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SD  Standard deviation 
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SDS-PAGE Sodium dodecyl sulfate - polyacrylamide gel electrophoresis 
SEM  Standard error of the mean 
SFK  Src kinases family 
SLP-76  SH2 domain-containing leukocyte protein of 76 kDa 
STIM1  Stromal interaction molecule 1 
SYK  Spleen tyrosine kinase 
TAB1  TAK1 Binding Protein 1 
TAK1  TGF-Beta-Activated Kinase 1 
TBS  Tris buffered saline 
TEC  Tyrosine-protein kinase 
TEM  Transmission electron microscope 
TEMED  Tetramethylethylenediamine 
TF  Tissue factor 
TMEM  Transmembrane protein 
TMRM  Tetramethylrhodamine methyl ester 
TMT  Tandem Mass Tags 
TNF-α  Tumour necrosis factor alpha  
TP  Thromboxane A2 prostanoid receptor 
TPO  Thrombopoietin 
TRAF6  Tumour necrosis factor receptor associated factor 6 
Trx  Thioredoxin 
TSC2  Tuberous Sclerosis Complex 2 
TxA2  Thromboxane A2 

Ub  Ubiquitin 
VAV  Proto-oncogene VAV  
VEGF  Vascular-endothelial growth factor 
VHL  Von Hippen-Lindau 
vWF  Von Willebrand factor 
XLA  X-linked agammaglobulinemia 
ZAP-70  Zeta Chain of T-Cell Receptor Associated Protein Kinase 70 
Δψm  Mitochondrial membrane potential 
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THESIS ABSTRACT 
 

Platelets are a fundamental cellular component of blood, playing key roles in both 

primary and secondary haemostasis. They are essential for the formation of a wound healing 

clot and prevention of blood loss at the site of vascular damage. However, under pathological 

conditions, such as these seen in cardiovascular disease (CVD), they can become involved in 

untimely clot formation and its subsequent embolism, which can lead to catastrophic vaso-

occlusive events and complications, including stroke and myocardial infarction. CVD is a 

leading cause of morbidity and mortality in the developed countries. It is predicted to remain 

the predominant cause of death in the coming years, due to the increasing prevalence of 

diabetes and obesity within the general population, which are major predisposing factors for 

the development of CVD. These are the reasons why CVD is one of the most researched 

diseases around the world, with a focus placed on finding new, advanced ways of its 

prevention and treatment. Antiplatelet therapies are at the moment an integral component 

of the mitigation and treatment strategy for CVD. Unfortunately, not all patients respond to 

the most commonly used ‘gold-standard’ antiplatelet drugs, which inhibit thromboxane A2 

(TxA2)- and ADP- mediated activation pathways. These patients remain at risk of thrombotic 

events. The other drawbacks of current antiplatelet therapies include serious side effects, 

such as excessive bleeding. In consequence, there is a growing need for a better 

understanding of platelet physiology, and investigation into the effect of known and 

innovative compounds on their function, in order to support development of novel 

antiplatelet treatment.  

The studies described in this thesis are therefore focused on testing the effect of several 

structurally and functionally different compounds on platelet function, and on dissecting the 

underlying mechanisms of their action. The main aim of this PhD project was to discover novel 

antiplatelet therapy targets and to investigate whether a group of drugs presently used in the 

clinic for treatment of other diseases, could be repurposed for platelet inhibition. 

Firstly, as described in Chapter 3, the effect of a mammalian target of rapamycin complex 1 

(mTORC1) inhibitor Sirolimus (also known as rapamycin) on platelet signalling and function 

was assessed. Interestingly, it was found that the compound diminishes platelet procoagulant 

responses, including phosphatidylserine exposure, membrane ballooning and concurrent 
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thrombin generation. Furthermore, the study demonstrates that rapamycin suppresses 

platelet procoagulant responses via FK506-binding protein (FKBP)-mediated protection of 

mitochondrial integrity, in a manner that is independent of its inhibitory action on mTORC1.  

Secondly, as outlined in Chapter 4, the effect of the apoptosis signal-regulating kinase (ASK1) 

inhibitor Selonsertib (GS-4997) on thromboxane A2 synthesis and amplification of platelet 

activity was investigated. The importance of these pathway was previously described in 

murine ASK1-/- models. However, the results presented in thesis show that the effect seen in 

mice does not translate to human platelets, indicating that ASK1 signalling is redundant for 

TxA2 formation and human platelet activity. 

Finally, as described in Chapter 5, the use of innovative small-molecule proteolysis targeting 

chimeras (PROTACs) for selective degradation of kinases in human platelets was explored. 

Not only do the findings confirm that platelets can perform proteasome-mediated 

proteolysis, but they also demonstrate for the first time that a variety of tyrosine protein 

kinases expressed in platelets can be targeted for degradation using PROTAC-induced 

ubiquitination. Such a methodology can be used in the future not only to study kinase function 

in human platelets, by allowing to produce ‘knockdown’ human platelets in vitro, but also to 

introduce a completely novel way of reducing platelet activity, possibly much stronger than 

pharmacological inhibitors. 

In summary, the data generated will be useful in guiding the design and development of novel 

antiplatelet therapies and to potentially counteract thrombosis in patients who do not 

respond well to the currently available antiplatelet treatment. 

 

  



19 
 

Chapter 1 General Introduction 
 

1.1. Physiology of platelets 

1.1.1. Platelet biogenesis 

Platelets are the smallest cellular component of the blood and together with the coagulation 

factors they are essential for haemostasis. These anucleate cell fragments originate from the 

nucleated parental cells – megakaryocytes (MKs) (1,2). Mature MKs are large polyploid cells, 

which differentiate from the common myeloid progenitors in the bone marrow. 

Thrombopoietin (TPO) and interleukin-11 (IL-11) are the key cytokines regulating the 

successive lineage commitment and megakaryocytes maturation process (3). Fully 

differentiated polyploid MKs can be as large as 150µm in diameter Figure 1.1A. The 

characteristic feature of these cells is the internal demarcation membrane system, which 

develops proceeding proplatelet formation Figure 1.1B (4).  

 

Figure 1.1 Transmission electron micrographs presenting a mature polyploid megakaryocyte 
(dashed white circle) in the ultrathin murine bone marrow section (A) and the internal demarcation 
membrane system – one of the most characteristic features of this cell type (B). The specimen section 
was stained with osmium tetroxide and uranyl acetate before imaging. Images were generated by Dr 
Samantha Moore and Dr Edward Brown, University of Bristol. 
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The mechanism of platelet biogenesis, although well studied, remains controversial (2,3,5–

11). The current understanding is that platelets break off into circulation under fluidic sheer 

stress from fine proplatelet extensions and large protrusions extruded from MK cells residing 

in perisinusoidal niches, or those mobilised into microcirculation in the bone marrow and 

lungs (2,5,10,11). This process is highly efficient, with a single MK cell producing as much as 

4000 platelets, approximately 1011 platelets are generated daily in healthy adults (1,11), 

maintaining a normal platelet count between 150-450 x 106 per millilitre of blood (12). An 

average life span of a platelet is around 7-10 days (13). 

1.1.2. Platelet morphology 

Platelet size varies between 1-3 µm, but despite being very small, these cellular fragments 

possess a complex intracellular structure (14). The internal make up of each platelet 

comprises of the surface-connected open canalicular system, dense tubular system, a small 

number of mitochondria and most importantly, a set of secretory vesicles, including: dense 

granules (δ-granules), α-granules and lysosomes (15). Some of these internal structures can 

be seen in Figure 1.2. Secretion of the granule content is one of the key events leading to the 

amplification of platelet activation, expansion of the haemostatic plug and ultimately healing 

of the injured tissue (16). 

 

Figure 1.2 Ultrastructure of human platelet captured using transmission electron microscope (TEM). 
The two-dimensional ultrathin section through platelet body presents its internal morphology and 
reveals some distinctive features, such as dense and alpha granules. The specimen was visualised using 
osmium tetroxide and uranyl acetate stain. Image was generated by Dr Samantha Moore and Dr 
Edward Brown, University of Bristol. 
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The granules are packed with a variety of bioactive cargo. Some studies report that activated 

platelets can release more than 300 different protein mediators (17). α-granules are the most 

abundant type, each platelet contains between 50-80 of them (14). The most important cargo  

carried by these granules comprise of von Willebrand factor (vWF), platelet factor 4 (PF4), 

fibrinogen, coagulation factor V (FV),  insulin-like growth factor-1 (IGF-1), platelet-derived 

growth factor (PDGF) and vascular-endothelial growth factor (VEGF), however the full 

repertoire is much wider and includes many other coagulation, angiogenesis and 

inflammatory mediators. They play key role in platelet adhesion, clot stabilisation and wound 

healing processes (15,18).  

δ-granules are smaller than α-granules and they are much fewer in number – approximately 

only 3-8 per platelet (19).  They are morphologically variable, but share a distinctive feature 

of an electron-opaque spherical dense body seen inside the organelle (20) Figure 1.2. The 

most significant content of δ-granules is ADP, ATP, Ca2+, serotonin, pyrophosphate and 

polyphosphate (19). Biomolecules secreted from δ-granules play a pivotal role in an auto- and 

paracrine amplification of platelet responses and their aggregation at the site of vascular 

damage (18).  

Lysosomes are found in platelets at very low numbers – no more than 3 per cell (14). They 

contain a variety of acid proteases and glycohydrolases, also known as the ‘clearing factors’ 

due to their involvement in thrombus remodelling and clearance (21). 

The surface-connected open canalicular system (OCS) is an interesting and distinctive feature 

of a platelet body. It is formed by multiple inward folding of the surface membrane in a 

serpentine manner, creating channels (22). The system is believed to facilitate the uptake and 

transfer of the extracellular biomolecules, such us fibrinogen, from blood plasma into the 

granules, but also their subsequent secretion, upon platelet activation (23–26). This process 

is especially important in platelets, as they can only perform very limited protein synthesis, a 

large proportion of their granule cargo is taken up from plasma (22). The OSC also acts as 

membrane reservoir, allowing platelet shape change, spreading and filopodia extension (27). 

The platelet cytoskeleton is composed of an intracellular network of actin filaments, a 

marginal ring of microtubules located in close proximity to the plasma membrane, and 

binding proteins (28,29).  The cytoskeleton plays an essential role in both, the maintenance 
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of a discoid shape of quiescent platelets, and its transformation upon their activation (30). 

Dramatic cytoskeletal reorganisation is required for platelet full activation, adhesion and 

aggregation, and it involves polymerisation of globular actin (G-actin) into filamentous actin 

(F-actin) driving the formation of focal adhesions, contractile rings, lamellipodia and filopodia 

(29). The actin cytoskeleton machinery is also indispensable in granule trafficking and 

exocytosis (31). Platelets in haemostasis 

The involvement of platelets in haemostasis and thrombosis has been long known. It was first 

described by Bizzozero in 1881 (32). Under physiological conditions, these short-lived cell 

fragments circulate in close proximity to the vascular walls Figure 1.3A. In this dynamic 

environment, platelets are prevented from untimely activation by the healthy endothelial 

cells (ECs) monolayer lining the inner surface of blood vessels. Vascular endothelium exerts 

the protection against untimely thrombus formation by, among other mechanisms, the 

release of inhibitory mediators - prostaglandin I2 (PGI2) and nitric oxide (NO). These negative 

feedback mediators suppress platelet activity by causing elevation of intracellular cyclic 

nucleotides (cAMP/cGMP) and leading to activation of protein kinase A (PKA) and protein 

kinase G (PKG) (16,33,34). However, when damage to the vessel wall occurs, platelets rapidly 

recognise it, become activated and aggregate nearby, where they act as coagulation nidus 

sites, facilitate generation of a wound healing clot and consequently prevent further blood 

loss (34).  

The primary activation of platelets starts during their adhesion to the exposed subendothelial 

proteins upon vascular injury, resulting in a cascade of multifaceted events Figure 1.3B. Von 

Willebrand factor (vWF) newly expressed on the surface of activated endothelial cells 

interacts with the glycoprotein Ib-V-IX (GPIb-V-IX) complex on the platelet membrane 

triggering signalling Figure 1.3C. This process allows platelet adhesion under high shear flow 

conditions (35–37). Subsequent glycoprotein-VI (GPVI) receptor binding to collagen fibres 

within the exposed extracellular matrix will initiate a gradual, sustained rise in cytoplasmic 

calcium (Ca2+) concentration via mobilisation of calcium from internal stores as well as 

oscillatory flux via receptor operated channels (35,36). These events lead to integrin αIIbβ3 

conformational change, release of granules and a wave of secondary agonists – adenosine 

diphosphate (ADP), adenosine triphosphate (ATP), serotonin and thromboxane A2 (TxA2) 

Figure 1.3C, promoting amplification of activation events (16,34).  
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Figure 1.3 Schematic illustration depicting platelets in normal circulation (A) and following  
adhesion, activation and aggregation within the growing haemostatic clot formed at the site of 
vascular injury (B, C). 

 

Activated αIIbβ3 integrins on the membrane surface are the key molecules mediating platelet 

aggregation by interaction with multivalent ligands such as fibrinogen. Binding of integrins to 

their ligands also triggers an outside-in signal transduction and further platelet activation. At 

the same time, loss of asymmetric aminophospholipid makeup of the platelet plasma 

membrane via phosphatidylserine (PS) externalisation, as well as tissue factor (TF) presented 

by injured endothelial cells and subendothelial tissue, locally trigger formation of thrombin 
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(38,39). Thrombin cleaves and activates G-protein coupled protease-activated receptor 1 and 

4 (PAR1/PAR4) on platelet surface triggering signalling, which allows for further endorsement 

of their activity and recruitment of other platelets to the site of vascular damage (33). The 

newly generated thrombin also cleaves fibrinogen and converts it to fibrin, which after 

polymerisation forms a mesh and consolidates the growing thrombi Figure 1.3C (33,34). 

Within the growing thrombus, activation of the platelet contractile apparatus composed of 

αIIbβ3 integrins coupling to actin and myosin cytoskeleton fibres, results in the contraction of 

the fibrin network (clot retraction). This causes excess fluid to be extruded, drawing the edges 

of the damaged vascular tissue together and forming a mechanically stable clot. Finally, the 

ongoing secretion of platelet α-granules content, such as growth factors, stimulate local cell 

migration and proliferation, leading to wound healing (15,19,21).  After the effective arrest of 

bleeding and wound healing took place, the redundant fibrin clots are lysed and removed by 

the fibrinolytic system. Plasminogen activators secreted by endothelial cells at the side of 

thrombus, cleave the plasma derived pro-enzyme plasminogen, thereby converting it into 

plasmin. Plasmin in turn, cleaves and degrades fibrin fibres, leading to clot destabilisation and 

clearance. The harmony maintained within this complex interplay between procoagulant, 

anticoagulant and fibrinolytic processes is essential in normal haemostasis (40,41). 

1.1.3. Platelet receptor signalling in haemostatic thrombus formation 

Platelet activation and involvement in haemostasis is tightly coordinated by a repertoire of 

surface receptors responding to various stimuli differing in potency. These initiate a cascade 

of intracellular signalling events, leading to a range of platelets morphological and functional 

changes essential for the arrest of bleeding. 

1.1.3.1. Glycoprotein Ib-IX-V receptor complex 

The glycoprotein Ib-IX-V receptor complex (GPIb-IX-V) is of megakaryocytic origin, but fully 

functional only on the surface of platelets. It comprises of four transmembrane subunits: 

GPIbα, GPIbβ, GPIX and GPV (42,43). The initial activation of platelets is believed to be 

triggered while they are tattering under high sheer stress at the side of vascular damage, by 

attachment to vWF through the GPIbα subunit of the GPIb-IX-V complex (44). The intracellular 

signalling evoked by this interaction involves phosphatidyl inositol 3-kinase (PI3K), Src family 

of protein kinases (Src, Lyn and Fyn) and phospholipase C (PLC) mediating transient release of 

calcium from intracellular stores and activation of protein kinase C (PKC) (35,45,46). This leads 
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to a cascade of multifaceted signalling events, causing integrin conformational change into 

high affinity state, allowing stronger, stable platelet adhesion and aggregation (37). The 

importance of GPIb-IX-V in appropriate platelet function has long been recognised. Impaired 

haemostasis was reported to be associated in patients with Bernard-Soulier syndrome (aka. 

giant platelet syndrome), caused by various GPIb and GPIX polymorphisms; and also in other 

loss-of-function protein variants found within the GPIb-IX-V complex (47). 

1.1.3.2. Glycoprotein VI receptor complex  

Platelets use a variety of molecularly distinct complexes to support their adhesion to the 

newly exposed extracellular matrix at the side of vascular damage. After the platelets are 

primarily tattered by the GPIb-IX-V, a stable attachment takes place when the 

immunoglobulin-like glycoprotein VI (GPVI) receptor complex binds to collagen (48,49). This 

bond facilitates not only stable adhesion of platelets but also triggers the activating 

intracellular signalling Figure 1.4, Figure 1.5 (33,36). The expression of GPVI, similarly to GPIb-

IX-V, is restricted only to megakaryocytes and platelets, with a number of copies varying 

between 4000-6000 per platelet (16,50). The GPVI receptor complex comprises of type I 

transmembrane subunit of the Ig-superfamily receptor GPVI and its non-covalently linked 

companion – the Fc-gamma receptor (FcγR)-chain dimer. Each of the chains is bearing an 

immunoreceptor tyrosine-based activation motif (ITAM) (16,51). Cross-linking and clustering 

of the GPVI receptors evoked by collagen binding, initiates the Src family tyrosine kinases 

(Lyn/Fyn) activation and subsequently brings them to the proximity with the FcγR. This 

interaction, in turn, allows the phosphorylation of the ITAM motifs and recruitment of spleen 

tyrosine kinase (SYK). Activated SYK undergoes autophosphorylation and triggers signalling 

via LAT (linker for activation of T cells) signalosome comprised of a repertoire of adapter and 

effector molecules Figure 1.4. The transmembrane scaffolding protein LAT plays a central role 

in the formation of this multi-protein complex (52). It governs the recruitment of a set of 

signalling molecules to the platelet plasma membrane, these include: phospholipase C 

gamma 2 (PLCγ2), GADS/GRB, VAV1/3, SLP-76, tyrosine-protein kinase TEC and Bruton’s 

tyrosine kinase (BTK) and phosphatidylinositol 3-kinase (PI3K) (53–56). PLCγ2 is an important 

component of the complex; when phosphorylated, it regulates the activity of protein kinase 

C (PKC) and intracellular calcium concentration by generating two secondary messenger 

molecules, 1,2-diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3), achieved by 
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hydrolysis of phosphatidylinositol 4,5-biphosphate (PIP2) (36). PI3K, TEC and BTK kinases all 

play a role in the activation of PLCγ2, however with TEC being most redundant (57). 

Additionally, PI3K preferentially phosphorylates PIP2, which results in formation of 

phosphatidylinositol 3,4,5-triphosphate (PIP3), leading  to platelet activation amplification via 

signalling through phosphorylation and activation of phosphoinositide-dependent kinase-1 

(PDK1) and protein kinase B (PKB/Akt), which subsequently inhibits glycogen synthase kinase 

3 (GSK3) (58–63). PI3K is also an important regulator of protein kinase G (PKG)/mitogen-

activated protein kinase (MAPK) family signalling axis (63–67) (Figure 1.5). Stimulation of 

platelets via GPVI-ITAM evokes signalling which ultimately leads to the granule secretion, 

thromboxane A2 (TxA2) generation, integrin activation and platelet aggregation (36,49,54). 

The level of platelet GPVI receptor expression on the cell surface is tightly regulated by 

sheddases - enzymes belonging to the A Disintegrins And Metalloproteinase (ADAMs) family. 

Most important platelet sheddase mediating the GPVI ectodomain shedding are ADAM17 

(Figure 1.4) (68,69). Proteolytic processing of GPVI and GPIb-IX-V receptors was first 

recognised and described in murine platelets (69–72), however the model proved to be 

correct also in human platelets (73).  

Platelets from human patients with GPVI-deficiency (48,74,75) and those from murine knock-

out models (76–78), display defective interaction with collagen. Interestingly, the bleeding 

tendency and problems linked to these deficiencies are only moderate, suggesting that the 

GPVI complex could be a promising antithrombotic target (69). 
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Figure 1.4 Schematic representation of GPVI-ITAM receptor signalling during platelets activation 
and haemostatic plug formation.  

 

1.1.3.3. Integrin receptors 

There are four types of integrin receptors expressed on the platelet surface – α5β1, α6β1, α2β1 

and αIIbβ3, with the latter two being the most abundant. They exist as heterodimer complexes 

of the subtypes of α and β subunits. Platelet integrin α2β1, α5β1 and α6β1 mainly bind collagen, 

fibronectin and laminin, respectively; whereas integrin αIIbβ3 is multivalent and binds ligands 

such as: fibrinogen, fibrin, vWF, fibronectin and vitronectin (46,79). An equilibrium between 

low affinity (quiescent) and high affinity (active) conformation of integrins is maintained in 

resting platelets, but it shifts towards an active form as a result of inside-out signalling (Figure 

1.5) (79,80). The switch between the two forms involves major reorganisation of the complex 

and disruption of forces maintaining association between both transmembrane and 

cytoplasmic domains (79). They are around 80,000 copies of αIIbβ3 integrins found on the 

platelet surface and more can be mobilised from intracellular stores when platelets are 

activated (81). In many aspects, regulation of integrin αIIbβ3  affinity state is a focal point of 

both inhibitory and stimulatory intracellular signalling pathways in platelets (34,80). Inside-

out signalling of integrin αIIbβ3 is a result of activation of a wide repertoire of platelet surface 
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receptors, these include: GPIb-XI-V; immunoreceptor tyrosine-based activation motif (ITAM)-

linked receptors – glycoprotein VI (GPVI), Fc gamma receptor IIa (FcγRIIa) and c-type lectin-

like receptor 2 (CLEC-2); G-protein-coupled receptors (GPCRs) – P2Y12/1, PAR1/4, TP and 5HT-

2A, as described in Figure 1.5 and Figure 1.6. The evoked signalling converges mainly in the 

events of phospholipase C activation, which hydrolyses cell membrane-residing 

phosphatidylinositol 4,5-biphosphate (PIP2) into 1,2-diacylglycerol (DAG) and inositol-1,4,5-

triphosphate (IP3). These secondary mediators allow activation of protein kinase C (PKC) and 

sustained rise of intracellular Ca2+, essential for integrin αIIbβ3 activation (35). Without the 

integrin αIIbβ3 activity and binding to their ligands, platelets are unable to form stable 

haemostatic plug. Upon platelet activation, integrin αIIbβ3 can transduce bidirectional signals 

across the cell membrane. Outside-in signalling is triggered by binding extracellular ligands. It 

also initiates signalling through SYK and Src kinases family (SFK) which allows platelets to 

spread, adhere to each other and to the extracellular matrix (82). Kindlin and talin are 

intracellular structural proteins involved in the control of integrin αIIbβ3 conformational 

change, affinity for ligands and clustering, leading to clot retraction and stabilisation. The 

small GTPase Rap1b is a key regulator orchestrating these processes (83–85). 
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Figure 1.5 Schematic illustration of the intracellular signalling events occurring upon platelet 
activation and leading to platelets adhesion and aggregation at the thrombogenic site. Several 
receptor mediated signalling axes are involved in platelets activation and the eventual activation of 
αIIbβ3 integrins. GPIb-IX-V is responsible for initial thrombogenic surface contact and adhesion via vWF. 
It signals outside-in via SFK kinases; Src, Lyn and Fyn. This allows the successive binding of GPIV to 
collagen, and signalling via SYK and PI3K (46). PI3K signals through PDK1/Akt/GSK3 axis as well as 
protein kinase G (PKG) and its downstream effector; extracellular signal–regulated protein kinase 
(ERK1/2). ERK1/2 is a known activator of cytosolic phospholipase A2 (cPLA2), which in turn catalyses 
liberation of arachidonic acid (AA) from the membrane phospholipids and leads to the synthesis and 
diffusion of thromboxane A2 (TxA2). Activated protein kinase C (PKC) triggers the release of platelet 
granular content. Subsequently, a range of GPCRs are being activated by the secondary mediators - 
thrombin, ADP and TxA2, leading to further amplified signalling. Activated PLC hydrolyses 
phosphatidylinositol biphosphate (PIP2) into two secondary messengers, IP3 and DAG, mediating a 
transient calcium (Ca2+) release from intracellular stores and further activation of PKC, respectively 
(35). Rise of the intracellular calcium level [Ca2+]i and depletion of the internal stores, causes activation 
of STIM1 and opening of ORAI1 channel allowing the extracellular Ca2+ to enter. Stimulation of P2Y12 
receptor with ADP leads to Ras GTPase-activating protein 3 (RASA3) suppression by PI3K and thereby 
increase in Rap1 activity. High intracellular calcium level facilitates CalDAG-GEF1 activation by 
substitution of guanosine diphosphate (GDP) to its active form guanosine triphosphate, resulting in 
activation of Rap1, involvement of kindlin and talin, and eventually αIIbβ3 integrins conformational 
change. Activated integrins bind to their ligand fibrinogen, signal outside-in via SFK kinases and their 
effectors PLC2, PYK and Rap1b; evoking platelets spreading, aggregation and further consolidation of 
the haemostatic plug, allowing arrest of bleeding. 



30 
 

1.1.3.4. G-protein-coupled receptors 

The high complexity of platelet intracellular signalling networks reflects the variety of agonist 

and negative regulator signals they receive.  A number of key signalling molecules are 

commonly shared between different intracellular signal transduction pathways, with the 

most important being PLC, PKC and PI3K. This also applies to the signalling evoked via G-

protein-coupled receptors (GPCRs) Figure 1.6 (34). GPCRs are a large family of seven-span-

transmembrane domain receptors, with an extracellular N-terminus and an intracellular C-

terminus. They signal to the cell via heterotrimeric G-proteins made of α, β and γ subunits 

(86). Upon interaction of GPCR receptor with an appropriate agonist, conformational change 

to its structure takes place, subsequently leading to the guanine nucleotide exchange at the 

α subunit site from GDP to GTP (37). After such modification, α subunit dissociate from the 

receptor and β/γ subunit complex, allowing signalling via downstream effector molecules. 

The α subunits can generally be divided based on their structural homology and in platelets 

these can be split into four families: Gαq, Gαi/Gαz, Gα12/Gα13 and Gαs (86). Their function 

ranges from stimulatory to inhibiting, as depicted in Figure 1.6.  

There are eight main types of the GPCRs expressed on platelet cell membrane, these are: 

protease-activated receptor 1 and 4 (PAR1 and PAR4), thromboxane A2 prostanoid receptor 

(TP), 5-hydroxytryptamine (serotonin) receptor (5-HT), adenosine 5’ diphosphate (ADP) 

receptors P2Y12 and P2Y1, adrenaline receptor α2a and prostaglandin I2 (PGI2) receptor IP 

(16,33,37).  

PAR1 and PAR4 are the key GPCRs involved in platelet activation. They are activated by 

thrombin, which is known to be the most potent physiological agonist of platelets (87). PAR1 

and PAR4 primary interaction with thrombin results in the proteolytic cleavage of their NH2-

terminal exodomains at the positions R41/S42 and R47/G48, respectively. As a result, a new N-

terminus is produced, with the initial amino acid sequence SFLLRN and GYPGQV, for PAR1 and 

PAR4, correspondingly. These tethered ligands undergo a swift conformational change, which 

facilitates their binding to the newly unmasked ligand-binding site-I within the receptor, 

where they act as agonists (88–91). Upon receptor activation and transmembrane signalling 

via Gα12/13, Rho family guanine nucleotide exchange factor (RhoGEF) facilitates formation of 

the GTP-bound Rho-GTPase – RhoA, thereby promoting actin remodelling and platelets shape 

change. Meanwhile, the Gαq initiates activation of PI3K and PLCβ-catalysed hydrolysis of PIP2 
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into two secondary messengers, IP3 and DAG. The latter two mediate calcium (Ca2+) release 

from intracellular stores and activation of PKC, consequently causing platelet granule 

secretion and irreversible aggregation Figure 1.6 (90–92).  

 

 

Figure 1.6 Schematic diagram depicting the importance of G protein-coupled receptors signalling in 
activated platelets. 

 

Secretion of the δ-granule content, such as ADP, as well as formation and release of TxA2 from 

activated platelets, lead to the amplification of their activation via autocrine and paracrine 

action. Additionally, ADP is released also from damaged endothelial cells at the thrombogenic 

site. Similarly to most soluble agonists, both ADP and TxA2 activate platelets via GPCRs (86). 

