
60 60
40 40
20 20
L 16 3.1 63 12.5 0 T 16 34 63125
ug/mL pg/mlL
CD62P CD63

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 pM) or thrombin (0.5 U/mL). Granular secrstion was assessed
by FITC-CD62P and PE-CD863 binding to platelets, and percent binding against
hlgG-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 p.g/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,’? and involve-~
ment of cofilin in Sema3A signaling has been demonstrated.’!
Therefore, we next examined phosphorylation of cofilin after
PARI1-TRAP stimulation. Sema3A decreased the level of phosphor-
ylated cofilin in both resting and PAR1-TRAP-stimulated platelets,
suggesting that Sema3A 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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Figure 5, Effects 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 ploited. *P < .05. (B)
Sema3A-treated platelets (ii,iv) or higG-treated platelets (i,iii) were placed on
fibrinogen-coated (i-if) or nontreated (jii-iv) glass coverslips. Adhered platelets were
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 bar in panel Bi represents 10 pm.
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Rac in semaphorin signaling is well demonstrated,!%!2 we exam-
ined the effects of Sema3A on Racl activation by PAR1-TRAP.
Consistent with previous reports,33 PARI-TRAP induced rapid
activation of Racl in platelets at the maximum in 30 seconds, and
Sema3A almost completely inhibited the Racl activation induced
by PARI-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).

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
not increase the basal cAMP level in nonstimulated platelets per se
(Table 2). Stable prostacyclin, iloprost, elevates intracellular cAMP,
and addition of ADP impairs the iloprost-induced cAMP elevation
by inhibiting adenylate cyclase.? Again, Sema3A 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
alIbB3 activation by Sema3A (data not shown).%® These results
suggest that neither cAMP nor cGMP is involved in inhibition of
platelet function by Sema3A.
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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 puM 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 lgG-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 .M 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 elecirophoresis, 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 IgG-treated platelets without thrombin was calculated. Sema3A/Fc is indicated by B and bold lines; higG, by 4 and thin

fines. 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 Ca?+
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 higG,
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,'® Sema3A
inhibited integrin-mediated function in platelets (ie, inhibition of
oIIbB3 activation and platelet aggregate formation, and adhesion
and spreading on immobilized fibrinogen). However, Sema3A also
inhibited «llb@3-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 cGMP contents by Sema3A treatment. Thrombin-
induced Ca?* signaling was also unaffected by Sema3A treatment.

Sema3A markedly impaired allb@3-independent as well as
allbR3-dependent platelet spreading. We demonstrated that Sema3A
inhibited the increase of F-actin contents after thrombin or
PARI1-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.3#33*! Therefore, marked impair-
ment of Racl activation is very likely to account for the Sema3A-

Table 2. Effects of Sema3A on cAMP

cAMP, pmol/108

platelets
higG, 20 yg/ml.. CT08 20094
SemadA/Fc, 20 pg/mL 1.00 * 0.68*
lloprost, 20 pg/L i e 45.94 = 531
lloprost, 20 png/L + ADP, 5 uM + higG, 20 ng/mL 7.34 = 047t
iloprost, 20 pg/L + ADP, 5 uM + Sema3A/Fc, 20 pg/mL 5.66 = 0.90t

Data represent the mean * SE of 3 independent experiments.
*P=.94.
1P =24,
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Table 3. Effects of Sema3A on cGMP

cGMP, pmol/108 platelets

higG, 20 pg/ml. . - S 083x008 -
Sema3A/Fc, 20 wg/mL 0.86 * 0.04*
Sodium nitroprusside, 1 mM 5.56 * 0.83 ’

Data represent 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).*? 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.*® Others and we have demonstrated that platelets contain
WAVE isoforms and may regulate lamellipodia formation.*%
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,*47 and Sema3A-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 Sema3A-treated platelets. Signaling pathways
from semaphorin receptors to Rac have not been fully understood
even in neural cells.!!2 Human plexin-B1, a receptor for Sema4D,
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-
A1,52 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 Racl
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.>*3 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 oIIb@3 activation and platelet aggrega-
tion, indicating that de novo actin polymerization affects activation
of allbp3,3455:38 whereas low concentrations of cytochalasin D and
latrunculin A activated olIbB3.%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.>7 aIIbB3 clustering may be promoted by actin cytoskeletal
rearrangement, although conformational change seems to be the
dominant way in «IlIbB3 activation.”® Moreover, recent reports
revealed that talin binding to integrin cytoplasmic tails is essential
for integrin activation.®¢! 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.#2 Moreover,
Sema3A may act via Racl-independent pathways (eg, the collapsin
response mediator protein (CRMP)—mediated pathway).!2 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 confribute 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 Sema3A 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 Sema3A binding to platelets.
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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 5 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 adenosine diphosphate
(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 P2Y1, gene. Heterologous cell expression
of wild-type or mutant P2Y 5 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 s™!) 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: oyp,Bs, 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,
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particularly within atherosclerotic arteries subjected to high
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 othier. These processes are primarily
mediated by platelet surface glycoproteins such as GPIb-IX-V,
%P1, GPVI, and ap,f33 (GPIIb-111a) [3,4]. In addition, several
mediators such as adenosine diphosphate (ADP), thrombox-
ane Ay, and thrombin cause further platelet activation and
recruitment of circulating platelets to the injury sites through
activation of og,PBs and subsequent binding of VWF and
fibrinogen.

Recent studies have demonstrated a 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 Gq-coupled receptor
responsible for mediating platelet shape change and reversible
platelet aggregation through intracellular calcium mobilization
[8,9], whereas P2Y |, is the G;-coupled receptor responsible for
mediating inhibition of adenylyl cyclase and sustained platelet
aggregation [10-12). P2Y, is the therapeutic target of effica-
cious antithrombotic agents, such as ticlopidine, clopidogrel,
and AR-C compounds [5,6], and its congenital deficiency
results in a bleeding disorder [13,14]. The analyses of paiients
with P2Y , deficiency as well as P2Y j,-null mice would provide
more precise information about the role of P2Y, in platelet
function than those using P2Yy, inhibitors. To date, four
different families with a defect in the expression or the function
of P2Y ;5 have been characterized [10,13-16]. In this study, we
have deseribed 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 thromb-
ogenesis on a type I collagen-coated surface under a high shear
rate. Our 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 1-activating peptide
(PARI 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 cAMP levels, samples of 200 plL,
of washed platelets (60 x 10%) in Walsh buffer (137 mm of
NaCl, 2.7 mm of KCI, 1.0 mm of MgCly, 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 cellular 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 1
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: Y12F1, ¥-GGCTGCAATAACTACTACTTACT-
GG-3’ [sense, nucleotide(nt) —74 to —50]; Y12R4, 5-CAGGA-
CAGTGTAGAGCAGTGG-3 (antisense, nt 85 to 105) [10].

