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The C-type lectin receptor CLEC-2 is expressed primarily on the surface of platelets, where
it is present as a dimer, and is found at low level on a subpopulation of other haematopoietic
cells, including mouse neutrophils [1-4] Clustering of CLEC-2 by the snake venom toxin
rhodocytin, specific antibodies or its endogenous ligand, podoplanin, elicits powerful
activation of platelets through a pathway that is similar to that used by the collagen receptor
GPVI [4-6]. The cytosolic tail of CLEC-2 contains a conserved YxxL sequence preceded by
three upstream acidic amino acid residues, which together form a novel motif known as a
hemITAM. Ligand engagement induces tyrosine phosphorylation of the hemITAM
sequence providing docking sites for the tandem-SH2 domains of the tyrosine kinase Syk
across a CLEC-2 receptor dimer [3]. Tyrosine phosphorylation of Syk by Src family kinases
and through autophosphorylation leads to stimulation of a downstream signalling cascade
that culminates in activation of phospholipase C y2 (PLCv2) [4, 6].

Recently, CLEC-2 has been proposed to play a major role in supporting activation of
platelets at arteriolar rates of flow [1]. Injection of a CLEC-2 antibody into mice causes a
sustained depletion of the C-type lectin receptor from the platelet surface [1]. The CLEC-2-
depleted platelets were unresponsive to rhodocytin but underwent normal aggregation and
secretion responses following stimulation of other platelet receptors, including GPVI [1]. In
contrast, there was a marked decrease in aggregate formation relative to controls when
CLEC-2-depleted blood was flowed at arteriolar rates of shear over collagen (1000s~1 and
1700s71) [1]. Furthermore, antibody-treatment significantly increased tail bleeding times
and mice were unable to occlude their vessels following ferric chloride injury [1]. These
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data provide evidence for a critical role for CLEC-2 in supporting platelet aggregation at
arteriolar rates of flow. The underlying mechanism is unclear as platelets do not express
podoplanin, the only known endogenous ligand of CLEC-2.

In the present study we have investigated the role of CLEC-2 in platelet aggregation and
thrombus formation using platelets from a novel mutant mouse model that lacks functional
CLEC-2.

FITC-conjugated rat a-mouse allbp3, a2, GPVI, GPlba and rat IgG antibodies were from
Emfret Analytics (Wirzburg, Germany). All other reagents were from previously described
sources [2, 4, 7, 8].

Radiation chimeric mice

CLEC-2 mutant mice were engineered as described in the supplementary information. Due
to lethality in late gestation or shortly after birth, radiation chimeric mice were made by
crossing CLEC-2*/~ mice and harvesting foetal livers taken between E14.5-16.5. 6 week old
C57BI/6 mice were treated with Baytril for one week followed by irradiation with two doses
of 500Gy, 3hrs apart. Mice were then injected with 1.5 x 106 CLEC-2*/* or CLEC-27/~
foetal liver cells via tail vein. The genotype of reconstituting cells was confirmed by PCR.
Mice were used for experimentation 6-8 weeks post-transplantation. All procedures were
undertaken with United Kingdom Home Office approval.

Platelet studies

Blood was drawn from CO,-asphyxiated mice into sodium-heparin/PPACK. Platelet-rich-
plasma and washed platelets were prepared by centrifugation. Washed platelets were
resuspended in modified-Tyrodes buffer [8]. Immunoprecipitation (IP), western blotting and
flow cytometry studies were performed on washed platelets using a-CLEC-2 under non-
reducing conditions or other antibodies according to manufacturer’s guidelines. Activation
was monitored by expression of P-selectin and fibrinogen binding using flow cytometry
following stimulation.

Flow adhesion and tail bleeding

Blood was drawn as previously described into sodium-heparin (5U/ml or 15U/ml) and
PPACK (40uM or 120uM) to prevent thrombin generation. The two combinations of
anticoagulants were used to mimic those used in previous studies, with similar results were
observed with either combination [1, 9]. Glass capillary tubes (Camlab, Cambridge, UK)
were coated with 100pug/ml Horm-collagen (Nycomed, Munich, Germany) for 1hr at room
temperature then blocked with 5mg/ml heat-inactivated BSA for 1h at room temperature.
This collagen concentration has previously been shown to be saturating for platelet adhesion
[10]. Blood was perfused through the capillary for 4 min at shear rates of 1000s™1 or
1700s1 at 37°C or room temperature followed by imaging by DIC microscopy. Samples
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were lysed at the end of the flow with NP-40 lysis buffer and analysed by IP and SDS-
PAGE. Tail bleeding times were monitored as previously described [7].

