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Abstract 

Endothelial cells (ECs) are a key component in maintaining proper haemostasis and 

thrombosis. During homeostasis, EC surfaces are anti-thrombotic, preventing platelet 

activity and activation of coagulation. On injury, EC surfaces become pro-thrombotic, 

enhancing platelet activation and mediating the adhesion of haematopoietic cells to 

the injured surface. Together, ECs and haematopoietic cells maintain blood fluidity in 

the absence of injury, but promote thrombus formation to prevent excessive blood loss 

on injury. The mechanisms behind these processes are tightly regulated and any 

perturbations can have devastating consequences to patient health, such as stroke, 

infarction or bleeding diathesis. 

 Myeloproliferative neoplasms (MPNs) are a class of haematological 

malignancies characterised by hyper-proliferation of myeloid cells, most commonly 

caused by a mutation in the non-receptor tyrosine kinase Janus kinase 2 (JAK2), 

JAK2V617F. Patients with MPNs often suffer from complications due to dysfunctional 

haemostasis and thrombosis; therefore, patient treatment is aimed at preventing these 

events. JAK2V617F has been identified in both haematopoietic and ECs of a subset of 

patients with MPNs. Given the role of both cell types in maintaining physiological 

haemostasis and thrombosis and the common occurrence of dysfunctional haemostasis 

and thrombosis in patients with MPNs, it is reasonable to suspect that mutant 

haematopoietic and ECs may contribute to these disease manifestations. 

 Here, JAK2V617F -positive ECs were found to contribute to the dysfunctional 

haemostasis observed in a mouse model of MPNs. Further investigation into the 

mechanisms of JAK2V617F EC activation in vitro showed that permeability is increased 

in HUVECs expressing JAK2V617F, which may be caused by an increase in 

inflammation. ECs generated from patient blood samples were shown to have varying 

levels of JAK2V617F, which was inversely related to proliferation of cells. ECs which 

expressed high JAK2V617F allelic burden did not proliferate and showed features of EC 

senescence. Further investigation into JAK2V617F-positive ECs will elucidate the 

mechanisms of JAK2V617F -induced EC inflammation, permeability and senescence. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Haemostasis and Thrombosis: An Overview 

Haemostasis and thrombosis are essential physiological processes. Haemostasis is the 

collective organisation of blood fluidity maintenance, sustaining adequate blood flow 

and promoting thrombus formation when vessels are injured. Thrombosis is the 

process of thrombus formation and in healthy humans, this occurs only when there is 

vessel injury. Both processes are highly regulated and insults which disrupt the balance 

between blood flow and thrombus propagation have severe consequences.  

1.1.1 Virchow’s triad 

Pathological thrombus formation has long been recognised as a cause of human 

disease and morbidity. In the mid-1800’s Rudolf Virchow described three contributing 

mechanisms of venous thrombosis: blood hypercoagulability, static blood flow and 

vessel wall injury, which were later referred to as “Virchow’s triad”(Figure 1.1).1 

Indeed, evidence supports the role of individual protein factors, or lack thereof, in 

promoting a hypercoagulable environment.2 Deficiencies in antithrombin, protein C 

or protein S or increased expression of coagulation factors such as factor VIII all 

contribute towards a hypercoagulable vessel environment. Static blood flow, caused 

by inactivity or immobilisation, can aid accumulation of protein factors leading to 

thrombus formation.3 This risk factor is particularly important in venous thrombosis, 

where normal blood flow is already reduced due to a farther distance from the heart 

and lower blood pressure. The last principle included in Virchow’s triad, vessel wall 

injury, may help to promote thrombus formation in both physiological and 

pathological situations. In pathology, vessel inflammation, injury after plaque rupture 

and altered expression of endothelial surface molecules all promote thrombus 

formation. Any single component of Virchow’s triad can contribute towards the 

disruption of the haemostatic balance and as additional components become involved, 

patient health may become severely compromised. 
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Figure 1.1 Virchow’s triad 
Rudolf Virchow described 3 factors contributing to venous thrombosis: 

hypercoagulability, stasis and vessel injury. Although the mechanisms behind venous and 

arterial thrombosis differ, they can both be related to these founding principles in 

“Virchow’s triad.”  
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1.1.2 Types of thromboses 

Although Virchow’s triad was first used to describe venous thrombosis, arterial 

thrombosis is also reflected by changes in hypercoagulability, stasis and vessel wall 

integrity. Often arterial thrombi form when atherosclerotic plaques rupture, exposing 

an injured vessel wall and releasing a storm of pro-coagulant factors. Platelet adhesion 

and activation are crucial steps in arterial thrombus formation, due to the high sheer 

stress in arteries. “White clots” form in arteries because platelets are integrated in the 

growing thrombus.4 In contrast, venous thrombi consist mainly of red blood cells and 

fibrin deposition, leading to “red clot” formation. Both white and red clots result in 

disruptive blood flow and can have devastating consequences to patient health. 

 In addition to atherothrombosis which is often the result of a combination of 

high shear stress and plaque rupture, arterial thrombi can form in regions of low shear 

stress as in atrial fibrillation. Embolism of clots from the heart to the brain is a concern 

for patients which develop thrombi due to stasis in the heart atria.5 Thrombosis in veins 

includes both venous thromboembolism (VTE) and deep vein thrombosis (DVT), 

often in the veins of the leg. Similar to cardioembolism, thrombi in veins can dislodge 

and travel further downstream and may lead to pulmonary embolism (PE). Emboli 

such as these are a leading cause of death worldwide.6 Thrombi which remain lodged 

in deep veins can lead to swelling and oedema in patients. 

1.1.3 Haemorrhaging 

As destructive as pathological thrombus formation is to health, haemorrhaging can be 

equally as dangerous to patients. Haemorrhaging can lead to permanent tissue and 

organ damage and can result in hypovolemic shock due to systemic blood loss. The 

brain, in particular, is extremely susceptible to adverse effects of haemorrhage as the 

body has evolved to prevent such damage through the enhanced tight junctions of the 

blood brain barrier.7 Inherited bleeding disorders, such as haemophilia, are often 

caused by a deficiency or dysfunction of one or several coagulation factors or blood 

cell types.8 Acquired bleeding disorders are often secondary to primary diseases, 

including renal and liver disease. Thrombophilia, which may lead to increased 

thrombosis, may instead lead to an acquired bleeding disorder caused by scavenging 

of the coagulation protein von Willebrand Factor (vWF) by platelets.9 Even in healthy 
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patients, trauma-induced haemorrhage can be life-threatening when treatment is 

inadequate or delayed.  

1.1.4 Impact of cardiovascular disease on the National Health Service 

Diseases of haemostasis and thrombosis are broadly classified as cardiovascular 

disease. Risk factors of cardiovascular disease include age, obesity, inactivity and 

smoking. Additionally, clotting and bleeding are often co-morbidities associated with 

diseases unrelated to the cardiovascular system such as cancer. In the United 

Kingdom, cardiovascular disease is the second leading cause of death, responsible for 

28% of deaths in 2012 (British Heart Foundation, BHF).10 It is second only to cancer 

(29%); however, when combined with cancer-related causes of thrombosis and 

haemostasis abnormalities, the number of clotting and bleeding related deaths may 

actually be greater. In England, expenditure for cardiovascular disease within the NHS 

was greater than £6.8 billion in 2012 (BHF).10 In Wales, Northern Ireland and Scotland 

£442.3, £393 and £750 million were a cost to the NHS, respectively (BHF).10 

 Complications associated with thrombosis and haemostasis are leading causes 

of disability and death across the world.5 Mechanisms contributing to these 

complications include both dysfunctional intrinsic haemostasis and thrombosis and 

secondary effects of unrelated diseases. In both situations, the delicate balance of 

blood fluidity and thrombus formation is disrupted and patients suffer severe 

consequences. Research into these processes is essential for understanding the 

mechanisms of their deregulation, prevention of adverse events and improving 

treatment of at-risk or ill patients. 

1.2 Mechanisms of Haemostasis 

Haemostasis consists of three major steps: vasoconstriction, platelet 

adhesion/activation and coagulation. A fourth step, fibrinolysis, completes the cycle, 

degrading the fibrin-rich clot to resume blood flow. Together, these four steps ensure 

that blood flow ceases when vessels are injured and blood fluidity is maintained in the 

absence of injury. The four steps of haemostasis are described in more detail in the 

following sub-sections. 
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1.2.1 Vasoconstriction 

The initial physiological response to vessel injury is vasoconstriction and this process 

is regulated mainly by signalling between endothelial cells (ECs) and smooth muscle 

cells (Figure 1.2).11 Endothelin-1 (ET-1) is produced and released by ECs in response 

to inflammation and binds to receptors on both smooth muscle and ECs.12 

Thromboxane (TxA2) produced by the cyclooxygenase (COX) enzymes in ECs acts 

on thromboxane-prostanoid receptors present on platelets and smooth muscle cells. 