© 2005 International Society on Thrombosis and Haemostasis



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 BsrDI-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 BsrDL
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-HindIlI-F, 5-
GAATTCAAGCTTCAAGAAATGCAAGCCGTCGACA-
ACCTC-% (sense, nt —6 -21 for WT, EcoRI and HindIII sites
introduced at the 5" end were underlined) or Y12-HindIII-F2,
Y-GAATTCAAGCTTCAAGAAAGGCAAGCCGTCGAC-
AACCTC-3 (sense, nt -6 —21 for mutant), and Y12H-Not-R,
5" TCTAGAGCGGCCGCTCAATGGTGATGGTGATGA-
TGCATTGGAGTCTCTTCATT-3 (antisense, nt 1012-1029,
His x 6 were introduced before stop codon, Noil and Xbal
sites introduced at the 5" end were underlined). The amplified
fragments were digested with HindIIl and Nofl, 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 Notd. 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 (HEK293
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, oy,
{GPIIb-1IIa), anfy, 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 pum 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 um of ADP, (B) 100 um of ADP, (C) 20 pm 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 pm of ADP in the
presence of 5 mm of EDTA, (E) 0.5 pg mL ! of collagen, (F) 0.63 um of
U46619, (G) 10 um of epinephrine, and (H) 25 pm of PARI-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 pg mL™!, Fig. 1E), U46619 (0.63 pm, Fig. 1F),
or PARI TRAP (25 um, Fig. 1H). In response to 1.3 mg mL™!
ristocetin (not shown) or 10 ym of epinephrine (Fig. 1G), OSP-
1 platelets aggregated normally. When OSP-1 platelets were
stimulated with 20 pv 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 pm of ADP. A total of 1 mm of A3P5P, a specific P2Y;
antagonist, abolished the residual response of OSP-1 platelets
to ADP, whereas 1 um of AR-C69931MX, a specific P2Y
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Fig. 2. Platelet aggragation induced by collagen or U46619 at various concentrations. Platelet aggregation in citrated PRP from patient OSP-1 (labeled ‘P?)
or a control subject (labeled ‘C’) was induced by various concentrations of collagen or U46619. At high concentrations of collagen or U46619, OSP-1

platelets aggregate almost normally.

antagonist, did not induce an additional inhibition on the
platelet aggregation (Fig. 1C). These data suggest that the
impaired response of the patient’s platelets may be due to an
abnormality in signaling evoked by ADP and that P2Y,-
mediated signaling rather than P2Y-mediated signaling may
be completely defective in patient OSP-1.

We also examined the aggregation of OSP-1 platelets
induced by higher concentrations of agonists. As shown in
Fig. 2, the aggregation response of OSP-1 platelets improved
as the concentrations of agonists increased, and they
aggregated almost normally in response to high concentra-
tions of collagen (5 pg mL™"), U46619 (5 um), or PARI
TRAP (100 pm) (not shown). In addition, we confirmed that
1 i of AR-C69931MX conferred essentially the same defect
on the aggregation of control platelets in response to U46619
as that of OSP-1 platelets and did not further inhibit OSP-1
platelet aggregation induced by 5 pg mL™! of collagen, 5 pum
of U46619, or 100 um of PAR1 TRAP (data not shown).
These data indicated that at high concentrations of agonists
OSP-1 platelets showed the specifically impaired aggregation
to ADP.

Effect of ADP on PGE;-stimulated cAMP accumulation
in platelets

To determine whether P2Y(,-mediated signaling is specifically
impaired, we examined an inhibitory effect of ADP on 1 pMm
of PGE,-stimulated ¢cAMP accumulation in platelets from
the patient, her husband, their son, and healthy unrelated
controls. ADP inhibited intracellular cAMP levels in platelets
from the patient’s husband, son and healthy unrelated
controls (not shown) by approximately 80%, whereas the
inhibition was only 15% in the patient’s platelets (Fig. 3). In
contrast to ADP, epinephrine normally inhibited cAMP
accumulation in platelets from the patient as well as her
husband and son. These results strongly suggest that the
defect could be due to an abnormality in G; coupling ADP
receptor, P2Y 5.
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Fig. 3. Effect of ADP or epinephrine on the inhibition of PGE;-induced
cAMP accumulation in platelets. Washed platelets from patient OSP-1,
husband or son were incubated with I pm of PGE, for 15 min and
stimulated with 20 v of ADP or 10 pm of epinephrine. Intracellular
cAMP levels were expressed as a percent of cAMP levels in the absence of
agonists. Results in OSP-1 are the mean of two experiments.

Nucleotide sequence analysis of cDNA and genomic DNA
of P2 Y12

To reveal a molecular genetic defect in OSP-1, we analyzed the
entire coding regions of both P2Y; and P2Y,; cDNAs
amplified from platelet mRNA by RT-PCR. A single nucleo-
tide substitution (T — G) was identified within the translation
imitiation codon (ATG — AGG) in the patient’s P2Y),
cDNA (Fig. 4A). This substitution was also confirmed by
reverse sequencing. No other nucleotide substitutions were
detected within the coding region of either P2Y, or P2Y,
c¢DNA from the patient. OSP-1 appeared homozygous for the
substitution, and the substitution was not detected in 20 control
subjects.

Nucleotide sequence analysis of PCR fragments from the
patient’s genomic DNA also suggested the homozygosity of the
substitution (data not shown). To further confirm the homo-
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Fig. 4. Sequence analysis of P2Y;; cDNA and restriction enzyme analysis
of the P2Y; gene. (A) cDNA obtained by RT-PCR from platelet mRNA
was analyzed by sequencing using a sense primer Y12F1. (B) PCR was
performed to generate 130-bp fragments including initiation codon of
P2Y |, as described in Materials and methods. Undigested (U) or digested
(C) PCR products with BsrDI were analyzed on a 6% polyacrylamide gel.
In patient OSP-1, the T — G mutation at position 2 abolishes a BsrDI
restriction site.

zygosity, allele-specific restriction enzyme analysis (ASRA) was
performed. The region around the initiation codon of the
P2Y |, gene was amplified by PCR using primers BsrDI-GF
and Y12R4. A restriction site for BsrDI would be abolished by
the T —» G substitution. As shown in Fig. 4B, ASRA clearly
indicated that the patient and her son were homozygous and
heterozygous for the substitution, respectively. These results
also confirm that the substitution is inheritable.

