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ABSTRACT 

In platelets, TMEM16F, an eight-transmembrane protein, is a calcium 

activated-cation channel highly permeable to calcium. The TMEM16F gene has been 

shown to be mutated in Scott’s syndrome, a rare bleeding disorder characterized by a 

defect in the scrambling activity of platelets and microparticle generation. In this 

thesis, I investigated the effect of TMEM16F on calcium signaling, microparticle 

formation and phosphatidylserine exposure in platelets under physiological conditions. 

First, I investigated whether TMEM16F was required for optimum calcium signaling 

in platelets.   TMEM16F+/- mouse platelets treated with a combination of thrombin 

and collagen displayed a significant decrease in calcium entry measured as percent 

above basal calcium entry compared to the wild-type platelets (p=0.02). Further 

analysis of calcium entry revealed that there was a delay in the SOCE for the 

TMEM16F+/- platelets compared to the WT platelets (p=0.05).  To determine whether 

TMEM16F is required for maximal PS exposure, binding of Annexin V to activated 

platelets from WT vs. TMEM16F knockout mice (TMEM16F KO) was compared.  To 

measure PS exposure, Annexin V binding to platelet surfaces was quantified by flow 

cytometry: when treated with thrombin and convulxin, there was a significant decrease 

in maximal Annexin V binding achieved by 10µM A23187 of  TMEM16F knock-out 

(KO) platelets compared to the WT (p=0.0005). Microparticle generation from 

TMEM16F KO platelets compared to WT platelets was also analyzed by flow 

cytometry. On average, after thrombin and convulxin treatment, there was a 

significant decrease of the percentage of microparticles over total particles 



 xi 

(microparticles and platelets) generated by the TMEM16F KO mice compared to the 

WT mice (p=0.05). These data demonstrate that TMEM16F regulates calcium influx, 

PS exposure and microparticle formation in platelets. Interestingly, when the channel 

function of TMEM16F was blocked with CaCCinhA01, there was a significant 

decrease in the calcium influx compared to the untreated platelets (p=0.01) while no 

significant change was seen in the PS exposure, suggesting that TMEM16F might 

have two independent functions in platelets: one as a channel and the other as a 

regulator of the scrambling activity of platelets. Furthermore, preliminary results of 

calcium entry analyzed in HEK293T cells and CHOK cells stimulated with ionophore 

showed an increase in calcium entry when cells transfected with TMEM16F were 

compared to untransfected cells. However, analysis of the scrambling activity revealed 

that heterologous expression of TMEM16F was not sufficient to induce PS exposure 

after treatment with A23187. These results suggest that there are additional 

mechanisms to promote TMEM16F scramblase activity in platelets.
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Chapter 1 

INTRODUCTION 

1.1 Platelets 

Human platelets are disc-shaped, anuclear cells that have a size of 2-4µM 

(Harrison, 2005) and have a lifespan of 7 to 10 days (Nayak et al., 2013). Platelets 

have multiple functions, including the maintenance and regulation of vascular tone, 

inflammation, and host defense and tumor biology (Harrison, 2005). However, 

platelets mainly regulate hemostasis, which is the stoppage of blood loss (Rivera, 

2009). Platelets also play a role in thrombosis, which is a pathological dysregulation of 

the normal processes of hemostasis (Furie and Furie., 2009). Hence, understanding 

how platelets mediate hemostasis and thrombosis can potentially lead to new 

treatments for patients with hemostatic disorders and those at risk for pathological 

thrombosis, the underlying events that lead to heart attack and stroke. 

1.2 Hemostasis   

Hemostasis is divided into two different stages: primary hemostasis and 

secondary hemostasis. (Gale, 2011) Primary hemostasis occurs when platelets adhere 

to the damaged vascular wall and aggregate to form a temporary platelet plug, while 

secondary hemostasis is the stabilization of this plug throught the additional formation 

of a fibrin meshwork, termed a fibrin clot (McMichael, 2005). 
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1.2.1 Formation of the Platelet Plug 

Under normal conditions, circulating platelets are inactivated and do not bind 

to the endothelium (Rasche, 2001) because Prostaglandin I2 and Nitric Oxide released 

from the vessel wall inhibit that interaction (Broeders et al., 2005).  However, upon 

injury and subsequent exposure of the subendothelial matrix, platelets arrest at the site 

of injury and get activated by binding to proteins such as vWF (von Willebrand 

Factor) via GPIbα and integrin αIIbβ3 receptors and collagen via GPVI and integrin 

α2β1, thus forming a platelet monolayer. During the initial phase of platelet plug 

formation, platelets also bind and get activated by thrombin through their protease-

activated receptors (PARs) (Brass et al., 2007). After the initial activation steps, more 

platelets are recruited to the sites of injury through the activation of different G-

protein-coupled receptors (GPCRS) by thrombin via PARs, thromboxane A2 (TXA2) 

via TP and ADP via P2Y12 (Brass, 2003). Finally, the platelet plug is stabilized by the 

activation of the integrin αIIbβ3 binding to fibrinogen, thereby allowing stabilization 

of the plug through actin-myosin contractile networks (Brass et al., 2007).   

 

1.2.2 Blood Coagulation Cascade 

In order for the hemostatic clot to be formed, the temporary platelet plug 

formed during primary hemostasis has to be stabilized by a fibrin meshwork (Brass et 

al., 2007). Fibrin is generated from fibrinogen cleaved by thrombin, which is an end-

product of the blood coagulation cascade (Wolberg, 2007). There are two pathways in 

the blood coagulation cascade; the intrinsic pathway and the extrinsic pathway. While 

the extrinsic pathway requires Tissue Factor(TF) for initiation (Mackman et al., 2007), 

the intrinsic pathway was characterized as such because it does not require non-blood 
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factors, but is initiated upon contact with the glass of the assay tube( Davie et al., 

