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Abstract

C-type lectin like-receptor 2 (CLEC-2) has been reported to activate platelets through a lipid raft-

dependent manner. Secreted ADP potentiates CLEC-2-mediated platelet aggregation. We have 

investigated whether the decrease in CLEC-2-mediated platelet aggregation, previously reported 

in platelets with disrupted rafts, is a result of the loss of agonist potentiation by ADP. We 

disrupted platelet lipid rafts with methyl–β-cyclodextrin (MβCD) and measured signaling events 

downstream of CLEC-2 activation. Lipid raft disruption decreases platelet aggregation induced by 

CLEC-2 agonists. The inhibition of platelet aggregation by the disruption of lipid rafts was 

rescued by the exogenous addition of epinephrine but not 2-Methylthioadenosine diphosphate 

(2MeSADP), which suggests that lipid raft disruption effects P2Y12-mediated Gi activation but not 

Gz. Phosphorylation of Syk (Y525/526) and PLCγ2 (Y759), were not affected by raft disruption in 

CLEC-2 agonist-stimulated platelets. Furthermore, tyrosine phosphorylation of the CLEC-2 hemi-

ITAM was not effected when MβCD disrupts lipid rafts. Lipid rafts do not directly contribute to 

CLEC-2 receptor activation in platelets. The effects of disruption of lipid rafts in in vitro assays 

can be attributed to inhibition of ADP feedback that potentiates CLEC-2 signaling.

1. INTRODUCTION

Platelets play a critical role in hemostasis and thrombosis [1, 2]. Platelets contain two types 

of agonist receptors; G-protein coupled receptors (GPCRs) and Tyrosine kinase pathway 

receptors and ligand-gated ion channels which are important for their activation [3–7]. All 
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tyrosine kinase pathway receptors GPVI, FcγRIIA and CLEC-2 are linked to activation of 

Syk and PLCγ2 [4, 8–12]. GPVI and FcγRIIA are ITAM containing receptors [13, 14], 

where as CLEC-2 is a hemi-ITAM receptor [15, 16].

C-type lectin like receptor -2 (CLEC-2) is highly expressed in platelets and at lower levels in 

neutrophils and dendritic cells [17]. CLEC-2 can be activated by podoplanin [18, 19], 

rhodocytin [20], a human CLEC-2 antibody [21], and fucoidan [22]. The crystal structure of 

rhodocytin shows that CLEC-2 receptors are activated through clustering by this tetrameric 

ligand [20]. The CLEC-2 receptor plays an important role in tumor metastasis [23], 

hemostasis and thrombosis [16, 24–26]. Unlike GPVI, which has an ITAM, CLEC-2 has a 

hemi-ITAM sequence that is phosphorylated by Src and Syk tyrosine kinases[21, 26], 

whereas phosphorylation of the ITAM is mediated solely by Src kinases[27, 28].

Lipid rafts are distinct areas of the plasma membrane implicated in the regulation of 

signaling in a variety of cells including platelets [29–33]. A previous study has shown that 

the CLEC-2 receptor is partially associated with lipid rafts in both resting and activated 

platelets [34]. It was also suggested that disruption of the rafts leads to direct impairment of 

CLEC-2 signaling [34]. Many agonists depend on secreted ADP [35, 36] and we have 

shown that there is reduced ADP signaling through the Gi-coupled P2Y12 receptor in 

platelets with disrupted lipid rafts as Gi requires lipid raft microdomains [32]. It is known 

that secreted secondary mediators, such as ADP and thromboxaneA2, play an important 

positive feedback role in platelet activation by CLEC-2 agonists [34]. Studies from our lab 

has also shown that Gi pathway play a crucial role in potentiation of secretion when platelets 

are stimulated with different agonists [37]. We wanted to determine whether or not the 

decrease in CLEC-2 signaling found in platelets with disrupted rafts was a result of loss of 

positive feedback by secreted ADP.

In this study we demonstrate that the primary signaling events downstream of CLEC-2 do 

not require a lipid raft environment and all the diminished functional responses seen with 

MβCD are because of the attenuated effects of Gi signaling.