Both ET-1 and TxA2 cause an influx of calcium into smooth muscle cells inducing 

constriction of these cells, narrowing the vessel lumen. Vasoconstriction is the first 

line of defence against blood loss and brings cells and proteins involved in clotting 

closer together, enhancing their capacity to interact. In constrast, nitric oxide (NO), 

prostacyclin (PGI2) and endothelium derived hyperpolarizing factor (EDHP) promote 

vasodilation by ECs.13 NO is produced by endothelial NO synthase (eNOS) and is 

vasoprotective; it causes smooth muscle cells to dilate and inhibits platelet 

aggregation, leukocyte adhesion and exocytosis of Weibel-Palade bodies, which 

contain pro-coagulant proteins. PGI2, the alternative product to TxA2, causes 

vasodilation albeit to a lesser extent when compared to NO. EDHP hyperpolarises the 

cell membrane by minimising calcium influx to the cell through induction of 

potassium efflux from the cell.11 EC hyperpolarisation induces smooth muscle cell 

hyperpolarisation, the effects of which are vasodilatory. Following the theme of 

balance in haemostatic processes, vasodilation and vasoconstriction are also regulated 

such that blood fluidity is maintained and perfusion of tissues and organs is adequate. 

On vessel injury, this balance favours vasoconstriction. 

1.2.2 Primary haemostasis 

Following vasoconstriction, primary haemostasis occurs and results in the generation 

of a platelet plug to seal off the injured site (Figure 1.3). This stage primarily involves 

platelets and their interaction with the exposed subendothelial layer. Healthy human 

adults have ~150-400x109 platelets per litre of blood and ~1011 of these platelets are 

replaced each day.14 Production of platelets occurs in the bone marrow and begins 

with differentiation of myeloid progenitors to megakaryocytes. This occurs through 

endomitosis, whereby cells synthesize DNA, prepare for mitosis  
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Figure 1.2 Haemostasis step 1: vasoconstriction 
Vasoconstriction is the first step of haemostasis and is mainly controlled by EC -smooth 

muscle cell interactions. Vasoconstriction results in vessel narrowing, bringing cellular 

and coagulation factor components in close proximity. 
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Figure 1.3 Haemostasis step 2: primary haemostasis 
The second step of haemostasis, called primary haemostasis, requires cellular 

interactions with the damaged vessel surface. Platelet adhesion  to the subendothelial 

layer is mediated by interactions with collagen and vWF. Binding of these components 

begins secondary activation of platelets, which results in more stable interactions of 

platelets with collagen, laminin, fibronectin and thrombospon dins. Primary 

haemostasis results in formation of the platelet plug.  
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but never complete the cell cycle.15 The result is megakaryocyte enlargement and 

polyploidy. Mature megakaryocytes then travel to bone marrow sinusoids, where they 

fragment into platelets in circulation. Platelets are therefore cell fragments; they do 

not contain a nucleus however they have the ability to respond to extracellular stimuli 

and undergo dynamic cellular changes to respond to these cues. Through these effects 

platelets elicit their role in platelet plug formation and provide a scaffold for 

coagulation, the third stage of haemostasis. 

 Intact vessel walls separate blood from extracellular matrix components. 

However on injury, blood is exposed to these components and their interaction helps 

to initiate thrombosis. The subendothelial layer consists of laminin, thrombospondins, 

fibronectin, and collagen and immobilised protein factors, which are typically 

dissolved in plasma but become recruited to the extracellular matrix when 

exposed.16,17 One such protein is vWF. 

 vWF is synthesized by ECs and megakaryocytes and stored in Weibel-Palade 

bodies of ECs and α-granules in platelets.18 ECs constitutively secrete a basal level of 

vWF, but can be stimulated to secrete additional vWF on injury. Constitutive secretion 

occurs across both surfaces, apical and basolateral.19 Apical release of vWF circulates 

in plasma and basolateral release of vWF becomes incorporated into the extracellular 

matrix of the subendothelial layer. In the subendothelium, vWF binds collagen type 

VI and likewise, when this layer is exposed plasma vWF becomes immobilised by 

binding collagen type VI and collagen types I and III in layers beyond the 

subendothelium. 20,21 In addition to collagen binding sites, vWF contains binding sites 

for the platelet glycoprotein (GP)Ibα and integrin αIIbβIII.
22 vWF-platelet interactions 

facilitate initial platelet tethering to the injured site; this interaction is especially 

important in arterial thrombosis, where shear stress is high. vWF undergoes extensive 

post-translational processing to form ultra-large molecular weight multimers that can 

be as large as 20,000kDa.19 In plasma, vWF is cleaved to multimers of different sizes 

by a disintegrin-like and metalloprotease domain with thrombospondin type-1 motif, 

number 13 (ADAMTS13).23 Ultra large molecular weight vWF is most active in 

platelet tethering; therefore cleaving multimers to smaller sizes by ADAMTS13 

reduces their ability to bind platelets and collagen. vWF-platelet interactions are 

transient; platelets require additional mechanisms of adhesion and activation to secure 

the platelet plug. These interactions are mediated by platelets binding to other 
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components of the subendothelial layer. Platelet GPVI and integrin αIIβI bind collagen, 

resulting in both adhesion and activation of platelets.24 Platelet integrin αVβI binds 

fibronectin and subsequent activation of platelets allows for the interaction of integrin 

αIIbβIII with fibronectin.25,26 Thrombospondin-2, another component of the 

subendothelial layer binds platelets and thrombospondin-1, secreted by activated 

platelets binds neighbouring platelets and potentiates platelet aggregation.27 Similar to 

platelets binding collagen, platelets form additional interactions with the basement 

membrane protein laminin through GPVI and αVIβI.
28 Lastly, platelets adhere to 

fibrinogen through αIIbβIII.
29 

 On activation, platelet intracellular signalling triggers degranulation of dense 

and α-granules, storage organelles in platelets. Contents stored in these granules are 

pro-coagulant and they subsequently bind to platelets and neighbouring cells to 

potentiate platelet aggregation. Potent platelet agonists, which are stored and released 

by platelets, include adenosine diphosphate (ADP) and TxA2.30 Activation of platelets 

by ADP and TxA2 is especially important for sustained platelet activation, ensuring 

progression of haemostasis to step three, coagulation. Activation of platelets also 

provides the negatively-charged phospholipid membrane scaffold, which protein 

factors use for their enzymatic reactions in the coagulation cascade. 

 1.2.3 Coagulation 

During primary haemostasis, platelets first become tethered to the injured surface by 

their interactions with vWF. This facilitates more secure platelet adhesion through 

additional glycoprotein and integrin interactions with subendothelial matrix proteins. 

Finally, platelets undergo the initial stages of activation when their receptors bind 

proteins of the subendothelial layer, resulting in intracellular and cell surface changes 

which promote the third phase of haemostasis, coagulation.  

 The coagulation cascade consists of a series of enzymatic proteins and their 

cofactors, which cleave proteins in a series that results in production of insoluble fibrin 

(Figure 1.4). There are two mechanisms of activating coagulation: the extrinsic 

pathway, induced by tissue factor (TF) and the intrinsic pathway, induced by 

thrombin.31 TF, located in the subendothelium, is exposed on injury and forms a 

complex with factor VII. This facilitates conversion of VII to VIIa in the presence of  
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Figure 1.4 Haemostasis step 3: coagulation 
Coagulation is an enzymatic cascade of serine proteases which results in fibrin 

deposition in the growing thrombus. In this diagram, both the extrinsic and intrinsic 

coagulation pathways are shown, mediated by TF and thrombin, respectively. 

Conversion of each inactive protein to its active form is illustrated from top to bottom 

of each angled line, with the product of one reaction facilitating the reaction of the 

subsequent reaction. When cofactors are required, these are written above arrows 

depicting the enzymatic reaction. Coagulation results in stable, fibrin -rich thrombus 

formation. 
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its co-factor, a calcium ion. Factor VIIa-TF then converts factor X to Xa. Together 

with factor Va, Xa converts prothrombin to thrombin which then cleaves soluble 

fibrinogen to insoluble fibrin.  Fibrin can then be incorporated into the growing 

thrombus. Alternatively, thrombin can activate factor XI to XIa, which can convert 

factor IX to IXa. This leads back to the common coagulation pathway with the 

conversion of factor X to Xa. The end result of both intrinsic and extrinsic pathways 

is fibrin deposition, resulting in stable thrombus formation. An important principle of 

blood coagulation is amplification; once the pathway is activated factors react again 

with earlier factors to amplify the signal. This further ensures the response results in 

stable thrombus formation. 