1964). Upon vascular injury, the blood coagulation cascade is initiated in vivo via the 

extrinsic pathway (Versteeg et al., 2013). The exposed TF present on a variety of cells 

such as monocytes, neutrophils, endothelial cells and platelets (Mackman et al, 2007) 

binds and cleaves Factor VII (FVII) to form FVIIa. FVIIa will lead to the sequential 

generation of FIXa and FXa (Chu, 2001; Versteeg et al., 2013). FXa will then 

assemble with FVa in the presence of calcium to form the prothrombinase complex:   

this complex will produce a small amount of thrombin that will amplify the blood 

coagulation cascade through the intrinsic pathway (Savage and Ruggeri, 2007) 

During the intrinsic pathway (or contact pathway), FXII is cleaved to generate 

FXIIa by two factors of the contact system, kininogen and prekallikrein (Gailani and 

Renné, 2007). The contact system gets activated by binding to negatively charged 

compounds such as dextran sulfate (Nakazawa et al., 2002) or extracellular RNA 

(Kannemeier et al, 2007). FXIIa in turn leads to the activation of FXI, which becomes 

FXIa. FXIa, then, activates FIX into FIXa (Gailani and Renné. 2007). FIXa binds to 

the extrinsic thrombin-activated FVIII( FVIIIa) (Savage and Ruggeri, 2007) to form 

the tenase complex that activate FX into FXa ( Louvain-Quintard et al.2005). FXa will 

then assemble with extrinsic thrombin-activated FV (FVa) to generate more 

prothrombinase that will catalyze the formation of thrombin from prothrombin. 

Thrombin is important for fibrin generation from fibrinogen (Savage and Ruggeri, 

2007).  

1.3 Calcium Signaling in Platelets 

Calcium has been known to be important for clot formation since it is needed 

for the formation of the Xase and prothrombinase complexes that allow for thrombin 
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formation (Figure 1). An increase in cytosolic calcium in platelets happens through 

two different pathways: the release of calcium from the ER stores and the extracellular 

entry of calcium. In platelets, calcium release from the stores and its ensuing 

intracellular increase in concentration happen upon stimulation of receptors by 

agonists such as thrombin, collagen and ADP (Varga-Szabo et al., 2009). Collagen 

triggers an increase in intracellular calcium through its immunoglobulin platelet 

receptor, GPVI that binds to the γ-chain FC Receptor [FCR] (Watson et.al, 2005). The 

crosslinking of GPVI and FCRγ leads to the autophosphorylation and phosphorylation 

of the FCRγ ITAM (Immunoreceptor Tyrosine-based Motif) by the Scr kinases, Lyn 

and Fyn (Ezumi et al., 1998). Once the ITAM is activated, binds and activates the 

tyrosine kinase Syk (Watson et al., 2005), which will initiate a downstream signaling 

that lead to the activation of PLCγ2 (Jarvis et al., 2002). PLC γ2 catalyzes the 

formation of inositol-1-4, 5-triphosphate (IP3) and 1, 2-diacyl-glycerol (DAG) from 

phosphoinositide-4, 5-biphosphate (PIP2). The formed IP3 will bind to the IP3 

receptors (IP3R) in the ER to release calcium. (Varga-Szabo et al., 2009) 

Thrombin, on the other hand, activates the PARs (Brass et al, 2007). Only 3 

out of the 4 known members (PAR1, PAR3 and PAR4) have been shown to be 

mediate thrombin responses in platelets (Kahn et al., 1998). While human platelets 

express PAR1 and PAR4 with PAR1 seemingly playing a more prominent role 

(Andersen et al., 1999); rodent platelets express PAR4 and PAR3 (Brass, 2003).  The 

PARs activation by thrombin will stimulate another PLC isoform, PLCβ that will also 

allow for the formation of IP3 and subsequent release of calcium from the ER stores 

(Varga-Szabo et al., 2009) 
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 ADP released from the injured vessel wall is necessary for the processes of 

hemostasis and thrombosis (Hechler et al., 1998), although its effects are weaker and 

reversible compared to thrombin and collagen. Nevertheless, because it is stored at 

high concentration in the platelet dense granules, it strongly potentiates hemostatic and 

thrombotic responses in platelets (P2 receptors and platelet function, Hechler and 

Gachet, 2011). In platelets, ADP induces calcium signaling in platelets by activating 

its receptor P2Y1, which is a GPCR found in most human and mouse cells 

(Abbracchio et al. 2006.). Like Thrombin, ADP mediates calcium signaling in 

platelets through PLCβ (Varga-Szabo et al., 2009).  

The depletion of the calcium stores triggers a process known as the Store-

Operated Calcium Entry (SOCE), which accounts for the majority of calcium entry in 

non-excitable cells, including platelets (Varga-Szabo et al., 2009; Targos et al., 2005). 

As calcium gets reduced, STIM1, a calcium sensor on the ER, senses it through its 

calcium-sensing motif, EF hand (Zhang et al., 2005). The EF hand is a helix-loop-

helix motif with a configuration that is favorable to calcium and magnesium binding 

(Lewit-Bentley and Rety, 2010). Upon depletion of calcium stores, STIM1 activates 

extracellular calcium entry (Zhang et al., 2005) through Orai1 (Bergmeier et al., 

2009), the main SOCE channel in platelets (Varga-Szabo et al., 2011). 

1.4 Procoagulant Activity of Platelets 

The assembly of the Xase and the prothrombinase complexes requires the 

exposure of phosphatidylserine (PS) and calcium (Figure 1).  
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Figure 1.      The exposure of phosphatidylserine (PS) provides a surface for the 

assembly of the tenase and prothrombinase complexes of the blood 

coagulation cascade; both of which are needed for the generation of 

thrombin(Zwaal et al., 2004) 

The negatively-charged PS exposed on the outer leaflet of the plasma membrane 

during platelet activation (Lhermusier et al., 2011) provides a surface that will 

enhance the generation of thrombin (Solum,1999) allowing for the formation of the 

fibrin clot and the activation of more platelets. Hence, the exposure of PS on the 

surface of the plasma membrane links the blood coagulation cascade to platelet 

activation, thus, facilitating the procoagulant activity of platelets.  Calcium is 

important for the procoagulant activity of platelets since it is required for the 

formation of the Xase and prothrombinase complexes (Figure 1). Moreover, an 

increase in intracellular calcium activates the scramblase needed for PS exposure and 

the calpain needed for microparticle formation. The role of calcium entry in platelet 
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microparticle formation and scramblase activity will be further expanded in the next 

sections (Sections 1.4.1-1.5). 

