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Summary

We have investigated the function of the p1108 catalytic subunit of phosphoinositide 3-kinase (PI
3-kinase) in platelets using p1106 knockout (p11087°) mice and p1106 knock-in
(p11086P910A/DI10AY mice, which express a catalytically inactive form of the enzyme. Aggregation
to threshold concentrations of the GPVI-specific agonist, CRP, was partially reduced in p1106
and p1108P910A/DIL0A platelets. This inhibition was overcome by higher concentrations of CRP.
The degree of inhibition was considerably weaker than that induced by LY294002 and
wortmannin, which inhibit all isoforms of PI 3-kinase. p11087 platelets showed decreased
spreading on fibrinogen- or von Willebrand factor (VWF)-coated surfaces under static conditions,
whereas they spread normally on collagen. LY 294002 had a more pronounced inhibitory effect on
spreading on all three surfaces. Adhesion and aggregate formation of p11087 platelets to collagen
or fibrinogen/VVWF at intermediate/high rates of shear were normal. This study demonstrates a
minor role for the p1108 catalytic subunit in mediating platelet activation by the collagen receptor
GPVI and integrin allbp3. The more pronounced inhibitory effect of LY294002 and wortmannin
indicates that other isoforms of P1 3-kinase play a more significant role in signalling by the two
platelet glycoprotein receptors.
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Introduction

The primary physiological function of platelets is to stop bleeding from sites of vascular
injury. They do this by adhering to exposed subendothelial components such as collagen,
fibronectin, fibrinogen and VWF, becoming activated and forming aggregates, which plug
the damaged blood vessel. The platelet aggregates become covered with fibrinogen, which is
cleaved to fibrin polymers by thrombin and acts to consolidate the primary haemostatic

plug.

Three of the main receptors present on the platelet surface required for tethering, activation
and aggregation are the GP1b-1X-V complex, which binds VWF; GPVI/FcR -y-chain
complex, which binds collagen; and allbf3, which binds fibrinogen and other extracellular
matrix proteins (ECM), including VWF. All three of these receptors utilize many of the
same signalling molecules to achieve their respective responses. Some of the common
signalling molecules shared by these receptors include Src family tyrosine kinases (1-3), the
tyrosine kinase Syk (4-6), phospholipase (PLC) y2 (7-10) and phosphoinositide 3-kinases
(PI 3-kinases) (2, 11, 12). GPVI and alIbp3 also share the adapters SLP-76 and adhesion-
and degranulation-promoting adapter protein (ADAP) (13, 14), and Vav GDP/GTP
exchange factors (14-16). Targeted disruption or pharmacological inhibition of many of
these proteins diminishes the ability of platelets to adhere and respond to ECM.

P1 3-kinases are a family of lipid kinases that are activated in response to growth factors,
hormones, and ECM proteins. They have been implicated in a variety of cellular processes
including growth, proliferation, survival, migration, and secretion. Pl 3-kinases catalyze the
conversion of the plasma membrane lipid phosphatidylinositol-4,5-bisphosphate [P1(4,5)P5]
to phosphatidylinositol-3,4,5-trisphosphate [P1(3,4,5)P3] (17). Pl 3,4,5-P3 is a potent second
messenger that recruits pleckstrin homology (PH) domain-containing effector molecules to
the cytoplasmic surface of the plasma membrane. Signalling proteins that accumulate at
these sites include the serine-threonine kinases Akt (also referred to as protein kinase B
[PKB]), phosphoinositide-dependent kinase 1 (PDK1), Tec family tyrosine kinases, and
exchange factors that regulate heterotrimeric guanosine triphosphate (GTP)-binding proteins
(G proteins) such as Vav, and PLC (18).

P1 3-kinases are categorized into three classes (I-111) (18). Class | P1 3-kinases are further
subdivided into classes 1A and IB depending on whether they are activated downstream of
tyrosine kinase-linked receptors (class 1A) or G protein-coupled receptors (class I1B). There
is also evidence that class IA enzymes can be regulated by G protein By subunits. Class IA
P1 3-kinases are heterodimeric proteins consisting of a p110 catalytic subunit and a p85
regulatory subunit. Three types of class 1A p110 catalytic subunits (p110a., p110p, and
p1108) encoded by 3 distinct genes have been identified. p110a and p110p are expressed in
variety of cell types, whereas p1108 is primarily haematopoietic-specific (19, 20). Five class
IA regulatory subunits (p85a., p55a, pS0a., p85P, and p55+) derived from three different
genes have been identified, p55a and p50a being splice variants of p85a (21). The
regulatory subunit acts to localize and activate the catalytic subunit. The class IB PI 3-kinase
consists of one catalytic subunit, p110vy, associated with the regulatory subunit, p101. The
enzyme is activated downstream of G protein-coupled receptors via G protein B-y subunits.