There are two types of ADP-responsive purinoceptors expressed on the platelet surface – P2Y1 

and P2Y12, signalling through Gαq and Gαi, respectively (93). Gαq strengthens further the PLCβ 

and PI3K activity. Gαi and β/γ subunits from P2Y12 ultimately trigger PI3K signalling, while the 
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Gαi also inhibits the conversion of 5’adenosine monophosphate (AMP) into important platelet 

function downregulator - cyclic adenosine monophosphate (cAMP), by blocking adenylyl 

cyclase (AC). All of these events lead to further platelet activation amplification. Likewise 

thrombin and collagen, ADP-mediated stimulation of platelets also leads to the PLA2-

facilitated mobilisation of arachidonic acid (AA) from the cell membrane and subsequent 

formation of TxA2 (92,94,95). 

TxA2 is a member of the prostanoid family of AA metabolites and an important positive 

feedback mediator of platelet activity within a growing haemostatic clot. Its action is elicited 

by inducing TP-GPCR signalling (96,97). It also acts as a biochemical signalling molecule 

attracting and activating more platelets from the circulation to the site of vascular damage. 

TP is coupled to Gαq and Gα12, with a very similar mode of action to aforehand described 

PAR1/4 – ultimately leading to potentiation of platelet [Ca2+]i mobilisation, shape change and 

aggregation (92,98). 

Numerous other biomolecules can act as platelet agonists and intensify platelet responses 

described above. For example, serotonin (5-HT) – an indolamine, which is a part of dense-

granule cargo - is secreted from activated platelets (99). Serotonin has a dual action at the 

side of vascular damage; it triggers platelet aggregation by signalling via the Gαq-coupled 5-

hydroxytryptamine 2A (5-HT2A) receptor and additionally acts as vasoconstrictor, thereby 

restricting blood flow and loss (100,101). A catecholamine – adrenaline (aka epinephrine) 

utilises the α2a-adrenergic receptor coupled to Gαz protein. It allows increase of haemostatic 

platelet function by downregulating adenylyl cyclase (AC) and blocking synthesis of cyclic 

adenosine monophosphate (cAMP) – a known physiological platelet inhibitor (102,103). On 

the contrary, a rise of AC activity and cAMP intracellular levels are a result of prostaglandin I2 

(PGI2) signalling via Gαs-coupled IP prostanoid receptor. PGI2 is released into circulation by 

healthy vascular endothelium (16,86,104). 

1.1.4. Platelet procoagulant function  

1.1.4.1. Phosphatidylserine exposure and coagulation pathway 

Platelets are essential component of both primary and secondary haemostasis. Their initial 

role is to form a haemostatic plug at the site of vascular damage. However, strong agonist 

stimulation can also initiate their procoagulant activity, essential to support local thrombin 
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generation and blood coagulation (38). A potent activation of platelets results in 

phosphatidylserine (PS) externalisation from the intracellular leaflet of the cell membrane to 

the extracellular one. The presence of negatively charged phospholipids promotes assembly 

of tenase/prothrombinase complexes (Figure 1.7) on platelet surface and initiation of clotting 

cascade (105–107). This reaction sequence leads to a local thrombin generation, cleavage of 

fibrinogen to fibrin, and final clot consolidation Figure 1.7 (105,108–110). 

 

Figure 1.7 Blood coagulation cascade. Clotting of the blood is propagated via series of proteolytic 
reactions, involving a range of vitamin K-dependent serine proteases cleaving and activating 
corresponding proenzymes and profactors. There are three clotting pathways which are part of this 
complex system – intrinsic, extrinsic and common. The intrinsic pathway initiation begins with plasma 
proteins contact with a thrombogenic surface. This pathway does not contribute to normal 
haemostasis, although is believed to play key role in thrombotic diseases. The extrinsic pathway is 
triggered by the tissue factor (FVIIa) released locally by the damaged vascular endothelium. The 
intrinsic and extrinsic pathways converge in the common pathway, leading to the zymogen factor X 
(FX) cleavage and activation. The activated factor X (FXa) converts inactive prothrombin to thrombin, 
which in turn cleaves fibrinogen to generate fibrin. The ultimate outcome of this complex process is 
polymerisation of the fibrin strands and stable clot formation. Both intrinsic and common pathways 
are dependent on calcium (Ca2+) and platelet membrane phosphatidyl serine being present in the 
system (111–114). 
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The rate of zymogens conversion into active serine proteases without the presence of 

activated platelets is very low and cannot support timely clot formation. However, the 

efficiency of this process increases by almost million-fold, when the proteins of coagulation 

system come into contact with PS-positive platelets membrane (115). It has been well 

established that a subpopulation of platelets can become procoagulant upon strong agonist 

stimulation (106,116). Several mechanisms driving PS-exposure in procoagulant platelets had 

been proposed, although the full understanding of the process is yet to be elucidated. The 

exposure of negatively charged phospholipids on the exofacial leaflet of plasma membrane is 

thought to be associated with a strong, sustained rise in intracellular calcium and chloride 

levels, followed by downregulation of the ATP-dependent aminophospholipid translocases 

(flippase) and simultaneous activation of scramblase (39,108,117–120) Figure 1.8.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 A simplified diagram summarising mechanisms involved in platelet membrane 
phospholipids exposure and blood coagulation initiation. Two distinct pathways govern phosphatidyl 
serine (PS) externalisation in platelets: Bax/Bak-caspase-triggered (A) and Ca2+- dependent/calpain-
dependent (B).  

 



35 
 

Loss of asymmetrical distribution of phospholipids in activated platelets is also attributed to 

the Bax/Bak and cyclophilin D (CypD)-mediated physical disruption of the mitochondrial 

membrane (121,122). Activation of Bax/Bak leads to release of cytochrome c to the cytosol, 

resulting in activation of caspases cascade (38,123). CypD-promoted mitochondrial 

permeability transition pore (MPTP) formation disrupts the inner mitochondrial membrane. 

This leads to the loss of mitochondrial membrane potential (Δψm) (i.e. depolarisation), leak 

of Ca2+ and reactive oxygen species (ROS), resulting in disfunction of the organelle 

accompanied by rise of intracellular oxidative stress and calpain activation (116,121,124–

127,127,128) Figure 1.8. Anoctamin-6 lipid scramblase (also known as TMEM16F) acts as a 

central regulator of calcium-dependent PS scrambling (117). The indispensable role of PS 

exposure in haemostasis has been demonstrated in patients with a rare congenital bleeding 

disorder - Scott syndrome, caused by a missense mutation in the Ca2+ activated TMEM16F 

phospholipid scramblase (129,130). Defective scramblase impairs platelet PS exposure and 

results in a mild bleeding phenotype (131–133). Conditional megakaryocytic TMEM16F 

knockout mice also showed defect in PS exposure, microparticle release, thrombosis and 

haemostasis (131,132). 

1.1.4.2. Platelet membrane ballooning 

Adherent procoagulant platelets undergo dramatic changes in morphology, including the 

formation of balloon-like structures, expansive spreading and membrane vesiculation 

(108,124,134,135). Platelet spreading and membrane ballooning are believed to be 

particularly important for the maximisation of the PS-positive surface and associated 

thrombin generation Figure 1.9 (107,124,134). The formation of the balloon-like structures 

was first reported by Jorgensen and Borchgrevink in 1963 (136). The discovery was later 

confirmed by Wester et al (1978) who described ultrastructural morphological changes that 

platelets undergo in response to vessel injury (39,137). Recent studies showed that PS 

exposure and platelet ballooning are synchronised processes and localised to the thrombus 

surface, with the latter likely to be supported by thrombus contraction (134,138). Some 

molecular drivers behind platelet membrane ballooning have also been proposed, these are: 

increased membrane permeability, calpain mediated remodelling of cytoskeleton, as well as 

strictly regulated fluid entry have been proposed (39,124,134,139,140). However, these 

processes are still not fully studied and understood. Interestingly, thrombus formation, but 
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not haemostasis, was significantly impaired when ballooning and PS exposure was attenuated 

with the carbonic anhydrase inhibitor acetazolamide, and in aquaporin 1 (AQP1) water 

channel deficient murine models (39,107). 

Several observations performed in vivo demonstrated that activation of platelets is not 

uniform within a haemostatic mass and that they can be divided into subpopulations 

depending on several physiological aspects of their function. For example, some of the 

platelets gathering at a thrombogenic site retain their quiescent, discoid morphology, while 

others undergo complete shape transformation  (35,141–143). Interestingly, intracellular Ca2+ 

mobilisation levels [Ca2+]i and degree of α-granule secretion have also been found to be 

heterogeneous throughout the growing haemostatic plug in murine, swine and human 

models (144,145). Platelets interacting with the primary agonists at the side of vascular 

damage, such as extracellular collagen fibres and vWF, exhibited a prolonged and strong 

increase in the intracellular calcium concentration, accompanied by degranulation. On the 

contrary, platelets participating in the expansion of a static clot and exposed only to the 

secondary wave of agonists, such as ADP, displayed only weak and transient [Ca2+]i increases 

and granule secretion (146–148). In agreement with these studies, variability in the scope of 

platelet activation have also been confirmed by electron microscopy (EM) in thrombi 

specimens formed both in vitro and in vivo (20,143,148,149). This precedent is also true for 

PS exposure and membrane ballooning, showing spatial and temporal heterogenicity within 

platelets forming haemostatic plug (107,138).  
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Figure 1.9 Platelet membrane ballooning captured by fluorescent confocal microscopy. Platelets 
were allowed to adhere to a collagen coated glass slide in the presence of α-thrombin. An image was 
taken at 30 minutes post adhesion. Platelet bodies were visualised with anti-CD41-488 antibody. 
Phosphatidyl serine positive structures were detected by using AnnexinV-568. 

 

1.2. Platelets in disease 

As discussed aforehand in this chapter, platelets are crucial to limit blood loss at the sites of 

vascular damage and tissue trauma. However, even though essential for haemostasis, 

platelets are also found to be involved in diseases and pathological processes, such as 

atherothrombosis, inflammation and cancer metastasis.  

1.2.1. Atherosclerosis and atherothrombosis  

The process of haemostasis can become unbalanced and deranged in the diseased 

vasculature, such as that seen in atherosclerosis, the consequence of which can be 

atherothrombosis. Atherosclerosis is a multifocal and multifaceted chronic 

immunoinflammatory condition, which affects the walls of medium and large arteries (150). 

Atherosclerotic plaques formed by the penetration and deposition of lipids within the 

vascular intima cause narrowing the of affected arteries. The flow of blood passing through 

narrowed arteries becomes turbulent, thereby leading to local disruption of endothelium, 

10 µm 
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recruitment of immune cells and activation of immune responses. Low-density lipoproteins 

(LDL), endothelial cells, intimal smooth muscle cells, as well as leukocytes are the key players 

in the pathogenesis of this disease. However, platelets have also been found to contribute to 

the process by recruiting and interacting with leukocytes, which they can form aggregates 

with (151). Platelet involvement in the plaque formation is attributed to the P-selectin 

mediated delivery of platelet-derived proinflammatory factors, for example: CXCL4 (platelet 

factor 4), CCL5 chemokine, interleukin-Iβ (IL-Iβ), surface-expressed CD40-ligand and many 

others (17,152–155). These lead to inflammatory responses in vascular endothelial cells, 

triggering migration of monocytes to the atherosclerotic lesion, which later can transform 

into lipid-filled foam cells – a hallmark of the growing atherosclerotic plaque (154,155). 

Atherosclerosis is the dominant cause of cardiovascular disease (CVD), mortality and 

morbidity in the United Kingdom, and the rest of the European countries (150,156–158). The 

most acute and devastating consequences of atherosclerosis originate from superimposed 

atherothrombosis, caused by a rupture of an atherosclerotic plaque or an erosion, leading to 

the involvement of platelets - their adhesion, activation and untimely formation of occlusive 

thrombus (159). The clinical manifestation of atherothrombosis may include ischemia or 

infarction of vital organs – e.g. heart or brain, causing heart failure and claudication 

(151,160,161).  

1.2.2. Inflammation and infection 

Beyond the essential role of platelets in maintenance of haemostasis, they are also key player 

cells involved in inflammatory diseases. As discussed before in regard to atherosclerosis and 

atherothrombosis, they possess a big repertoire of immunomodulatory cargo, released upon 

their activation. Various studies linked platelets to the progression of autoimmune disorders 

such as, inflammatory bowel disease, rheumatoid arthritis, systemic lupus erythematosus, 

multiple sclerosis and systemic sclerosis (160,162–164). This is thought to be facilitated by 

platelet interaction with endothelium at the affected site and modulation of local endothelial 

cell function, promoting the expression of adhesion molecules on their surface and secretion 

of chemoattractants leading to recruitment of leukocytes and subsequent autoimmune-

mediated damage (160–164).   

Platelets are also actively involved in fighting infections. They are able to identify, capture and 

engulf pathogens, leading to their neutralisation (165). There are also some reports 
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suggesting that by release of platelet granular content they can directly kill microbes with 

defencins, kinocidins and thrombocidins (166–168). Additionally, platelet binding to 

neutrophils residing nearby the infection site can trigger the release of neutrophil 

extracellular traps (NETs) (169). Interestingly, platelets express a range of pattern-recognition 

receptors, e.g. toll-like receptor 4 (TLR4) recognising lipopolysaccharide (LPS), a well-known 

marker of gram-negative bacteria infection (170,171). However, platelets can also cause 

adverse responses in the presence of severe infections. For example, decreased platelet 

number and their high activity correlate with increased mortality rates in sepsis patients. This 

is due to complications such as, increased systemic thrombosis, but also increased risk of 

spontaneous bleeding, occurring secondary to the over-consumption of clotting factors and 

platelets  (172,173). 

1.2.3. Cancer metastasis 

Several studies published across the past decades contributed to the recognition of platelet 

involvement in cancer metastasis. In the late sixties, an in vivo mouse study found that 

antimetastatic effect was associated with antibody-induced reduction of platelets (174).  

Platelet rosetting around the metastatic tumour cells in circulation were reported to protect 

them from tumour necrosis factor alpha (TNF-α)-mediated cytotoxicity and lysis (175). 

Additionally, platelets “cloak” can also contribute to support in tissue evasion, cancer growth 

and subsequent angiogenesis facilitated by the same mechanisms, as these seen at the site 

of healing vascular trauma – secretion of platelet-derived growth factors and pro-angiogenic 

cytokines (e.g. VEGF, PDGF, bFGF, S1P, CXCL12) (176–178). Camerer et al (2004) used a mouse 

KO models to show that platelets, PAR4 and fibrinogen were important for hematogenous 

metastasis malignancies. Their results showed dramatical decrease in Nf-E2(-/-), Par4(-/-), 

and Fib(-/-) murine models, with reported only 6%, 14%, and 24% of metastatic burden seen 

in wild type mice, respectively (179). Interestingly, platelets can also contribute to poor 

outcomes and mortality in cancer patients, due to tumour-mediated changes in their 

physiology, leading to increased incidence of thrombosis (180). In addition, platelets can 

promote cancer metastasis by concealing cancer cells form the immune system and 

protecting them from shear-induced damage (176,180–182). Cancer cells have been reported 

to secrete a variety of platelet agonists, e.g. ADP, thrombin and thromboxane A2 (183–

186,181). 
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1.3.  Antiplatelet drugs in treatment and prophylaxis of atherothrombosis 

Antiplatelet therapy is an integral component of the prevention and treatment strategy for 

acute coronary syndrome, atherothrombosis, stable atherosclerosis and also for patients 

undergoing revascularisation procedures (187). With the growing understanding of a multi-

staged, complex mechanisms underlying the pathogenesis of arterial thrombosis, many 

antiplatelet agents have been developed to help prevent untimely clot formation, while still 

retaining haemostasis (36). Numerous platelet-signalling pathways are involved in thrombus 

formation and are therefore recognised as potential targets for antiplatelet and hence 

antithrombotic therapies. Currently, four major classes of drugs are approved for the 

treatment and prevention of thrombotic complications, used either alone or in combination. 

These are: [A] cyclooxygenase-1 (COX-1) inhibitors (e.g. aspirin), which block the synthesis of 

the platelet agonist TxA2, [B] antagonists of the ADP-activated GPCR P2Y12 (e.g. clopidogrel, 

prasugrel, ticagrelor, cangrelor, ticlopidine), [C] integrin αIIbβ3 antagonists (e.g. abciximab, 

tirofiban, eptifibatide), and [D] antagonists of the thrombin-activated GPCR PAR1 (e.g. 

vorapaxar, atopaxar) (188). These are beneficial as antithrombotics in a considerable number 

of patients; however, they have some limitations regarding efficacy and safety.  

1.4. Antiplatelet therapy resistance 

Most of the currently available antiplatelet drugs have limitations regarding efficacy and 

safety. In regard to efficacy, wide inter-individual variability in the level of platelet inhibition 

has been reported. This ranges from diminished inhibition to complete therapy “resistance”. 

The definition of “resistance” is not yet standardised between different clinical laboratories, 

however the agreement is that it can be described as insufficient level of platelet function 

inhibition, in response to a clinically used dose of the antiplatelet agent (189). For some of 

the therapies, the variability in responses is caused by metabolic differences between 

patients. For example, drugs such as prasugrel or clopidogrel are classed as pro-drugs. They 

require conversion to an active form by the hepatic cytochrome P-450 enzyme (190), meaning 

that patients who are intermediate or poor metabolisers remain at risk of thrombotic and 

ischemic events, despite receiving apparently adequate antiplatelet treatment. In regard to 

safety, patients on antiplatelet therapy can also be at risk of excessive bleeding. With several 

therapies (e.g. Abciximab) the bleeding risk is so high that they are only allowed to be used 

when patients are hospitalised or under constant monitoring. Bleeding was also reported a 
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leading cause of discontinuation of one of the most effective P2Y12 receptor inhibitors – 

ticagrelor, affecting as much as 86% of patients treated with this drug (191,192). These 

drawbacks have led the search for novel complementary and/or replacement drugs to treat 

patients that show reduced or no response to current antiplatelet therapy. New approaches 

aim to be tailored to the patients need and to selectively block the pathways of highest 

relevance to the pathological aspects of atherothrombosis (188,193). Repurposing of drugs 

already used in the clinic recently became a popular approach to accelerate the drug 

discovery. The same tactic can be employed in the search for novel antiplatelet therapies.  

1.5.  Aims  

A comprehensive understanding of regulatory mechanisms vital for platelet activation is 

indispensable for discovery of novel targets for antiplatelet therapies. This PhD project was 

therefore focused on investigating the importance and involvement of the mTOR, ASK1 and 

BTK kinases in platelet activation and function. In the studies presented here, a wide range of 

clinical and research grade pharmacological inhibitors as well as small-molecule protein 

degraders were employed and their effect on platelet activity was compared in an array of 

functional assays, including platelet aggregation, integrin activation, degranulation, PS-

exposure, thrombin generation, TxA2 formation, and intracellular signalling. The aim of this 

project was therefore to explore which compounds caused the most significant decrease of 

platelet function, delineate the underlying molecular mechanism leading to the effect seen, 

and evaluate their (repurposing) potential as novel antiplatelet therapy. 
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Chapter 2 Materials and Methods 
 

2.1. Materials 

Unless stated otherwise, all reagents were purchased from Sigma-Aldrich, Poole, UK. 

2.1.1. Western Blotting antibodies 

Table 1 Primary and secondary antibodies used for Western Blotting. CST – Cell Signalling 
Technology, SCB – Santa Cruz Biotechnology, JIR – Jackson ImmunoResearch 

 
Target Species Supplier Cat. Number Working 

Dilution 

Pr
im

ar
y 

An
tib

od
ie

s 

pT845 ASK1  Rabbit CST 3765S 1:500 
pT180/Y182 p38 Rabbit CST 4511S 1:1000 

pT334 MAPKAP-K2 Rabbit CST 3007S 1:1000 
pS473 PKB (Akt) Rabbit CST 4060S 1:1000 

pS505 cPLA2 Rabbit CST 53044 1:1000 
pT202/Y204 ERK1/2 Rabbit CST 4370S 1:1000 
p(S/T) Akt-substrate 

(pPleckstrin) 
Rabbit CST 6950S 1:1000 

pY525/526 SYK Rabbit CST 2710S 1:1000 
pS257/Y256 MKK4 Rabbit CST 9156S 1:1000 

pS189/S207 MKK3/6 Rabbit CST 9231S 1:1000 
pT389 p70S6K1 Rabbit CST 5676P 1:1000 

GSK3α/β Rabbit CST 4337S 1:1000 
GAPDH Rabbit SCB sc-25778 1:1000 
TALIN Goat SCB sc-7534 1:1000 

pP70S6K1 Rabbit CST 9234S 1:500 
FKBP12 Rabbit CST 55104S 1:1000 
FKBP5 Rabbit CST 8245S 1:1000 

BTK Goat SCB sc-1107 1:1000 

 
Target-Conjugate Species Supplier Cat. Number Working 

Dilution 

Se
co

nd
ar

y 
An

tib
od

ie
s Anti-Rabbit IgG Alexa-

Fluor-680 
Donkey JIR 711-625-152 1:5000 

Anti-Goat IgG Alexa-
Fluor-790 

Donkey JIR 705-655-147 1:5000 

Anti-Rabbit IgG -HRP Goat JIR 111-035-144 1:10000 
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2.1.2. Inhibitors and PROTACs 

Table 2 A summary of inhibitors and degraders used in this thesis. 

Drug Structure 
Mechanism 

of Action Supplier 
Cat. 

Number 
Working 

Conc. 

Rapamycin 

 

mTORC1 
inhibitor Tocris 1292/1 200nM 

FK506 

 

Calcineurin 
Inhibitor Tocris 3631/10 200nM 

WYE-687 

 

mTOR 
inhibitor Tocris 4282/10 500nM 

KU0063794 

 

mTOR 
inhibitor Tocris 3725/10 1μM 

GS4997 

 

ASK1 
inhibitor Selleckchem S8292 300nM 

SB203580 

 

p38 
inhibitor Tocris 1202/1 1μM 

VX702 

 

p38 
inhibitor Tocris 3916/10 1μM 

Losmapimod 

 

p38 
inhibitor 

Selleckchem S7215 1μM 

PD184352 

 

MEK1/2 
inhibitor Tocris 4237/10 300nM 

UO126 

 

MEK1/2 
inhibitor 

Tocris 1144/5 1μM 
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Drug Structure 
Mechanism 

of Action Supplier 
Cat. 

Number 
Working 

Conc. 

R406 

 

SYK 
inhibitor 

Selleckchem S1533 1 μM 

Carfilzomib 

 

Proteasome 
inhibitor 

Cell Signaling 
Technology 

15022S 10 μM 

Tariquidar 

 

ABCB1 
pump 

inhibitor 
Tocris 5757/10 200 nM 

Pomalidomide 

 

E3 ligase 
binder 

Tocris 6302/10 10 μM 

MLN4924 

 

NAE 
inhibitor Selleckchem S7109 10 μM 

dTAG-48 

 

FKBP12 
degrader 

Dana-Farber 
Cancer 

Institute 
n/a 0.1-10 μM 

dTAG-51 

 

Negative 
control for 
dTAG-48 

Dana-Farber 
Cancer 

Institute 
n/a 1 μM 

THAL-SNS-032 

 

CDK9 
degrader Tocris 6532/5 0.1-10 μM 

TL12-186 

 

multi-kinase 
degrader Tocris 6524/5 300-500 nM 

TL13-27 

 

Negative 
control for 

TL13-27 
Tocris 6525/5 300-500 nM 

DD-04-015 

 

BTK/TEC 
degrader 

Dana-Farber 
Cancer 

Institute 
n/a 3-5 μM 
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2.1.3. Fluorophore-conjugated antibodies and fluorescent dyes 

Table 3 Fluorescent antibodies used for the experiments in this thesis 

Target-Fluorophore Species Supplier Cat. Number Working 
Dilution 

CD62P-PE Mouse BD Biosciences 555524 1:20 
PAC1-FITC Mouse BD Biosciences 340507 1:10 
CD41-FITC Mouse Biolegend 303704 1:20 
CD41-PE Mouse Biolegend 303706 1:20 

 

Table 4 Fluorescent Dyes used for the experiments in this thesis 

Dye Detection of Supplier 
Cat. 

Number 
Working 

Dilution/Conc. 

Annexin-V-Alexa568 PS  Life Technologies A13202 1:50 

Annexin-V-Alexa488 PS  Life Technologies A13201 1:50 

TMRM active 
mitochondria 

 Life Technologies I34361 500 nM 

MitotrackerTM-695 mitochondria  Life Technologies M22426 500 nM 

ActinGreen™ 488 actin  Life Technologies R37110 2 drops/ml 

FluCa-Kit thrombin  Diagnostica Stago 86197 n/a 

Fura-2-AM calcium  Life Technologies F1221 4 μM 

 

2.1.4. Buffers and solutions 

Table 5 Recipes of buffers and solutions used in this study 

Buffer/solution Composition 

HEPES-Tyrode 

buffer 

145 mM NaCl, 3 mM KCl, 0.5 mM Na2HPO4, 1 mM MgSO4, 10 mM HEPES, 

0.1% [w/v] D-glucose, pH 7.2 

Citrate-glucose-

saline (CGS) 

buffer 

120 mM NaCl, 12.9 mM trisodium citrate, 30 mM D-glucose, pH 6.5 
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Acid-citrate-

dextrose (ACD) 
120 mM Sodium Citrate, 80 mM Citric Acid, 110 mM Dextrose, pH 4.9 

Phosphate 

buffered saline 

(PBS) 

137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 2 mM KH2PO4, pH 7.4 

Tris buffered 

saline (TBS) 
10 mM Tris, 150 mM NaCl, pH 7.5 

TBS-Tween-20 

(TBS-T) 
10 mM Tris, 150 mM NaCl, 0.2% Tween-20, pH 7.5 

RIPA buffer 

50 mM HEPES, 400 mM NaCl, 2 mM EDTA, 2 % (v/v) NP-40, 1 % (w/v) 

Sodium Deoxycholate, 0.2 % (w/v) Sodium Dodecyl Sulfate (SDS), 40 mM 

sodium β-glycerol Phosphate, 20 mM Sodium Pyrophosphate, 2 mM 

Benzamidine, pH 7.4 

Tris-glycine 

running buffer 
192 mM Glycine, 25 mM Tris, 0.1 % SDS 

Tris-glycine 

transfer buffer 
20 % Methanol, 192 mM Glycine, 25 mM Tris 

Sucrose Lysis 

Buffer 

 270 nM Sucrose, 25 nM HEPES, 1 mM DTT, Roche Mini Protease Inhibitor 

Cocktail  

 

2.1.5. Platelet Agonists 

Table 6 A summary of agonists used in this study 

Agonist Receptor Supplier Cat. Number Working Conc. 

Fibrillar Collagen  GPVI, α2β1 Nycomed 02067474 2 μg/ml 

CRP-XL GPVI 
Prof. Farndale, 
University of 
Cambridge 

n/a 0.2-20 μg/ml 

α-thrombin PAR Sigma-Aldrich T4648 0.2-1 U/ml 
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2.2. Methods 

2.2.1. Human Platelet Isolation 

Blood samples were obtained from healthy, drug-free volunteers in agreement with the local 

research ethics committee at the University of Bristol and with a written informed consent 

given by each donor in accordance with the Declaration of Helsinki. Blood was drawn by 

venepuncture from antecubital vein using a 21G butterfly needle and an appropriate-size 

syringe containing 4% (w/v) trisodium citrate prepared to constitute a 1/10 (v/v) of the final 

blood volume taken. The collected blood was acidified with pre-warmed Acid Citrate Dextrose 

(ACD) 1/7 (v/v), mixed by gentle inversion, dispensed into LP4 tubes and centrifuged at 1000 

rpm for 17min at room temperature (RT) (RCF = 180g, Jouan-B4/S40 rotor). Platelet-rich 

plasma (PRP) was collected from each LP4 tube using a Pasteur pipette, pooled in a falcon 

tube and supplemented with either 10 μM indomethacin (Sigma, I7378) or 2 μM 

prostaglandin E1 (Sigma, P5515), and 0.02 U/mL apyrase (Sigma, A6535). Platelets were next 

sedimented by centrifugation at 1700 rpm for 10 min at RT. Platelet-poor plasma was 

collected and discarded. The remaining platelet pellet was re-suspended in 1-4ml of pre-

warmed HEPES-Tyrode (HT) supplemented with 0.1% (w/v) D-glucose and antiplatelet agents 

as required. Platelet density was determined using Beckman-Z1 counter (Beckman-Coulter) 

and adjusted to 4 x 108 cell/ml by adding appropriate amount of HEPES-Tyrode buffer. Before 

conducting any experiments, platelets were allowed to rest for 30 min at 30C and used within 

4-5 hrs thereafter. 