1.4.1.1 Microparticle Formation  

One of the consequences of cells exposed to agonists that elicit a very large 

increase in intracellular calcium is the formation of microparticles (Mause et al., 

2010). Microparticles are budding microvesicles or blebs with sizes ranging from 

0.1µm to 1µm that derive from the plasma membrane of various cell types (Owens et 

al., 2011). Though the exact mechanism of microparticle shedding in platelets remains 

obscure, it is known that upon increase in intracellular calcium (Mause et al., 2010), 

they arise from the disruption of the plasma membrane cytoskeleton by calpain, a 

calcium-dependent protease (Fox et al. 1990). More than 80% of circulating 

microparticles have a platelet origin (Morel et al., 2011) and they have been associated 

with a number of diseases, including the bleeding disorder Scott’s syndrome where 

patients have a decreased number of microparticles (Sims et al., 1989). The fact that 

Scott’s syndrome patients have a defect in both the PS expressed on the surface of 

their platelets and the number of microparticles suggests that the mechanisms of PS 

exposure and microparticle formation are linked (Sims et al., 1989). However, the 

exact cellular mechanism that connects PS exposure and microparticle generation 

remains unclear. Nevertheless, the increase in intracellular calcium activates both the 

calpain and the scramblase needed for PS exposure (Lhermusier et al., 2011), 

indicating that calcium signaling is common to both processes.  

As expressed earlier, platelets are the mediators of hemostasis and thrombosis. 

Platelet microparticles facilitate the hemostatic and thrombotic processes by providing 

a large surface of PS+ membrane on which to assemble the coagulation proteases at 
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the site of injury or thrombotic initiation. In fact, microparticles were originally shown 

to have procoagulant properties because an increase in their number led to more 

prothrombinase(Sims et al., 1989) and tenase binding sites(Chang et al., 1993), which 

are important for thrombin formation. Later on, it was confirmed that virtually all 

platelet microparticles expose PS on their surface (Owens et al., 2011). Because 

microparticles have procoagulant properties and allow for the formation of thrombin 

needed for clot formation, an increase in their number have been associated with a 

number of prothrombotic diseases such as acute coronary syndrome, venous 

thromboembolism or heparin-induced thrombotic thrombocytopenia(Ardoin et 

al.,2007); denoting the importance of a regulated microparticle formation.  

Conversely, the fact that Scott syndrome patients have a decrease in circulating 

(platelet) microparticles may also contribute to their bleeding disorder, further 

demonstrating the role of platelet microparticles in hemostasis. Because microparticles 

have procoagulant properties and allow for the formation of thrombin needed for clot 

formation, an increase in their number have been associated with a number of 

prothrombotic diseases such as acute coronary syndrome, venous thromboembolism or 

heparin-induced thrombotic thrombocytopenia(Ardoin et al.,2007); denoting the 

importance of a regulated microparticle formation.  

 

1.4.2 Plasma Lipid Bilayer Asymmetry 

The plasma membrane of platelets and other eukaryotic cells is an 

asymmetrical lipid bilayer (Fadeel et al., 2010) whose main property is amphiphilic 

meaning the lipids that make the bilayer have a polar head group and non-polar tails 

(Alberts et al., 1989). The main types of phospholipids in the plasma membrane are 
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phosphatidylserine (PS), phosphatidylcholine (PC), phosphatidylethanolamine (PE) 

and sphingomyelin. The phospholipids on the plasma lipid bilayer are asymmetrically 

distributed; the outer leaflet of the membrane is mostly made up of 

cholinephospholipids(PC and sphingomylin), while the inner side of the membrane is 

in majority composed of aminophospholipds (PS and PE) (Cooper,2000). A tightly 

controlled regulation of lipid bilayer asymmetry of the cell is important, since a 

disruption of said asymmetry facilitates cellular mechanisms such as apoptosis (Savill, 

2002) or procoagulant activity of platelets (Fadeel et al., 2010).  

1.4.3 Maintenance and Disruption of the Plasma Lipid Bilayer 

In resting cells, the lipid asymmetry of cells is regulated by two ATP-requiring 

enzymes or translocases; the Flippase and the Floppase( Clark et al., 2011; Figure 2). 

The Flippase transports PS and PE from the outer to the inner membrane against their 

concentration gradient (Seigneuret and Devaux, 1984; Clark et al., 2011; Devaux et 

al., 2008; Daleke et al., 2007) while the Floppase transport both PC and 

sphingomyelin (Clark et al., 2011). Though it has been shown that the Flippase is a P4 

ATPase (Lhermursier et al., 2011; Coleman et al., 2013), the nature of the Floppase in 

platelets is still controversial. In erythrocytes, the Floppase has been shown to be an 

ABCC1 transporter (Coleman et al., 2013), but the expression of ABCC1 in platelets 

has yet to be confirmed (Jedlitschky et al, 2012). 

Agonist-mediated platelet activation leads to an increase in intracellular 

calcium that allows for the disruption of the plasma lipid asymmetry and the exposure 

of PS (van Kruchten et al., 2013) In platelets, it is known that PS exposure is calcium-

dependent, but not ATP-dependent, and thus is mediated by a Scramblase, rather than 

a Floppase or Flippase (Lhermusier et al., 2011).  In 2010, a cDNA was cloned and 
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found to be present in platelets, required for platelet scramblase activity, and mutated 

in patients with Scott Syndrome, which is characterized by a deficiency in scramblase 

activity.  This cDNA encodes TMEM16F, an 8-transmembrane domain calcium 

channel (Suzuki et al., 2010).  