2. MATERIALS AND METHODS

2.1 Reagents

Rhodocytin provided by Dr. Steve P Watson (University of Birmingham). 2MeSADP, 

epinephrine, Apyrase (type VII) and fucoidan were obtained from Sigma (St. Louis, MO). 

ARC69931MX was a gift from AstraZeneca (Longhborough, UK). ). Whatman protein 

nitrocellulose transfer membrane was obtained from Fisher Scientific (Pittsburg, PA), LI-

COR Odyssey blocking buffer was purchased from LI-COR Biosciences (Lincoln, NE). 

Protein A/G PLUS-agarose was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

Anti-Syk (Tyr525/Tyr 526), PLCγ2 (Tyr759), and βactin were from Cell Signaling 

Technology (Beverly, MA). Monoclonal phosphotyrosine antibody (clone 4G10) was 

purchased from Upstate Biotechnologies (Lake Placid, NY). Monoclonal anti–CLEC-2 

antibody was obtained from abnova and Goat anti-CLEC-2 antibody was obtained from R & 

D systems Inc. (Minneapolis, MN). Goat anti-mouse IgG (H+L) Dylight 680 and Donkey 
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anti-Goat IgG (H+L) Dylight 800 secondary antibodies were from Thermo Scientific 

(Rockford, IL).

2.2 Preparation of human platelets

Blood was collected from informed healthy volunteers in to one-sixth volume of acid/citrate/

dextrose (2.5g sodium citrate, 2 g glucose, and 1.5 g citric acid in 100 ml de-ionized water). 

Platelet rich plasma was obtained by centrifugation at 250g for 20 minutes at ambient 

temperature. Platelets were isolated from plasma by centrifugation at 980g for 10 minutes at 

ambient temperature and resuspended in Tyrode’s buffer pH 6.5 (138 mM NaCl, 2.7 mM 

KCl, 2 mM MgCl2, 0.42 mM NaH2PO4, 5 mM glucose, 10 mM PIPES (pH6.5) containing 

20 nM PGE1, 10mM indomethacin, 500 mM EGTA and 0.2 U/ml apyrase). Platelets were 

isolated from Tyrode’s buffer pH 6.5 by centrifugation at 980g for 10 minutes and 

resuspended in Tyrode’s buffer, pH 7.4 (138 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.42 

mM NaH2PO4, 5 mM glucose, 10 mM HEPES and 0.2 U/ml apyrase, pH 7.4). The platelet 

count was adjusted to 2–2.5 × 108/ml. Approval was obtained from the institutional review 

board of Temple University for these studies. Informed consent was provided prior to blood 

donation.

2.3 Platelet aggregation

Platelet aggregation was measured using a lumi-aggregometer (Chrono-Log, Havertown, 

PA) at 37°C under stirring conditions. A 0.5 ml sample of aspirin-treated washed platelets 

was stimulated with different agonists and change in light transmission was measured. 

Platelets were pre-incubated with different inhibitors where noted before agonist 

stimulation. The chart recorder was set for 0.2 mm/s.

2.4 Platelet secretion

Platelet secretion was determined by measuring the release of ATP using lumichrome 

reagent (Chronolog, Havertown, PA). The activation of platelets was performed in the lumi-

aggregometer at 37° C with stirring (900 rpm) and secretion was measured.

2.5 Depletion/Repletion of platelet cholesterol

For cholesterol depletion, washed platelets were incubated with 5mM or 10mM methyl-β-

cytodextrin (MβCD) for 1 hour at room temperature before stimulation. For cholesterol 

repletion washed platelets were incubated with 5mM MβCD and 200 μg/ml cholesterol, and 

were incubated at room temperature for 1 hour before stimulation with CLEC-2 agonists.