2.2.2. Mouse Platelet Isolation 

Animal studies were approved by the local research ethics committee at the University of 

Bristol, UK. Mice were bred and maintained under UK Home Office licence PPL30/3445. Mice 

(8–24 weeks old) were sacrificed by increasing CO2 inhalation in accordance with Schedule 1 

of the Animals (Scientific Procedures) Act (1986). Mouse blood was drawn by trained research 

associates - Dr Tony Walsh and Dr Xiaojuan Zhao from the inferior vena cava into a syringe 

containing 4% (w/v) trisodium citrate 1/10 (v/v). Blood was next transferred to 2ml round-

bottom microcentrifuge tubes. Platelets were isolated as previously described (194), 

including blood acidification step with ACD 1/7 (v/v) and dilution with pre-warmed HT to final 

volume of 1.8 ml, before centrifugation at 1000 rpm for 10min/RT.  The HT dilution and 

centrifugation steps were repeated twice in order to maximise yield of platelets. The collected 
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PRP-HT was next supplemented with 2 μM prostaglandin E1 (Sigma, P5515) and 0.02 U/mL 

apyrase (Sigma, A6535), and platelets were pelleted by centrifugation at 1700 rpm for 10 

min/RT. The supernatant was removed and platelets were resuspended in 500 μl HT per tube. 

Platelet density was determined using Beckman-Z1 counter (Beckman-Coulter, High 

Wycombe, UK) and adjusted to 4 x 108 cell/ml by adding appropriate amount of HT buffer. 

After isolation platelets were allowed to rest for 30 min at 30C before experiments were 

conducted. 

2.2.3. Flow Cytometry 

2.2.3.1. PS Exposure 

Platelet activation by strong agonists results in an acceleration in the generation of the 

powerful procoagulant serine protease - thrombin. An important step in this process is the 

externalisation of the negatively charged procoagulant phospholipid phosphatidylserine (PS) 

on the outer leaflet of the platelet plasma membrane, which facilitates formation of 

prothrombinase/tenase complexes and leads to initiation of clotting cascade. Translocation 

of the procoagulant phospholipid PS from the inner to outer leaflet of the platelet plasma 

membrane was assessed using the phospholipid-binding protein, annexin V (AnxV) 

conjugated to Alexa-488 fluorescent dye. The extent of AnxV binding to activated platelets 

was measured using flow cytometry. Washed platelets (2 x 107/ml) were preincubated with 

inhibitors (15 min) prior to stimulation (10 min) with either 5 g/ml CRP-XL, 1 U/ml thrombin, 

or both in the presence of 1 mM calcium chloride (CaCl2) and 2 % (v/v) AnxV-Alexa-488. The 

reaction was stopped by adding 150 µl/well of HT (1 mM CaCl2) and samples were read 

immediately. The calcium ionophore; A23187 (1 M) (Sigma, C7522) -stimulated platelets 

were used as a positive control; unstimulated platelets were used as a negative control. AnxV 

binding was assessed using a BD AccuriTM C6 Plus flow cytometer (FL1 channel), recording at 

least 10,000 events. Results are expressed as the percentage of platelets positive for AnxV-

Alexa-488 staining. 

2.2.3.2. Integrin αIIbβ3 Activation and α-granule Secretion 

Activation of platelet integrin αIIbβ3 and α-granule secretion is essential for their ability to 

form aggregates, as well as recruitment of more platelets to the site of vascular damage. The 

extent of integrin αIIbβ3 activation and α-granule secretion was determined in this study by 

flow cytometry analysis using PAC1-FITC and anti-CD62P-PE fluorescent antibodies, 
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respectively. Washed human platelets diluted to 2 x 107 cell/ml in HEPES Tyrode 

(supplemented with 0.1 % (w/v) D-glucose, 0.02 U/ml apyrase and 10 µM indomethacin) were 

pre-treated with 0.2 % (v/v) DMSO or inhibitor, as indicated, for 10 min, before stimulation 

with 5µg/ml CRP-XL for 10 min. Unstimulated platelets were used as a negative control. 

Reaction was then quenched with 2% paraformaldehyde and samples were analysed using a 

BD AccuriTM C6 Plus flow cytometer (FL1/FL2 channels), by capturing 10,000 platelet events. 

Results are expressed as median fluorescence intensity (MFI). 

2.2.3.3. TMRM Mitochondrial Membrane Potential Assay 

Platelet activation with strong agonists results in the loss of inner mitochondrial membrane 

potential, which is temporally associated with PS externalisation. Mitochondrial membrane 

potential (ΔΨm) was studied using tetramethylrhodamine methyl ester (TMRM), a cell-

permeant fluorescent dye that accumulates in active mitochondria with intact membrane 

potentials. A substantial reduction in the TMRM fluorescent signal indicates mitochondrial 

membrane pore formation and depolarisation. To determine the effect of various inhibitors 

on platelet mitochondria upon their activation, washed platelets (2 x 107 cell/ml) were stained 

with TMRM (0.5 µM, 30 min, RT) before preincubation (15 min) with either vehicle (0.2 % 

(v/v) DMSO) or inhibitor, and stimulation (10 min) with CRP-XL (5 µg/ml) and thrombin (1 

U/ml) in the presence of 1 mM CaCl2. The reaction was stopped by adding 150 µl/well of HT 

(1 mM CaCl2) and samples were read immediately. The calcium ionophore; A23187 (1 M) 

(Sigma, C7522) was used as a positive control; unstimulated platelets were used as a negative 

control. Samples were analysed immediately using a BD AccuriTM C6 Plus flow cytometer in 

the FL2 channel, by capturing 10,000 platelet events. Loss of mitochondria membrane 

potential leads to a loss of TMRM accumulation and subsequently a decrease in fluorescence 

signal. Results are expressed as median fluorescence intensity (MFI). 

2.2.3.4. Gating and compensation strategy for flow cytometry analysis 

Platelet population was detected by flow cytometry based on their size and granularity, 

plotted on histograms using forward scatter (FSC) versus side scatter (SSC), respectively. The 

identified population was next gated into contour plots drawn around it, so that only the 

gated platelets were included in subsequent analysis and detection of fluorescence in FL1 

channel (AnxV-488, PAC1-FITC) and FL2 (TMRM, CD62P-PE), producing a separate histogram 

plotting a number of fluorescent events versus fluorescence intensity of each event (platelet).  
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AnxV and TMRM are fluorescent dyes and were used independently in separate experiments, 

as described in sections 2.2.3.1 and 2.2.3.3. The gates were drawn on histograms from 

appropriate detectors to capture positive events, by excluding signal captured from stained 

but unstimulated negative control samples. No isotope controls were needed for these types 

of staining/analysis, as the dyes used are not antibody-conjugates. 

For dual-colour analysis involving two fluorophore-conjugated antibodies, such as that used 

for analysis of platelet integrin αIIbβ3 activation and α-granule secretion simultaneously with 

PAC1-FITC and anti-CD62P-PE antibodies (2.2.3.2), the gates were set for each of the colours 

separately (analogically to these described above) and then applied to all samples. To correct 

for the emission spectra overlap of the FITC/PE fluorophores, separate samples were 

prepared of stimulated platelets stained with each of the antibodies – PAC1-FITC and anti-

CD62P-PE, and were used for setting up compensation, so that any spillage of the 

fluorescence emission from PE was excluded from the FL1 detector, and fluorescence 

emission from FITC from the FL2 detector. Matched isotope control antibodies were 

previously included in this assay by other members of the staff, but no non-specific binding 

was detected, therefore no isotope control samples were needed in the subsequent tests. 

2.2.4. Microscopy 

2.2.4.1. Slide Preparation 

8-well glass bottom microscope μ-slide (Ibidi, Thistle Scientific, Glasgow, UK, 80827) was 

coated with 20 μg/ml collagen in Horms suspension (Takeda-GmbH, Linz, Austria) at 200 

μl/well and incubated for 1h at RT. After incubation, the coating solution was removed, 

replaced with 3% (w/v) fatty acid-free BSA blocking solution (200 μl/well) and incubated for 

1h at RT. Next, the blocking solution was removed and the coated wells were washed gently 

once with 200 μl/well of HT. 

2.2.4.2. Analysis of Procoagulant Platelet Morphology 

In addition to the externalisation of PS, procoagulant platelets are known to undergo dramatic 

changes in morphology when adherent, this includes the formation of balloon-like structures 

which also support coagulation. Such membrane expansion is believed to significantly 

contribute to the procoagulant response by increasing the surface area of externalised PS 

available for coagulation proteases to bind. Adherent procoagulant platelet morphology was 
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assessed by live cell, confocal microscopy. Washed platelets (4 x 108/ml) were preincubated 

with either vehicle (0.2% (v/v) DMSO) or inhibitors (15 min, 30C) before addition onto the 

collagen coated glass μ-slide (~4 x 106 platelets/well in HT containing 2 mM CaCl2). Platelets 

were allowed to adhere to the collagen (15 min, 37oC) in the presence of 1 U/ml thrombin, 

AnxV-Alexa-488/568 and anti-CD41-PE/FITC. Z-stack images were captured using a Leica TCS 

SP8 AOBS confocal laser scanning microscope attached to a Leica DMi8 inverted 

epifluorescence microscope. An environmental chamber was used to maintain a temperature 

of 37oC and a Märzhäuser scanning stage used for multi-position acquisition and tiled imaging 

(300 x 300 m). Platelet procoagulant morphology was assessed in images acquired at 

multiple time-points (15, 30, 45 and 60 minutes). Platelets were identified using CD41 as a 

platelet specific marker. Platelet procoagulant morphology and translocation of PS to the 

outer leaflet of cell membrane was assessed using AnxV binding. Data was analysed using 

Fiji/ImageJ software and a customised macro, courtesy of Dr Stephen Cross (Wolfson 

Bioimaging Facility, University of Bristol). The macro analyses and acquires dimensions (width, 

height, channels, slices and frames) of the captured z-stack images and merges them into a 

single image of median fluorescence values, using auto threshold to remove background 

noise and size threshold to remove the fluorescent platelet-derived vesicles and debris. The 

end result of the analysis is a readout of the total number of fluorescence-positive objects 

(platelets), using data captured in channel 1 for CD41-488 and channel 2 for AnxV-568. 

‘Balloons’ were recognised and counted manually by spatial analysis of Z-stacks, allowing 

detection of PS-positive, spherical cell membrane structures extended from fraction of 

collagen-adherent procoagulant platelets. Results are expressed as the percentage of 

platelets positive for AnxV staining and those forming balloon-like structures. 

2.2.5. Light Transmission Aggregometry 

2.2.5.1. Light Transmission Aggregometry in Glass Cuvettes 

The ability of platelets to aggregate is indispensable for the formation of haemostatic plug at 

the site of vascular damage. In order to investigate how this aspect of platelet physiology can 

be affected by the studied compounds, washed human platelets at 2 x 108 cell/ml were 

treated with either inhibitor or vehicle (0.2% (v/v) DMSO) for 10min before stimulation with 

fibrillar collagen or CRP-XL, as indicated, at 37oC under stirring condition (1000 rpm). Changes 

in light transmission representing the degree of platelet aggregation were recorded for 5 
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minutes using a Chrono-log Aggregometer-700 (LabMedics, Abington, KU) running on 

AggroLink software. The amount of light transmitted through the cuvette is directly 

proportional to the extent of platelets aggregation within the analysed sample. The results 

were expressed as percentage of maximal aggregation. 

2.2.5.2. Light Transmission Aggregometry in 96-well plate 

Washed human and mouse platelets (4 x 108 cell/ml) were treated with inhibitor or vehicle 

(0.2% (v/v) DMSO) for 10 min before stimulation with CRP-XL (0.1 - 20 g/ml) at 37oC under 

shaking condition (1200 rpm). Change in light transmission representing the degree of 

platelet aggregation was recorded after 5 min using an LT-4500 (Labtech, Heathfield, UK) 

plate reader at 405 nm running on LT-com software (Labtech, Heathfield, UK). The results 

were expressed as percentage of maximal aggregation. 

2.2.6. In vitro Thrombin Generation 

Platelets are essential component of both primary and secondary haemostasis. Their initial 

role is to form a haemostatic plug at the site of vascular damage. However, subsequent 

activation of platelets results in PS externalisation, triggering assembly of 

tenase/prothrombinase complexes on platelet surface and initiation of clotting cascade. This 

reaction sequence leads to a local thrombin generation causing cleavage of fibrinogen to 

fibrin, and final clot consolidation. The effect of inhibitors on platelets ability to trigger 

thrombin generation was assessed using the Calibrated Automated Thrombogram (CAT) 

assay (Thrombinoscope, Maastricht, The Netherlands). For this assay PRP was prepared as 

described in section 2.2.1, but without adding ACD. PRP with a platelet concentration 

adjusted to 1.5 x 108/ml and platelet poor plasma (PPP) samples were then preincubated (15 

min) with either vehicle (0.2% (v/v) DMSO) or rapamycin (200 nM) in the absence or presence 

of 5 µg/ml CRP-XL. Thrombin generation was initiated by the addition of CAT FluCa-Kit reagent 

containing a fluorogenic thrombin substrate, micelles of negatively charged phospholipids, 

tissue factor and CaCl2. Thrombin generation was recorded continuously (>40 min) using a 

Fluoroscan Ascent FL plate reader and Ascent FL Thrombinoscope software (Thermo Fisher 

Scientific, Gloucester, UK). Results from tested samples were compared to those produced by 

a thrombin calibrator run in parallel. Results are expressed as nanomolar thrombin 

concentration in time. 
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2.2.7. Activated Partial Thromboplastin (APTT) and Prothrombin Time (PT) Test 

Clinical coagulation tests - APTT and PT were kindly performed by the Department of 

Haematology, University Hospitals Bristol NHS Foundation Trust using a Sysmex CS2100i 

haemostasis analyser. APTT and PT tests assess the efficiency of clotting cascade activation 

and clot formation in plasma samples, mediated via intrinsic and extrinsic clotting pathways, 

respectively. These tests can determine if certain drugs can directly affect the clotting factors 

activation. Platelet-free plasma samples collected from healthy donors, containing 4 % (w/v) 

trisodium citrate (1/10th of the final blood volume), no ACD, were pre-treated with either 

rapamycin (200 nM) or vehicle (0.2% (v/v) DMSO), before being submitted to the hospital 

staff for testing. 

2.2.8. Intracellular Calcium Signalling Assay 

Intracellular Ca2+ signalling is essential for platelet activation and is a well-recognised 

contributory factor to PS externalisation in platelets. The effect of various compounds used 

in this research project on intracellular Ca2+ mobilisation levels in activated platelets was 

examined using a membrane permeant, ratiometric calcium indicator - Fura-2-AM. Platelets 

were loaded with Fura-2-AM (4 M, 1 h, 30C) in PRP before being pelleted and resuspended 

in HT containing 1 mM CaCl2. Washed platelets (2 x 108/ml) were preincubated with vehicle 

or inhibitor (15 min, 30C), transferred into a 96-well clear bottom black microplate (Corning, 

Fisher Scientific, Loughborough, UK) before stimulation with CRP-XL and/or thrombin (37oC). 

Intracellular calcium signalling was continuously monitored (5 min) using an Infinite 200 PRO 

multimode plate reader (Tecan, Männedorf, Switzerland), at 340nm/380nm, shaking. The 

results are expressed as change in ratio of the emissions at 510nm over time. 

2.2.9. Protein Extraction and Immunoblotting 

Tris-glycine sodium dodecyl sulphate polyacrylamide gels (SDS-PAGE) were prepared using 

modified Harlow and Lane protocol (1988), by mixing appropriate volumes of 30 % (w/w) 

acrylamide/bis-acrylamide solution 37.5:1, 1.5 M Tris pH 8.8 (resolving gel), 1.0 M Tris pH 6.8 

(stalking gel), 10% (w/v) SDS, MilliQ water, 10 % (w/v) ammonium persulphate (APS) and 

tetramethylethylenediamine (TEMED). Whole cell lysates of inhibitor/vehicle-treated and 

agonist-stimulated/unstimulated washed platelets were prepared in 4x NuPAGE SDS-PAGE 

sample buffer (Invitrogen, Glasgow, UK) supplemented with 0.5 M dithiothreitol (DTT) and 

heated at 70C for 10 minutes. Next, samples were loaded onto 8-10 % Tris-glycine gels (20 
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µg/well). Proteins were resolved at 100V for 1h in Tris-glycine running buffer (192 mM 

glycine, 25 mM Tris, 0.1 % SDS). Phosphorylation and load of the proteins of interest was 

assessed by Western blotting. Gels were transferred onto Immobilon-FL PVDF membrane 

(Millipore, Watford, UK) at 100V/1h in the presence of Tris-glycine transfer buffer (20 % 

methanol, 192 mM glycine, 25 mM Tris) and subsequently blocked with Odyssey® Blocking 

Buffer-TBS (LI-COR, Cambridge, UK) made up 1:1 (v/v) in Tris-buffered saline tween (TBS-T) 

(50 mM Tris, 0.01 % (v/v) Tween-20, 150 mM NaCl) for 1h/RT. Proteins of interest were 

detected by probing membranes with appropriate primary antibodies for 2h/RT or 

overnight/4˚C, and next visualised using fluorophore- or HRP- conjugated secondary 

antibodies (1h/RT), with TBS-T washing steps in between and as a final step. Proteins were 

visualised by near-infrared (LI-COR Odyssey-CLx) or enhanced chemiluminescence detection 

systems, as indicated. LI-COR® Image Studio (LI-COR, Cambridge, UK) was used to quantify 

bands. Bands were defined using the rectangle shape tool to obtain fluorescence intensity (FI) 

values and median local background (intensity of pixels in a border around the shape) was 

automatically subtracted.  

2.2.10. Rapamycin-coated sepharose beads preparation 

1ml of Sepharose CL-4B beads (Sigma-Aldrich, CL4B200) were thoroughly washed with de-

ionized water and then with 0.5 M Na2CO3 (pH 11.0) in a glass frit fitted funnel with gentle 

suction. After last wash the beads were drained carefully under mild suction and resuspended 

in 1 ml 0.5 M Na2CO3 (pH 11.0) at RT. 1 ml of divinyl sulfone (Sigma-Aldrich, Poole, UK) was 

next added to the mixture and stirred for 70 minutes at RT. Activated gel was carefully washed 

with ddH2O under mild suction and resuspended in 4ml of DMSO:Na2CO3 (0.1 M pH 9.5) (1:1, 

v/v) 200 M rapamycin solution and incubated under stirring condition overnight at RT. On 

the following day beads were washed thoroughly with ddH2O and resuspended in 1ml of 0.5 

M Na2CO3 pH 9.5 with addition of 20 l -mercaptoethanol to quench the reaction under 

stirred condition for 3h at RT. Next, the beads were washed with ddH2O over glass frit, 

equilibrated with phosphate buffered saline (PBS) and stored at 4°C, as previously described 

(195). Efficiency of the conjugation step was monitored by spectroscopic approach, based on 

rapamycin’s absorption peaks at 267, 277 and 288 nm (in ethanol) (196). 

The above protocol as well as the rapamycin-coated beads used in this thesis were developed 

with the kind help of Dr Piers Walser at the Clinical Biotechnology Centre (NHSBT, Filton). 
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2.2.11. FKBP12 pull out from platelet lysates with rapamycin coated beads 

Washed platelets (from 20 ml of whole blood) were prepared as described in section 2.2.1. 

109 cells were next pelleted and resuspended with 1 ml of Sucrose Lysis Buffer (270 nM 

Sucrose, 25 nM HEPES, 1 mM DTT, Roche Mini Protease Inhibitor Cocktail). The suspension 

was next sonicated using short pulses for around 5 min until the pellet became clear. Samples 

were centrifuged at 16000 g for 5 min to clarify. Bradford assay (BioRad, Watford, UK) was 

next used to test protein concentration in the prepared lysates. Lysates were made up to 

contain 4 mg/ml of total protein. 100 l of either rapamycin-coated or uncoated sepharose 

beads (20% v/v) was next added to a 100 µl of prepared lysates (400 g of protein per sample) 

and incubated at 4˚C for 60 min, shaking at 1000 rpm. After the incubation was over, the 

beads were washed three times with 0.5 ml of Sucrose lysis buffer (each time spun at 500g 

for around 1min to pellet the beads and remove supernatant). Flow through (FT) from the 

first wash was kept as a control to see how much of the protein load was still left in the lysate. 

After the last wash all the remaining supernatant was removed and proteins bound to the 

beads were eluted by adding 25 l of 1.2x NuPAGE sample buffer, mixed gently and boiled off 

at 75˚C for 10min. Next, the beads were span down and supernatant (ready for SDS-PAGE 

analysis) was removed. 

2.2.12. FKBP12-RFP recombinant protein production for testing the efficiency of 

rapamycin-coated sepharose beads protein pull-out 

 

mRFP-FKBP12 was a gift from Dr Tamas Balla (Addgene plasmid # 67514) (197). 

 

2.2.12.1. mRFP-FKBP12 sequencing primers design 

mRFP-FKBP12 reference sequence: 

  

gtacgagcgcgccgagggccgccactccaccggcgcctccggactcagatctcgaagcgcggccgcgggagcaggaggagcagc
tcgagcggcgatgggagtgcaggtggaaaccatctccccaggagacgggcgcaccttccccaagcgcggccagacctgcgtggtg
cactacaccgggatgcttgaagatggaaagaaatttgattcctcccgggacagaaacaagccctttaagtttatgctaggcaagca
ggaggtgatccgaggctgggaagaaggggttgcccagatgagtgtgggtcagagagccaaactgactatatctccagattatgcct
atggtgccactgggcacccaggcatcatcccaccacatgccactctcgtcttcgatgtggagcttctaaaactggaatgagctcgagt
gaaatggagtgataacaaagacgacatattaaaggggggtgacgtggtgaggctgtttcatgctgagcaggagaagtttctcacct
gtgacgaacacaggaagaagcagcacgtcttcctgagaaccacgggccggcagtcggccacatctgccaccagttcaaaagccct
gtgggaggtggaggtggtccagcatgacccatgtcggggcggagcagggtattggaacagccttttccgtttcaagcatctggccac
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ggggcattacttggcagcagaggtagaccctgactttgaggaagaatgcctggagtttcagccctcagtggaccctgatcaggacg
cctctcgaagtaggttgcggaatgcccaagaaaagatggtatactccctggtctctgtgcctgaaggcaatgacatctcctccatttt
cgagctagatcccaccactctgcgtgga 

 

atg – START codon 

FKBP12 sequence 

tga- STOP codon  

 

Forward Primer: 

  

Design A:     5’     CCG GAC TCA GAT CTC GAA GCG    3’    

Design B:     5'     CCC GTG CAG CTG CCC GGC GCC  3'   

Design B was used in this study, as it starts on the mRFP-C1 vector backbone, about 300 bp 

upstream from the FKBP12 coding sequence, hence it was predicted to give a more accurate 

sequencing coverage (a reliable sequence is normally read starting from about 200 bp 

downstream of the forward primer) 

  

Reverse Primer: 

 

5’ CCA ATA CCC TGC TCC GCC   3’ 

Sequencing was performed by Molecular Diagnostics Department, NHSBT, Filton. The 

obtained DNA sequence was analysed against the reference sequence and confirmed to be 

correct/intact by using SnapGene 4.1.9 software (GSL Biotech LLC). 

 

2.2.12.2. mRFP-FKBP12 transfections of the Chinese Hamster Ovary (CHO) cells 

Plasmid DNA preparation:  

The mRFP-FKBP12 plasmid was received as a stab culture. To isolate a single colony, the 

transformed bacterial cells (E. coli) were streaked onto Luria-Bertani (LB) agar (198) plates 

supplemented with 50 µg/ml kanamycin and incubated overnight at 37˚C. On the following 

day, three single colonies were picked from the plates and inoculated into 5 ml of LB broth 
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each (+ 10 µg/ml kanamycin) and incubated overnight at 37˚C, shaking. Next, the best growing 

clone was moved to 50 ml LB broth and after another incubation overnight at 37˚C, plasmid 

DNA was extracted using MIDI-PREP Kit (Promega, Chilworth, UK, A2492) and quantified with 

NanoDrop (Thermo Fisher Scientific, Gloucester, UK). 

Transfections and protein extraction: 

Cultured CHO cells, CHOgro® culture media (Mirus, MIR6200) supplemented with 4 mM L-

glutamine and 0.3 % Poloxamer 188 (Sigma-Aldrich, Poole, UK, 9003-11-6), as well as 

FectoPRO® Transfection Kit (Polypus Transfections, VWR, Lutterworth, UK, 716-01LKIT), were 

all kind gifts of Dr Piers Walser and Laura Barry at Clinical Biotechnology Centre (NHSBT, 

Filton). The transfections of CHO cells with mRFP-FKBP12 were performed following the 

instructions supplied with the FectoPRO® kit (Protocol v8.2, February 2016) for the transient 

expression. The efficiency of transfections was assessed by fluorescent microscopy (RFP = red 

fluorescent protein). The recombinant FKBP12-RFP protein was extracted by cell lysis, using 

the same method as described for preparation of platelet lysates in section 2.2.11.  

2.2.13. Thromboxane B2 (TxB2) ELISA 

TxB2 level in platelets supernatant was tested using a commercial ELISA kit (Enzo, Exeter, UK, 

ADI-900-002). Washed human and murine platelets were prepared as described in section 

2.2.1 and 2.2.2, respectively, with PGE1 (2 µM) and apyrase (0.02 U/ml) added at the PRP 

stage. Washed platelets at 4x108/ml were incubated with vehicle (0.2% (v/v) DMSO) or 

indicated inhibitors for 10 minutes at 37°C. Platelets were stimulated with 5 g/ml CRP-XL or 

0.2 U/ml α-thrombin for 5 minutes under swirl-mixed conditions. Stimulation of platelets was 

quenched by adding 5 mM EDTA and 200 M indomethacin and placing samples on ice. Next, 

samples were centrifuged at 12000 g for 4 min at 4˚C and supernatants recovered. TxB2 ELISA 

was conducted according to the manufacturer’s manual.  

2.2.14. PROTAC-directed protein degradation in platelets 

PROTAC experiments were set up either in washed platelets or in PRP, as indicated in the 

figure legends.  

2.2.14.1. Washed platelets PROTAC treatment set up 

For washed platelets set up human blood was taken into 4% (w/v) sodium citrate, acidified 

with ACD and centrifuged as described in section 2.2.1. Next, PRP was collected and 
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supplemented with PGE1 (2 µM) and apyrase (0.02 U/ml) and sedimented (1700 rpm/10 min). 

After that the platelet poor plasma (PPP) was discarded and obtained platelet pellet was 

resuspended with CGS buffer (120 mM NaCl, 12.9 mM trisodium citrate, 30 mM D-glucose, 

0.02 U/ml apyrase, pH 6.5), using the same volume as that of discarded PPP. The platelets 

suspension was subsequently centrifuged again (1700 rpm/10min) and after removal of 

supernatant the platelet pellet was resuspended in HEPES-Tyrode buffer (supplemented with 

0.1% (w/v) D-glucose and 0.02 U/ml apyrase) to 4x108/ml and rested for 30 min/30˚C before 

conducting any experiments. After resting period had elapsed, 1 ml of washed platelets was 

transferred into each well of a 12-well untreated cell culture plate (Corning®Costar®, 

CLS3737-100EA) and treated either with PROTAC or vehicle (0.2 % (v/v) DMSO). Platelets in 

each well were next gently mixed with a clean pipette tip each, ensuring adequate mixing of 

the added PROTAC within the sample and covered with a gas permeable sticker. The plate 

was incubated for 2-4 h/30˚C under unstirred conditions. After the time elapsed, Western 

blotting samples were prepared by lysing platelets with 4x NuPAGE buffer supplemented with 

0.5 M DTT and warming them to 75˚C for 10 minutes. Proteins of interest were subjected to 

SDS-PAGE/immunoblotting. 

