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ORIGINAL ARTICLE

Platelet aggregation induced by the C-terminal peptide of
thrombospondin-1 requires the docking protein LAT but is

largely independent of allb/p3
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Summary. Thrombospondin-1 (TSP1) is abundantly secreted
during platelet activation and plays a role in irreversible platelet
aggregation. A peptide derived from the C-terminal domain of
TSP1, RFYVVMWK (RFY) can activate human platelets at
least in part via its binding to integrin-associated protein.
Although integrin-associated protein is known to physically
interact with oIlb/B3, we found that this major platelet integrin
had only a partial implication in RFY-mediated platelet aggre-
gation. Accordingly, RFY induced a significant Glanzmann
type I thrombasthenic platelet aggregation. The olIb/B3-depen-
dent part of platelet aggregation induced by RFY was mainly
due to secreted ADP and thromboxane A2. In the absence of
olIb/B3 and fibrinogen, RFY stimulated a rapid tyrosine phos-
phorylation of a set of proteins, including Syk, linker for
activation of T cells (LAT) and phospholipase Cy2. This
signaling pathway was critical for RFY-mediated platelet acti-
vation as revealed by the use of pharmacological inhibitors as
well as LAT-deficient mouse platelets. Phosphoinositide 3-
kinase activation was also required for RFY-mediated platelet
aggregation. Our results unravel a new alIIb/B3 and fibrinogen-
independent mechanism for platelet aggregation in response to
the active peptide from the C-terminal domain of TSP1.

Keywords: ollb/B3 integrin, LAT, platelet aggregation, throm-
bospondin-1.

The critical role of thrombospondin-1 (TSP1) in the irreversible
platelet aggregation first described by Leung [1] has now been
confirmed by several groups [2—4]. TSP1, a major component of
platelet o granules, is secreted upon activation and behaves as a
multiadhesive protein, mediating various biological functions.
In this respect, at least four cell attachment sites have been
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documented in TSP1 sequence [5]. A number of recent studies
have demonstrated a key functional role of the C-terminal
domain of TSP1. For instance, a monoclonal antibody (C6.7)
directed against this domain inhibits the secondary phase of
ADP-induced platelet aggregation [2]. This antibody also
blocks TSP1-dependent effects on cell motility [6-8] and
Ca”" influx [9] in other cell types. Two related sequences
within this domain, RFYVVM and IRVVM, were described
as minimal binding sites able to interact with a receptor at the
surface of different cells, including platelets [2,10,11]. One of
the receptors for the C-terminal domain of TSP1 has been
identified as integrin-associated protein (IAP) or CD47 [12].
This widely expressed receptor has an extracellular immuno-
globulin-like domain, five putative membrane-spanning
sequences and a short intracellular tail. IAP is abundantly
present in platelets and physically associates with ollb/B3,
o2/B1 and av/P3 integrins [12-16]. a2/B1, quantitatively much
less abundant than oIIb/B3 in this model, plays an important
role in hemostasis as an adhesive receptor of collagen [17].
Chung et al. [18] demonstrated that TSP1 or RFY peptide can
induce a strong aggregation of platelets adhered onto immobi-
lized collagen suggesting that TSP1 may be involved in the first
steps of platelet adhesion and activation in certain conditions.
This effect was no longer observed when platelets from [AP-
deficient mice were used, indicating a major role of IAP in this
mechanism. Moreover, the same peptide was an important
coactivator for the spreading of platelets on fibrinogen and this
effect was dependent on intracellular signaling events involving
tyrosine kinases and phosphoinositide 3-kinase (PI 3-kinase)
[19]. Surprisingly, although TSP1 is not considered as a primary
agonist of platelets [5], RFY peptide added to platelets in
suspension can induce a rapid tyrosine phosphorylation of
several proteins and a strong platelet aggregation [19,20].
The aim of the present study was to investigate the role of
olIb/B3 integrin in RFY-stimulated platelets and to characterize
the signaling mechanisms induced by this peptide in the pre-
sence or absence of alIb/B3. Interestingly, we found that platelet
aggregation induced by RFY was partially dependent on the
binding of fibrinogen to oIlb/B3. The olIb/B3-dependent part of
RFY-mediated platelet aggregation was almost exclusively due
to secreted ADP and thromboxane A2 (TXA2), two classical

© 2003 International Society on Thrombosis and Haemostasis



coactivators of ollb/B3. The intracellular signaling pathways
underlying this new olIb/B3-independent mechanism of platelet
activation and aggregation involved the tyrosine kinase Syk and
its substrate, the docking molecule LAT, phospholipase C
(PLC) y2 and PI 3-kinase. Using pharmacological inhibitors
and LAT-deficient mice, we found that this pathway was
required for RFY-mediated platelet activation. These results
will be discussed in light of the potential receptors for the C-
terminal sequence of TSP1.