2.6 Immunoprecipitation

Washed human platelets (1 × 109/mL) were stimulated with fucoidan (50 μg/mL). Reactions 

were terminated by adding equal volume of 2× NP-40 lysis buffer (20 mM Tris-HCl, pH 

7.6, 300 mM NaCl, 2 mM EGTA, 2 mM EDTA, 2% Nonidet P-40, 2 mM PMSF, 5 mM 

Na3VO4, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 1 μg/ml pepstatin). Cell debris was 

removed by centrifugation at 15,000 × g for 10 min. Antibodies against CLEC-2 (5 μg/mL) 

or control IgG were added to the resultant supernatant and incubated overnight with Protein 
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A/G agarose beads. Precipitated proteins were separated by SDS-PAGE and western blotted 

with the 4G10 antibody and monoclonal CLEC-2 antibody.

2.7 Western blot analysis

Platelets were stimulated with agonists in the presence of inhibitors or vehicles for the 

appropriate time under stirring conditions at 37°C and the reaction was stopped by the 

addition of 0.6 N HClO4. The resulting acid precipitate was collected and kept on ice. The 

samples were centrifuged at 13000g for 4 minutes followed by resuspending in 0.5 ml of 

deionized water. The protein was again pelleted by centrifugation at 13000 g for 4 minutes. 

The protein pellets were solubilized in sample buffer containing 0.1 M Tris, 2% SDS, 1% 

(v/v) glycerol, 0.1% bromophenol blue, and 100 mM DTT then boiled for 10 minutes. 

Proteins were resolved by SDS polyacrylamide gels and transferred to nitrocellulose 

membrane (Whatman Protran). Membranes were blocked with Odyssey blocking buffer for 

1 hour at ambient temperature, incubated overnight at 4°C with the desired primary antibody 

and then washed 4 times with TBS-T. Membranes were then incubated with appropriate 

secondary infrared dye-labeled antibody for 60 minutes at room temperature and washed 4 

times with TBS-T. Membranes were examined with a Li-Cor Odyssey infrared imaging 

system.

2.8 Statistical analysis

Each experiment was repeated at least 3 times. Results are expressed as means ± S.E.M. 

with number of observations (n). Data was analyzed using Kelidograph software. Significant 

differences were determined using Student’s t-test. Differences were considered significant 

at ***P 0.05 and non-significant (NS) at P≤ 0.05.

3 RESULTS

3.1 Disruption of lipid rafts inhibits platelet aggregation induced by CLEC-2 agonists

We investigated the requirement of lipid rafts in CLEC-2 signaling in platelets by using the 

cholesterol-lowering agent methyl-β-cytodextrin (MβCD). In order to standardize the 

conditions for disrupting lipid rafts in platelets, we examined the effect of MβCD on ADP-

induced platelet aggregation and Akt phosphorylation as it was shown previously that Gi 

activation requires lipid rafts [32]. We used 2-methylthio-adenosine-5′-diphosphate 

(2MeSADP), a close analogue of endogenous agonist ADP. Pre-treatment of platelets with 

MβCD abolished 2MeSADP-induced platelet aggregation and Akt phosphorylation (Figure 

1A) similar to platelets treated with AR-C69931MX [38], a P2Y12 receptor antagonist. 

Platelets pre-treated with MβCD and stimulated with CLEC-2 agonists (Rhodocytin, 

hCLEC-2 Ab and fucoidan) show a significant reduction in the extent of platelet aggregation 

(***P≤0.05), but not completely inhibition (Figure 1B & 1C). In order to evaluate the non-

specific effect of MβCD, we evaluated whether platelets treated with cholesterol restores 

aggregation inhibited by MβCD. As shown in Figure 1C, rhodocytin-induced platelet 

aggregation was restored to control levels by the repletion of cholesterol to platelets. These 

data demonstrate that lipid rafts play an important role in CLEC-2 agonists induced platelet 

aggregation.
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3.2 Lipid raft disruption does not directly affect CLEC-2-mediated platelet aggregation

Secondary mediators, such as ADP and thromboxane A2, are known to play an important 

role in CLEC-2-mediated platelet aggregation [34]. It is known that Gi activation by ADP 

depends on lipid rafts and is required for thromboxaneA2 production and potentiation of 

secretion in platelets [32, 37]. Hence we hypothesized that the effects of MβCD on CLEC-2 

agonists-induced platelet aggregation are due to the disruption of Gi signaling, which is 

stimulated by secreted ADP. We compared the effects of MβCD on CLEC2-induced platelet 

aggregation using a pan-PKC inhibitor, GF109203X, and a P2Y12 receptor antagonist, 