Heterologous cell expression of WT and mutant P2Y;

As the substitution at the translation initiation codon might
induce an alternative translation starting at downstream ATGs
leading to an expression of shorter form of P2Y,, we decided
to investigate effects of the substitution found in the patient on
the expression of P2Y . Expression vectors encoding WT and
mutant P2Y, in which His-tag was attached at the C-terminal
portion of P2Y;, were constructed as described in the Materials
and methods. Wild-type or mutant P2Y,, construct was
transfected into HEK 293 cells, and then expressed proteins
were analyzed 48 h after transfection in an immunoblot assay
employing anti-His antibodies. As shown in Fig. 5, WT P2Y
protein with an apparent molecular weight of ~60 KDa was
expressed in 293 cells as a His-tag-positive protein. In sharp
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Fig. 5. Expression of P2Y}, in HEK293 cells transfected with WT or
mutant His-tag attached P2Y,. Wild-type or mutant P2Y |, construct was
transfected into HEK 293 cells using the calcium phosphate method.
Transfectants were lyzed by 1% Triton X-100 PBS containing protease
inhibitors 2 days after transfection. Cell lysates from mock transfectant
(lane 1), cells transfected with WT P2Y}, (lane 2) or mutant P2Y, (lane 3)
were separated by 7.5% SDS-PAGE, and immunoblot was performed by
anti-His-tag antibodies.

contrast, the mutant P2Y j,-expression vector failed to express
any His-tag-positive protein. These results provide strong
evidence that the T — G substitution at the translation
initiation codon of P2Y, cDNA is responsible for the P2Y
deficiency.

Platelet spreading on immobilized fibrinogen

As it has been well documented that release of endogenous
ADP is required for full platelet spreading onto immobilized
fibrinogen [23], we next analyzed the patient’s platelet spread-
ing in order to evaluate the role of P2Y ;. Control platelets
adhered to fibrinogen underwent morphological changes
ranging from filopodia protrusion to complete spreading, and
50.5% =+ 21.3% of the adherent platelets spread (n = 3)
(Fig. 6A). In sharp contrast, the patient’s platelets showed an
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Fig. 6. Platelet spreading on immobilized fibrinogen. (A,B) Washed platelets from a control subject were applied onto fibrinogen-coated polystyrene dishes
and incubated at 37 °C for 40 min without any inhibitor (A) or with | v of AR-C69931MX (B). (C) Washed platelets from the patient were applied onto
fibrinogen-coated polystyrene dishes and incubated at 37 °C for 40 min without any inhibitor. Adherent platelets were then fixed, permeabilized and
stained with TRITC-conjugated phalloidin. Platelet morphology was analyzed by fluorescence microscopy.

impaired spreading and only 2.3% % 1.4% of the adherent
platelets spread (n = 3, P < 0.001, Fig. 6C). Similar results
were obtained with control platelets in the presence of 1 um of
AR-C69931MX (6.2% £ 2.2%, n = 3, P < 0.001, Fig. 6B).
In addition, I mm of A3P5P also markedly inhibited platelet
spreading (n = 3, 10.1% £ 2.2%, P < 0.001, not shown).
These results suggest that both P2Y, and P2Y, are necessary
for platelet spreading.

Platelet-thrombus formation on immobilized collagen under
flow conditions

To investigate the role of P2Y, in thrombus formation, we
observed the real-time process of mural thrombogenesis on a
type I collagen-coated surface under flow conditions with high
shear rate (2000 s™%) using the whole blood from OSP-1. Real-
time observation revealed that thrombi formed on type I
collagen were unstable. As platelet aggregates of the patient
were loosely packed each other and unable to resist against
high shear stress, most of the aggregates at the apex of the
thrombi came off the thrombi constantly. On the other hand,
most of thrombi formed by control platelets were densely
packed with higher fluorescent intensity and were stable with
constant growth during observation (Video 1 and 2).

As shown in Fig. 7A, the area covered with patient platelets
after 7 min of flow was greater than that of control platelets
(91.8% + 0.3% vs.822% =+ 1.4%,n = 3, P < 0.01). How-
ever, thrombi formed by OSP-1 platelets were loosely packed,
whereas thrombi were large and densely packed in controls.
The overall fluorescent intensity of thrombi of OSP-1 platelets

was lower than that of control platelets. Three-dimensional
analysis revealed the striking difference in size and shape of
individual thrombus formed after 10 min between the patient
and contfrol platelets (Fig. 7B). Thrombi formed by control
platelets were large in size, clearly edged and surrounded by
thrombus-free areas. On the other hand, individual thrombus
formed by patient platelets was mostly small and appeared to
be a thin layer of platelet aggregates. Thrombus height at the
plateau phase was 10.2 + 0.4 pm, which was less than half of
controls (21.2 + 0.4 pm).

Discussion

P2Y ), coupled with Gay, primarily with Goyp, consists of 342
amino acid residues with seven transmembrane domains (TM),
and its deficiency is responsible for congenital bleeding
diathesis [10-16]. To date, five mutations responsible for a
defect in the expression or the function of P2Y;, in four
different families have been demonstrated [10,15,16]. Patient
ML possessed a mutation consisting of a two nucleotide
deletion at amino acid 240 (near the N-terminal end of TMS6),
which would lead to a premature termination of P2Y, [10,14].
A two nucleotide deletions at amino acid 98 (next to the
N-terminal end of TM3) and a single nucleotide deletion
occurring just beyond TM3 were identified in other two
families, both of which would lead to a premature termination
of P2Y 5 [13,15]. However, in these reports expression studies
had not been performed to show the direct association between
these mutations and the P2Y, deficiency [10,15]. Patient AC,
whose platelets expressed dysfunctional P2Y |, with normal
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Fig. 7. Thrombus formation on immobilized collagen under flow conditions. (A) Whole blood containing mepacrine-labeled platelets obtained from the
patient or control subjects was aspirated through a chamber with type I collagen-coated coverslips. Thrombi formed under a high shear rate (2000 sThat
indicated time points were observed using a microscope equipped with epifluorescent illumination and a CCD camera system. (B) Three-dimensional
structure of thrombi formed after 10 min flow by platelets from the patient or a control subject was analyzed.

