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ABSTRACT 

CLEC-2 SIGNAL TRANSDUCTION IN PLATELET ACTIVATION 
 

Bhanu Kanth Manne 
Doctor of Philosophy 
Temple University School of Medicine, 2015 
Doctoral Advisory Committee Chair: Satya P Kunapuli, PhD. 
 
 
Platelets are involved in many processes ranging from fighting microbial infections and 

triggering inflammation to promoting tumor angiogenesis and metastasis. Nevertheless, 

the primary physiological function of platelets is to act as essential mediators in 

maintaining homeostasis of the circulatory system by forming hemostatic thrombi that 

prevent blood loss and maintain vascular integrity.  

 

CLEC-2 is a C-type lectin-like receptor that is highly expressed in platelets and lesser 

extent, in other cell types such as activated dendritic cells and B cells. Rhodocytin was 

the first ligand used to identify CLEC-2 receptor and it’s signaling on platelets. In the 

first chapter we identified a new agonist for CLEC-2 receptor. Fucoidan, a sulfated 

polysaccharide from fucus vesiculosus, decreases bleeding time and clotting time in 

hemophilia, possibly through inhibition of tissue factor pathway inhibitor. However, its 

effect on platelets and the receptor by which fucoidan induces cellular processes has not 

been elucidated. In this study, we demonstrate that fucoidan induces platelet activation in 

a concentration-dependent manner. Fucoidan-induced platelet activation was completely 
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abolished by the pan-Src family kinase (SFK) inhibitor, PP2, or when Syk is inhibited. 

PP2 abolished phosphorylation of Syk and Phospholipase Cγ−2. Fucoidan-induced 

platelet activation had a lag phase, which is reminiscent of platelet activation by collagen 

and CLEC-2 receptor agonists. Platelet activation by fucoidan was only slightly inhibited 

in FcRγ chain null mice, indicating that fucoidan was not acting primarily through GPVI 

receptor. On the other hand, fucoidan-induced platelet activation was inhibited in 

platelet-specific CLEC-2 knock-out murine platelets revealing CLEC-2 as a 

physiological target of fucoidan. Thus, our data show fucoidan as a novel CLEC-2 

receptor agonist that activates platelets through a SFK-dependent signaling pathway. 

Furthermore, the efficacy of fucoidan in hemophilia raises the possibility that decreased 

bleeding times could be achieved through activation of platelets. 

 

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

signaling in a variety of cells including platelets. A previous study 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 
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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.  

  

Tyrosine kinase pathways are known to play an important role in the activation of 

platelets. In particular, the GPVI and CLEC-2 receptors are known to activate Syk upon 

tyrosine phosphorylation of an Immune Tyrosine Activation Motif (ITAM) and hemi-

ITAM, respectively. However, unlike GPVI, the CLEC-2 receptor contains only one 

tyrosine motif in the intracellular domain. The mechanisms by which this receptor 

activates Syk are not completely understood. In chapter 3, we identified a novel signaling 

mechanism in CLEC-2-mediated Syk activation. CLEC-2-mediated, but not GPVI-

mediated, platelet activation and Syk phosphorylation were abolished by inhibition of 

PI3-Kinase, which demonstrates that PI3-Kinase regulates Syk downstream of CLEC-2.  

Ibrutinib, a Tec family kinase inhibitor, also completely abolished CLEC-2-mediated 

aggregation and Syk phosphorylation in human and murine platelets. Furthermore, 

embryos lacking both Btk and Tec exhibited cutaneous edema associated with blood-

filled vessels in a typical lymphatic pattern similar to CLEC-2 or Syk-deficient embryos. 

Thus our data show, for the first time, that PI3-Kinase and Tec family kinases play a 

crucial role in the regulation of platelet activation and Syk phosphorylation downstream 

of CLEC-2 receptor. 
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CHAPTER 1 

INTRODUCTION 
 

Platelets are involved in many processes ranging from fighting microbial infections and 

triggering inflammation to promoting tumor angiogenesis and metastasis(Gawaz, Langer 

et al. 2005, Jenne and Kubes 2015, Nording, Seizer et al. 2015). Nevertheless, the 

primary physiological function of platelets is to act as essential mediators in maintaining 

homeostasis of the circulatory system by forming hemostatic thrombi that prevent blood 

loss and maintain vascular integrity(Packham 1994, Offermanns 2000, Sambrano, Weiss 

et al. 2001). When there is vascular damage, exposure of the extracellular matrix recruits 

and activates platelets thereby leading to aggregation and formation of a fibrin-rich 

hemostatic plug at the injured site. Platelets mainly express two different types of agonist 

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

both of which are important for platelet activation(Offermanns 2000, Sambrano, Weiss et 

al. 2001). All tyrosine kinase pathway receptors, including GPVI, FcγRIIA and CLEC-2, 

are linked to the activation of Syk (Yanaga, Poole et al. 1995, Asazuma, Ozaki et al. 

1997, Poole, Gibbins et al. 1997, Turner, Schweighoffer et al. 2000, Suzuki-Inoue, Wilde 

et al. 2004). However, there are two different tyrosine kinase-coupled receptors. One is 

the ITAM (Immunoreceptor tyrosine-based activation motif) - containing receptors, such 

as the Fc receptor-γ chain (FcRγ) and FcγRIIA, which has the classic YXX(L/I)X6-12 

YXX(L/I) with two tyrosine residues in its cytoplasmic domain. The other is a 

hemITAM-containing receptor, such as CLEC-2, which has only one tyrosine residue 
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(YXX(L/I)) in its cytoplasmic domain(Fuller, Williams et al. 2007, Underhill and 

Goodridge 2007). 

 

 

Figure 1.1. Platelet activation and signaling 
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GPVI Receptor:  

GPVI emerged as a candidate receptor for collagen through identification of a patient 

with an auto-immune thrombocytopenia, who showed the presence of auto-antibodies to 

GPVI which is responsible for the loss of platelet activation by collagen (Sugiyama, 

Okuma et al. 1987). Identification of GPVI as the major signaling receptor of collagen 

was achieved through investigation of the signaling events by using tyrosine kinase 

inhibitors (Poole and Watson 1995), which eventually led to the discovery of the GPVI-

FcR γ-chain complex. The use of tyrosine kinase inhibitors also helped to demonstration 

the crucial role of Syk and phospholipase Cγ2 (PLCγ2) in platelets stimulated with 

collagen. This led to the use of a fusion protein encoding the two SH2 domains of Syk in 

a pull down study and identification of the ubiquitous FcR γ-chain and subsequently 

GPVI as components of the collagen receptor complex (Gibbins, Asselin et al. 1996). 

GPVI expressed cell lines and NFAT reporter assay were used for the verification of 

GPVI as a signaling receptor for convulxin and collagen (Tomlinson, Calaminus et al. 

2007). GPVI had been confirmed as the major signaling receptor on platelets for collagen 

through generation of mice deficient in the glycoprotein receptor (Kato, Kanaji et al. 

2003).  

 

GPVI belongs to the Ig superfamily of surface receptors with two Ig domains. It is 

exclusively expressed in platelets and megakaryocytes (Jandrot-Perrus, Busfield et al. 

2000). Surface expression of GPVI is dependent on its association with the FcR γ-chain 

through a salt-bridge. The FcR γ-chain is a covalent-linked homodimer with each chain 

containing one copy of an ITAM defined by the presence of two YxxL sequences 
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(Berlanga, Bori-Sanz et al. 2007). The key event in signaling by GPVI is phosphorylation 

of a ITAM motif in the FcR γ-chain by Src family kinases Fyn and Lyn (Suzuki-Inoue, 

Tulasne et al. 2002) (Quek, Pasquet et al. 2000). Phosphorylation of the FcR γ-chain 

ITAM leads to recruitment and activation of the tyrosine kinase Syk, which regulates a 

complex downstream signaling pathway that involves the adapter proteins LAT, Gads 

and SLP-76, the Tec family tyrosine kinases, the GTP exchange factors Vav1 and Vav3, 

PI 3-kinase α and β isoforms and PLCγ2 (Judd, Myung et al. 2002, Atkinson, Ellmeier et 

al. 2003, Hughes, Auger et al. 2008, Gilio, Munnix et al. 2009, Kim, Mangin et al. 2009). 

These numerous proteins play qualitatively and quantitatively distinct roles in activation 

of PLCγ2. Studies in mouse platelets have shown that Syk and SLP-76 are essential for 

activation of the phospholipase.  

 

Two new endogenous ligands for GPVI have been identified in recent years, globular 

adiponectin and laminin (Inoue, Suzuki-Inoue et al. 2006, Riba, Hughes et al. 2008). The 

functional relevance of platelet activation by globular adiponectin is unclear as the 

circulating level of the hormone is not sufficient to mediate platelet activation. Laminin is 

a major component of the basal lamina in the basement membrane. Laminin is  the only 

known platelet agonist in the basement membrane that platelets come into contact with 

after mild injury because collagen IV, the major form of collagen in the basal lamina,  is 

present as a sheet-like structure and therefore unable to bind to GPVI.  
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Figure 1.2: The GPVI receptor signaling cascade 

 

 

 

 

 

 

 



	  

6	  

	  

 
The C-type lectin receptor CLEC-2 

The studies on GPVI by Suzuki inovue brought attention to one of the snake C type lectin 

toxin rhodocytin, which activates platelets independent of GPVI(Inoue, Ozaki et al. 

1999). Rhodocytin, which was isolated by Huang and Morita from the venom of the 

Malayan pit viper, Calloselasma rhodostoma, was initially thought to mediate platelet 

activation through the collagen receptor α2β1, GPIbα (Navdaev, Clemetson et al. 2001, 

Suzuki-Inoue, Ozaki et al. 2001). However, rhodocytin was then shown to be unable to 

bind to recombinant α2β1 and activated platelets deficient in integrin α2β1, GPIbα and 

GPVI(Bergmeier, Bouvard et al. 2001, Eble, Beermann et al. 2001). Thus, it appeared 

that rhodocytin must activate platelets through a novel receptor. C-type lectin receptor 2 

(CLEC-2), a protein of 30 kDa was identified using mass spectrometry (Suzuki-Inoue, 

Fuller et al. 2006). CLEC-2 was confirmed as a signaling receptor for rhodocytin by 

expression in DT40 chicken B cells and use of the NFAT-luciferase reporter assay 

(Suzuki-Inoue, Fuller et al. 2006). Furthermore, an antibody to CLEC-2 induces powerful 

activation of human platelets independent of FcγRIIA established the C-type lectin as a 

novel platelet activation receptor (Suzuki-Inoue, Fuller et al. 2006). 

CLEC-2 is a type II membrane protein with an extracellular carbohydrate-like 

recognition domain (CRD-like) that lacks the conserved amino acids for binding to 

sugars. It has a cytoplasmic tail of 31 amino acids that contains a conserved YxxL 

sequence starting at position 7 downstream of a tri-acidic amino acid region (DEDG). 

The CLEC-2 gene is located on human chromosome 12 in a cluster with six other C-type 

lectin receptors. Mutation of the conserved tyrosine in CLEC-2 or of the critical arginines 
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in the phosphotyrosine binding motifs in the SH2 domains of Syk leads to loss of 

signaling suggesting regulation of Syk through binding to  CLEC-2 receptor (Fuller, 

Williams et al. 2007). CLEC-2 is present as a dimer on resting platelets and in transfected 

cell lines, and a phosphorylated peptide based on its cytoplasmic tail binds to the tandem 

SH2 domains of Syk with a stoichiometry of 2:1 (Hughes, Pollitt et al. 2010, Hughes, 

Finney et al. 2015).  

Despite the novel mechanism of Syk regulation, the signaling events that occur 

downstream of CLEC-2 activation are similar to those induced by the GPVI-FcR γ-chain 

complex. Studies using selective inhibitors, mutant mouse platelets and mutant cell lines 

have shown that CLEC-2 signals through Src and Syk tyrosine kinases leading to tyrosine 

phosphorylation and recruitment of  LAT, SLP76, Gads, Vav, Rac1 and PLCγ2 (Suzuki-

Inoue, Fuller et al. 2006, Fuller, Williams et al. 2007). Furthermore, as is the case for 

GPVI, proteins such as Syk and PLCγ 2 are critical for CLEC-2 mediated platelet 

activation (Suzuki-Inoue, Fuller et al. 2006), whereas the role of others can be overcome 

at higher agonist concentrations for example LAT and Gads (Hughes, Auger et al. 2008).  

The first evidence for an endogenous ligand for CLEC-2 came from the observation of 

increased capture and transfer of infectious HIV-1 made in human embryonic kidney 

(HEK) 293T cells by platelets. In confirmation of this, HEK-293T cells activate platelets 

and induce NFAT activity in CLEC-2-transfected DT40 cells, while Christopher 

O’Callaghan, who reported the crystal structure of CLEC-2, identified a 40-kDa CLEC-2 

binding protein in the HEK-293T cells, although at the time, its identity was not known. 

Katsue Suzuki-Inoue identified podoplanin as an endogenous ligand for CLEC-2 by 
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observing that podoplanin-expressing tumor cells aggregate platelets in a strikingly 

similar manner to rhodocytin (Suzuki-Inoue, Kato et al. 2007). Confirmation of 

podoplanin as the activating ligand was achieved using transfected cell lines, recombinant 

protein and blocking antibodies. For example, recombinant CLEC-2 or the podoplanin-

specific antibody NZ-1 inhibited platelet activation by podoplanin-expressing cell lines, 

including lymphatic endothelial cells, and by dimeric podoplanin (Suzuki-Inoue, Kato et 

al. 2007). The affinity of CLEC-2 for podoplanin was calculated by using Biacore as 

24 µm (Christou, Pearce et al. 2008). 

