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THROMBOSIS AND HEMOSTASIS

A potential role for a-actinin in inside-out oIIbf33 signaling
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Many different biochemical signaling
pathways regulate integrin activation
through the integrin cytoplasmic tail. Here,
we describe a new role for «-actinin in
inside-out integrin activation. In resting
human platelets, a-actinin was associ-
ated with «llbg3, whereas inside-out sig-
naling («llbg3 activation signals) from
protease-activated receptors (PARs)
dephosphorylated and dissociated -
actinin from ollbp3. We evaluated the
time-dependent changes of the allb3
activation state by measuring PAC-1 bind-
ing velocity. The initial velocity analysis

clearly showed that PAR1-activating
peptide stimulation induced only tran-
sient «llb3 activation, whereas PAR4-
activating peptide induced long-lasting
allbB3 activation. When «llb§3 activation
signaling dwindled, «-actinin became re-
phosphorylated and reassociated with
allbB3. Compared with control platelets,
the dissociation of a-actinin from «llbg3
was only transient in PAR4-stimulated
P2Y,,-deficient platelets in which the
sustained allbp3 activation was markedly
impaired. Overexpression of wild-type
o-actinin, but not the mutant Y12F o-

actinin, increased its binding to «llbp3
and inhibited PAR1-induced initial allbg3
activation in the human megakaryoblas-
tic cell line, CMK. In contrast, knockdown
of «-actinin augmented PAR-induced
allb3 activation in CMK. These observa-
tions suggest that a-actinin might play a
potential role in setting integrins to a
default low-affinity ligand-binding state in
resting platelets and regulating «llbg3
activation by inside-out signaling. (Blood.
2011;117(1):250-258)

Introduction

Integrins and their ligands play key roles in development, immune
responses, leukocyte traffic, hemostasis, and cancer and are at the
core of numerous humin diseases.! Many integrins are expressed
with their extracellular domains in a default low-affinity ligand-
binding state. The main platelet integrin, oIIbB3, also known as
GPIIb/IIIa, is present at a high density on circulating platelets. It is
inactive on circulating platelets; if it were not, platelets would bind
their main ligand, fibrinogen, from the plasma and aggregate,
leading to thrombosis. This inactivation is important for the
biologic function of integrins, as is most evident from assessments
of their status on circulating blood cells. However, the molecular
mechanisms of their being set to an inactive, low-affinity state
remain unknown.

High-atfinity ligand binding requires activation of integrins
through conformational changes regulated by inside-out signaling.?
Integrin cytoplasmic domains play a pivotal role in integrin
signaling because the cytoplasmic tails of the integrin o and B
subunits are directly accessible to the intracellular signaling
apparatus, namely the integrin activation complex (IAC).> More-
over, ligand binding to the integrin induces outside-in signaling that
leads to integrin clustering and subsequent recruitment of actin
filaments to the integrin cytoplasmic domain. From the perspective
that this recruitment occurs by a complex of interacting cytoskel-
etal proteins, many studies have focused on the components of the
IAC, including talin, kindlin, filamin. and o-actinin. The binding of
talin to the integrin § subunit cytoplasmic tail is a common final
step in the activation process.** Kindlins bind to the more

C-terminal of the NPxY muotifs in B-integrin tails and modulate
integrin activation.*!" Filamin binding to B integrin cytoplasmic
tails is competitive with that of talin.'> Although these studies
suggest a model in which multiple proteins jockey for position on
the B integrin tail, how cells orchestrate the process remains less
well understood.

a-Actinin plays multiple important roles in the cell.'>!4 It links
the cytoskeleton to different transmembrane proteins in a variety of
junctions, regulates activity of several receptors, and serves as a
scaffold connecting the cytoskeleton to diverse signaling pathways.
o-Actinin binds to the B integrin cytoplasmic tail,!>'6 and recent
studies have shown that the interaction between o-actinin and the
integrin B2 tail modulates integrin affinity,'”'* For regulating
o-actinin function, 4 main mechanisms have been identified to
date: processing by proteases, binding to phosphatidylinositol
intermediaries, phosphorylation by tyrosine kinases, and binding to
calcium. For tyrosine phosphorylation regulation, a second wave of
protein tyrosine phosphorylation that is strictly dependent on both
ligand binding to allbB3 and cytoskeleton organization was
observed in platelets stimulated by thrombin, phorbol myristate
acetate, or immobilized fibrinogen.!® Platelet adhesion and spread-
ing on fibrinogen, mediated by the integrin «lIbB3, trigger a robust
and sustained phosphorylation of focal adhesion kinase and
o-actinin by outside-in signaling.??' Focal adhesion kinase phos-
phorylates «-actinin, which lowers its affinity for actin.22 Dephos-
phorylation of «-actinin is regulated by the protein tyrosine
phosphatase (PTP) SHP-1 (also named PTP1C, SHPTP-1, SHP,
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HCP, and PTPN6),2 a main PTP expressed in platelets. Although
the regulation of a-actinin by outside-in signaling has been well
characterized, its role in inside-out signaling remains to be
determined.

Here, we show that a-actinin is associated with resting aIIb3
in platelets. Inside-out signaling from thrombin receptors, protease-
activated receptor 1 (PAR1) and PAR4, dephosphorylated and
dissociated «-actinin from ofIbB3. Protease-activated receptor
l-activating peptide (PAR1-AP) and PAR4-AP induce transient
and sustained alIbB3 activation, respectively. When the olIbB3
activation signaling dwindled, a-actinin reassociated with oIIbB33
on rephosphorylation. Our observations suggest an emergent
picture of a-actinin as having arole in keeping integrins in a default
low-affinity ligand-binding state and regulating integrin activation.

Methods

Preparation of human platelets

Platelets were taken from healthy donors as approved by the institutional
review board of Osaka University and were prepared as described
previously?* with some moditications. In brief, venous blood was obtained
from volunteers with acid citrate dextrose solution (National Institute of
Health formula A) as an anticoagulant, used at a 1:6 vol/vol ratio.
Platelet-rich plasma was obtained by centrifugation at 250g for 10 minutes.
After incubation with 0.5uM prostaglandin E,; for 15 minutes, platelets
were isolated by centrifugation of the platelet-rich plasma at 750g for
10 minutes. The pellet was washed twice with PIPES (Piperazine-1.4-bis(2-
ethanesulfonic acid)) saline buffer (0.15M NaCl, 20mM PIPES, pH 6.5).
The washed platelets were resuspended in Walsh buffer (137mM NaCl.
2.7mM KCL ImM MgCl;, 3.3mM NaH,PO4, 3.8mM HEPES [N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid], 0.1% glucose, 0.1% bovine
serum albuinin [BSA], pH 7.4) to a density of 4 X 107 platelets/mL and allowed
to sit for 30 minutes before use.

Antibodies

The monoclonal anti~a-actinin antibody (BM-75.2) and anti—talin antibody
(8d4) were purchased from Sigma-Aldrich. The monoclonal anti—o-actinin
antibody (H-2) and horseradish peroxidase (HRP)—conjugated anti-mouse
immunoglobulin M (IgM) were purchased from Santa Cruz Biotechnology.
Anti—vasodilator-stimulated phosphoprotein {VASP) monoclonal antibody
(IE273) was purchased from ImmunoGlobe. The antiphosphotyrosine
(4G 10) antibody and anti-phospho-VASP-Ser239 (16C2) were purchased
from Upstate Cell Signaling Solutions. PAC-1, the monoclonal, ligand-
mimetic, ollbp3-specitic antibody that binds specifically to activated
allbB3, the allophycocyanin-conjugated monoclonal anti-CD25 antibody,
allophycocyanin-conjugated anti-CD42b antibody, and phycoerythrin-
conjugated anti-CD42b antibody were purchased from BD Biosciences.
peridinin chlorophyll protein complex—cyanine 5.5 (PerCP-Cy5.5)-
conjugated anti-CD25 antibody was purchased from eBioscience. The
polyclonal anti-aI1b@3 antibody was a gift from Dr Thomas J. Kunicki (The
Scripps Research Institute), and the monoclonal anti-allbR3 antibody that
activates allbf3, PT25-2.2% was a gift from Drs. Makoto Handa and Yasuo
Tkeda (Keio University). HRP-conjugated secondary antibodies, anti-
mouse 1gG (H+L), and anti-rabbit 1gG (H+L) were purchased from Cell
Signaling Technology. Fluorescein isothiocyanate (FITC)- or phycoerythrin-
conjugated anti-mouse IgM () was purchased from Caltag Laboratories.

Chemicals

PARI1-AP (SFLLRN), thrombin, and prostaglandin E; were purchased from
Sigma-Aldrich. PAR4-AP (AYPGKF) was purchased from GenixTalk.
AR-C69931MX, a P2Y j;-specific antagonist, was a gift from Astra-Zeneca.
FK633, an odIbp3-specitic antagonist,2® was a gift from Astellas Pharma
Inc. Protein phosphatase inhibitor-1 (PTPI-1) was purchased from
Calbiochem.
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Immunoprecipitation

Aliquots of washed platelets (4 X 108/mL) were incubated with PARI-AP
(25uM), PAR4-AP (150uM), or thrombin (0.2 U/mL) at room temperature.
Reactions were stopped by lysis of platelets with an equal volume
of 2 X neutral detergent lysis buffer (1SmM HEPES, 150mM NaCl.
2% [vol/vol] Triton X-100, 10mM EGTA [ethylene glycol tetraacetic acid],
and ImM Na;VOy, pH 7.4, plus complete protease inhibitors purchased
from Roche Applied Science). Insoluble debris was cleared from the lysate
by centrifugation at 13000g for 4 minutes at 4°C. Supernatants were
precleared with protein G-sepharose (GE Healthcare) for 1 hour. Precleared
lysates were added to the newly prepared protein G with 1 pg of antibody
and incubated at 4°C with constant rotation. Immunoprecipitates were
washed 3 times, and proteins were eluted from the beads by incubation of
the immunoprecipitates with 20 L of 3 X sodium dodecylsulfate (SDS)
sample buffer (62.5mM Tris [tris(hydroxymethyl)aminomethane], pH 6.8,
25% [vol/vol] glycerol, 2% [vol/vol] SDS, 5SmM 2-mercaptoethanol, and
0.01% bromophenol blue) at 96°C for 5 minutes.