1.2.4 Fibrinolysis 

Haemostasis comes full circle when the fibrin-rich thrombus is degraded and blood 

flow is restored to normal (Figure 1.5). Fibrin is degraded by plasmin, a serine protease 

generated from enzymatic cleavage of its zymogen, plasminogen.32 Two main 

proteases facilitate this enzymatic reaction: tissue-type plasminogen activator (tPA) 

and urokinase (UK). tPA is synthesized and secreted mainly in ECs and tPA in 

circulation is associated with plasminogen activator inhibitor 1 (PAI-1).33,34 UK is 

synthesized by fibroblasts, epithelial cells, monocytes and macrophages of the urinary 

tract.35-37 Once activated, tPA and UK cleave plasminogen to plasmin, the active 

molecule which degrades fibrin. Both coagulation and fibrinolysis rely heavily on 

cleavage of inactive zymogens to release the active enzyme. Similar to coagulation, 

zymogen activation allows for amplification of fibrinolysis, resulting in efficient 

breakdown of the fibrin-rich clot.  

1.3 Cellular Components of Haemostasis 

Haemostasis is a coordinated process of both cellular and plasma protein constituents. 

In the previous section, these components were discussed collectively to give a brief 

overview of the four stages of haemostasis. Here, the functions of individual cell types 

are reviewed more closely. 

1.3.1 Platelets 

Platelets in circulation have the ability to adhere to injured surfaces but they have an 

even greater capacity to aggregate and integrate into a growing thrombus when they  
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Figure 1.5 Haemostasis step 4: fibrinolysis 
After the vessel is healed, fibrinolysis occurs to break down the thrombus. Fibrin 

degradation is accomplished through plasmin , which is activated by tPA produced by 

ECs. This results in thrombus degradation and restoration of blood flow.  
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become activated. As discussed in the previous section, platelets can bind to vWF, 

collagen, laminin and fibronectin in the subendothelial matrix even before they are 

activated. However, these interactions are greatly enhanced when platelets are 

activated and their receptors are better primed for stable interactions with their ligands. 

Initial adhesion of platelet GPVI to collagen causes an influx of calcium ions into 

platelets, leading to conformational changes in α2β1 which can bind collagen more 

stably (Figure 1.6).38-40 

 Platelets are further activated by agonists binding to their cognate receptors. 

These agonists include thrombin, ADP, prostaglandins and epinephrine. Thrombin, a 

serine protease, activates the protease-activated receptors (PAR) 1 and 4, which are 

G-protein coupled receptors.41,42 Thrombin is a strong platelet agonist, resulting in the 

characteristic platelet-shape change from round cell fragments to elongated fragments 

with projections of cytoplasm from the centre. These changes are mainly the result of 

calcium influx, one effect of thrombin activation of PARs. ADP binds three platelet 

receptors, P2X1, P2Y1 and P2Y12.
43 Similar to PARs, P2Y1 and P2Y12 are G-protein 

coupled receptors which activate phospholipase Cβ and inhibit adenylyl cyclase, 

respectively. In contrast to PARs, P2X1 is a calcium ion channel which may result in 

calcium influx directly; however this has not been shown. Prostaglandins, specifically 

TxA2 binds its receptor TP on platelets, another G-protein coupled receptor.44 

Epinephrine binds α2A-adrenergic receptors, also coupled to G-proteins.45 Platelet 

activation is synergistic; to make use of full platelet activation potential several 

agonists are needed to activate multiple G-protein coupled receptors. 

 Many of the agonists and components of platelet activation are synthesized by 

none other than the platelets themselves. These proteins are stored in either dense or 

α-granules. Among other components, dense granules contain ADP, ATP and calcium 

and α-granules store fibrinogen, vWF, factor V and thrombospondin.46,47 Initial 

platelet adhesion and activation leads to platelet degranulation and the release of dense 

and α-granule components. Therefore, platelets aid in their own activation by releasing 

components which can subsequently bind and enhance platelet activation. 

Collectively, platelets undergo primary and secondary stages of activation. In the 

primary stage, platelets bind to subendothelial matrix components via receptors which 

do not require activation-induced conformational change. This  
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results in primary platelet activation, whereby receptor conformational changes are 

induced and degranulation occurs. In the second stage, platelets bind additional 

subendothelial matrix components with increased affinity and bind platelet agonists 

made available through degranulation. These effects result in irreversible platelet 

activation and allow for stable platelet aggregation. 

1.3.2 Monocytes 

Monocytes are a type of leukocyte in peripheral blood, which translocate into nearby 

tissues and differentiate into macrophages. They are well-known for their 

contributions to the immune response, but their role in peripheral blood extends 

beyond inflammation. Monocytes produce TF, the potent initiator of extrinsic 

coagulation, in response to activation by either haemostatic or inflammatory 

mediators.48 Monocytes are activated by interleukin (IL)-1 or tumour necrosis factor 

(TNF)-α, but also by the haemostatic agonists thrombin and factor Xa. When 

activated, monocytes express TF on their surface and release factors to promote 

inflammation. During vessel injury, monocytes adhere and form stable interactions 

with both platelets and endothelial cells through chemokine ligand/receptor 

interactions and integrins.49 Overlap between haemostasis and inflammation in 

monocytes aids in amplification of both responses. 

1.3.3 Endothelium 

For some time, the endothelium was regarded as simply the barrier between the blood 

and underlying tissues. It is now known to be a highly active and dynamic cell type, 

possessing many of its own functions and the ability to alter those functions when 

necessary. ECs are found throughout the entire body forming the inner layer of all 

blood vessels. Collectively, the endothelium contributes to haemostasis and 

thrombosis, angiogenesis, leukocyte transmigration and permeability.11 However, it is 

important to note that although the endothelium as a whole performs these functions, 

it is a heterogeneous cell type and the mechanisms behind these functions are vessel 

and organ specific.50,51  

1.3.3.1 Pro-thrombotic properties of ECs 

ECs were previously mentioned in regard to their role in vasoconstriction during the 

first phase of haemostasis. Whilst signalling smooth muscle cells to induce 
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vasoconstriction, ECs themselves become activated and contribute to platelet and 

protein coagulation factor activation (Figure 1.7).11 Additional ultra-large vWF 

multimers are mobilised from EC Weibel-Palade bodies and platelet activating factor 

(PAF) is synthesised and released.52,53 Upregulation of intercellular adhesion 

molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), P-selectin and 

E-selectin promotes platelet and leukocyte adhesion and activation.54 ECs contribute 

to anti-fibrinolysis through thrombomodulin (TM)-thrombin cofactor activation of 

thrombin-activatable fibrinolysis inhibitor (TAFI) and through expression of PAI-

1.55,56 Taken together, ECs promote clot formation and maintenance on injury by 

changing their own phenotype to be pro-thrombotic and anti-fibrinolytic and by 

providing the necessary scaffold for coagulation reactions and cell binding. 

1.3.3.2 Anti-thrombotic properties of ECs 

ECs are the barrier between fluid blood and subendothelial vascular matrices. As such, 

their phenotype is critical to maintaining blood fluidity. To this end, ECs express and 

secrete factors which prevent unnecessary activation of coagulation factors and blood 

cells (Figure 1.7). These factors include tissue factor pathway inhibitor (TFPI), ecto-

ADPase (CD39) and tPA. Additionally, ECs provide a surface for the activation of 

several other factors, including protein C (PC) and antithrombin (AT). 

 TF, the main agonist for the extrinsic pathway of coagulation, is inhibited by 

TFPI. TFPI is produced mainly by microvascular ECs and binds to both FXa and the 

TF-FVIIa complex to inhibit coagulation.57 Patients with Texas bleeding disorder 

were shown to have increased TFPI-FV interactions, which resulted in a decrease in 

the generation of thrombin and an increase in circulating TFPI.58 These effects 

contributed to bleeding diatheses in patients with this disease. ADP, an agonist for 

platelet activation, is hydrolysed to adenosine monophosphate (AMP) by CD39, an 

ecto-ADPase expressed on the surface of ECs.59 AMP cannot activate platelets, 

therefore CD39 promotes platelet quiescence. In a vessel injury mouse model, 

expression of CD39 was shown to prevent occlusive thrombus formation.60 This effect 

was reversed when the mice were treated with a non-hydrolysable form of ADP. ECs 

also contribute to the final stage of haemostasis, fibrinolysis, through release of tPA. 

Expression of tPA is particularly noted in lung microvascular  



Chapter 1 

 

32 

 

 

F
ig

u
re

 1
.7

 E
C

 P
ro

-t
h

ro
m

b
o

ti
c 

a
n

d
 a

n
ti

-t
h

ro
m

b
o
ti

c 
fu

n
ct

io
n

s 
E

C
s 

h
a

v
e

 b
o

th
 p

ro
-t

h
ro

m
b

o
ti

c
 a

n
d

 a
n

ti
-t

h
ro

m
b

o
ti

c
 p

ro
p

e
rt

ie
s
. 