binding capacity of 2-methylthioadenosine 5'-diphosphate
(2MeS-ADP), was compound heterozygous for Arg256 —
Gin in TMG6 and for Arg265 — Trp in the third extracellular
loop of P2Y . Platelets from patient AC showed an increased
platelet aggregation at high dose ADP compared with low dose
ADP, suggesting the presence of residual receptor function [16].
In this study, we described a patient (OSP-1) with congenital
bleeding diathesis bearing a novel homozygous mutation
within the translation initiation codon (ATG — AGG) of
the P2Y ), gene. Consistent with previous studies, the aggrega-
tion of OSP-1 platelets with P2Y, deficiency was impaired to
various agonists such as collagen, U46619, and PAR1 TRAP
at low concentrations, but almost normal at high concentra-
tions [11-14]. These findings confirmed the critical role of
P2Y,-mediated signaling evoked by endogenous ADP in
platelet aggregation induced by low concentrations of agonists.
In contrast to patient AC with residual P2Y ,-mediated
signaling, the impaired platelet aggregation in OSP-1 in
response to ADP was neither improved even at 100 pum of
ADP stimulation nor reduced by adding 1 pum of AR-
C69931MX, suggesting a complete loss of the P2Y, function.
Family study confirmed that patient OSP-1 was homozygous
for the mutation, and our expression study demonstrated that
the mutation is responsible for the P2Y, deficiency.

A number of examples of mutations in the translation
initiation codons have been demonstrated in various diseases
[24]. Although some cases having mutations in the initiation
codons did not express any related abnormal protein, Pattern
et al. showed an abnormal G protein possibly synthesized as
a result of initiation at downstream ATGs due to a mutation at
an initiation codon (ATG — GTG) in patients with

© 2005 International Society on Thrombosis and Haemostasis

Albright’s hereditary osteodystrophy [24,25]. In OSP-1, we
detected the T — G mutation at position +2, and our
expression study denied the possibility that the substitution
might induce an alternative translation at downstream ATGs
leading to an expression of shorter form of P2Y,.

As to platelet spreading onto immobilized fibrinogen, OSP-1
platelets showed the impaired platelet spreading. Similarly,
A3PSP inhibited the platelet spreading. It has been well
documented that release of endogenous ADP is required for
full platelet spreading onto immobilized fibrinogen [23], and
Obergfell er al. [26] have demonstrated that the platelet
spreading requires sequential activation of Src and Syk in
proximately to oyp,Bs. In contrast to the ADP-induced platelet
shape change shown in OSP-1 platelets in the platelet
aggregometer, our data indicated that both P2Y;; and P2Y,
were necessary for the full spreading onto immuobilized
fibrinogen.

Employing clopidogrel or AR-C69931 MX as an inhibitor
for P2Y,, several studies examined the role of P2Yy, in
thrombogenesis under flow conditions [27-30]. However, some
discrepancy between the studies was pointed out and non-
specific effects of these inhibitors were not completely ruled out
[28-30]. As patient OSP-1 was deficient in P2Y;, as shown in
this study, it would be informative to examine the real-time
process of thrombogenesis on a type I collagen-coated surface
under a high shear rate (2000 s™') employing whole blood
obtained from OSP-1. Our data demonstrated that P2Y ,-
deficiency led to the loosely packed thrombus and the impaired
thrombus growth with enhancing adhesion to collagen, which
was consistent with the study by Remijn ef /. [30] employing
patient ML’s platelets. The increase in platelet adhesion to
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collagen was probably due to the impaired platelet consump-
tion by the growing thrombi [27,30]. Moreover, our real-time
observation indicated that the loosely packed aggregates were
unable to resist against high shear stress, and then most of the
aggregates at the apex of the thrombi came off the thrombi. In
contrast, Andre et al. [12] did not detect significant differences
in ex vivo thrombus volume formed over human type III
collagen under a shear rate of 871 s™! between P2Y1_2/ ~ and
WT mice. Although Andre et al. used non-anticoagulated
mouse blood instead of anticoagulated blood, Roald et al. [27]
demonstrated that clopidogrel significantly reduced the throm-
bus volume over type III collagen employing non-anticoagu-
lated human blood. Loosely packed platelet thrombi with
swollen non-degranulated platelets were detected following
clopidogrel intake, whereas densely packed thrombi with partly
fused platelets were detected before clopidogrel intake by
electron microscopy [27]. Thus, it is likely that differences
between human and mouse, rather than those between non-
anticoagulated and anticoagulated blood, may account for the
discrepancy. Nevertheless, they showed that ex vivo thrombi
were loosely packed and that only small and unstable thrombi
were formed in P2Y1_2/ ~ mice without reaching occlusive size in
mesenteric artery injury model in vivo [12].

Our present study has demonstrated the novel mutation
responsible for the P2Y,, deficiency and suggested that
secretion of endogenous ADP and subsequent P2Y;,-mediated
signaling is critical for platelet aggregation, platelet spreading,
and as a consequence, for stabilization of thrombus. Mild
bleeding tendency observed in patient OSP-1 further empha-
sizes the efficacy of P2Y; receptor as a therapeutic target for
thrombosis.
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Figure S1. Perfusion study using control platelets. A real-time
movie of platelets perfused over type-I collagen shows that
thrombi formed by control platelets are densely packed and
stable. This 5-second movie was taken at S5-minute perfusion
under a high shear rate (2000 s7).

Figure S2. Perfusion study using OSP-1 platelets. A real-time
movie of platelets perfused over type-1 collagen shows that

thrombi formed by the patient OSP-1 platelets are loosely
packed and unstable. Newly formed aggregates on the top of
thrombi keep on moving toward downstream and some
aggregates came off the thrombi. This S-second movie was
taken at 5-minute perfusion under a high shear rate (2000 s™4).
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Differential effects of a novel IFN-{/limitin
and IFN-o on signals for Daxx induction and Crk
phosphorylation that couple with growth control of megakaryocytes
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Objective. Although anovel IFN-{/limitin uses IFN-a/f receptor, itlacks some commeon activities
of type I IFNs. We compared effects on megakaryocyte proliferation and differentiation
as well as signals for their biological activities.

Materials and Methods. Recombinant IFN-{/limitin and IFN-« titrated with a cytopathic effect
dye binding assay, were used in this study. Colony assays and serum-free suspension cultures
for megakaryocytes were performed to compare their growth inhibitory effects. To analyze
signals, megakaryocytes cultured in serum-free suspension cultures were stimulated and
Western blotted with the indicated antibody.