Electropharesis of proteins and immunoblotting

Proteins were separated by continuous SDS—polyacrylamide gel electro-
photesis on 4%-20% gels and electrophoretically transferred to Immo-
bilon-P phenylmethlsulfonyl fluoride membranes (Millipore). Membranes
were blocked by incubation with 2% (wt/vol) BSA in TBST (150mM NaCl,
50mM Tris, and 0.1% [vol/vol} Tween 20, pH 7.4). Primary antibodies were
diluted in 2% (wt/vol) BSA in TBST. After incubation with primary
antibodies, membranes were washed with TBST and incubated with
HRP-conjugated secondary antibodies for 1hour at room temperature.
After further washing of the membrane, signals were detected by enhanced
chemiluminescence. When necessary, membranes were immersed in Re-
store Western blot stripping buffer (Pierce Chemical) and incubated at room
temperature for 30 minutes before extensive washing and reprobing with
the appropriate antibody.

Cell culture, plasmids, and transfections

Mammalian expression plasmids, including pcDNA/a-actinin, were a gift
from Dr Beatrice Haimovich (University of Medicine and Dentistry of New
Jersey). The mutant w«-actinin carrying a phenylalanine at position
12 (Y12F) was generated as described.Z? CMK cells were maintained in
culture as described previously.?” Ribavirin was not used in this study.
The plasmid encoding the extracellular and transmembrane dormains of
the Tac subunit of the human interleukin-2 receptor was generated as
described.?® Nucleofection was performed with Nucleofector 11 (Amaxa
Biosystems) according to the manufacturer’s instructions. CMK cells
were nucleofected with [0 pg/cuvette Tac subunit of the human
interleukin-2 receptor-encoding plasmid and 20 pg/cuvette a-actinin—
encoding plasmid. Cells were analyzed 20 hours after nucleofection.
The short hairpin RNAs (shRNAs) lentiviral particules were generated
as described. 5'-GGAAGCCAGGCATGTGGTTCTGATCATTGG
AAGCTTGCGATGATTAGGACTACATGCCTGTCTTCCTTTTTT-3’
and  5’-GGCCAGCTTCTCGTAGTCTTCCATAAGCTGAAGCTT
GAGCTTATGGAGGATTATGAGAAGCTGGCTTTTTTT-3' oligonu-
cleotide sequences were used 1o construct control and a-actinin ShRNA,
respectively. The a-actinin shRNA sequence chosen is specific for
human «-actinin-1 and is 82% conserved in the human a-actinin-4
nucleotide sequence. ShRNA viral vectors were produced by cloning the
siRNA cassette into the FGI2 lentiviral transgene vector in which
DsRed2 was substituted for enhanced green fluorescent protein. In
plasmids encoding wild-type or mutant a-actinin, 3 silence mutations
were generated to prevent annealing with the a-actinin shRNA.

Flow cytometry and platelet aggregometry

Aliquots of washed platelets and FITC-PAC-1 were incubated with
PARI-AP (25nM), PAR4-AP (15011.M), or thrombin (0.2 U/mL) at room
temperature for various times. Binding of PAC-1 to platelets or CMK cells
was assessed by flow cytometry with the use of FACSCalibur (Becton
Dickinson).?® The initial velocity of bound PAC-1 was analyzed as
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Figure 1. Dynamic changes in the interaction be-
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described.™ In brief, washed platelets were mixed with PAR-AP at time
“zero.” At different time points from 2 minutes to 20 minutes, 20 wL of
FITC-PAC-1 was added, and 30 seconds after the addition of PAC-1,
50 pL of platelet suspension was diluted into Walsh buffer, and bound
PAC-1 was measured by flow cytometry. PARI-AP-induced PAC-I
binding to CMK cells was analyzed on a gated subset of live (propidium
iodide negative) differentiated (strongly CD42b*) transfected (strongly
CD25" or DsRed2") cells. Specific binding was assessed as total binding
minus binding in the presence of 10uM FK633. Intracellular o-actinin
expression was assessed by flow cytometry as previously described. In
brief, CMK cells were tixed with 0.5% paraformaldehyde, permeabilized
with 0.05% saponin, and incubated for 30 minutes at room temperature
with anti-a-actinin monoclonal antibody. After washing, the cells were
incubated another 30 minutes with FITC-conjugated goat anti—-mouse IgM.
Cells were washed and resuspended in 500 pL of phosphate-buffered saline
then analyzed by flow cytometry.

Presentation of data

Data are presented as mean * SEM of = 3 individual experiments from
different blood donors. Analysis of statistical significance was performed

20 (min)

with Student paired 7 tests, and differences were considered significant
when P < .05. Immunoblots shown are representatives of 3 different
experiments and were analyzed by scanning densitometry and quantified
with ImageJ Version 1.40g (National Institutes of Health).

Results

Dynamic changes in the interaction between ollbg3 and
a-actinin in platelets

Human washed platelets were stimulated with 25uM PAR1-AP
under nonstirring conditions for = 20 minutes to explore the role
of o-actinin in inside-out signaling. Immunoprecipitation with
polyclonal anti-alIbB3 followed by immunoblotting with anti—
o-actinin showed that, in resting platelets, a-actinin was already
associated with resting alIbB3 (Figure 1A). When platelets were
stimulated with PAR1-AP, a-actinin was dissociated from allbB3.
Some actin-binding proteins moved to the Triton X-100-insoluble
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Figure 2. Kinetics of tyrosine phosphorylation of
a-actinin during platelet activation and Inhibition of A —~ 150 —— PARIAP
SHP-1 by PTPI-1. Washed human platelets were stimu- P Phosphotyrostne 5 ; =
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ning densitometry and were quantified with ImageJ. ._?_:
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fraction from the Triton X-100-soluble fraction in response to
platelet activation; however, the amounts of o-actinin, talin, and
allbB3 in the Triton X-100-soluble fraction of PARI-AP—
activated platelets were similar to those of resting platelets under
our experimental conditions. This finding suggests that the dissocia-
tion was not the result of the translocation of w-actinin into the
Triton X-100-insoluble fraction. This dissociation remained unaf-
fected even in the presence of 10uM of the allbB3-specific
peptidomimetic antagonist FK633, suggesting that the dissociation
is independent of alIbfB3-mediated outside-in signaling (data not
shown). Interestingly, a-actinin rebound to olIbB3 at 20 minutes
after PAR1-AP stimulation.

To clarify the physiologic relevance of the o-actinin dissocia-
tion to olIbB3 activation, we measured the amounts of PAC-1
binding after PAR1-AP or PAR4-AP stimulation. FITC-PAC-1 was
incubated with activated platelets for 2 minutes, 5 minutes, and
20 minutes. Under PAR4-AP stimulation, the levels of PAC-1
binding increased as the incubation time extended. However, with
PAR1-AP stimulation, the level of PAC-1 binding for a 20-minute
incubation was similar to (or even lower than) that for a 5-minute
incubation, suggesting that the number of activated alIbB3 mol-
ecules decreased at 20 minutes after PAR1-AP stimulation (supple-
mental Figure 1A, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).

To evaluate more precisely the dynamic changes in the alIbB3
activation state, we performed initial velocity analysis for PAC-1
binding that has recently been developed.® In brief, FITC-PAC-1
was added to the activated platelets at the indicated time points
after stimulation and incubated for only 30 seconds to obtain the
PAC-1 binding velocity at the time points in question. The velocity
of PAC-1 binding reflects the relative numbers of activated alIbB3
at those time points. PAC-1 binding was normalized for integrin
expression levels. This initial velocity analysis clearly showed that
PARI stimulation induced only transient aIIb3 activation, whereas
PAR4 induced long-lasting allbB3 activation (Figure 1B). More-
over, we assessed granule secretion and calcium mobilization
under these conditions. These agonists induced different kinetics in

CD62P expression and intracellular calcium mobilization, as
detected by Fluo3-AM fluorescence (Figure 1C-D). These charac-
teristics are consistent with the observed transient and sustained
olIbB3 activation induced by PARI-AP and PAR4-AP, respec-
tively (Figure 1E). These data suggest that the dissociation of
a-actinin may be related to adIbB3 activation.

Tyrosine phosphorylation of a-actinin regulates the interaction
between «-actinin and allb3 in platelets

Because the a-actinin function appears to be regulated, in part, by
tyrosine phosphorylation, we then examined the tyrosine phosphor-
ylation state of a-actinin. The tyrosine-phosphorylated a-actinin
was detectable as a faint band by immunoprecipitation with
a-actinin antibody (BM-75.2 or H-2) followed by immunoblotting
with 4G10 (supplemental Figure 1B). Accordingly, we modified
our methods, and the platelet lysate was first subjected to immuno-
precipitation with monoclonal antibody 4G10, followed by immu-
noblotting with anti-o-actinin antibody. In resting platelets, the
anti—c-actinin antibody recognized the single 105-kDa protein
(Figure 2A; supplemental Figure 1C). When stimulated with
PARI-AP, a-actinin was rapidly dephosphorylated. Although we
have not excluded that this band was coprecipitated «-actinin with
phosphoproteins, the phosphorylation profiles of immunoprecipi-
tated a-actinin were almost the same as the faint band at 105 kDa in
supplemental Figure 1B, suggesting that o-actinin itself was
phosphorylated. a-Actinin was rephosphorylated at 20 minutes
after PAR1-AP stimulation, whereas PAR4-AP induced sustained
dephosphorylation of «-actinin. In addition to these agonists, we
also examined adenosine diphosphate (ADP) and U46619-induced
allbB3 activation (supplemental Figure 2). ADP and U46619
induced transient and sustained olIbB3 activation, respectively.
Again, a-actinin dissociation and de-phosphorylation induced by
ADP and U46619 were transient and sustained, respectively. Thus,
the kinetics of a-actinin phosphorylation seemed to synchronize
with its interaction with alIbB3 (Figures 1E,2A).
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Figure 3. Changes in a-actinin phosphorylation and
£ B |P Phosphotyrosine its interaction with allbB3 In platelets from patients
Blot cz-actinin with Glanzmann thrombasthenia or P2Y,, deficiency.
(A) Platelet lysates from patients with Glanzmann throm-
o ,; & PAR1-AP PAR4-AP basthenia or patients with P2Yy, deficiency were sub-
Blot 0& \@Q 'f}\ jected to SDS-polyacrylamide gel electrophoresis and
< & Q ‘___- -—-— - - immunoblotted with anti-allbp3 antibody or anti—
Control a-actinin antibody. (B) Washed platelets were stimulated
alibf3 | - with PAR1-AP (25,.M) or PAR4-AP (150,.M) for the time
/ indicated. Tyrosine-phosphorylated proteins were immu-
o allbp3™” st AT - noprecipitated then immunoblotted with anti—a-actinin
-actinin | eense—"" antibody. (C) Washed normal platelets were stimulated
with PAR4-AP (150pM) for the time indicated after
P2Y12'/' incubation with AR-C69931MX (1uM) for 2 minutes.
allbB3 was immunoprecipitated then immunoblotted with
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C indicated after incubation with AR-C69931MX (1uM) for
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It has been shown that the PTP SHP-1 regulates the dephosphor-
ylation of a-actinin.?* To examine whether dephosphorylation of
a-actinin regulates the dissociation of a-actinin from oIIbB3 and
integrin activation, we examined the effects of PTPI-1, a specific
inhibitor of SHP-1°! and PTPI1B. Figure 2B shows that PTPI-1
inhibited the dephosphorylation of a-actinin. In addition, PTPI-1
markedly inhibited the activation of oIIbB3 as well as the
dissociation of a-actinin (Figure 2C). These results suggest that
tyrosine phosphorylation of o-actinin regulates the interaction
between o-actinin and alIbB3.