N
o

rm
a

ll
y

, 
E

C
s 

e
x

p
re

s
s 

a
n

d
 s

e
c

re
te

 n
u

m
e

ro
u

s 
fa

c
to

rs
 w

h
ic

h
 p

ro
m

o
te

 p
la

te
le

t 

q
u

ie
sc

e
n

c
e

: 
T

F
P

I,
 t

P
A

, 
C

D
3

9
, 

h
e

p
a

ri
n

 s
u

lp
h

a
te

. 
O

n
 v

e
s
se

l 
in

ju
ry

, 
E

C
s
 c

h
a

n
g

e
 p

h
e

n
o

ty
p

e
 t

o
 e

x
p

re
s
s 

a
n

d
 s

e
c

re
te

 p
ro

-t
h

ro
m

b
o

ti
c

 m
o

le
c

u
le

s:
 

P
A

I-
1

, 
IC

A
M

-1
, 

V
C

A
M

-1
, 

P
-s

e
le

c
ti

n
, 

E
-s

e
le

c
ti

n
, 

v
W

F
, 

P
A

F
. 

T
h

ro
m

b
o

m
o

d
u

li
n

-t
h

ro
m

b
in

 
c

o
n

tr
ib

u
te

s
 

to
 

b
o

th
 

p
h

e
n

o
ty

p
e

s.
 

O
n

 
th

e
 

a
n

ti
-

th
ro

m
b

o
ti

c
 s

u
rf

a
c

e
 i

t 
p

ro
m

o
te

s
 P

C
 c

o
n

v
e

rs
io

n
 t

o
 A

P
C

. 
It

s
 i

n
te

ra
c

ti
o

n
s
 w

it
h

 t
h

ro
m

b
in

 a
ls

o
 h

e
lp

 p
re

v
e

n
t 

it
 f

ro
m

 b
in

d
in

g
 t

o
 p

la
te

le
ts

. 
O

n
 t

h
e

 

p
ro

-t
h

ro
m

b
o

ti
c

 s
u

rf
a

c
e

, 
th

ro
m

b
o

m
o

d
u

li
n

-t
h

ro
m

b
in

 a
c

ti
v

a
te

 T
A

F
I.

 E
C

s
 a

re
 d

y
n

a
m

ic
 a

n
d

 t
h

e
ir

 r
o

le
 i

n
 h

a
e

m
o

s
ta

s
is

 i
s
 d

e
p

e
n

d
e

n
t 

o
n

 t
h

e
 s

ta
g

e
 

o
f 

th
ro

m
b

u
s 

fo
rm

a
ti

o
n

 o
r 

d
e

g
ra

d
a

ti
o

n
. 

 



Chapter 1 

 

33 

 

endothelium and is increased when stimulated with thrombin.61,62 tPA has been used 

as a thrombolytic agent for decades, however treatment needs to be carefully 

monitored as this increases patient risk for intracranial haemorrhage.63 

 AT is a serine protease inhibitor (serpin), which inhibits coagulation.64 

Although produced by the liver, AT activity is greatly enhanced when bound to 

heparin or heparin sulphate proteoglycans, the latter of which is expressed by ECs. AT 

targets several activated coagulation factors including Xa, IXa, XIa, XIIa, TF-VIIa 

complex and thrombin, preventing excessive amplification of the coagulation cascade. 

PC, another factor produced by the liver, has powerful anti-thrombotic properties 

when activated (activated protein C, APC). Conversion of PC to APC is mediated by 

TM-thrombin and is enhanced by additional interactions with endothelial protein C 

receptor (EPCR), an integral membrane protein of ECs.65 APC inhibits factors VIIIa 

and Va, preventing excessive Xa and thrombin generation. 

1.3.3.3 EC shear stress 

ECs throughout the body contribute to the pro-thrombotic and anti-thrombotic 

functions discussed however there are vessel- and tissue-specific phenotypes that 

direct EC function in particular vascular niches. The vasculature is a closed system, 

blood flows from arteries and arterioles where pressure is high and blood oxygen 

content is rich, through capillary beds where nutrient/waste exchange occurs between 

blood and tissues, to venules and veins where pressure and blood oxygen content are 

low. In large vessels, three distinct layers of tissue are observed: the tunica adventitia, 

the outermost layer where collagen fibrils are stored, the tunica media, the middle 

layer where smooth muscle cells control vasomotor reactions and the tunica intima, 

the innermost layer consisting of a single layer of ECs and a basement membrane.50 

Arteries which sustain high shear stress from blood pumped from the heart are thicker 

in diameter and vessel wall architecture. Veins are farther from the heart and have low 

shear stress; veins require valves to keep blood flow moving and to minimise stasis. 

Capillaries consist of only a single monolayer of endothelial cells, basement 

membrane and interspersed pericytes to control constriction and dilation in these small 

vessels. ECs have specific roles in the normal physiology of each vessel type. 

 ECs have mechanosensors to identify changes in shear flow. ECs display an 

anti-thrombotic phenotype when they sense unidirectional, laminar flow; however 
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they display a pro-thrombotic phenotype when they sense multidirectional, oscillatory 

flow.66,67 The latter is often accompanied by lower flow rates and is often associated 

with curved vessel regions. These areas are particularly susceptible to EC changes and 

atherosclerotic plaque formation.68 The effects of high shear versus low shear, 

unidirectional flow versus oscillatory flow include changes in EC proliferation, 

permeability, morphology, motility and phenotype.66 In laminar flow, EC proliferation 

is inhibited and permeability is decreased, resulting in a quiescent phenotype. In 

contrast, oscillatory flow enhances EC proliferation and permeability and EC 

interaction with platelets and leukocytes is promoted. Some vessel regions are 

spatially susceptible to oscillatory flow; however temporal changes may enhance the 

susceptibility to flow disturbances. 

1.3.3.4 EC permeability 

Endothelial cell-cell contacts control vascular permeability and can be described as 

continuous, discontinuous, fenestrated or non-fenestrated.50 Continuous endothelium 

provides a strong barrier between blood and underlying tissue and consists of tight and 

adherens junctions. Paracellular transport is inhibited and transport of nutrients/waste 

across the endothelium must occur through diffusion and endocytosis through 

caveolae. Endothelium is particularly continuous in regions of high shear stress 

(arteries) and in the blood brain barrier, where permeability is kept at a minimum.69 

Fenestrations are small pores in the endothelium and these pores increase permeability 

in vessels and tissues whose functions rely on the transport of materials across the EC 

membrane. ECs in the intestine, for example, have fenestrae which allow for more 

efficient absorption of nutrients from digested food. Although fenestrae form pores in 

ECs, they still maintain structural integrity through fenestral diaphragms.70 

Discontinuous endothelium has true gaps, allowing even more unbiased solute 

transport.50 This type of endothelium exists in sinusoidal vasculature, such as in the 

liver where filtration is the main function. Similar to the ability of ECs to change 

phenotype on vessel injury, ECs can change the degree to which their cell-cell 

interactions are continuous by responding to inflammatory cytokines, allowing 

increased leukocyte migration.11,50 Similar to haemostasis, permeability is a dynamic 

function of ECs. 
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1.3.3.5 EC heterogeneity 

All cells are subject to specific regulation by their microenvironment and ECs are no 

different. Although all ECs contribute to haemostasis, the mechanisms by which ECs 

of different vessel types and vascular beds achieve these functions are location-

specific. vWF is commonly used to identify ECs, but expression is not homogeneous 

throughout the body. In general, vWF expression is higher in venous circulation when 

compared to arterial and studies in mice show that the vascular bed with the highest 

vWF expression is the lung.50,51,71 TFPI expression is also high in the lung and in the 

placenta, implicating a role for TFPI in mediating haemostasis in microvessels.50 

Contrarily, EPCR expression is highest in large vessels of lung, liver heart and 

placenta, contributing towards blood fluidity in macrocirculation of these organs.50 

Spatial distribution of haemostatic factors is further regulated by temporal demands of 

the body; EC response to disease or vessel injury is dependent on both the intrinsic 

properties of ECs in that location and how the microenvironment influences those cells 

to respond. This heterogeneous distribution of endothelial pro- and anti-thrombotic 

factors results in site-specific mechanisms of haemostasis and thrombosis in both 

health and disease. 

1.3.3.6 Circulating ECs (CECs) and endothelial progenitor cells (EPCs) 

ECs have proliferative potential. During angiogenesis, when widespread vessel 

growth occurs and during vessel injury, when localised vessels re-grow, ECs become 

more proliferative to add to or repair vessels. Circulating cells were first described as 

having endothelial-regenerating capabilities by Asahara et al. in 1997.72 This seminal 

research led to the identification of EPCs as circulating cells with the ability to 

differentiate into ECs and incorporate into vessel walls. Since then, a number of groups 

have attempted to further define the expression profile and function of this cell 

population to better understand the biology of EPCs and to harness their therapeutic 

potential. 

 Defining EPC surface expression is challenging. As early EPCs mature and 

differentiate they lose haematopoietic-derived markers and gain expression of markers 

associated with mature bona fide endothelium. When Asahara and colleagues first 

identified and isolated EPC-like populations, they used CD34 expression to define 

early stem/progenitor cells.72 CD34-positive cells were collected from human 
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peripheral blood mononuclear cells (PBMCs) by magnetic activated cell sorting and 

grown in vitro on either fibronectin or collagen coated surfaces. After just one week, 

cells which attached to fibronectin-coated surfaces expressed several endothelial-

derived markers including: CD31 (platelet endothelial cell adhesion molecule 

[PECAM]-1), Flk-1 (vascular endothelial growth factor receptor [VEGFR]-2), Tie-2 

(angiopoietin receptor) and E selectin.  