Podoplanin is a type I transmembrane sialomucin-like glycoprotein with a short 

cytoplasmic tail, a single transmembrane region and an extensively O-glycosylated 

extracellular domain. Podoplanin is found at high levels in lung type 1 alveolar cells, 

kidney podocytes and lymphatic endothelial cells. It is also upregulated in a variety of 

tumors, where it is implicated in cancer metastasis (Schacht, Dadras et al. 2005). 

Nieswandt group also observed that the C-type lectin receptor is able to support thrombus 

formation in vivo. Recent studies have shown that CLEC-2 is important for lymphatic and 

vascular separation. It was shown that mice deficient in Syk, SLP-76 and PLCγ2, 

components of the CLEC-2 signaling pathway, also have defective separation of their 

lymphatic and vascular endothelial cells that causes petechia in utero, whereas a similar 

defect is not seen in mice deficient in the GPVI-FcR γ-chain and integrin αIIbβ3, which 

have also been shown to signal through these proteins (Turner, Mee et al. 1995, 

Clements, Lee et al. 1999, Ichise, Ichise et al. 2009). Evidence for platelet involvement in 

lymphatic separation is provided by the presence of blood-filled lymphatics in PF4-Cre 

mice that have been subject to targeted ablation of megakaryocytes, and therefore 
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platelets. These observations therefore provide compelling evidence for the proposal of 

Suzuki-Inoue group. However Kahn group showed that the loss of CLEC-2 activation of 

platelets by podoplanin results in platelet involvement in lymphatic separation. They 

conformed it by generating of a platelet-specific CLEC-2 knockout mouse (Abtahian, 

Guerriero et al. 2003) 

 
 

Figure 1.3: The CLEC-2 receptor signaling cascade 
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CHAPTER 2 

MATERIALS AND METHODS 
 

 
Materials - Apyrase (type VII), Fucoidan, 2MeSADP, methyl-β-cytodextrin (MβCD) 

Aspirin and Epinephrine were obtained from Sigma (St.Louis, MO). FURA-2 AM was 

from Molecular Probes (Eugene, OR). ARC69931MX was a gift from AstraZeneca 

(Longhborough, UK). Fura-2 acetoxylmethyl ester (Fura-2 AM) was from Molecular 

Probes (Eugene, OR). Convulxin was purchased from Dr. Kenneth J Clemetson 

(University of Berne). LY294002, Wortmannin, PP3 and PP2 were purchased from Bio-

mol Research Laboratories (Plymouth Meeting, PA). TGX-221 was purchased from 

Cayman Chemical (Ann Arbor, MI). PIK75, AS 252424 and IC87114 were from the lab 

of Shaun Jackson (Monash University, Victoria, Australia). Ibrutinib (PCI-32765) was 

from Selleckchem (Huston, Texas). OXSI-2 was from Calbiochem (Darmstadt, 

Germany). YM-254890 was a generous gift from Yamanouchi Pharmaceutical (Ibaraki, 

Japan). Rhodocytin was a generous gift from Dr.Steve P Watson (University of 

Birmingham, UK) and Johannes A Eble (University of Münster, Germany). CHRONO-

LUME were from Chronolog (Havertown, PA). Collagen-related peptide (CRP) was 

purchased from Dr. Richard Farndale. Pan-PKC inhibitor GF109203X and Go6976 was 

from Biomol (now ENZO Life Sciences Inc., Plymouth Meeting, PA). Protein A/G 

PLUS-agarose was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Monoclonal 

phosphotyrosine antibody (clone 4G10) was purchased from Upstate Biotechnologies 

(Lake Placid, NY). IV.3 antibody was purchased from Stem cell Technologies 

(Vancouver, Canada). Goat anti-CLEC-2 antibody was obtained from R & D Systems 
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(Minneapolis, MN). Goat anti-mouse IgG (H+L) Dylight 680 and Donkey anti-Goat IgG 

(H+L) Dylight 800 secondary antibodies were from Thermo Scientific (Rockford, IL). 

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). Antibodies to phospho Src(Y416), Syk (Tyr525/526), PLCγ2 

(Tyr759), PLCγ2 (Tyr1217), LAT (Tyr191), Btk (Tyr223), Akt (Ser473), Total Btk, beta-

actin and beta 3 Integrin were bought from Cell signaling Technology (Beverly, MA), 

Total Syk, PLCγ2, Akt and β3-integrin antibodies were obtained from Santa Cruz 

Biotechnologies (Santa Cruz, CA).  

 

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 230g for 20 minutes at ambient temperature and incubated 

with 1mM aspirin for 30 minutes at 370C.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, 500 µM 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, pH7.4). The platelet count was adjusted to 2-2.5 X 108/ml. Approval was 
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obtained from the institutional review board of Temple University for these studies. 

Informed consent was provided prior to blood donation. 

 

Preparation of Murine Platelets - All mice were maintained in a specific pathogen-free 

facility, and animal procedures were carried out in accordance with institutional 

guidelines after the Temple University Animal Care and Use Committee (IACUC) 

approved the study protocol, or they were performed under UK Home Office Project 

license (PPL 40/2803). Fccer1g (FcRγ knock-out) or FcRγ-chain-deficient mice were 

purchased from Taconic (Germantown, NY). Age- and gender-matched wild-type mice 

were used as controls. Blood was drawn via cardiac puncture into onetenth volume of 

3.8% sodium citrate. Blood was spun at 100_ g for 10 min, and the platelet rich plasma 

(PRP) was separated. Red blood cells were mixed with 400 _l of 3.8% sodium citrate and 

spun for a further 10 min at 100 x g. Resulting platelet rich plasmas (PRPs) were 

combined, and 1 _M PGE1 added and centrifuged for 10 min at 400 x g. Platelet-poor 

plasma was removed, and the platelet pellet was resuspended in Tyrode’s buffer (pH 7.4) 

containing 0.2 units/ml apyrase. Platelet counts were determined using a Hemavet 950FS 

blood cell counter (Drew Scientific Inc., Dallas, TX). For aggregation studies, a density 

of 2 x 108 platelets/ml was used. 

 

Platelet Aggregation – Platelet aggregation was measured using a lumi-aggregometer 

(Chrono-Log, Havertown, PA) at 370C under stirring conditions. A 0.5 ml (for human 

platelets) or 0.25 ml (for murine platelets) sample of washed platelets was stimulated 

with different agonists and change in light transmission was measured. Platelets were 
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pre-incubated with different inhibitors where noted before agonist stimulation. The chart 

recorder (Kipp and Zonen, Bohemia, NY) was set for 0.2 mm/s. 

 

Measurement of intracellular Ca2+ mobilization – Platelet-rich plasma was incubated 

with 5 µM FURA-2/AM for 45 minutes at 37oC. Platelets were prepared as described 

above and fluorescence was measured in a Perkin-Elmer apparatus with excitation set at 

340nm and emission set at 510nm. Ca2+ concentration was calculated using kelidograph.* 

 

Flow Cytometry - Washed and aspirin-treated human platelets were used to measure 

agonist-dependent levels of αIIbβ3- activated receptor by PAC-1-FITC antibody and P-

selectin expression or alpha granule release by CD62P-PE antibody. Aliquots (0.5 ml) of 

washed platelet suspension in Tyrode’s buffer (pH 7.4) containing 1 mM CaCl2 were 

preincubated with the indicated concentration of inhibitors for 5 min at 37 °C. Prior to the 

activation with agonist, an aliquot containing 10 µl of 106 platelets was gently mixed with 

90µl of antibody mixture and incubated for 30 min at 37 °C in the dark. Platelets were 

identified and gated according to the forward and side scatter signals. As control for 

immunolabeling, platelets were incubated with non-immuno-IgG isotype control 

antibody. To fix the platelets, 1% parafarmaldehyde dissolved in phosphate-buffered 

saline was added. A total of 10,000 platelet events were acquired per sample, and the 

percentage of positive gated cells was analyzed. All determinations were performed on a 

FACS Caliber flow cytometer (BD Biosciences). 
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Syk kinase Assay – Washed human platelets (1 x 109 cells/ml) were stimulated with the 

agonists in the presence and absence of the inhibitors. The reaction was stopped by 

addition of equal volume of cold 2x NP40 lysis buffer (2x Lysis Buffer: 50 mM HEPES, 

pH7.4, 100 mM NaCl, 2 mM EGTA, 2% NP40 plus Halt protease and phosphatase 

inhibitors) and the samples were rocked at 40C for 30 minutes. Samples were centrifuged 

at 12000g at 40C for 10 minutes. Supernatants were transferred to a clean tubes and 2 µg 

anti-Syk (Santa Cruz (4D10) cat# sc4210m) added. Samples were rocked for an hour at 

40C, 50 µl washed TRUBLOT anti-mouse IgG IP beads (Rockland) added and rocked for 

an additional hour at 40C. Beads were washed three times with 1X lysis buffer and one 

time with Kinase buffer (50 mM MOPS (pH 7.4), 5 mM MgCl2, 5 mM MnCl2, and 1 mM 

DTT). Kinase buffer (45 µl) containing 5 µg tubulin was added to the beads, the  reaction 

started by addition of 5 µl 25µM ATP and incubated at room temperature for 10 minutes. 

Reactions were terminated by addition of 20 mM EDTA. Beads were pelleted by 

centrifugation, 30 µl supernatant mixed with 10µl 4X sample buffer for measurement of 

tubulin tyrosine phosphorylation. Beads were washed one time with PBS, 50 µl of 2X 

sample buffer was added to the beads to assess the phosphorylation state of Syk. All 

samples were boiled for 10 minutes. The samples were run on 8 % SDS-PAGE. 

 

Preparation of platelet membrane fractions – Platelets (2 x 109 cells/ml) were 

stimulated with agonists in presence of inhibitors or antagonists/ vehicle and the reaction 

was stopped by addition of 2X Halt Protease and Phosphatase cocktail solution (Pierce, 

Rockford, IL) in Tyrode´s buffer and flash frozen. Platelets were lysed by 4 freeze/thaw 

cycles and then centrifuged at 1500g for 10 minutes at 4 oC to pellet unlysed cell.  



	  

15	  

	  

Supernatants were centrifuged at 100,000g for 30 minutes at 4 oC. The supernatant is a 

cytosolic fraction while the pellet is membrane and cytoskeleton fraction. The pellet was 

carefully rinsed with 0.9% saline and resuspended in 100 ml of 1% Triton X-100. 

Samples were then centrifuged at 15,000g for 10 minutes at 4 oC to pellet the 

cytoskeleton. The membrane-rich supernatant was collected and an equal volume of 2X 

sample buffer was added. Protein estimation was performed using the Pierce BCA 

Protein assay kit (Thermo Scientific, Rockford, IL). 10 µg of protein were run on SDS-

PAGE gel for separation and transferred to nitrocellulose membranes for specific 

immunoblotting. 

 

Western blot analysis - Platelets were stimulated with agonists in the presence of 

inhibitors or vehicles for the appropriate time under stirring conditions at 370C and the 

reaction was stopped by the addition of one-tenth volume of 6.6 N HClO4. The resulting 

protein precipitate was collected by centrifugation at 13000g for 4 minutes followed by a 

wash 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 base, 2% SDS, 1% (v/v) glycerol, 0.1% bromophenol blue, and 100 mM DTT 

then boiled for 10 minutes. Proteins were resolved by SDS -PAGE and transferred to 

nitrocellulose membranes (Whatman Protran). Membranes were blocked with Odyssey 

blocking buffer for 1 hour at ambient temperature, incubated overnight at 4oC 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 
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room temperature and washed 4 times with TBS-T. Membranes were examined with a 

Li-Cor Odyssey infrared imaging system. 

 

MβCD treatment - For cholesterol depletion, washed platelets were incubated with 

5mM and 10mM methyl-β-cytodextrin (MβCD) for 1 hour at room temperature before 

stimulation. 

 
Immunoprecipitation -  Washed human platelets (1 X 109/mL) were stimulated with 

fucoidan (50 µg/mL). Reactions were terminated by adding equal volume of 2X 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 x 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 A/G agarose beads. The beads were 

washed three times with lysis buffer. Precipitated proteins were separated by SDS-PAGE 

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

 

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. 
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CHAPTER 3 

FUCOIDAN IS A NOVEL PLATELET AGONIST FOR THE C-TYPE 
LECTIN-LIKE RECEPTOR 2 (CLEC-2)  

 

Introduction 
 

Platelets act as essential mediators in maintaining homeostasis of the circulatory system, 

and their activation is tightly regulated in vivo under normal physiological conditions. 

However, when there is vascular damage, exposure of subendothelial collagen facilitates 

platelet activation, mainly through the glycoprotein VI receptor (GPVI), which is 

essential for hemostasis (Packham 1994, Broos, De Meyer et al. 2012, Clemetson 2012). 

Failure of platelet activation leads to excessive bleeding. Subsequent to platelet 

activation, coagulation proteins are activated resulting in thrombin generation and fibrin 

clot formation (Shuman and Levine 1978). Deficiencies in coagulation proteins also lead 

to bleeding diathesis. For example, hemophilia A is a bleeding disorder in which the 

patient has an increased bleeding tendency due to factor VIII absence or 

dysfunction(Zimmerman, Ratnoff et al. 1971, Zimmerman and Fulcher 1985). 