Scott’s syndrome is a rare bleeding disorder characterized by the impaired 

procoagulant activity of platelets due to defective scrambling activity.   Interestingly, 

the defect in scrambling activity in Scott's syndrome platelets is accompanied by not 

only the expected decrease in PS exposure on the surface of platelets, but also 

diminished microparticle shedding (Weiss and Lages, 1997). While laboratory tests 

usually show that Scott’s syndrome patients do not have an abnormal platelet count, 

structure, secretion, aggregation or coagulation factors (Zwaal et al., 2004); it has been 

shown that these patients have a reduced capacity to generate thrombin and fibrin 

(Wielders et al., 2009) due to a decrease in the binding surface for the prothrombinase 

(Miletich et al., 1979) and the tenase complexes (Ahmad et al., 1989). 
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Figure 2.      The phospholipid asymmetry across the plasma lipid bilayer is 

maintained by the ATP-dependent proteins Flippase that moves 

phospholipids to the cytosolic side of the plasma membrane and the 

Floppase that transports them from the inner leaflet to the outer leaflet of 

the membrane. The Scramblase disrupts the asymmetry by transporting 

the phospholipids bidirectionally across the membrane.( Zwaal et al., 

2004)  

 

1.5 TMEM16F 

Although the nature of the scramblase responsible for the transport of PS from 

the inner leaflet to the outer leaflet has been a subject of controversy, a 2010 study 

(Suzuki et al. 2010) showed that a patient with Scott syndrome had a mutation at the 

splice acceptor site of the gene encoding for TMEM16F that caused a frameshift and a 

premature termination of the protein. A different study (Castoldi et al., 2011) further 

supported the role of TMEM16F in the scrambling activity of cells. The study 

demonstrated that a different Scott’s patient had 2 mutations, at intron 6(IV6+1GA) 

and exon 11(IV12-1GT), that lead to a frameshift and premature termination of the 

protein.  The TMEM16F gene is found on chromosome 12 and has 20 exons that 

encodes for a 910-aa protein (Castoldi et al., 2011). In dogs, genomic analysis of 
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animals affected with a canine form of Scott’s Syndrome (CSS) revealed that the 

deficiency in canine procoagulant activity was linked to markers on chromosome 27. 

Although the gene responsible for CSS has yet to be definitively identified, canine 

TMEM16f falls within close proximity to these markers on chromosome 27 (Brooks et 

al., 2010). TMEM16F is an eight-transmembrane protein with its N and C-termini 

inside the cytoplasm (Galietta et al., 2009). TMEM16F is expressed in a variety of 

cells (Suzuki et. al, 2010; Ehlen et. al, 2013) including platelets, where it has been 

shown to be a calcium-activated cation channel that is highly permeable and selective 

for calcium (Yang et al., 2012). Since TMEM16F has been shown to be defective in 

Scott’s syndrome that leads to defective procoagulant activity of platelets and because 

TMEM16F has been shown to be a calcium-activated calcium channel, we 

hypothesized that, in platelets, the loss of TMEM16F will affect PS exposure on the 

surface of cells, microparticle formation and the increase in intracellular calcium after 

agonist stimulation.   
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Chapter 2 

MATERIALS AND METHODS 

2.1 Animals 

C57BL/6 TMEM16F knockout mice were generously provided and generated 

in the laboratory of Dr Andrea Vortkamp. Wild type (WT) mice were produced from 

the breeding of TMEM16F heterozygous (TMEM16F+/-) mice. Animal care and 

sacrifice followed protocols approved by the Institutional Animal Care and Use 

Committee at the University of Delaware. TMEM16 KO mice had a thrombotic and 

bone defect. 

2.2 Platelet Rich Plasma (PRP) Isolation 

Blood was drawn from the inferior vena cava of mice with 100µl of 150U/ml 

heparin per mouse.  0.02 U/ml of Apyrase in 1ml HEPES-Tyrode’s buffer (137 mM 

NaCl, 20 mM HEPES, 5.6 mM glucose, 1g/L BSA, 1mM MgCl2, 2.7 mM KCl, 3.3. 

mM NaH2PO4) were added to the blood, which was spun at 800 rpm for 3 minutes at 

room temperature. Platelet Rich Plasma (PRP) was obtained and the concentration was 

measured using a Beckam Coulter particle counter. 

2.3 Fluo-4-AM Loading in Platelets 

Blood was drawn from the inferior vena cava of mice. Platelet Rich Plasma 

(PRP) was obtained and the concentration was measured. 5µM of Fluo-4-AM 
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(Invitrogen) were added to 10
6
 platelets in 200 µl of Tyrode’s buffer then incubated 

for 10 minutes at 37 degrees Celsius.  

2.4 PS Exposure in Platelets 

The PRP was obtained from WT, TMEM16F +/-, TMEM16KO mice then the 

concentration was measured and adjusted to 0.5x10
8
 platelets/ml. Samples were 

aliquoted in 100µl volume, stained with FITC-conjugated Annexin V (BD 

Biosciences). Samples were incubated for 15 minutes with 0.5 U/ml thrombin 

(Chrono-Log), 0.5µg/ml convulxin (Chrono-Log), 0.5 U/ml thrombin and 0.5µg/ml 

convulxin combined, and calcium ionophore A23187(1uM or 10µM)(Sigma). The 

samples were then analyzed by flow cytometry (FACS Calibur) 

2.5 Microparticle Generation 

The PRP was obtained from WT, TMEM16F +/-, TMEM16KO mice then the 

concentration was measured and adjusted to 0.5x10
8
 platelets/ml. Samples were 

aliquoted in 100µl volume, stained with Alexa-Fluor-conjugated Annexin 647 

(Invitrogen) and FITC-conjugated CD41 488(Biolegend). Samples were incubated for 

30 minutes with thrombin, convulxin and calcium ionophore, A23187 and analyzed by 

flow cytometry (FACS Aria and Accuri C6).  

2.6 Total Calcium Influx in Platelets 

1 ml of HEPES-Tyrode’s buffer was added to Fluo-4-AM loaded platelets 

from WT and TMEM16+/- mice from which 200µl were aliquoted into 200µl of 

Tyrode’s buffer.  CaCl2 was then added to the platelets to a final concentration of 

1mM. The basal reading of Ca
2+

 was measured for 1 minute by the Accuri C6 

cytometer then 0.5 units/ml of thrombin and 10µg/ml of collagen or 1µM of calcium 
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ionophore, A23187, were added to the mixture and Ca
2+ 

entry was measured for 9 

minutes. Using the FACS Express Software, the percent of total Ca
2+

 entry above 

basal was measured and plotted for the WT vs TMEM16F+/- mouse platelets. 