Interaction between a-actinin and integrin in platelets from a
patient with Glanzmann thrombasthenia or P2Y, deficiency

To examine further the role of a-actinin in inside-out signaling, we
analyzed platelets from a patient with Glanzmann thrombasthenia
or P2Y ,-ADP receptor deficiency.? Figure 3A shows the expres-
sion profiles of aIIbB3 and a-actinin in both patients. In Glanz-
mann thrombasthenia platelets, the phosphotyrosine profile of
a-actinin was almost the same as that of control platelets under
both PAR1-AP and PAR4-AP stimulation, confirming that allbB3
outside-in signaling does not mediate these changes. In sharp
contrast, PAR4-AP stimulation failed to induce the sustained
dephosphorylation of a-actinin in P2Y -deficient platelets. Simi-
larly, compared with control platelets, dephosphorylation of o-
actinin induced by PARI1-AP was also disrupted at earlier time
points in P2Y ,-deficient platelets (Figure 3B). This early disruption of
the dephosphorylation of a-actinin is consistent with our previous
finding that P2Y ,-mediated signaling is essential for sustained olIbg3
activation.?” Indeed, the blockade of P2Y,, with AR-C69931MX
impaired the PAR4-AP-induced sustained alIb@3 activation, leading to
the reassociation of a-actinin with aIIbf3 (Figure 3C-D).

We have previously reported that the sustained allbB3 activa-
tion induced by thrombin could be disrupted by inhibiting
P2Y,-mediated signaling even after thrombin stimulation.2’ Washed
platelets were stimulated with thrombin at 0.2 U/mL. Two minutes
later, we added AR-C69931MX (1uM) to the thrombin-stimulated
platelets. We confirmed that AR-C69931MX still disrupted the
sustained olIbB3 activation even under these conditions (Figure
4A). Interestingly, the sustained dephosphorylation and the disso-
ciation of a-actinin from «IIbB3 were disrupted by adding
AR-C69931MX (Figure 4B-C). The blockade of P2Y,, was
confirmed by the VASP phosphorylation state.3? These results
suggest that the interaction between a-actinin and alIbB3 is, at
least in part, regulated by P2Y,-mediated signaling but not by
alIbB3 outside-in signaling.

a-Actinin modulates agonist-induced «llbB3 activation
in CMK cells

Finally, we used direct genetic manipulation to examine the effect
of a-actinin on odIbB3 activation in human megakaryoblastic cell
line CMK cells. Because the tyrosine residue at position 12 was
reported as the main site of tyrosine phosphorylation in «-actinin,?
we overexpressed wild-type a-actinin and Y 12F a-actinin in CMK
cells. As shown in Figure 5A, the expression of a-actinin was
increased to 130%-170% of endogenous levels without affecting
olIbB3 expression. Next, we examined the interaction between
c-actinin and olIbB3 in CMK cells. Like platelets and primary
megakaryocytes,* CMK cells can activate olIbp3 by the stimula-
tion of physiologic agonists such as PAR1-AP.2730 Similar to
platelets, o-actinin was associated with alIbf3 in unstimulated
CMK cells. When stimulated with PAR1-AP, a-actinin dissociated
from alIbB3. Overexpression of wild-type a-actinin, but not the
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Figure 4. Effects of the blockade of P2Y;; on a-actinin and «llbp3.
Washed human platelets were incubated with thrombin (0.2 U/mL). The
P2Y,, antagonist, AR-C69931MX (1uM), was added after 2 minutes of
thrombin stimulation. (A) FITC-PAC-1 was added to the activated platelets
after stimulation and incubated for 30 seconds to obtain the PAC-1 binding
velocity at the time indicated. (B) allbB3 was immunoprecipitated then
immunoblotted with anti~«-actinin antibody. (C) Tyrosine-phosphorylated
proteins were immunoprecipitated then immunoblotted with anti—a-actinin
antibody. Preimmunoprecipitated lysates were also subjected to SDS-
polyacrylamide gel electrophoresis and immunoblotted with anti—phospho-
VASP (Ser239) antibody or anti-VASP antibody. Error bars represent

SEMs of 3 experiments.
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Figure 5. Effects of a-actinin on «llbp3 inside-out
signaling in CMK cells. Human megakaryoblastic CMK
cells were transiently transfected with plasmids encod-
ing for a-actinin and Tac subunit of the human interleu-
kin-2 receptor. Protein expression and integrin activation
were assessed 20 hours after transfection. (A) Intracellu-
lar a-actinin and surface allbp3 were determined by flow
cytometry. Bar charts represent specific antibody bind-
ing to highly transfected cells (CD25-allophycocyanin
fluorescence > 50) normalized to mock plasmid
(pcDNA3.1)-transfected cells. Transfected CMK cells
were incubated with PAR1-AP (50uM) for the time
indicated. allbp3 was immunoprecipitated then immuno-
blotted with anti—«-actinin antibody(B). Bar charts repre-
sent PAC-1 binding to wild-type a-actinin (C) or mutant
a-actinin (D) transfected cells. Error bars represent
SEMs of 3 experiments. *P < .05.
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mutant Y12F o-actinin, increased the basal association between
o-actinin and oIIbB3 (Figure 5B).

We then performed PAC-1 binding velocity analysis on the
gated subset of live, transfected, and CD42b* CMK cells stimu-
lated with PAR1-AP, as described in the experimental procedures.
CMK cells bound little PAC-1 in the absence of agonists. When
stimulated with PARI-AP, most mock-transfected cells bound
PAC-1 (supplemental Figure 3A). Overexpression of wild-type
a-actinin decreased PAC-1 binding velocity (Figure 5C) as well as
the amounts of PAC-1 binding in the conventional PAC-1 binding
assay (supplemental Figure 3C). The a-actinin expression has a
concentration-dependent effect. High expression of a-actinin sup-
pressed PAC-1 binding induced by PARI-AP, but low expression
of a-actinin did not (supplemental Figure 3B). In contrast, overex-
pression of the mutant Y12F «-actinin did not decrease PAC-1
binding velocity (Figure 5D). To examine further the effects of
o-actinin, o-actinin expression was knocked down by shRNA in
CMK cells. Knockdown was maximal at 10 days after infection,
and shRNA induced 40%-60% reduction in the o-actinin expres-
sion (Figure 6A). Although adequate a-actinin reduction may not
be obtained in CMK cells, decreased level of a-actinin augmented
allbB3 activation induced by PAR1-AP. Again, transduction levels

(DsRed2 expression) have a concentration-dependent effect. High
expression of DsRed2 augmented PAC-1 binding induced by
PAR1-AP, but low expression of DsRed2 did not (Figure 6B-C). In
contrast to PARI-AP, PAR4-AP induced little PAC-1 binding
velocity in CMK cells when stimulated with such high concentra-
tion as ImM (supplemental Figure 4A). We assessed whether
knockdown of a-actinin affects this PAR4-AP condition in CMK.
PAC-1 binding induced by PAR4-AP was significantly augmented
in the knockdown cells as well as PAR1-AP (supplemental Figure
4B). Finally wild-type a-actinin and Y 12F a-actinin were overex-
pressed in a-actinin sShRNA-transduced CMK cells. Wild-type
a-actinin, but not the mutant Y12F a-actinin, normalized the
augmented oIIbB3 activation induced by PAR1-AP in CMK cells
(Figure 6D). These results suggest that the binding of a-actinin
might be involved in aIIbB3 activation.

Discussion

Here, we focused on o-actinin as a member of the IAC and
assessed its potential role in integrin-reversible activation. Resting
allbB3 was already associated with a-actinin, and inside-out
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signaling by PARs induced a dissociation of a-actinin from oIIb@3.
This dissociation was regulated by dephosphorylation of «-actinin
and associated with reversible aIIbB3 activation, as evidenced by
the stimulation of PARI-AP and PAR4-AP. Overexpression of
wild-type a-actinin, but not a mutant with a tyrosine-phosphoryla-
tion defect (Y12F), inhibited oIIbB3 activation in a megakaryo-
cytic cell line, CMK, in which aIIbB3 is activated by PARI-AP.
Knockdown of a-actinin augmented PAR-AP-induced PAC-1
binding in CMK. Thus, our observations suggest that a-actinin may
play arole in keeping alIbB3 in a low-affinity state.