 

 Sulfated polysaccharides of natural origin, which are characterized by their biological 

activities, have a favorable therapeutic profile in animals and humans because most have 

minimal side effects. These polysaccharides are composed of a broad range of subclasses 

similar to heparins, glycoaminoglycans, fucoidan, dermatan, or dextran sulfates (Liu, 

Scallan et al. 2006). Notably, compounds of natural origin exhibit different biological 

activities depending on the concentration or dose (Liu, Scallan et al. 2006, Prasad, 
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Lillicrap et al. 2008). Fucoidan, a nonanticoagulatory sulfated polysaccharide, is derived 

from the brown seaweed Fucus vesiculosus. When compared with other sulfated 

polysaccharides, fucoidan demonstrates superior procoagulant properties. 

Pharmacological activity of this compound was tested in several animal models in vitro 

and in vivo. In humans, in vitro experiments with fucoidan demonstrated several 

beneficial effects on ulcers and bleeding disorders. Non-anticoagulatory sulfated 

polysaccharides were originally considered as a novel approach to improve coagulation 

because of their inhibitory effect on physiological anticoagulation, especially fucoidan, 

which inhibits tissue factor pathway inhibitor and accelerates clotting in hemophilia A 

and B patients. Therefore, fucoidan is in clinical trials as a new candidate drug for 

hemophilia patients. In prior studies, fucoidan was shown to enhance the survival rate in 

murine models of hemophilia A and B  (Liu, Scallan et al. 2006) and a canine model of 

hemophilia A (Prasad, Lillicrap et al. 2008)by decreasing bleeding times. However, the 

effect of fucoidan on platelet aggregation, which regulates bleeding times, has not been 

studied. 

 

GPVI signaling in platelets depends on FcRγ chain activation leading to tyrosine kinase 

pathways resulting in the activation of Syk and PLCγ2. C-type lectin-like receptor 2 

(CLEC-2), also linked to activation of Syk and PLCγ2 (Suzuki-Inoue, Fuller et al. 2006), 

is highly expressed in platelets and at lower levels in neutrophils and dendritic cells. 

CLEC-2 was identified by using the snake venom protein rhodocytin, purified from 

Calloselasma rhodostoma , as a ligand on affinity chromatography, and later shown to be 

an endogenous receptor for podoplanin. The crystal structure of rhodocytin shows that 
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CLEC-2 receptors are activated through clustering by this tetrameric ligand. CLEC-2 and 

podoplanin are implicated in tumor metastasis and hemostasis and thrombosis (May, 

Hagedorn et al. 2009). Unlike GPVI, CLEC-2 has a immunoreceptor tyrosine-based 

activation motif (hemITAM) sequence that is phosphorylated by Src and Syk tyrosine 

kinases, whereas phosphorylation of the ITAM is mediated solely by Src kinases. 

Rhodocytin and podoplanin are the only two known agonists for the CLEC-2 receptor. 

 

In the present study, we show that fucoidan causes platelet activation, leading to αIIbβ3-

mediated aggregation. We show that fucoidan signals through a tyrosine kinase-

dependent signaling pathway downstream of CLEC-2 receptor and propose that this 

contributes to a decrease in bleeding time in hemophilia animal models. These results 

support the notion that decreased bleeding times can be achieved in hemophilia patients 

through activation of platelets. 
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Results 
 

Fucoidan Causes Platelet Activation—As fucoidan reduced bleeding times in 

hemophilia animal models, we evaluated whether fucoidan can cause platelet activation. 

Fucoidan caused aggregation of washed human platelets in a concentration- dependent 

manner (Fig. 1 A). Fucoidan caused only shape change at a concentration of 10 µg/ml, 

whereas maximum aggregation was achieved at 50 µg/ml (Fig 3.1 A). We also evaluated 

the effects of fucoidan on other platelet functional responses, including integrin activation 

(Fig 3.1 B), dense granule secretion (Fig 3.1 C), P-selectin expression (Fig 3.1 D), and 

thromboxane generation (Fig 3.1 E) in human platelets. These results show that fucoidan 

causes platelet activation. 
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Figure 3.1 Fucoidan-induced platelet responses. (A) Washed aspirin-treated human 
platelets were stimulated with increasing concentrations of fucoidan at 37 °C under 
stirring conditions. Platelet aggregation was measured using a Lumi aggregometer. The 
traces are representative of data from at least three independent experiments.  
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Figure 3.1. Fucoidan-induced platelet responses. (B) Fucoidan-induced αIIbβ3 
activation was measured by activating washed, aspirin-treated human platelets with 
fucoidan (50 µg/ml) and analyzed with FITC-PAC1 antibody by flow cytometry. (C) 
Dense granule secretion was assessed by measuring fucoidan-induced (50 µg/ml) ATP 
release from human platelets. (D) Alpha granule expression was measured by CD62P (P-
selectin) expression in response to fucoidan (50 µg/ml) and was analyzed using flow 
cytometry. Graphs represent mean ± S.E. of % positive cells from at least three different 
experiments (***, P≤0.05). (E) Washed human platelets without aspirin treatment were 
stimulated in a platelet aggregometer, and levels of TXB2 were determined according to 
established protocol (4). 
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Role of Src Family Kinase dependent pathways in fucoidan-induced platelet 

activation-Many platelet surface receptors, which mediate positive functional responses, 

are coupled to either Gq-dependent or tyrosine kinase-dependent pathways. To determine 

the signaling mechanism involved in fucoidan-induced platelet activation, we used the 

selective Gq  inhibitor YM-254890 (Kawasaki, Taniguchi et al. 2003, Taniguchi, 

Suzumura et al. 2004) or the pan SFK inhibitor PP2 . Platelets pretreated with YM-

254890 had only a minimum reduction in aggregation in comparison with the full 

inhibition of aggregation to AYPGKF (Fig 3.2A), suggesting that the Gq pathway plays a 

minimal role in the activation of platelets by fucoidan, presumably through the feedback 

action of TxA2. As shown in Fig. 3.2B, fucoidan-induced platelet activation was 

completely abolished by PP2 but not by its inactive analog, PP3. These data demonstrate 

that SFK-dependent pathways are required for fucoidan-induced platelet activation.  

 

It is known that SFK-mediated signaling pathways involve activation and 

phosphorylation of Syk and LAT in platelets. Therefore, we evaluated the 

phosphorylation status of Syk and LAT following stimulation of platelets with fucoidan. 

Fucoidan-induced Syk and LAT phophorylations were abolished by pretreatment of 

platelets with PP2 (Fig 3.3A). These data support our observation that fucoidan-mediated 

signaling pathways involve Syk and LAT activation downstream of SFKs. Intracellular 

Ca2+ mobilization was also measured in response to fucoidan in the presence of the pan 

SFK inhibitor PP2. PP2 completely blocked calcium mobilization compared with control 

(PP3) platelets (Fig3.3B). These data suggest that fucoidan activates a SFK-dependent 

pathway leading to intracellular Ca2+ mobilization. 
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Figure 3.2 Role of Src family tyrosine kinase (SFK)-dependent pathways in 
fucoidan-induced platelet activation: (A) Washed, aspirin-treated human platelets were 
incubated with YM-254890 (50 nM), a selective Gq inhibitor, for 5 min and stimulated 
with fucoidan (50 µg/ml) for 3 min at 37 °C under stirred conditions. Platelet aggregation 
was measured using lumi-aggregometer. The traces are representative of data from at 
least three independent experiments. (B) Washed, aspirin-treated human platelets were 
pretreated with SFK inhibitor PP2 (10 µM) or PP3 (control) at 37 °C for 5 min followed 
by stimulation with fucoidan (50 µg/ml) for 3 min under stirred conditions. Platelet 
aggregation was measured by aggregometry. The tracings are representative of data from 
at least three independent experiments. DMSO, dimethyl sulfoxide. 
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A) 
                                           

 

      
 
 
B) 

 
 
Figure 3.3 Effect of SFK inhibition on fucoidan-induced platelet activation: (A) 
Washed, aspirin-treated human platelets were stimulated with fucoidan (50 µg/ml) in the 
presence of the SFK inhibitor PP2 for 30 s, and the effect on Syk (Y525/26) and LAT 
(Y191) phosphorylation were analyzed. (B) Washed, aspirin-treated human platelets 
loaded with 5 _M FURA-2 AM were pretreated with PP3 or PP2 (10 µM) and activated 
with fucoidan (50 µg/ml) to measure intracellular Ca2+ mobilization. 
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Syk mediates platelet activation by fucoidan - The functional role of Syk in signaling 

by fucoidan was investigated by pretreating platelets with the Syk inhibitors OXSI-2 or 

Go6976 (Bhavaraju, Kim et al. 2008, Getz, Mayanglambam et al. 2011). Fucoidan-

induced platelet activation was completely inhibited when treated with the Syk inhibitors, 

which was measured by percentage PAC1 binding using flow cytometry (Fig 3.4A). To 

determine whether or not OXSI-2 was affecting the activity of SFKs, phosphorylation of 

Tyr416 (marker of SFK activation) was examined under similar experimental conditions. 

As demonstrated in Fig 3.4B, SFK phosphorylation was not effected when a Syk 

inhibitor, OXSI-2 or Go6976, was used. The critical role of Syk in signaling by fucoidan 

was illustrated by the lack of PLCγ2 phosphorylation, which is an important downstream 

signaling molecule (Fig 3.4 C and  4D). Furthermore, fucoidan-induced intracellular 

Ca2+ mobilization was completely abolished in the presence of either Syk inhibitor 

OXSI-2 or Go6976 (Fig 3.4 E). Inhibition of fucoidan-induced platelet activation by 

OXSI-2 or Go6976 suggests that Syk is an important downstream signaling molecule in 

fucoidan-induced platelet activation. 
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A) 

 
 
 

B) 
 

 
 
 
 
Figure 3.4 The role of Syk in fucoidan-induced aggregation, calcium mobilization, 
and aIIbb3 activation: (A) Washed, aspirin-treated human platelets were pretreated with 
vehicle (dimethyl sulfoxide), OXSI-2 (2 µM), or Go 6976 (1 µM) for 5 min at 37 °C 
prior to activation with convulxin (CVX; 100 ng/ml) or fucoidan (50 µg/ml) (US-
unstimulated). αIIbβ3 expression was analyzed with PAC-1-FITC antibody. Graphs are 
represented mean ± S.E. of % positive cells from three different experiments 
(***P≤0.01). (B) The effect of Syk inhibitors (OXSI-2 or Go 6976) on SFK 
phosphorylation induced by fucoidan (50 µg/ml) in human platelets was analyzed.  
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C) 
 
 

 
 
 
D) 
 
 

 
 
 
 
 
 
 
Figure 3.4 The role of Syk in fucoidan-induced aggregation, calcium 
mobilization, and aIIbb3 activation: (C) Time course analysis of PLCγ2 tyrosine 
phosphorylation from aspirin-treated human platelets stimulated with fucoidan (50 
µg/ml). (D) Platelets were stimulated with 50 µg/ml of fucoidan for 1 min. PLCγ2 
tyrosine phosphorylation was measured in the presence of OXSI2, Go6976, or dimethyl 
sulfoxide. 
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E) 
 

 
 
 
 
Figure 3.4 The role of Syk in fucoidan-induced aggregation, calcium mobilization, 
and aIIbb3 activation: (E) Washed, aspirin-treated human platelets loaded with 5 µM 
FURA-2 AM were pretreated with OXSI-2 (2 µM) or Go 6976 (1 µM) and activated with 
fucoidan (50 µg/ml) to measure the effect of Syk inhibition in Ca2+ mobilization. 
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Fucoidan Mediates Platelet Functional Responses through CLEC-2 - The major 

receptors that trigger tyrosine kinase pathways in platelets are GPVI and CLEC-2. Upon 

ligation of collagen to GPVI, the FcRγ chain ITAM becomes phosphorylated by SFK 

members to initiate downstream signaling . Data presented in Figs. 3.2 and 3.3 suggest 

that the profile of activation by fucoidan is similar to that of GPVI. Previously, it was 

shown that FcRγ chain-null platelets are not only unresponsive to collagen but also show 

no surface expression of GPVI. To evaluate whether fucoidan signals through GPVI, we 

made use of FcRγ chain-null murine platelets. Wild type murine platelets aggregate in 

response to collagen-related peptide (Fig 3.5A), whereas addition of collagen-related 

peptide to FcRγ chain-null murine platelets failed to induce platelet aggregation (Fig. 

5A). Interestingly, fucoidan induced aggregation observed in FcRγ chain-null murine 

platelets was similar when compared with wild-type murine platelets (Fig 3.5A). FcγRIIA 

is not present in murine platelets but does exist in human platelets. We therefore tested 

the role of this receptor by using the IV.3 monoclonal antibody that binds and blocks 

FcγRIIA. Blocking of FcγRIIA by IV.3 antibody did not affect fucoidan-induced platelet 

activation (Fig 3.5B). These data suggest that fucoidan does not mediate its effects 

primarily through the GPVI or FcγRIIA receptor.  