Results. Both IFN-{/limitin and IFN-a suppressed the proliferation of megakaryocyte
progenitors without influencing their differentiation. However, much higher concentrations
of IFN-{/limitin were required for the growth inhibition than IFN-«. The growth inhibition
by IFN-{/limitin and IFN-a was significantly reduced when either Tyk2 or STAT1 was
disrupted. In addition, the antisense oligonucleotides against Crk and Daxx, downstream
molecules of Tyk2, greatly rescued the IFN-{/limitin- and IFN-a-induced reduction of
megakaryocyte colony numbers. In cultured megakaryocytes, IFN-{/limitin induced the
expression of SOCS-1 as strongly as IFN-«. However, IFN-{/limitin induced weaker
phosphorylation of Crk and lower induction of Daxx than IFN-a.

Conclusions. Weaker signals for Crk and Daxx may participate in less megakaryocyte
suppressive activity of IFN-{/limitin and may distinguish IFN-{/limitin from IFN-o in
megakaryocytes. Our results extend the understanding about thrombocytopenia in patients
with IFN-« treatment as well as the possibility for the clinical application of human homologue
of IFN-{/limitin or an engineered cytokine with useful features of the IFN-{/limitin
structure. © 2005 International Society for Experimental Hematology. Published by
Elsevier Inc.

Based on these facts, limitin has been considered as a novel
type I IFN with the designation of IFN-{ by the Nomencla-

Introduction
Limitin was initially identified as a growth inhibitor of a

myelomonocytic leukemia line with an expression cloning
[1]. Limitin shows approximately 30% amino acid sequence
identity with interferon (IFN)-a, TEN-B and IFN-@ and
recognizes IFN-a/ receptor [1]. It also displays antiviral
activity and can induce some effectors as type I IFNs [1,2].

Offprint request to: Kenji Oritani, M.D. Ph.D., Department of Hematol-
ogy and Oncology, Osaka University, Graduate School of Medicine, 2-2
Yamada-oka, Suita, Osaka 565-0871, Japan; E-mail: oritani@bldon.med.
osaka-n.ac.jp

ture Committee of the International Society for Interferon
and Cytokine Research [3]. Point-by-point comparisons of
biological activities between IFN-{/limitin and IFN-o have
revealed that IFN-{/limitin is similar but unique in lacking
some common activities of type I TFNs. Similar dose require-
ment between IFN-{/limitin and IFN-a was observed for
the enhancement of cytotoxic T lymphocyte activity, the
angmentation of MHC class 1 expression, and the growth
inhibition of a myelomonocytic leukemia cell line WEH13
and a murine lymphoblast cell line L1210 [4,5]. However,

0301-472X/05 $-see front matter. Copyright © 2005 International Society for Experimental Hematology. Published by Elsevier Inc.
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IFN-{/limitin did not suppress colony formation of myeloid
and erythroid progenitors, while IFN-¢ did [1,5]. Much
higher concentrations of [FN-{/limitin than IFN-o. were re-
quired for the suppression of colony formation of B lympho-
cyte progenitors [1,5]. Similarly, approximately 30% of
myeloid progenitors and 50% of erythroid progenitors in
bone marrow were reduced by TFN-o injections, while there
was no influence on these progenitors even when much
higher dose of IFN-{/limitin was injected [5]. Thus, IFN-{/
limitin displays similar antiviral, immunomodulatory, and
antitumor activities to IFN-o indicating that TFN-{/limitin
can be utilized for the treatment of diseases where type I
IFNs are useful.

The development of megakaryocytes is regulated posi-
tively and negatively by a number of growth factors {6].
Thrombopoietin (TPO), interleukin (IL)-3, and granulocyte-
macrophage colony-stimulating factor, and stem cell factor
augment the proliferation of megakaryocyte progenitors [7].
TPO, IL-6, IL-11, and leukemia inhibitory factor promote
the polyploidization and cytoplasmic maturation of megakar-
yocytes. In contrast, transforming growth factor-B1 and some
CXC chemokines suppress the proliferation of megakaryo-
cytes [8,9]. IFN-c and IFN-y also act as negative regulators
of megakaryopoiesis [10,11]. Thus, clarification of precise
mechanisms of growth inhibitory effects on megakaryo-
cyte progenitors by IFNs is important to develop new strate-
gies for the improved IFN therapy [12]. In this study,
we investigated the growth inhibitory effects of IFN-{/limitin
and [FN-o on megakaryocytes and compared the molecular
basis of their effects by using bone marrow cells derived
from knockout mice and the recently established culture
system for megakaryocytes [13—15]. Our results indicate that
IFN-{/limitin has fewer megakaryocyte-suppressive proper-
ties than IFN-¢; and that both Tyk2- and STAT1-dependent
pathways participate in the growth inhibitory effects of IFNs.
While gene expression of SOCS-1 was induced similarly,
IFN-{/limitin induced lower expression of Daxx and weaker
phosphorylation of Crk than IFN-o. These different signals
may explain why IFN-{/limitin exhibits less growth sup-
pressive effects than IFN-o on megakaryocyte progenitors.

Materials and methods

Cytokines and antibodies
Recombinant IFN-{/limitin was produced and purified as described
in our previous articles [2,16]. Its purity was more than 98% when
evaluated by gel filtration chromatography. Recombinant murine
IFN-o. was purchased from HyCultBiotech (Uden, Netherlands).
Both IFN-{/limitin and IFN-o, were titrated with cytopathic effect
dye uptake method where 1.929 cells were infected with encephalo-
myocarditis virus, and each specific activity was determined by a
comparison with a standard IFN-a which was provided from the
National Institutes of Health.

Antibodies against Daxx and Crk as well as an anti-phosphotyro-
sine antibody were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA, USA). Anti- Tyk2, STAT1, STATS, and ERK1/
2 as well as antibodies against their phosphorylated forms were
also purchased from Santa Cruz Biotechnology. Fluorescein iso-
thiocyanate (FITC)-conjugated rat anti-mouse oIlIb/CD41 antibody,
phycoerythrin (PE)-conjugated anti-mouse CD11b, CD45R, CD3,
TRE119 antibodies were purchased from Pharmingen (San Diego,
CA, USA).