Thrombin activates human platelets through proteolytic activa-
tion of 2 protease-activated receptors, PAR1 and PAR4.% PAR1 is a
high-affinity receptor for platelet activation at low concentrations
of thrombin, whereas PAR4 is a low-affinity receptor that mediates
thrombin signaling at high concentrations. Consistent with previ-
ous reports,*3 we showed distinct kinetics of signaling from these
PARs by evaluation of intracellular calcium mobilization and
P-selectin translocation. PAR1 triggered a rapid and transient increase in
intracellular calcium, whereas PAR4 triggered a slower but more
prolonged response. Accordingly, we used PAR1-AP and PAR4-AP to
examine the role of c-actinin in integrin activation. To assess the
activation state of alIb3 more precisely, we performed initial velocity
analysis at a specific time point. The kinetic approach with the use of
flow cytometry has been proposed for assessing the dynamics of allbB3
activation,® and we have modified it as the initial velocity analysis for
assessing reversible odIbB3 activation. On-rate of PAC-1 binding
reflects the number of activated receptors, and the initial velocity
analysis showed that PAR1 stimulation induced only transient activa-
tion. In addition, only 25% of allbB3 was kept activated at 20 minutes
after stimulation compared with the amount of activated odIbB3 at
2 minutes after stimulation.

In contrast, PAR4 induced long-lasting aIIbB3 activation, and
the amount of activated aIlIbB3 was almost the same at 2 minutes
and 20 minutes after stimulation. The uassociation/dissociation
behavior of a-actinin with olIbB3 is apparently related to the
distinct alIbB3 activation kinetics induced by PAR1-AP, PAR4-AP,
ADP, and U46619.

We have shown that continuous interaction between released
endogenous ADP and P2Y, is critical for sustained olIb@3
activation induced by thrombin.2? In this context, the sustained
alIbB3 activation induced by PAR4-AP was markedly impaired in
P2Y |,-deficient platelets. In addition, the dissociation and dephos-
phorylation of a-actinin induced by PAR4-AP as well as by
PARI1-AP was markedly impaired. Moreover, after allbB3 activa-
tion was completed by thrombin stimulation, the addition of
AR-C69931MX disrupted the dissociation and dephosphorylation
of a-actinin as well as the sustained alIbB3 activation. PTPI-1, an
inhibitor of SHP-1, inhibited the dissociation as well as the
dephosphorylation of a-actinin induced by PAR1-AP. These data
suggest a close association between the dissociation and dephosphor-
ylation of a-actinin and regulation of these changes, at least in part,
by P2Y ,-mediated signaling.

Cellular control of integrin activation requires transmission of a
signal from the cytoplasmic tails to the extracellular domains. One
may argue that the activation state of oIIbB3 is an intrinsic state of
the integrin itself and not a property of platelets per se.’” However,
this concept is based on the property of exogenous allbB3
expressed on Chinese hamster ovary cells which is not activated by
several platelet agonists. In this study, we have demonstrated that
endogenous olIbB3 expressed on CMK cells can be activated by
PAR-APs. Recent studies have identified some intracellular adapt-
ers, enzymes, and substrates necessary for oIIbB3 activation and
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the tails function as regulatory scaffolds.®® Among cytoplasmic
proteins associated with B3 tail, talin*® and kindlins® are now well
established as being essential for integrin activation. Recently, it
has been shown that talin binding is sufficient to activate integrin
oIIbB3% and that a talin membrane contact would be required for
integrin activation.®*4" In this context, o-actinin may modulate the
accessibility of talin to the $3 tail or to plasma membrane because
putative a-actinin binding sites have been reported within the
membrane proximal region of the B3 cytoplasmic tail.'">*' In
platelets a-actinin was no longer associated with alIbB3 after
PAR-AP stimulation. This may imply that o-actinin knockdown
would not further enhance the extent of integrin activation.
However, a-actinin knockdown significantly augmented PAC-1
binding induced by 1mM PAR4-AP as well as 50uM PAR1-AP in
CMK. Unlike platelets, CMK needed a higher concentration of
agonists to get enough levels of activated allbB3. Even under those
conditions, the levels of activated allbB3 were less, and the
sustained time of activation was shorter than platelets. From these
observations, we assume that allbB3 in CMK cells under our
experimental conditions may not be fully activated. It is possible
that this is the reason why a-actinin knockdown further enhances
integrin activation in CMK cells. Thus, the a-actinin binding to the
(33 tail may keep odIbB3 in a low-affinity state, and it is possible
that the dissociation of a-actinin from the B3 tail may lead to the
easy accessibility of talin to the B3 tail by inside-out signaling. Like
83 integrin, B2 integrins can change affinity on a subsecond time
scale.! Recent studies have shown that intermediate-affinity lympho-
cyte function-associated antigen-1 bound to «-actinin, whereas
high-affinity lymphocyte function antigen-1 bound to talin.'”-!$
These data show that a-actinin and talin regulate integrin activation
differently.

a-Actinin colocalizes with actin and stabilizes the actin filament
web in nonmuscle cells.'? It has been suggested that most a-actinin
forms a bridge between the actin filaments and that there is some
a-actinin associated with integrin at the end of actin filaments.'*
Indeed, we have confirmed that most a-actinin was not associated
with allbB3, as evidenced by the presence of large amounts of
o-actinin in the supernatant even in immunoprecipitates of allbB3
from resting platelets (data not shown). In the fibroblast, the phosphory-
lation of o-actinin reduces its affinity for actin and prevents its
localization to focal adhesion plaques.*? Another report showed that the
phosphorylation of a-actinin might serve to modulate the coupling/
uncoupling of integrins to the cytoskeleton in platelets.” Outside-in
signaling involving interaction of aIIbB3 with its immobilized ligand
fibrinogen triggers tyrosine phosphorylation and cytoskeletal reorganiza-
tion in platelets.2’ Pathologic shear forces, such as those encountered in
stenotic midsized coronary and cerebral arteries, directly affect ligand-
dependent odIbB3 outside-in signaling, and a recent study showed that
pathologic shear stress induced dissociation of a-actinin from the
B3 tail, which is alIbB3 dependent.** Our observations described here
are clearly different phenomena from those induced by outside-in
signaling; an alIbB3-specific antagonist, FK633, did not inhibit the
dissociation, and dephosphorylation was induced even in thrombas-
thenic platelets. Thus, both inside-out signaling and outside-in signaling
regulate the dissociation of a-actinin from oIb@33.

Integrin function is a complex process regulated by the balance
of positive and negative regulatory proteins. Several factors have
been identified as positive and negative regulators of allbB3.4443
Platelet agonists, such as thrombin and ADP, induce oIIbB3
activation, whereas various vasodilators released from the endothe-
lial cells keep alIbB3 inactive in circulating blood. In addition to
platelet agonists and vasodilators, the balance of positive and negative
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regulatory proteins in IAC may regulate ollb@3 activation. Our
observations described here suggest that a-actinin may act as a negative
regulator in resting platelets. Although further work is needed to
determine each specific role of a-actinin in platelets, the o-actinin—
integrin interaction might be added to the discussion of new potential
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targets for atherothrombotic disease therapies.
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Abstract The occurrence of transfusion-related alloim-
munization against «I[bf3 is a major concern in patients
with Glanzmann thrombasthenia (GT). However, few data
are available about molecular defects of GT patients with
anti-aIIbB3 alloantibodies as well as clinical impact of
these antibodies on platelet transfusion. Here, we report a
case of type I GT with anti-HLA and anti-«IIb3 allo-
antibodies, who underwent laparoscopic total gastrectomy
due to gastric cancer. We found a novel 3 nonsense
mutation, 892C > T (Arg272X), and the patient was
homozygous for the mutation. Laparoscopic gastrectomy
was successfully performed with continuous infusion of
HLA-matched platelet concentrates and bolus injection of
recombinant factor VIIa at 2 h intervals. Total bleeding
was 370 mL and no red-cell transfusion was necessary.
Flow cytometric analysis employing anti-oIIbf3 mono-
clonal antibody revealed that the transfused platelet count
was maintained around 20-30 x 10°/L during the opera-
tion and 10 x 10%/L on the following day. Flow cytometric
analysis also showed that transfused platelets retained
normal reactivity to ADP stimulation. These results
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indicate that flow cytometry is useful to assess survival and
function of transfused platelets in GT patients with anti-
oIIbf33 antibodies.

Keywords Glanzmann thrombasthenia - Anti-allbf3
alloantibody - Mutation - Platelet transfusion -
Recombinant factor VIIa

1 Introduction

Glanzmann thrombasthenia (GT) is a rare hereditary
bleeding disorder that is due to a quantitative and/or
qualitative defect in integrin «Ilbf3 [glycoprotein (GP)
IIb/Illa, CD41/CD61]. GT is classified by the content of
allbf3: type I with <5% of normal controls, type II with
5-20%, and variant type with qualitative defect [1]. Clin-
ical presentation includes mild to severe mucosal bleeds,
traumatic or surgical hemorrhage, and occasional life-
threatening bleeding episodes. Although treatment such as
local measures and/or antifibrinolytics agents may be
beneficial for mild bleeding, platelet transfusion is often
necessary for severe bleeding, delivery and surgery.
However, repeated transfusions may induce alloantibodies
against HLA and/or aIlbf3, leading to refractoriness to
platelet transfusion. Moreover, it may be possible that anti-
olIbfB3 antibodies functionally block the binding of phys-
iological ligands to oIlbf3 on transfused platelets [2].
Treatment of GT patients with alloantibodies against
olIbfB3 are challenging. Removal of antibodies by plasma
pheresis or immunoadsorption may be effective, although
the procedure may present difficulties [3, 4]. In such cases,
recombinant factor VIIa (rFVIIa) could represent an
alternative. Tengborn and Petruson [5] reported the first
successful case of rFVIla treatment for epistaxes of a GT
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patient, and Poon et al. [6] confirmed the effectiveness of
rFVIIa to GT patients with international survey.

Despite clinical significance of anti-aIIbf3 alloanti-
bodies, little is known about genetic predisposing factors
and the impact of anti-aIIbf33 alloantibodies on the survival
and function of transfused platelets in GT patients. We
experienced a type I GT patient with anti-HLA and anti-
olIbf3 antibodies suffering from gastric cancer, and lapa-
roscopic total gastrectomy was successfully performed
with HLA-matched platelet transfusion and bolus infusion
of rFVIIa. In this study, we revealed a novel 3 mutation
which could be responsible for the patient’s phenotype
and compared literally reported molecular defects of GT
patients with anti-aIIbf3 alloantibodies. Moreover, we
assessed the survival and function of transfused normal
platelets by monitoring of CD42b (GPIb) and ollbf3
expression employing flow cytometry.