 Since 1997, additional markers have been investigated for expression on EPCs. 

Along with CD34, CD133 is known to be expressed by haematopoietic stem cells 

(HSCs) and expression of both these markers is lost as HSCs differentiate into mature 

blood cells.73 In an attempt to isolate a more primitive cell population, co-expression 

of CD34 and CD133 was used to identify cells which have not differentiated into either 

haematopoietic or endothelial lineages, but possess the ability to give rise to either.74 

To discriminate against cells which may be prematurely destined to the 

haematopoietic lineage, CD45, the common leukocyte antigen was used as an 

exclusion marker. Similarly, cells that were predestined for the endothelial-lineage 

were identified through expression of Flk-1.75,76 CD34+CD133+ cells constitute a small 

population in the periphery and the additional criteria of CD45-Flk-1+ further limit the 

number of cells that could potentially be isolated, emphasising the rarity of the EPC 

population. 

 The original method of isolating and growing PBMCs on fibronectin-coated 

plates led to the identification of EPCs as a cell type in circulation and the development 

of an assay for the enumeration of EPCs in circulation.72 CD34+ cells alone were able 

to attach and form spindle-like structures, but when plated in co-culture with CD34- 

cells, colonies form which contain an inner cluster of round cells and spindle-type cells 

radiating from the centre. Asahara and colleagues compared these colonies to “blood-

islands,” the structures which give rise to both blood and endothelial lineages in the 

developing embryo. A few years later, Hill and colleagues perfected the method of 

EPC colony generation and used the enumeration of EPCs as a diagnostic tool in 

cardiovascular patients.77 These colonies, now termed colony forming unit (CFU)-Hill 

colonies, are the current standard method for identifying and enumerating EPCs in 

circulation. 
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 One pitfall of the CFU-Hill assay, however, is the inability of these cells to 

expand in culture. Therefore, the research and therapeutic potential of these cells were 

limited and new methods to isolate and expand this coveted cell population were 

investigated. 78,79 In this method, whole PBMC isolates were grown in vitro on 

collagen type I coated plates for 2-3 weeks, after which colonies arose which displayed 

an endothelial-like cobblestone morphology similar to cells derived from human 

umbilical vein endothelial cells (HUVECs). These cells were passaged and expanded 

to generate cultures of blood-derived endothelium, which express endothelial surface 

markers. These cells also performed well in endothelial functional assays forming 

tubes in vitro on 3D-matrices and incorporating into vessels in mice in vivo.  

  CECs are different from EPCs; CECs are mature cells derived from the vessel 

wall that have become mobilised to enter circulation following endothelial denudation 

(Figure 1.8). In healthy individuals, low numbers of CECs are found in circulation, 

but this number is increased in patients who have certain diseases, such as cancer, or 

in patients who have experienced vessel injury.80 Similar methods to isolating EPCs 

have been employed to isolate CECs, mainly cell sorting by fluorescent antibodies and 

magnetic beads.81,82 CECs are non-proliferative and cannot contribute to vessel growth 

and repair. Similar to mature ECs throughout the body, CECs are heterogeneous and 

their phenotype can define their origin and potentially provide more information about 

an individual’s disease state. Therefore, isolating and identifying CECs from diseased 

patients have the ability to serve as biomarkers of disease.  

1.3.3.7 Endothelial development: the haemangioblast 

Similarities between haematopoietic and endothelial development have been observed 

by researchers for over a century; however the interrelatedness of these two 

developmental processes remains controversial (Figure 1.8). Most of what we know 

about vascular and haematopoietic development is derived from mouse embryonic 

studies; however despite evidence supporting a similar developmental pattern in the  
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embryo, very little is known about the convergence or divergence of these two 

processes in adults. 

 A haemangioblast refers to a single cell which can give rise to both 

haematopoietic and endothelial lineages and haemogenic endothelium refers to the 

development of blood cells from mature endothelium.83 It is generally accepted that 

haemogenic endothelium gives rise to blood cells in the embryo, however it is not 

known if this cell type continues to produce blood cells in post-primitive 

haematopoiesis.84 Investigation into the existence of a haemangioblast and/or 

haemogenic endothelium in adults remains a current research topic. 

 Emergence of HSCs in the embryo defines the beginning of definitive 

haematopoiesis. Prior to this, erythroid/myeloid progenitors (EMPs) give rise to 

functional myeloid cells to provide nutrients and oxygen to the developing foetus. 85 

When treated with vascular endothelial growth factor (VEGF) and stem cell factor 

(SCF), precursors derived from embryonic stem cells generate blast colony-forming 

cells (BL-CFCs). These colonies were identified as arising from primitive cells which 

were capable of producing the primitive erythroid cells in embryos and eventually 

HSCs. Further treatment of BL-CFCs can lead to differentiation towards 

haematopoietic and endothelial cell types, evidenced by expression of endothelial-

lineage markers and adherent cell populations in culture.86 Both studies demonstrate 

that there exists a cell type in the embryo which can give rise to both endothelial and 

haematopoietic progenitors. 

 Separate studies have identified different vascular sites in the embryo with the 

ability to generate blood cells. On their search to identify the origin of embryonic 

definitive HSCs, Gordon-Keylock and colleagues identified the umbilical cord and 

vitelline arteries as the site of definitive haematopoietic stem cell (dHSC) 

production.87 Rhodes and colleagues showed that endothelial cells in the placenta can 

give rise to dHSCs and that they arise independently from functional circulation.88 Yet 

another study identified ECs within the aorta-gonad-mesonephros (AGM) region as 

HSC-generating, which suggests that generation of HSCs was dependent on 

endothelial expressing cells.89 Together, these studies support the emergence of 

dHSCs from endothelial cells in the developing embryo. 
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 Considerable effort has been made to support haemangioblast existence in the 

adult. Loges and colleagues cultured single CD133+ cells from adult blood and 

showed that about 2% of the total number of single cells analysed differentiated into 

both granulocyte and endothelial cells.90 In a separate study, bi-potential cells were 

isolated from the mouse uterus, providing support for adult haemangioblast-type cells 

in the mouse.91 Culture of blood outgrowth endothelial cells (BOECs) shows that 

EPCs exist in peripheral blood.79 Although it is not known whether EPCs and HSCs 

derive from a common progenitor in adults, their common origin in the embryo 

suggests that it is possible. 

 There is evidence to support both the haemangioblast and haemogenic theories 

of developmental relatedness between haematopoiesis and vasculogenesis. Lancrin 

and colleagues provided evidence that perhaps these two theories are not separate, 

suggesting that endothelial and haematopoietic cells emerge from an intermediate cell 

type which originates from the haemangioblast.92 This converging theory is supported 

by a study which used time-lapse photography to image BL-CFCs, showing that 

colony formation results from a transitory phase where both endothelial and 

haematopoietic markers are expressed. Stem cells expressing Flk1 and brachyury were 

induced by Scl to form haemogenic endothelium, characterised by expression of Tie2 

and c-kit. This cell-type could then be induced by Runx1 expression to form dHSCs 

which express CD41 and CD45. This study also showed that without Runx1 

expression, dHSCs could not be produced and instead haemogenic endothelium gave 

rise to primitive EMPs. In contrast, Chen and colleagues showed that dHSCs and 

EMPs differentiate through different haemogenic endothelial intermediates.93 

 It is difficult to prove definitively whether the haemangioblast, haemogenic 

endothelium or a combination of the two theories leads to haematopoietic and vascular 

development. However, evidence supporting similarities between these two processes 

cannot be disputed, at least in the embryo. Future research will determine whether 

similar differentiation pathways lead to blood and EC production in the adult. 

1.3.3.8 Signalling in ECs 

Coordinated cell signalling is essential for proper cell development, differentiation and 

function. Among other proteins, Janus kinase 2 (JAK2) is known to be important in 

regulating proper development and function of ECs. JAK2 is a non-receptor tyrosine 
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kinase, which requires association with a receptor to elicit signalling.94 Typically, 

ligand-bound receptors activate associated JAK2 proteins, resulting in their activation 

and phosphorylation of downstream signalling molecules. Hyperactive JAK2 

signalling was shown to contribute to hypertension and vascular-associated diabetic 

pathology.95,96 In contrast, JAK2 deficiency led to impaired vasodilation, angiogenesis 

and perfusion in an inducible JAK2 knockout mouse model.97 These findings suggest 

that functional JAK2 signalling is important in maintaining homeostatic EC 

properties. 

1.4 Thrombohaemorrhagic Diseases 

Haemostasis and thrombosis are dynamic physiological processes. However, because 

they are quite complex any disruption between pro- and anti-thrombotic properties can 

have a negative impact on patient health. Due to the systemic nature of haemostasis 

and thrombosis, adverse events can affect any area of the body. Conversely, systemic 

disease may disrupt haemostatic and thrombotic balances (Figure 1.9).  