Most of the studies aimed at elucidating the role of PI 3-kinases in platelets have relied on
the structurally distinct inhibitors LY294002 and wortmannin, which do not distinguish
between the different forms of Pl 3-kinases. These studies have demonstrated that PI 3-
kinases are critical for regulating different aspects of platelet activation, including
cytoskeletal rearrangements associated with spreading and activation of PLC+y2 through the
major platelelet glycoprotein receptors, namely GPlb-1X-V, GPVI and allbf3. The presence
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of all class IA and IB catalytic Pl 3-kinases in platelets has been reported (22, 23), although
this is controversial for the p1106 catalytic subunit (19, 24-27). Almost nothing is known,
however, about the role of each of these catalytic isoforms in mediating signalling pathways
by the major platelet glycoprotein receptors. The class IB Pl 3-kinase catalytic subunit,
p110vy, is activated in response to stimulation of platelets by G protein-coupled receptors
(22, 28, 29), and has been shown to support activation downstream of the P2Y 1, ADP
receptor (25).

Studies have yet to be performed using p110a- and p110p-deficient platelets as deletion of
either protein is embryonic lethal (30, 31). Simultaneous deletion of p85a., p55a and p50a
regulatory subunits also causes perinatal lethality, whereas deletion of p85a alone does not
(32, 33). A recent study of platelets from p85a.”- mice showed severe impairment of CRP-
induced platelet aggregation, secretion, integrin activation, lamellipodia formation and
tyrosine phosphorylation of effector molecules (24). These mice also exhibited a
concomitant reduction in levels of p110a, p110p and p1108, which is consistent with the
instability of the p110 proteins in the absence of adaptor subunits. Since p85a. is more
abundant than p55a and p50a PI 3-kinase regulatory subunits in platelets and it
heterodimerizes with all three class 1A PI 3-kinase catalytic subunits, this report
demonstrates the importance of class 1A P1 3-kinases in signalling by GPVI.

In this study, we utilized human platelets, human megakaryoctytic cell lines DAMI and
HEL, and two different mouse models, p1108 knockout (p11067-) mice, which completely
lack p1108 expression, and p1108 knockin (p1106P910A/D910A) mice which express
catalytically inactive p1106, to address the role of the PI 3-kinase isoform p1106 in platelet
activation. We demonstrate that platelets express low levels of p1108 and that it is involved
in regulating spreading on fibrinogen and in mediating activation through GPVI. Studies
with wortmannin and LY294002 suggest that it is not the major catalytic isoform that fulfills
these roles or that other catalytic subunits are able to compensate for its absence.