2.2.14.2. PRP PROTAC treatment set up 

For PRP set up human blood was taken into 4 % (w/v) sodium citrate, acidified with ACD and 

centrifuged as described in section 2.2.1. PRP was collected and supplemented with PGE1 (2 

µM) and apyrase (0.02 U/ml). Next, 1 ml of PRP was transferred into each well of a 12-well 

untreated cell culture plate and treated either with PROTAC or vehicle (0.2 % (v/v) DMSO). 

Platelets in each well were next gently mixed with a clean pipette tip each, ensuring adequate 

mixing of the added PROTAC within the sample and covered with a gas permeable sticker. 

The plate was incubated overnight for 20-24 h/30˚C under unstirred conditions. The next 

morning, PRP was collected from each well and transferred into 2 ml round bottom Eppendorf 

tubes. Subsequently, each well was washed with 0.5 ml CGS (supplemented with 30 mM D-

glucose, 0.02 U/ml apyrase) to ensure thorough platelet removal and the collected platelets 

were transferred into appropriate tubes with corresponding PRP. Samples were next pelleted 

(1700 rpm/10 min), resuspended with 1 ml/tube of CGS, pelleted again (1700 rpm/10 min) 

and resuspended with HT (supplemented with 0.1% (w/v) D-glucose and 0.02 U/ml apyrase) 

to 4x108/ml each. Platelets were rested for 30 min at 30˚C before any functional experiments 
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were conducted. For Western blotting samples were made by lysing cells with 4x NuPAGE 

buffer (supplemented with 0.5 M DTT) and warming them up to 75˚C for 10 minutes. Proteins 

of interest were subjected to SDS-PAGE/immunoblotting. 

2.2.14.3. Tandem Mass Tag (TMT) Proteomics sample preparation 

TMT proteomics was employed to establish protein expression profiles in human platelet 

samples before and following PROTAC-treatment. TMT is a multiplexed proteomics analysis 

method utilising isobaric mass tags, which have the same total mass, but various heavy 

isotope and mass balancers distribution within their reporter groups. The tags covalently 

modify peptides when added to the tryptic digest protein samples, resulting in reporter ions 

being differently distributed within the tags depending on specific peptides binding and 

allowing their subsequent recognition. Identical peptides elute and are detected at the same 

time, and appear as a single peak in the mass spectrum (199).  

Samples for TMT proteomic analysis were prepared by incubating PRP with either PROTACs 

(500 nM TL12-186 or 5 µM DD-04-015) or vehicle (0.2% (v/v) DMSO). PRP was prepared by 

collecting human blood into 4% (w/v) sodium citrate, acidified with ACD and centrifuged as 

described in section 2.2.1. The obtained PRP was next supplemented with PGE1 (2 µM) and 

apyrase (0.02 U/ml) and aliquoted into 12-well untreated cell culture plate at 1 ml/well. 

PROTACs or vehicle were next added to appropriate PRP samples, platelets were gently mixed 

using clean pipette tips and covered with a gas permeable sticker. The plate was incubated 

overnight for 20h/30˚C under unstirred conditions. The next morning, PRP was collected from 

each well and transferred into 2 ml round bottom microcentrifuge tubes, with CGS (30 mM 

D-glucose, 0.02 U/ml apyrase) wash steps as described in paragraph 2.2.14.2, finished with 

resuspension of samples with HT (0.1% (w/v) D-glucose and 0.02 U/ml apyrase) to 109/ml 

each. Next, 109 cells were pelleted per sample, by centrifugation (1700 rpm/10 min) and the 

supernatant was removed. The remaining pellets were lysed with 500 μl 1x RIPA buffer 

containing Roche Mini Protease Inhibitor Cocktail and placed on ice for 30 minutes. For 

Western blotting an appropriate amount of platelet lysates in RIPA buffer (concentrations 

determined by BCA assay), were mixed with 4x NuPAGE sample buffer containing 0.5M DTT, 

warmed to 75˚C for 10 minutes and loaded onto Tris-glycine gels so that the final 

concentration of protein was 20 µg per well/sample. Proteins of interest were subjected to 

SDS-PAGE/immunoblotting and probed with appropriate antibodies, as indicated. After the 
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destruction of targeted protein (BTK) was confirmed by Western blotting, the remaining 

platelet lysates in RIPA buffer were transferred to the Bristol Proteomics Facility (University 

of Bristol) where they were kindly analysed on Orbitrap Fusion Lumos Mass Spectrometer 

(Thermo Scientific) by Dr Kate Heesom using SPS-MS3 analysis. Dr Heesom normalised the 

data on the Total Peptide Amount for each sample, using the assumption that analysis of each 

sample was started with an equal amount of protein and have filtered the data using a 5% 

False Discovery Rate (FDR) cut-off. The Abundance Values in the data report were also 

expressed as Abundance Ratios, with the maximum fold change set to 100.  

The results presented in this thesis are expressed as a percentage (%) of the amount of 

specific protein in PROTAC-treated platelet samples as compared to the matching untreated 

control. 

2.3. Data analysis and statistics 

Data were analysed using GraphPad Prism 7/8 (San Diego, CA). All results presented in this 

thesis are expressed as a mean ± standard error of the mean (S.E.M) of at least three 

independent observations, unless stated otherwise. All IC50 values are expressed as mean ± 

standard deviation (SD). Concentration-response curves were fitted using a variable slope 

regression model (four-parameter logistic equation) and fits compared using F-test. Data 

normalisation (indicated in figure legends) was performed using GraphPad Prism 8 by setting 

the smallest value in each data set as 0% and the largest as 100%.  

Statistical analysis of the experimental data was performed using either: two-tailed paired t-

test, 1-way ANOVA (followed by Dunnett’s multiple comparison) or 2-way ANOVA (followed 

by Sidak’s multiple comparison) parametric tests comparing variance of samples means, as 

indicated in figure legends. The confidence level was set to α=0.05 (95% confidence intervals) 

for all tests. If the p-value was less than or equal to the alpha (p< 0.05), the null hypothesis 

was rejected, and the result deemed statistically significant. 

 

2.4. Illustrations 

Illustrations presented in this thesis were generated using BioRender. 
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Chapter 3 Rapamycin inhibits platelet activation via FKBP-mediated 
protection of mitochondria integrity 

 

Work presented in this chapter has been published in: 

Sledz KM, Moore SF, Durrant TN, Blair TA, Hunter RW, Hers I. Rapamycin restrains platelet 
procoagulant responses via FKBP-mediated protection of mitochondrial integrity. Biochem 
Pharmacol. 2020 Apr 13;113975 
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3.1. Chapter outline and aims 

The macrolide rapamycin (Sirolimus) is a potent immunosuppressant and anti-proliferative 

agent used clinically to prevent organ transplant rejection and for coating coronary stents to 

counteract restenosis. Its mechanism of action involves complexing with the immunophilin 

FKBP12, binding to mTORC1 and inhibition of the mTOR pathway. Despite several reports 

demonstrating that rapamycin can affect platelet-mediated responses, the underlying 

mechanism of how it alters platelet function is poorly characterised. This study therefore 

aimed to: (i) elucidate the effect of rapamycin on platelet function and uncover the underlying 

molecular mechanism (ii) make an initial assessment of the value of rapamycin as an anti-

thrombotic agent. The hypothesis was that rapamycin could cause inhibition of platelet 

function and thrombosis via mTOR-dependent and/or mTOR-independent mechanisms. To 

test this hypothesis, the effect of rapamycin on platelet activation was investigated alongside 

the catalytic mTOR kinase inhibitors - KU0063794 and WYE-687, and the macrolide FK506 

(tacrolimus) which inhibits calcineurin by forming a complex with FKBP12. 

 Data presented in this chapter demonstrates for the first time that rapamycin affects 

platelet procoagulant responses by reducing externalisation of the procoagulant phospholipid 

phosphatidylserine (PS), formation of balloon-like structures and local thrombin generation. 

Interestingly, catalytic inhibitors of mTOR kinase did not alter platelet procoagulant 

processes, despite having a similar effect as rapamycin on Ca2+ signalling. The macrolide 

FK506, which also complexes with FKBP12 but does not target mTOR, reduced platelet 

procoagulant responses to a similar extent as rapamycin. Analysis of mitochondrial 

membrane potential (ΔΨm) changes demonstrated that both rapamycin and FK506 are able 

to prevent the loss of ΔΨm induced by platelet activation, one of the central events leading 

to PS externalisation.  

 In conclusion, rapamycin suppresses platelet procoagulant responses by protecting 

mitochondrial integrity in a FKBP-mediated manner and independent of its inhibitory action 

on mTORC1. This study suggests that rapamycin and other drugs targeting FKBP 

immunophilins could aid the development of novel complementary antiplatelet therapies. 
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3.2. Introduction 

3.2.1. Rapamycin 

Rapamycin (aka Sirolimus) is a macrolide compound comprised of a large macrocyclic lactone 

ring with a deoxy sugar attached to it (Figure 3.1). It was discovered in 1973 in the soil of one 

of the Easter Islands – Rapa Nui. Rapamycin is a naturally occurring compound, produced by 

Streptomyces hygroscopicius bacteria (200). It has a potent antifungal, immunosuppressant, 

antiproliferative and anticancer properties (201).  

 

 

 

 

 

 

Figure 3.1 Chemical structure of a heterobivalent molecule of rapamycin (202) 

 

In the clinic, rapamycin is primarily used to prevent renal allograft rejection and to counteract 

formation of neointima, and thereby restenosis after coronary stent implantation (203). The 

underlying mechanism by which rapamycin is believed to modulate cellular function is elicited 

through its ability to bind FK506-binding protein-12 (FKBP12) and induce heterodimerisation 

with mammalian target of rapamycin complex 1 (mTORC1) (Figure 3.2) (204). This event 

inhibits the mTOR kinase contained within the complex and phosphorylation of its 

downstream substrates – eukaryotic translation initiating factor 4E-binding protein-1 (4EBP1) 

and 70 kDa ribosomal protein S6 kinase (p70S6K1). Rapamycin can also inhibit mTOR kinase 

within the mTORC2 complex, however only upon long-term or high dosage administration 

(Figure 3.2) (205–207). mTOR is an evolutionary conserved serine/threonine protein kinase, 

which belongs to the class IV phosphatidylinositol 3-kinases (PI3K) superfamily (208). It 

regulates central cellular processes: proliferation, growth, metabolism and cell survival. The 

mTOR kinase action can be influenced by a range of factors, e.g. available nutrients (glucose, 

amino acids), oxygen and ATP levels, mediators such as: growth factors, hormones (e.g. 
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insulin) and cytokines (209). Inhibition of mTOR in T- and B- lymphocytes results in G1-S cell 

cycle arrest and antiproliferative effect, thereby leading to immunosuppression. Rapamycin 

and other mTOR inhibitors work through blocking cytokine-induced, receptor-dependent 

intracellular signal transduction, including that evoked by various interleukins (ILs) (e.g. IL-1, 

IL-2, IL-4, IL-6), insulin-like growth factor (IGF), platelet-derived growth factor (PDGF) and 

colony-stimulating factors (CSFs) (202,210–212). In platelets, mTOR is also responsible for 

converging a variety of extra- and intracellular signal input, including that initiated by 

physiological agonists, e.g. thrombin and collagen, and is involved in controlling processes 

such as protein synthesis, autophagy and cytoskeleton remodelling (213–217) (Figure 3.2). 

Plasma concentrations of rapamycin administered to patients orally range from 5-100 nM 

(www.fda.com). Interestingly, blood distribution studies of the rapamycin show that around 

94.5 +/- 4.9% of it is being taken up by erythrocytes, 1.01 +/- 1.02% lymphocytes and  1.0 +/- 

0.88% by granulocytes, with 3.1 +/- 2.5% being available in plasma (218,219). 

 

Figure 3.2. Simplified illustration representing the mTOR signalling pathway in platelets and 
mechanism of action of rapamycin and catalytic mTOR inhibitors – KU006394 and WYE-687. The 
engagement of platelet glycoprotein receptors, GPCRs, receptor tyrosine kinase (RTK) and integrins 
initiate a cascade of signal transduction events leading to the coordinated activation of 
phosphatidylinositol kinase-3 (PI3Ks), protein kinase-B (PKB/Akt) and protein kinase-C (PKC). The 
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mammalian target of rapamycin complex 1 (mTORC1) integrates these multiple signal inputs which 
converge upstream predominantly on the TSC2/Rheb axis. The mTORC1 is composed of mTOR kinase, 
mammalian lethal with SEC13 protein 8 (mLST8), regulatory-associated protein of mTOR (RAPTOR), 
Dep domain containing mTOR interacting protein (DEPTOR) and proline-rich Akt substrate 40 
(PRAS40). mTOR is also found in a second, structurally distant complex - mTORC2 which is comprised 
of mTOR kinase, rapamycin-insensitive companion of mTOR (RICTOR), DEPTOR, mLST8, Protor and 
mammalian stress-activated protein kinase interacting protein 1 (mSIN1) (207,220,221).  Activation of 
the mTORC1 complex leads to phosphorylation of the mTOR kinase downstream substrates - 
ribosomal S6 kinase-1 (p70S6K) and eukaryotic translation initiation factor 4E-binding protein-1 
(4EBP1). mTOR kinase is believed to contribute to the regulation of platelet aggregation and spreading 
(216,222). Rapamycin does not directly inhibit the kinase activity of mTOR but instead acts as an 
allosteric inhibitor and binds to the intracellular immunophilin FK506-binding protein 12 (FKBP12). 
This complex directly interacts and inhibits mTORC1. The ATP-competitive mTOR inhibitors – K006394 
and WYE-687, bind to the active pocket of the mTOR kinase, thereby inhibiting its catalytic activity.  

 

Historically, mTORC1 signalling pathway in platelets has not been attracting much interest. 

Probably because these anucleate cells do not undergo a cell cycle and were commonly 

believed to have a limited capability (or requirement) for protein synthesis (222). The 

significance of mTORC1 signalling in platelets emerged after several recent discoveries and 

publications. Pioneering work done by Weyrich et al. (213,214,223) revealed that platelets 

are able to synthesise proteins in a signal dependent manner using a constitutive 

transcriptome. Furthermore, numerous studies have reported that rapamycin can alter 

platelet function and development of thrombus, however the described results and 

conclusions are conflicting. For example, rapamycin has been shown to induce endothelial 

cell dysfunction (224), promoting platelet adhesion to the affected vascular wall, and to 

directly promote ADP- and thrombin- mediated platelet aggregation and secretion (225–228). 

Other groups, including our own, reported a lack of effect of rapamycin on PAR- and 

thrombin-mediated platelet aggregation (229,230,222). On the contrary, anti-atherosclerotic 

and anti-thrombotic properties of rapamycin have also been described. A very recent study 

showed that rapamycin inhibits platelet microparticles-induced aortic vascular endothelial 

injuries and development of atherosclerosis in diabetes rat models (231). Song et al (232) 

have also demonstrated that platelet membrane-coated nanoparticle-facilitated 

administration of rapamycin directly to the atherosclerotic plaque, inhibited its development 

in mice models. Other studies reported a reduction of platelet adhesion, spreading and 

aggregation in response to collagen (215) and diminished fibrin-dependent clot retraction, 

possibly via rapamycin-mediated inhibition of mTOR-controlled synthesis of Bcl-3 (213,214). 

Rapamycin also exhibited inhibitory properties on thrombus stability/remodelling, and 
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reduced the synthesis of a subset of proteins normally produced in activated platelets (214), 

whereas prolonged rapamycin treatment in kidney transplant patients resulted in decreased 

platelet function (207). The use of rapamycin in drug-eluting intravascular stents also suggests 

intrinsic antiplatelet properties, as platelets do not aggregate on the surface of such stents in 

contrast to non-coated ones (216,233,234). Ogawa et al (235) reported that inhibition of 

mTOR with rapamycin resulted in diminished store-operated calcium influx and decreased 

proliferation of pulmonary artery smooth muscles cells in endarterectomised tissues samples 

obtained from patients with chronic thromboembolic pulmonary hypertension. Lopez et al 

(207) showed that long-term administration of mTOR specific inhibitors altered thrombin-

mediated calcium release and entry, attenuating maintenance of calcium homeostasis, 

propagation of intracellular signal transduction in platelets and their activation. Rapamycin 

treatment has also been proposed as a strategy in preventing progressive atherosclerotic 

plaque formation (236–238) and showed to be effective in reducing solid transplant 

arteriosclerosis (209,239), one of the leading complications and causes of late mortality after 

heart transplantation. Interestingly, the combination of the antiplatelet P2Y12 purinergic 

receptor antagonist - Clopidogrel with rapalogue – Everolimus had a synergistic effect and 

resulted in a striking reduction in transplant arteriosclerosis in mice models (240,241). 

Although The Bristol Platelet Group has previously reported that rapamycin have no effect on 

thrombin-mediated αIIbβ3-integrin activation, α-granule secretion or platelet aggregation, it 

was found to effectively block clot retraction, reduce thrombus stability and platelet 

spreading (222,230). More recent work revealed that rapamycin inhibited platelet activation 

mediated by anti-phospholipid antibodies (242). 

3.2.2. FK506 

FK506, also known as Tacrolimus or fujimycin, likewise rapamycin is a macrolide compound 

primarily binding to the FKPB12 protein in treated cells. In contrast however, it has no effect 

on mTORC1 activity, but instead it acts as an allosteric calcineurin phosphatase inhibitor 

(Figure 3.2). F506 was first isolated in 1987 from Streptomyces tsukubaensis actinobacteria 

(243). It is wildly used in the clinic as a potent immunosuppressant counteracting graft 

rejection. Its mechanism of action involves inhibition of IL-2-induced signal transduction, 

activation and proliferation of T-lymphocytes via complexing with calcineurin (244).  

  



67 
 

3.3. Results 

 

3.3.1. Rapamycin affects integrin αIIbβ3 activation, but not aggregation and α-

granule secretion in platelets. 

 

Previously reported data showed that rapamycin does not affect thrombin-mediated 

aggregation, granule secretion and integrin αIIbβ3 activation in platelets (222). Here, these 

studies have been extended to include CRP-XL concentration-response curves produced in 

platelets treated with either vehicle (0.2 % DMSO) or rapamycin (200 nM) (Figure 3.3 and 

Figure 3.4). Aggregometry, integrin αIIbβ3 activation and α-granule secretion assays were 

conducted to determine if rapamycin affects these crucial aspects of platelet activation and 

function. 

Rapamycin reduced integrin αIIbβ3 activation, but not α-granule secretion, in response to a 

range of CRP-XL agonist concentrations and when compared with the vehicle (0.2 % DMSO) 

treated platelets (Figure 3.3A/B). This effect was concentration dependent, with IC50 = 1.9 ± 

0.3 nM (mean ± SD, n=3) (Figure 3.3C). Rapamycin had no effect on exposure/mobilisation of 

the internal pool of integrin ⍺IIbβ3 (Figure 3.3D). The decrease seen in integrin αIIbβ3 

conformational change (Figure 3.3A) had no observable consequences on the aggregation 

rate (Figure 3.4A/B). 
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A       B                               

           
 
C       D  

                  
 

Figure 3.3 Rapamycin significantly reduced integrin ⍺IIbβ3 activation but not ⍺-granule secretion 
induced by a range of CRP-XL concentrations (A-B). Representative concentration-response curve of 
the effect of rapamycin on CRP-XL-mediated (5 µg/ml, 15min) integrin ⍺IIbβ3 activation (IC50 = 1.9 ± 0.3 
nM, mean ± SD, n=3) (C). Rapamycin does not affect the CRP-mediated (5 µg/ml, 15min) 
exposure/mobilisation of the internal second pool of integrin ⍺IIbβ3 (n=3, mean ± S.E.M) (D). For flow 
cytometry analysis washed platelets (2 x 107/mL) were stimulated with CRP-XL in the presence of PAC-
1-FITC (A and C), anti-CD62P-PE (B, anti-P-selectin) or anti-CD41-FITC (D) for 15 min. 10,000 platelet 
events per sample were captured on an Acuri-C6 Plus. Curves were fitted using a variable slope 
regression model (four-parameter concentration-response curve) and fits compared using an F-test 
(A-B). A 2-way ANOVA followed by Sidak’s multiple comparison test was used to test statistical 
significance (n=6, mean ± S.E.M, ns: p>0.05, **:p<0.01, ****:p<0.0001 ) 
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A        B

           

Figure 3.4 Rapamycin has no effect on CRP-XL-mediated platelet aggregation. Washed platelets (4 x 
108 cell/ml) were treated with either rapamycin (200 nM) or vehicle (0.2 % DMSO) for 15min before 
stimulation with CRP-XL under stirring conditions. Changes in light transmission representing the 
degree of platelet aggregation were recorded for 5 minutes and the results expressed as percentage 
of maximal aggregation. Representative aggregation traces (A) and a summary of the CRP-XL 
concentration dependent aggregations (B) both show no difference between the rapamycin and 
vehicle treated cells. A 2-way ANOVA followed by Sidak’s multiple comparison test was used to test 
statistical significance (n=3, mean ± S.E.M, ns: p>0.05) 

 

3.3.2. Rapamycin suppresses procoagulant platelet responses in human platelets 

 

Platelet activation by strong agonists results in an acceleration in the generation of the 

powerful procoagulant serine protease - thrombin. An important step in this process is the 

externalisation of the negatively charged procoagulant phospholipid phosphatidylserine (PS) 

on the outer leaflet of the platelet plasma membrane. To investigate whether rapamycin can 

affect externalisation of PS, the binding of Alexa488-conjugated annexin V (AnxV) to the 

platelet surface was measured using flow cytometry. Both CRP-XL and α-thrombin were 

observed to induce PS exposure, furthermore treatment with the two agonists combined 

resulted in a synergistic increase in the percentage of AnxV positive platelets (Figure 3.5A). 

Interestingly, pre-treatment of platelets with rapamycin suppressed PS exposure induced by 

either CRP-XL, α-thrombin or the combination of CRP-XL and α-thrombin. A23187-mediated 

PS exposure was unaffected by rapamycin (Figure 3.5A). Additionally, rapamycin was also 

ns 



70 
 

tested in washed murine platelets, but unexpectedly was found to have no effect on PS 

exposure (Figure 3.5B). Due to this result, the in vivo thrombosis experiments planned for the 

future in mouse model were cancelled. 

 

 

 

 

 

 

 

 

Figure 3.5 Rapamycin inhibits PS exposure in human (A) but not murine (B) platelets. Histograms 
demonstrating that rapamycin significantly reduces the % of human platelets exposing PS in response 
to CRP-XL (5 µg/ml), α-thrombin (1 U/ml) and CRP-XL + α-thrombin co-stimulation, in human (A) 
(n=10†, mean  S.E.M), but not in mouse platelets (B) (n=4, mean ± S.E.M). For PS exposure studies 
by flow cytometry platelets (2 x 107/ml) were pre-incubated (15 min) with either vehicle (0.2 % DMSO) 
or rapamycin (200 nM) before stimulation with CRP-XL, thrombin or the two agonists combined (10 
min) in the presence of the phosphatidylserine-binding protein AnxV conjugated to Alexa-488. 10,000 
platelet events per sample were captured on an Acuri-C6 Plus and the results expressed as percentage 
of cells positive for AnxV. A 2-way ANOVA followed by Sidak’s multiple comparison test was used to 
test statistical significance; *:p<0.05; ****:p<0.0001. (†n=6 out of n=10 of the data shown in panel A 
was generated by Dr Samantha Moore) 

 

In addition to the externalisation of PS, procoagulant platelets are known to undergo dramatic 

changes in morphology when adherent, this includes the formation of balloon-like structures 

which also support coagulation (124,134). Such membrane expansion is believed to 

significantly contribute to the procoagulant response by increasing the surface area of 

externalised PS available for coagulation proteases to bind (107). In agreement with previous 

studies, data presented here also shows that α-thrombin-stimulated platelets adhered to 

collagen, externalised PS and formed balloon-like membrane extensions (Figure 3.6). These 

balloon structures were all observed to bind both AnxV and anti-CD41, demonstrating that 

they were externalising PS and of platelet origin. Furthermore, most platelets positive for 
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AnxV binding exhibited balloon-like structures, indicating that these processes are intricately 

linked. Moreover, after 15 min ~ 40% of platelets were AnxV positive and forming balloon-

like structures, increasing to ~ 60% after 60 min.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Platelet procoagulant responses are diminished in the presence of rapamycin. The 
morphology of platelets and externalisation of PS in the presence of rapamycin (15 min, 200 nM) was 
assessed by confocal microscopy, using CD41-PE and AnxV-488, respectively. Platelets were 
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stimulated with α-thrombin (1 U/ml) and adhered to collagen. Representative images reveal that 
rapamycin reduced PS externalisation and formation of balloon-like structures (A). Histograms 
demonstrate that rapamycin significantly reduces PS externalisation (Bi) and balloon formation (Bii). 
Results are expressed as % of platelets binding AnxV-488 and those which formed balloon-like 
structures at 15- and 30-min time points (n = 6, mean ± S.E.M), and for the 45- and 60-min time points 
(n = 3, mean ± S.E.M).  A two-way ANOVA followed by Sidak’s multiple comparison test was used to 
test statistical significance; **: p<0.01, ***: p<0.001, ****: p<0.0001 

 

Analogous to the results obtained with platelets in suspension, rapamycin also suppressed 

platelet externalisation of PS in response to adhesion (Figure 3.6). This was found to occur 

with a similar suppression in the formation of the balloon-like structures. In summary, 

rapamycin reduced the frequency of AnxV positive and ballooned platelets by >50% at all time 

points monitored. 

 

3.3.3. Suppression of procoagulant responses correlates with a reduction in thrombin 

generation 

 

The externalisation of PS on the outer leaflet of the platelet plasma membrane plays a critical 

role in the generation of thrombin by creating binding sites for the prothrombinase complex. 

This complex consists of the coagulation factors, Factor Xa and Factor Va, which catalyse the 

conversion of prothrombin to thrombin. Thrombin generation can therefore be used as a 

direct readout reflecting the procoagulant capability of platelets (245). Using a calibrated 

automated thrombogram (CAT) allowed observation that platelets in PRP stimulated with 

CRP-XL and CAT reagents (micelles of negatively charged phospholipids, tissue factor and 

CaCl2) can facilitate generation of significant amounts of thrombin (Figure 3.7A, B). 

Furthermore, pre-treatment of platelets with rapamycin reduced the amount of generated 

thrombin (Figure 3.7A, B). The effect of rapamycin on activated partial thromboplastin time 

(APTT) and prothrombin time (PT) in platelet free PPP was also assessed and confirmed that 

rapamycin does not directly inhibit coagulation factor activation (Figure 3.7C). This 

demonstrates that the suppression of platelet PS externalisation mediated by rapamycin 

correlates with a reduction in thrombin generation. These data corroborate previous studies 

demonstrating that drugs which alter PS externalisation and formation of balloon-like 

structures also alter thrombin generation (107,124). 
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Figure 3.7 Rapamycin suppresses thrombin generation. Thrombin generation was assessed in PRP 
(1.5 x 108 platelets/ml) and PPP in the presence of rapamycin (200 nM, 15 min) and the presence of 5 
µg/ml CRP-XL using CAT. (A) Representative traces produced by CAT. (B) Bar charts demonstrating 
that peak in vitro thrombin generation was decreased by 28 ± 6 % in samples pre-treated with 
rapamycin. Results are expressed as an absolute concentration of generated thrombin [nM] at each 
timepoint (n=4, mean ± S.E.M). A paired two-tailed t-test was used to test statistical significance, 
*:p=0.0209. (C) Histograms demonstrating that rapamycin does not alter Activated Partial 
Thromboplastin (APTT) or Prothrombin Time (PT) in platelet free PPP. 
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3.3.4. Lack of correlation between the effect of rapamycin on mTORC1 activity and 

PS externalisation  

The primary mechanism by which rapamycin alters cellular function is through its ability to 

form a complex with FKBP12. This complex binds mTORC1 and subsequently inhibits the 

kinase activity of mTOR. In platelets, mTORC1 activity can be monitored by examining the 

phosphorylation of the mTORC1 substrate p70S6K at T389 (222). Pre-treatment of platelets 

with rapamycin prior to stimulation with α-thrombin led to a concentration-dependent 

decrease in p70S6K phosphorylation (Figure 3.8A) and PS exposure (Figure 3.8B). 