Materials and methods

Reagents

RFY was purchased from Bachem, (Voisin le Bretonneux, France)
and RFYGGMWK was synthesized by Sigma-Genosys (Cam-
bridge, UK). Mouse monoclonal antiphosphotyrosine 4G10 and
rabbit polyclonal anti-LAT antibody were obtained from Upstate
Biotechnology (Lake Placid, NY, USA). Rabbit polyclonal anti-
PLCy2 antibody was from Biotechnology Inc., (Santa Cruz, CA,
USA). Rabbit polyclonal anti-Syk antibody was a gift from Dr U.
Blank (Departement d’Immuno-Allergie, Institut Pasteur, Paris,
France). The anti-o2 integrin antibody P1E6 was from Life
Technologies (Cergy Pontoise, France). The enhanced chemilu-
minescence (ECL) Western blotting reagents and [3 2P]or“[hopho—
sphate were from Amersham Pharmacia Biotech (Little Chalfont,
Bucks, UK). Piceatannol was obtained from Boehringer Mann-
heim (Rueil Malmaison, France). C7E3 Fab fragments (abcix-
imab, ReoPro) and SR121566A [21] were kindly provided by DrP.
Savi (Sanofi-Synthelabo, Toulouse, France). All other reagents
were purchased from Sigma (St Quentin-Fallavier, France) unless
otherwise indicated. To generate LAT-deficient mice, an Xhol-
BamHI genomic fragment that contains the complete LAT gene
wasreplaced by a LoxP-flanked neo” gene. The targeting construct
was electroporated into CK35 129/SVembryonic stem (ES) cells.
After selection in G418, colonies were screened for homologous
recombination by Southern blot analysis. Targeted ES cells were
injected into Balb/c blastocysts. The resulting mutant mouse line
was first bred to Deleter mice to eliminate the LoxP-flanked neo"
cassette, and intercrossed to produce homozygous LAT—/—
mutant mice. Their phenotype is identical to that previously
described for an independently derived LAT—/— line [22].

Glanzmann thrombasthenia patients

The two Glanzmann type I thrombasthenic patients (patients 1
and 2) studied have been characterized previously [23]. Their
platelets, having less than 5% of oIIb/B3 content, are severely
deficient in fibrinogen and characterized by an absence of
platelet aggregation with classical agonists and no or minimal
clot retraction.

Preparation and activation of human platelets

Control platelets were isolated from concentrates obtained from
the local blood bank (Etablissement Francais du Sang, Pyré-
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nées-Méditerranée) as previously described [24]. When plate-
lets from Glanzmann thrombasthenia patients were used, blood
was anticoagulated with ACD (124 mmol L~ ! tri-sodium citrate,
130 mmol L™ citric acid, 110 mmol ! glucose: one volume
for nine volumes of blood). Blood was then centrifuged 15 min
at 190 g to obtain the platelet-rich plasma (PRP). After cen-
trifugation platelets were washed in a buffer (pH 6.5) containing
140mmol L~' NaCl, SmmolL~" KCI, SmmolL~" KH,PO,,
I mmol L' Mg,SO4, 10 mmol L™ Hepes, 5 mmol L™ glucose
and 0.35% (w/v) bovine serum albumin. The same buffer was
added to the final suspension (7.5 x 10® cells mL ") and the pH
adjusted to 7.3 with NaOH. Control platelets were obtained in
the same way from healthy volunteer. For inositol-lipid analy-
sis, platelets were incubated with 0.5 mCi mL ™! of [3 2Plortho-
phosphate during 60 min in a phosphate-free buffer (pH 7.3) at
37°C. **P-labeled platelets were then washed in a phosphate
containing buffer and finally resuspended in the stimulation
buffer, as above. Platelets were stimulated by RFY at 37 °C, under
stirring at 900 rev min~ " in a dual-channel Payton aggregometer
(Payton Associates, Scarborough, Ontario, Canada). In some
experiments, platelets were preincubatedat 37 °C with 5 pmol L™
creatine phosphate and 40TUmL ™" creatine phosphokinase,
10 umol L~ " indomethacin or 0.5-1 mmol L' RGDS peptide.