2 Case report

A 59-year-old Japanese man was suffering from a lifelong
bleeding tendency and diagnosed as GT. He was a son of
consanguineous parents. He received several red-cell and
platelet transfusions since his age of 51 due to gastroin-
testinal bleeding. He again noticed tarry stools in 2008 and
consulted a hospital. Platelet transfusion was effective to
make bleeding time normal at that time, and gastrointes-
tinal fiberscope and endoscopic biopsy identified poorly
differentiated adenocarcinoma at lesser curvature of the
stomach body. However, after 2 months neither increase in
platelet counts nor improvement of bleeding time was
obtained even after high-dose y-globulin administration
followed by platelet transfusion, and the planned gastrec-
tomy was cancelled. The patient was then referred to our
hospital.

Employing several anti-oIlbfi3 monoclonal antibodies
(mAbs), we confirmed that expression of «IIbf3 on the
patient’s platelets was <5%, compared with that of normal
controls, indicating that the patient was type [ GT
(Fig. 1A). To reveal a molecular genetic defect in this GT
patient, we analyzed the whole coding region of oIlb and
B3 cDNA amplified from platelet mRNA. A novel f3
nonsense mutation, 892C > T, which would lead to a
premature termination of translation at arginine-272 resi-
due of f3, was identified. Sequencing of exon 6 of the
ITGB3 gene, which is the corresponding exon of the
892C > T mutation, showed that he was homozygous for
the mutation (Fig. IB). Examination of the patient’s
plasma revealed that anti-HLA antibodies were positive in
standard lymphocytotoxicity assay and immunofluores-
cence assay (data not shown). We also found that the
patient’s plasma antibodies apparently reacted with ollbfi3-
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Fig. 1 Phenotype and molecular analysis of the GT patient. A Surface
expression of glycoproteins on platelets. AP2, AP3 and OPG2 are
allbfi3-specific, f3-specific and ligand-mimetic «llbf33-specific
monoclonal antibodies, respectively. Filled histograms represent the
patient’s platelets. Solid and dotted lines represent control platelets
and control IgG antibody, respectively. B Sequence analysis of exon 6
of the ITGB3 gene. In the patient 892C was mutated to T, resulting in
stop codon at the arginine-272 residue of f3

expressing 293 cells but not with untransfected 293T cells
(Fig. 2A). Modified antigen-captured ELISA (MACE)
assay [7] employing AP2, anti-aIIbfi3 mAb, as a capturing
antibody clearly showed the presence of anti-«IlbB3 anti-
bodies as well (Fig. 2B). Therefore, we performed lapa-
roscopic total gastrectomy under continuous infusion of
two packs of HLA-matched apheresis-derived platelet
concentrates containing 4.8 x 10" and 3.5 x 10'' plate-
lets with bolus infusion of 90 pg/kg of rFVIIa three times
at 2 h intervals. The patient’s platelet counts before,
during, and just after the platelet transfusion were
150 x 10°, 144 x 10°, and 155 x 10°/L, respectively,
suggesting that transfused HLA-matched platelets were
immediately destroyed by anti-«IIbf3 antibodies. Then, we
more precisely examined the survival of the transfused
platelets employing flow cytometry. Transfused platelets
were detected as CD4la («Ilbf3) and CD42b double-
positive cells, whereas autologous GT platelets were
detected as CD4la-negative, CD42b-positive cells. As
shown in Fig. 3A, CD4la-positive transfused platelets
were 16.3 and 17.2% of total platelet counts during and just
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Fig. 2 Detection of anti-aIIbf33 antibodies. A Plasma was incubated
with aIlbf3-stably expressed HEK293 cells. Bound IgG antibodies
were detected by alexa488 anti-human IgG antibodies. Filled and
open histograms represent the patient and normal control plasma,
respectively. Dotted line represents the patient’s plasma incubated
with untransfected 293T cells. B Anti-«IIbf3 antibodies were
detected by MACE assay. Plasma was incubated with washed
platelets obtained from blood type O subjects, and then lysed with 1%
Triton X-100 buffer. Soluble fraction was added to AP2-coated
microtiter well, and bound IgG was detected with biotin-conjugated
anti-human IgG, followed by alkaline-phosphatase conjugated ABC
kit (Vector Lab, Burlingame, CA, USA). Mean plus standard
deviation of plasma obtained from 6 normal subjects is shown as
negative controls. Anti-HPA-1a serum was used as positive control

after platelet transfusion, respectively. These data indicate
that the numbers of the transfused platelets was estimated
to 24 x 10° and 27 x 10°/L (Fig. 3C). The ratio of sur-
vived CD41a-positive platelets decreased to 8.4% of total
platelets on the next morning, indicating 10 X 10°/L
platelets were survived at that time. We also examined the
function of the transfused platelets. Twenty micromolar
ADP was added to the diluted whole blood samples
simultaneously with FITC-PACI1, «llbf3 activation-
dependent mAb, and PE-CD42b. The ratio of PAC1-bound
platelets after ADP stimulation (13%) was comparable to
that of CD4la-positive platelets (17%) during platelet
transfusion, suggesting that function of the transfused

@ Springer

platelets was not impaired by anti-«IIbf3 alloantibodies in
the patient’s plasma (Fig. 3B). Although his hemoglobin
concentration decreased from 14.1 to 11.0 g/dL after
operation, total bleeding during the operation was 370 mL
and no red-cell transfusion was necessary. Additional
HLA-matched apheresis-derived platelet concentrate
containing 3.0 x 10'" platelets was transfused on the
following day. He was discharged after 2 weeks from the
operation without any complication including bleeding.

3 Discussion

In GT patients, the occurrence of transfusion-related allo-
immunization to olIbB3 is a major concern, as it results
in the refractoriness to platelet transfusion. However, sur-
prisingly few data are available concerning incidence,
genetic factors and clinical impact of alloimmunization to
ollbf3 in GT patients. Consistent with previous literature
data that all patients with anti-«IIbf3 alloantibodies are
affected by type I GT [8, 9], our patient was type I
Although molecular basis of GT have been extensively
analyzed, only seven mutations were reported in GT
patients with anti-«IIbf3 antibodies including our case
[4, 9-12]. Interestingly, all patients are homozygote or
compound heterozygote of premature termination muta-
tions except one patient, who was a homozygote of
B3(C575R) and produced anti-«lIbB3 antibodies after
massive platelet transfusion (Table 1). Santoro et al. [9]
reported in the same literature that other two GT patients
with B3(C575R) did not produce anti-aIIbf3 antibodies
after platelet transfusions. These results suggest that a
mutation that causes a premature termination of translation
could be a high risk for developing anti-oIIbf3 alloanti-
bodies. This hypothesis remains to be determined.

Effects of platelet transfusion are usually monitored
simply by increase in platelet number. However, it might
be difficult in case of surgery or massive bleeding, in which
platelets are rapidly consumed physiologically. As reported
previously [10, 13], in GT patients we can monitor survival
of the infused platelets easily as odIbf3-positive cells by
flow cytometry. Function of infused platelets might be also
important, since anti-oIIbf3 antibodies may interfere with
ligand binding to allbf3 [2]. Although bleeding time
is usually used for monitoring platelet function, flow
cytometric analysis using oIlbf3 activation-dependent
antibody, PAC-1, enabled us to assess the function of
transfused platelets more easily and accurately [14]. In our
case, despite that there was no increase of platelet counts
after platelet transfusion, flow cytometric analysis
revealed that «Ilbf3-positive platelets were maintained in
20-30 x 10°/L during the surgery and 10 x 10°/L on the
following day (Fig. 3C). Transfused platelets showed
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Fig. 3 Survival and function of the transfused normal platelets.
A Detection of transfused platelets by flow cytometry. Whole blood
cells diluted with Tyrodes buffer were mixed with APC-CD4la
(HIPS8; «IIbf33-specific mAb) and PE-CD42b (GPIb) for 20 min. After
fixed with 1% paraformaldehyde, two-color flow cytometric analysis
was performed. Upper panels show PE-CD42b (horizontal)/ APC-
CD4la (vertical) dot blots. Transfused platelets were detected as
CD42b(+)/CD41a(+). Lower panels show histograms of APC-
CD41a and percentage of CD4la(+) platelets. a, e before operation,
b, f during operation, ¢, g just after platelet transfusion, d, h 1-day post
operation. B Detection of PACI binding after ADP stimulation.
Twenty micromolar ADP was added to the diluted whole blood

normal response to ADP stimulation (Fig. 3B). These
results suggest that transfused platelets could support pri-
mary hemostatic plug formation during and after surgery.

samples simultaneously with FITC-PACI and PE-CD42b. After
20 min incubation, the samples were fixed with paraformaldehyde,
followed by flow cytometric analysis. Upper panels show PE-CD42b
(horizontal)/FITC-PACI (vertical) dot blots and lower panels show
histograms of FITC-PACI. a, d During operation, no agonist.
b, e During operation, 20 yM ADP (+). ¢, f Normal control, ADP
(+). C Transition of total platelets counts and number of calculated
CD4la-positive platelets. HLA-matched platelet concentrates con-
taining 8.3 X 10" platelets were transfused continuously during
operation. Bolus infusion of 90 pg/kg of rFVIIa was done three times
at 2 h intervals. POD post-operative day

However, it should be also mentioned that the increment
of ollbf3-positive platelets was only 17% of predicted
increase of platelet count after platelet transfusion,
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Table 1 Reported mutations in GT patients with alloantibodies

Age and sex Type Mutations Gene allbff3-Ab  HLA-ADb

14, F I IVS15(+1)G > A (premature termination), homo ITGA2B Pos Unknown Martin et al. [4]
18, F I IVS2(—2)A > G (premature termination), homo ITGB3 Pos Unknown Male et al. [10]
55, M I IVS15(+1)G > A (premature termination), homo ITGA2B Pos Unknown Dargaud et al. [11]
Unknown I Exon 3 premature termination, homo ITGB3  Pos Neg Santoro et al. [9]
Unknown* I 1801T > C (C575R), homo ITGB3  Pos Pos Santoro et al. [9]
M 1 1413C > G (Y471X)/1882C > T (R628X), compound hetero ITGA2B Pos Neg Nurden et al. [12]
59, M I 892C > T (Q272X), homo ITGB3 Pos Pos Our case

* Developed antibodies after massive (160 units) platelet transfusions

suggesting that the transfused platelets were rapidly cleared
by anti-aIIbB3 antibodies as anticipated.