 

CLEC-2, a C-type lectin receptor has been shown to signal independently of the FcRγ 

chain in platelets. The presence of Syk phosphorylation and detectable levels of LAT 

phosphorylation in platelets activated with fucoidan (Fig 3.3) suggested that CLEC-2 

may be a possible receptor candidate for fucoidan on platelets. To determine whether 
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CLEC-2 is the receptor that mediates fucoidan-induced platelet activation, platelet-

specific (PF4-Cre) CLEC-2 receptor knockout mice platelets were used. Wild-type 

murine platelets aggregated in response to fucoidan, but fucoidan failed to induce platelet 

activation in CLEC-2 receptor null mice (Fig 3. 6A). Furthermore, tyrosine 

phosphorylation of the CLEC2 receptor was observed in Immuno-precipitation studies 

when washed human platelets where activated with either rhodocytin or fucoidan (Fig  

3.6B), suggesting that fucoidan mediates platelet functional responses through the CLEC-

2 receptor. We thus propose a model for the signaling events induced by fucoidan 

through the CLEC-2 receptor (Fig. 3.7). 
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A) 
 

 
 
B) 
 

 
 
Figure 3.5 Fucoidan does not activate GPVI or FcgRIIA (A) Fucoidan-induced 
platelet aggregation on FcRγ  chain-null murine platelets. Wild-type or FcRγ  chain-null 
murine platelets were stimulated with fucoidan (50 µg/ml) and CRP (Collagen Related 
Peptide) allowed to aggregate for 3 min at 37 °C under stirred conditions in a Lumi-
aggregometer. The traces are representative of data from at least three independent 
experiments. (B) Human platelets were stimulated with fucoidan (50 µg/ml) in the 
absence and presence of IV.3 monoclonal antibody (10 µg/ml) for 3 min. The traces are 
representative of data from at least three independent experiments. 
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A) 
 

 
 
B) 

 
 
 
 
 
Figure 3.6 Fucoidan-induced platelet responses are mediated by CLEC-2 receptor: 
(A) Wild-type or CLEC-2 knock-out platelets (2 x 108/ml) were stimulated with fucoidan 
(50 µg/ml) and allowed to aggregate at 37 °C under stirred conditions in a Lumi-
aggregometer (n=10). (B) Washed human platelets (1 x 109/ml) were stimulated with 100 
nM rhodocytin or 50 µg/ml fucoidan. Reaction was terminated by addition of an equal 
volume of 2-lysis buffer. Platelet lysates were precleared, and detergent-insoluble debris 
was removed using centrifuge. Antibodies against CLEC-2 were added to the resultant 
supernatant and incubated overnight with protein A Sepharose. Precipitated proteins were 
separated by SDS-PAGE and Western blotted (WB) with the phosphotyrosine antibody. 
The data are a representation of three experiments. 
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Figure 3.7 Model depicting tyrosine kinase-dependent signaling pathway in platelets 
activated with fucoidan. Fucoidan activates platelets through an SFK-dependent 
pathway through the CLEC-2 receptor. YP represents tyrosine phosphorylation sites on 
the cytoplasmic domain of CLEC-2 receptor. 
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Discussion 

 

Fucoidan, a sulfated polysaccharide from brown seaweed, decreases bleeding time and 

clotting time in hemophilia (Liu, Scallan et al. 2006, Prasad, Lillicrap et al. 2008). 

Decreased bleeding times in the hemophilia animal models by in vivo administration of 

fucoidan highlights the beneficial effect of fucoidan as a novel treatment (Prasad, 

Lillicrap et al. 2008). Furthermore, in vitro studies by using platelet poor plasma from 

hemophilia animal models and human patients have showed that fucoidan inhibits tissue 

factor pathway inhibitor, thereby contributing to an increase in the extrinsic coagulation 

pathway activity (Liu, Scallan et al. 2006). The effect of fucoidan on platelets, however, 

has not been studied. In the current work, we investigated whether or not fucoidan 

induces platelet activation and if so, what is the receptor that is mediating these signaling 

events. Our results suggest that fucoidan induces platelet activation (Fig. 1) through a 

tyrosine kinase-dependent pathway (outlined in Fig. 7). Using pharmacological 

inhibitors, we have shown that SFKs and Syk are crucial for fucoidan-induced platelet 

activation (Figs. 2 and 3). Our data from platelet-specific CLEC-2 receptor knock-out 

murine platelets suggest that CLEC-2 is the physiological receptor for fucoidan on 

platelets (Fig. 6A), thereby providing a novel CLEC-2 receptor agonist other than 

rhodocytin and podoplanin. Previous studies suggest that fucoidan-induced platelet 

activation was regulated by two important factors, molecular weight of the compound 

and the difference in sulfate content. Our results suggest that fucoidan, derived from the 

brown seaweed Fucus vesiculosus, with a high molecular weight of 150–200 kDa and 

low sulfate content of 8–11%, induces platelet activation through a tyrosine kinase-
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dependent pathway that is mediated through the CLEC-2 receptor (Figs. 1 and 6). 

Previously, fucoidan has been show to have anti-thrombotic effects (Millet, Jouault et al. 

1999, Trento, Cattaneo et al. 2001). The reason for such opposite effects of fucoidan on 

platelets may be due to different molecular weights of fucoidan. When platelets are 

stimulated with fucoidan, we see a lag phase, which is reminiscent of GPVI- or CLEC-2- 

mediated activation. Recent studies have shown that the antibody to CLEC-2 induces 

dimerization of the receptor, generating a weak intracellular signal. The further clustering 

of CLEC-2 with a secondary antibody induces rapid and powerful activation. Similarly, 

tetrameric rhodocytin and polymeric podoplanin induce a much greater degree of 

receptor clustering. Low molecular weight fucoidan may bind to CLEC-2 but may not be 

able to induce the clustering of the receptors that is necessary for platelet activation, 

whereas high molecular weight fucoidan induces rapid receptor clustering and platelet 

activation. This clustering effect is also dependent on the concentration of high molecular 

weight fucoidan added to platelets as shown in Fig. 1. 

 

In our effort to elucidate signaling pathways by which fucoidan activates platelets, we 

have characterized a tyrosine kinase-dependent pathway, which leads to αΙΙbβ3 

activation (Fig. 1B). We also show that key signaling molecules, SFKs and Syk, are 

crucial for fucoidan-induced platelet activation (Figs. 2–4). Downstream of the GPVI or 

CLEC-2 receptor, Syk kinase has been shown to play an important role in activating 

other effectors, which ultimately leads to the activation of αΙΙbβ3. Inhibition of Syk 

following GPVI stimulation shuts down all functional responses. Consistent with the 

previous studies, we observed significant inhibition of PAC-1 binding in fucoidan-
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stimulated platelets in the presence of the Syk inhibitor OXSI-2 (32) or G06976 (Fig. 

4A). Platelet activation with fucoidan in the presence of the tyrosine kinase inhibitor PP2 

also showed inhibition of platelet activation (Fig. 2). These results suggest for the first 

time that fucoidan-induced platelet activation depends on SFK- and Syk-dependent 

pathways. Fucoidan is known to activate cells such as macrophages and nerve cells 

(Jhamandas, Wie et al. 2005, Brandenburg, Konrad et al. 2010), but the receptor that 

mediates these signaling events has not been elucidated. Fucoidan is considered as one of 

the agonists for scavenger receptor A in macrophages (Hsu, Chiu et al. 2001) and other 

cell lines, but to our knowledge, scavenger receptor A has not been identified in platelets. 

Low molecular weight fucoidan was also been reported to bind to P-selectin (Molecular 

Imaging and Contrast Agent Database). In resting platelets, however, P-selectin is located 

on the inner wall of alpha granules and is only exposed on the surface of platelets after 

activation. Therefore, fucoidan must first activate platelets through a receptor to expose 

P-selectin. Considering all our results, it is evident that fucoidan activates platelets 

through a tyrosine kinase-dependent receptor. The major receptors that can trigger 

tyrosine kinase pathways in platelets are GPVI, FcγRIIA, and CLEC-2. Of these, the 

GPVI receptor signaling depends on the FcRγ chain. However, our data show that 

platelets lacking the FcRγ chain are unresponsive to collagen-related peptide but still 

retain their ability to aggregate in response to fucoidan (Fig. 5A). Also, fucoidan is able 

to induce human platelet activation in the presence of the monoclonal antibody IV.3 (Fig. 

5B), which blocks FcγRIIA, and fucoidan also induces activation of murine platelets, 

which lack FcγRIIA. These results suggest that fucoidan does not mediate signaling 

through GPVI or FcγRIIA. CLEC-2 is a C-type lectin receptor that has been shown to 
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signal independently of the FcRγ chain in platelets. We observed inhibition of platelet 

functional responses in platelet-specific (PF4) CLEC-2 receptor knock-out platelets when 

stimulated with fucoidan (Fig. 6A). To further support our conclusion that fucoidan 

induces platelet activation through the CLEC-2 receptor, we observed fucoidan-induced 

tyrosine phosphorylation of the CLEC-2 receptor (Fig. 6B). These results show for the 

first time that fucoidan mediates platelet activation through the CLEC-2 receptor. These 

results not only support a role for fucoidan as a novel drug for hemophilia treatment but 

also provide a new efficient agonist for the CLEC-2 receptor on platelets other than 

podoplanin and rhodocytin. In conclusion, fucoidan is a novel CLEC-2 receptor agonist 

that activates platelets through an SFK-dependent signaling pathway (as outlined in Fig. 

7). The stimulatory action of fucoidan on platelets strongly indicates that it may play an 

important role in platelet activation under diseased conditions such as hemophilia. 
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CHAPTER 4 

C-TYPE LECTIN LIKE RECEPTOR-2 (CLEC-2) SIGNALS 
INDEPENDENTLY OF LIPID RAFT MICRODOMAIN IN 

PLATELETS  
 

Introduction 
 

Platelets play a critical role in hemostasis and thrombosis (Packham 1994, Sambrano, 

Weiss et al. 2001). Platelets contain two types of agonist receptors; G-protein coupled 

receptors (GPCRs) and Tyrosine kinase pathway receptors, which are important for their 

activation (Offermanns 2000, Watson, Herbert et al. 2010) . All tyrosine kinase pathway 

receptors GP1b-XI-V, GPVI, FcRIIA and CLEC-2 are linked to activation of Syk and 

PLCγ2 (Ozaki, Asazuma et al. 2005, Watson, Herbert et al. 2010). GPVI and FcRIIA are 

ITAM containing receptors, where as CLEC-2 is a hemITAM receptor. 

 

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

levels in neutrophils and dendritic cells. CLEC-2 can be activated by rhodocytin, a 

human CLEC-2 antibody, podoplanin and fucoidan. The crystal structure of rhodocytin 

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

The CLEC-2 receptor plays an important role in tumor metastasis, hemostasis and 

thrombosis. Unlike GPVI, which has an ITAM, CLEC-2 has a hemITAM sequence that 

is phosphorylated by Src and Syk tyrosine kinases, whereas phosphorylation of the ITAM 

is mediated solely by Src kinases. 

 

Lipid rafts are distinct areas of the plasma membrane implicated in the regulation of 
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signaling in a variety of cells including platelets (Shrimpton, Borthakur et al. 2002, 

Bodin, Tronchere et al. 2003, Bodin, Viala et al. 2003, Shrimpton, Gousset et al. 2004). 

Previous studies have shown that the CLEC-2 receptor is partially associated with lipid 

rafts in both resting and activated platelets (Pollitt, Grygielska et al. 2010). It was also 

suggested that disruption of the rafts leads to direct impairment of CLEC-2 signaling. 

Many agonists depend on secreted ADP (Quinton, Kim et al. 2005)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(Quinton, Kim et al. 

2005). It is known that secreted secondary mediators, such as ADP and thromboxane, 

play an important positive feedback role in platelet activation by CLEC-2 agonists 

(Pollitt, Grygielska et al. 2010). 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. 

 

 

 

 

 



	  

41	  

	  

Results 
 

Disruption of lipid rafts inhibits CLEC-2 mediated platelet aggregation: 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 different 

concentrations of MβCD on 2MeSADP-induced platelet aggregation and Akt 

phosphorylation as it was shown previously that Gi activation requires lipid rafts. 

Pretreatment of platelets with MβCD abolished 2MeSADP-induced platelet aggregation 

and Akt phosphorylation (Figure  4.1A) similar to platelets treated with ARC69931MX, a 

P2Y12 receptor antagonist. Platelets pre-treated with MβCD and stimulated with CLEC-2 

agonists (Rhodocytin, hCLEC-2 Ab and fucoidan) show a reduction in the extent of 

platelet aggregation (>50%), but not completely inhibition (Figure 4.1B &C). These data 

demonstrate that lipid rafts play an important role in CLEC-2-mediated platelet 

aggregation. 
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A) 

 
 
 
B) 

 
 
 
Figure 4.1 Lipid raft disruption decreases CLEC-2 mediated platelet aggregation: 
(1A) Washed aspirin-treated human platelets were incubated with the vehicle or different 
concentrations of MβCD (5 or 10 mM) for 1 hour at 370C prior to stimulation with 
100nM 2MeSADP 3 minute at 370C with stirring. Platelet aggregation and Akt 
phosphorylation were analysis. (1B) Washed aspirin-treated human platelets were 
incubated with the vehicle or with indicated with 10mM MβCD for 1 hour at 370C prior 
to stimulation with different concentrations of rhodocytin (30nM, 60nM and 100mM).  
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C) 

 

 

Figure 4.1 Lipid raft disruption decreases CLEC-2 mediated platelet aggregation: 
(1C) Washed aspirin-treated human platelets were incubated with the vehicle or with 
indicated with 10mM MβCD for 1 hour at 370C 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 block FcγRIIA receptor) and fucoidan (50 
µg/ml). Data are representation of at least three independent experiments. Graphs 
represent mean ± S.E. of % aggregation from at least three different experiments (***P≤ 
0.01). 
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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 receptor aggregation. In order to eliminate the effects 

of thromboxane A2, we have treated platelets with aspirin3. It is known that Gi activation 

by ADP depends on lipid rafts. Hence we hypothesized that the effects of MβCD on 

CLEC-2-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 other blockers of secreted ADP, including 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 4.2). 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-treated platelets rescued 

aggregation (Fig 4.2). These results suggest that inhibition of platelet aggregation 

induced by CLEC-2 agonists in raft-disrupted platelets is due to the disruption of P2Y12-

Gi activation.  