Mice

C57BL/6 mice were purchased from Japan Clea (Tokyo, Japan).
Tyk2-deficient mice were provided by-Dr. Shimoda (Kyushu Uni-
versity, Fukuoka, Japan) [17]. STAT1-deficient mice were a kind
gift from Dr. Kaisho (Osaka University, Osaka, Japan) [18], and IRF-
1-deficient mice from Dr. Taniguchi (Tokyo University, Tokyo,
Japan) [19]. All mice were maintained at the Institute for Experi-
mental Animals, Osaka University School. Mice were approx-
imately 6 to 10 weeks of age at the time of use.

Suspensibn cultures for megakaryocytes

Bone marrow cells were harvested by flushing femurs and tibias
with phosphate-buffered saline (PBS) containing 2% bovine serum
albumin (Sigma, St. Louis, MO, USA), 0.38% trisodium citrate, and
1 U/mL DNase. Mononuclear cells were isolated over Lymphoprep
(Presenius Kabi norge AS, Oslo, Norway) after a 30-minute centrif-
ugation at 400g. The low-density mononuclear cells (108 cells/mL)
were cultured for 5 days in Iscove’s modified Dulbecco’s medium
(GIBCO, Grand Island, NY, USA) supplemented with 200 pg/mL
human transferrin (Sigma), 5 mg/mL bovine serum albumin, and
10 pg/mL human insulin (Sigma), together with 10 ng/mL murine
thromboporetin (TPO; a gift from Kirin Brewery Ltd., Japan),
and 10 ng/mL human IL-11 (Yamanouchi Pharmaceutical Co., Ltd.,
Osaka, Japan).

Clonal proliferation of megakaryocytes (CFU-Meg)

Bone marrow mononuclear cells (10%/dish) were suspended in 1 mL
of MegaCult-C collagen-based system (Stem Cell Technologies,
Vancouver, British Columbia, Canada) composed of Iscove’s
modified Dulbecco’s medium, 0.9% methylcellulose, 100 pM 2—-
mercaptoethanol, 2 mM L-glutamine, 1% bovine serum albumin,
1.1 mg/mL collagen with 50 ng/mL. TPO and 50 ng/mL IL-11.
Numbers of colonies were counted on day 7, and megakaryocytes
in the generated colonies were confirmed by the staining for the
acetylcholinesterase activity. In some experiments, bome marrow
cells were stained with the mixture of PE-conjugated anti-mouse
CD11b, CD45R, CD3, TRE119 antibodies, and the lineage-nega-
tive cells were sorted with FACStar Plus (Becton-Dickinson, San
Jose, CA, USA). The sorted cells were used as a source of CFU-
Meg colony assays.

Flow cytometry

Antibody incubations and washing steps were accomplished on ice
in PBS containing 1% bovine serum albumin and 0.1% sodium
azide. The stained cells were analyzed with FACSort (Becton-
Dickinson). To analyze the DNA ploidy, cultured megakaryocytes
were suspended in 100 pL of PBS, and fixed by the addition
of 900 uL of cold ethanol. The fixed cells were incubated with
300 KL of staining buffer (1 pg/mL RNase, 20 pig/mL propidium
iodide, and 0.01% NP-40 in PBS) at 37°C for 10 minutes. The
DNA contents in the nucleus of the cells were analyzed with
FACSort using Cell Quest software. To detect apoptotic cells,
annexin V staining was performed using a BD ApoAlert Annexin
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V kit (BD Biosciences, Palo Alto, CA, USA). Briefly, cells were
washed twice with PBS and resuspended in 200 pL of binding
buffer containing 5 gL of annexin V and 10 uL of propidium iodide
for 15 minutes at room temperature. The cells were then rinsed
and analyzed with FACSort.

Western blot

Cultured megakaryocytes were serum-starved, stimulated with
IFN-{/limitin or IFN-¢. for the indicated period, and then lysed in
lysis buffer (10 mM Tris-HCI pH 7.5, 1% NP-40, 0.1% sodium
dodecyl sulfate, 150 mM NaCl, 1 mM EDTA, 10% aprotinin, 1 mM
PMSF, 100 pg/mL leupeptin, 100 mM NazVO,), followed by cen-
trifugation at 10,000g for 10 minutes. For immunoprecipitation,
the lysates, which were obtained from 107 cells, were incubated
with the indicated antibodies, followed by the addition of protein
G sepharose beads (Amersham, Arlington Heights, IL, USA) for
2 hours at 4°C. The whole-cell lysates (10% of cell lysates) or the
immunoprecipitates were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The proteins were electropho-
retically transferred onto a polyvinylidene difluoride membrane
(Immobilion; Millipore Corp., Bedford, MA, USA). After blocking
of residual binding sites on the filter, immunoblotting was per-
formed with the appropriate antibodies. Immunoreactive proteins
were visualized with the enhanced chemiluminescence detection
system (DuPont NEN, Boston, MA, USA).

Notrthern blot

Total RNAs were isolated using TRIzol Reagent (GIBCO). The
RNAs were electrophoresed through a formaldehyde agarose gel
and transferred onto a nylon membrane (Amersham). The cDNA
fragments were labeled with ¥p.dCTP using a random primed
DNA labeling kit (Boehringer Mannheim, Indianapolis, IN, USA)
and hybridized to the membrane. Blots were then washed and
autoradiographed. The cDNA fragments of SOCS-1, Daxx, and B-)
actin genes were used as probes [1,20].

Results

IFN-{/limitin has less

megakaryocyte suppressive properties than IFN-

We previously reported that IFN-{/limitin was unique in no
or little influence on the proliferation of normal myeloid,
erythroid, and lymphoid cells [1,2]. To compare effects on
megakaryopoiesis between IFN-{/limitin and IFN-o, CFU-
Meg colony assay was employed in the presence of either
IFN-{/limitin or TFN-c, Both IFN-{/limitin and IFN-o: inhib-
ited clonal proliferation of megakaryocyte progenitors in a
dose-dependent manner (Fig. 1A). The growth inhibition by
IFN-o was evident at 5 TU/mL, and only 17.7% of CFU-Meg
colonies as compared with control cultures were generated at
2000 TU/mL. However, the cloning efficiency of CFU-Meg
was only slightly decreased by the addition of IFN-{/limitin
(57.5 + 0.5 with IFN-{/limitin, 16.5 + 1.5 with IFN-o. per
10° bone marrow cells at the concentration of 2000 TU/
mL). Because semisolid cultures of whole bone marrow cells
contained numerous accessory cells, which could mediate
the IFN effects, we then subsequently used purified megakar-
yocyte progenitor populations. Similarly to the results using
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Figure 1. Effects of interferon (IFN)-{/limitin and IFN-o, on CFU-Meg
colony formation. Bone marrow mononuclear cells (1 X 10° cells/dish)
(A) or purified lineage-negative cells (5 X 103 cells/dish) (B) were cultured
in MegaCult -C collagen-based systems with the indicated concentrations
of IFN-{/limitin (closed square) or IFN-c. (open square), and CFU-Meg
colony formation was estimated on day 7. The results represent mean +
SD of triplicate cultures. Statistically significant differences from control
values are indicated by one (p<<0.05) or two (p<<0.01) asterisks. Similar
results were obtained in six independent experiments.