Materials and methods

Reagents

Collagen (Horm) was purchased from Nycomed (Munich, Germany). Collagen related
peptide (CRP) was prepared as previously described (34, 35). Heparin (25,000 U/ml;
monoparin) was obtained from CP Pharmaceuticals (Wrexham, UK). Rhodamine-
conjugated phalloidin, anti-actin monoclonal antibody, adenosine diphosphate (ADP),
bovine thrombin, phorbol 12-myristate 13-acetate PMA, wortmannin, fatty acid free bovine
serum albumin (BSA) were obtained from Sigma-Aldrich (Poole, UK). Human fibrinogen
depleted of plasminogen, VWF and fibronectin was obtained from Enzyme Research
Laboratories (Swansea, UK). LY294002 was obtained from Merck Biosciences Ltd.
(Nottingham, UK). DAMI and HEL human megakaryocytic cell lines were obtained from
the American Type Culture Collection (Manassas, VA, USA). RPMI, fetal bovine serum,
glutamine, penicillin, and streptomycin were obtained from Gibco-Invitrogen Corporation
(Paisley, UK). The allbp3 antagonist lotrafiban was a gift from GlaxoSmithKline (King of
Prussia, PA, USA). Anti-p110p rabbit polyclonal antibody was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-p110a and anti-p11086 rabbit polyclonal
antibodies, recombinant bovine p110a, human p110p and human p1108 originated from the
BV laboratory (Ludwig Institute for Cancer Research, London, UK) (20, 36). Anti-
phosphotyrosine monoclonal antibody (4G10) was obtained from Upstate Biotechnology
Incorporated (Lake Placid, NY, USA). Anti-PLCvy2 and anti-Btk polyclonal antibodies were
kindly supplied by Dr. Mike Tomlinson (formerly of DNAX, Palo Alto, CA, USA; presently
at The Medical School, University of Birmingham, Birmingham, UK). Other reagents were
from previously described sources (4, 37).
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p11067 (mixed 129Sv/C57BL6J strain) and p1106P910A/DII0A (hackcrossed onto C57BL/6
strain for 10 generations) mice were generated as previously described (38, 39). All mice
used in this study were 8-12 weeks of age. Age and sex matched wild-type (wt) mice were
used as controls in all experiments. First generation (F1) mice from C57BL/6 x CBA/Ca
breedings were used as controls with p11087- mice. Wild-type littermate mice from
p1108P910A/+ x n1108P910A hreedings were used as controls with the p1105P910A/DI10A
mice.

Blood collection and preparation of platelets

Blood was collected from mice by cardiac puncture following carbon dioxide asphyxiation
and platelets were prepared as previously described (40). Platelets were resuspended in
modified Tyrode’s-HEPES buffer pH 7.3 (134 nM NaCl, 2.9 mM KCI, 20 mM HEPES, 12
mM NaHCO3, 1 mM MgCl,, 5 mM glucose) to a final concentration of 2 x 108/mL for
aggregation studies and 5 x 108/mL in modified Tyrode’s-HEPES buffer containing 1 mM
ethyleneglycotetraacetic acid (EGTA) and 10 .M indomethacin for biochemical analysis.

Aggregation analysis

Stimulation of platelets with various concentrations of CRP, 1 oM ADP and 30 nM PMA
was performed in an Born optical aggregometer (Chrono-Log, Havertown, PA, USA) with
continuous stirring at 1200 rpm at 37°C. For inhibitor studies, platelets were treated with
LY 294002 for 10 min or 10 M lotrafiban for 5 min at room temperature prior to
stimulation with CRP.

Cell culture and preparation of soluble cell lysates

Both DAMI and HEL cells were cultured in RPMI containing 10% fetal bovine serum, 2
mM glutamine, 100 U/ml penicillin and 10 pg/ml streptomycin in a humidified incubator at
37°C and 5% CO,. Cells were maintained at an exponential phase of growth. Cells in
suspension were resuspended to 1 x 10%/ml in Tyrode’s-HEPES buffer pH 7.3 and lysed
with an equal volume of ice-cold lysis buffer (2% NP-40, 300 mM NaCl, 20 mM Tris, 10
mM ethylenediaminetetraacetic acid [EDTA], 2 mM NagV04, 1 MM AEBSF, 10 pg/mL
leupeptin, 10 pwg/ml aprotinin, and 1 pg/ml pepstatin A, pH 7.4).

Immunoprecipitations and immunoblotting

Platelets were stimulated with 10 pg/ml CRP for 2 min at 37°C with stirring at 1200 rpm.
For inhibitor studies, platelets were treated with 25 uM LY294002 for 10 min at room
temperature prior to stimulation with CRP. Platelets were then lysed with an equal volume
of ice-cold lysis buffer. Cell lysates were precleared with protein A-Sepharose for 30 min at
4°C prior to immunoprecipitations. Sepharose beads and cell debris were removed by
centrifugation for 5 min at 13,000 x g at 4°C. Supernatants were collected and PLCy2 and
Btk were immunoprecipitated with the appropriate antibodies. Soluble cell lysates and
immunoprecipitates were resolved on 10% sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels, transferred to polyvinylidene difluoride (PVDF)
membranes using a semi-dry transfer system (Trans-blot SD, BioRad Laboratories,
Hertfordshire, UK) and immunoblotted. Proteins were detected by incubating membranes
with enhanced chemiluminescence reagents (Amersham Biosciences, Bucks, UK) or
SuperSignal West Femto maximum sensitivity substrate (Pierce, Rockford, IL) followed by
exposure to hyperfilm MP (Amersham Biosciences, Buckinghamshire, UK).
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Platelet adhesion and spreading under static conditions