Murine platelet preparation

Blood was collected by cardiac puncture and platelets were
isolated from PRP by centrifugation at 2000 g for 8 min. The
pellet was resuspended in a Tyrode-HEPES buffer [25] in the
presence of 500 nmol L™' prostaglandin 12 and platelets were
left at 37 °C for 30 min before stimulation. Platelet stimulation
was done at 37 °C under stirring at 900 rev min~" in a dual-
channel Payton aggregometer.

Lipid extraction and analysis

Reactions were stopped by addition of chloroform/methanol
(1:1 v/v) containing 0.4 mol L~! HCI and lipids were imme-
diately extracted following a modified Bligh & Dyer procedure
as previously described [26]. For PtdIns(3,4)P, and
PtdIns(3,4,5)P; quantification, lipids were first resolved by
thin-layer chromatography (TLC) using chloroform/acetone/
methanol/acetic acid/water (80:30:26:24:14 v/v) and the
spots corresponding to PtdInsP, and PtdInsP; were scraped
off, deacylated and analyzed by HPLC on a Partisphere SAX
column (Whatman International Ltd, UK) as previously
described [26]. For phosphatidic acid (PtdOH) quantification,
lipids were resolved by TLC using CHCIl3;/CH30OH/10 mol L'
HCl (87:13:0.5 v/v) as described [26]. The radioactivity
incorporated in PtdOH was counted by scintillation (TRI-
CARB, 1900 TR, Packard).

Immunoprecipitation

Reactions were stopped by addition of one volume of twice-
concentrated ice-cold lysis buffer containing 80 mmolL ™'
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Tris-HCI, pH7.4, 200mmol ™" NaCl, 200mmolLL~"' NaF,
20mmol L™' EDTA, 80mmolL~! Na,P,0;, 4mmolL™"
Na3VOy, 2% (v/v) Triton X-100 and 10pg mL~! each of
aprotinin and leupeptin. After gentle shaking during 20 min
at 4°C and centrifugation (12000 ¢ for 10 min at 4 °C), the
soluble fraction was collected and precleared for 30 min with
protein A-Sepharose CL4B. The precleared suspensions were
then incubated for 2 h at 4 °C with the indicated antibodies and
immune complexes were then precipitated by addition of 10%
(w/v) protein A-Sepharose CL4B for 1 h at 4 °C and centrifuga-
tion (6000 g for Smin at 4 °C). The immunoprecipitates were
washed once in lysis buffer and twice in washing buffer
containing 10 mmol L~ Tris-HCI, pH7.4,100 mmol L' NaCl,
100 pmol L™! Na3VO,, 1 pgmL™" each of aprotinin and leu-
peptin. Immunoprecipitated proteins were then subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotting.

Gel electrophoresis and immunoblotting

Proteins were resuspended in the electrophoresis sample buffer
containing 100 mmol L ™" Tris-HCI, pH 6.8, 15% (v/v) glycerol,
25mmol L™! dithiothreitol, and 3% SDS, boiled for 5min,
separated on 7.5% SDS—PAGE and transferred onto nitrocellu-
lose membrane (Pall Life Sciences, Ann Arbor, MI, USA). The
blots were blocked for 60 min at room temperature with 1%
milk powder, 1% bovine serum albumin in a buffer containing
10mmol L™" Tris-HCI, pH7.5, 150 mmol L' NaCl, and 0.1%
Tween 20. Immunodetections were performed with the relevant
antibodies, and the reactions visualized using peroxidase-con-
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10 uM RFY
Control
1 min
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2 » Time

jugated secondary antibodies and the ECL chemiluminescence
system.