Interestingly, the rapamycin-induced inhibition curve for PS exposure was markedly right 

shifted as compared to the inhibition curve for mTORC1 activity, with respective IC50 of 3300 

± 80 pM and 11.6 ± 0.5 pM  (n=3, mean ± SD) (Figure 3.8C).  These data indicate that the effect 

of rapamycin on platelet procoagulant responses is likely to be independent of its effect on 

mTORC1. 
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Figure 3.8 Examination of the concentration-inhibition relationship between rapamycin, p70S6K 
phosphorylation and PS externalisation.  Inhibition of mTOR/mTORC1 activity by rapamycin was 
assessed by immunoblotting for phosphorylated p70S6K. PS externalisation was assessed by flow 
cytometry. (A) Concentration-dependent inhibition of p70S6K phosphorylation by rapamycin. 
Representative blot and histogram demonstrating that rapamycin completely blocks phosphorylation 
of p70S6K at Thr389 induced by α-thrombin at concentrations > 100 pM, IC50 = 11.6 ± 0.5 pM (n=3, 
mean ± SD) (B) Concentration-inhibition curve demonstrating that rapamycin can significantly reduce 
PS externalisation induced by CRP-XL (2.5 µg/ml) and thrombin (0.5 U/ml) co-stimulation (10 min).  
IC50 = 3300 ± 80 pM (n=5, mean ± SD) (C) Normalised inhibition concentration-response curves directly 
comparing of the effect of rapamycin on p70S6K phosphorylation and PS exposure. Data was 
normalised using GraphPad Prism 8.2 by setting the smallest value in each data set as 0% and the 
largest as 100%, the results were expressed as a percentage of the effect and sigmoidal concentration-
response curves were fitted to the normalised data. 

C 

B 
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3.3.5. FK506 but not catalytic mTOR kinase inhibitors suppress procoagulant platelet 

responses 

 

To further examine the contribution of mTORC1 to rapamycin-mediated inhibition of 

procoagulant responses, three additional compounds were employed in this study; two of 

which inhibit mTOR kinase activity directly (WYE-687, KU0063794) and a macrolide capable 

of binding FKBP immunophilins (such as FKBP12) without altering mTORC1 activity (FK506). 

As expected, rapamycin suppressed PS externalisation evoked in platelets in both suspension 

and adherent conditions (Figure 3.9A and B) and the formation of balloon-like structures 

(Figure 3.9B). In contrast, inhibition of mTOR kinase activity using the ATP-competitive mTOR 

kinase inhibitors; KU0063794 and WYE-687 failed to reduce platelet procoagulant responses 

under all conditions, confirming that the effect of rapamycin is not mediated through 

mTORC1/mTOR inhibition. The mechanism underlying inhibition of procoagulant responses 

may involve rapamycin interacting with FKBP immunophilins, as it has been reported to also 

bind to FKBP2, FKPB3, FKBP4, FKBP5, FKBP8, FKBP12 and FKBP15 (246–250). To test that, 

platelets were incubated with the macrolide FK506, which like rapamycin also binds to FKBPs, 

but leads to inhibition of the phosphatase calcineurin, as opposed to mTOR. Interestingly, 

FK506 reduced both PS externalisation (Figure 3.9A and B) and the formation of balloon-like 

structures (Figure 3.9B) to a similar extent as rapamycin.  
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Figure 3.9 Inhibition of mTOR does not affect platelet procoagulant responses. Externalisation of 
platelet PS in the presence of rapamycin (15 min, 200 nM), FK506 (200 nM), WYE-687 (500 nM) or 
KU0063794 (1 µM) was assessed using AnxV either by flow cytometry or confocal microscopy. (A) 
Platelets (2 x 107/ml) were stimulated with CRP-XL (5 µg/ml) and/or thrombin (1 U/ml) (10 min) and 
stained with AnxV-488. Histograms demonstrate that rapamycin and FK506 but not WYE-687 or 
KU0063794 reduce the externalisation of PS. Data are expressed as the % of platelets binding AnxV-
488. A two-way ANOVA followed by Sidak’s multiple comparison test was used to test statistical 
significance (n=7, mean ± S.E.M), *:p<0.05, ****:p<0.0001. (B) Platelets were stimulated with 
thrombin (1 U/ml) and adhered to collagen. Platelet morphology and AnxV-568 binding was assessed 
using a confocal microscope. Representative images demonstrate that FK506 reduced platelet PS 
exposure and membrane ballooning, when compared to vehicle (Bi), WYE-687 and KU0063794 had 
no effect on PS externalisation and formation of balloon-like structures (Bii-Biii). Total number of 
adherent platelets was established using a CD41-FITC antibody and results are expressed as % of 
platelets binding AnxV-568 and those which formed balloon-like structures. A two-tailed paired t-test 
was used to test statistical significance (n=4, mean ± S.E.M), *: p≤0.02. Titration of KU006379 and 
WYE-687 (C) demonstrating that adequate concentrations, 1 μM and 500 nM respectively, were used 
in the study. 

iii) ii) 

C 
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Immunoblotting for phosphorylation of the mTORC1 substrate p70S6K and mTORC2 

substrate Akt in platelets preincubated with either rapamycin, FK506, KU0063794 or WYE-

687 confirmed that (i) rapamycin blocks mTORC1-mediated P70S6K1 phosphorylation, 

without affecting mTORC2-mediated Akt phosphorylation, (ii) FK506 does not alter 

phosphorylation of either P70S6K1 or Akt and that (iii) catalytic mTOR kinase inhibitors 

prevent phosphorylation of both P70S6K1 and Akt (Figure 3.10). Together, these results 

support the hypothesis that rapamycin inhibits platelet procoagulant processes 

independently of its ability to inhibit mTORC1. 

 

 

 

 

 

 

Figure 3.10 Representative control immunoblots confirming the specificity of compounds and their 
adequate concentrations used in the study. Platelets (4 x 108/ml) were stimulated with thrombin (0.2 
U/ml) for 15 min in presence of the indicated inhibitors. Platelets were lysed and immunoblotted with 
the indicated antibodies, n= 3, mean ± S.E.M. 

 

3.3.6. Intracellular Ca2+ signalling is altered by rapamycin and mTOR inhibitors 

Intracellular Ca2+ mobilisation is a well-recognised contributory factor to PS externalisation in 

platelets (128). One of the underlying mechanisms by which rapamycin reduces PS 

externalisation is potentially by interfering with Ca2+ signalling. Indeed, this study also found 

that rapamycin reduced Ca2+ signalling triggered by high concentrations of CRP-XL (>10 µg/ml) 

(Figure 3.11A). Surprisingly, a similar reduction in Ca2+ signalling was observed in the presence 

of the catalytic mTOR kinase inhibitors (Figure 3.11C-D), whereas a smaller reduction was 

seen in the presence of FK506 (Figure 3.11B).  Furthermore, the lack of correlation between 

inhibition of Ca2+ mobilisation (Figure 3.11) and PS exposure (Figure 3.9) strongly suggests 

that attenuation of Ca2+ signalling is not the underlying mechanism by which rapamycin 

affects PS exposure. 
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Figure 3.11 Effect of rapamycin, FK506 and mTOR inhibitors on CRP-XL calcium signalling. Platelets 
(2 x 108/ml) loaded with Fura-2-AM were preincubated with rapamycin (15 min, 200 nM), FK506 (200 
nM), WYE-687 (500 nM) or KU0063794 (1 µM) before stimulation with CRP-XL at the concentrations 
indicated, in the presence of 1 mM CaCl2. (A) Graph demonstrating that rapamycin can attenuate 
calcium signalling evoked by higher concentrations of CRP-XL (n=8, mean ± S.E.M)  (B) as could FK506 
and the (C) mTOR kinase inhibitors WYE-687 and (D) KU0063794 (n ≥ 7, mean ± S.E.M). A two-way 
ANOVA followed by Sidak’s multiple comparison test was used to test statistical significance; *:p<0.05, 
**:p<0.01, ***:p<0.001, ****:p<0.0001. 
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3.3.7. Rapamycin inhibits the loss of ΔΨm in activated platelets    

Platelet activation with strong agonists results in the loss of inner mitochondrial membrane 

potential, which is temporally associated with PS externalisation (251). In resting platelets, 

active mitochondria with intact membrane are observed to readily sequester a fluorescent 

dye TMRM (Figure 3.12). 

 

 

 

 

 

 

 

Figure 3.12 Rapamycin and FK506, but not catalytic mTOR inhibitors – WYE-687 and KU0063794, 
counteract depolarisation of mitochondria in activated platelets. Platelets (2 x 107/ml) loaded with 
TMRM (50 µM, 30 min) were preincubated with rapamycin (15 min, 200 nM), FK506 (200 nM), WYE-
687 (500 nM) or KU0063794 (1 µM) before co-stimulation with CRP-XL (5 µg/ml) and a-thrombin (1 
U/ml) in the presence of 1.2 mM extracellular CaCl2 (15 min). A23187 ionophore was used as a positive 
control to induce maximal ΔΨm depolarisation.  A two-way ANOVA followed by Sidak’s multiple 
comparison test was used to test statistical significance (n=4, mean ± S.E.M); ****:p<0.0001. 

 

A substantial reduction in the TMRM signal indicates mitochondrial membrane depolarisation 

in response to co-stimulation with CRP-XL and α-thrombin. Interestingly, preincubation of 

platelets with rapamycin largely prevented the reduction in ΔΨm observed in response to 

CRP-XL/α-thrombin. This effect was recapitulated following preincubation with FK506, but 

not the catalytic mTOR kinase inhibitors; KU0063794 and WYE-687. These results 

demonstrate that rapamycin prevents the loss of ΔΨm independently of its inhibitory effect 

on mTORC1 activity. Furthermore, the finding that FK506 can mimic the effect of rapamycin, 

strongly suggests that the compound binding to an FKBP immunophilin is involved in 

preventing the loss of ΔΨm, inhibiting subsequent PS exposure and suppressing platelet 

procoagulant responses. 
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3.4. Discussion 

 

Despite growing evidence that rapamycin can inhibit various aspects of human platelet 

function – spreading, aggregation, clot retraction and consolidation (214–216,222), little is 

known of how it alters platelet procoagulant processes, such as PS externalisation, associated 

changes in platelet morphology and thrombin generation. This study demonstrates for the 

first time, that rapamycin strongly suppresses these platelet procoagulant responses. 

Furthermore, data presented in this chapter reveals that this effect of rapamycin occurs 

independently of inhibition of its primary target mTOR/mTORC1 and instead is likely to 

involve the binding of an FKBP immunophilin.  

PS translocated to the outer leaflet of the platelet plasma membrane allows assembly of the 

prothrombinase complex and subsequent catalysis of the conversion of prothrombin to 

thrombin. Concurrent alterations in platelet morphology, such as the formation of balloon-

like structures, have been observed to enhance the area of this negatively charged surface 

available for coagulation factor binding. This study demonstrates that rapamycin suppresses 

both PS externalisation and the formation of balloon-like structures and that this translates 

into a simultaneous decrease in thrombin generation. Furthermore, the evidence presented 

here support the conclusion that rapamycin diminishes platelet procoagulant responses by 

exerting a protective effect on mitochondrial integrity. Indeed, loss of mitochondrial integrity 

in activated platelets has previously been described as an important regulatory event 

proceeding PS externalisation (125,127,251–253). Rapid progression of mitochondrial 

membrane depolarisation is a direct consequence of the formation of mitochondrial 

permeability transition pores (mPTPs) (109,116,125,251). Loss of mitochondrial membrane 

potential is most widely observed in nucleated cells during terminal processes, such as 

apoptosis and necrosis, and accompanied by relatively high [Ca2+]i and low ATP levels (253). 

Data obtained in this study shows that the direct, catalytic mTOR inhibitors, whilst reducing 

[Ca2+]i to a similar extent as rapamycin, did not affect PS externalisation, demonstrating that 

the effect of rapamycin on platelet procoagulant processes is mTOR independent. 

Additionally, the macrolide immunosuppressive drug; FK506 (Tacrolimus) was also found to 

inhibit platelet procoagulant responses and exerts a protective effect on mitochondrial 

integrity like rapamycin. Both FK506 and rapamycin complex with FKBP proteins, which along 
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with the cyclophilins, belong to the immunophilin super family (212,254). Notably the FK506-

FKBP12 complex interacts with and inhibits calcineurin. Previous studies have demonstrated 

that the calcineurin inhibitor; cyclosporin A which complexes and inhibits cyclophilin D (CypD), 

reduces platelet PS externalisation in human and murine platelets. CypD has been reported 

to be a key modulatory molecule in the process of mitochondrial permeability transition pore 

formation (109,255,256). A similar inhibition of PS exposure was reported in CypD-/- knockout 

mouse platelets (109,252). In contrast, others found enhanced human platelet PS exposure 

in the presence of cyclosporin A (257).  However, the rapamycin-FKBP12 complex does not 

interact with or inhibit calcineurin (258). Data presented here therefore suggests that 

potentially other immunophilins alongside CypD contribute to the maintenance of the 

mitochondrial membrane potential. Cyclophilins and FKBPs contribute to the regulation of 

protein structure; they also take part in initiation of interactions between proteins by acting 

as chaperone molecules with peptidylprolyl isomerase (PPIase) activity (212). Rapamycin and 

FK506 are both believed to primarily complex with FKBP12, which like CypD, has PPIase 

activity. Furthermore, several studies have reported that both of these macrolides can also 

form complexes with other FKBP immunophilins with PPIase activity, these include: FKBP2, 

FKPB3, FKBP4, FKBP5, FKBP8 and FKBP15 (247–250,259), all of which are reported to be 

expressed in human platelets (260). In conclusion, it can be proposed that rapamycin and 

FK506 in complex with any of these FKBP family members could present a potential 

mechanism by which they exert their protection of ΔΨm, and subsequent suppression of 

procoagulant processes. Additionally, the lack of effect of rapamycin on PS exposure in 

murine platelets reported here, although directly precludes any in vivo thrombosis studies in 

murine model, indirectly it provides a strong indication of which FKBP could be involved, by 

comparing expression levels between the two species, as presented in Figure 3.13. The lack 

of FKBP5 (also known as FKBP51) in mouse platelets could suggest that interaction of 

rapamycin/FK506 with this protein in human platelets underlies the molecular mechanism by 

which the two compounds exerts their protection on mitochondria and consequently 

decrease PS exposure. Interestingly, studies in neurons also report observing similar 

protective effect of rapamycin, FK506 and their derivatives on mitochondria by reduction of 

oxidative stress and apoptosis (261,262).  
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Figure 3.13 Distribution of FKBP-family immunophilins in human and mouse platelets (263,264) 

 

 The importance of procoagulant responses driven by platelets was previously 

established using the sulphonamide – acetazolamide, an inhibitor of carbonic anhydrases and 

water channels (aquaporin). Acetazolamide was observed to reduce procoagulant processes 

such as the formation of the balloon-like structures and the area of procoagulant surface 

available for coagulation factor binding (265). Furthermore, it strongly reduced in vivo 

thrombus formation in a ferric chloride carotid injury model in mice. Interestingly, the most 

commonly used antiplatelet therapies, the P2Y12 receptor antagonist - clopidogrel and the 

cyclooxygenase 1 (COX1) inhibitor - aspirin, failed to mimic the effect of acetazolamide on 

procoagulant morphology, suggesting that compounds interfering with PS externalisation and 

procoagulant morphological changes may become candidates for a mechanistically novel, 

complementary or alternative antiplatelet therapy (124,265). The significance of PS 

externalisation in murine platelet function in vivo was also demonstrated in an experiment 

performed by Kuijpers et al (266) who used Annexin V to competitively inhibit coagulation 

factor binding to externalised PS. This experiment proved that blocking PS availability on the 

platelet surface abolishes thrombus formation in vivo in mice. Recently, it has been reported 

that the rapalog temsirolimus can decrease PS externalisation, ⍺-granule secretion and 

integrin αIIbβ3 activation in mouse platelets, however the study employed the use of an 

exceptionally high dose – 40 µg/ml (39 µM) (267). In contrast, plasma concentrations of 
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temsirolimus and sirolimus used clinically were reported to vary between 0.5-2.5 µM and 5-

100 nM, respectively (European Medicines Compendium (EMC): www.medicines.org.uk/emc; 

www.fda.gov) (218).  

Based on the evidence presented in this chapter and results from previous studies, it 

can be concluded that rapamycin suppresses human platelet procoagulant processes and 

protects platelet mitochondrial integrity upon platelet activation. This is independent of its 

ability to inhibit mTOR/mTORC1 and is likely to involve formation of a ternary complex with 

FKBP immunophilins and an alternative/unknown target molecule (Figure 3.14). 

Furthermore, rapamycin reduces platelet PS exposure only partially, whereas inhibition of 

mTORC1 and phosphorylation of its primary effector molecule – P70S6K1 is complete under 

similar conditions. This endorses the conclusion that PS exposure is dependent on multiple 

pathways of which one or more are rapamycin insensitive. Biased agonism can also be 

proposed as a mechanism underlying the partial PS exposure inhibition exerted by rapamycin, 

however more experiments would be needed to investigate this fully. 

 
  
Figure 3.14 Proposed mechanism of rapamycin/FK506 mechanism of mitochondria protection, PS 
exposure decrease and subsequent reduction in platelet procoagulant activity. 
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Together, the results presented here support the possibility that rapamycin and drugs with 

similar mechanisms of action (e.g. FK506) can interfere with thrombus formation. These are 

important findings, which may support future development of mechanistically novel 

antiplatelet drugs or potentially lead to repurposing of rapamycin (at a very-low dose) as 

complementary treatment to accompany currently most used anti-thrombotic therapies – the 

COX1 and P2Y12 inhibitors. 

Rapamycin is believed to be one of the most specific inhibitors of the mTORC1. Nevertheless, 

due to mTORC1 involvement in the array of core cellular processes, targeting it with inhibitors 

may consequently lead to presentation of the clinically observed side effects, which cannot 

be ignored. Oedema, wound healing impairment, cytopenias are reported to be the most 

frequent and immediate side effects in patients treated with rapamycin. Other, less common 

effects include hyperlipidaemia, new-onset diabetes, proteinuria, increased risk of infection 

– however the incidence of these is rather low and dose-dependent (209). Conversely, these 

side effects could potentially be overcome by development of a rapamycin- or FK506-derived 

compounds, such as TH2849, which due to altered chemical structure is still able to exert the 

mitochondrial protection in rat neurons, while having low immunosuppressive effect (261).  

Rapamycin could also potentially be delivered directly to platelets, if there was a suitable 

medium, for example by nanoparticle-facilitated targeted delivery. Unfortunately, to date, 

both of the discussed approaches would require enormous amount of future research and 

development work.  
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3.5. Future work 

 

3.5.1. FKBP12 does not colocalise with mitochondria in human platelets as assessed 

by confocal fluorescent microscopy  

 

Confocal fluorescent imaging of platelets was employed to explore whether the primary 

rapamycin/FK506 receptor protein - FKBP12 colocalises with mitochondria upon adherence 

to collagen-coated slides, in samples pre-incubated with either rapamycin or vehicle, as 

indicated  in Figure 3.15.  

 

 

 

 

 

 

 

 

Figure 3.15 Fluorescence confocal microscopy images showing lack of colocalisation between 
FKBP12 immunophilin (red) and mitochondria (green) in human platelet. Washed platelets at 
4x108/ml pre-treated (15 min) with (A) 0.2 % DMSO and (B) 200 nM Rapamycin were allowed attach 
to collagen-coated surface (30 min) before fixing with 2 % (w/v) paraformaldehyde. Mitochondria 
were visualised using Mitotracker-695; FKBP12 using a specific antibody conjugated to Alexa-405; and 
platelet body with a-actin-488, n=1.   

 

The association of the FKPB12 protein with the organelle could have given more insight into 

the mechanistic aspect of how rapamycin and FK506 protect the mitochondria from MPTP 

formation and depolarisation. Although the result presented in Figure 3.15 confirmed no 

observed spatial association of FKBP12 with mitochondria in human platelets, it still leaves a 

room for the possibility that other member of FKBP isomerases family interacts with the drug 

A B 

FKBP12 Mitotracker Actin  5 μm 5 μm 
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and mitochondria directly. As this represents data from only a single experiment, more 

repeats and possibly optimisation of the technique is required to ensure the results are 

correct and reproducible in higher number of healthy blood donors. A pan-FKBP antibody 

would have been useful to do more of this type of microscopy work, in order to evaluate if 

any other FKBP immunophilins colocalise with mitochondria. Unfortunately, as of yet, such 

antibody is not commercially available. 

3.5.2. Proteomic approaches - Immobilisation of rapamycin and affinity capture to 

identify interacting proteins 

Data presented in this chapter indicates that rapamycin affects platelet function 

independently of its ability to inhibit mTORC1 and via interaction with FKBP-family of 

immunophilins. It would be of great interest to identify the exact rapamycin-binding partners 

in human platelets, which could be responsible for this inhibitory effect. A possible approach 

to identifying interacting molecules is to immobilise rapamycin as a putative affinity ligand 

and use cellular lysates to bind interacting proteins, which could later be identified and 

analysed by combined approaches of mass spectrometry (The University of Bristol’s 

Proteomics facility) and immuno-blotting. A closer inspection of rapamycin identified that the 

only nucleophilic groups readily available for conjugation would be the hydroxyl (-OH) 

functions, as no other functional groups are available, such as amines or sulfhydryls. Figure 

3.16 illustrates the availability of groups on rapamycin that could be used for conjugation.  

 

 

 

 

 

 

 

Figure 3.16 Chemical structure of rapamycin and targets for conjugation. The red dashed boxes 
indicate hydroxyl groups, while the green dashed box indicates the presence of a triene stretch on the 
molecule. 
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Conjugation of rapamycin and immobilisation onto sepharose beads through the hydroxyl 

function was sought initially by electrophilic substitution of the agarose matrix with 

vinylsulfone. Divinylsulfone has been frequently used to perform hydroxyl-to-hydroxyl 

conjugations and yield chemically very stable affinity matrices (268,269). Once rapamycin was 

immobilised on agarose beads, it was used to affinity purify interacting molecules/proteins in 

platelet lysates. As a confirmative control for the efficiency of the affinity matrix, the well-

documented binding of immunophilin FK506 Binding Protein-12 (FKBP12) to rapamycin 

(270,271) was used and monitored by immunoblotting for this protein in the eluted fraction 

(Figure 3.17).  

 

 

 

 

 

 

 

Figure 3.17 Western blot showing low efficiency of a trial affinity purification of FKBP12 using 
rapamycin coated beads, n=2. The FKBP12 eluted from rapamycin coated beads is indicated by the 
black arrow. (Plts – platelets, FT Beads – flow through material from empty beads, FT Rapa – flow 
through material from rapamycin-coated beads, POS CTRL – positive control; recombinant FKBP12 
protein produced in transfected CHO cells). 

 

The efficiency of FKBP12 pull out from platelet lysates was low (Figure 3.17, black arrow), 

suggesting that the coating of beads with rapamycin or sample preparation and affinity 

purification steps still need to be optimised. For future improvement of this approach, the 

use of recombinant rFKBP12-RFP (already produced and purified from transfected CHO cells) 

as a bait protein could aid optimising the binding conditions. However, this will only allow to 

optimise for the FKBP12-rapamycin interaction, which may not necessary be directly 

translatable to other interacting proteins, although it could be used as a proxy for the 

screening of optimised binding solutions.   

 FKBP12 (12 kDa) 
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There are also other rapamycin immobilisation methods available which could be explored. 

As indicated in Figure 3.16 (green box), rapamycin also contains a run of conjugated double 

bonds (triene). A method has been published (272) to conjugate this run of double bonds 

ultimately to biotin, which could then be used to immobilise the derivatised rapamycin 

through (strept-) avidin. Alternatively, this run of double bonds may equally be used in 

epoxidation reactions using m-chloroperbenzoic acid (MCPBA) or peracetic acid, resulting in 

the introduction of epoxy-functions into this end of the rapamycin molecule. Epoxy-groups 

could be used to immobilise the ligand further through an amine-/sulfhydryl-containing cross-

linker. However, the conditions involved may be too harsh and introduce artefacts or 

hydrolyse the intramolecular ester (lactone) present, which would destroy the native 

structure. With any immobilisation of a lipophilic molecule such as rapamycin to high local 

density, the hydrophilic nature of the bead matrix would be altered significantly. This may 

have direct consequences for the binding of native complexes, which may, in turn, have to be 

explored experimentally. 

In summary, divinylsulfone conjugation appears to provide the least destructive approach and 

by potentially yielding a mixture of reaction products, also offer a means of addressing the 

steric hindrance introduced by cross-linking. This was the reason why it was chosen as the 

first approach used in this study for investigation of molecules interacting with rapamycin in 

platelets. Unfortunately, because the yield of purified by this approach FKBP12 protein 

appeared insufficient for immediate proteomics analysis (high background of non-specifically 

bound proteins), the optimisation in the process or trying new conjugation approaches were 

not performed, due to time limitations and will need to be performed in the future.  

 

3.5.3. Small clinical study in patient taking rapamycin after kidney transplant 

 

As demonstrated by the in vitro studies presented in this chapter, rapamycin decreases 

platelet membrane PS-exposure in human but not murine platelets. This result prevented any 

in vivo thrombosis studies of rapamycin to be performed in mouse model. Additionally, 

number of human platelets forming balloons and a concurrent thrombin generation were 

reported to be diminished in samples preincubated with rapamycin. This novel data suggests 
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that rapamycin could interfere with thrombus formation. It also indicates that low doses of 

rapamycin could be potentially used as a complementary antithrombotic agent, as its action 

is mechanistically distinct from aspirin and clopidogrel. A small clinical study was therefore 

designed to make an initial assessment of the value of rapamycin as an anti-thrombotic agent 

and an application was drafted (IRAS ID: 248216). The objective of the study was to examine 

the effect of rapamycin (Sirolimus/Rapamune) on human platelet procoagulant function in 

adult kidney transplant patients, who were treated with this drug as a measure of organ 

rejection prevention and were looked after at the Southmead Renal Unit, Southmead 

Hospital, Bristol, UK. The aim was to recruit and obtain blood samples from a small number 

of participants (20) in the patient and the control group, and to perform a range of tests 

looking at the effect of oral rapamycin therapy on platelet procoagulant activity (PS exposure, 

ballooning, thrombin generation). Regrettably, the study never took place, as it proved very 

difficult to organise on the hospitals part and therefore was cancelled. Nevertheless, the data 

which could have been collected in this study, would have been of great value in evaluation 

of rapamycin effect on human platelet function. 
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Chapter 4 Redundant role of ASK1 mediated p38 MAPK activation in 
human platelet function 

 

 

Work presented in this chapter has been published in: 

Sledz KM, Moore SF, Vijayaragavan V, Mallah S, Goudswaard LJ, Williams CM, et al. 
Redundant role of ASK1-mediated p38 MAPK activation in human platelet function. Cell 
Signal. 2020 Apr 1;68:109528. 
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4.1. Chapter aims and outline 

 

Apoptosis signal-regulating kinase 1 (ASK1) is a member of mitogen-activated protein kinase 

kinase kinase (MAP3K) family, which recently has been implicated in the regulation of p38 

MAPK/cytosolic phospholipase A2 (cPLA2)/thromboxane (TxA2) generation, as well as P2Y12 

signalling in murine platelets. ASK1 has therefore been proposed as a potential target for anti-

thrombotic therapy. At present it is unknown whether ASK1 also contributes to TxA2 

formation and human platelet function. This study therefore aimed to examine the role of 

ASK1 using a selective ASK1 inhibitor - selonsertib (GS4997).   

The hypothesis was that pharmacological inhibition of catalytic activity of ASK1 and its 

downstream substrates will result in reduction of TxA2 synthesis and platelet function, similar 

to that seen in ASK1-/- knockout mouse platelets. 

Data presented in this chapter demonstrates that ASK1 is indeed responsible for p38 MAPK 

phosphorylation and TxA2 formation in murine platelets. Additionally, an agonist-mediated 

activation of platelets from both species resulted in the rapid and transient phosphorylation 

of ASK1 and the MAP2Ks MKK3/4/6. However, in contrast to murine platelets, it was found 

that phosphorylation of p38 MAPK and its substrate; MAPKAP-kinase2 (MAPKAP-K2) was 

much more sustained in human platelets. Furthermore, inhibition of ASK1 activity with 

GS4997 in human platelets blocked only early, but not later p38 MAPK/MAPKAP-K2 

phosphorylation. Interestingly, the latter was revealed to be dependent on a non-canonical 

autophosphorylation as it was blocked by the p38 MAPK inhibitor; SB203580 and the Syk 

inhibitor; R406. In keeping with these findings, ASK1 and p38 MAPK inhibitors were found to 

have no effect on cPLA2 phosphorylation, TxA2 formation and platelet aggregation, 

demonstrating that this pathway is redundant in human platelets.  