1.4.1 Arterial and venous thrombosis 

Arterial thrombosis mainly occurs in vessels of high shear stress, as in atherosclerosis 

or in vessels of low shear stress, as in cardioembolism. Atherosclerosis is a chronic 

disease caused by lipid deposition in the vessel wall and inflammatory exacerbation.98 

The atherosclerotic plaque consists of inflammatory cells and mediators, many of 

which can initiate thrombosis. When concealed under a fibrous cap, these components 

are hidden from circulating blood; however, rupture of the plaque releases its 

components and exposes the subendothelial layer as in vessel injury. These events 

stimulate thrombus formation and are often followed by adverse cardiac events such 

as stroke or myocardial infarction. Cardioembolic disease often results from cardiac 

arrhythmias, when stasis leads to thrombus development.5 These thrombi are 

particularly dangerous; as they form in a heart  

chamber they are often large. If a cardioembolism dislodges, patients may suffer from 

infarction or stroke. 

 VTE is manifested as DVT and PE.99 DVT occurs in deep veins, mainly in the 

legs, and is exacerbated when patients are inactive for prolonged periods of time. PE 

refers to a venous thrombus which has become lodged in the pulmonary circulation.  
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Figure 1.9 Thrombohaemorrhagic diseases 
Diseases involving thrombosis and haemorrhage are common in arterial and venous 

systems, but are also common co-morbidities of other diseases. In particular, liver and 

kidney diseases often cause haemostasis complications d ue to their physiological roles 

in producing coagulation factors and filtering blood, respectively. In cancer, tumour 

cells promote inflammation to facilitate their survival, however this often causes 

haemostatic complications as well.  
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In contrast to arterial thrombi, venous thrombi occur in low shear stress environments; 

therefore, blood stasis is a main contributor to thrombosis in these vessels. 

1.4.2 Aberrant haemostasis in liver and renal diseases 

Diseases of the liver and kidney have also led to patient complications with 

haemostasis and thrombosis. The liver is the site of production of many haemostatic 

factors and blood production cytokines.100 When liver functions begin deteriorating, 

haemostatic balance is sometimes maintained as both pro- and anti-coagulant factors 

are affected by the disease. However, as disease progresses, patients often exhibit 

either clotting or bleeding complications, depending on how the haemostatic balance 

is affected in individual patients. Patients with renal disease are particularly 

susceptible to haemorrhage, although thrombosis can also occur.101 Defects in primary 

haemostasis are common and these defects have been attributed to anaemia and 

platelet dysfunction, which can be exacerbated by dialysis treatment.102 Conversely, 

dialysis treatment can also cause blood to become hypercoagulable, a feature of 

Virchow’s triad, promoting thrombosis. The risks for thrombosis and bleeding need to 

be assessed thoroughly in order to best treat patients with chronic liver and kidney 

disease. 

1.4.2 Thrombosis in cancer 

Malignancies are inherently lethal, but complications associated with bleeding and 

thrombosis make them even more deadly. Tumour cells have the ability to directly 

alter the balance of haemostatic factors.103 They themselves can produce potent 

activators of coagulation, such as TF, or they can induce monocytes and ECs to 

express TF. ECs and monocytes are sensitive to the array of inflammatory cytokines 

produced by tumour cells, often resulting in a shift from an anti- to pro-thrombotic 

phenotype. Further, direct interactions among tumour, ECs and monocytes promote 

adhesion to the EC surface.104 In contrast, tumour cells can induce fibrinolysis by 

expressing UK or tPA.105 Additionally, widespread induction of pro-thrombotic 

phenotypes in ECs and monocytes by tumour cells can result in consumption of 

functional platelets in disseminated intravascular coagulation (DIC).106 DIC results in 

minute thrombus formation throughout the body which paradoxically induces 

bleeding in patients when haemostatic factors and cells are consumed in the thrombi. 
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Patients suffering from these complications require haemostasis/thrombosis treatment 

in addition to their chemotherapy.  

 Haematological malignancies are among the cancers that give rise to 

haemostasis and thrombosis complications. In particular, myeloproliferative 

neoplasms (MPNs) are most commonly associated with complications related to these 

processes. Often, patients are diagnosed with MPNs when they present to the clinic 

with a clotting or bleeding episode. Details of MPNs and the associated clotting and 

bleeding abnormalities are discussed in the following section. 

1.5 Myeloproliferative Neoplasms (MPNs) 

The term “myeloproliferative disorders” was first used to describe a group of diseases 

characterised by excessive myeloid cell production by William Dameshek in 1951.107 

Previously, diseases resulting in erythrocytosis, thrombocytosis, leucocytosis and 

myelofibrosis were considered separate entities of unknown origin. Dameshek 

recognised the similarities between these disease states, their clinical pathologies, 

disease progression and ultimately patient outcome and treatment and suggested that 

they be considered as related disorders. Dameshek’s observations were advanced for 

his time, but nearly five decades would pass before the shared molecular 

underpinnings among myeloproliferative disorders would be discovered. 

 The myeloproliferative disorders are now referred to as myeloproliferative 

neoplasms (MPNs) according to the most recent World Health Organization 

classification in 2008.108 The purpose of this new classification was to highlight the 

aggressive cellular proliferation that is characteristic of these diseases. The classical 

MPNs include chronic myelogenous leukaemia (CML), chronic neutrophilic 

leukaemia (CNL), polycythaemia vera (PV), essential thrombocythaemia (ET), 

primary myelofibrosis (PMF), chronic eosinophilic leukaemia (CEL) and 

mastocytosis. These diseases are broadly classified as MPNs because they all exhibit 

excessive myeloproliferation in the bone marrow leading to increased levels of mature 

myeloid cells in the peripheral blood. 

1.5.1 Haematopoiesis 

Similar to haemostasis and thrombosis, haematopoiesis is an essential physiological 

process that begins in the developing embryo and continues through adulthood. 



Chapter 1 

 

45 

 

Primitive haematopoiesis begins in the yolk sac alongside primitive angiogenesis, both 

of which occur in regions called “blood islands.”109 The first haematopoietic cells are 

myeloid cells, mainly primitive erythrocytes which provide the growing embryo with 

oxygen and nutrients. Later, dHSCs arise in the AGM region of the embryo.110 dHSCs 

self-renew and differentiate to both myeloid and lymphoid progenitors, which further 

differentiate to give rise to all the mature blood cell types in circulation (Figure 1.10). 

Cells isolated from the AGM region are able to reconstitute irradiated mice, showing 

that among these cells is a cell-type which has stem-properties.111 Haematopoiesis is 

re-located to the foetal liver and eventually to the bone marrow where it remains an 

essential function throughout adulthood. 

 HSC differentiation is regulated by both intrinsic transcriptional regulation and 

extrinsic cytokine signalling. Moreover, differences in haematopoietic niches 

influence blood cell production; each haematopoietic organ has its own niche and even 

within organs areas are separated according to function. Vascular and osteoblastic 

niches within bone marrow vary considerably in their own function and in the factors 

they express and secrete. Therefore, HSCs which localise to these different regions are 

influenced by the microenvironment in which they reside.112 We know that 

localisation of haematopoietic cells changes throughout embryonic development, from 

the primitive erythrocytes produced in the yolk sac to dHSC homing to the bone 

marrow where haematopoiesis is maintained. In adults localisation is equally 

important; for example, in the thymus T cell maturation is directly linked to its 

progression through different zones of the thymus.113 Therefore, compartmentalisation 

of cells is important for both primitive and definitive haematopoietic development. 

 The way cells respond to these environmental cues causes distinct intracellular 

signalling and transcriptional regulation, resulting in differentiation of myeloid and 

lymphoid progenitors to all of the mature blood cell types. In lymphoid development, 

IL-7/IL-7R is an indispensable cytokine-receptor pair.114Deficiencies in a key 

component of the IL-7R result in mice which lack T or B cells.115 Transcription factors 

PU.1 and GATA-3 favour lymphoid differentiation and GATA-1 and GATA-2 

expression favour myeloid differentiation. Common myeloid progenitors further 

differentiate to granulocyte progenitors and megakaryocyte/erythroid progenitors 

(MEPs). Megakaryocytes and erythrocytes share lineage-restriction transcription 

factor patterns, at least in the beginning.  GATA-1, FOG and NF-E2 are all expressed  
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Figure 1.10 Haematopoiesis 
Haematopoiesis is the process by which an HSC differentiates into all the mature myeloid 

and lymphoid cells in peripheral blood. It is highly regulated and the coordination of 

cytokine signalling and transcriptional regulation results in adequate production of each 

cell type. Myeloid and lymphoid restriction occurs early on in the process.  
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in MEPs, but further cytokine/transcription factor expression differences begin to 

restrict MEPs to either the megakaryocyte or erythroid lineages.116 For example, 

GATA-2 expression in MEPs has been shown to favour megakaryocyte differentiation 

in vitro.117 Expression of thrombopoietin (TPO) and its receptor, c-mpl, supports HSC 

maintenance and differentiation to the megakaryocyte lineage.116 Erythroid 

differentiation is favoured by expression of erythropoietin (EPO) and its receptor, 

EPOR. c-mpl and EPOR are type I cytokine receptors, which lack intrinsic kinase 

activity. They associate with non-receptor tyrosine kinases such as JAK2 to transduce 

signalling.118 The signalling and transcriptional networks described here provide an 

overview and are by no means comprehensive. Each stage of haematopoietic cell 

differentiation is controlled by a combination of factors, which result in maintenance 

of stem/progenitor pools and differentiation to mature cells. The few mechanisms 

discussed here demonstrate the complexity of haematopoiesis and suggest that 

haematopoietic deregulation may affect one or several lineages of haematopoietic 

cells.  