ARC69931MX. CLEC-2 agonist-induced platelet aggregation was similar in platelets 

treated with MβCD or GF109203X, which inhibits ADP secretion (Figure 2). However, 

exogenous addition of 2MeSADP to platelets pre-treated in MβCD and activated with 

CLEC-2 agonists did not restore aggregation, where as addition of 2MeSADP to 

GF109203X or cholesterol treated platelets rescued aggregation (Figure 2). These results 

suggest that inhibition of platelet aggregation induced by CLEC-2 agonists in raft-disrupted 

platelets is due to the disruption of Gi activation.

We also evaluated the role of the P2Y12 receptor that activates Gi pathway in CLEC-2 

mediated signaling by using AR-C69931MX, a P2Y12 receptor antagonist. As shown in 

Figure 3, platelets pre-incubated with AR-C69931MX showed similar extent of reduction in 

CLEC-2-mediated platelet aggregation and secretion as observed with MβCD. As ADP 

plays a crucial role in platelet activation by CLEC-2 agonists, the inhibition in secretion in 

the presence of MβCD is due to disruption of Gi pathway, which has been shown previously 

to play an important role in potentiation of secretion by thromboxaneA2 [37]. It is known 

that epinephrine, an α2A receptor agonist, activates the Gi subclass member Gz, to activate 

similar pathways as the P2Y12 receptor [32, 39]. It is also known that Gz signaling is not 

affected by lipid raft disruption [32]. Hence we investigated whether the addition of 

epinephrine with CLEC-2 agonists to platelets pre-treated with ARC69931MX or MβCD 

restores platelet aggregation and secretion. As observed in Figure 3, stimulation with a 

combination of epinephrine and CLEC-2 agonists rescued aggregation and secretion in 

platelets pre-treated with ARC69931MX or MβCD. These results demonstrate that lipid raft 

disruption does not directly affect CLEC-2-mediated platelet aggregation, but affects Gi 

activation by secreted ADP.

3.3 CLEC-2 mediated signaling is not affected by lipid raft disruption

Previous studies have shown that disruption of lipid rafts leads to inhibition in CLEC-2 

signaling [34]. In order to evaluate the role of lipid rafts on CLEC-2 receptor activation, we 

measured protein phosphorylation in platelets activated by CLEC-2 agonists following 

MβCD treatment. We found no difference in the phosphorylation of Syk or PLCγ2 (Figure 

4) (NS, P≥0.05) between MβCD-treated and untreated platelets following activation with 

CLEC-2 agonists. In agreement with these results, agonist-induced CLEC-2 receptor hemi-

ITAM tyrosine phosphorylation was not inhibited by MβCD (Figure 5) (NS, P≥0.05). These 

results further establish that lipid raft disruption does not affect CLEC-2 receptor activation.
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4 DISCUSSION

The CLEC-2 receptor has been postulated to signal in a lipid raft dependent manner by 

utilizing its hemi-ITAM containing cytoplasmic tail to activate downstream signaling 

molecules upon activation [8, 15, 34]. Disruption of the lipid rafts affects platelet 

aggregation and signaling by CLEC-2 agonists analogous to that of responses mediated by 

GP1b-IX-V and GPVI receptor activation [31, 40]. However, studies have reported that 

platelet aggregation mediated by GP1b-IX-V, GPVI and CLEC-2 agonists depends on 

secondary mediators such as ADP and thromboxaneA2 [34, 41, 42]. Our lab has 

demonstrated that lipid rafts are required for Gi activation in ADP-induced platelet 

activation [32]. Previous studies from our lab has also shown that Thromboxane A2 

generated downstream of P2Y12 helps in potentiation of aggregation and secretion when 

stimulate with ADP. Therefore we hypothesize that platelets stimulated with CLEC-2 

agonists upon lipid raft disruption affects Gi pathway activation thereby abolishing 

thromboxaneA2 generation, which is an important secondary mediator that helps in 

potentiation of CLEC-2-mediated platelet aggregation and secretion.