Platelets (3 x 107/mL) were allowed to sediment on to glass coverslips coated with either
200 pg/ml fibrinogen or 100 pg/ml collagen and blocked with 1% fatty acid free BSA for 1
h at room temperature. Platelets were allowed to spread on the different surfaces for 30 min
at 37°C before fixing with 3.7% paraformaldehyde and permeabilized with 0.2% Triton
X-100 in phosphate buffered saline (PBS) (140 mM NaCl, 3 mM KCI, 10 mM NayHPOy, 2
mM KH,PO,4 pH 7.4). Following 2 washes with PBS, the fixed platelets were stained for F-
actin with rhodamin-conjugated phalloidin for 1 h and then washed 3 more times with PBS
before mounting with coverslips and analyzed. Fluorescence was visualized using a Zeiss
Axiovert S100 microscope (Zeiss, Oberkochen, Germany) with a monochromatic light
source and a charge-coupled device (CCD) camera as previously described. Openlab version
3.0 software (Improvision Ltd, Coventry, UK) was used for image capture and subsequent
analysis.

Platelet adhesion under flow conditions

Heparinized whole blood (10 U/mL heparin final concentration) was drawn through 1 x 0.1
mm microslides (Camlab, Cambridge, UK) coated in the presence of either 300 pg/mL
collagen, 200 pg/mL fibrinogen, or a combination of 200 pg/mL fibrinogen and 200 pg/mL
VWEF and blocked with 2% BSA in PBS. Shear rates of 800 s and 1500 s with
corresponding flow rates of 0.08 mL/min and 0.15 mL/min were generated by a syringe
pump (Harvard Apparatus, Southnatick, MA, USA). After 2 min perfusion with whole
blood, modified Tyrodes-HEPES buffer was drawn through the microslides for 8 min at the
same shear rate as the blood. Platelet thrombi that had formed on the different surfaces were
visualised with an inverted stage videomicroscope system (DM IRB, Leica). Percent surface
coverage was quantified using Image-Pro Plus software (Media Cybernetics, Silver Spring,
MD, USA). Subsequently, adherent platelets were lysed with ice-cold lysis buffer (as
described above) and total protein was quantified with a BioRad DC protein kit
(Hertfordshire, UK). Cell lysates were also resolved on 12% SDS-PAGE gels, transferred to
PVDF membranes, and immunoblotted with anti-actin monoclonal antibody.

Analysis of data

All experiments were performed 3-5 times and data shown are means * standard error of the
mean (SEM). Statistical analysis was conducted using Student’s unpaired #test. A Pvalue <
0.05 defined significant differences between test groups.

Results

p110d is expressed in human and mouse platelets

There are contrasting reports on the presence of p1106 catalytic subunit in human and
mouse platelets (19, 20, 24-26). To resolve this issue, we investigated the presence of the Pl
3-kinase isoform in human and mouse platelets, and in human megakaryocyte cell lines by
Western blotting. Recombinant protein and mouse spleen lysates from wt and p11087-
platelets were used as controls. A protein band of the correct molecular weight was observed
in both human and wt mouse platelet samples (Figure 1A) and, significantly, was absent
from platelets and splenocytes from p11067- mice (Figure 1B). As a precaution against the
band being due to leukocyte contamination, platelets were isolated from only the top third of
human platelet rich plasma, while mouse platelets were prepared from both the top and the
bottom thirds of the platelet rich plasma, with similar results being observed in both cases. A
similar size protein was also present at low level in the human megakaryocytic cell lines
DAMI and HEL. The doublet observed in the human platelet lysate (Figure 1A, lane 1) may
represent a splice variant of p11086, a differentially post-translationally modified form of
p1106, or a degradation product. The most likely explanation is that it is a degradation
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fragment as p1108 is a notoriously unstable protein (26). These results show that p1106 is
expressed in both human and mouse platelets. We also detected a weak p110a signal in
human and mouse platelets, whereas a strong band signal was seen for p110p (Figure 1C),
confirming that p110p is a prominent PI 3-kinase catalytic subunit present in platelets.