Effectiveness of rFVIIa for GT with anti-oIIbA3 anti-
bodies is first described by Tengborn and Petruson [5], and
international survey confirms it [6]. Although the precise
mechanism of action of rFVIIa on GT platelets is largely
unknown, impairment of thrombin generation capacity in
GT platelets has been demonstrated. Experimental evi-
dences suggest that high-dose rFVIla can bind to activated
platelet surface, and promote thrombin generation via
direct activation of FX to FXa, which is sufficient to con-
vert fibrinogen to fibrin [15]. Despite the lack of allbf3,
GT platelets have been shown to agglutinate in the pres-
ence of fibrin, particularly polymeric fibrin via unidentified
receptors on platelet surface [16]. Although we could not
assess the efficiency of rFVIIa in our case because platelet
transfusion was used simultaneously, the fact that in spite
of poor increment of transfused platelets bleeding in the
surgery was minimal suggests the effectiveness of rFVIIa.

In conclusion, we found a novel 3 mutation, leading a
premature termination of translation, in a GT patient with
anti-aIIbf3 antibodies. We could also assess the impact of
anti-aIlbf3 antibodies by monitoring the survival and
function of transfused platelets in surgery.
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Essential in Vivo Roles of the C-type Lectin Receptor CLEC-2

EMBRYONIC/NEONATAL LETHALITY OF CLEC-2-DEFICIENT MICE BY BLOOD/LYMPHATIC
MISCONNECTIONS AND IMPAIRED THROMBUS FORMATION OF CLEC-2-DEFICIENT
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CLEC-2 has been described recently as playing crucial roles in
thrombosis/hemostasis, tumor metastasis, and lymphangiogen-
esis. The snake venom rhodocytin is known as a strong platelet
activator, and we have shown that this effect is mediated by
CLEC-2 (Suzuki-Inoue, K., Fuller, G. L., Garcia, A,, Eble, J. A,
Pshlmann, S., Inoue, O., Gartner, T. K., Hughan, S. C,, Pearce,
A. C., Laing, G. D., Theakston, R. D., Schweighoffer, E., Zitz-
mann, N., Morita, T., Tybulewicz, V. L., Ozaki, Y., and Watson,
S. P. (2006) Blood 107, 542-549). Podoplanin, which is
expressed on the surface of tumor cells, is an endogenous ligand
for CLEC-2 and facilitates tumor metastasis by inducing platelet
aggregation. Mice deficient in podoplanin, which is also expressed
on the surface of lymphatic endothelial cells, show abnormal pat-
terns of lymphatic vessel formation. In this study, we report on the
generation and phenotype of CLEC-2-deficient mice. These mice
are lethal at the embryonic/neonatal stages associated with disor-
ganized and blood-filled lymphatic vessels and severe edema.
Moreover, by transplantation of fetal liver cells from Clec-2~'~ or
Clec-2*'* embryos, we were able to demonstrate that CLEC-2 is
involved in thrombus stabilization in vitro and in vivo, possibly
through homophilic interactions without apparent increase in
bleeding tendency. We propose that CLEC-2 could be an ideal
novel target protein for an anti-platelet drug, which inhibits path-
ological thrombus formation but not physiological hemostasis.
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The C-type lectin receptors are now established as multi-
functional molecules in the field of cell adhesion, endocytosis,
and pathogen recognition (1, 2). CLEC-2 (C-type lectin-like
receptor-2) has been described recently as playing crucial roles
in thrombosis/hemostasis, tumor metastasis, and lymphangio-
genesis based on the following findings, reported mainly by us.
(i) The snake venom rhodocytin is known as a strong platelet
activator, and this effect has been shown to be mediated by
CLEC-2 (3). (ii) Podoplanin is an endogenous ligand for
CLEC-2, is expressed on the surface of tumor cells, and facili-
tates tumor metastasis by inducing platelet aggregation (4, 5).
(iii) Mice deficient in podoplanin, which is expressed on the
surface of lymphatic endothelial cells, show defects in lym-
phatic vessel pattern formation (6).

We have also reported that an anti-podoplanin antibody that
blocks CLEC-2/podoplanin interaction inhibits tumor metas-
tasis in an experimental lung metastasis model in mice, suggest-
ing that CLEC-2 facilitates tumor metastasis through associa-
tion with podoplanin (7). However, podoplanin is also
expressed on the surface of lymphatic endothelial cells, kidney
podocytes, and type [ alveolar cells (8, 9). We and others found
previously that podoplanin on the surface of lymphatic endo-
thelial cells also induces platelet aggregation (4, 5). The physi-
ological significance of this receptor/ligand interaction remains
to be elucidated because lymphatic endothelial cells are not in
direct contact with platelets under physiological conditions.
However, it may be of great importance during organ develop-
ment or under pathological conditions. It was reported previ-
ously that podoplanin-deficient mice have defects in lymphatic
vessel pattern formation (6). The intracellular signaling mole-
cules Syk (spleen tyrosine kinase) and SLP-76 (SH2 domain-
containing leukocyte protein of 76 kDa) in platelets are requi-
sites for rhodocytin-induced platelet activation mediated
through CLEC-2 (3) and regulate blood and lymphatic vascular
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separation, although these signaling molecules are not detected
in the endothelium (10). This finding implies that Syk and
SLP-76 work by way of blood cells. Moreover, blood/lymphatic
misconnection is observed in mice deficient in endothelial cell
O-glycan (11), the presence of which is required for podopla-
nin-induced platelet aggregation (4). Taken together, these
findings lead to a hypothesis that podoplanin-induced platelet
activation through CLEC-2 may regulate proper formation of
lymphatic vessels. To address this issue, the generation of
CLEC-2-deficient mice has been ardently awaited.

The powerful platelet-activating ability of CLEC-2 and its
relatively specific expression in platelets and megakaryocytes
imply that CLEC-2 also plays an important role in thrombosis
and hemostasis. However, neither podoplanin nor rhodocytin
can stimulate platelets within blood vessels. In addition,
CLEC-2 ligands that play a role in thrombosis and hemostasis
are not known. Therefore, the generation of CLEC-2-deficient
mice has been awaited to reveal a role for CLEC-2 inthrombosis
and hemostasis.

In this study, for the first time, we report on the generation
and phenotype of CLEC-2-deficient mice. These mice are lethal
at the embryonic/neonatal stage with blood/lymphatic miscon-
nections. Moreover, by transplantation of fetal liver cells from
Clec-27'~ or Clec-2*'" embryos, we were able to demonstrate
that CLEC-2 is involved in thrombus stabilization, possibly
through homophilic interactions.

EXPERIMENTAL PROCEDURES

Generation of Mice—A targeting vector to generate CLEC-2-
deficient mice was designed so that part of exon 1 flanked by
two loxP sites could be deleted by expression of Cre protein
(supplemental Fig. 14). ES* cells from C57BL/6 mice were
transfected with this targeting vector, G418-resistant clones
were screened by PCR, and positive clones were subjected to
Southern blot analysis using a 3’'-probe (supplemental
Fig. 1, A and B). Nine ES clones were obtained containing the
appropriately targeted disrupted allele and injected into blasto-
cysts. Germ line transmission confirmed by PCR and Southern
blotting was obtained in six independent ES cell clones (here-
after referred to as Clec-27°*'*). We crossed a Clec-2*/*
mouse with a mouse that systemically expresses Cre recombi-
nase to generate Clec-2*/~ mice. The heterozygous mice were
phenotypically normal and were bred to obtain homozygous
mice for the allele containing the disrupted exon 1 of the Clec-2
gene. For analysis of genotypes of Clec-2 floxed mice, DNA was
subjected to 30 cycles of amplification, with each cycle consis-
ting of 20 s at 94 °C and 7 min at 62 °C, followed by an extension
of 10 min at 74 °C on a thermal cycler using the long F2 and
exon R primers, and PCR products were separated by 7.5%
acrylamide gels (supplemental Fig. 14). The WT allele gave a
229-bp band, whereas the floxed allele gave a 269-bp band by
primers b and ¢ (supplemental Fig. 1C). For analysis of geno-

“The abbreviations used are: ES, embryonic stem; WT, wild-type; FITC, fluo-
rescein isothiocyanate; E, embryonic day; PBS, phosphate-buffered saline;
GP, glycoprotein; PE, phycoerythrin; vWF, von Willebrand factor; BSA,
bovine serum albumin; TRITC, tetramethylrhodamine isothiocyanate;
PPACK, p-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone; FeR, Fe
receptor.
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types of CLEC-2 null mice, DNA was subjected to 30 cycles of
amplification, with each cycle consisting of 20 s at 94 °C and 7
min at 60 °C, followed by an extension of 10 min at 74°C on a
thermal cycler using the long F1 and exon R (733-bp band)
primers for the WT allele and the neo R and long F2 (871-bp
band) primers for the deleted allele, and PCR products were
separated on 0.8% agarose gels (supplemental Fig. 1, A and D).

Lymphangiography—To visualize functional lymphatic ves-
sels, FITC-dextran (Sigma; 2000 kDa; 8 mg/ml in PBS) was
injected subcutaneously into the back of the embryonic fore-
limb. Lymphatic flow carrying FITC-dextran in embryos was
analyzed by fluorescence microscopy (12).

Microscopy—Embryos were photographed at autopsy. For
routine histology, embryos were fixed in 3.7% formalin and
embedded in paraffin, Sections were stained with hematoxylin
and eosin.