Our results contrast with Pollit et al, who have shown that 30 nM rhodocytin-induced 

platelet aggregation was abolished in MβCD-treated platelets. We observed that platelet 

aggregation induced by low concentrations (30 nM) of rhodocytin was delayed and inhibited 

but not abolished. The difference in CLEC-2-mediated platelet aggregation in MβCD treated 

platelets from these two studies could be attributed to the time points used to measure 

platelet aggregation. Pollit et al have stimulated raft-disrupted platelets with rhodocytin for 5 

minutes, in contrast to 10 minutes in our experiments. The delay in aggregation was rescued 

by increasing rhodocytin concentration from 30 nM to 100 nM (Figure 1B). It is known that 

the lipid rafts help in bringing receptors and signaling molecules to close proximity, 

however in platelets treated with MβCD the membrane is more fluid and dynamic, which 

may result in delay what was observed in Figure 1B. We also used two other CLEC-2 

agonists, fucoidan and hCLEC-2 antibody, to further demonstrate that platelet aggregation 

induced by CLEC-2 agonists was not abolished as previously shown; they are only delayed 

and inhibited. These results suggest that CLEC-2-mediated primary aggregation is not 

effected by raft disruption.

Even with high concentrations of rhodocytin, platelet aggregation was still inhibited in the 

presence of MβCD, suggesting that lipid raft disruption affects secondary mediator induced 

platelet aggregation. Secondary mediators such as ADP and TXA2 are shown to play 

important roles in CLEC-2-mediated platelet activation[34]. The inhibition of CLEC-2-

mediated aggregation in the presence of MβCD, was similar to the conditions where ADP 

secretion or signaling were blocked. The rescue experiments with epinephrine, which 

activates Gz, and signals independent of lipid rafts, clearly demonstrate that the inhibition of 

CLEC-2-mediated aggregation in the presence of MβCD, is due to the effect of MβCD on Gi 

signaling. Consistent with this idea, MβCD did not affect downstream signaling events from 

CLEC-2, including phosphorylation of the hemi-ITAM, Syk, and PLCγ2.

Although previous studies have shown that a small portion (25%) of CLEC-2 moves to the 

lipid rafts and is phosphorylated upon stimulation with rhodocytin, a considerably large 
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amount of (75%) CLEC-2 is still in the soluble fractions. T-cell receptor activation (TCR) in 

T-cells and GPVI receptor activation platelets have been shown to occur in a lipid raft 

independent manner [33, 43], suggesting a possibility that this may also be true of CLEC-2. 

The lipid rafts could be important in CLEC-2-mediated platelet activation because signaling 

proteins such as Src and LAT are enriched in lipid rafts. However recent work has also 

shown that Src and LAT can be activated in a lipid raft independent manner [44, 45]. 

Furthermore, CLEC-2-mediated platelet activation in LAT-/- platelets is not affected 

suggesting that lipid rafts are not important for CLEC-2-mediated platelet activation [46]. 

Previous studies also suggested that GPVI receptors and CLEC-2 move into the lipid rafts 

upon stimulation with the agonists[34].

In conclusion, we have examined the dependence of CLEC-2 receptor activation on lipid 

rafts in human platelets and found that CLEC-2 activation was not affected by raft 

disruption. Furthermore, we also show that disruption of lipid rafts affects Gi activation 

there by diminishing CLEC-2 agonists induced platelet aggregation (Figure 6). Lipid rafts 

may be important membrane domains that regulate signaling pathways, but our work 

demonstrates that they are not directly involved in CLEC-2 receptor signaling in platelets.
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Figure 1. Lipid raft disruption decreases CLEC-2 mediated platelet aggregation
1A) Washed aspirin-treated human platelets were incubated with the vehicle or MβCD (5 or 