In conclusion, results presented here demonstrate that ASK1 activity contributes to TxA2 

formation in murine, but not human platelets, therefore it cannot be proposed as a novel 

target for antiplatelet therapy.  Importantly, this study also highlights the importance of 

confirming findings from genetic mouse models in humans.  
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4.2. Introduction 

 

4.2.1. ASK1 signalling and function in platelets – current view 

MAPK are protein kinases involved in the regulation of a diverse array of cellular functions, 

utilising a three-tiered activation system to convey cell stimuli from the plasma membrane 

throughout the cell. The canonical pathway of MAPK activation involves a sequence of events 

where activation of MAPK kinase kinase (MAP3K) leads to phosphorylation and activation of 

MAPK kinase (MAPK2K), which in turn phosphorylates and activates MAPK (273–275). As in 

other cells, MAPK signalling in platelets converges on three axes i) extracellular signal-

regulated kinase (ERK), ii) p38 MAPK and iii) c-JUN N-terminal kinase (JNK) (276–280).  

While the role of p38 MAPK has been studied for the last 20 years, its contribution to platelet 

function is still a matter of controversy. Much of our knowledge comes from the use of 

pharmacological inhibitors, with the consequence of these varying from no effect to 

significant attenuation of platelet function (56,66,278,281–284). Furthermore, although it is 

clear that many agonists activate p38 MAPK in platelets, surprisingly little is known about the 

upstream kinases that are responsible for their phosphorylation and activation and their 

contribution to platelet function. Interestingly, recent work has implicated important roles 

for the MAP3K ASK1 in platelet amplification pathways, including TxA2 synthesis and signalling 

downstream of the ADP receptor P2Y12 (280,285). It is well established that thrombus 

formation is highly dependent on co-signalling amplification pathways, such as those 

mediated through the release of TxA2 and ADP. Naik et al (280) used a mouse model to 

demonstrate that ASK1 is the main MAP3K responsible for p38 MAPK phosphorylation and 

TxA2 formation in platelets. The study revealed that deletion of ASK1 results in impaired 

thrombosis and haemostasis. The latter is in agreement with findings published in the same 

year showing defective thrombosis and haemostasis in p38α MAPK deficient mice (286). 

Furthermore, an independent report determined that deletion of ASK1 significantly 

attenuated tumour metastasis by diminishing platelet function (285). The underlying 

mechanism was attributed to ASK1/P38 MAPK-mediated phosphorylation of the ADP 

receptor P2Y12 at Thr345, thereby impairing its ability to activate the PI3kinase pathway (285).  
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Thioredoxin (Trx) and Calcium and Integrin-binding protein 1 (CIB1) are recognised 

physiological inhibitors of ASK1 (287–289). The binding of Trx to ASK1 is dependent on its 

redox status; it forms complex with ASK1 only in the reduced state (288,289). Oxidisation of 

Trx caused by a sharp increase of reactive oxygen species (ROS) upon platelet activation 

disrupts this association. Correspondingly, a rise of intracellular calcium levels in activated 

platelets results in dissociation of CIB1 (287–290). While forming a complex with ASK1, both 

of these negative regulators (Trx and CIB1) interfere with the recruitment of tumour necrosis 

factor (TNF) receptor associated factor 6 (TRAF6). However, upon dissociation of Trx and CIB1 

away from ASK1, TRAF6 readily takes their place and facilitates N-terminal homodimerisation 

of ASK1, allowing its autophosphorylation (288,290,291). This in turn induces full catalytic 

activity of ASK1 and results in a cascade of phosphorylation/activation events involving its 

downstream effector molecules:  mitogen activated protein kinase kinase 3/6 (MKK3/6), MAP 

kinase-activated protein kinase 2 (MAPKAP-K2) and p38 MAPK. p38 MAPK and ERK1/2 are 

important regulators of cytosolic phospholipase A2 (cPLA2) activity, thromboxane A2 synthesis 

and platelet function (Figure 4.1) (292–295). 
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Figure 4.1 Schematic diagram illustrating the current understanding of MAP kinases involvement in  
thromboxane A2 synthesis and platelet function, as well as mechanism of action of a range kinase 
inhibitors used in this study. In quiescent platelets ASK1 kinase remains in an inactive state, 
suppressed by either Thioredoxin (Trx) or Calcium and Integrin Binding 1 (CIB1) protein. Physiological 
platelet agonists (e.g. thrombin or collagen) robustly induce calcium rise and intracellular oxidative 
stress following Gαq-coupled GPCRs or ITAM receptors activation, leading to dissociation of the 
negative regulatory proteins away from ASK1. Unaccompanied ASK1 molecules form homodimers, 
and as such can autophosphorylate each other at the position T845 or T838, in murine and human 
platelets, respectively. Activated ASK1 subsequently phosphorylates and activates MKK3/6 and as a 
result its downstream effector p38 MAPK. Both p38 MAPK and extracellular signal–regulated kinases 
1/2 (ERK1/2) are important regulators of cytosolic phospholipase A2 (cPLA2) activity and the rate of 
arachidonic acid (AA) liberation from lipid bilayer. AA gets converted by cyclooxygenase 1 (COX1) and 
thromboxane synthetase into a potent secondary platelet agonist – thromboxane A2. Catalytic activity 
of ASK1 can be blocked by the ATP-competitive inhibitor GS4997. PD184352 and U0126 are selective 
non-competitive inhibitors of the mitogen activated protein kinase kinase 1/2 (MKK1/2), and 
consequently also ERK1/2. SB203580, VX702 and Losmapimod are ATP-competitive inhibitors of the 
p38 MAPK. Spleen Tyrosine kinase (SYK) activity can be blocked with ATP-competitive inhibitor – R406, 
as indicated. 

 

Based on animal studies, ASK1 and p38 MAPK have therefore been proposed as novel 

antiplatelet therapeutic targets to prevent thrombosis, myocardial infarction and tumour 

metastasis (280,285,286,290).  However, it is presently unknown whether ASK1 plays a similar 

role in human platelets. Recently, selonsertib (GS-4997), an orally bioavailable ATP-

competitive inhibitor of ASK1, has been developed. This inhibitor has potential anti-

inflammatory, anti-neoplastic and anti-fibrotic activities (296). It has also been reported as an 

effective treatment for non-alcoholic steatohepatitis (297,298) and multidrug resistance in 

various types of cancer in human patients (296). In the study presented here, GS-4997 was 

therefore employed for the investigation of the role of ASK1 in human platelet function. 
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4.3. Results 

 

4.3.1. Inhibition of ASK1 blocks early, but not late, p38 MAPK phosphorylation in 

human platelets. 

Platelet activation with cross-linked collagen related peptide (CRP-XL) resulted in rapid but 

transient phosphorylation of the MAP3K ASK1 in murine platelets (Figure 4.2). This was 

closely followed by phosphorylation of the MAP2Ks; MKK3/6 and phosphorylation of the 

MAPKs; p38 MAPK, and its substrate MAPKAP-K2 (Figure 4.2).  Preincubation of murine 

platelets with the ASK1 inhibitor GS4997 resulted in a concentration-dependent inhibition of 

ASK1 with a concentration of 500 nM sufficient to completely block ASK1 phosphorylation 

(Figure 4.3). GS4997 furthermore prevented CRP-mediated phosphorylation of MKK3/6, 

MKK4, p38 MAPK and MAPKAP-K2 phosphorylation at all timepoints after stimulation (Figure 

4.2), confirming previous studies that ASK1 is the principal MAP3K mediating p38 MAPK 

activation in murine platelets (280). Likewise in murine platelets, stimulation of human 

platelets with CRP-XL or α-thrombin resulted in transient ASK1, MKK3/6 and MKK4 

phosphorylation (Figure 4.4). Whereas phosphorylation of p38 MAPK and MAPKAP-K2 was 

much more sustained and did not correlate with ASK1 phosphorylation. Interestingly, GS4997 

prevented ASK1, MKK3/6 and MKK4 phosphorylation in human platelets at all timepoints, but 

later p38 MAPK and MAPKAP-K2 phosphorylation (>5 min) was only partially reduced (Figure 

4.4). Phosphorylation of the Protein Kinase C substrates - pleckstrin and SYK, was not affected 

by GS4997, showing that independent signalling pathways were not impaired (Figure 4.4). 

Similar results were found when platelets were stimulated with thrombin (Figure 4.5). 

Correspondingly to murine platelets, in human platelets GS4997 also inhibited H2O2- and α-

thrombin- mediated ASK1 phosphorylation in a concentration dependent manner; it fully 

blocked ASK1 activity at a concentration of 300 nM under these conditions (Figure 4.6). In 

summary, these data suggest that in human platelets, p38 MAPK phosphorylation is regulated 

by ASK1 and MKK3/4/6-dependent and independent pathways.  
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Figure 4.2 ASK1 is a master regulator of p38 MAPK phosphorylation in murine platelets. Murine 
platelets were incubated with vehicle (0.2% DMSO) or GS-4997 (500nM) for 10 minutes and 
stimulated with CRP-XL (5ug/ml) for the indicated time periods. Samples were lysed and 
immunoblotted with the specified antibodies. p38 MAPK phosphorylation in murine platelets is solely 
dependent on ASK1 regulated pathways (A, B). Bar graphs represent quantification of the 
corresponding bands using ImageStudioLite software. The results are expressed as mean ±S.E.M, n=3 
(B). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple 
comparisons post-test, ns: p≥ 0.05, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.3 Titration of the GS-4997 ASK1 inhibitor in thrombin-stimulated murine platelets. Murine 
platelets were incubated with either vehicle (0.2% DMSO) or the indicated concentration of GS-4997 
(ASK1 inhibitor) before stimulation with 0.5 U/ml thrombin for 2 minutes. Samples were lysed and 
immunoblotted with the indicated antibodies. GS-4997 inhibited ASK1 signalling in murine platelets 
in a concentration-dependent manner, with maximal inhibition achieved at 500 nM. The results shown 
are representative for two independent experiments.  
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Figure 4.4 ASK1 activity is not essential for p38 MAPK phosphorylation and activation in human 
platelets. Human platelets were incubated with vehicle (0.2% DMSO) or GS-4997 (300nM) for 10 
minutes and stimulated with CRP-XL (5ug/ml) for the indicated time periods. Samples were lysed and 
immunoblotted with the specified antibodies. Inhibition of ASK1 in human platelets suppresses early, 
but not late, p38 MAPK phosphorylation (A, B). Bar graphs represent quantification of the 
corresponding bands using ImageStudioLite software (B). The results are expressed as mean ±S.E.M, 
n=3. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple 
comparisons post-test, ns: p≥ 0.05, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.5 The effect of GS-4997 on temporal ASK1 signalling in α-thrombin-stimulated human 
platelets. Human platelets were incubated with either vehicle (0.2% DMSO) or GS-4997 (ASK1 
inhibitor, 300 nM) before stimulation with 0.2 U/ml thrombin for indicated time periods. Samples 
were lysed and immunoblotted with the indicated antibodies (A). Bar graphs represent quantification 
of data, mean ±S.E.M, n=3 (B). The immunoblots shown are representative for three independent 
experiments. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple 
comparisons post-test, ns: p≥ 0.05, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 4.6 Concentration-dependent effect of GS-4997 on ASK1 signalling in thrombin and H2O2-
stimulated human platelets. Human platelets were incubated with either vehicle (0.2% DMSO) or the 
indicated concentration of GS-4997 (ASK1 inhibitor) before stimulation with 0.2 U/ml thrombin (A) or 
2mM H2O2 (B) for 2 min. Samples were lysed and immunoblotted with the indicated antibodies. The 
immunoblots shown are representative for three independent experiment. 
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4.3.2. Sustained p38 MAPK/MAPKAP-K2 phosphorylation in human platelets is 

dependent on p38 MAPK autophosphorylation. 

 

In addition to the classical ASK1/MKK3/4/6 pathway, non-canonical pathways for p38 MAPK 

activation have also been described, including TGF-Beta-Activated Kinase 1 (TAK1) Binding 

Protein 1 (TAB1) and Zeta Chain of T-Cell Receptor Associated Protein Kinase 70 (ZAP-70)-

dependent autophosphorylation of p38 MAPK (299,300). TAB1 binding and/or ZAP-70-

mediated p38 phosphorylation leads to autophosphorylation and activation of p38 MAPK, 

which can be blocked by the p38 MAPK inhibitor SB203580 (299). To explore whether a similar 

mechanism contributes to the GS4997-insensitive p38 MAPK phosphorylation and activation, 

platelets were pre-incubated with SB203580. Figure 4.7A demonstrates that SB203580 

markedly decreased GS4997-insensitive p38 MAPK/MAPKAP-K2 phosphorylation, confirming 

that p38 MAPK autophosphorylation is responsible for ASK1-independent regulation of p38 

MAPK. Of note is that phosphorylation of p38 MAPK is unaffected by SB203580, as the latter 

blocks the catalytic p38 MAPK kinase activity but has no effect on p38 MAPK phosphorylation 

mediated by other kinases.  Whilst ZAP-70 is highly expressed in T cells and natural killer cells, 

platelets mainly express its related tyrosine kinase SYK (301). To investigate whether SYK is 

responsible for the later p38 MAPK phosphorylation, platelets were incubated with the 

selective SYK inhibitor R406 (302). p38 MAPK phosphorylation was significantly reduced at 

the later (10 min), but not earlier (2 min) timepoint, suggesting that SYK is involved in 

sustained p38 MAPK phosphorylation (Figure 4.7B).  Indeed, similar to the findings with 

SB203580, residual selonsertib-insensitive p38 phosphorylation was largely blocked by the 

SYK inhibitor (Figure 4.7B). In human platelets, p38 MAPK is thus regulated by canonical and 

non-canonical pathways, the latter likely to involve SYK-mediated autophosphorylation of p38 

MAPK. 
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Figure 4.7 ASK1 is redundant for the late p38 MAPK autophosphorylation and activation in human 
platelets. Platelets were preincubated with GS-4997 (ASK1 inhibitor, 300nM), SB203580 (p38 MAPK 
inhibitor, 1µM) and/or R406 (SYK inhibitor, 1µM) and stimulated with CRP-XL (5 ug/ml) or α-thrombin 
(0.2 U/ml) for the indicated time periods. Samples were lysed and immunoblotted with the indicated 
antibodies. Inhibition of ASK1 in human platelets suppresses early, but not late, p38 MAPK 
phosphorylation (A, B). Later, GS-4997-resistant p38 MAPK T180/T182 phosphorylation in human platelets 
is decreased in the presence of the p38 MAPK and SYK inhibitors (A, B).  Titration of R406 SYK inhibitor 
demonstrating that a sufficient concentration, resulting in complete inhibition of downstream 
substrates of SYK, has been used in the study (C). Bar charts (Aii, Aiii, Bii, Biii) represent quantification 
of the immunoblotting results, mean ± S.E.M, n=3. Statistical analysis of mean data was performed 
using one-way ANOVA followed by Dunnet’s multiple comparisons post-test, ns: p≥ 0.05, *p<0.05, 
**p<0.01, ***p<0.001. 

 

4.3.3. cPLA2 phosphorylation in murine platelets is dependent on ASK1/p38 MAPK.  

In addition to rises in cytosolic Ca2+, cPLA2 activity can be modulated by p38 MAPK and ERK 

phosphorylation on Ser505 (292,303). To investigate whether the ASK1/p38 MAPK pathway 

contributes to cPLA2 phosphorylation, murine platelets were incubated with ASK1, p38 MAPK 

and MEK1/2 inhibitors and measured cPLA2 Ser505 phosphorylation by western blotting. All 

inhibitors were titrated (Figure 4.8) and minimal inhibitory concentrations used.   

 

 

 

 

 

 

 

 

 

Figure 4.8 Concentration-dependent effect of Losmapimod, VX702 and U0126 on the 
phosphorylation of their target kinases in human platelets. Human platelets were pre-incubated with 
either vehicle (0.2% DMSO) or a range of increasing concentrations of indicated inhibitors, as 
indicated, for 10 minutes before stimulation with 0.2 U/ml α-thrombin for 5 minutes. Samples were 
lysed and immunoblotted with the indicated antibodies. The immunoblots shown are representative 
for three independent experiments. 
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The p38 MAPK inhibitors losmapimod and VX702 were employed for further studies instead 

of SB203580, as the latter has been shown to directly inhibit cyclooxygenase 1 (COX1) (293), 

preventing its usage in TxA2 related studies.  In agreement with previous studies 

(280,286,304), cPLA2 Ser505 phosphorylation is present under resting conditions, and there 

was a small increase upon platelet stimulation with CRP-XL (Figure 4.3, Figure 4.9). Incubation 

with the ASK1 and p38 MAPK inhibitors blocked p38 MAPK activation and strongly reduced 

cPLA2 phosphorylation to below basal levels, whereas the MEK1/2 inhibitors PD184352 and 

UO126 had no effect (Figure 4.9). ERK1/2 phosphorylation was not significantly affected by 

losmapimod and VX702 (Figure 4.9). Together, these results demonstrate that the ASK1/p38 

MAPK, and not the MEK1/2/ERK1/2 pathway, is responsible for cPLA2 phosphorylation in 

murine platelets, which is in agreement with previous studies on ASK1 deficient mice (280). 
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Figure 4.9 Phosphorylation of cPLA2 in murine platelets is mediated by the ASK1/p38 MAPK 
signalling axis. Murine platelets were incubated with the ASK1 inhibitor (GS-4997), p38 MAPK 
inhibitors (Losmapimod and VX702) and MEK1/2 inhibitors (PD184352 and U0126) as indicated, 
before stimulation with CRP-XL (5µg/ml) for 2 minutes. Platelets were lysed and immunoblotted with 
the indicated antibodies (A). The ASK1 and p38 MAPK inhibitors, but not the MEK1//2 inhibitors, 
markedly reduced cPLA2

S505 phosphorylation (A, B). Bar charts (B) represent quantification of the 
immunoblotting results, mean ± S.E.M, n ≥ 3. Statistical analysis of mean data was performed using 
one-way ANOVA followed by Dunnet’s multiple comparisons post-test, ns: p≥ 0.05, *p<0.05, **p<0.01, 
***p<0.001. 
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4.3.4. p38 MAPK and ERK1/2 contribute to phosphorylation of cPLA2 in human 

platelets  

In contrast to murine platelets, phosphorylation of cPLA2 is absent under resting conditions 

in human platelets, but increased upon stimulation with CRP-XL (Figure 4.4, Figure 4.10) and 

α-thrombin (Figure 4.5, Figure 4.11). Inhibition of p38 MAPK significantly reduced cPLA2 

phosphorylation by CRP-XL (Figure 4.10) but not α-thrombin (Figure 4.11), whereas MEK1/2 

inhibitors had a small although non-significant effect on cPLA2 phosphorylation (Figure 4.10, 

Figure 4.11). Interestingly, the combination of p38 MAPK and MEK1/2 inhibitors completely 

prevented cPLA2 phosphorylation by CRP-XL (Figure 4.10) and α-thrombin (Figure 4.11), 

demonstrating that both p38 MAPK and MEK1/2/ERK1/2 contribute to CRP-XL- and α-

thrombin-mediated cPLA2 phosphorylation in human platelets. Furthermore, p38 MAPK 

inhibitors also increased α-thrombin-mediated ERK1/2 phosphorylation (Figure 4.11), 

suggesting that p38 MAPK negatively regulates ERK1/2 in human platelets. 
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Figure 4.10 GPVI-mediated phosphorylation of cPLA2 in human platelets is dependent on both p38 
MAPK and ERK1/2 activity. Human platelets were incubated with p38 MAPK inhibitors (Losmapimod 
and VX702) and MEK1/2 inhibitors (PD184352 and U0126), as indicated, for 10 minutes before 
stimulation with CRP-XL (5 µg/ml) for 5 minutes. Platelets were lysed and immunoblotted with the 
indicated antibodies (A). The combination of p38 MAPK and MEK1/2 inhibitors blocked cPLA2

S505 
phosphorylation. Bar charts (B) represent quantification of the immunoblotting results (mean ± S.E.M, 
n ≥ 3). Statistical analysis of mean data was performed using one-way ANOVA followed by Dunnet’s 
multiple comparisons post-test, ns: p≥ 0.05, *p<0.05, **p<0.01, ***p<0.001 
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Figure 4.11 α-thrombin-induced phosphorylation of cPLA2 in human platelets is dependent on both 
p38 MAPK and ERK1/2 activity. Human platelets were incubated with p38 MAPK inhibitors 
(Losmapimod and VX702) and MEK1/2 inhibitors (PD184352 and U0126), as indicated, for 10 minutes 
before stimulation with thrombin (0.2 U/ml) for 5 minutes. Platelets were lysed and immunoblotted 
with the indicated antibodies (A). The combination of p38 MAPK and MEK1/2 inhibitors blocked 
cPLA2

S505 phosphorylation. Bar charts (B) represent quantification of the immunoblotting results 
(mean ± S.E.M, n ≥ 3). Statistical analysis of mean data was performed using one-way ANOVA followed 
by Dunnet’s multiple comparisons post-test, ns: p≥ 0.05, *p<0.05, **p<0.01, ***p<0.001 

 

4.3.5. TxA2 generation in human and mouse platelets is differentially regulated by 

MAPKs.  

 

 Activation of cPLA2 catalyses the release of the eicosanoid precursor; arachidonic acid (AA) 

from membrane phospholipids - a critical step in the generation of TxA2. Western blot results 

on cPLA2 phosphorylation at Ser505 presented in this chapter indicate that combinations of 

MAPKs may regulate TxA2 generation in human and mouse platelets. Furthermore, previous 

work using knockout mouse models demonstrated an important role for ASK1/p38 MAPK in 
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TxA2 formation in murine platelets (280). TxA2 formation in the presence of ASK1, p38 MAPK 

and MEK1/2 inhibitors was therefore measured to evaluate the contribution of these 

pathways in murine and human platelets. In agreement with findings from ASK1 knockout 

platelets (280), ASK1 and p38 MAPK inhibitors significantly reduced CRP-XL-mediated TxA2 

formation in murine platelets (Figure 4.12A). The MEK1/2 inhibitor PD184352 completely 

prevented TxA2 formation, whereas the MEK1/2 inhibitor UO126 only had a partial effect 

(Figure 4.12A). As both inhibitors block ERK1/2 phosphorylation under these conditions 

(Figure 4.10), the stronger inhibition seen with the PD184352 compared to UO126 may 

potentially be due to an off-target effect in mouse platelets. The combination of losmapimod 

with UO126 completely prevented TxA2 formation (Figure 4.12A), suggesting that both p38 

MAPK and MEK1/2/ERK1/2 contribute to TxA2 formation in murine platelets. In human 

platelets, pre-treatment with either ASK1 or p38 MAPK inhibitors did not affect CRP-mediated 

TxA2 generation (Figure 4.12B). In contrast, both MEK1/2 inhibitors strongly, but not 

completely, reduced TxA2 formation (Figure 4.12B). Similar results were observed under 

thrombin-stimulated conditions (Figure 4.12C). These data together demonstrate that 

ERK1/2, but not ASK1/p38 MAPK, contributes to TxA2 generation in human platelets. 
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Figure 4.12 MEK1/2/ERK1/2 regulate TxA2 synthesis in CRP-XL stimulated murine and human 
platelets. Murine (A) and human (B, C) platelets were incubated with either vehicle (0.2% DMSO) or 
inhibitors; GS= 500nM (mouse) and 300nM (human) GS-4997, Los= 1μM Losmapimod, VX= 1μM 
VX702, PD= 300nM PD184352, U0= 1μM U0126, for 10 minutes before stimulation with CRP-XL 
(5µg/ml) or α-thrombin (0.2 U/ml) for 5 minutes. TxB2 concentrations were subsequently analysed by 
competitive ELISA. Both ASK1/p38 MAPK and MEK1/2/ERK1/2 are the key regulatory pathways of TxA2 
generation in murine platelets, as demonstrated by diminished TxB2 generation (stable metabolite of 
TxA2) exerted by all of inhibitors in murine platelets (A). In contrast, the ASK1 and p38 MAPK inhibitors 
had no effect on TxB2 generation in human platelets, whereas the two MEK1/2 inhibitors; PD184352 
and U0126 decreased it significantly (B, C). The results are expressed as mean ± S.E.M, n=3. Statistical 
analysis was performed using one-way ANOVA followed by Dunnet’s multiple comparisons post-test, 
ns: p≥ 0.05, *p<0.05, **p<0.01, ***p<0.001.  

 

4.3.6. ASK1 and p38 MAPK do not contribute to collagen and CRP-XL-mediated 

aggregation of human platelets 

The data presented in this chapter and that of others indicate an important role for ASK1/p38 

MAPK in TxA2 formation in murine platelets (280).  Indeed, we found that the concentration-

response curve for CRP-XL mediated aggregation of mouse platelets was significantly right 

shifted in the presence of GS4997 and similar to the indomethacin-treated samples (Figure 

4.13A). In contrast, CRP-induced aggregation of human platelets was unchanged in the 

presence of GS4997, under conditions where indomethacin right-shifted the concentration-

response curve (Figure 4.13B).  In addition to its proposed role in TxA2 formation, ASK1 has 

also been implicated in ADP-mediated platelet activation (285). Collagen-mediated platelet 

function relies heavily on TxA2 and ADP release. To further determine the contribution of 

ASK1 to this process in human platelets, collagen-mediated platelet aggregation was studied 

under conditions that are completely dependent on co-signalling by released TxA2 and ADP. 
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Figure 4.13Ci confirmed that collagen-induced aggregation was blocked in the presence of 

the cyclooxygenase 1 inhibitor - indomethacin and the P2Y12 inhibitor - AR-C69931MX. 

Despite this dependency, the ASK1 inhibitor GS4997 and the p38 MAPK inhibitor losmapimod, 

had no significant effect on human platelet aggregation (Figure 4.13Cii,Ciii). In agreement 

with these results, GS4997 also failed to decrease CRP-XL-induced intracellular calcium 

mobilisation [Ca2+]i levels (Figure 4.14). Together, these data indicate that ASK1/p38 MAPK 

kinase activity play a negligible role in CRP-XL and collagen-mediated aggregation of human 

platelets.   
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Figure 4.13 Inhibition of ASK1 and p38 MAPK in human platelets has no effect on GPVI-mediated 
platelet aggregation. Murine (A) and human (B, C) platelets were incubated with either vehicle (0.2% 
DMSO) or inhibitors GS-4997 (ASK1 inhibitor, 500nM, mouse and 300nM, human), losmapimod (p38 
MAPK inhibitor, 1μM), indomethacin (cyclooxygenase inhibitor, 5μM) and AR-C69931MX (P2Y12 
inhibitor, 100nM) before stimulation with increasing concentrations of CRP-XL (A,B) or 2μg/ml of 
collagen (C). Light transmission aggregation was measured in 96 well plates (A, B) or glass cuvettes (C). 
GS-4997 right-shifted the CRP murine platelet aggregation response curve (A) but had no effect on 
CRP-mediated platelet aggregation of human platelets (B). GS-4997 (Cii) and losmapimod (Ciii) had no 
effect on collagen-induced platelet aggregation of human platelets, under conditions where 
aggregation was blocked by indomethacin and AR-C69931MX (Ci). Two-way ANOVA, followed by 
Sidak’s multiple comparison tests were used for the statistical analysis of agonist concentration-
response curves, ***p<0.001, mean ± S.E.M, n=3 (A, B). Bar charts data represent quantification of 
peak aggregation, mean ± S.E.M, n=3. Statistical analysis of mean data was performed using paired 
student’s t-tests, ns: p≥ 0.05 (Cii, Ciii). 

 

 

 

 

 

 

 

 

 

Figure 4.14 Inhibition of ASK1 with GS-4997 has no effect on global intracellular calcium mobilisation 
in CRP-XL-activated human platelets. Fura-2AM pre-loaded washed platelets were incubated with 
either 300nM GS-4997 or vehicle (0.2% DMSO) for 10 minutes, before stimulation with a range of CRP-
XL concentrations, as indicated.  Two-way ANOVA, followed by Sidak’s multiple comparison tests were 
used for the statistical analysis of agonist concentration-response curves, ns: p≥ 0.05, *p<0.05, mean 
± S.E.M, n=3. 
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4.4. Discussion 

Despite growing evidence that ASK1 governs murine platelet function (280,285,290), little is 

known whether it has the same regulatory role in human platelets. This study demonstrates 

for the first time, that inhibition of ASK1 activity by using GS4997 does not affect human 

platelet function. Furthermore, data presented in this chapter shows a fundamental 

difference in ASK1/p38 MAPK signalling axis between the two species. ASK1 activating 

phosphorylation at Thr838 in human and Thr845 in mouse is very transient in both species. 