whole bone marrow cells, IFN-{/limitin exhibited less reduc-
tion of CFU-Meg colonies generated from lineage-negative
cells than IFN-o. (Fig. 1B). In addition, the weak suppression
of CFU-Meg colony formation by IFN-{/limitin was com-
pletely canceled by the addition of anti-IFN -{/limitin poly-
clonal antibody (data not shown). Serum-free cultures of
bone marrow cells in the presence of TPO and IL-11 arose
a large number of megakaryocytes [15]. While both IFN-{/
limitin and IFN-o reduced the numbers of viable cells and
olIb/CD41% cells, the inhibition by IFN-{/limitin was
smaller than that by IFN-o (Fig. 2A and B). After megakary-
ocytes were produced in serum-free cultures for 5 days, the
generated megakaryocytes were collected and recultured for
an additional 3 days to analyze effects of IFN-{/limitin and
IFN-0. on their proliferation and apoptosis. The recovered cell
number was significanily reduced by the addition of IFN-
0., but only a small difference was observed between control
and IFN-{/limitin-containing cultures (Fig. 2C). When apop-
totic cells were evaluated with annexin V staining, which
detected phosphatidylserine present in the outer membrane
of apoptotic cells, the addition of IFN-{/limitin and IFN-o
did not change the proportion of annexin V™ cells (data not
shown). Therefore, both TFN-{/limitin and IFN-o directly
exhibit cytostatic effects on megakaryocyte progenitors,
but IFN-{/limitin displays much less megakaryocyte-
suppressive activity than IFN-o.

Neither IFN-{/limitin nor IFN-

affect the differentiation of megakaryocytes

The cultured cells in serum-free medium increased cell size
within 5 days and were divided into three groups [15]. As
shown in Figure 3A, the percentages of each population
were 3.7% (Gate L), 27.2% (Gate M), and 69.0% (Gate S)
in control cultures. Both IFN-{/limitin and IFN-o did not
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alter the proportion of the three groups. When the cultured
cells were analyzed for allb/CD41 expression as a marker of
megakaryocyte differentiation, approximately 80% of cells
were olIb/CD41% in control cultures (Fig. 3B). Similarly,
80.5% and 81.7% of the cultured cells in the presence of
IFN-{/limitin or IFN-0 expressed olIb/CD41. DNA ploidy
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of the Gate S population was 2N in all types of cultures
(data not shown). DNA ploidy of the Gate L population
ranged from 8 to 64 N in control cultures, and similar results
were observed in IFN-{/limitin- or IFN-o-containing cul-
tures (Fig. 3C). Therefore, both TFN-{/limitin and TFN-g
have no effects on megakaryocyte differentiation.

Both Crk and Daxx are required for

the IFN-{/limitin- and IFN-o-induced

growth inhibition of megakaryocyte progenitors

A major pathway for IFN signals involves the activation of
tyrosine kinases of Jaks and STATS proteins [21]. To deter-
mine what signals are important for the suppression of mega-
karyopoiesis by IFN-{/limitin and IFN-o, we performed
CFU-Meg colony assays using bone marrow cells derived
from several knockout mice. IFN-{/limitin and IFN-¢
reduced the numbers of colonies up to 67% and 33% in
wild-type mice, respectively (Fig. 4). Similar reduction was
observed when bone marrow cells derived from IRF-1-
deficient mice were used for the assays. In contrast, the
destruction of Tyk2 or STAT1 resulted in the significant
cancellation of IFN-{/limitin-and IFN-o-induced inhibition
of CFU-Meg colony formation. Therefore, both Tyk2 and
STAT1 play a role in IFN-{/limitin- and IFN-g-induced
reduction of CFU-Meg colony numbers.

SOCS-1, whose gene expression is induced by some
STATs including STAT1, is known to inhibit the proliferation
of megakaryocyte progenitors via blunting TPO-induced sig-
nals in IFN-o-treated megakaryocytes [11]. IFN-a-induced
growth inhibition was mainly mediated by Crk in myeloid
and erythroid progenitors, and by Daxx in B lymphocyte
progenifors [20,22,23]. We investigated role of Crk and
Daxx, downstream molecules of Tyk2, in IFN-{/limitin-
and IFN-a-induced growth inhibition of megakaryocyte pro-
genitors. As shown in Figure 5A, the protein expression of
Daxx and Crk was under detectable levels after the treatment
with their antisense oligonucleotides. The reduction of CFU-
Meg colony numbers was great canceled by the addition of
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Figure 2. Effects of interferon (IFN)-{/limitin and IFN-0; on the production
of megakaryocytes in serum-free suspension cultures. (A, B): Bone marrow
mononuclear cells (1 X 10° cells/mL) were cultured in serum-free condi-
tioned medium with 10 ng/mL thrombopoietin (TPO) and 10 ng/mL IL-
11 in the presence of 500 IU/mL of the indicated IFNs. After 5 days of
culture, the numbers of viable cells (A) as well as oIIb/CD41" cells (B)
were estimated. The results represent mean + SD of triplicate cultures.
Similar results were obtained in five independent experiments. (C): After
bone marrow mononuclear cells (1 X 10 cells/mL) were cultured in serum-
free conditioned medium with 10 ng/mL TPO and 10 ng/mL IL-11 for 5
days, the viable cultured megakaryocytes (1 X 10° cells/well) were collected
and recultured with 10 ng/mL TPO and 10 ng/mL IL-11 in the presence
of 500 TU/mL, of IFN-{/limitin or IFN-a. for additional 3 days. The recovered
cells were counted with a hemocytometer. The results represent mean +
SD of triplicate cultures. Statistically significant differences from control
values are indicated by one (p<<0.05) or two (p<<0.01) asterisks.
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Figure 3. Neither IFN-{/limitin nor IFN-¢. influenced the differentiation of megakaryocytes. Bone marrow mononuclear cells (1 X 105 celis/mL)
were cultured in serum-free conditioned medium with 10 ng/mL TPO and 10 ng/mL IL-11 in the presence of 1000 [U/mL IFN-{/limitin or TFN-o for
5 days. The whole cultured cells were subjected to flow cytometry analysis for cell sizes (A) and the allb/CD41 expression (B). The large cell population
(Gate L) of the cultured cells were analyzed for their DNA ploidy (C). Each figure shows one of four similar experiments.

these antisense, but not sense, oligonucleotides (Fig. 5B;
84.1% + 4.8% cancellation with Daxx antisense, 76.4%
+ 4.8% cancellation with Crk antisense in the presence of
IFN-{/limitin; 73.9% % 6.1% cancellation with Daxx anti-
sense, 81.6% * 0.1% cancellation with Crk antisense in
the presence of IFN-o. Therefore, both Daxx and Crk are
important for IFN-{/limitin- and IFN-o-induced reduction
of CFU-Meg colony numbers.