For immunohistochemistry, deparaffinized sections were
stained with rabbit anti-mouse LYVE-1 antibody (Abcam Inc.)
using Simplestain® mouse MAX-PO (rabbit; Nichirei Corp.)
according to the manufacturer’s instruction. For confocal
microscopy, embryos (E17.5) were fixed overnight in 4%
paraformaldehyde at room temperature; washed; and cryopro-
tected with 10% sucrose for 2 h, 20% sucrose for 2 h, and 40%
sucrose overnight. The samples were then mounted in OCT
{optimal cutting temperature) compound (Sakura Finetek).
Cryosections (~10 pm) were incubated overnight at 4 °C with
biotin-conjugated goat anti-mouse LYVE-1 antibody (R&D
Systems), rat anti-mouse PECAM-1 (platelet endothelial cell
adhesion molecule-1) monoclonal antibody (clone MEC13.3,
BD Biosciences), and Cy3-conjugated anti-a-smooth muscle
actin monoclonal antibody (clone 1A4, Sigma); developed with
Cy5-labeled streptavidin (Invitrogen) and Alexa Fluor 488-con-
jugated donkey anti-rat IgG (Invitrogen) for 2 h at room tem-
perature; and mounted with ProLong Gold mounting medium.
The samples were analyzed by confocal laser-scanning micros-
copy using an Olympus FV-1000 microscope.

For immunohistochemical analysis of embryonic back skin,
whole embryos were dissected between E14.5 and E17.5 and
fixed overnight at 4 °C in 4% paraformaldehyde/PBS. The back
skin was peeled off and further fixed overnight at 4 °C in 4%
paraformaldehyde/PBS. Tissues were washed twice with PBS
containing 0.2% Triton X-100 (PBS/T) at 4°C for 30 min;
blocked in PBS/T containing 1% bovine serum albumin at room
temperature for 1 h; and stained overnight with American ham-
ster anti-mouse PECAM-1 (clone 2H8, Chemicon), rabbit anti-
mouse LYVE-1 (RELIATech), and rat anti-mouse TER-119
(clone TER-119, BD Biosciences) antibodies in blocking solu-
ticn at 4 °C. Tissues were washed with PBS/T for 30 min three
times at 4 °C and twice at room temperature, followed by over-
night staining with Cy3-conjugated anti-American hamster
IgG and Cy5-conjugated anti-rat IgG (Jackson Immuno-
Research Laboratories) or Alexa Fluor 488-conjugated anti-
rabbit IgG (Invitrogen) in blocking solution at 4 °C. Tissues
were washed with PBS/T for 30 min three times at 4 °C and
twice at room temperature. The back skin was flat-mounted
on slide glasses in ProLong Antifade (Invitrogen), Confocal
microscopy was carried out on an Olympus FV-1000
microscope.
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Fetal Liver Transplantation—CLEC-2-deficient irradiated
chimeric mice were generated as follows. Seven- to ten-week-
old C57BL/6 male mice that had been kept on acidified water
for one week and then on 0.017% enrofloxacin in water for 3
days were given two irradiations of 500 rads from a **Co source
3 h apart (13). The mice were then rescued by intravenous
injection of 1.0 X 10° fetal liver cells from Clec-2™/~ or control
embryos at E13.5. The reconstituted mice were kept on0.017%
enrofloxacin in water for 3 weeks following irradiation and
were used for experiments no fewer than 7 weeks following
irradiation.

Platelet Preparation—Mice were killed with diethyl ether,
and blood was drawn by postcava puncture and taken into 100
ul of acid/citrate/dextrose. Washed murine platelets were
obtained by centrifugation as described previously using pros-
tacyclin to prevent activation during the isolation procedure
(14). Washed platelets were resuspended in modified Tyrode’s
buffer (14) at the indicated cell densities.

Generation of Rabbit anti-Mouse CLEC-2 Antibody—The
recombinant extracellular domain of mouse CLEC-2 expressed
as a dimeric rabbit immunoglobulin Fc domain fusion protein
(mCLEC-2-rFc¢2) was generated as described previously (4). A
purified polyclonal antibody specific for mouse CLEC-2 was
purified by protein A-Sepharose (GE Healthcare) from the
serum of a Japanese White rabbit after six immunizations with
mCLEC-2-rFc2.

Western Blotting—Western blotting was performed as
described previously (14). Briefly, washed murine platelets
(2.0 X 10%/ml) were dissolved in SDS sample buffer, separated
by 4-12% SDS-PAGE, electrotransferred, and Western-blotted
with anti-mouse CLEC-2 antibody.

Platelet Aggregation—Rhodocytin was purified as described
previously (15). Poly(PHG), a specific GPVI agonist, was gener-
ated as described previously (16). 300 ul of washed platelets
(2.0 X 10%/ml) from CLEC-2 or WT chimeras was used for
aggregation studies. The washed platelets were stimulated by
rhodocytin (20 nm), collagen (1 pg/pl; Nycomed), U46619 (0.5
un; Merck), ADP (5 pum; MC Medical), and PAR-4 (50 um;
Sigma), and platelet aggregation was monitored by light trans-
mission using a Born aggregometer (PA-100, Kowa) with high
speed stirring (1200 rpmy} at 37 °C for 10 min.

Flow Cytometry—Whole blood drawn from mice as
described above was diluted 15-fold using modified Tyrode’s
buffer. 25 ul of the diluted whole blood was incubated with
Cy2-labeled anti-mouse CLEC-2, Cy2-labeled control rabbit
IgG, PE-labeled control rat IgG (Emfret Analytics), FITC-la-
beled control rat IgG (Emfret Analytics), FITC-labeled anti-
mouse GPVI (clone JAQ-1, Emfret Analytics), FITC-labeled
anti-mouse integrin allb (Emfret Analytics), PE-labeled anti-
mouse GPIlba (Emfret Analytics), FITC-labeled anti-mouse
PECAM-1 (BD Biosciences), PE-labeled anti-mouse integrin
o2 (clone HMa2, BD Biosciences), FITC-labeled control ham-
ster IgG (Serotec), and FITC-labeled integrin 81 (Serotec) anti-
bodies for 15 min at room temperature. For analysis of activated
integrin allbB3, 25 ul of diluted whole blood was stimulated
with the indicated platelet agonists (20 nM rhodocytin, 20
pg/ml poly(PHG), 50 ng/ml collagen, 50 pm U46619, 40 um
ADP, and 100 uM PAR-4) for 5 min at room temperature, fol-
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lowed by the addition of anti-activated mouse integrin allbg3
(cloneJon-A, Emfret Analytics) for 5 min at room temperature.
For analysis of CD62P expression, 25 ul of washed platelets (5 X
107/ml) was used. Reactions were terminated by the addition of
400 pl of PBS, and the samples were then analyzed using a
FACScan (BD Biosciences) and a CellQuest software (BD Bio-
sciences). For detection of soluble mCLEC-2-rFc2 binding to
platelets, WT or CLEC-2-deficient platelets (3 X 10%/ml) were
stimulated with or without 50 pM PAR-4 peptides for 5 min
under non-stirring conditions. They were then incubated with
50 ug/ml recombinant mCLEC-2-rFc2 or rFc2 for 20 min.
After washing with modified Tyrode’s buffer, these cells were
resuspended with 100 ul of PBS and stained with 2 ul of FITC-
labeled anti-rabbit IgG (BD Biosciences) for 15 min. Stained
cells were analyzed immediately using a FACScan and
CellQuest software. Where indicated, quantification of the sol-
uble protein binding was performed using median fluorescence
intensity, and the data were expressed as the means *+ S.E.

Measurement of Serotonin Release—Washed platelets (3 X
103/ml) from WT or CLEC-2 chimeras were stimulated with or
without 20 nM rhodocytin, 20 pg/ml poly(PHG), or 50 pg/ml
collagen for 5 min under non-stirring conditions. After spin-
ning down the platelets, the serotonin concentration of 15 pl of
the supernatant was measured using a 5-hydroxytryptamine
enzyme-linked immunosorbent assay kit (DLD Diagnostika
GmbH) according to the manufacturer’s instructions.

Platelet Adhesion Assay—Coverslips were coated overnight
at 4 °C with 50 pg/ml laminin, 50 pg/ml collagen, 200 ug/ml
fibrinogen, 100 pg/ml vWF, 250 pg/ml rFc2, or 250 pg/ml
mCLEC-2-rFc2. After washing twice with PBS, the coverslips
were blocked with 1% fatty acid-free purified BSA in PBS for2 h
at room temperature and then rinsed with modified Tyrode’s
buffer. BSA-coated coverslips were prepared as a negative con-
trol. Washed murine platelets (3.0 X 10”/ml) were seeded on
the coverslips for 30 min at room temperature in the presence
or absence of 10 uM ADP. After removal of unbound platelets,
coverslips were washed with modified Tyrode’s buffer, and
adherent platelets were then fixed in 3% paraformaldehyde for
30 min at room temperature, permeabilized with 0.3% Triton
X-100 for 5 min, and stained with TRITC-conjugated phalloi-
din for 2 h as described previously (17). Platelets were visualized
using an inverted fluorescence microscope (IX71, Olympus)
equipped with a 100X/1.30 objective lens, a monochromatic
light source, and a DP-70 digital camera (Olympus). At least six
images from two independent experiments were chosen at ran-
dom per experiment and analyzed by two individuals, one of
whom performed the analysis under blind conditions. Adher-
ent platelets were counted (0.006 mm?/image), and the platelet
surface area was analyzed using NIH Image for Macintosh. Sta-
tistical significance was evaluated by Student’s ¢ test. In each
case, p values <0.05 were taken as the minimum to indicate
statistical significance.