10 mM) for 1 hour at 37°C prior to stimulation with 100nM 2MeSADP for 3 minute at 37°C 

with stirring. Platelet aggregation and Akt phosphorylation were analysis. 1B) Washed 

aspirin-treated human platelets were incubated with or with 5mM MβCD for 1 hour at 37°C 

prior to stimulation with different concentrations of rhodocytin (30nM, 60nM and 100nM) 

for 10 minutes. 1C) Washed aspirin-treated human platelets were incubated with Vehicle or 

5mM MβCD and 200 μg/ml cholesterol (control) or with indicated with 5mM MβCD for 1 

hour at 37°C prior to stimulation with different CLEC-2 agonists of rhodocytin (100nM), 

human CLEC-2 Ab (10μg/ml)(incubated with IV.3 F(ab’)2 fragments (10μg/ml) for 5 min to 
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block FcγRIIA receptor) and fucoidan (50μg/ml). Data are representation of at least three 

independent experiments. Graphs represent mean ± S.E. of % aggregation from at least three 

different experiments (***P 0.05).
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Figure 2. Lipid raft disruption does not directly affect CLEC-2-mediated platelet aggregation
Washed human platelets were incubated with 5mM MβCD and 200 μg/ml cholesterol 

(control) for 1 hour or GF109203X (5μM), a pan-PKC inhibitor for 5 min or MβCD (10mM) 

for 1 hour prior to stimulation with rhodocytin (100nM), human CLEC-2 Ab (10μg/ml) and 

fucoidan (50μg/ml) along with or without 2MesADP (100nM) for 3 minute at 37°C under 

stirring conditions. All platelets were incubated with IV.3 F(ab’)2 fragments (10μg/ml) for 5 

min to block FcγRIIA receptor. Aggregation tracings are representation of 3 independent 

experiments.
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Figure 3. Effect of lipid raft disruption upon Gi and Gz-dependent CLEC-2 mediated 
aggregation
Washed human platelets were incubated with 5mM MβCD and 200 μg/ml cholesterol 

(control) for 1 hour or ARC69931MX (100nM), a P2Y12 antagonist for 2 min or MβCD 

(5mM) for 1 hour prior to stimulation with rhodocytin (100nM), human CLEC-2 Ab 

(10_g/ml) and fucoidan (50μg/ml) along with or without Epinephrine (10μM) for 3 minute at 

37°C under stirring conditions. All platelets were incubated with IV.3 F(ab’)2 fragments 

(10μg/ml) for 5 min to block FcγRIIA receptor. Aggregation and secretion tracings are 

representation of 3 independent experiments.
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Figure 4. CLEC-2 receptor signaling in methyl-β-cyclodextrin (MβCD) treated and untreated 
platelets
Washed human platelets treated with or without MβCD (5mM) was activated with 

rhodocytin (100nM), human CLEC-2 Ab (10μg/ml) and fucoidan (50μg/ml) for 1 min and 

samples were analyzed using SDS-PAGE/Western blotting and probed with a phospho-Syk 

and phospho-PLCγ2 antibody. Data are representation of 3 independent experiments. 

Graphs represent mean ± S.E. of % aggregation from at least three different experiments 

(NS, P≥0.05).
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Figure 5. Effect of lipid raft disruption on CLEC-2 receptor phosphorylation
CLEC-2 was immunoprecipitated from platelets pretreated with MβCD (5mM) and 

stimulated with rhodocytin (100nM) and fucoidan (50μg/ml) for 1 min and samples were 

analyzed using SDS-PAGE/Western blotting and probed for anti-phosphotyrosine (4G10) 

and anti-CLEC-2 antibody. Data are representation of 3 independent experiments. Graphs 

represent mean ± S.E. of % aggregation from at least three different experiments (NS, 

P≥0.05).
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Figure 6. Model for CLEC-2 signaling independent of lipid rafts
Our observation supports the following model: CLEC-2 activation was not affected by raft 

disruption. We also found that disruption of lipid rafts effects Gi activation there by 

affecting CLEC-2 mediated platelet aggregation.

Manne et al. Page 17

Biochem Pharmacol. Author manuscript; available in PMC 2016 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