IFN-{/limitin induces lower Daxx expression and

weaker Crk phosphorylation than IFN-¢ in megakaryocytes
As shown in Figure 3, most of the cultured cells in serum-
free suspension cultures expressed oldIb/CD41. Thus, we
next analyzed some signals induced by TFN-(/limitin and
IFN-o by using the cultured megakaryocytes. When IFN-
{/limitin and IFN-¢ were added to the TPO-containing
megakaryocyte cultures for the last 24 hours of the culture
period, they did not alter the phosphorylation levels of
ERK1/2 or STATS5, which are downstream events of TPO
signaling (Fig. 6). We also compared direct signals for
STATI, Tyk2, SOCS-1, Daxx, and Crk induced by IFN-{/
limitin and IFN-o after the cultured megakaryocytes were

starved from cytokines. While IFN-{/limitin and IFN-ot in-
duced similar levels of the phosphorylation of STAT1, IFN-
{/limitin induced weaker phosphorylation of Tyk2 than
IFN-¢, (Fig. 7A). IFN-{/limitin and IFN-o induced similar
level of the gene expression of SOCS-1 (Fig. 7B). Although
both IFN-{/limitin and IFN-o induced the protein and gene
and protein expression of Daxx and the phosphorylation of
Crk, their induction by IFN-{/limitin was significantly
weaker than IFN-o, (Fig. 7B and C). Therefore, IFN-{/limitin
might be unique in lower Daxx induction and weaker Crk
phosphorylation in megakaryocytes as compared with
IFN-o.

Discussion

IFN-a. and IFN-B are widely utilized for the treatment of
patients with virus infection, autoimmune diseases, and ma-
lignant diseases [24]. Recent advances for IFN therapy are
a combined therapy with ribavirin as well as an appearance of
a pegylated IFN and a consensus IFN [25-27]. Although
these new therapeutic strategies are more efficient than IFN
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Figure 4. Both Tyk2- and STAT1-dependent pathways are required for the
IFN-{/limitin- and TFN-o-induced inhibition of CFU-Meg colony forma-
tion. Bone marrow mononuclear cells (1 X 10° cells/dish) derived from
wild-type, IRF-1-deficient, Tyk2-deficient, and STAT1-deficient mice were
cultured in MegaCult -C collagen-based systems with 500 or 1000 IU/mL
IFN-{/limitin or IFN-¢, and CFU-Meg colony formation was estimated on
day 7. The results represent mean colony numbers = SD of triplicate
cultures. Similar results were obtained in four independent experiments.

monotherapy, adverse effects of IFNs are still severe prob-
lems. Thus, it is particularly exciting to find a novel IFN
with uniquely narrow range of functions and targets that
lead to the reduction of adverse effects. In the current study,
we found that both IFN-{/limitin and IFN-a suppressed the
proliferation of megakaryocyte progenitors without influ-
encing megakaryocyte differentiation. However, much
higher concentrations of IFN-{/limitin were required for the
growth suppression of megakaryocyte progenitors than IFN-
ol Taken together with our previous data that much higher
concentrations of IFN-{/limitin were required for the growth
suppression of myeloid, lymphoid, and erythroid progenitors
[1,2], IFN-{/limitin could be superior to IFN-o and IFN-
in clinical utility because of less adverse effects on normal
lympho-hematopoietic progenitors.

The available information suggests that IFNs cause clus-
tering of IFN-o/f} receptor [28], resulting in phosphorylation
of the receptor as well as two Jaks (Jakl and Tyk2) and
some STAT proteins. The phosphorylated STAT1-STAT2
complexes combine with IFN regulatory factor (IRF)-9,
known as IFN-stimulated gene factor 3 (ISGF3), and migrate
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Figure 5. Both Daxx and Crk are required for the IFN-{/limitin- and IFN-0i~
induced inhibition of CFU-Meg colony formation. (A): Megakaryocytes
(1 X 10° cells/well) in serum-free suspension cultures were treated with
280 pg/mL of the indicated oligonucleotides for 8 hours. Their whole
celluiar lysates (10%) were Western blotted with the indicated antibodies.
(B): Bone marrow mononuclear cells (1 X 10° cells/dish) were preincubated
with the indicated oligonucleotides for 8 hours, and then cultured in Mega-
Cult -C collagen-based systems in the presence of 500 IU/mL IFN-{/limitin
or IFN-a, and CFU-Meg colony formation was estimated on day 7. The data
show mean * SD percentages of inhibition in four independent experiments.
Control (with PBS) colony numbersranged from 106 to 112. The sequences of
the phosphothionate oligonucleotides used here were as follows: Daxx-S
(5’-GAACCCCCATGGCCACCG-3"), Daxx-AS (5-CGGTGGCCATGG
GGGTTC-3"), Crk-S (5'-CCAACACCATGTCCTCCG-3"), and Crk-AS
(5-CGGAGGACATGGTGTTGG-3’). % inhibition for each oligonucleo-
tide was calculated as [ I — (colony number with IFN-{/limitin or IFN-
o) / (colony number with PBS) ] x 100. Statistically significant differences
from results for sense oligonucleotides are indicated.

to the nucleus where they bind to the IFN-stimulated
response element (ISRE) [29]. Another important pathway
is mediated by STAT1-STAT1 homodimer that binds to IFN-
v activated sequence (GAS sequence), leading to the induc-
tion of IRF-1 [30]. On the other hand, an adaptor protein
Crk is directly associated with Tyk2 and its IFN-c-induced
phosphorylation is mediated by Tyk2 [31]. The IFN-o-in-
duced expression and translocation of a nuclear protein Daxx