Flow Adhesion Assay—Whole blood from WT or CLEC-2
chimeras was collected into a syringe and anticoagulated with
40 uM PPACK and 5 units/ml heparin. Capillary tubes (0.3 X
1.2 mm, 50 mm long) were coated overnight at 4 °C with 50
pg/ml collagen. Capillaries were washed and blocked with PBS
containing 2% BSA for 2 h at room temperature, They were
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CLEC-2*

B) Rt forelimb - radial

upon laser irradiation. Blood cell
dynamics and production of thrombi
were visualized during laser excita-
tion (488-nm wavelength, 30-milli-
watt power). Sequential images were
obtained for 20 s at 30 frames/s using
a spinning-disk confocal microscope
(CSU-X1, Yokogawa Electronics) and
an electron-multiplying charged cou-
pled device camera (iXon, Andor
Technology). Platelet concentrations
were counted 1 week before the
experiments so that platelet counts

CLEC-2** :

CLEC-2"

FIGURE 1. Lymphatic function is impaired in Clec-2~/~ embryos. A, lateral views of E15.5 Clec-2~/~ (left) and
Clec-2*"* (right) embryos. Back edema in the Clec-2~/~ embryo s indicated by the arrow. B, lymphangiography
(upper panel) and Clec-2~/~ (lower panel) embryos
at E17.5. Injection sites on the forelimbs are indicated by the arrows. The arrowheads indicate visualized col-
lecting lymphatic vessels in the Clec-2*/* embryo. The schematics on the rightillustrate the visualized collect-
ing lymphatic vessel in Clec-2*/* mice (upper panel) and injection sites in Clec-2*/* (upper panel) and Clec-2~/~

+/+

by injection of FITC-dextran into the forelimbs of Clec-2

(lower panel) embryos (arrow). Rt, right.

then rinsed with modified Tyrode’s buffer supplemented with 2
mm CaCl, and 1 unit/ml heparin and connected to a syringe
filled with the anticoagulated blood that had been pretreated
with 5 pm 3,3'-dihexyloxacarbocyanine iodide for 30 min.
Blood was perfused into capillaries at 2000 s™*, and adherent
platelets were visualized using a fluorescence video micro-
scope (IX71). Where indicated, 10 uM ADP was co-infused
with the anticoagulated blood shortly before entrance into
the capillary tubes. Movie data were converted into sequen-
tial photo images. For measurement of thrombus volume,
capillaries with thrombus were visualized using an Olympus
FV-1000 confocal microscope. The data were analyzed using
FluoView software (Olympus), and thrombus volume was
expressed as integrated fluorescence intensity. Platelet con-
centrations were counted 1 week before the experiments so
that platelet counts were same between WT and CLEC-2
chimeras.

Intravital Microscopy and Thrombus Formation—To visu-
ally analyze thrombus formation in the microcirculation of the
mesentery in living animals, we used in vivo laser injury and
visualization techniques developed through modification of
conventional methods (18, 19). Male mice were anesthetized by
injection with urethane (1.5 g/kg), and a small incision was
made so that the mesentery could be observed without being
exteriorized. FITC-dextran (5 mg/kg of body weight) was
injected into mice to visualize cell dynamics, whereas hemato-
porphyrin (1.8 mg/kg for capillary thrombi and 2.5 mg/kg for
arterioles) was injected to produce reactive oxygen species
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were same between WT and CLEC-2
chimeras.

Tail Bleeding—Mice were anes-
thetized with 3.5% Sevoflurane and
0.5 liter/min O, through a face mask
throughout the experiment. We laid
each mouse on its stomach and
arranged the tail horizontally with
the tip hanging over the edge of the
bench. We then cut off the tip of the
tail (1 mm in length) with a sharp
razor blade. The volume of blood
lost during the 20-min experiment
was measured. After surgical suture
of the tail wound, we let the mice
recover from anesthesia. Platelet
concentrations were counted 1
week before the experiments so that platelet counts were same
between WT and CLEC-2 chimeras.

Surface Plasmon Resonance Spectroscopy—The recombinant
extracellular domain of human or mouse CLEC-2 expressed as
a dimeric human or rabbit immunoglobulin Fc domain fusion
protein (hCLEC-2-rFc2 and mCLEC-2-rFc2) was generated as
described previously (4). A specific homophilic interaction
between hCLEC-2-rFc2 or mCLEC-2-rFc2 was analyzed using
a Biacore X system (Biacore AB, Uppsala, Sweden). Ligands
(avB3, 21, CD62P, LIMP-II (lysosomal integral membrane
protein-II), TSP-1, PEAR-1 (platelet endothelial aggregation
receptor 1) (all purchased from R&D Systems), hCLEC-2-rFc2,
and mCLEC-2-rFc2) were covalently coupled to a CM5 chip
(Biacore AB) using an amine coupling kit (Biacore AB) accord-
ing to the manufacturer’s instructions (20). Regeneration of the
protein-coated surfaces was achieved by running 10 ul of 10
mum HCI thorough the flow cell at 20 wl/min twice. A control
surface was reacted with rFc2 and then blocked with ethanola-
mine. hCLEC-2-rFc2 or mCLEC-2-rFc2 in 10 mm HEPES,
0.15 M NaCl, 3 mm EDTA, and 0.005% Tween 20 (pH 7.4) (Bia-
core AB) at several concentrations was perfused over the con-
trol surface or an immobilized hCLEC-2-rFc2 or mCLEC-2-
tFc2 surface at a flow rate of 20 wl/min at 25°C, and the
resonance changes were recorded. The response from the
hCLEC-2-rFc2 or mCLEC-2-rFc2 surface was subtracted from
that of the control surface. The dissociation constants (K,,) were
determined using BlAevaluation software.

JOURNAL OF BIOLOGICAL CHEMISTRY 24497

110Z ‘Z A1enigad uo ‘ALISHIAINN VMVSO 1€ Bioagl mmm wouy papeojumog



CLEC-2 Regulates Thrombus Formation and Lymphangiogenesis

A)

CLEC-2*"*

CLEC-2"

B)

CLEC-2**

CLEC-2*

FIGURE 2. Developing lymphatic circulation in mice lacking CLEC-2 communicates with the blood circu-
lation. A, mesenteric sections of E15.5 Clec-2*/* (upper panels) and Clec-2~/~ (lower panels) embryos stained
with hematoxylin and eosin (HE; left panels) and LYVE-1 (right panels). B, confocal images of intestinal cryosec-
tions of E17.5 Clec-2*'* (upper panels) and Clec-2~/~ (lower panels) embryos with antibodies against PECAM-1,
a-smooth muscle actin (a-SMA), and LYVE-1. L, lymphatic vessels; V, vein; A, arteries. The arrows indicate blood

cells.

RESULTS

Generation of CLEC-2-deficient Mice—A targeting vector to
generate CLEC-2-deficient mice was designed so that part of
exon 1 flanked by two loxP sites could be deleted by expression
of Cre protein (supplemental Fig. 14). Nine ES clones were
obtained, which contained the appropriately targeted allele,
and were injected into C57BL/6 blastocysts. Southern blot
analysis confirmed the presence of the targeted locus
(supplemental Fig. 1, A and B). Germ line transmission was
obtained from six independent ES cell clones (hereafter
referred to as Clec-2"*'*). We crossed a Clec-2"*'* mouse
with a mouse that systemically expresses Cre recombinase to
generate Clec-27/~ mice. Germ line transmission was con-
firmed by PCR and Southern blotting. The heterozygous mice
were phenotypically normal and were bred to obtain homozy-
gous mice for the allele containing the disrupted exon 1 of the
Clec-2 gene.

Genotype analysis of embryos from heterozygous inter-
crosses at E13.5 showed the expected numbers of Clec-27/~
embryos. However, the percentage of the knock-out embryos
dropped to less than expected at E15.5 (supplemental Table 1).
We analyzed genotypes of 326 newborn mice and found that
the percentage of the knock-out mice was only 9.8%
(supplemental Table 1). Moreover, most of the Clec-2~/~ pups
died shortly after birth, and only two Clec-27/~ mice of 326
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mice survived after 8 weeks of age,
suggesting that Clec-27/~ mice are
lethal at the embryonic/neonatal
stage. There were fewer heterozy-
gotes than predicted by Mendelian
inheritance (supplemental Table 1).
We do not have any direct evidence
to explain this phenomenon. It is
plausible that the heterozygotes
may also have some developmental
abnormality related to lymphatic
vessels that causes intrauterine
death of some pups. This needs fur-
ther investigation.

CLEC-2-deficient Mice Exhibit
Disorganized Vasculature and Im-
paired Lymphatic Function—To
investigate the cause of the embry-
onic or neonatal lethality of
CLEC-2-deficient mice, we exam-
ined Clec-27/~ embryos. Cutane-
ous hemorrhagic appearance was the
most striking phonotype observed in
CLEC-2-lacking embryos (Fig. 14),
which was first noted at E12.5-E13.5.
Edema was observed in the back skin
in CLEC-2-deficient embryos (Fig.
1A, arrow), implying impaired lym-
phatic drainage. We assessed lym-
phatic function by infusing 2000-kDa
FITC-dextran into embryonic limbs.
Lymphangiography showed normal
collecting lymphatic vessels immedi-
ately after dye infusion in WT mice at E17.5 (Fig. 1B, upper inlet,
arrow), whereas dye uptake was not found even 10 min after injec-
tion (lower inlet), suggesting functional defects in lymphatic drain-
age of Clec-27'~ embryos.

Histological analysis of the mesentery of CLEC-2-deficient
embryos revealed that peripheral blood cells were present
within thin-walled vessels that stained for LYVE-1, a molecular
marker of lymphatic endothelial cells, whereas there were no
blood cells in LYVE-1-positive vessels in WT embryos (Fig. 24).
Triple fluorescence staining for smooth muscle actin and
PECAM-1 (but not for LYVE-1) revealed that only blood ves-
sels, but not lymphatic vessels, contained blood cells in WT
embryos (Fig. 2B). On the other hand, lymphatic vessels as well
as blood vessels contained blood cells in CLEC-2-deficient
embryos (Fig. 2B). These findings indicate that CLEC-2-defi-
cient mice have blood-filled lymphatic vessels.

To investigate the network formation of blood and lymphatic
vessels, we performed whole-mount triple fluorescence confo-
cal microscopy of embryonic back skin using antibodies to
PECAM-1, LYVE-1, and TER-119 (a molecular marker of
erythrocytes). Triple staining revealed that the dilated lym-
phatic vessels in CLEC-2-deficient embryos contained erythro-
cytes, whereas those in WT embryos did not contain blood,
further confirming the blood-filled lymphatic vessels in Clec-
27/~ embryos. In CLEC-2-deficient embryos, lymphatic vessels
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