p110d regulates aggregation to CRP, but not to ADP, thrombin or PMA

Mice lacking p1106 or expressing a catalytically inactive point mutated p1106
(p1106P910A/DI10AY (g not exhibit any overt bleeding disorder and have normal platelet
counts (data not shown). Furthermore, platelets from both mice aggregate normally in
response to low and intermediate concentrations of the G protein-coupled receptor agonist
ADP and to phorbol ester, which activate protein kinase C (Figure 2A). In contrast, both
p11067- and p1108P910A/DIL0A platelets exhibited slower shape change and decreased rate
and amplitude of aggregation in response to a submaximal concentration (0.3 pg/ml) of the
GPVI-specific agonist CRP as exemplified in Figure 2B. A similar set of observations were
made in six experiments performed alongside aged-matched controls (P < 0.05).
Importantly, there were no differences in aggregation between the two sets of wild type
controls used in this study. The defect in onset and rate of aggregation in the p11087" mice
was also seen with intermediate and high concentrations of CRP, but was less pronounced
(Figure 2B). To examine whether the increase in shape change observed in the absence of
functional p1106 was due to the reduction in rate of aggregation, studies were performed in
the presence of the allbp3 antagonist, lotrafiban. Under these conditions, the response to
CRP was reduced, confirming a direct role for p1108 in mediating shape change (Figure
2C). Aggregation induced by collagen was slightly reduced in the absence of functional
p11086, although this effect was lower in magnitude and not statistically significant (data not
shown). The absence of an effect on collagen may reflect a greater reliance on ADP and
thromboxanes, whose response is not affected by the absence of p1108, as well as the fact
that collagen also binds to the integrin a2p1 which modulates GPVI signalling (41).
Maximally-effective concentrations of the general Pl 3-kinase inhibitors LY294002 and
wortmannin had a considerably more powerfully inhibitory action in murine platelets, as
illustrated by the blockade of aggregation to 3 pwg/ml CRP (Figure 2D).

These results demonstrate that p1106 plays a partial role in signalling by GPVI/FcR -y-chain
complex, but not by G protein-coupled receptor agonists. The more pronounced inhibitory
action of LY294002 and wortmannin, however, indicates that it is not the major catalytic
isoform regulating the formation of 3-phosphorylated inositides.

Phosphorylation of PLCy2 and Btk are not reduced in p1108-deficient platelets

To investigate the molecular basis of the aggregation defect observed in p11087 platelets,
we analyzed the phosphorylation status of several of the main signalling molecules
downstream of GPVI/FcR -y-chain. Soluble cell lysates prepared from wt or p11067-
platelets stimulated with CRP in the presence of LY294002 and analyzed for tyrosine
phosphorylation upon stimulation showed the same qualitative and quantitative band
patterns by Western blotting (Figure 3A). These results demonstrate that complete inhibition
of PI 3-kinase does not result in a qualitative change in the overall tyrosine kinase activity in
CRP-induced platelets. Furthermore, immunoprecipitation and densitometric analysis did
not reveal decreases in phosphorylation of PLCy2 and Btk in p11067 platelets in response
to CRP (Figure 3B,C and data not shown). However, a 65% reduction in the tyrosine
phosphorylation status of PLCy2 and a 90% reduction in the tyrosine phosphorylation status
of Btk were observed in CRP-induced wild-type platelets in the presence of LY 294002
(Figure 3B,C). These reductions in phosphorylation in the presence of LY294002 are
consistent with the model in which P1(3,4,5)P3 is required for recruitment of PLCy2 and Btk
to the plasma membrane and that this precedes phosphorylation. The absence of a significant
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decrease in tyrosine phosphorylation of these Pl 3-kinase effector molecules in p1108
deficient platelets in response to CRP suggests that p1106 plays only a minor role in
activation of PLCy2 and Btk in platelets.