2.7 Stored-Operated Calcium Entry in Platelets 

1 ml of HEPES-Tyrode’s buffer was added to Fluo-4-AM loaded platelets 

from WT and TMEM16F+/- from which 200µl were aliquoted into 200µl of Tyrode’s 

buffer. The basal reading of Ca
2+ 

was measured for 1 minute by the Accuri C6 

cytometer then EGTA was added to a final concentration of 200 µM and Ca
2+

 was 

measured for 1 minute. Next, Thapsigargin was added to a final concentration of 1µM 

and a reading of 1 minute was done. Finally, Ca
2+

 was added to the platelets to a final 

concentration of 0.5mM and Ca
2+

 entry was measured for 7 minutes.  Using the FACS 

Express Software, the percent of total Ca 
2+

 entry above basal was measured and 

plotted for WT vs. TMEM16F+/- mouse platelets. 

2.8 Inhibition of Channel Activity of TMEM16F  

10
6
 platelets in 200 µl of Tyrode’s buffer were loaded with Fluo-4-AM from 

WT mice. 5 minutes during incubation time, 20µM of CaCCinh-A01 (Sigma) was 

added. 1 ml of Tyrode’s buffer was added to freshly incubated platelets from which 

200µl were aliquoted into 200µl of HEPES-Tyrode’s buffer.  Ca
2+

 was then added to 

the platelets to a final concentration of 1mM. The basal reading of Ca
2+

 was measured 

for 1 minute by the Accuri C6 cytometer then 0.5 units/ml of thrombin and 10µg/ml of 

collagen or 1µM of calcium ionophore, A23187, were added to the mixture and Ca
2+

 

entry was measured for 9 minutes. Using the FACS Express Software, the percent of 
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total Ca
2+

 entry above basal was measured and plotted for the untreated vs.CaCCinh-

A01 treated mouse platelets. 

2.9 Western Blot 

PCDNA-TMEM16F-Flag was generated through TA cloning in a PCRII 

vector, and then sequenced by Genewiz Molecular Biology (Figure 3). HEK293T cells 

were transfected with pcDNA-TMEM16F-Flag, PAR4-GFP and pCDNA-TMEM16F-

Flag and PAR4-GFP together using TransIT-293 transfection reagent (Mirius). 

48hours after transfection, cells were lysed and immunoblotted with an antibody to 

TMEM16F (1:1000) (Santa Cruz), with an antibody to GFP (1:500) (MLB). 

 

Figure 3.      Comparison of sequenced pCDNA-TMEM16F-Flag clone with known 

Homo sapiens anoctamin 6(TMEM16F) mRNA( Genbank: BC098410) 

2.10 Total Intracellular Calcium in Transfected HEK 293T Cells 

Transfected HEK293T cells were lifted in HBSS (Sigma) with 1mM EDTA 

then resuspended in complete DMEM (Corning CellGro) with 10% FBS. 2x10
5
 cells 

were loaded in Tyrode’s buffer with 2uM of pluronic acid (Invitrogen) in a 1:1 ratio 

with Fluo-4-AM (Invitrogen) for 20 minutes at 37
O
C. A final concentration of 0.5 mM 

of calcium and the agonist was added (2µM A23187, 2mM AYP, 1U/ml thrombin) 

were added to the cells.  Calcium entry was then analyzed with the Accuri C6 flow 

cytometer and quantified using the FCS Express Software.   

CLUSTAL 2.1 multiple sequence alignment 

 

 

Known           CTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACT 60 

Cloned          CTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACT 60 

                ************************************************************ 

 

Known           ATAGGGAGACCCAAGCTTACCATGGACTACAAAGACGATGACGACAAAGGATCCCCGGGC 120 

Cloned          ATAGGGAGACCCAAGCTTACCATGGACTACAAAGACGATGACGACAAAGGATCCCCGGGC 120 

                ************************************************************ 
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2.11 Total Intracellular Calcium in Transfected CHOK Cells 

1.8x10
7
 transfected CHOK cells together were lifted in HBSS (Sigma) with 0.5 

M EDTA then resuspended in 10 ml complete media HAM’s F-12 with 10% FBS. 

Cells were then incubated with 4uM Fura-2-AM (Invitrogen) at 37
o
C for 30-45 

minutes. A final concentration of 0.5 mM of calcium and the agonist was added (2µM 

A23187, 2mM AYP, 1U/ml thrombin) were added to the cells. Calculations of Ca
2+

 

concentration were determined using the PTI fluometer and FelixGX software.  

2.12 Statistics 

Statistical analyses were done as t-tests using GraphPad Prism software and 

QuickCalcs of GraphPad website. Statistical significance was defined by p≥0.05. Data 

were measured as means±SE. 
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Chapter 3 

RESULTS 

3.1 Significant PS Exposure Defect in TMEM16F KO Platelets  

To analyze the role of TMEM16F in PS exposure of platelets, we tested for the 

binding of AnnexinV on the surface of platelets from WT mice versus those with a 

knock-out in the gene for TMEM16F (TMEM16F KO). Using flow cytometry, PS 

exposure was measured as a percentage of maximal Annexin V binding yielded by 

WT platelets treated with 10µM A23187 (Figure 4). When compared to the WT 

platelets after dual agonist (Thr+Cvxn) treatment, TMEM16F KO showed a 

significant decrease in PS exposure platelets (p=0.0005). The percentage of maximal 

Annexin V binding decreased by almost 4 fold in the TMEM16 KO platelets 

compared to the WT platelets. The defect was milder in the TMEM16F+/- platelets 

since there was only a 2-fold decrease in the percentage of maximal Annexin V 

binding when compared to the WT platelets. In calcium ionophore (A23187) - treated 

platelets, the same general trend was observed, with the PS exposure defect being 

more severe in the TMEM16F KO than the TMEM16F+/-. These data suggested to us 

that the presence of TMEM16F likely affects the procoagulant activity of platelets 

since the gene knockout creates a defect in PS exposure:  studies are continuing to be 

pursued in our laboratory. 
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Figure 4.      Comparison of Annexin-binding in the WT, TMEM16F+/- and 

TMEM16F KO mouse platelets as a percentage of maximum 

fluorescence intensity. Data was normalized to the mean fluorescence 

intensity of WT platelets treated with 10µM A23187. Significance level: 

*: p≤0.05, **: p≤0.01;***: p≤0.001 
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3.2  A Defect in MP Formation Detected in TMEM16F KO Platelets  

Since microparticles have been shown to have procoagulant properties, we set 

out to determine whether the presence of TMEM16F affected microparticle formation. 