Results

RFY induces a significant platelet aggregation
independently of allb/33

As previously shown [19,20], RFY can induce aggregation of
human platelets in a concentration-dependent manner (Fig. 1a).
We observed an optimal effect between 50 and 100 pmol L™
RFY depending on the preparations, which might be due to
peptide insolubility at high concentrations, and a classically
decreased response at 200 pmol L™" (not shown). As a control
of specificity, we tested the RFYGGMWK peptide at increasing
concentrations from 25 pmol L' to 200 umolL’l alone or in
combination with RFY. This control peptide was inefficient by
itself (Fig. 1a) and did not affect the action of the active RFY
peptide (not shown). As shown Fig. 1(b), platelet aggregation
induced by RFY was partly affected in the presence of an
inhibitor of TXA2 synthesis and an ADP scavenger indicating
that these two secreted molecules were required to amplify
RFY-mediated platelet aggregation. Therefore, RFY is a secre-
tagogue, but it can also induce a significant aggregation inde-
pendently of TXA2 and ADP.

We then tested the effect of antagonists of fibrinogen binding
to ollb/B3 on RFY-mediated platelet aggregation. RGDS, the
c7E3 antibody and the SR121566A compound [21] were potent
inhibitors of platelet aggregation in response to thrombin used
at 0.1TUmL™" (Table 1) and up to 11U mL™" (not shown).

(b)

RFY

+ CP/CPK

+indo

+indo + CP/CPK

1 min

Agonist — .
g » Time

Fig. 1. Role of ADP and TXA?2 in human platelets responses induced by RFY Platelets from a healthy volunteer were stimulated by increasing
concentrations of RFY (A) or by 100 umol L~' RFY in the absence or in the presence of indomethacin to block TXA2 synthesis, a mixture of creatine
phosphate/creatine phosphokinase (CP/CPK), an ADP scavenger or both together. The aggregation profiles were obtained with a Payton aggregometer with
stirring at 900 revmin~" (7.5 x 10® platelets mL~"). The profiles shown are representative of four different experiments with similar results. Control:

RFYGGMWK peptide (100 pmol L")

© 2003 International Society on Thrombosis and Haemostasis



Table1 Comparative effects of various antiaIIb/B3 on the aggregation of
platelets stimulated either by RFY or thrombin

RFY Thrombin
allb/B3 inhibitors (100 pmol L™ 0.11UmL™")
None 100 100
RGDS (1 mmolL™}) 44+8 7+1
¢7E3 (40pgmL ") 3042 1444
SR121566 29+2 7+4

(3.5umol L")

The effect of several unrelated antioaITb/B3 (3.5 umolL™' SRI21566A,
40pgmL~" ¢7E3 or 1 mmolL~' RGDS) on the amplitude of platelet
aggregation, stimulated either by 100 umolL~" RFY or by 0.1IUmL ™!
thrombin, was quantified. Data are expressed as percentages of the
maximal aggregation obtained without inhibitor and are means &= SEM of
three independent experiments.

Surprisingly, under the same conditions, RFY-induced platelet
aggregation was only partially inhibited by these compounds
(Table 1, see also Figs2 and 3) even when used at very high
concentrations (not shown). Phase contrast microscopy analysis
confirmed the presence of tight aggregates induced by RFY in
control platelets similar to those induced by thrombin (Fig. 2).
Moreover, as illustrated in Fig.2, RGDS addition fully abol-
ished platelet aggregation induced by thrombin but did not
prevent the formation of platelet aggregates in response to RFY.
Interestingly, the ADP- and TXA2-independent aggregation
(shown in Fig. 1) was not significantly affected by 1 mmolL ™"
RGDS (5% £3% of inhibition). To further investigate this
striking observation, we used platelets from two type I Glanz-
mann thrombasthenia patients having less than 5% of the
normal amount of ollb/B3 and no intracellular fibrinogen
[27]. Figure 3(a) illustrates the aggregation response of normal

THROMBIN

Fig. 2. Visualization of platelet aggregates
induced by RFY in the absence of fibrinogen
binding. Platelets from a healthy volunteer were
stimulated by 0.1 TUmL ™" thrombin or by

100 umol L~" RFY in the presence or in the
absence of 1 mmolL ™' RGDS under stirring at
900 rev min ™. Platelet stimulation was stopped
after 3 min by adding 3% formaldehyde. After
30 min of incubation at room temperature cells
were observed by phase contrast microscopy
using a Zeiss microscope equipped with a

40 x objective and a Princeton microMAX
camera. Representative data are shown.
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platelets whereas Fig. 3(b) shows the response of type I Glanz-
mann thrombasthenic platelets. Even in the absence of oIIb/p3
and fibrinogen (Fig.3b), RFY was still able to induce a sig-
nificant change in light transmission (44%) reflecting the pre-
sence of small aggregates, clearly visible (not shown), whereas
0.5IUmL"" of thrombin was almost inefficient (12%). As a
control, addition of RGDS did not alter the formation of the
small aggregates observed in response to RFY (not shown) and
the aggregation curves were comparable.