Impaired spreading of p110&7 platelets on fibrinogen

In order to investigate the role of p1106 in signalling by fibrinogen, we monitored spreading
on a fibrinogen-coated surface and compared this with spreading on collagen. Platelets were
allowed to adhere and spread for 30 min then fixed and stained with the actin-specific
marker phalloidin labeled with rhodamine. Murine platelets undergo limited spreading on
fibrinogen, forming filopodia and limited lamellipodia. In the presence of ADP, more
extensive spreading is seen together with formation of stress fibers. Spreading of p11087
platelets on fibrinogen was markedly inhibited, although this was restored in the presence of
ADP (Figure 4A and Table 1). In comparison, LY294002 abolished spreading of wt platelets
on fibrinogen both in the absence or presence of ADP, confirming previous reports that Pl 3-
kinase is essential for this response (42). p11087 platelets also exhibited decreased
spreading on VWF in the presence of botrocetin, suggesting that p1106 may also play a role
in signalling downstream of the GP1b-1X-V complex (data not shown). However, this
observation could also be explained by disruption of allbp3 signalling, which is a second
receptor for VWF and is essential for this response (43, 44). p1108" platelets spread
normally on collagen in the absence and presence of ADP (Figure 4B and Table 1), whereas
spreading on collagen was inhibited in murine platelets deficient in the p85a regulatory
subunit of P1 3-kinase or in the presence of LY 294002 or wortmannin (24).

These results demonstrate a partial role for p1106 in mediating spreading by the integrin
allbp3 and possibly also by the GPIb-1X-V complex. However, this role is overcome in the
presence of ADP, which activates the p110+y catalytic isoform. On the other hand, a role of
p1106 in mediating spreading on collagen was not observed, possibly because activation of
P1 3-kinase is not rate limiting in response to high concentrations of ligand (see Discussion).

Adhesion and aggregate formation of p1108” platelets at an intermediate rate of shear

The ability of p11067 platelets in whole blood to adhere to different surfaces at an
intermediate rate of shear was investigated. The results were compared to the effect of the
general inhibitor of P1 3-kinase, LY294002. In these experiments, a three fold higher
concentration of LY?294002 was used relative to studies in washed platelets, because of
extensive binding of the inhibitor to plasma proteins. Aggregation studies in plasma
demonstrated that a three fold higher concentration of LY294002 caused the same blockade
of aggregation to CRP as seen in washed platelets.

Heparinized whole blood was collected from mice and flowed through microslides coated
with collagen, fibrinogen, or a combination of VWF and fibrinogen for 2 min at 800 s or
1500 s'1. Blood was rinsed from microslides and adherent platelet aggregates were
visualized by phase-contrast microscopy. Adhesion and aggregate formation in p1108-
platelets on collagen was similar to that seen in wild type cells, both in terms of aggregate
morphology and volume (Figure 5A). This was confirmed by analysis of surface coverage
(not shown), protein tyrosine phosphorylation and quantitation of protein levels by blotting
for actin (Figure 5B). In comparison, aggregate formation on a collagen-coated surface was
significantly inhibited in the presence of LY294002, demonstrating that Pl 3-kinase is
necessary for platelet aggregation at an intermediate rate of flow (Figure 5C), as previously
shown (45). Platelet adhesion on surfaces coated with VWF, or VWF and fibrinogen was
unaltered for p11067- platelets or in the presence of LY294002. Neither of these surfaces
supported aggregate formation under the conditions used. The present results demonstrate
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that p1106 plays a negligible role in supporting adhesion and aggregate formation at an
intermediate/high rate of flow on a variety of surfaces.

Discussion

The primary aim of this study was to investigate the role of the PI 3-kinase catalytic subunit
p1106 in platelet function. p1108 was shown to be expressed in human megakaryocytic cell
lines, and in human and mouse platelets. Functionally, p1106 plays a minor role in
signalling downstream of the GPVI/FcR y-chain complex, allbp3 and possibly GPIb-1X-V.
In contrast, wt platelets pretreated with the general PI 3-kinase inhibitor LY294002 and
p85a-deficient platelets show more severe activation defects (24). These results demonstrate
that one of the other isoforms of Class IA catalytic subunits of Pl 3-kinase, most notably
p110B, which is expressed in high levels in platelets, appear to be more important in
regulating platelet function than p1108. Confirmation of this is hampered by the fact that
targeted ablation of either p110a. or p110p catalytic subunits results in embryonic lethality
(30, 31).