 

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

mediated signaling by using ARC69931MX, a P2Y12 receptor antagonist. As shown in 

Figure 4.3, platelets pre-incubated with ARC69931MX showed similar extent of 

reduction in CLEC-2-mediated platelet aggregation and secretion as observed with 

MβCD. It is known that epinephrine, an α2A receptor agonist, activates the Gi subclass 

member Gz ,to activate similar pathways as the P2Y12 receptor. It is also known that Gz 
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signaling is not affected by lipid raft disruption (Bodin, Tronchere et al. 2003). Hence we 

investigated whether the addition of epinephrine with CLEC-2 agonists to platelets pre-

treated with ARC69931MX or MβCD restores platelet aggregation. As observed in 

Figure  4.3, stimulation with a combination of epinephrine and CLEC-2 agonists rescued 

aggregation and secretion in platelets pretreated 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. 
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Figure 4.2. Lipid raft disruption does not directly affect CLEC-2-mediated platelet 
aggregation:  Washed human platelets were incubated with 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) for 3 minute 
at 370C 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 4.3 Effect of lipid raft disruption upon Gi and Gz-dependent CLEC-2 
mediated aggregation: (A) Washed human platelets were incubated with 
ARC69931MX (100nM), a P2Y12 antagonist for 2 min or MβCD (10mM) for 1 hour prior 
to stimulation with rhodocytin (100nM), human CLEC-2 Ab (10µg/ml) and fucoidan 
(50µg/ml) for 3 minute at 370C under stirring conditions. (B) Washed human platelets 
were incubated with ARC69931MX (100nM), a P2Y12 antagonist for 2 min or MβCD 
(10mM) for 1 hour at 370C prior to stimulation with rhodocytin (100nM), human CLEC-
2 Ab (10µg/ml) and fucoidan (50µg/ml) with and without 5mM epinephrine for 3 minute 
at 370C 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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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. 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 and calcium 

mobilization (Figure 4.4) 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 4.5). These results further establish that lipid raft disruption does not affect 

CLEC-2 receptor activation. 
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Figure 4.4 Fucoidan-induced CLEC-2 signaling in methyl-β-cyclodextrin (MβCD) 
treated and untreated platelets: (A) Washed human platelets treated with different 
concentrations of MβCD or vehicle 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. (B) Calcium 
mobilization was measured fallowing activation of MβCD treated (10mM) and untreated 
platelets with rhodocytin (100nM), human CLEC-2 Ab (10µg/ml) and fucoidan 
(50µg/ml). Data represents mean ± SD of 3 independent experiments (NS; P≥0.05). Data 
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Figure 4.5 Effect of lipid raft disruption on CLEC-2 receptor phosphorylation: 
CLEC-2 was immunoprecipitated from platelets pretreated with MβCD (10mM) and 
stimulated with rhodocytin (100nM) and fucoidan (50µg/ml) for 1 min and samples were 
analyzed using SDS-PAGE/Western blotting and probed for antiphosphotyrosine (4G10) 
and anti-CLEC-2 antibody. Data are representation of 3 independent experiments. 
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Figure 4.6 Model for CLEC-2 signaling independent of lipid rafts: Our observation 
supports the fallowing 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. 
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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 (Pollitt, Grygielska et al. 2010). Disruption of the lipid rafts 

affects platelet aggregation and signaling by CLEC-2 agonists analogous to that of 

responses mediated by GP1b-IXV and GPVI receptor activation. 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. Our lab has 

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

activation29. We therefore hypothesized that lipid raft disruption affects Gi activation 

thereby contributing to inhibition in CLEC-2-mediated platelet aggregation, but does not 

directly affect CLEC-2 receptor signaling. 

 

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 activation. 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  4.1B). We also used two other CLEC-2 agonists, fucoidan and hCLEC-2 
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antibody, to further demonstrate that CLEC-2 mediates platelet aggregation 

independently of lipid rafts. These results further confirm that CLEC-2-mediated primary 

aggregation is independent of lipid rafts. 

 

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 activation31. However, in our 

experiments we used aspirin-treated platelets to eliminate thromboxane (TXA2) 

generation. 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 ITAM, Syk, and PLCγ2, as well as intracellular calcium mobilization. 

 

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 amount of (70%) 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 (Kim, Mangin et al. 2009), suggesting a possibility that this 

may also be true of CLEC-2. The lipid rafts could be important in CLEC-2-mediated 
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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 (Hashimoto-Tane, Yokosuka et al. , Hundt, Harada et al. 2009). 

Furthermore, CLEC-2-mediated platelet activation in LAT  knock-out platelets is not 

affected suggesting that lipid rafts are not important for CLEC-2-mediated platelet 

activation. Previous studies also suggested that GPVI receptors and CLEC-2 move into 

the lipid rafts upon stimulation with the agonists(Pollitt, Grygielska et al. 2010). 

 

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 mediated platelet aggregation (Figure 4.6). 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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CHAPTER 5 

DISTINCT PATHWAYS REGULATE SYK ACTIVATION 
DOWNSTREAM OF ITAM AND HEMITAM RECEPTORS 

IN PLATELETS 
 

Introduction 
Platelets are involved in many processes ranging from fighting microbial infections and 

triggering inflammation to promoting tumor angiogenesis and metastasis(Clemetson , 

Corken, Russell et al. , Gardiner and Andrews , Menter, Tucker et al. , Morrell, Aggrey et 

al. , Page and Pitchford , Riedl, Pabinger et al.). Nevertheless, the primary physiological 

function of platelets is to act as essential mediators in maintaining homeostasis of the 

circulatory system by forming hemostatic thrombi that prevent blood loss and maintain 

vascular integrity (Brass , Packham 1994). When there is vascular damage, exposure of 

the extracellular matrix recruits and activates platelets thereby leading to aggregation and 

formation of a fibrin-rich hemostatic plug at the injured site. 

 

Platelets mainly express two different types of agonist receptors; G-protein-coupled 

receptors (GPCRs) and Tyrosine kinase pathway receptors, both of which are important 

for platelet activation. All tyrosine kinase pathway receptors, including GPVI, FcγRIIA 

and CLEC-2, are linked to the activation of Syk (Yanaga, Poole et al. 1995, Asazuma, 

Ozaki et al. 1997, Poole, Gibbins et al. 1997, Turner, Schweighoffer et al. 2000, Suzuki-

Inoue, Wilde et al. 2004). However, there are two different tyrosine kinase-coupled 

receptors. One is the ITAM (Immunoreceptor tyrosine-based activation motif) - 

containing receptors, such as the Fc receptor-γ chain (FcRγ )and FcγRIIA, which has the 
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classic YXX(L/I)X6-12 YXX(L/I) with two tyrosine residues in its cytoplasmic domain. 

The other is a hemITAM-containing receptor, such as CLEC-2, which has only one 

tyrosine residue (YXX(L/I)) in its cytoplasmic domain (Fuller, Williams et al. 2007, 

Underhill and Goodridge 2007). 

 

Glycoprotein (GP) VI is a platelet collagen receptor that is constitutively associated with 

the FcRγ (Jung and Moroi 2008). Upon activation of GPVI, FcRγ is phosphorylated by 

Src family kinases on the tyrosine residue of its ITAM (Gibbins, Okuma et al. 1997, 

Watson and Gibbins 1998, Quek, Pasquet et al. 2000) and Syk (spleen tyrosine kinase) 

binds to the ITAM through its two SH2 domains and becomes autophosphorylated. 

Tyrosine phosphorylation of Syk leads to phosphorylation of several adaptor proteins 

such as phospholipase C γ2 (PLCγ2), linker for T-cell activation (LAT) and Src 

homology 2-containing leukocyte protein 76 (SLP76), activation of phosphoinositide 3-

kinase (PI3-Kinase) and recruitment of Bruton’s tyrosine kinase (Btk). Recent studies 

from our lab and others have also shown that PI3-Kinase β has an important role in 

GPVI-mediated platelet activation (Watanabe, Nakajima et al. 2003, Kim, Mangin et al. 

2009). However, the role of PI3-Kinase in CLEC-2 signaling is not clearly understood.   

 

PI3-Kinase is also known to regulate the activation of the Tec family tyrosine kinases 

such as Btk, Tec and Itk by regulating its translocation to the membrane. Btk and Tec 

were shown to play an important role in tyrosine kinase pathways in platelets, where as 

Itk is known to play a major role in T-cell receptor signaling (TCR) (Quek, Bolen et al. 

1998). Tec family kinases consist of a tyrosine kinase domain, Src homology domain 2 
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(SH2) and SH3 domains, and a PH (Pleckstrin homology) domain coupled to a distinctive 

TH (Tec homology) domain(Akinleye, Chen et al. , Mano 1999, Okoh and Vihinen 

1999). Previous studies have shown that Tec family kinases are regulated through 

phosphorylation by Src kinases (Cheng, Ye et al. 1994) and recruitment to the membrane 

through interaction of its PH domain with phosphatidylinositol 3,4,5-trisphosphate (PI 

3,4,5P3)(Pasquet, Quek et al. 2000, Bobe, Wilde et al. 2001). The importance of Tec 

family kinases was brought to light when the human immunodeficiency X-linked 

agammaglobulinemia (XLA) disease was linked to mutations in Btk (Vihinen, Mattsson 

et al. 2000). Patients with XLA do not express functional Btk and as a result experience a 

severe loss of mature B cells caused by a block during B-cell development (Nonoyama, 

Tsukada et al. 1998). Human and murine B-cell lines lacking functional Btk have 

defective BCR-dependent tyrosine phosphorylation of PLCγ2 and defective influx of 

calcium that is restored by the expression of wild-type Btk (Ellmeier, Jung et al. 2000, 

Pasquet, Quek et al. 2000, Wang, Feng et al. 2000, Noordzij, de Bruin-Versteeg et al. 

2002). Platelets express Btk and Tec, which are tyrosine phosphorylated in response to 

collagen and thrombin (Quek, Bolen et al. 1998, Laffargue, Ragab-Thomas et al. 1999). 

In addition, the importance of Tec family kinases, especially Btk, downstream of GPVI 

has been shown by using platelets from patients with XLA and Xid mice, both of which 

have a defective PH domain in Btk (Cancro, Sah et al. 2001). In our study we also used 

Ibrutinib, a pharmacological inhibitor for Tec Family kinases. . Even though Ibrutinib is 

known as a highly potent small molecule inhibitor of Btk, it is in phase 3 clinical trails to 

treat CML. Recent studies in T-cell showed that it also inhibits other Tec family kinases 

(Honigberg, Smith et al.). Ibrutinib selectively binds to cysteine residues in the allosteric 
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inhibitory segment of Tec family kinases and irreversibly blocks the enzymatic activity 

by inhibiting the autophosphorylation of Tec family kinases(Honigberg, Smith et al.).  

However the role of Tec family kinases downstream of CLEC-2 has not been elucidated 

in platelets. 

 

C-type lectin-like receptor -2 (CLEC-2) is highly expressed on platelets as noncovalent 

homodimers and at lower levels in neutrophils and dendritic cells (Hughes, Pollitt et al.). 

CLEC-2 can be activated by podoplanin, a physiological agonist that is expressed on the 

surface of a wide variety of cells including lung type I alveolar cells, kidney podocytes 

and lymphatic endothelial cells (Suzuki-Inoue, Kato et al. 2007). The activation of 

CLEC-2 by podoplanin is essential for the separation and maintenance of the lymphatic 

system and blood vasculature (Osada, Inoue et al. , Suzuki-Inoue, Inoue et al.). In 

addition, podoplanin expressed on surface of certain tumors is implicated in the process 

of tumor metastasis through CLEC-2 receptor activation on the platelets (Suzuki-Inoue). 

Previous studies in human and murine platelets showed that, unlike GPVI, CLEC-2-

mediated platelet activation is regulated by both SFKs and Syk. An interesting aspect of 

the CLEC-2 hemITAM is the presence of a single tyrosine motif in its cytoplasmic 

domain, which, upon phosphorylation by SFKs, activates Syk. However, the mechanism 

of SFKs regulating Syk activation through a single tyrosine-containing CLEC-2 hemi-

ITAM was not elucidated, as it is well established that two SH2 domains of Syk have to 

bind to phosphotyrosine in order to make it active (Fuller, Williams et al. 2007). 

 

In the present study, we have uncovered the molecular events mediating Syk activation 
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downstream of the CLEC-2 receptor in platelets. Our study shows that novel signaling 

events mediated by PI3-Kinase and Tec family kinases regulate Syk activation 

downstream of the CLEC-2 receptor. 
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Results 
 

PI3-Kinase is essential for platelet activation by CLEC-2 agonists: Previous studies 

with pan-PI3-Kinase inhibitors and knock-in murine platelets have shown that PI3-

Kinase plays an important role in mediating platelet activation by GPVI agonists (Falet, 

Barkalow et al. 2000, Watanabe, Nakajima et al. 2003, Kim, Mangin et al. 2009). 