To further characterize this oIIb/B3-independent aggregation
normal human platelets were fixed with 3% paraformaldehyde
in order to check whether they would agglutinate in response to
RFY. Under these conditions, no aggregation could be detected
by the aggregometer (not shown). However, very small aggre-
gates of a few platelets were visible under the light microscope
suggesting that RFY can induce a discrete platelet cross-linking
mechanism reminiscent of agglutination (not shown).

RFY induces a rapid tyrosine phosphorylation of Syk and
LAT independently of allb/f3

The intracellular mechanisms induced by RFY, independently
of allb/B3, were analyzed further. As shown in Fig.4(a), in
normal platelets stimulated by RFY, the tyrosine phosphoryla-
tion of several proteins was extremely rapid, reaching a max-
imum between 10 and 30 s and decreasing thereafter. Two major
phosphotyrosyl proteins could be observed, one of 70kDa,
matching Syk, and another one of about 37kDa matching
LAT, a docking protein recently identified in platelets [28].
As shown in Fig. 4(b), immunoprecipitation experiments con-
firmed the tyrosine phosphorylation of Syk and LAT. Interest-
ingly, these major tyrosine phosphorylation processes were still

RFY + RGDS
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Fig. 3. Platelets from thrombasthenic patients still respond to RFY. Platelets from a healthy volunteer (a) or a type I thrombasthenic patient (b) were
stimulated by 100 pmol L' REY or by 0.1TUmL ™" thrombin in the presence or in the absence of 1 mmol L~' RGDS. Aggregation profiles shown
were obtained with platelets from patient 1 and similar results were obtained with the second patient 2.

observed in RGDS-treated platelets or in thrombasthenic plate-
lets (Fig. 4a) indicating that this mechanism was independent of
ollb/B3 engagement. In agreement, when RFY was added to
thrombasthenic or to normal RGDS-treated platelets, similar
amounts of Syk were recovered in antiphosphotyrosine immu-
noprecipitates (Fig. 4c). Conversely, the rapid dephosphoryla-
tion of Syk occurring in control platelets at 180 s and 300 s was
strongly inhibited or delayed in the absence of allb/B3 engage-
ment as shown either in thrombasthenic platelets or in control
platelets treated with RGDS (Fig.4a). These results indicate
that alIb/B3 was not involved in the tyrosine phosphorylation
process triggered by RFY but rather in a dephosphorylation
mechanism possibly via activation of protein tyrosine phospha-
tases.

Moreover, as shown Fig.4(d), PP1, an inhibitor of the Src
family tyrosine kinases, was able to strongly inhibit RFY—
mediated aggregation amplitude (82% +3% of inhibition by
10 pmol L™" PP1). Addition of inhibitors of ADP and TXA?2 did
not significantly amplify the effect of PP1 on platelet aggrega-
tion (not shown). An other tyrosine kinase inhibitor, piceatan-
nol, was also able to strongly inhibit RFY-mediated aggregation
(not shown) suggesting that the rapid activation of tyrosine
kinases induced by RFY is required to obtain platelet aggre-
gation.

RFY rapidly stimulates a PLC via a tyrosine
kinase-dependent mechanism

In *?P-labeled platelets, the diacylglycerol produced by PLC is
mainly converted into [**P]PtdOH by a diacylglycerol kinase