Binding of collagen or CRP to GPVI activates a tyrosine kinase-based signalling cascade
that can be considered as a “hybrid” of the B and T cell receptor (BCR and TCR,
respectively) signalling pathways (46). ITAM domains present in the cytoplasmic tails of all
three receptors become tyrosine phoshorylated by Src family kinases and act as docking
sites for the tyrosine kinase Syk, which goes on to phosphorylate a variety of effector
molecules. Two critical events common to signalling downstream of BCR, TCR, and GPVI
receptors are activation of PLC+y and class 1A Pl 3-kinases. Platelets lacking PLC-y2 show
decreased Ca2* mobilization, secretion, aggregation, adhesion, and aggregate formation
under flow in response to collagen or CRP (9). PLCy2" platelets also exhibited impaired
spreading on fibrinogen (10). Inhibition of PI 3-kinases with pharmacologic inhibitors or
through deletion of the p85a class IA regulatory subunit causes similar, but less severe
decreases in responsiveness to those observed in the absence of PLCy2, consistent with the
observation that Pl 3-kinases function lies upstream of PLC-y2 (11, 24, 47, 48).

The p1108 isoform of Pl 3-kinase has recently been shown to play a non-redundant role in B
cell development and function (38, 39, 49). Knockout mouse models of p1106 generated by
two separate groups using different gene-targeting strategies exhibited severely impaired
BCR signalling function (38, 49). p1108& function was shown to be essential for BCR-
mediated Ca2* flux, and activation of PLCy2, Btk, and PKB. The bulk of PI 3,4,5P3
production downstream of the BCR was due to p1106 activity rather than p110a and p110p,
which were expressed at normal levels in the absence of p1106.

Reduced spreading of p11087 platelets on fibrinogen suggests that p1108 is also involved
in outside-in signalling from allbp3. Vav family of GDP/GTP exchange factors and PLC~y2
are regulated by PI 3-kinase and are implicated in mediating spreading by allbp3 as
discussed in the introduction (10, 15, 16, 50). The observation that spreading of p11067-
platelets on collagen was unaltered, however, was unexpected, in view of the defect in
spreading in p85a”'" platelets (24) and the impairment in aggregation observed in p1106-
platelets. This suggests that activation of p1108 is not rate-limiting for this response. This
possibility is supported by the observation that the spreading defect displayed by p110&7-
platelets on fibrinogen was overcome by pretreating platelets with ADP, which activates the
class IB PI 3-kinase catalytic subunit p110+y via the Gi-coupled receptor, P2Y 15 (25). This
indicates that under conditions of strong Pl 3-kinase activation, the isoform of Pl 3-kinase,
which provides 3-phosphorylated lipids is not critical. The lack of a bleeding defect in the
p11067- mice and normal aggregate formation ex vivo on various surfaces is probably due
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to activation of p110y and p110p isoforms by ECM proteins and by release of ADP, which
activates p110vy.

The present observations suggest a minor role for p1108 in supporting mouse platelet
activation in comparison to the more profound reduction seen in the presence of LY 294002
or wortmannin in CRP-stimulated human platelets. It is unclear whether the relatively minor
role of p1106 is due to a low level of expression relative to other isoforms, notably p110p,
or because of redundancy between isoforms. In this context, it is of future interest to
compare the present results to those induced by ablation of the other two catalytic subunits,
p110a and p110p, as well as in platelets deficient in any two or all three of these isoforms.
In this context, it is noteworthy, for example, to compare the minor phenotype of Tec-
deficient platelets (40), with the more pronounced role that is seen in the absence of Btk, or
the negligible phenotypes of Vavl and Vav3 deficient platelets with that seen in the absence
of both GDP/GTP exchange factors (16).

In conclusion, we have demonstrated expression of p1108 in human megakaryocytic cell
lines and in both human and mouse platelets. We have also shown that p1106 plays a partial
role in platelet aggregation and spreading. The small contribution of p1108 to platelet
function may be due to a low level of expression in platelets relative to other isoforms,
notably p110p, although redundancy may also be an important factor.
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Figure 1.