Tyrosine phosphorylation of CLEC-2

The proposal that CLEC-2 plays a critical role in supporting platelet aggregation under shear
[1] suggests the presence of an endogenous ligand that is either released or expressed on the
surface following platelet activation. However, we have not observed a significant increase
in tyrosine phosphorylation of CLEC-2 in mouse platelets under aggregating conditions in
the absence of shear or at arteriolar shear on a collagen matrix as illustrated in Figure-1A
and Supplementary-A or in longer exposures (not shown). The former studies were
performed in washed platelets and in platelet-rich-plasma and the latter in whole blood.
Similar results were also observed for human platelets (not shown). As previously shown,
CLEC-2 runs as a dimer due to glycosylation and both forms are phosphorylated [4]. These
results provide evidence against the presence of an activating ligand for CLEC-2 in platelets
or in plasma but do not rule out the presence of a non-stimulatory ligand for CLEC-2 which
may support aggregation through an adhesive-based mechanism.

CLEC-2 mutant mice

Genetic targeting of CLEC-2 to remove exons 3 and 4 and introduction of an early STOP
codon was performed by Taconic Artemis (Cologne, Germany) (Supplementary-B). Mice
were bred as heterozygotes on a mixed C57BI/6 x 129Sv background. The majority of the
knockouts die either before or just after birth, with only three mice surviving to 4 weeks out
of more than 150 mice that were genotyped at this time, and both were extremely sick and
had to be sacrificed. The phenotype of the mutant embryos is similar to that recently
reported by Bertozzi et al [11] with abundant blood filled lymphatics and severe oedema,
and will be described in detail in a future publication. Foetal livers were taken from E14.5-
E16.5 mice and used as donor cells for lethally irradiated mice to generate CLEC-2-deficient
haematopoietic cells and wild-type controls.

Blood was drawn from chimeric mice 7-8 weeks post-transplantation. Antibody staining by
flow cytometry confirmed that platelets had no detectable CLEC-2 on their surface
(Figure-1B), whereas levels of GPVI, allbp3, GPIba and a2 were similar in the two
populations (Supplementary-C). The lack of expression of CLEC-2 protein in platelets was
confirmed by western blotting (Figure-1C). Platelet size and counts were similar between
both sets of mice (Figure-1D). Activation of allbp3 and a-granule secretion as measured
using FITC-fibrinogen and P-selectin staining were abrogated in response to rhodocytin or
an a-CLEC-2 antibody in mutant but not control platelets, whereas the response to agonists
for other receptors was unaffected, as shown for collagen-related-peptide (CRP) which is
selective to GPVI (Figure-1E+F). These data confirm loss of functional CLEC-2 and
demonstrate that the C-type lectin receptor is not required for platelet activation by other
agonists in a low shear environment, in agreement with the results of May et al [1]. These
data also confirm CLEC-2 as the major platelet receptor for the snake toxin rhodocytin.
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Tail bleeding and platelet aggregation under flow are not altered in the
absence of CLEC-2

Tail bleeding times were measured in the CLEC-2-deficient mice following removal of
0.2cm of tail as previously described [7]. There was no significant difference in the bleeding
times of CLEC-2-deficient and irradiated wild-type mice (Figure-1G). These observations
contrast with the increase in tail bleeding observed in antibody-depleted mice [1] and in our
studies in mice-deficient in the major signalling receptor for collagen, the GPVI-FcRy-chain
complex [7, 12]. There was also no apparent difference in platelet aggregation on collagen
when blood was flowed at 10005~ or 1700s~2 for 4 min (Figure 1H) using the same
combination of anticoagulants as used by May et al [1]. Similar results were also obtained at
room temperature (not shown). Measurement of protein and surface area confirmed the lack
of a significant difference in aggregate formation at 1000s~1 or 1700s~2 (Figure 11 and not
shown).