Using flow cytometry, microparticle formation was quantified as the ratio of the 

number of microparticles over the number of total number of particles measured as the 

sum of microparticles and platelets present in the sample (Figure 5A). When platelet-

rich plasma (PRP) was treated with a combination of thrombin and convulxin (Figure 

5), there was a significant decrease in the percent of microparticles formed by platelets 

from the TMEM16F KO mice compared to WT after thrombin and convulxin 

stimulation (p=0.05) and there was a significant decrease after treatment with 1µM of 

A23187 (p=0.04) and 10µM A23817 (p=0.03). The number of microparticles per 

platelets in the TMEM16F KO was compared to the WT. There was no significant 

decrease from the WT to the TMEM16F when the PRP was treated with thrombin and 

convulxin. We plan on doing an additional experiment to get an accurate picture of the 

significance since only 2 experiments were conducted under identical conditions with 

the same platelet input.  
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Figure 5.      (A) Microparticle formation in the WT and TMEM16F KO mice as a 

percentage of microparticles formed over total particles defined as the 

platelets and microparticles. (B) Number of microparticles/platelet. Data 

was measured as a mean±SE. Significance was defined by p≤0.05. 

Significance level: *: p≤0.05, **: p≤0.01 
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3.3 Defect in Annexin + Microparticles Generated from TMEM16F KO 

Platelets 

To determine  if TMEM16F was associated with the exposure of PS on the 

surface of microparticles, flow cytometry was used to measure Annexin V binding to 

microparticles, quantified as mean fluorescence intensity (Figure 6). After treatment 

with thrombin and convulxin, TMEM16FKO microparticles bound less Annexin V (as 

a function of mean fluorescence intensity) compared to the WT. Additionally, there 

was a significant decrease in Annexin V binding in the TMEM16F KO microparticles 

compared to the WT after calcium ionophore stimulation (1µM A23187: 

p=0.02;10µM A23187: p=0.008).  
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Figure 6.      Annexin-binding on microparticles from WT, and TMEM16F KO mice 

measured as mean fluorescence intensity.  Data was measured as a 

mean±SE. Significance was defined by p≤0.05. Significance level: *: 

p≤0.05, **: p≤0.01 
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3.4 Significant Calcium Entry Defect of the TMEM16F+/- Platelets 

An increase in intracellular calcium has been shown to be needed for PS 

exposure (Lhermusier et al., 2011) and MP formation (Mause et al., 2010). Therefore, 

we examined the requirement for maximal expression of TMEM16F in platelets for 

maximal increase in intracellular platelet calcium.  Total intracellular calcium 

mobilization above basal was analyzed by assessing calcium-dependent fluo4 

fluorescence following Fluo4AM loading of mouse platelets. After dual agonist 

stimulation, the WT platelets had a higher increase in calcium entry compared to the 

TMEM16F+/- platelets, whose calcium increase was not much higher than the basal 

(Figure 7.A). The average calcium signal (Figure 7.C) in the WT platelets immediately 

following stimulation was significant (p=0.02) and almost~ 2 -fold higher than that of 

the TMEM16F+/- platelets. As for the A23187 agonist treatment, there was not a 

significant difference between the WT and the TMEM16F+/- (Figures 7.B-C). The 

loss of calcium entry in the TMEM16F+/- platelets following dual agonist treatment 

suggests that this pathway is important in vivo, since thrombin and collagen are 

natural agonists generated (or exposed) at sites of injury or pathological thrombosis.  

Thus, TMEM16F potentially regulates thrombin and collagen-mediated calcium 

signals to regulate hemostasis and thrombosis. 

 

 



 

 26 

 

 

A 

 

 

 

A 

 

ddB 

 

B     

                                                                      

 

C 

 

 

 

 

C 

(ms) 

(ms) 



 

 27 

T
h
r
+
C

o
l

1
u
M

 A
2
3
1
8
7

0

2 0

4 0

6 0

8 0

1 0 0

A g o n is t  t r e a t m e n t

C
a

l
c

i
u

m

(
p

e
r

c
e

n
t
 
a

b
o

v
e

 
t
h

r
e

s
h

o
l
d

)

W T

T M E M 1 6 F  + / -

*

 

Figure 7.      (A-B) FCS Express analysis of the flowcytometer data for the WT mouse 

platelets compared to the TMEM16F+/- mouse platelets treated with 

1µMA23187 or 0.5U/ml thrombin and 10µg/ml collagen together. (C) 

Maximal percentage above basal for the different treatments of the WT 

mouse platelets compared to the TMEM16F+/- platelets. Significance 

level: *: p≤0.05 
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3.5 Impairment of the Store-Operated Calcium Entry (SOCE) in the 

TMEM16F+/- Platelets 

Upon stimulation with thrombin and collagen, calcium gets released from the 

ER stores after stimulation of IP3R receptors. The depletion of calcium from the ER 

stores triggers store-operated calcium entry through the plasma membrane, or SOCE. 

To test whether TMEM16F specifically regulated SOCE, platelets were treated with 

thapsigargin, an inhibitor that blocks the reuptake of calcium in the ER stores through 

the membrane protein transporter SERCA, thus increasing cytoplasmic calcium levels. 

Flow cytometry analysis of thapsigargin-treated platelets showed that calcium entry 

was defective in TMEM16F+/- platelets compared to the WT platelets (Figure 8.A). 