p1108 is expressed in human megakaryocytic cell lines and human and mouse platelets.
Soluble cell lysates were prepared of human and mouse platelets, and DAMI and HEL
human megakaryocytic cell lines as outlined in Materials and Methods. Lysates were
resolved on 10% SDS-PAGE gels then Western blotted as indicated. (A) Human platelets
were prepared from the top third of the platelet rich plasma (PRP). Mouse platelets
(m.platelets) were prepared from the top third (top) and bottom (bottom) third of the PRP.
This was done to demonstrate that the signal was not the result of leukocyte contamination
from the buffy coat. Lysates were Western blotted with an anti-p1108 rabbit polyclonal
antibody (p1108) directed against the C-terminal end of the protein. Recombinant human
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p1108 (rec p1108) was run in the outside lane as a positive control. (B) Lysates of washed
platelets and splenocytes prepared from wt and p1108-deficient (p11067-) mice were
Western blotted with anti-p1106 rabbit polyclonal antibody. The membrane was stripped
and reprobed with an anti-actin monoclonal antibody (actin). (C) Human and mouse platelet
lysates were Western blotted with either anti-p110a (p110a) or anti-p110p (p110p) rabbit
polyclonal antibodies. Recombinant human p110a (rec p110a) and p110p (rec p110p) were
included as positive controls. Results are representative of three experiments.
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Figure2.

Platelet aggregation responses to various agonists. (A) Washed wt and p11067" platelets (2 x
108/ml) were induced to aggregate with either 1 uM ADP or 30 nM PMA. The extent of
aggregation (percent aggregation) was measured as a change in optical density as a function
of time. (B) Platelets from wt, p110&7" and p1106P910A/DI10A mjce were stimulated with
different concentrations of collagen related peptide (CRP) and platelet aggregation was
recorded. (C) Platelets from wt and p11087- mice were pretreated with 10 LM of the a.llbp3
antagonist lotrafiban prior to stimulation with 0.3 ug/ml CRP. (D) Mouse platelets were
pretreated with either 0.1% DMSO (control), 25 uM LY 294002 or 100 nM wortmannin
prior to stimulation with 3 pg/ml CRP. Wild-type platelets were from F1 offspring from
C57BL/6 x CBA/Ca breedings. Results are representative of six experiments.
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Tyrosine phosphorylation of PLCy2 and Btk is not reduced in CRP stimulated p11067
platelets. Washed platelets (5 x 108/ml) from wt and p11087" mice were treated with either
0.1% DMSO (basal) or 25 .M LY 294002 prior to stimulation with 10 pwg/ml CRP for 2 min
at 37°C under constant mixing. (A) Soluble cell lysates were resolved on 10% SDS-PAGE
gels under reducing conditions then Western blotted (blot) with anti-phosphotyrosine (pY)
monoclonal antibody. (B,C) PLCy2 and Btk were immunoprecipitated (IP) and Western
blotted with pY. Membranes were stripped and reprobed with either anti-PLCy2 (PLCy2)
or anti-Btk (Btk) rabbit polyclonal antibodies. Results are representative of three

experiments.
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Figure 4.

Static adhesion and spreading of platelets on fibrinogen and collagen. Washed wt and
p11087 platelets (3 x 107/ml) were placed on slides coated with either 200 pg/ml
fibrinogen (A) or 100 pg/ml fibrillar collagen (B) for 30 min at 37°C under static conditions.
Some platelets were activated with 100 M ADP prior to placement on the surfaces,
whereas others were treated with 25 M LY294002. Platelets were fixed, permeabilized,
and stained for F-actin with rhodamine-phalloidin. Results are representative of 3-5
experiments.
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Figure5.

p11067" platelets adhere and aggregate normally to collagen, fibrinogen, and VWF under
intermediate flow conditions. (A) Heparinized blood from wt and p11087- mice was flowed
through microslides coated overnight in the presence of 300 g/ml fibrillar collagen (col),
200 pg/ml fibrinogen (fib), or a mixture of 200 pg/ml VWF and 200 pg/ml fibrinogen
(VWEF + fib) at 800 s'1 and 1500 s°1 for 2 minutes. (B) Adherent platelets from (A) were
lysed with 1% NP-40; proteins were resolved on 10% SDS-PAGE gels under reducing
conditions and Western blotted with anti-phosphotyrosine (pY) monoclonal antibody.
Membranes were stripped and reprobed with anti-actin (actin) monoclonal antibody. (C)
Heparinized blood from wt mice was pretreated with 75 M LY 294002 for 5 min prior to
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being flowed through microslides coated with 300 pg/ml fibrillar collagen at 800 s for 2

minutes. Adherent platelets were lysed and Western blotted with actin. Results are
reprentative of three experiments.
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