[26]. The contribution of phospholipase D to this production of
[**P]PtdOH is relatively minor. Thus, the formation of this lipid
can be considered as a good reflection of PLC activation in
platelets. As shown Fig. 5(a), after a lag time of about 10s, the
synthesis of PtdOH increased rapidly until 1 min, followed by a
slow decrease. The ollb/B3 antagonists (RGDS, SR121566 and
¢7E3) had no significant effect on this production (Fig.5a).
Furthermore, treatment of thrombasthenic platelets by RFY led
to a similar increase in the production of [3 2P]PtdOH (three- and
fourfold increase, in thrombasthenic and in control platelets,
respectively). The tyrosine kinase inhibitor piceatannol
(50 pmol L™ ") strongly inhibited the synthesis of PtdOH
(92% 4 8% of inhibition, n = 2). In agreement, RFY induced
a rapid tyrosine phosphorylation of PLCy2 which was not
affected by RGDS addition (Fig.5b). Moreover, PLCy2 was
recovered in antiphosphotyrosine immunoprecipitates per-
formed from thrombasthenic platelets challenged by RFY
(Fig. 5¢), indicating that oIlb/B3 was not necessary to control
this mechanism.

Phosphoinositide 3-kinase is involved in RFY-mediated
platelet aggregation

As illustrated in Fig. 6, PtdIns(3,4,5)P5 and PtdIns(3,4)P, were
produced in human platelets stimulated by RFY indicating the
activation of a PI 3-kinase. The synthesis of PtdIns(3,4,5)P; was
rapid and sustained whereas PtdIns(3,4)P, occurred after a lag
time of 30s. It is known that a large part of PdtIns(3,4)P,
production is dependent on oIIb/B3 engagement and platelet
aggregation induced by various agonists [29,30]. In agreement,
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Fig.4. RFY induces rapid and transient tyrosine phosphorylation of a set of proteins, including p72%* and LAT, in an aIIb/p3-independent manner. Control

and thrombasthenic platelets from patient 2 were stimulated with 100 umol L~' RFY for indicated times, in the presence or in the absence of 1 mmol L~

1

RGDS. (a) Immunoblotting of whole platelet proteins extract with antiphosphotyrosine antibody 4G10. (b) LAT and p72*** were immunoprecipitated from
control platelets with specific antibodies and submitted to immunoblotting with 4G10 antibody. (c) Anti-phosphotyrosine immunoprecipitates were

immunoblotted with a polyclonal antip72®* antibody. (d) Platelets from a healthy volunteer were stimulated by 100 pmol L' RFY in the absence or in the
presence of 10 umol L' PP1 and aggregation profiles were obtained with a Payton aggregometer with stirring at 900 rev min ™' (7.5 x 10® platelets mL ).

Data shown are representative of two to four different experiments.

RGDS treatment decreased the production of PtdIns(3,4)P,
induced by 1TUmL ™" thrombin by 77% + 17% (n=4). Con-
versely, in platelets stimulated by RFY for 3 min, the level of
PtdIns(3,4)P, was only partly reduced (38% 4 0.1% of inhibi-
tion, n = 3) by RGDS treatment. These results suggest that
the production of this phosphoinositide was largely independent
of allb/B3 engagement in RFY-stimulated platelets. More-
over, 10nmolL~! wortmannin treatment [which inhibited
PtdIns(3,4,5)P; and PtdIns(3,4)P, production by 90% =+ 13
and 95% + 6%, respectively] strongly affected platelet aggre-
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gation (70% =+ 17% inhibition of aggregation amplitude, n = 3)
induced by RFY. Similar effects were observed when the
unrelated PI 3-kinase inhibitor LY294002 was used (not
shown).

LAT is required for RFY -mediated platelet aggregation

The docking protein LAT has been shown to play a critical role
downstream of Syk in GpVI-mediated PLCy2 activation in
mouse platelets [31]. Since LAT was a major tyrosine
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Fig.5. RFY induces an allb/B3-independent production of [**P]PtdOH
and a tyrosine phosphorylation of PLCy2. (a) 32p_Jabeled platelets were
stimulated by 100 pmolL™" RFY for the indicated times and [**P]PtdOH
was quantified. The effect of I mmolL ™' RGDS, 3.5 umol L™ SR121566,
or 40 pgmL ™' ¢7E3 on the synthesis of this lipid was measured at 1 min of
stimulation (insert). Results are expressed as percentage of maximal effects
and are means + SEM of at least three independent experiments. Maximal
radioactivity measured for [**P]JPtdOH: 203 x 10% cpm. (b)
Immunoprecipitation of PLCy2 was performed from platelets stimulated or
not for 30 s with 100 umol L' RFY and preincubated for 1 min before
stimulation with 1 mmolL ™' RGDS when indicated. Western blotting
analysis was carried out with the 4G10 antiphosphotyrosine antibody. Data
shown are representative of three independent experiments (c)
Immunodetection of PLCy2 in antiphosphotyrosine immunoprecipitates
from control and thrombasthenic platelets (patient 1) activated or not for
30 s by RFY.