1.5.3 Philadelphia (Ph) chromosome-negative MPNs 

In 1960, a pivotal discovery in MPN research was made when the chromosomal 

translocation leading to the break point cluster-Abelson tyrosine kinase (BCR-ABL) 

fusion protein was discovered to be the cause of CML.119 BCR-ABL, alternatively 

named the Philadelphia chromosome, leads to constitutive ABL kinase activity 

resulting in myeloproliferation. This discovery has led to the development of the BCR-

ABL tyrosine kinase inhibitor, imatinib, possibly the most successful targeted anti-

cancer treatment in history.120 

 Ph chromosome-negative MPNs include PV, ET and PMF (Figure 1.11). In 

general, PV, ET and PMF are characterised by an increase in red blood cells, platelets 

and megakaryocytes, respectively. MPNs are rare diseases; the latest epidemiological 

study estimates incidence rates of 0.86, 1.03 and 0.46 per 100,000 people in Europe 

for PV, ET and PMF, respectively.121 MPNs are generally diseases of the elderly, with 

most patients being diagnosed at an age greater than 65. However, these conditions 

can, in rare occasions, occur in children and young adults.122 PV and PMF have 

slightly higher incidences in males and ET is slightly more common in females.123 
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Figure 1.11 Myeloproliferative neoplasms (MPNs) 
The classical Ph- MPNs include 3 diseases: PV, ET and PMF. PV and ET are characterised 

by an increase in red blood cells and p latelets in circulation, respectively. PMF is 

characterised by an increase in megakaryopoiesis in the bone marrow which leads to 

excessive production of extracellular matrix proteins and scarring of the bone marrow. 

Patients with PMF often succumb to aplas tic anaemia. 
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1.5.4 Thrombosis and haemostasis in MPNs 

Signs and symptoms of MPNs in patients are non-specific; they include fatigue, 

weight loss, fever, night sweats, pruritus, splenomegaly and bone pain.124 Patients 

report these symptoms to have a negative impact on their quality of life; however the 

life-threatening consequences of MPNs are most commonly caused by complications 

associated with haemostasis and thrombosis.125 These events include arterial 

thrombosis (stroke, myocardial infarction), venous thrombosis (DVT, PE) and 

bleeding diathesis (particularly in the central nervous system, gastrointestinal tract and 

in deep tissue). In particular, patients with MPNs are at risk for splanchnic venous 

thromboses, which are commonly associated with the clinical manifestation of Budd 

Chiari Syndrome (BCS).126 Patients with BCS are often discovered to have an 

underlying MPN. 

 Thrombosis in patients with MPNs has been attributed to changes in blood 

viscosity, platelets and underlying risk factors which predispose MPN patients 

towards these complications. Elevated haematocrit levels, as in many PV patients, is 

associated with changes in blood viscosity which favour thrombosis.127 This increase 

in viscosity appears to be more complex than simply being the result of an increase in 

cell count. A study on cerebral blood flow identified changes in oxygen transport and 

perfusion to be the main culprit of changes in viscosity.128 In either case, the increase 

in viscosity of blood leads to increased endothelial-blood cell interactions, resulting in 

a greater chance of thrombus formation. One treatment for patients with PV has been 

phlebotomy, with the aim of lowering haematocrit levels to decrease risk of 

thrombosis.129 

 Defects in platelet function have also been noted in patients with MPNs. 

Platelets normally produce TxA2 when activated, however patients with ET and PV 

have been reported to have basal TxA2 generation in platelets. 130,131 One treatment 

for this potential complication is low-dose aspirin therapy. Aspirin inhibits the enzyme 

cyclooxygenase, which converts prostaglandins to TxA2 in platelets. Platelets and ECs 

were shown to express markers of activation through detection of P- and E-selectin 

molecules in plasma of patients with MPNs.132 Separately, granulocytes in PV and ET 

patients were shown to express markers of activation alongside elevated levels of 

plasma haemostasis factors.133 Together, there is evidence to support that MPN 
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development in some patients affects two components of Virchow’s triad: stasis and 

hypercoagulability.  

 Conversely, patients with MPNs can also suffer bleeding complications. In 

patients with bleeding diathesis, platelets have been shown to harbour defects in 

production and/or storage of dense and α-granule components.134,135 Many of the 

components stored in platelet dense and α-granules promote platelet activation, 

therefore platelets deficient for these components are unable to promote platelet 

activation. Further, platelet aggregation studies have shown that platelets from MPN 

patients with bleeding complications exhibit defects in aggregation.136 Aggregation 

defects have been attributed to lack of response to agonists such as ADP, thrombin 

and collagen and to a decrease in expression of receptors which are important in 

platelet activation.137 Platelets also failed to agglutinate in the presence of ristocetin, 

indicative of a defect in vWF-induced platelet adhesion.9 Patients with thrombocytosis 

have been reported to exhibit acquired von Willebrand Disease (AvWD). In AvWD, 

elevated platelet levels result in decreased levels of functional ulta-large molecular 

weight vWF multimers in plasma. This decrease in functional vWF is most likely due 

to increased proteolytic processing by the protease ADAMTS13.138,139 Finally, 

patients on low-dose aspirin therapy to prevent thrombotic episodes sometimes 

experience adverse bleeding events as a side-effect of their treatment.  

1.5.6 Treatment 

Treatments for patients with MPNs are limited. Phlebotomy, for patients with elevated 

haematocrit levels is effective at lowering haematocrit levels, restoring normal blood 

viscosity and decreasing thrombosis risk.140 However, it is cumbersome and often 

uncomfortable for the patient. Alternatively, low-dose aspirin therapy can be used to 

reduce thrombosis; however this may increase the risk of bleeding diathesis.141 

Patients at “high risk” for disease complications may be prescribed cytoreductive 

therapy, typically hydroxycarbamide. It is clear from MPN patient treatments that the 

main strategy is to prevent haemostasis and thrombosis complications in these 

patients. In theory, this should be the goal as patients with MPNs often succumb to 

these complications instead of their primary disease. However in practice, this strategy 

is difficult to execute effectively due to the complex balance of factors involved in 
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haemostasis and thrombosis. Attempting to alter components of these systems may 

inadvertently put patients at risk for other complications. 

1.5.5 Mutations in Ph- MPNs 

In contrast to CML, the molecular underpinnings of Ph- MPNs cannot be attributed to 

a single genetic aberration. However, a variety of mutations have been identified 

across these diseases, many of which have a role in the (Janus kinase-signal 

transducers and activators of transcription (JAK-STAT) pathway.142 Even the most 

recently discovered mutation in calreticulin (CALR), which on the outset appeared to 

be unrelated to JAK-STAT, was shown to increase activation of STAT5.143,144 It was 

later demonstrated that CALR binding the type I cytokine receptor, mpl, is required 

for haematopoietic disease.145 Several mutations have been identified in mpl itself, in 

a region which may be important in reducing spontaneous receptor activation.146 

Mutations in regulatory proteins, such as the adaptor protein, LNK (SH2B3), or 

members of the suppressor of cytokine signalling (SOCS) family have been identified 

in patients as well.142 However, mutations that are most common among Ph- MPNs 

are in JAK2 itself. JAK2 exon 12 mutations were identified in a subset of patients with 

PV, however these mutations are rare and not much is known about the mechanism of 

JAK2 exon 12 mutation-driven MPNs.147,148 In contrast, the point mutation JAK2V617F 

is the most common mutation among Ph- MPNs and since its discovery in 2005 MPN 

research has largely focused on the mechanisms of JAK2V617F-driven disease.149-152 

1.6 Janus Kinase 2 (JAK2) 

JAKs are non-receptor tyrosine kinases and include JAK1, JAK2 JAK3 and TYK2. 