However, the role of PI3-Kinase in CLEC-2-mediated platelet activation has not been 

elucidated. The functional role of PI3-Kinase in CLEC-2 mediated platelet activation was 

investigated by pretreating both human and murine platelets with two structurally 

different pan-PI3-Kinase inhibitors(Kim, Mangin et al. 2009), Wortmannin and 

LY294002  prior to activation with three separate CLEC-2 agonists (Rhodocytin, human 

or mouse CLEC-2 Ab and fucoidan). Pre-treatment of human and murine platelets with 

Wortmannin and LY294002 abolished platelet aggregation induced by all CLEC2 

agonists as shown in Figure  5.1, similar to platelets treated with PP2, a pan-SFK 

inhibitor, which abolishes all tyrosine kinase-mediated platelet activation (Manne, Getz et 

al. , Severin, Pollitt et al. , Kim, Mangin et al. 2009). To better understand the role of 

individual PI3-Kinase isoforms, we utilized different isoform-specific PI3-Kinase 

inhibitors and evaluated their effect on CLEC-2-mediated platelet aggregation in human 

and murine platelets. Rhodocytin-induced platelet aggregation was abolished in platelets 

treated with the PI3-Kinase β inhibitor, TGX-221(Blair, Moore et al. , Garcia, Kim et al. , 

Krajewski, Kurz et al.) (***P≤0.05)(Figure  5.2), but not by other isoform selective 

inhibitors. These data suggest that PI3-Kinase β  plays an essential role downstream of 

CLEC-2. 
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A) 
 

 
 
 

 
 
Figure 5.1: Effect of pan PI3-Kinase inhibitors on CLEC-2-mediated platelet 
aggregation and secretion in human platelets: (A) Washed human platelets were pre-
treated with the PP2 (10 µM), LY294002 (25 µM) or Wortmannin (100 nM) at 370C for 
5 min followed by stimulation with convulxin (100 ng/ml) or rhodocytin (30 nM or 100 
nM) or hCLEC-2 ab (10µg/ml) or fucoidan (50µg/ml) under stirred conditions. Platelet 
aggregation was measured by aggregometry. The tracings are representative of data from 
at least three independent experiments. Dense granule secretion was assessed by 
measuring ATP with lumichrome. Graphs represent mean ± SEM from at least 3 different 
experiments (***P≤0.05). 
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B) 
 

 
 

 
 
Figure 5.1: Effect of pan PI3-Kinase inhibitors on CLEC-2-mediated platelet 
aggregation and secretion in human and murine platelets: (B) Washed murine 
platelets were pre-treated with the PP2 (10 µM), LY294002 (25 µM) or Wortmannin 
(100 nM) at 370C for 5 min followed by stimulation with convulxin (100 ng/ml) or 
rhodocytin (30 nM or 100 nM) or hCLEC-2 ab (10µg/ml) or fucoidan (50µg/ml) under 
stirred conditions. Platelet aggregation was measured by aggregometry. The tracings are 
representative of data from at least three independent experiments. Dense granule 
secretion was assessed by measuring ATP with lumichrome. Graphs represent mean ± 
SEM from at least 3 different experiments (***P≤0.05). 
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A)                                                       Human platelets 

 
B )                                                     Murine platelets 

 
Figure 5.2: Effect of specific PI3-Kinase isoform inhibitors on CLEC-2-mediated 
platelet aggregation in human and murine platelets: (A) Washed human and (B) 
murine platelets were incubated with 25 µM LY294002 (pan-PI3-Kinase inhibitor), 100 
nM PIK75 (PI3-Kinase α inhibitor), 500 nM TGX-221 (PI3-Kinase β inhibitor), 2 µM 
AS-252424 (PI3-Kinase γ inhibitor), or 1 µM IC87114 (PI3-Kinase δ inhibitor) and 
stimulated at 370C with rhodocytin (30 nM) under stirred conditions. Platelet aggregation 
was measured by aggregometry. The tracings are representative of data from at least three 
independent experiments. 
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PI3-Kinase regulates Syk activation downstream of the CLEC-2 receptor: In order to 

assess the role of PI3-Kinase in CLEC-2 receptor signaling, we pre-treated platelets with 

pan PI3-Kinase inhibitors, induced activation with rhodocytin, and measured protein 

phosphorylation of the downstream signaling molecules Syk, PLCγ2, LAT and Akt, as 

well as calcium mobilization. We compared these results with GPVI signaling. Unlike 

GPVI, CLEC-2-mediated phosphorylation events were abolished in platelets treated with 

pan PI3-Kinase inhibitors (Figure 5.3A). Similar results were obtained with other CLEC- 

2 agonists (data not shown). We also evaluated the kinase activity of Syk from platelets 

pretreated with LY294002 that are stimulated with rhodocytin by using an in vitro kinase 

assay. Syk, immunoprecipitated from LY294002-treated and rhodocytin-activated 

platelets did not phosphorylate tubulin in in vitro as shown in Figure  5.3B. These results 

contrast immunoprecipitated Syk from LY294002-treated platelets stimulated with the 

GPVI agonist convulxin, where there was no inhibition of Syk kinase activity. These 

results further demonstrate that PI3-Kinase plays a crucial role in Syk activation 

downstream of CLEC-2 and establishes that PI3-Kinase has an important role in CLEC-2 

receptor activation.  
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A) 

 
 

 
 
Figure 5.3 Role of PI3-Kinase in CLEC-2 signaling: (A)Washed human platelets were 
incubated with 25 µM LY294002 for 5 min followed  by stimulation with convulxin (100 
ng/ml) or rhodocytin (30 nM) under stirred conditions. Platelet proteins were separated 
by SDS-PAGE, Western-blotted, and probed for phospho Syk (Tyr525/526), LAT (Tyr 
191), PLCγ2 (Tyr759), Akt (Ser473). The Western analysis shown is a representative of 
three experiments. Calcium mobilization was measured by using FURA-2. Data are mean 
± SEM (n=3); *** P < 0.05 compared to agonist without inhibitor. 
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B) 
 

 
 
 
 
Figure 5.3 Role of PI3-Kinase in CLEC-2 signaling: (B) Washed human platelets were 
incubated with 25 µM LY294002 for 5 min followed by stimulation with convulxin (100 
ng/ml) or rhodocytin (30 nM) under stirred conditions. Platelets were lysed in NP40 lysis 
buffer and immunoprecipitated for Syk. Syk kinase assay was performed to measure the 
activity of Syk by measuring tubulin phosphorylation. 
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SFKs regulate PI3-Kinase activation downstream of CLEC-2 receptor: We 

investigated the upstream requirements for regulation of PI3-Kinase by the CLEC-2 

receptor and compared it with GPVI. We evaluated the role of SFKs and Syk in the 

activation of PI3-Kinase downstream of CLEC-2 by using a pan-Src Family Kinase 

inhibitor (PP2) and two structurally different Syk inhibitors (OXSI2 and Go6976). We 

measured Akt phosphorylation as an indicator of PI3-Kinase activity. As shown in the 

Figure 5.4A, both GPVI- and CLEC-2-induced phosphorylation of Akt was abolished in 

PP2-treated platelets. Interestingly, the Syk inhibitor, OXSI-2 or Go6976, did not abolish 

Akt phosphorylation downstream of CLEC-2 in contrast to GPVI (Figure 5.4A, 4B). 

These results show that PI3-Kinase activation occurs in a Src Family Kinases (SFKs) 

dependent and Syk independent manner, downstream of CLEC-2 receptor. 
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B 
 

 
 
Figure 5.4: Role of SFKs and Syk in the activation of PI3-Kinase downstream of 
CLEC-2: (A) Washed human platelets  were  incubated with PP2 (10 µM), OXSI-2 (1 
µM), Go6976  (1 µM)  or LY294002 (25 µM)  followed by stimulation with convulxin 
(100 ng/ml) or rhodocytin (30 nM) under stirred conditions. Platelet proteins were 
separated by SDS-PAGE, Western-blotted, and probed for phospho Akt (Ser473).  The 
results shown are representative of data from at least three independent experiments. (B) 
Model representation of role of SFK and Syk in PI3-Kinaes activation. 
 



	  

69	  

	  

Tec family kinases regulate Syk activity downstream of the CLEC-2 receptor in 

human platelets: Since PI3-Kinase is a lipid kinase and not a tyrosine kinase there must 

be an intermediate molecule that regulates Syk activation downstream of CLEC-2. 

Previous studies in platelets and B-cells have shown that PI3-Kinase plays a key role in 

activation of Tec family kinases (Laffargue, Ragab-Thomas et al. 1999, Bobe, Wilde et 

al. 2001, Glassford, Soeiro et al. 2003). In platelets, Tec family kinases, especially Btk 

and Tec, are known to regulate the phosphorylation of PLCγ2 downstream of GPVI 

(Quek, Bolen et al. 1998, Atkinson, Ellmeier et al. 2003, Humphries, Dangelmaier et al. 

2004), but little is known about the role of these Tec family kinases in CLEC-2 signaling. 

In the present study we evaluated the role of Tec family kinases in CLEC-2 mediated 

platelet activation by using Ibrutinib, a Tec family kinase inhibitor. (Akinleye, Chen et al. 

, Schwarzbich and Witzens-Harig , Dubovsky, Beckwith et al. 2013). Strikingly, in 

contrast to GPVI, Ibrutinib abolished not only CLEC-2-induced platelet aggregation and 

secretion (Figure 5.5A) but also the tyrosine phosphorylation of Syk, LAT and PLCγ2 

(Figure 5.5B). Furthermore, Ibrutinib-treated platelets stimulated with rhodocytin 

abolished Syk kinase activity in an in vitro kinase assay, demonstrating that Tec family 

kinases have an important role in CLEC-2 signaling (Figure 5C). 
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A) 

 
 

B) 

 
Figure 5.5 A,B Effect of Ibrutinib on CLEC-2-mediated platelet activation and 
signaling in humans: (A) Washed human platelets were incubated with Ibrutinib (10 
nM) for 5 min followed by stimulation with convulxin (100 ng/ml) or rhodocytin (30 nM) 
under stirred conditions and aggregation measured.  (B) Washed human platelets were 
incubated with Ibrutinib (5 nM) for 5 min followed by stimulation with convulxin (100 
ng/ml) or rhodocytin (30 nM) under stirred conditions. Platelet proteins were separated 
by SDS-PAGE, Western-blotted, and probed for phospho Syk (Tyr525/526) and 
PLCγ2 (Tyr759). β-actin was used as a lane loading control.  
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Figure 5.5 Effect of Ibrutinib on CLEC-2-mediated platelet activation and signaling 
in humans: (C)Washed human platelets were incubated with Ibrutinib (10 nM) for 5 min 
followed by stimulation with convulxin (100 ng/ml) or rhodocytin (30 nM) under stirred 
conditions. Platelets were lysed in NP40 lysis buffer and immunoprecipitated for Syk. 
Syk Kinase assay was performed to measure the activity of Syk by measuring tubulin 
phosphorylation. The results shown are representative of data from at least three 
independent experiments. 
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Role of PI3-Kinase and Syk in Tec family kinases translocation downstream of 

GPVI and CLEC-2: Previous studies have shown that PI3-Kinase plays an important 

role in the activation of Tec family kinases by helping in their membrane translocation 

(Rawlings, Scharenberg et al. 1996, Laffargue, Ragab-Thomas et al. 1999). PIP3 serves 

as a docking site for the PH domain of Btk, where it is phosphorylated and activated by 

SFKs (Hamman, Pollok et al. 2002). We evaluated the effect of the PI3-Kinase inhibitor 

LY294002 on the translocation of Btk upon stimulation of platelets with rhodocytin. As 

shown in the Figure 6, translocation of Btk was abolished in LY294002-treated platelets 

stimulated with rhodocytin. However, the Syk inhibitor, OXSI-2, did not affect Btk 

translocation (Figure 5.6). These results show that Btk is activated in a Syk-independent 

and PI3-Kinase-dependent manner downstream of CLEC-2 and that Btk regulates Syk 

activation downstream of CLEC-2. 
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Figure 5.6 Role of PI3-Kinase and Syk in membrane translocation of Tec family 
kinases downstream of CLEC-2: Washed human platelets, incubated with LY294002 
(25 µM) or OXSI-2 (1 µM), were stimulated with convulxin (100 ng/ml) or rhodocytin 
(30 nM) and the translocation of Btk to the membrane was measured. β3-integrin was 
used as lane loading control. All the Western blot analysis shown is a representative of at 
least three independent experiments. 
 