phosphorylated protein upon RFY treatment (Fig.4a,b), we
used platelets from LAT-deficient mice in order to test the
potential role of this docking protein in this activation process.
Interestingly, LAT-deficient platelets aggregated normally to
thrombin but were no longer able to aggregate upon addition
of RFY at concentrations up to 25umolL™" (Fig.7). At
50 pmol L~' RFY, which is the optimal concentration in
wild-type mice platelets, LAT-deficient platelets aggregated
weakly. At a higher concentration (100 umolL ") the role of
LAT was partially by-passed since we observed a 25% increase
in the aggregation amplitude compared to LAT-deficient plate-
lets stimulated by 50 pmol L™' RFY (not shown). As observed
with human platelets, addition of an inhibitor of TXA2 synth-
esis and an ADP scavenger strongly reduced RFY-mediated
aggregation of control mouse platelets. Interestingly, the ADP
and TXA2 -independent platelet aggregation induced by

120

(3?P)labeling (%)

d, + + + + + |

0 50 100 150 200 250 300
TIME (S)

Fig. 6. RFY induces PI 3-kinase activation. Time course of
[*?P]PtdIns(3,4,5)P; (@) and [**P]PtdIns(3,4)P, (&) labeling during
platelet stimulation by 100 pmol L~' RFY. [*P]PtdIns(3,4)P, and
[*?P]PtdIns(3,4,5)P; were quantified as indicated in Materials and
methods. Results are expressed as percentage of maximal effects and are
means £ SEM of three independent experiments. Maximal radioactivity
measured for each 3D-phosphoinositide was: [32P]PtdIns(3,4,5)P3, 4210
cpm; [3?P]PtdIns(3,4)P,, 9644 cpm.

50 umolL ™! RFY or 100 pmolL™! (not shown) was strongly
inhibited with LAT-deficient platelets.

Discussion

This study was undertaken to investigate the molecular mechan-
isms underlying platelet activation induced by the active pep-
tide from the C-terminal domain of TSP1, RFY [19,20]. We first
observed that platelet aggregation induced by RFY peptide was
partly dependent on secreted ADP and TXA2. Interestingly,
using either antagonists of fibrinogen binding to allb/f3 or type
I thrombastenia platelets, we found that the ADP- and TXA2-
independent platelet activation and aggregation induced by
RFY did not require olIb/B3 and fibrinogen. This new ollb/
B3-independent platelet activation and aggregation process
required a rapid activation of specific signaling pathways.
For instance, a very early increase in tyrosine phosphorylation
of a set of proteins including the tyrosine kinase Syk and its
potential substrates, LAT and PLCy2 was observed. Moreover,
as shown by the production of PtdOH, PtdIns(3,4)P, and
PtdIns(3,4,5)P3, both PLC and PI 3-kinase were rapidly stimu-
lated by RFY. The functional importance of these signaling
pathways was assessed by using pharmacological inhibitors of
Syk, Src and PI 3-kinases as well as genetically modified mice
platelets deficient in the docking protein LAT. Inhibition of
tyrosine kinases dramatically decreased RFY-induced platelet
aggregation strongly suggesting that this signaling pathway was
crucial. Moreover, blockade of PI 3-kinase activity by two
unrelated inhibitors also affected platelet aggregation induced
by RFY. These results are consistent with previous observations
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Fig.7. Platelets from LAT-deficient mice are defective in RFY-induced aggregation. Platelets from control (a) or LAT-deficient (b) mice were stimulated
with increasing concentrations of RFY. Aggregation profiles shown are representative of two different platelet preparations with similar results.