However, the phosphorylation of p38 MAPK and its substrate MAPKAP-K2 is prolonged in 

human platelets, in contrast to the transient phosphorylation seen in mouse platelets. 

Additionally, the late phase of p38 MAPK phosphorylation in human platelets cannot be 

blocked by inhibition of ASK1 with GS4997, indicating that an alternative mechanism 

facilitating this phosphorylation is involved. In addition to MKK3/6, MKK4 can also 

phosphorylate and activate p38 MAPK (305). However, MKK4 is unlikely to be responsible for 

the later p38 MAPK phosphorylation seen in human platelets, as its phosphorylation is also 

fully blocked in the presence of GS4997. It has been previously been reported that non-

canonical pathways can also contribute to p38 MAPK phosphorylation and activation by 

stimulating intrinsic autophosphorylation (300,306–308). Various reports suggest that 

alternatively to MKK3/6-mediated p38 MAPK phosphorylation at Thr180/Tyr182, which elicits 

its full catalytic activity for downstream substrates, other proteins and kinases may be 

involved in inducing p38 MAPK autophosphorylation. The mechanism and regulation of 

autoactivation of p38 MAPK however is not fully understood. In nucleated cells, TAB1 

complexing with p38 MAPK can lead to p38 MAPK autophosphorylation. TAB1 binding induces 

an increased affinity for ATP and stimulates long-range structural changes within p38 MAPK 

that position the activation loop containing Thr180/Tyr182 closer towards the catalytic site, 

thereby promoting autophosphorylation (300,301,306,307,309). In addition, an alternative 

mechanism has been described in T-cells where p38 MAPK phosphorylation depends on the 

ZAP-70-mediated tyrosine phosphorylation of Tyr323, which leads to subsequent threonine 

phosphorylation of p38 MAPK (300,310,311). Interestingly, data gathered in this chapter 

presents evidence that the late phosphorylation of p38 MAPK in human platelets is in fact an 

ASK1-independent autophosphorylation, as it is inhibited by the p38 MAPK inhibitor SB20853, 

which has previously demonstrated to block autophosphorylation of p38 MAPK (300,312). 

Whilst ZAP-70 is highly expressed in T-cells, its expression level in platelets is very low 
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compared to the related tyrosine kinase SYK (313). A hypothesis was therefore made for this 

study that in human platelets, SYK may be responsible for the late autophosphorylation of 

p38 MAPK. Indeed, this assumption was found to be correct - the SYK inhibitor R406 

completely prevented GS4997-insensitive p38 MAPK phosphorylation, confirming a role for 

SYK in regulation of human platelet p38 MAPK (Figure 4.15).   

 

 

Figure 4.15 Diagram depicting the proposed differential involvement of ASK1 kinase in the 
regulation of p38 MAPK activity and TxA2 synthesis in mouse (m) and human (h) platelets.  In murine 
platelets ASK1 is a key regulator of p38 MAPK activity. Furthermore, ASK1/p38 MAPK and 
MEK1/2/ERK1/2 signalling axes are equally important in governing cPLA2 activity and TxA2 release in 
agonist stimulated murine platelets. In human platelets ASK1 regulates only early (up to 5 minutes), 
but not later, p38 MAPK activity. The later p38 MAPK activity in human platelets is likely to be induced 
by SYK-mediated autophosphorylation of p38 MAPK, taking place in the absence of ASK1/MKK3/6 
activity. In contrast to murine platelets, ASK1/p38 MAPK signalling appears to be redundant in 
regulation of cPLA2 activity and TxA2 synthesis in agonist stimulated human platelets; MEK1/2/ERK1/2 
play a predominant role in this process.  
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ASK1 phosphorylation is known to be mediated by reactive oxygen species (274,291,314). In 

human platelets activation of ASK1 by H2O2 leads to phosphorylation of MKK3/4/6 and their 

downstream substrate p38 MAPK (Figure 4.6B). In contrast, no phosphorylation of ERK1/2 

could be detected, demonstrating that the ASK1/p38 MAPK pathway is not responsible for 

ERK1/2 phosphorylation in human platelets (Figure 4.6B). Both ASK1 and p38 MAPK inhibitors 

enhanced thrombin-mediated ERK1/2 phosphorylation in human platelets, which is in 

agreement with previous observations in ASK1 and p38 MAPK deficient platelets and other 

cell types (280,286,315). These results suggest that p38 MAPK can negatively regulate ERK1/2 

phosphorylation, although the underlying mechanism that mediates the cross talk between 

these pathways is unclear, it may involve inhibition of a protein phosphatase, such as PP2A 

(316).  

Studies presented here have also clarified the differential role of the ASK1/p38 MAPK 

pathway in cPLA2 phosphorylation and TxA2 formation in murine and human platelets. cPLA2 

phosphorylation in murine platelets is predominantly dependent on ASK1/p38 MAPK activity, 

with a high tonic Ser505 phosphorylation seen in resting cells. Whereas in human platelets, 

both p38 MAPK and ERK1/2 MAPKs regulate cPLA2 phosphorylation. In agreement with 

previous reports (292,304), the results presented here confirm that the status of proline-

directed Ser505 phosphorylation of cPLA2 does not reflect its enzymatic activity and that 

inhibition of the phosphorylation at this site does not translate into parallel decrease of AA 

release nor in the TxA2 synthesis reduction (292). Recent studies showed that the process of 

TxA2 generation, granule secretion and thrombus formation was markedly reduced in the 

ASK1-/- murine platelets (280), suggesting that inhibition of ASK1 in human platelets could 

pose a potentially novel approach for anti-thrombotic therapy. The results presented in this 

chapter, however, lead to a different conclusion, that in contrast to murine platelets, the 

ASK1/p38 MAPK kinase mediated signalling pathway activation is not essential in regulation 

of thromboxane A2 generation and human platelet function. Furthermore, both ASK1 and p38 

MAPK inhibitors were found to have no effect on TxA2 formation in CRP-stimulated human 

platelets, whereas, in agreement with previous studies, ERK1/2 was confirmed to have a 

predominant regulatory role in the TxA2 formation process (295,304,317,318). These findings 

thus support that ASK1/p38 MAPK kinase activity does not contribute to human platelet 

function, however, it is important to note that a potential kinase-independent role of ASK1, 
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such as scaffolding and/or localising MAPKs to specific substrates, was not investigated here. 

Furthermore, it is also possible that the relative contribution of ASK1 and p38 MAPK to 

platelet function and thrombosis may be altered in disease states. Nevertheless, inhibition of 

ASK1 with GS4997 also did not affect the rate of aggregation of human platelet from healthy 

volunteers, but markedly decreased it in murine platelets. This result endorse findings by Naik 

et al (280), who showed that the ASK1/p38 MAPK axis controls TxA2 generation in murine 

platelets using ASK1-/- knockout murine platelets. All ASK1, p38 MAPK and MEK1/2 inhibitors, 

used in this study, reduced TxA2 generation in murine platelets, with the additive inhibitory 

effect seen when both p38 MAPK and MEK1/2 inhibitors were combined. In addition, GS4997 

right-shifted the CRP-mediated concentration-response curve for aggregation of murine 

platelets, but not the curve for human platelets. It is unlikely that the dual regulation of p38 

MAPK by ASK1/SYK in human platelets underlies this difference, as p38 MAPK inhibitors also 

had no effect on TxA2 formation and aggregation of human platelets. A recent paper on 

murine ASK1-deficient platelets, implicated a role for ASK1 in GPVI-mediated platelet function 

by directly phosphorylating and regulating signalling by the ADP receptor P2Y12 (285). 

However, this mechanism is also unlikely to play a major role in human platelets, as 

pharmacological inhibition of ASK1 failed to show any effect on collagen-mediated 

aggregation of human platelets; a response highly dependent on ADP/P2Y12 signalling. 

In conclusion, this study importantly demonstrated that p38 MAPK phosphorylation in human 

platelets is regulated by ASK1 activity and a non-canonical pathway involving SYK. In contrast 

to murine platelets, ASK1 and p38 MAPK activity is not essential for TxA2 generation and 

human platelet function.  
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Chapter 5 PROTACs - potential novel antiplatelet agents and tools for 
studying protein function in human platelets 

 

5.1. Chapter aims and outline 

Protein Targeting Chimeras (PROTACs) are heterobifunctional small molecule ‘degraders’ of 

proteins. They consist of two binding moieties joined by a linker, where the first one localises 

a target protein and the second brings it to a close proximity with an E3 ubiquitin ligase 

enzyme. The binding of both moieties results in transient formation of a ternary complex and 

leads to E3-mediated polyubiquitination of the target protein, thereby marking it for 

recognition by proteasome and consequent degradation. At present it is unknown whether 

platelets can carry out PROTAC-directed protein degradation and what effect it would have 

on platelet function. This study therefore aimed i) to explore whether PROTACs can induce 

targeted protein degradation in human platelets, ii) to assess PROTACs potential for being 

repurposed into novel antiplatelet agents and tools for studying platelet protein function. To 

address this, protein expression levels in human platelets, as well as platelet functionality 

were examined following PROTAC treatment. Two structurally distant molecules were 

employed in this study, TL12-186 and DD-04-015, which target tyrosine kinases and BTK, 

respectively. The hypothesis was that both PROTACs will be able to induce targeted 

degradation of proteins in vitro in human platelets.  

Proteomic data presented in this chapter demonstrates that human platelets are indeed 

capable of performing PROTAC-mediated, proteasome-executed protein degradation. 

Preincubation of platelets with TL12-186 resulted in a strong decrease in expression levels of 

several tyrosine kinases: BTK, TEC, PYK, FAK, FES and FER. The DD-04-015 was also effective 

in targeting BTK and TEC for degradation. Additionally, various aspects of CRP-XL-mediated 

activation of platelets were decreased following DD-04-015 PROTAC treatment, without 

parallel increase in PS exposure, showing that the compound was not cytotoxic to platelets 

and causing their death. In conclusion, results presented here demonstrate that appropriately 

designed PROTAC compounds could become a mechanistically novel and potent approach to 

platelet function inhibition. Importantly, they could also become a ground-breaking tool for 

studying platelet protein function without relying on genetic knockout animal models.  
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5.2. Introduction 

5.2.1. Protein Targeting Chimera (PROTAC) 

Protein function studies in human platelets are generally performed using pharmacological 

approaches and rely on the availability of appropriate small molecule inhibitors. In some 

cases, research involving genetic knockout/knockin animals can also give more insight into 

contribution of a variety of proteins in platelet activity, both in vitro and in vivo.  However, as 

pointed out in Chapter 4, animal models do not always mimic human phenotype and data 

obtained from such studies may lead to incorrect assumption that the specific protein 

function seen in animal platelets, would be mirrored in human platelets. Moreover, human 

platelets are anucleate cells and thus cannot be genetically modified, limiting studying 

methods even further. They are also difficult to be derived and expanded in cell culture from 

their nucleated progenitor cells – megakaryocytes, which poses another obstacle for platelet 

research. Nevertheless, broadening our knowledge on protein function in platelet biology is 

essential for the development of novel antiplatelet therapies. As a result, there has been a 

growing interest in the field to establish new, reliable methods for studying these. 

Interestingly, over the past two decades a new type of compounds has emerged - PROtein 

TArgeting Chimeras (PROTACs). These are heterobivalent small molecule degraders which can 

be directed against specific protein targets (319,320). The new generation of PROTACs are 

cell-permeable compounds, which allow their delivery across lipid bilayer in living cells (321). 

They primarily consist of three covalently bound building modules:  

i) a protein of interest binder molecule, e.g. kinase inhibitor 

ii) a linker, e.g. polyethylene glycol (PEG)  

iii) a ubiquitin-ligase enzyme (E3) binder, e.g. VH032, pomalidomide, thalidomide, 

lenalidomide etc (322–325).  

The drug derived moiety of PROTAC localises and attaches to the target protein, whereas the 

E3 ligase ligand site brings it to a close proximity with an E3 ligase complex, e.g. cereblon 

(CRBN) or von Hippen-Lindau (VHL) (326). The binding of both moieties results in transient 

formation of a ternary complex and leads to E3 ligase-mediated polyubiquitination of the 

target protein (Figure 5.1). E3 acts like a scaffold, which allows for the ubiquitin molecules to 

be transferred from cysteine of the ubiquitin-conjugating enzyme (E2) to a lysine residue of 
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the targeted protein, thereby marking it for recognition by proteasome and consequent 

degradation (321,322,326). 

 

 

 

 

 

 

 

 

 

Figure 5.1 The ubiquitin proteasome system and PROTAC mechanism of action. PROTAC degraders 
act catalytically by repeated binary target engagement. They put the protein of interest in a spatially 
favourable position to facilitate its polyubiquitination, thereby effectively inducing selective, 
intracellular proteolysis of the targeted protein. 

 

The concept of ubiquitination-driven proteasome-mediated protein turnover emerged in the 

90s. It was a major discovery, which was later awarded with Nobel Prize in Chemistry, 

presented to Ciechanover, Hershko and Rose in 2004 (327). However, the idea of hijacking 

this system and using it for targeted proteolysis induction was first proposed by Sakamoto et 

al in 2001 (319,328). This was a novel approach to drug discovery, where instead of a molecule 

perturbation and loss of activity caused by a drug, the targeted protein was marked for 

degradation.  

Early PROTACs (328,329) were first developed with a hope of targeting pharmacologically 

’undruggable’ protein targets, such as small-GTPases, transcription and chromatin 

remodelling factors or certain kinases (330–332). The PROTAC concept and research has 

rapidly evolved since, it became one of the focal points of interest in the field of cancer and 

neurodegenerative diseases, with many efforts being made to retool previously ineffective 
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pharmacological inhibitors into PROTACs (321). Numerous PROTACs have been developed by 

various groups around the world, targeting an array of proteins, including: tau (333,334), 

FKBP12 (335,336), anaplastic lymphoma kinase (ALK) (337), Bruton's tyrosine kinase (BTK),  

tyrosine kinase expressed in hepatocellular carcinoma (TEC) (319,335), KRAS GTPase (338), 

Fms-like tyrosine kinase 3 (FLT3), several members of Cyclin-dependent kinases (CDK) and 

many more (319,320).  PROTACs clinical efficiency and application in human is yet to be 

established, although successful studies in animals have shown PROTAC-induced, global 

degradation of FKBP12 and BTK proteins achieved after both intraperitoneal and oral 

administration of the compounds (335). 

Despite being anucleate cells, platelets have been shown to possess apparatus allowing both 

protein synthesis (213,214,339,340), as well as their turnover and degradation (341–343). 

However, at present it is unknown whether platelets can carry out PROTAC-directed protein 

degradation and what effect it would have on their function. 

5.2.1. BTK and TEC kinases 

The work presented in this chapter is focused mainly on targeting and degradation of two 

members of Tec tyrosine kinases family – BTK and TEC.  They are highly expressed in human 

platelets and are a part of LAT-signalosome, therefore they play an important role in GPVI-

mediated intracellular signalling (53,344). In human platelets BTK and TEC are thought to 

perform overlapping function (53), regulating collagen-induced aggregation (345), generation 

of microparticles (346), dense granule secretion and intracellular calcium mobilisation (344). 

Interestingly, platelets from double-knockout TEC-/- and BTK-/- were found to be 

unresponsive to collagen, but not thrombin, stimulation (53). Studies in platelets lacking 

functional BTK from patients with X-linked agammaglobulinemia (XLA) also reported 

diminished platelet function in response to collagen, further endorsing its importance (344).  

Additionally, bleeding was reported as an adverse effect in clinical trials using a range on BTK 

inhibitors (acalabrutinib, zanubrutinib,  ibrutinib) targeting B-cell lymphocytes as a treatment 

for some types of leukaemia and lymphoma (347–351). Furthermore, several of BTK 

inhibitors, have been described to also non-specifically target TEC (345) and Src kinases (352–

356). Specific targeting of BTK with PROTACs could therefore present a novel, effective 

strategy for antiplatelet therapy, avoiding the risk of excessive bleeding. 
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5.3. Results 

5.3.1. Thalidomide-conjugated PROTACs dTAG-48 and THAL-SNS-032 failed to induce 

targeted protein degradation in human platelets – a preliminary study 

Work presented in this chapter begun with an investigation into applicability of the PROTAC 

approach in human platelets by initially testing the degradation TAG-48 (dTAG-48). dTAG-48 

was chosen and employed in this study not only to examine whether PROTAC-directed 

proteolysis was possible in platelets, but also as a potential tool to obtaining more insight into 

the involvement of FKBP12 immunophilin in protection of mitochondria integrity in activated 

platelets, described in Chapter 3 of this thesis. dFKBP-1 and dFKBP-2 were two most potent 

of the several FKBP12-targeting PROTACs developed by Winter et al in 2015 (336) by 

conjugating the FKBP12-directed ligand SLF with thalidomide via PEG linker, and which 

allowed the group to achieve an efficient and selective CRBN-dependent degradation of 

FKBP12 in HEK293 cells. Unfortunately, these compounds were no longer available in 2018. 

However, the group had a stock of dTAG-48, synthesised among other dTAGs targeting 

FKBP12F36V by Nabet and Grey in 2018. After establishing a collaboration, dTAG-48 was kindly 

provided by the group for this study. dTAG-48 besides targeting the mutated form of 

FKBP12F36V was found to have a strong off-target effect, resulting in destruction of 

endogenous wild-type form of FKBP12 as well (338). In this study washed human platelets 

were therefore incubated with a range of concentrations of dTAG-48 to explore if the 

compound was able to induce proteasome-mediated FKBP12 degradations. However, as 

presented in Figure 5.2, the treatment was unsuccessful and dTAG-48 failed to induce FKBP12 

degradation in treated washed platelets. 

 

 

 

Figure 5.2 Western blots demonstrating lack of dTAG-48 PROTAC effect on FKBP12 degradation in 
human platelets. Washed platelets at 4x108/ml were incubated with various concentrations of the 
compound (0nM - 10μM) or a negative control construct dTAG-51 (1 μM) for 2 or 4 hours/30°C, as 
indicated.  Samples for western blotting were made by lysing platelets in 4x sample buffer containing 
0.5M DTT. Proteins of interest were subjected to SDS-PAGE/immunoblotting and probed with 
appropriate antibodies, n=1.  
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Lack of degradation was also observed when platelets were incubated with dTAG-48 for 20 

hours (Figure 5.3A), whereas treatment of HEK293 cells under the same conditions resulted 

in full degradation of the FKBP12 protein (Figure 5.3B), confirming that the compound itself 

was intact and capable of inducing on-target proteolysis. 

 

 

 

 

 

  

 

Figure 5.3 Western blots indicating deficiency of dTAG-48 PROTAC effect on FKBP12 degradation in 
human platelets (A) and a complete degradation mediated by the compound in HEK293 cells (B). 
Washed platelets at 4x108/ml and HEK293 cells at 2x106/ml were incubated with various 
concentrations of the dTAG-48 PROTAC (0nM - 10μM) or a negative control construct dTAG-51 (1 μM) 
for 20 hours/30°C, as indicated. Samples for western blotting were made by lysing platelets and 
HEK293 cells in 4x sample buffer containing 0.5M DTT. Proteins of interest were subjected to SDS-
PAGE/immunoblotting and probed with appropriate antibodies, n=1.  

 

ATP-binding cassette subfamily B member 1 (ABCB1) transporters (aka P-glycoprotein efflux 

pumps) are one of the key molecules responsible for the development of multidrug resistance 

(MDR) seen in variety of cancers. These transporter molecules are also expressed in platelets 

(357) and have been suggested by the Gray’s group to be implicated in a removal of TL13-22 

and TL13-122 PROTACs (targeting ALK) from treated cells, thereby compromising the 

degraders potency (337). To test if ABCB1 pump-mediated efflux was the underlying cause of 

dTAG-48 failure to induce targeted FKBP12 degradation in platelets seen in Figure 5.3, 

platelets were preincubated with an ABCB1-transporter inhibitor - Tariquidar, before being 

treated with PROTAC. This approach, however, showed no improvement in FKBP12 

degradation (Figure 5.4), suggesting that the ABCB1 pump-mediated efflux is not the 

underlying mechanism of dTAG-48 inactivity in platelets. 

A B 
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Figure 5.4 Western blots demonstrating no effect of dTAG-48 PROTAC on FKBP12 degradation in the 
presence of ABCB1 transporter inhibitor – Tariquidar. Washed platelets at 4x108/ml were pre-treated 
with 200nM Tariquidar or 0.2% DMSO (vehicle) for 2 hours/30°C, before being incubated with various 
concentrations of the dTAG-48 PROTAC (0nM - 10μM) for 20 hours/30°C, as indicated.  Samples for 
western blotting were made by lysing platelets in 4x sample buffer containing 0.5M DTT. Proteins of 
interest were subjected to SDS-PAGE/immunoblotting and probed with appropriate antibodies, n=1.  

 

Interestingly, Olson et al 2018 (Grey’s Lab) (320) published a study reporting development of 

novel thalidomide-conjugated PROTAC - THAL-SNS-032, which selectively targets cyclin-

dependent kinase 9 (CDK9) for proteasome-directed proteolysis. CDK9 is not expressed in 

platelets but the study also showed that THAL-SNS-032 binds with a high affinity to both 

isoforms of glycogen synthase kinase 3 (GSK-3), alpha (GSK-3α) and beta (GSK-3β), which are 

abundant in platelets. To test whether this PROTAC was capable of inducing GSK3 degradation 

in platelets, they were treated with a range of concentrations of the THAL-SNS-032 

compound, as outlined in Figure 5.5, however, no degradation was achieved. This result 

raised concerns that platelets may not possess an appropriate ubiquitin-proteasome system 

or are not able to utilise thalidomide-conjugated PROTACs for CRBN recruitment. 

 

 

 

 

 

Figure 5.5 Western blots demonstrating lack of effect on GSK-3α and GSK-3β exerted by SNS-THAL-
032. Washed platelets at 4x108/ml were incubated with various concentrations of the THAL-SNS-032 
PROTAC (0nM - 1μM) for 20 hours/30°C, as indicated.  Samples for western blotting were prepared by 
lysing platelets in 4x sample buffer containing 0.5M DTT. Proteins of interest were subjected to SDS-
PAGE/immunoblotting and probed with appropriate antibodies, n=1. 
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5.3.2. Pomalidomide-conjugated PROTACs induce selective degradation of a range of 

tyrosine kinases in human platelets 

Synthesis of two pomalidomide-conjugated PROTACs was reported by Grey’s group in 2018 

(319). The novel PROTACs which they developed were: a multi-kinase (tyrosine kinases) 

degrading - TL12-186 and a BTK-selective - DD-04-15. TL12-186 was based on versatile ATP-

site directed pharmacophore scaffold - TAE684 (319,358); and DD-04-015 on a small molecule 

BTK inhibitor – RN486 (319,359). The effect of both compounds was initially evaluated in this 

study by western blotting, showing for the first time that PROTAC-directed protein 

degradation can be achieved in human platelets (Figure 5.6). 
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Figure 5.6 Representative western blots demonstrating PROTAC-mediated, concentration 
dependent in vitro degradation of Bruton's tyrosine kinase (BTK) in human platelets. A ‘hook effect’ 
characteristic for ternary PROTAC degradation system is seen with the TL12-186 (A, B). Optimal 
concentration of TL12-186 PROTAC appears to be between 300-500nM (A) and 3-5 μM for DD-04-015 
(C). For the TL12-186 PROTAC treatment, washed platelets at 4x108/ml were incubated with various 
concentrations of the compound (0.1nM - 20μM) for 4 hours/30°C. For the DD-04-015 PROTAC 
treatment platelet rich plasma was incubated with various concentrations of the compound (1nM - 
40μM) for 20 hours/30°C, washed with CGS buffer and resuspended in HEPES-Tyrode buffer to 
4x108/ml. Samples for western blotting were made by lysing platelets in 4x sample buffer containing 
0.5M DTT. Proteins of interest were subjected to SDS-PAGE/immunoblotting and probed with 
appropriate antibodies. Bar charts represent quantification of the results, expressed as mean 
fluorescence intensity ± SD, n=3. 

 

A ‘hook effect’ characteristic for PROTAC degradation system was seen with the TL12-186. 

The principle of this phenomenon is explained in Figure 5.6B. A stable ternary complex 

formation (BTK:PROTAC:E3) is essential for the promoted protein degradation. When the 

concentration of PROTAC molecules is limiting, understandably the degradation kinetics are 

very slow. At the optimal concentrations, the formation of complexes is the most efficient 

and results in an effective PROTAC-directed proteolysis.  The ‘hook effect’ is a phenomenon 

which takes place when this three-part system is over-saturated with PROTAC molecules. This 

leads to the formation of heterodimeric PROTAC:E3 and BTK:PROTAC complexes, which as 

such interfere and impede the formation of ternary complexes, causing a strong reduction in 

the efficacy of PROTAC-mediated protein degradation (360). The appearance of the ‘hook 

effect’ seen in Figure 5.6A can be used as a confirmatory measure that the decrease in the 

BTK expression in the tested platelets samples was due to PROTAC directed degradation and 

C 
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not, for example, a drug-binding-induced interference in BTK protein recognition by primary 

antibody in the produced western blots.  

Interestingly, there was no ‘hook effect’ seen with the DD-04-015 PROTAC (Figure 5.6C). This 

was most likely because a high enough concentration of the compound was not reached due 

to the stock concentration limitation. It can be expected that the effect would be therefore 

seen with higher doses. To ensure that the BTK degradation achieved with both compounds 

was indeed PROTAC-directed and proteasome-executed, several controls were included in 

the following experiments. High concentrations of pomalidomide were successfully used to 

outcompete both pomalidomide-conjugated PROTACs – TL12-186 and DD-04-015, Figure 

5.7A and B, respectively. A cell-permeable AMP mimetic, which inhibits the NEDD8-activating 

enzyme (NAE) and a ubiquitin-activating enzyme (E1) in an ATP-competitive manner, was 

used to interfere with polyubiquitination of BTK and its subsequent degradation in human 

platelets. NAE-inhibitor almost completely prevented the TL12-186-induced BTK proteolysis 

(Figure 5.7A), and markedly reduced the same process directed by DD-04-015 (Figure 5.7B). 

 

 

 

 

 

 

 

 

Figure 5.7 Representative western blots demonstrating that TL12-186- and DD-04-015-mediated 
degradation of BTK was markedly reduced in the presence of pomalidomide (Pom) and  NEDD8-
activating enzyme (NAE) inhibitor – MLN4924. A proteasome inhibitor – Carfilzomib (Car) had a 
negligible inhibitory effect. Platelets in PRP were pre-treated with 50µM pomalidomide, 10 µM NAE 
inhibitor, 10µM Carfilzomib or 0.2% DMSO (vehicle) for 4 hours/30°C, before being incubated with 
500nM TL12-186, 5µM DD-04-015 PROTACs or TL13-27 (negative control for TL12-186)  for 20 
hours/30°C, as indicated.  Samples for western blotting were made by lysing platelets in 4x sample 
buffer containing 0.5M DTT. Proteins of interest were subjected to SDS-PAGE/immunoblotting and 
probed with appropriate antibodies, n=1. 

A 

B 
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A proteasome inhibitor – Carfilzomib was chosen for this study to match the set of control 

compounds used by other groups in nucleated cells (319,320,335,338), but unexpectedly it 

had a negligible inhibitory effect on PROTAC-directed BTK degradation (Figure 5.7).  

The work presented here additionally sought to create an approach enabling a broader 

examination of susceptibility of tyrosine kinases expressed in platelets to the specifically 

designed multi-kinase degrader TL12-186, and to compare it with a more selective one – DD-

04-015. The TL12-186 PROTAC, based on a diaminopyrimidine scaffold (319), was used to 

identify a collection of degradable tyrosine kinases by implementing a multiplexed 

quantitative proteomic approach employing Tandem Mass Tags (TMT) (Figure 5.8A). This 

method allows an unbiased assessment and comparison of the range of targets, as well as the 

extend of degradation of the proteins of interest by the two tested PROTACs. Kinases shown 

in Figure 5.8A are those with the highest level of degradation (> 60%) exerted by the TL12-

186 multi-kinase PROTAC, these include: BTK, TEC, focal adhesion kinase 1 (FAK1), proline-

rich tyrosine kinase (PYK), tyrosine kinase FES (FES) and FES-related tyrosine kinase (FER). The 

selective BTK degrader – DD-04-015, was found to induce strong degradation of its primary 

target, however it also caused a vast proteolysis of TEC, similar to that seen with TL12-186. 