Further quantification revealed that, upon extracellular Ca
2+

 addition following ER 

store depletion, there was a significant delay in calcium entry in TMEM16F+/- 

platelets compared to the WT platelets(p=0.05) (Figure 8.B.). These results 

demonstrate that a decrease in platelet TMEM16F expression affects extracellular 

calcium entry of the SOCE.  
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Figure 8.      (A) FCS Express analysis of the SOCE Accuri data for the WT mouse 

platelets compared to the TMEM16F+/- mouse platelets. Platelets were 

treated with consecutively with 200µM EGTA, 1µM TG and 0.5 mM 

CaCl2 (Ca2+). (B) Time elapsed before 10% within Ca
2+

 maximal 

fluorescence peak is reached. Data measured as mean±SE. Significance 

level: *: p≤0.05 
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3.6 The CaCCinh A01 Inhibitor Blocked the Calcium Channel Activity of 

TMEM16F, but not PS Exposure 

In this experiment, we set out to determine whether blocking the channel of 

TMEM16F will also block scramblase activity, and thus, PS exposure. Since PS 

exposure is defective in both the TMEM16F KO and TMEM16F+/-, and thus a 

decrease due to blocking scramblase activity would not be detectable, we studied the 

linkage between channel and scramblase activity by applying a channel blocker to 

platelets of WT mice. To determine whether calcium entry is required for TMEM16F 

scramblase activity, we blocked calcium entry with CaCCinhA01 (Figure 9.A-C).  

When CaCCinhA01 was added to platelets, calcium entry stimulated by thrombin and 

collagen was completely inhibited. (p=0.01) (Figures 9.A-B)  To determine whether 

PS exposure is coupled to the role of TMEM16F as a calcium channel, PS exposure of 

WT platelets was tested in the presence vs. absence of CaCCinhA01 after stimulation 

with thrombin and collagen.  The results show that there is no change in the PS 

exposure of platelets treated with thrombin and collagen after inhibition of the channel 

activity of TMEM16F. This suggests that the role of TMEM16f in PS exposure 

following thrombin and collagen stimulation is not linked to its role as a calcium 

channel under these conditions.   
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Figure 9.      (A) FCS Express analysis of the Accuri data for the mouse platelets 

compared to the platelets preincubated with 20µM CaCCinhA01 for 5 

minutes. (B) Percent of calcium fluorescence above threshold after 

thrombin (0.5u/ml) and collagen (10µg/ml) stimulation. Data measured 

as mean±SE. Significance level: *: p≤0.05. (C) PS exposure after 

thrombin (0.5u/ml) and collagen (10ug/ml) treatment measured as the 

percentage of mean fluorescence intensity above basal (untreated).  
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3.7 Expression of TMEM16F Delays Decay of Calcium Entry and Potentiates 

Calcium Entry, but not Sufficient to Mediate PS Exposure 

HEK293T cells were transfected with TMEM16F and its expression was 

compared to untransfected HEK293T cells (Figure 10 A). A transient increase in 

TMEM16F expression in HEK293T cells was achieved, allowing comparison of the 

channel and scramblase activities of TMEM16F expression with non-expressing 

untransfected cells.  When untransfected HEK293T cells were treated with A23187 

(Figure 10B), they displayed a faster rate of calcium decay compared to the cells 

transfected with TMEM16F.  Furthermore, expression of TMEM16F in CHOK.1 cells 

resulted in a greater rise in A23187-initiated peak intracellular calcium concentration 

when assessed by Fura-2-dependent fluorimetry than untransfected CHOK cells 

(Figure 11B, C). However, when the PS exposure was measured, there was no 

significant increase of PS compared to the basal after stimulation with A23187 in 

either the untransfected or the TMEM16F-transfected CHOK cells (Figure 11D). 

Overall, these results indicate that while TMEM16F regulates calcium entry in the 

heterologous system, its expression is not sufficient to mediate PS exposure.  
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Figure 10.    (A) TMEM16F- transfected HEK293T cells (lane 2: untransfected and 

lane 3: transfected). Immunoblotting with anti-TMEM16F. 2 bands are 

seen at size around size 75-kDa and 37-kDa. Expected molecular mass 

for TMEM16F size is 106-kDa. (B) FCS analysis of HEK293T cells 

treated with 2µM A23187.  
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Figure 11.    (A) TMEM16F- transfected CHOK cells (lane 3: untransfected and lane 

4: transfected). Immunoblotting with anti-TMEM16F. (B-C) Calcium 

concentration was measured in untransfected and TMEM16F-transfected 

CHOK cells stimulated with 2µM A23187.  PTI fluometry and Felix GX 

software were used. (D) PS exposure of untransfected and TMEM16F-

transfected CHOK cells after treatment with 2µM A23187 measured as 

the percentage of mean fluorescence intensity above basal (untreated).   
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Chapter 4 

DISCUSSION 

The role of TMEM16F in the scrambling activity of platelets has been highly 

debated. In order for the hemostatic plug to be stabilized, thrombin must be generated 

to cleave fibrinogen and thereby generate a stable fibrin clot (Greenberg et al., 1985). 

This process is localized and accelerated by the exposure of phosphatidylserine (PS) 

on the surface of platelets, since PS provides the negatively charged surface needed 

for the formation of the tenase and prothrombinase complexes required for the 

production of thrombin (Weiss et al., 1997). TMEM16F was cloned as a candidate for 

this platelet scramblase by screening a BAF/3 cell line for high constitutive PS 

exposure (Suzuki et al. 2010).  Further confirmation that TMEM16F was involved in 

platelet lipid scrambling was derived from the identification of 2 novel TMEM16F 

mutations in a patient with Scott syndrome (Castoldi et al., 2011), a disease in which 

patients display a defect in procoagulant activity of platelets due to impairment in their 

scrambling activity and subsequent PS exposure (Zwaal et al., 2004).  Due to these 

observations, it was argued that TMEM16F was the scramblase responsible for the 

redistribution of PS on the outer leaflet of the plasma membrane.  At this time, our 

laboratory began investigating the role of TMEM16F in platelet procoagulant activity 

and thrombin generation. We set out to determine whether TMEM16F was both 

necessary and sufficient for PS scrambling by both evaluating PS exposure in 

TMEM16F knock-out platelets and by reconstituting expression of TMEM16F in a 

heterologous system.   During this time, a study done by Jan’s group and published in 

Cell (Yang et al., 2012) showed that TMEM16F KO mice that had the same 
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characteristics as patients with Scott’s syndrome still displayed some PS exposure 

upon stimulation of their platelets by the calcium ionophore, A23187. The authors of 

this study argued that TMEM16F was either part of a complex, or that there are 

compensatory Scramblases that can compensate for loss of TMEM16F under 

extremely high calcium conditions.   Subsequent to publication of this study, we 

broadened our own studies to include understanding of the role of TMEM16F in 

microparticle formation.  Furthermore, we also looked at platelet activation under 

physiological conditions because A23187 is not a natural agonist of platelet receptors, 

but this was the only activator of PS exposure evaluated in the study by Jan's group. 