 

 

 

 



	  

74	  

	  

PI3-Kinse and Tec family kinases are crucial for CLEC-2 activation even at higher 

concentration of agonists: In the present study, the role of PI3-Kinase and Tec family 

kinases in regulation of Syk was further analyzed by activation of human platelets with 

higher concentrations of rhodocytin. Both LY294002 and ibrutinib abolished platelet 

aggregation induced by intermediate and higher concentration of rhodocytin (Figure 

5.7A, B). This was associated with inhibition of tyrosine phosphorylation of Syk as well 

as the downstream protein PLCγ2 (Figure 5.7B). These data confirm that PI3-Kinase and 

Tec family kinases are essential mediators of platelet activation by CLEC-2. 
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A 

 
B 

 
Figure 5.7 Effect of Ibrutinib and LY294002 on human platelet activation at high 
concentrations of CLEC-2 agonist:  (A) Washed human platelets, incubated with 
ibrutinib (10 nM) and LY294002 (25 µM), were stimulated with 100, 300 (nM) 
rhodocytin. Platelet aggregation was measured by aggregometry. The tracings are 
representative of data from at least three independent experiments.  (B) Platelet proteins 
were separated by SDS-PAGE, Western-blotted, and probed for phospho Syk 
(Tyr525/526) and PLCγ2 (Tyr759, Tyr1217). All the Western blot analyses shown are a 
representative of at least three independent experiments. 
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Tec family kinases play a crucial role in CLEC-2 receptor activation in murine 

platelets: We confirmed the crucial role of Tec family kinases in CLEC-2 signaling in 

murine platelets by using pharmacological and genetic approaches. As shown in Figure 

5.8A murine platelets treated with Ibrutinib abolished platelet functional responses and 

phosphorylation of proteins downstream of CLEC-2 (Figure 5.8B), similar to what was 

observed in human platelets with different CLEC-2 agonists. However CLEC-2 mediated 

platelet activation is only inhibited but not abolished in Xid mice (Btk defective), which 

suggests that other Tec family kinases may also have role in CLEC-2-mediated platelet 

activation. Ibrutinib, a Tec family kinase inhibitor was used in Xid (Btk deficient) murine 

platelets to show the role other Tec kinases in the absence of Btk. As shown in the figure 

5.8C, platelet aggregation induced by the CLEC-2 monoclonal mouse antibody was 

abolished in Xid platelets similar to wild type platelets treated with Ibrutinib, which 

suggests that, apart from Btk, other Tec kinases also regulate CLEC-2-mediated platelet 

activation. Similar results were obtained with Rhodocytin (data not shown). These results 

suggest that Tec family kinases are essential in murine platelet activation downstream of 

CLEC-2.  
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Figure 5.8 A, B Effect of Ibrutinib on murine platelet activation downstream of 
CLEC-2 receptor: (A) Washed murine wild-type platelets were incubated with DMSO 
or Ibrutinib (10 nM) for 5 min followed by stimulation with convulxin (30 ng/ml) or 
rhodocytin (10 nM) or mouseCLEC-2 ab (3µg/ml) under stirred conditions. Platelet 
aggregation was measured by aggregometry. The tracings are representative of data from 
at least three independent experiments. (B) Platelet proteins were separated by SDS-
PAGE, Western-blotted, and probed for phospho Syk (Tyr525/526), Btk (Tyr223) and 
PLCγ2 (Tyr759). β-actin was used as a lane loading control.  
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Figure 5.8 Effect of Ibrutinib on murine platelet activation downstream of CLEC-2 
receptor: (C ) Washed Xid (Btk defective) and wild-type murine platelets were incubated 
with DMSO or Ibrutinib (5 nM) for 5 min followed by stimulation with mouseCLEC-2 
ab (3µg/ml) under stirred conditions. Platelet aggregation was measured by 
aggregometry. The tracings are representative of data from at least three independent 
experiments. 
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Tec and Btk are required for CLEC-2 function in vivo: Loss of platelet CLEC-2 

function results in blood-filled lymphatics due to loss of lympho-venous hemostasis in 

the developing embryo and post-natal animal (Bertozzi, Schmaier et al. , Hess, Rawnsley 

et al. , Suzuki-Inoue, Inoue et al.).  Embryos lacking CLEC-2 or the essential CLEC-2 

signaling effectors Syk, SLP-76 or PLCγ2 exhibit a characteristic pattern of blood-filled 

lymphatic vessels in mid-gestation that includes those in the skin and the developing 

mesentery and intestine (Suzuki-Inoue, Inoue et al.).  To test the role of Tec family 

kinases downstream of CLEC-2 in vivo we examined mice lacking this class of tyrosine 

kinases.  Animals lacking Btk or Tec alone exhibited no vascular phenotype, but Btk-/-

Tec-/- double deficient embryos exhibited cutaneous edema associated with blood-filled 

vessels in a typical lymphatic pattern (Fig 5.9A, B).  Histologic examination of LYVE1+ 

lymphatic vessels confirmed the presence of blood in cutaneous and mesenteric 

lymphatic vessels of Btk-/-Tec-/- doubly deficient embryos (Fig 5.9 C, D).  These studies 

demonstrate that Btk and Tec play crucial roles in CLEC-2 signaling in murine platelets 

in vivo. 
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Btk-/- or Tec-/- KO               Btk & Tec Double KO 

 
Btk & Tec Double KO 

 
 
 

 
Figure 5.9  Btk and Tec are essential for CLEC-2 function in vivo.  (A, B)   E15.5 
embryos lacking both Btk and Tec exhibit cutaneous edema and a pattern of blood-filled 
cutaneous vessels consistent with lymphatic vessels like those observed in CLEC-2-
deficient embryos.   (C, D)  Immunostaining for the lymphatic endothelial marker 
LYVE1 demonstrates blood-filled lymphatic vessels in the mesentery (C) and skin (D). 
These results are representative of at least three independent experiments. 
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Figure 5.10 Model for PI3-Kinase/Btk axis regulating Syk activation downstream of 
CLEC-2: We propose that 1) upon activation of CLEC-2 in platelets, SFKs become 
activated and phosphorylate the hemi-ITAM. 2) SFK activates PI3-Kinase. 3) Once 
activated, PI3-Kinase generates PIP3 that is important for the recruitment of Tec family 
kinases to the membrane, where it is phosphorylated and activated by SFKs. (4) 
Activated Tec family kinases then phosphorylates and activates Syk that is already bound 
to phosphorylated CLEC-2 hemi-ITAM. 
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Discussion 
 

CLEC-2 is the first member of the C-type lectin family of receptors identified to regulate 

platelets through sequential activation of Src and Syk family tyrosine kinases, thereby 

initiating a signaling cascade that leads to platelet activation. Syk is shown to be activated 

downstream of both the GPVI and CLEC-2 receptors. Syk activation requires binding of 

its two SH2 domains to two phosphorylated tyrosine residues.  Upon GPVI activation in 

platelets, Syk is recruited to the membrane via its two SH2 domains that bind two 

phosphor-ITAMs motifs in the cytoplasmic domain of FcRγ that are phosphorylated by 

SFKs. It was also established by using cell lines that mutation of any one of the SH2 

domains of Syk or lack of any one of the two phospho-ITAMs completely abolishes Syk 

activation. However, unlike GPVI, the CLEC-2 hemi-ITAM contains only one tyrosine 

motif in the intracellular domain. The mechanism by which a single tyrosine motif 

containing CLEC-2 hemi-ITAM activates Syk is not completely understood. The results 

from our study show, for the first time, that a novel PI3-Kinase/Btk axis regulates Syk 

activation downstream of the CLEC-2 receptor in platelets. 

 

Previous studies have shown that PI3-Kinase plays an important role in GPVI-mediated 

platelet activation (Falet, Barkalow et al. 2000, Watanabe, Nakajima et al. 2003, Kim, 

Mangin et al. 2009). However little is known about the role of PI3-Kinase in CLEC-2 

signaling. It is expected that it will have the same role in both GPVI- and CLEC-2 

mediated platelet activation, due to similarity of the pathways. Surprisingly, PI3-Kinase 

inhibition, especially PI3-Kinase β, abolished CLEC-2-mediated platelet activation in 

both human and murine platelets, identifying its essential role in CLEC-2 signaling. A 
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recent study on Dectin-1, a C-type lectin phagocytic receptor for macrophages, also 

showed that PI3-Kinase is essential for the phagocytic function of this receptor (Herre, 

Marshall et al. 2004).  

 

Unlike GPVI, CLEC-2-mediated platelet functional responses were abolished (Figure 

5.1) in the presence of pan-PI3-Kinase inhibitors. However, PI3-Kinase is known to 

regulate calcium mobilization but not Syk activation downstream of GPVI (Kim, Mangin 

et al. 2009). Interestingly, in contrast to GPVI agonists, we found that CLEC-2-mediated 

Syk and PLCγ2 activation, as well as calcium mobilization, were completely abolished 

by PI3-Kinase inhibitors (Figure 5.3A). Furthermore, the crucial role of PI3-Kinase for 

Syk activation was analyzed by an in vitro kinase assay (Getz, Mayanglambam et al.). 

Syk activity was abolished in PI3-Kinase inhibitor-treated platelets stimulated with 

rhodocytin but not with convulxin, a GPVI agonist (Figure 5.3B). These results further 

prove that Syk activation is regulated by PI3-Kinase downstream of CLEC-2, whereas 

PI3-Kinase is downstream of Syk in GPVI signaling pathways. 

 

Previous studies have shown that SFKs, especially Fyn and Lyn, regulate PI3-Kinase 

activation by phosphorylation of the p85 subunit. It is also known that PI3-Kinase plays 

an important role in Akt activation Thus, we used Akt phosphorylation as a measure of 

PI3-Kinase activity in the presence of an SFK inhibitor and Syk inhibitors when 

stimulated with GPVI and CLEC-2 agonists. Unlike GPVI, CLEC-2-mediated Akt 

activation is not affected in the presence of Syk inhibitors but abolished with SFK 
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inhibitor (Figure 5.4A,B). These results demonstrate that, downstream of CLEC-2, PI3-

Kinase activity is independent of Syk and is regulated by SFKs. 

 

While evaluating the possible tyrosine kinases that depend on PI3-Kinase activation, we 

found that Tec family kinases (Btk, Itk and Tec) translocate to the membrane in a PIP3-

dependent manner (Laffargue, Ragab-Thomas et al. 1999, Bobe, Wilde et al. 2001, 

Glassford, Soeiro et al. 2003). It was shown that macrophages deficient in Btk abolished 

the phagocytic function of the dectin-1 receptor similar to that of pre-treatment with PI3-

Kinase inhibitors (Strijbis, Tafesse et al. , Herre, Marshall et al. 2004). Another study in 

platelets has shown that a Tec family kinase inhibitor abolished CLEC-2 mediated micro-

particle generation (Gitz, Pollitt et al.). These results suggest a crucial role of Tec family 

kinases in CLEC-2 signaling. We elucidated the role of Tec family kinases in CLEC-2 

signaling by using Ibrutinib, a Tec family kinase inhibitor (Akinleye, Chen et al. , 

Schwarzbich and Witzens-Harig). Ibrutinib is known as a highly potent small molecule 

inhibitor of Btk (Honigberg, Smith et al.). Due to the structural similarity between Btk, 

Itk and Tec, Ibrutinib is known to affect all these Tec family kinases (Dubovsky, 

Beckwith et al. 2013). Ibrutinib abolished platelet aggregation and Syk phosphorylation 

induced by rhodocytin and other CLEC-2 agonists (Figure  5.5A&B). Consistent with our 

results and interpretation, a previous study has shown that CLEC-2- expressing DT40 

cells deficient in Tec kinases failed to respond to rhodocytin, demonstrating the crucial 

role of Tec kinases in CLEC-2 signaling (Fuller, Williams et al. 2007). 

 



	  

85	  

	  

Interestingly Btk translocation downstream of CLEC-2 was abolished by PI3-Kinase 

inhibitors but not by Syk inhibitors (Figure 5.6). From these data we suggest that PI3-

Kinase is activated upstream of Syk and Tec kinases. Previous studies have shown that 

Btk translocation to membrane via PIP3 is necessary for its activation by SFKs 

(Rawlings, Scharenberg et al. 1996, Laffargue, Ragab-Thomas et al. 1999). Furthermore, 

the crucial role of Tec kinases for Syk activation was analyzed by an in vitro kinase 

assay. Syk activity was abolished in Ibrutinib-treated platelets stimulated with rhodocytin 

similar to platelets treated with a PI3-Kinase inhibitor (Figure 5.5C). These results further 

prove that, downstream of CLEC-2, Syk activation is regulated by Tec family kinases 

and is dependent on PI3-Kinase but not Syk, unlike GPVI signaling pathways. These data 

also demonstrate that Tec family kinases are activated upstream of Syk. Btk 

phosphorylation is abolished by PP2, an SFK inhibitor, in both convulxin- and 

rhodocytin-stimulated platelets (data not shown). This is consistent with the proposal that 

phosphorylation of Btk is mediated by Src family kinase after translocation to the plasma 

membrane (Mano 1999). Src family kinases might also regulate this pathways upstream 

of PI3 kinase enabling the activation of PI3 kinase upon binding to phosphorylated hem-

ITAM.  

 

Similar to human platelets, CLEC-2-induced murine platelet aggregation and protein 

phosphorylation of Syk and PLCγ2 are abolished with treatment of Ibrutinib (Figure 

5.6A). However, platelet activation by CLEC-2 agonists is only inhibited but not 

abolished in Xid murine platelets (Btk defective) similar to GPVI (Figure 5.8B). It is 

possible that other Tec kinases could compensate for the lack of Btk as shown in GPVI 
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signaling (Oda, Ikeda et al. 2000). When murine platelets were treated with a PI3-Kinase 

inhibitor, we observed that CLEC-2-mediated platelet activation was abolished because 

all Tec family kinases depend on PIP3 for activation (Laffargue, Ragab-Thomas et al. 