The DD-04-015 compound had no effect on any other kinases expressed in platelets detected 

by TMT. Both PROTACs were also found to nearly completely degrade BTK  in platelet lysates 

examined by western blotting (Figure 5.8B), endorsing the proteomics results. 

 

 

 

 

 

 

 

 

A 

BTK TEC FAK PYK FES FER FBGen
0

20

40

60

80

100

120 DD-04-015
TL12-186



132 
 

 

 

 

Figure 5.8 TMT established expression profile of example tyrosine kinases in platelet samples 
following TL12-186 and DD-04-015 PROTACs treatment. Platelets in PRP were incubated with 0.2% 
DMSO (vehicle), 500nM TL12-186 and 5µM DD-04-015 PROTACs for 20 hours/30°C. Platelets were 
next washed twice with CGS buffer and resuspended in HT buffer. Samples for TMT analysis (A) and 
for WB (B) were generated by lysing 1x109 of pelleted platelets in 1x RIPA buffer. TMT samples were 
kindly analysed by Dr Kate Heesom at University of Bristol Proteomics Facility, who also produced the 
raw data. Bar chart represent quantification of the results for six most degraded (> 60%) tyrosine 
kinases (BTK, TEC, FER, FAK1, FES, PYK) and a negative control - fibrinogen (FBGen), as indicated (A). 
The data was expressed as a percentage (%) of the amount of specific protein in PROTAC-treated 
platelet samples compared to the matching untreated control, n=3 ±SD. For WB appropriate amount 
of platelet lysates in RIPA buffer (concentrations determined by BCA assay), were mixed with 4x 
sample buffer containing 0.5M DTT, so that the final concentration of protein load per well/sample 
equalled 20µg. Proteins of interest were subjected to SDS-PAGE/immunoblotting and probed with 
appropriate antibodies, as indicated. 

 

5.3.3. DD-04-015-directed degradation of BTK in platelets results in a potent 

inhibition of their activation in response to CRP-XL 

The experimental approach presented here focused on investigation of the effect of DD-O4-

015-directed degradation of BTK on platelet function. Furthermore, this study also attempted 

to determine whether the inhibitory effect seen was due to kinase degradation or kinase 

activity inhibition by the PROTAC portion derived from RN486 BTK inhibitor (319). To do that, 

flow cytometry was employed allowing simultaneous assessment of several aspects of CRP-

XL-induced platelet activation following PROTAC treatment, these included: α-granule 

secretion, integrin αIIbβ3 activation and PS exposure; and comparison with the rate of BTK 

proteolysis seen by western blotting (Figure 5.9A). Three experimental setups were designed. 

First, presented in Figure 5.9A shows readouts from platelets treated with a range of 

concentrations of DD-04-015 for 20 hours. PS exposure was found to roughly follow the rate 

of BTK proteolysis, with IC50 = 383 ± 62 nM (mean ±SD, n=3) and half-

maximal degradation concentration (DC50) equalled 296 ± 46 nM (mean ±SD, n=3), 

respectively. However, inhibition concentration response curves for PAC1 (integrin αIIbβ3 

activation marker) and CD62P (α-granule secretion marker) were right-shifted, with IC50 

equalling 883 ± 167 nM (mean ±SD, n=3) and 782 ± 95 nM (mean ±SD, n=3), respectively.  

B 



133 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

-12 -10 -8 -6 -4
0

20

40

60

80

100

120

 Log [DD-04-015] M

BTK degradation

PS exposure

PAC1

CD62P

B 

C 

-12 -10 -8 -6 -4
0

20

40

60

80

100

120

N
or

m
al

ise
d 

Si
gn

al
 in

te
ns

ity
 %

 Log [DD-04-015] M

BTK degradation

PS exposure

PAC1

CD62P

PAC1 (1h, wash off)

CD62P (1h, wash off)

PS exposure (1h, wash off)



134 
 

Figure 5.9 Flow cytometry analysis of the effect of DD-04-015 PROTAC on platelet function and 
viability, shows strong concentration-dependent inhibition. Platelet rich plasma was incubated with 
either 0.2% DMSO or a range concentrations of the DD-04-015 compound (1nM - 40μM) for 20 
hours/30°C, washed with CGS buffer and resuspended in HEPES-Tyrode buffer to 4x108/ml, before 
stimulation with 2µg/ml CRP-XL for 10 min (A). Samples for western blotting were made by lysing 
unstimulated platelets in 4x sample buffer containing 0.5M DTT, as described in Figure 5.6 (A). Washed 
platelets at 4x108/ml were incubated with various concentrations of the DD-04-015 compound (0.1nM 
- 20μM) or 0.2 % DMSO for 10min/30°C before stimulation with 2µg/ml CRP-XL for 10 min (B). Platelet 
rich plasma was incubated with 0.2% DMSO or a range concentrations of the DD-04-015 compound 
(1nM - 40μM) for 10min/30°C, and next the drug was washed off by resuspending the platelet pellet 
in HEPES-Tyrode buffer to 4x108/ml for 10min/30°C, before stimulation with 2µg/ml CRP-XL for 10 min 
(C). Flow cytometry samples were probed with Annexin-V-488 fluorescent dye to measure the extend 
of PS exposure in activated platelets. PAC1-FITC and CD62P-PE were used to assess integrin αIIbβ3 
activation and α-granule secretion, respectively. The results are expressed as mean % of maximal 
normalised signal intensity ± SE, n=3 (A) and n=1 (B-C). 

 

Overall, platelet function was found to be inhibited in a concentration-dependent manner 

and decreased with increasing concentrations of DD-04-015. Interestingly, PS exposure, 

besides being a marker of platelet activation, it is also a universal indicator of cell death. The 

low PS exposure at the higher concentrations of DD-04-015 furthermore indicates that  

platelets are likely to be viable following the high concentration treatment (Figure 5.9A). The 

effect of DD-04-015 PROTAC was substantially less potent when it was used as a standard 

inhibitor (10 minutes incubation in washed platelets) (Figure 5.9B), increasing the  IC50 values 

to approximately  1.59 µM and 1.33 µM, for integrin αIIbβ3 activation and α-granule secretion, 

respectively.  Inhibition of PS exposure under these conditions was found to be slightly more 

potent (IC50 = 347 nM) compared to that induced by PROTAC-directed protein degradation. 

On the contrary 10 minutes DD-04-015 treatment in PRP, followed by 1 hour ‘wash off period’ 

in HT, resulted in a sharp right-shift of inhibition concentration response curves (Figure 5.9C) 

compared to those produced after 20 hours DD-04-015-directed protein degradation (Figure 

5.9A), with IC50 equalling 6.68 µM, 5.90 µM and 7.06 µM, for PAC1, CD62P and PS exposure, 

respectively. The ‘wash off period’ was introduced in this study to resemble the platelets 

preparation steps following the PROTAC-induced degradation treatment (Figure 5.9A). Figure 

5.9C demonstrates that the BTK/TEC kinase activity inhibition by DD-04-015 can be strongly 

reduced during the ‘wash off period’ and dissociation of the compound, whereas the chemical 

degradation of the BTK/TEC is unaffected by ‘wash off period’ and  results in much stronger 

inhibition of platelet function. These results suggest that degradation of the targeted kinases 
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– BTK and TEC, is a powerful approach for platelet inhibition, exerted independently to the 

ability of DD-04-015 compound to pharmacologically inhibit these kinases activity. 

BTK plays a vital role in GPVI- but not PAR- mediated platelet aggregation (345). To 

demonstrate that the DD-04-015 compound does not non-specifically inhibit platelet 

function, two aspects of aggregation-related platelet physiology were examined and 

compared - integrin αIIbβ3 activation and α-granule secretion, induced with CRP-XL and α-

thrombin. Data presented in Figure 5.10 confirm that the inhibitory effect of DD-04-015 

PROTAC is specific to GPVI-mediated, and not PAR-mediated platelet activation. 

 

 

 

 

 

 

 

 

 

Figure 5.10 DD-04-015 inhibits CRP-XL but not α-thrombin mediated integrin αIIbβ3 activation and α-
granule secretion. Platelet rich plasma was incubated with either vehicle (0.2% DMSO) or 3μM DD-
04-015 compound for 24 hours/30°C. Next platelets were pelleted and resuspended in HEPES-Tyrode 
buffer to 4x108/ml, before stimulation with 2µg/ml CRP-XL (A) or 0.2 U/ml α-thrombin (B), for 10 min. 
PAC1-FITC and CD62P-PE were used to assess integrin αIIbβ3 activation and α-granule secretion, 
respectively. The results are expressed as percentage (%) of fluorescence positive platelets ±SE, n=2. 

  

A B 



136 
 

5.4. Discussion 

 

Despite growing evidence that PROTACs can degrade a variety of proteins in nucleated cells, 

both in vitro (319,320,335,338) and in vivo (335), there are no reports of whether the same 

targeted proteolysis system can work in human platelets. This study demonstrates for the 

first time, that human platelets are capable of executing PROTAC-directed degradation of 

several protein tyrosine kinases, including BTK, TEC, FAK, PYK, FES and FER. Moreover, 

PROTAC-mediated ubiquitination and proteasome-facilitated protein destruction in platelets 

was found to be very efficient. With appropriately designed PROTAC-construct, such as TL12-

186, almost complete removal of protein of interest was confirmed to be possible in washed 

platelets in just around 4 hours, as demonstrated by BTK destruction. A longer, 20 hours 

treatment of platelets in PRP with either TL12-186 or DD-04-015 also resulted in a very potent 

BTK destruction, with a maximum degradation efficacy (Dmax) of 92.4 ± 1.4 % and 87 ± 1.1 %, 

respectively.  

However, not all PROTAC constructs can successfully be used in platelets. Although some of 

the data presented here are only preliminary, it indicates that thalidomide-conjugated 

PROTACs, such as dTAG-48 and THAL-SNS-032, may not be suitable to be used in platelets. 

There is a number of possible reasons why these compounds may not work in platelets.  

ABCB1 pump-mediated efflux of PROTAC molecules from within the cell could be impeding 

the treatment. However, this is rather unlikely cause, as pre-incubation of platelets with 

ABCB1-transporter inhibitor – Tariquidar, before treatment with dTAG-48, did not result in 

any measurable depletion of the FKBP12 protein. Interestingly, selonsertib (GS4997) 

described in Chapter 4, has also been recently reported to act as an ABCB1-transporter 

inhibitor (296), hence it could be proposed to be used in the future studies instead of 

Tariquidar, to test its ability to improve dTAG-48-directed FKBP12 degradation in platelets.  

Linker length and design, as well as stereochemistry of the whole construct are extremely 

important in modifying PROTAC selectivity and potency (361–364). Alterations in PROTAC 3D 

structure and radius of gyration can affect its ability to locate targeted protein and E3 ligase 

in a spatially favourable position to facilitate proximity-induced polyubiquitination. The 

stereochemical properties of the compound are also important in prediction of PROTAC cell 
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membrane permeability (360). It is therefore possible, that dTAG-48 and THAL-SNS-032 may 

promote formation of spatially unfavourable ternary complexes when used in human 

platelets, thereby preventing the degradation from taking place. 

Other important parameters of successful PROTAC design are its dissociation kinetics 

(365,366) and intermolecular protein-protein interaction stability (367). PROTACs work in 

substoichiometric manner, meaning that one molecule of the compound can recruit and mark 

for degradation more than one protein of interest. Dissociation efficiency and the strength of 

interaction within the ternary complex are critical factors in this system and correlate with 

rates of degradation (360,366). More stable ternary complexes, with slower dissociation 

kinetics are favourable in driving cellular protein degradation (366,367). Thalidomide-linked 

dTAG-48 and THAL-SNS-032 could therefore form unstable, fast dissociating complexes 

between E3 ligases and their protein targets in platelets, and thus failing to induce their 

proximity-mediated polyubiquitination and subsequent proteolysis. On the contrary, the 

TL12-186 and DD-04-015 PROTACs, which employ pomalidomide as a CRBN-recruiting moiety, 

most likely promote conditions for the optimal ternary complex formation, leading to 

profound degree of protein target degradation achieved in platelets. Additionally, results 

presented here prove that the reported depletion of BTK protein is executed by the ubiquitin-

proteasome system by implementation of additional controls – NAE inhibitor and high 

concentration of pomalidomide, which both strongly reduced the PROTACs action. 

Proteasome inhibitor – Carfilzomib, failed to counteract the degradation, however there are 

no previous reports of this compound being used in platelets and these experiment should 

be repeated with proteasome inhibitors which are already known to work in platelet research 

– Bortezomib or MG123 (341,368,369). Nevertheless, further examination of TL12-186 and 

DD-04-015 chemical structure could guide future development of more PROTACs capable of 

inducing targeted proteolysis in platelets. 

Numerous recent studies have demonstrated that PROTACs can inhibit cancerous cells 

proliferation and induce their apoptosis in a much more effective manner than the 

corresponding small-molecule inhibitors used for their synthesis (320,370–372). Likewise, 

results presented in this chapter demonstrate that inhibition of platelets function caused by 

BTK/TEC degradation followed similar trend. Several aspects of GPVI-mediated platelet 

activity (α-granule secretion, integrin αIIbβ3 activation and PS exposure) were assessed here 
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and found to be inhibited with far greater potency when BTK/TEC were degraded, as 

compared to the pharmacological, occupancy-driven inactivation of these kinases. Additional 

potential advantage of kinase depletion in platelets may include a prolonged cellular effect 

(319), especially taking into consideration their very limited protein synthesis capability. 

Furthermore, treatment of platelets with multi-kinase specific PROTACs (e.g. TL12-186), 

followed by proteomics studies, offer a novel strategy for identification of readily degradable, 

therapeutically relevant kinases. As a proof of principle, such approach was successfully used 

in this study allowing recognition of 6 highly degradable kinases, which are known to be 

important regulators of platelet function - BTK, TEC (53,344,345), FAK, PYK (373), FES and FER 

(374). This data suggests that single-kinase degrading PROTACs could also be developed in 

the future, presenting a mechanistically novel tactic for platelet inhibition. Moreover, such 

therapies could be used to overcome drug resistance in some patients, as PROTACs do not 

require to be metabolised to become active and target the whole molecule as opposed to 

pharmacological small-molecule inhibitors which target only a single domain. They could also 

allow inhibition of enzyme-independent, scaffolding functions of the kinases (319).  

Platelet biology research relies heavily on the use of animal models, where protein depletion 

resulting from a gene knockout is used to study functional consequences of such loss. As 

demonstrated in the previous chapter (Chapter 4), animal models do not always mimic human 

phenotype and data obtained from such studies may lead to incorrect assumption that the 

specific protein function seen in animal platelets, would be mirrored in human platelets (375). 

Difficulties can arise from possible genetic compensation, as well as spontaneous gene 

mutations occurring undetectably in the knockout models. This in turn can cause 

misinterpretations of the obtained data. Furthermore, animal studies are expensive and some 

gene deletions can lead to embryonic lethality, developmental defects or morbidity in the 

adult life of the animal, which may not only hinder future research, but can also be ethically 

unacceptable (335). The work presented in this chapter shows for the first time, that PROTAC 

can be used as a novel approach for chemically induced in vitro knockdown of proteins of 

interest in human platelets. With more PROTAC constructs being developed every year, this 

approach may soon allow us to markedly reduce lab animal use.  
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Chapter 6 Discussion 
 

Platelets are one of the fundamental cellular components of blood. They are indispensable in 

maintenance of both primary and secondary haemostasis. However, under pathological 

conditions, such as the ones accompanying cardiovascular disease (CVD), platelets can 

become implicated in a dysregulated, inappropriately timed clot formation. The 

consequences of this can be catastrophic. Vaso-occlusive events including stroke and 

myocardial infarction are the most serious of the associated complications. As discussed 

before, CVD is a prominent cause of morbidity and mortality in the developed countries, 

including the United Kingdom; and it is predicted to remain so in the coming years. An 

understanding of the role of platelets in the CVD has led to the widespread use of antiplatelet 

therapies as a means of mitigation and treatment for this disease. Unfortunately, there is no 

single antiplatelet agent that would suite all patients, as a proportion of them does not 

respond well to the most commonly used ‘gold-standard’ antiplatelet drugs inhibiting 

thromboxane A2 (TxA2)- and ADP- mediated activation pathways, i.e. aspirin and clopidogrel, 

respectively. These patients remain at risk of thrombotic events. The other drawbacks of 

current antiplatelet therapies include dangerous side effects, such as excessive bleeding. In 

consequence, there has been a growing need for a better understanding of platelet 

physiology. Investigation into the effect of known and innovative compounds on platelet 

function can present a tactic supporting development of novel, better balanced and more 

reliable antiplatelet treatment. This approach was applied throughout the research presented 

in this thesis. The studies described here focused on testing the effect of several structurally 

and functionally different compounds on platelet physiology, and on dissecting the underlying 

mechanisms of their action. The three projects described in this thesis were distinct from each 

other, however the main aim for all of them remained the same, i.e. to discover novel 

antiplatelet therapy targets and to investigate whether a group of drugs already used in the 

clinic for treatment of other diseases, could be repurposed for platelet inhibition. 

Data presented in Chapter 3 explored the effect of an mTORC1 inhibitor Sirolimus (also known 

as rapamycin) on platelet signalling and function. It showed for the first time that the 

compound diminishes platelet procoagulant responses, including phosphatidylserine 

exposure, membrane ballooning and concurrent thrombin generation. Furthermore, the 
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results gathered here allowed delineation of the underlying mechanism of this suppression 

and presented evidence that rapamycin reduces platelet procoagulant responses via FK506-

binding protein (FKBP)-mediated protection of mitochondrial integrity, in a manner that is 

independent of its inhibitory action on mTORC1. Importantly, the presented results support 

the conclusion that rapamycin and other FKBP-binders (such as FK506) can interfere with 

thrombin generation and thus thrombus formation. However, this hypothesis could not be 

further tested in vivo in mouse model, due to rapamycin having no effect on PS exposure 

tested in vitro in platelets obtained from this species. Nevertheless, the findings presented 

here are still valuable, and may support future development of mechanistically novel 

antiplatelet drugs or potentially lead to repurposing of rapamycin (at a very-low dose) as a 

complementary treatment to accompany currently used anti-thrombotic therapies. The 

significant advantage of targeting platelet membrane ballooning and PS exposure is that [A] 

the COX1 and P2Y12 inhibitors have no effect on this aspect of platelet activation, [B] inhibition 

of ballooning does not result in bleeding (124), making it a promising strategy for thrombosis 

treatment and prophylaxis. 

Chapter 4 outlines an investigation into the effect of the apoptosis signal-regulating kinase 

(ASK1) inhibitor Selonsertib (GS-4997) on thromboxane A2 synthesis and amplification of 

platelet activity. The presented study was conducted after the importance of ASK1 signalling 

pathway was demonstrated in previous studies using murine ASK1-/- models by other groups. 

Crucial processes of platelet TxA2 generation, granule secretion and thrombus formation were 

showed to be markedly reduced in mice lacking ASK1, indicating that inhibition of ASK1 could 

potentially present a novel approach for anti-thrombotic therapy in human. However, the 

results presented in Chapter 4 lead to an opposing conclusion and showed clear evidence that 

in contrast to murine platelets, the ASK1/p38 MAPK kinase mediated signalling pathway 

activation is redundant in regulation of thromboxane A2 generation and function of human 

platelets. The involvement of p38MAPK in the process has previously been argued to be much 

more profound. However, some of the discrepancies seen in the past by other researchers 

can now be explained, for example, in one of these studies a non-specific p38MAPK inhibitor 

SB203580 was used (292), which besides having an on-target kinase inhibition effect, it also 

exerts a strong off-target inhibition of COX1 enzyme (294) - essential for conversion of AA into 

TxA2. Understandably, this off-target effect-caused misinterpretation of the data led to 
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conclusions that the importance of p38MAPK in TxA2 formation in activated human platelets 

was far greater than it really is. Other published data supporting p38MAPK significance in the 

TxA2 synthesis process in platelets came from the mouse studies (280,290). As discussed in 

chapter 4, mice are not a suitable model for exploring of this signalling pathway, due to 

interspecies differences in mechanisms and kinases governing the process. Data presented in 

this thesis additionally demonstrates, that highly selective p38MAPK inhibitors VX702 and 

Losmapimod were found to have no effect on TxA2 formation in human platelets, confirming 

that ERK1/2 is the principal regulatory kinase of the process. Moreover, inhibition of ASK1 

and p38MAPK, with GS4997 and Losmapimod, respectively, also did not affect the rate of 

aggregation of human platelets. The opposite effect was seen in murine platelets treated with 

GS4997, where a significant reduction in platelet ability to aggregate was recorded under 

identical conditions, endorsing previous findings in ASK1-/- knockout murine platelets (280). 

Although the results presented in Chapter 4 do not support the original hypothesis, that ASK1 

inhibitors could be repurposed as novel antiplatelet therapy, the study had another important 

outcome – a discovery that a dual regulation of p38 MAPK takes place in human platelets. The 

mechanism of p38MAPK activation proposed here involves its phosphorylation via both 

canonical, ASK1-mediated route, as well as a non-canonical, SYK-induced 

autophosphorylation. Notably, this study also emphasizes the importance of confirming 

findings from genetic mouse models in humans.  

Platelet research employing murine models has vastly contributed to our general 

understanding of thrombosis and haemostasis in human. There are indeed substantial 

commonalities between these two species and using mouse models has proven to be an 

indispensable tool for disease studies as well as delineation of many molecular mechanisms 

involved. Nevertheless, it is essential to reconsider its limitations. Interspecies variations are 

a long-known source of frustration in pharmaceutical research and are highlighted also in this 

thesis. In the chapters discussed above, the encountered cross-species differences had 

significant impact on the continuity and outcome of the presented studies. The concerns that 

pharmaceutical and environmental research conducted in mice, may be a weak predictor of 

the outcome of investigations performed in human, have been raised many times in the past. 

The examples of discrepancies in side-effects seen between these two species are not far to 

be searched for in the history of drug development. For example, a drug isotretinoin, used for 
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treatment of severe acne, was reported to cause severe malformation and multi-organ 

abnormalities in foetus of human and other primates, whereas exposure of mice and rats to 

this compounds did not result in any birth defects (376). Conversely, corticosteroids 

commonly used in human, can cause teratogenesis in various animal models, including mouse 

(377,378). Furthermore, the infamous anti-sickness drug – thalidomide, acts as a teratogen in 

human, but not in mouse and rat. The difference is believed to arise from the cross-species 

variances in how this drug is metabolised (378–380). One of the very important recent studies 

demonstrated that genomic and inflammatory responses in mice poorly mimic these 

observed in human (381); it reported that only 12% of gene expression changes induced by 

disease in mice corresponded to these seen in human (382). Additionally, research groups 

form Lund and King’s Collage Universities have published differences in mouse and human 

islet GPCRs structure and expression (383,384). The distinctions in physiology of murine and 

human platelets have also been previously shown. Human platelets are larger in size, exhibit 

lower granule heterogenicity and there are fewer of them per millilitre of blood, as compared 

to their murine counterparts (385). Circulatory life-span of an average human platelet is twice 

as long as that of a mouse platelet (386). The platelet surface receptor make-up is not entirely 

alike too; expression of distinct thrombin receptors have been reported, with PAR1/PAR4 and 

PAR3/PAR4, being found on human and mouse platelets, respectively (387). The FKBP 

immunophilin expression profile presented in chapter 3, also shows fundamental differences 

in protein copy numbers between the two species, with FKBP5 being virtually non-existent in 

murine platelets, but FKPB12 being found at more than twice as high numbers than that in 

human. 

Although in vivo animal studies are still our best approach at predicting human reaction when 

it comes to platelets, other methods need to be explored in order to bridge the cross-species 

differences and to make the research more reliable and translational in the future. Platelets 

are anucleate cells and culturing them in vitro from megakaryocyte progenitors is far from 

feasible; for these reasons, the gene and protein expression in platelets cannot be altered 

using standard silencing methods, such as CRISPR or TALEN. To address this pressing problem, 

a pioneering solution has been proposed in chapter 5 of this thesis, involving innovative small-

molecule proteolysis targeting chimeras (PROTACs) approach for selective degradation of 

kinases in human platelets. Data presented in this chapter demonstrates for the first time, 
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that a variety of tyrosine protein kinases expressed in platelets can be targeted for 

degradation using PROTAC-induced ubiquitination. This novel PROTAC treatment can be used 

in the future not only to study kinases and other protein function in human platelets, by 

producing chemically-induced ‘knockdown’ human platelets in vitro, but also to introduce a 

completely new strategy of reducing platelet activity, potentially much stronger and reliable 

than that exerted by conventional pharmacological inhibitors. Of note is that the range of 

PROTAC targets is not limited only to kinases or other cytosolic proteins. Recent studies 

showed, that appropriately designed degraders can also lead to proteolysis and inactivation 

of transmembrane proteins, such as receptor tyrosine-kinases (RTKs) (370), making this 

approach even more promising for platelet research. For example, an important platelet and 

megakaryocyte specific receptor – GPVI, could be targeted in the future using PROTAC. 

Inhibition of GPVI has been of particular interest in development of anti-thrombotic agents, 

because it allows reduction in thrombus formation, without causing excessive bleeding (388). 

GPVI besides facilitating platelet attachment at the site of vascular damage, it also initiates 

intracellular signalling leading to several profound activating changes in platelet physiology, 

including PS exposure and membrane ballooning, which trigger local thrombin generation. 

Suppression of all these processes could therefore be achieved by inactivation of GPVI. BTK is 

one of the crucial kinases mediating GPVI-induced intracellular signal transduction. Inhibition 

and degradation of BTK has an extensive, suppressing effect on collagen/CRP-mediated 

platelet function, reported both in the literature (344,353,355,389), as well as in chapter 5 of 

this thesis, respectively. BTK is therefore also a favourable target for PROTAC-induced platelet 

function inhibition. However, BTK expression is not limited only to platelets and is found in 

other blood cells and tissues (390–392), therefore targeting GPVI directly by appropriately 

designed PROTAC poses a more promising approach for development of novel, platelet-

specific anti-thrombotic therapies.  Using PROTAC for human platelet research, whenever 

possible, could also make the results much more translatable and allow better predictions for 

drug development. Moreover, as discussed in Chapter 5, PROTAC-based therapies could be 

employed to overcome antiplatelet drug resistance seen in some patients, as these 

pioneering compounds do not require to be metabolised to become active and to cause 

destruction of the entire protein of interest, in contrast to pharmacological inhibitors, which 

target only single domains. Additionally, intracellular proteolysis of kinases by PROTACs 

allows not only inhibition of their catalytic activity, but also their enzyme-independent, 
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scaffolding functions. Interestingly, based on platelet physiology and their very limited ability 

of protein synthesis, it can be speculated here that the effect of PROTAC treatment would be 

prolonged in these cells, and could possibly last even their entire life-span after only a single 

exposure to the degrader. Importantly, PROTACs also offer a possible measure for a vast 

reduction of genetically modified lab animal usage, making the platelet research cheaper, 

logistically easier and ethically more acceptable to wider communities, both inside, but also 

outside academia.  

If the research presented in this thesis could be continued, the efforts should also be made 

to synthesise an FKBP-targeting PROTAC in house, with the help of the collaborators from 

School of Chemistry. The suggested compounds’ chemical structure could be fully based on 

the existing, published and tested PROTAC - RC32, constructed by Sun et al (335) by 

conjugation of rapamycin molecule with pomalidomide with specially designed linker. If this 

PROTAC were able to induce proteolysis of interacting proteins in platelets, it could then allow 

proteomics investigation and possible delineation of any other FKBP proteins which get 

degraded alongside FKBP12, and therefore may be involved in regulation of human platelet 

PS exposure and ballooning via protection of mitochondrial integrity.  

In summary, the data generated during this PhD project is versatile and can be possibly useful 

in guiding the design and development of novel, life-saving antiplatelet therapies and 

strategies of counteracting thrombosis in patients who do not respond well to the currently 

available antiplatelet treatment. 
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