These results provide evidence against a role for CLEC-2 in supporting platelet aggregation
at arteriolar shear in vitro and in haemostasis as monitored by tail bleeding time in contrast
to the observations of May et al [1] using a specific antibody to deplete CLEC-2 from the
platelet surface. This conclusion is consistent with the observation of the absence of tyrosine
phosphorylation of CLEC-2 in platelets under aggregating conditions, which argues against
the presence of an activating CLEC-2 ligand. The differing observations using the two
approaches suggest that antibody depletion of CLEC-2 has effects that are additional to loss
of CLEC-2 that impair platelet activation.

Following submission of this study, a manuscript describing the generation of a new
CLEC-2 knockout mouse was published [13]. In agreement with our observations but in
contrast to those of May et al [1], Suzuki-Inoue et al [13] reported that tail bleeding was not
altered in mice deficient in CLEC-2. On the other hand, they observed a partial decrease in
platelet aggregation on collagen at a shear rate of 2000s~1, which is similar to the
observation of May et al [1]. We do not know the explanation for the difference to the
observations found in the present study as the anticoagulant was the same and the shear was
only slightly higher than the maximal rate that we used of 1700s~1. We note however that
this experiment was performed twice and that the platelet count was measured one week
before the experiment rather than on the day itself. Given the bleeding that is seen in the
intestine of the chimeric mice there could have been a decrease in platelet count on the day
of the experiment. Suzuki-Inoue et al [13] reported that CLEC-2 undergoes a homophilic
interaction, although the results of our study would suggest that such an interaction does not
give rise to tyrosine phosphorylation of CLEC-2. We have been unable to analyse thrombus
formation in the mesentery of the CLEC-2 chimeric mice due to the extensive bleeding in
this region that occurs upon dissection, which is also seen in mice deficient in Syk, which
plays a critical role in platelet activation by CLEC-2 [14].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure-1. CLEC-27- platelets do not respond to CLEC-2 agonists but have normal tail bleeding
and aggregation on collagen under flow

A) Washed platelets (5x108/ml) under basal, rhodocytin (300nM), thrombin (1U/ml) or
CRP-aggregated (3ug/ml) conditions were lysed with 2xNP40 lysis buffer. Lysates were
immunoprecipitated with a-CLEC-2 or non-specific 1gG antibodies and protein G
sepharose. Precipitated proteins were separated by non-reducing SDS-PAGE and western
blotted for phosphotyrosine and CLEC-2. Results are representative of 3 experiments. B)
Washed platelets (2x107/ml) were stained with 1ug a-CLEC-2 or non-specific IgG for
20min followed by staining with FITC-conjugated a-rat IgG for 20min in the dark. Platelets
were analysed by flow cytometry and non-specific 1gG readings subtracted. Results are from
8 experiments. *p<0.05. C) Washed platelets (2x108/ml) were lysed with an equal volume
of 2x non-reducing SDS sample buffer, separated by SDS-PAGE and western blotted for
CLEC-2 and a-tubulin as a loading control. Results are representative of 3 experiments. D)
Platelet number (x10/ml) and platelet size (fl) were analysed using a Blood Function
Analyser. Results are from 8 experiments. E+F) Washed platelets (2x107/ml) were
stimulated with rhodocytin (100nM), a-CLEC-2 (10ug) or CRP (10ug/ml) for 2 min
followed by staining with 5ul FITC-conjugated a-P-selectin antibody (E) or FITC-
fibrinogen (F), for 30 min in the dark. Platelets were then analysed by flow cytometry.
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Results are from 3-4 experiments. **p<0.001, *p<0.05. G) A 0.2cm portion of tail was
removed from anaesthetised mice. The assay was halted if blood loss had stopped for more
than 5min. The amount of blood lost was determined by weight (shown + standard
deviation). Results are from 14 mice per group. H, I) Anticoagulated (to prevent thrombin
generation) whole blood was passed through collagen-coated glass capillaries at a shear rate
of 1000571 or 1700s71 for 4 minutes. (H) Platelets were imaged by DIC microscopy then (1)
lysed with NP40 lysis buffer and protein concentration determined (result shown for
1000s1 only). Results are representative of 3-4 experiments.
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