1999, Bobe, Wilde et al. 2001, Glassford, Soeiro et al. 2003). Thus, the lack of PIP3 

prevents activation of all Tec family kinases and hence, in both human and murine 

platelets, CLEC-2-induced platelet aggregation is abolished.  We supported this 

hypothesis by stimulating Ibrutinib-treated or Xid (Btk defective) murine platelets with 

CLEC-2 agonists and compared this with GPVI. As shown in the figure 5.8C, when Xid 

murine platelets were treated with Ibrutinib, CLEC-2-mediated aggregation was 

abolished similar to wild type platelets treated with Ibrutinib, suggesting that more than 

one Tec family kinase regulates CLEC-2-mediated platelet activation. We also studied 

the role of these Tec family kinases downstream of CLEC-2 in vivo by using Btk-/-, Tec-/- 

and Btk-/-Tec-/- double deficient mice embryos. Previous studies have shown that CLEC-2 

expressed on platelets regulates blood/lymphatic vessel separation, lymphatic vascular 

development and also helps in maintaining high endothelial vascular integrity during 

lymphocyte transmigration from blood vessels to lymph nodes (Benezech, Nayar et al. , 

Bertozzi, Schmaier et al. , Herzog, Fu et al. , Hess, Rawnsley et al. , Osada, Inoue et al. , 

Suzuki-Inoue, Inoue et al. , Watson, Herbert et al.). Our studies showed that embryos 

lacking both Btk-/- and Tec-/- exhibited cutaneous edema associated with blood-filled 

vessels in a typical lymphatic pattern in the skin similar to CLEC-2 deficient or Syk 

deficient mice (Bertozzi, Schmaier et al.)(Figure 5.9A-D). This phenotype was not seen 

in either Btk-/- or Tec-/- deficient mice, supporting our hypothesis that lack of Btk in 

platelets can be compensated by other Tec family kinases downstream of the CLEC-2 
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receptor. It would be interesting to establish whether these signaling events are also used 

by other hemi-ITAM receptors such as Dectin-1.  

 

It would also be interesting to evaluate the potential affect of Ibrutinib on platelet 

activation in human patients with chronic lymphocytic leukemia (CLL) (Akinleye, Chen 

et al.). Recent phase 3 clinical studies using Ibrutinib showed that a small percent of 

patients have bruises on the skin, a characteristic of lack of platelet activation (Akinleye, 

Chen et al.). It is also shown that CLL patients treated with Ibrutinib have defects in 

collagen and vWF-mediated platelet activation (Levade, David et al. 2014). It would be 

another key aspect to take in to consideration while prescribing Ibrutinib for a CLL 

patient. It is possible that treatment of CLL patients with Ibrutinib may abolish 

podoplanin- and CLEC-2-mediated platelet activation in vivo that helps to maintain 

lymphatic system integrity.   

 

In summary this study demonstrated, for the first time, that a PI3-Kinase/Tec kinase axis 

regulates Syk activation downstream of CLEC-2. We propose a model (Figure 5..10) 

demonstrating that 1) upon activation of CLEC-2 in platelets SFKs phosphorylate the 

hemITAM. Previous studies have shown that activated PI3-Kinase binds to the 

phosphorylated ITAM of GPVI and DAP10 receptors(Gibbins, Briddon et al. 1998, 

Giurisato, Cella et al. 2007), 2) The phosphotyrosine residue on individual hemITAMs 

bind to the SH2 domains of PI3- Kinase and Syk, thereby bringing it close to SFKs to 

phosphorylate them. 3) Once activated, PI3-Kinase β generates PIP3 that is important for 

the recruitment of Tec kinases to the membrane, where it is phosphorylated and activated 
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by SFKs. 4) Activated Tec kinases then phosphorylate and activate Syk that is already 

bound to the phosphorylated hemITAM. We also believe that binding to the 

phosphorylated hemITAM is important for Syk activation because, downstream of 

P2Y12, PI3-Kinase β is activated and PIP3 is generated potentially translocating Btk to 

the membrane, without resulting in Syk activation (data not shown).  Thus we propose for 

the first time that distinct pathways regulate Syk activation downstream of ITAMs and 

hemITAMs in platelets. We also propose a novel mechanism of Syk activation 

downstream of CLEC-2, which is regulated by PI3-Kinase and Tec family kinases. 
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CHAPTER 6 

GENERAL DISCUSSION/ FUTURE DIRECTIONS 
 

In chapter 3, we identified fucoidan as CLEC-2 receptor agonist for platelets. Fucoidan, a 

sulfated polysaccharide from brown seaweed, decreases bleeding time and clotting time 

in hemophilia (Liu, Scallan et al. 2006, Prasad, Lillicrap et al. 2008). In vitro studies by 

using platelet poor plasma from hemophilia animal models and human patients have 

showed that fucoidan inhibits tissue factor pathway inhibitor, thereby contributing to an 

increase in the extrinsic coagulation pathway activity (Liu, Scallan et al. 2006). The 

effect of fucoidan on platelets, however, has not been studied. In the current work, in 

chapter 3 we investigated whether or not fucoidan induces platelet activation and if so, 

what is the receptor that is mediating these signaling events. Our results suggest that 

fucoidan induces platelet activation through a tyrosine kinase-dependent pathway that is 

mediated through the CLEC-2 receptor. 

 

The focus of Chapter 4 is to evaluate the role of lipid rafts in CLEC-2 signaling. 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 (Pollitt, Grygielska et al. 2010). Disruption of the lipid rafts 

affects platelet aggregation and signaling by CLEC-2 agonists analogous to that of 

responses mediated by GP1b-IXV and GPVI receptor activation. 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. Our lab has 
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demonstrated that lipid rafts are required for Gi activation in ADP-induced platelet 

activation29. In chapter 3 we show that lipid raft disruption affects Gi activation thereby 

contributing to inhibition in CLEC-2-mediated platelet aggregation, but does not directly 

affect CLEC-2 receptor signaling. 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. 

 

In chapter 5, we identified that a PI3-Kinase/Tec kinase axis regulates Syk activation 

downstream of CLEC-2. We propose a model (Figure 8) demonstrating that 1) upon 

activation of CLEC-2 in platelets SFKs phosphorylate the hemITAM. Previous studies 

have shown that activated PI3-Kinase binds to the phosphorylated ITAM of GPVI and 

DAP10 receptors(Gibbins, Briddon et al. 1998, Giurisato, Cella et al. 2007), 2) The 

phosphotyrosine residue on individual hemITAMs bind to the SH2 domains of PI3- 

Kinase and Syk, thereby bringing it close to SFKs to phosphorylate them. 3) Once 

activated, PI3-Kinase β generates PIP3 that is important for the recruitment of Tec 

kinases to the membrane, where it is phosphorylated and activated by SFKs. 4) Activated 

Tec kinases then phosphorylate and activate Syk that is already bound to the 

phosphorylated hemITAM. We also believe that binding to the phosphorylated 

hemITAM is important for Syk activation because, downstream of P2Y12, PI3-Kinase β 

is activated and PIP3 is generated potentially translocating Btk to the membrane, without 

resulting in Syk activation (data not shown).  Thus we propose for the first time that 

distinct pathways regulate Syk activation downstream of ITAMs and hemITAMs in 

platelets. We also propose a novel mechanism of Syk activation downstream of CLEC-2, 



	  

91	  

	  

which is regulated by PI3-Kinase and Tec family kinases. 

 

1) Differential regulation of hemITAM and ITAM receptor signaling in platelets: 

CLEC-2 and GPVI-mediated platelet activation occurs through tyrosine phosphorylation 

events. Watson and coworkers have shown that Fyn positively regulates and Lyn 

negatively regulates the GPVI signaling cascade. Previous studies have identified that 

several tyrosine phosphatases, including SHP1, SHP2, CD148, and TULA2 regulate 

GPVI signaling events. The absence of tyrosine phosphatases CD148 or TULA2  

dramatically alters the responsiveness to GPVI agonists. Furthermore, SHP1 deficiency, 

but not SHP2 deficiency, has been recently shown to regulate GPVI surface expression 

on platelets. Studies from our lab  and others  have shown that c-Cbl and TULA2 

negatively regulate GPVI pathways whereas RhoG  and Cbl-b regulate positively. 

Unpublished data from our lab also showed that RRas2 (or TC21) positively regulates 

ITAM signaling.  

Whereas all these studies were focused on the GPVI receptor, nothing much is known 

about the regulation of the signaling pathways initiated by the hemITAM receptor CLEC-

2. One main reason for lack of such studies could be due to perceived identity of signaling 

events by hemITAM and ITAM receptors and a presumption that these two receptor 

pathways are regulated identically. However, our studies in chapter 5 have shown that 

hemITAM receptor signaling is distinct from ITAM receptor signaling in the activation of 

Syk. That raises the possibility that different signaling molecules might regulate these two 

signaling pathways. Hence we predict that different signaling molecules differentially 

regulate hemITAM and ITAM receptor pathways in platelets. We propose to evaluate the 
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function of different signaling molecules that are known to regulate ITAM signaling on 

hemITAM-mediated signaling events (outlined in Fig. 9). These studies will unravel novel 

regulatory mechanisms in the regulation of hemITAM and ITAM receptors in platelets. 

1.a. Src Family Kinases:  SFK-mediated phosphorylation of the ITAM or hemITAM is 

the first step in the signaling events by these receptors.   We propose that SFKs will have 

different specificity for the ITAM and hemITAM motifs and different SFK members 

would be involved in the phosphorylation of the tyrosines in CLEC2 and FcRg chain 

associated with GPVI receptors.  Watson and co-workers have shown that Fyn positively 

regulates and Lyn negatively regulates GPVI-mediated signaling events and functional 

responses (20). Hence we propose to evaluate the role of Fyn and Lyn in CLEC-2-

mediated platelet functional responses and signaling events. We anticipate that different 

SFK members are involved in the initiation of the hemITAM and ITAM signaling and 

hence we anticipate differential effects with CLEC-2 and GPVI agonists in the knockout 

mice. Subsequently these studies will involve other SFK member knockout mice.  

1.b. Tyrosine Phosphatases: A number of tyrosine phosphatases are known to modulate 

GPVI-mediated tyrosine phosphorylations and hence platelet activation. For example, in 

TULA2 null mice, GPVI-mediated platelet activation is enhanced compared to wild type 

littermates. The deficiency of TULA2 did not affect PAR-4 mediated platelet activation. 

In addition, SHP1 and CD148 appear to modulate GPVI-mediated platelet activation 

through different mechanisms. We hypothesize that differential expression levels of 

tyrosine phosphatases may regulate tyrosine kinase pathways leading to differential 

sensitivity to agonists. These phosphatases could also regulate common signaling 

pathways downstream of GPVI and CLEC-2. We will evaluate the signaling events and 
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functional responses to CLEC-2 agonists in TULA2, CD148, SHP1, and SHP2 null mice. 

We anticipate that at least some of these phosphatases differentially regulate ITAM and 

hemITAM signaling, while others might regulate commons pathways downstream of 

Syk.  

1.c. Cbl proteins:  We and others  have shown that c-Cbl negatively regulates GPVI-

mediated signaling and platelet functional responses. We have also shown that Cbl-b 

positively regulates GPVI responses. We will use the platelets from these mice and 

evaluate whether c-Cbl and Cbl-b play a role in CLEC-2-mediated platelet functional 

responses and signaling events. We anticipate that these proteins also differentially 

regulate GPVI- and CLEC-2-mediated platelet functional and signaling responses.  

1.d. Small G proteins:  We have shown that a small G protein RhoG positively regulates 

GPVI-mediated functional responses and signaling events but does not play a role in 

CLEC-2 mediated events, clearly suggesting a dichotomy of regulation of ITAM and 

hemITAM receptors by small G proteins. We have recently begun investigating the role 

of another small G protein RRas2 (aka TC21) in platelets. We will evaluate the role this 

small G protein in ITAM and hemITAM signaling and functional responses.  
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Figure 6.1 Differential regulation of hemITAM and ITAM receptor signaling in 
platelets 
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2) Regulation of hemITAM-mediated Syk activation by GPCRs through the Gq- 

pathway: 

Signaling pathways regulate each other (crosstalk) and this is an established phenomenon. 

The crosstalk between the Gq pathways and Gi pathways has been studied in platelets and 

it was shown that Gi pathways regulate Gq-mediated Rho kinase activation. We have 

shown that G12/13 pathways negatively regulate Gq-mediated PLC activation through Src 

family kinases in platelets. The most studied GPCR transactivation of receptor tyrosine 

kinases is angiotensin transactivation of growth factor receptors, which involves release of 

growth factors by the action of protease ADAMTS17, which is activated by 

phosphorylation by GPCRs. Other mechanisms involving the angiotensin receptor 

activating receptor tyrosine kinases include release of reactive oxygen species.  However, 

Syk is not involved in these pathways. GPCR crosstalk with either hemITAM or ITAM 

receptors has not been evaluated to date. 

 

Platelets are initially activated upon vascular injury initially by subendothelial collagen 

through activation of its signaling receptor GPVI. It is known that collagen-induced 

platelet activation depends on positive feedback by either generated agonists, such as 

thromboxane and thrombin, or released agonists such as ADP, which are GPCR agonists. 

The initial activation of platelets by GPVI is thus greatly amplified by the GPCR agonists 

that are known to activate other circulating platelets. Similar amplification mechanisms 

are also shown to exist for GPCRs wherein thrombin uses feedback from thromboxane 

and ADP, and thromboxane and ADP feedback on each other. While using the hemITAM 

receptor CLEC-2 agonist rhodocytin, we observed a dramatic difference in activation of 
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human platelets treated with aspirin (to prevent thromboxane generation) and without 

treatment of aspirin. Unlike other agonists in similar conditions, rhodocytin failed to cause 

Syk activation and aggregation of platelets for up to 5 min in the presence of aspirin, while 

the activation was rapid (2 min) in platelets without aspirin treatment. Such discrepancy 

can only be explained by the generation of thromboxane as a result of rhodocytin-induced 

platelet activation. It also indicated that rhodocytin can generate thromboxane (in non-

aspirin treated platelets) at a concentration that does not cause aggregation in aspirin-

treated platelets. This result suggested a positive feedback loop that is distinct from other 

platelet agonists.  
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Figure 6.2 Regulation of hemITAM-mediated Syk activation by GPCRs through the 
Gq- pathway: 
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