Our results demonstrated that loss or reduction of TMEM16F expression impaired PS 

exposure in platelets, and thus is required for optimal scramblase activity in platelets.  

TMEM16F may be the scramblase or may be part of a larger scrambling complex.  

Other components of this complex or an independent scramblase may compensate for 

TMEM16F loss at very high calcium concentrations, such as that displayed by 10 µM 

A23187 stimulation in TMEM16F KO platelets.  

Patients affected by Scott’s syndrome also display  a decrease in the number of 

microparticles (Dachary-Prigent et. al.1997). Microparticles are microvesicules 

resulting from the budding of the plasma membrane (Hugel et al., 2005). An increase 

in intracellular calcium triggers microparticle generation through the activation of 

calpain (VanWijk et al. 2003). Calcium-activated calpain mediates microvesiculation 

by cleaving cytoskeletal proteins and remodeling the submembrane cytoskeleton. 

(Pasquet et al., 1996). Calcium-dependent activation of kinases by the C5b-9 

complement complex has also been shown to participate in microparticle generation 

(Wiedmer et al., 1991). Moreover, calcium-dependent phosphatase inhibition also 
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increased the number of microparticle generated (Wiedmer et al. 1991), suggesting the 

important role of phosphorylation in microparticle formation. We demonstrated that a 

loss or decrease in expression of TMEM16F on the surface of platelets negatively 

affected microparticle formation from platelets. This may simply be due to the activity 

of TMEM16F as a calcium channel, such that when TMEM16F is deleted, less 

calcium entry is permitted, so that total intracellular calcium does not reach the 

threshold required to activate calpain.  However, our studies showing that the calcium 

inhibitor CaCCInhA01 blocked calcium entry, but did not block PS exposure, suggest 

that TMEM16F modulates PS Scramblase activity by a mechanism not coupled to the 

flux of Calcium through the channel.  In other words, the dual activities of TMEM16F 

as a calcium channel and as a Scramblase may be independent of one another.  The 

role of TMEM16F in PS+ microparticle shedding from platelets likely also regulates 

procoagulant activity, since TMEM16f-/- mice have a documented decrease in 

thrombin generation (Ann Fowajuh, unpublished results and Jan, 2012).   

The channel activity of TMEM16F has been extensively studied and remains a 

topic of great contention. TMEM16F has been labeled a volume-sensitive outwardly 

rectifying Cl- channel (Almaça et al., 2009), a calcium-activated chloride channel 

(Shimizu et al., 2013), outwardly rectifying chloride channel (Martins et al., 2011) and 

a calcium-activated cation channel (Yang et al., 2012). However, because intracellular 

calcium coincides with microparticle formation and PS exposure in activated platelets 

(Chang et al., 1993) and considering the fact that TMEM16F has been identified as a 

calcium-activated calcium channel in platelets(Yang et al., 2012),  we wanted to 

establish whether TMEM16F mediated the calcium flux needed for both of these 

processes to occur.  Our results indicated that not only did TMEM16F regulate total 
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intracellular calcium, but it was specifically required for thrombin and collagen-

stimulated calcium entry via store-operated calcium entry (SOCE). As noted above, 

although platelets treated with the calcium-activated channel blocker displayed a 

decrease in calcium entry, their PS exposure was similar to that of untreated platelets. 

As noted, a possible explanation for these results may be that TMEM16F has two 

independent functions in platelets: one as a regulator of the scrambling activity of 

platelets and the other as a calcium channel. This explanation is further supported by 

the fact that preliminary data of calcium entry analyzed in HEK293T cells (Figure 

10.B) stimulated with ionophore displayed an increase in calcium entry if transfected 

with TMEM16F compared to untransfected controls. However, expression of 

TMEM16F was not sufficient to induce PS exposure in these cells, even in the 

presence of calcium ionophore. One possible explanation for these results may be that 

platelet-specific mechanisms that are not found in the heterologous system are needed 

for TMEM16F to regulate PS exposure in those cells.  This may suggest that 

TMEM16F is part of a scrambling complex, a component of which is not expressed in 

the HEK cells, or alternatively, TMEM16F is a required upstream regulator of a 

separate Scramblase (not expressed in the HEK cells).  

The results of our investigation show that TMEM16F regulates the calcium 

entry and scrambling activity of platelets, and that these functions of TMEM16F are 

independent of each other. Figure 12 illustrates the role of TMEM16F in platelets. 

Upon platelet activation by thrombin and collagen, calcium is released from the stores. 

The subsequent increase in intracellular calcium activates TMEM16F, thereby 

allowing for extracellular calcium influx to the cytosol.  These high concentrations of 

calcium allow for the remodeling of the membrane cytoskeleton by calpain and 
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subsequent microparticle formation. Our data show that a defect in TMEM16F impairs 

the Store-Operated Calcium Entry. In platelets, the SOCE is regulated by the calcium-

sensor STIM1 (Zhang et al., 2005) that activates the calcium channel, Orai1 

(Bergmeier et al., 2009). TMEM16F might get regulated by the STIM1 and play a 

similar role to Orai1. However, further studies are needed to establish that. Our 

schematic also includes the proposed role of TMEM16f as a component regulating 

platelet  scrambling activity. We believe that TMEM16F is likely part of a larger 

scramblase complex. Nonetheless, more research is required to establish the identity of 

individual components of the scramblase complex and understand how TMEM16F 

interacts with the other proteins in the complex.  
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Figure 12.    Schematic showing the role of TMEM16F in PS exposure, microparticle 

formation and calcium influx 
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