indicating that the same peptide was able to play a role as a
coactivator of ollb/B3-mediated spreading of platelets on fibri-
nogen through a tyrosine kinase- and PI 3-kinase-dependent
process [19]. The transmembrane adapter LAT which plays a
critical role in immune receptor signaling [32] was clearly
tyrosine phosphorylated upon RFY stimulation. In platelets,
LAT has an important role in the process of tyrosine phosphor-
ylation and activation of PLCy2 downstream of GpVI. Accord-
ingly, this adapter is required for normal platelet activation via
collagen or collagen-related-peptide [33]. Once phosphory-
lated, LAT can associate with a number of proteins including
the p85a subunit of PI 3-kinase, Grb2, Gads, PLCy2, SLP-76
and Cbl [32]. The impact of LAT in RFY-mediated platelet
activation was evaluated by using platelets from LAT-deficient
mice. Interestingly, these platelets did not aggregate in response
to RFY at concentrations below 25 umol L™'. At higher con-
centrations the role of LAT was partially by-passed as also
observed for GpVI agonists [34]. At 50 or 100 pmol L' (not
shown), the weak aggregation observed was fully inhibited by
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addition of an ADP scavenger and a TXA?2 synthesis inhibitor.
These results demonstrate the critical role of the adapter
molecule LAT in RFY-mediated platelet activation. As shown
for GPVI, the signaling cascade Src/Syk/LAT/PLCy2 seems to
be required for RFY-induced platelet stimulation.

In light of these results, an important question is how RFY
can mediate this novel mechanism of platelet activation. At
first glance, IAP appears to be a good candidate to mediate the
rapid signaling pathway initiated by the C-terminal peptide
of TSP1 [18,19]. However, in our hands, an antifunctional
IAP antibody did not block RFY-mediated platelet aggregation
(not shown) suggesting the presence of another functional
receptor for the C-terminal sequence of TSP1. Moreover, the
two major platelet integrins known to associate with IAP, ollb/
B3 and a2/B1, were not required for RFY—-mediated platelet
aggregation. Indeed, the PIE6 a2/B1 function blocking anti-
body [18] did not affect platelet aggregation induced by RFY
(not shown) suggesting that this integrin is not involved in this
process.
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During the writing of this manuscript, Tulasne et al. [33]
published a study showing that the C-terminal peptide of TSP1
can indeed stimulate platelet aggregation independently of IAP.
These authors also found that RFY stimulated platelets in an
olIb/B3- and GPIba-independent manner through an Fc recep-
tor y-chain associated signaling pathway. This is in agreement
with our results, however, these authors propose that agglutina-
tion support the olIb/B3-independent platelet aggregation. Our
results suggest that, in addition to agglutination, the ollb/fB3-
independent platelet aggregation may involve other mechan-
isms. Indeed, in the presence of an ADP scavenger and a TXA2
synthesis inhibitor, platelet aggregation induced by RFY was no
longer observed in LAT-deficient platelets even at high con-
centrations of agonist. Moreover, RFY did not induce aggrega-
tion of fixed human platelets but rather cross-linking of a few
platelets that were only visible by light microscopy (not shown).

Two receptors, GpVI and FcyRlIla, are known to strongly
activate the tyrosine kinases of the Src family as well as Syk
leading to the phosphorylation of LAT and PLCy2 [35,36]. We
found that FcyRIla was not tyrosine phosphorylated upon RFY
addition (not shown) and Tulasne et al. [33] suggest that RFY
does not activate GpVI. The present study and the work of
Tulasne et al. [33] point to a new mechanism of platelet
activation and aggregation, however, the initial events involved
remain to be explored further.

To consider the functional importance of this new platelet
activating mechanism, it is important to note that we could not
reproduce the effects of RFY by treating platelets with exo-
genous full-length TSP1 (not shown). TSP1 stabilizes fibrino-
gen binding to the activated platelet surface and reinforces the
strength of platelet to platelet interactions, supporting the
conversion of reversible microaggregates to irreversible
macro-aggregates [1,5]. However, one can propose that the
RFYVVMWK sequence is masked in full-length TSP1 and
that a first interaction of TSP1 with fibrinogen [37] might
expose additional binding site present in the C-terminal domain
of the molecule. In this case, the use of RFY will help us to
better understand the signaling pathways initiated by TSP1
binding to platelet membranes during irreversible aggregation
and clot retraction.

To conclude, our results indicate that platelet to platelet
contacts can efficiently take place independently of ollb/B3
and fibrinogen in platelets stimulated by RFY. The first steps of
this new mechanism of platelet activation and the molecular
events supporting this oIIb/B3-independent aggregation need to
be investigated further to evaluate their physiological signi-
ficance.
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