Evidence supports the essential role of JAK1 in immune function; JAK1 deficient 

mice have impaired immune cell development and inflammatory responses.153 JAK2 

is essential for myeloid development and is required for signalling through EPOR, 

mpl, IL-3R and interferon (IFN)-γ.118 Mutations in patients with severe combined 

immune deficiency confirmed the importance of JAK3 in T and B cell 

development.154,155 Tyk2 is important in mediating IL-12 and IFN-α responses; Tyk2 

deficient mice develop lymphoid cells, however T cell response is impaired.156 

Together, the JAK family transmits cytokine signals through receptors which lack 

intrinsic kinase activity and mutations identified in humans and mouse knockout 

models have confirmed the importance these proteins have on haematopoietic cell 
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development and function. Given the importance of JAKs in regulating 

haematopoietic development, activating mutations in JAKs may contribute to hyper-

proliferation in these cell types. Indeed, the point mutation JAK2V617F increases 

myeloproliferation resulting in elevated levels of myeloid cells in peripheral blood. 

Here, the function of JAK2WT and JAK2V617F are discussed in more detail. 

1.6.1 JAK2 structure 

JAK2 consists of seven JAK homology (JH) domains, labelled accordingly as JH1-

JH7.157 JH3-JH7 are the N-terminus of JAK2 and contain a 4.1/ezrin/radixin/moesin 

(FERM) domain and SH2 (Src homology 2) domain. The former regulates JAK2 

association with type I and type II cytokine receptors via box 1 and box 2 motifs.158 

On JAK2 activation, phosphorylation of the FERM domain results in receptor 

dissociation of JAK2 and subsequent degradation, implicating a role for FERM in 

regulating JAK2 kinase activity.159 The JH1 and JH2 domains are the kinase and 

pseudokinase domains, respectively, and they are located at the C-terminus.157 The 

kinase domain is enzymatically active and responds to ligand binding to its associated 

receptor. Activation of JAK2 requires phosphorylation of the “activation loop” within 

the JH1 domain, which is likely a result of trans-autophosphorylation of neighbouring 

JAK2 molecules.160 The pseudokinase domain, originally speculated to be 

catalytically inactive, has been shown to have a regulatory role for JH1 kinase 

activity.161 Recently, structural modelling suggests that direct interactions between 

JH1 and JH2 are responsible for this auto-regulation.162 Interestingly, this structural 

work revealed that JH2 has serine/tyrosine kinase activity and phosphorylates residues 

within the JH2 domain. These phosphorylation events were shown to be critical in 

regulating JH1 kinase activity; mutations which disrupted autophosphorylation of JH2 

resulted in increased JH1 kinase activity. 

1.6.2 JAK2 signalling 

JAK2 associates with a number of type I cytokine receptors; therefore, research into 

the binding and activation of JAK2 in one receptor is often translated to how it might 

bind and signal in other receptors. In growth hormone (GH) receptor activation, GH 

binding to the receptor induces a conformational change in the intracellular domain of 

the receptor, resulting in disruption of the JH1-JH2 inhibitory interaction.94 This 

results in trans-autophosphorylation of neighbouring JAK2 subunits. Individual JAK2 
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molecules associate with receptor monomers, however in signal transmission ligand 

binds to homo- or hetero-dimeric receptors, which brings neighbouring JAK2 

molecules into closer proximity. Evidence for both constitutive receptor dimerization 

and ligand-induced receptor dimerization exists. Crystallography studies have shown 

that EPOR exists as pre-formed dimers on the cell surface, however ligand binding 

induces a rotational shift intracellularly that allows progression of signalling.163 

Evidence suggests that the receptor MPL exists in monomer-dimer equilibrium and 

ligand binding favours dimerization of receptor monomers.164 However, more recent 

unpublished data shows that receptors exist as monomers on the surface and require 

ligand binding to induce dimerization (Dr. Ian Hitchcock, personal contact). This was 

shown using total internal reflection fluorescence (TIRF) microscopy where receptor 

monomers were tracked and monitored for interactions over a period of time. Clearly, 

dimerization of receptor monomers is a key step in cytokine receptor responses; 

without dimerization, JAK2 molecules would not be able to perform the necessary 

trans-autophosphorylation required to activate neighbouring JH1 kinase domains. 

 A primary result of JAK2 activation is phosphorylation of downstream signal 

transducers and activators of transcription (STAT) proteins (Figure 1.12). There are 

seven STAT family members, STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b 

and STAT6.165 Activated STATs can then homo- or hetero-dimerize and translocate  

to the nucleus where they act as transcription factors. JAK-STAT signalling is in part 

regulated by specific JAK and STAT activation pathways, or a combination of active 

JAK-STAT proteins. Although traditionally individual cytokines have been associated 

with activating specific STAT molecules, signalling is likely to be more complex and 

involve qualitative and quantitative changes in active STAT molecules to induce 

changes in cell behaviour. 

 STAT3 and STAT5 have been studied the most extensively in the context of 

haematopoietic development. Recently, dHSCs from the AGM region of the embryo 

were shown express higher levels of STAT3 compared to other STATs.166 

Alternatively, upregulation of specific genes suggested STAT5 might be involved in 

dHSC development. STAT5 involvement in HSC maintenance and differentiation is 

supported by effects of STAT5 over-expression in primary cord blood-derived 

HSCs.167,168 In addition to HSC development, data has shown that STAT1 is important  
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in megakaryocyte lineage restriction.169 STAT1 activation is primarily driven by IFN-

γ mediated JAK2 activation, which is involved in inflammation.170 Together, evidence 

supports the roles of STAT1, STAT3 and STAT5 in particular in haematopoiesis. 

 In ECs, STAT1 and STAT3 appear to have roles in vascular maintenance and 

remodelling. In one study, angiotensin II and endothelin-1induced activation of both 

STAT1 and STAT3 caused vascular complications in a rat model for diabetes.96 

Another study demonstrated that vascular injury induced activation of JAK2 and 

STAT3, which were otherwise not activated or expressed in intact vessels.171 In an 

oxidative stress injury model, JAK2 and STAT3 were shown to be important in EC 

protection.172 These data implicate JAK/STAT, in particular JAK2, STAT1 and 

STAT3 in mediating physiological and potentially pathological vascular responses. 

1.6.3 Regulation of JAK2 signalling 

JAK2 activity is in part regulated by its own structural domains and interactions with 

neighbouring JAK2 molecules. However, there are also extrinsic mechanisms of JAK2 

regulation mediated by interactions with other proteins. As JAK2 is activated by trans-

autophosphorylation, one mechanism of JAK2 regulation is by phosphatase activity. 

Src homology region 2 domain-containing phosphatase (SHP)-1 and SHP-2 are two 

such phosphatases important in JAK2 regulation.173 SHP-1 directly associates with 

JAK2 and evidence from SHP-1/JAK1 structural data suggests that SHP-1 is involved 

in de-phosphorylation of the activation loop.174 Additionally, SHP-1 expression is 

restricted mainly to haematopoietic cells, suggesting it is important for regulating 

haematopoietic development.175 SHP-2 is expressed globally and is important in 

regulating IFN-γ induced signalling.176 Another phosphatase, protein-tyrosine 

phosphatase 1B (PTP1B) targets JAK2 for de-phosphorylation.173 Similar to SHP-2, 

the effects of PTP1B appear to be related to IFN-γ signalling. Protein tyrosine 

phosphatase, receptor type C; (PTPRC ,CD45), a receptor tyrosine phosphatase, 

regulates JAK2 activity in response to IL-3 and EPO.177 

 SOCS1 and SOCS3 regulate JAK2 activity via their E3 ubiquitin ligase 

activity.173 Both SOCS contain SH2 domains and kinase inhibitory regions that 

facilitate binding to receptor-JAK2 complexes.178 SOCS1 binds directly to JAK2 on 

the activation loop; SOCS3 binds instead to activated receptors. Once bound, SOCS 

ubiquitylates and targets JAK2 and its associated receptor for degradation. The “SOCS 
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box” domain recruits E2 ligase and together, the SOCS complex elicits E3 ubiqutin 

ligase activity.179 Therefore, regulation by SOCS proteins consists of 2 mechanisms: 

direct inhibition of JAK2 catalytic activity and degradation of receptors. LNK is an 

adaptor protein which contains both Src homology (SH) 2 and pleckstrin homology 

(PH) domains.173 Mice deficient for LNK show increased haematopoiesis, related to 

increased cytokine signalling.180 The mechanism of LNK regulation of JAK2 

however, is not known. 

1.6.4 JAK2V617F 

The field of Ph- MPN research changed significantly when four separate groups 

reported findings of a single point mutation in JAK2 among a subset of patients with 

MPNs.149-152 Cytogenetic studies identified chromosome 9p as a region of interest for 

genes involved in MPN pathogenesis.181,182 More specifically, regions that were 

subject to loss of heterozygosity (LOH) at 9p were compared among PV patients and 

this led to the identification of JAK2 as a possible kinase involved in PV 

progression.149 In another study, PV progenitor cells were treated with inhibitors for 

JAK2, PI3K or Src, which impaired endogenous erythroid colony formation, a 

function of cells isolated from PV patients.151 Treatment of PV cells with siRNA for 

JAK2 confirmed the importance of this particular kinase in PV cell maintenance and 

proliferation. Separately, global genomic kinase screens were conducted to identify 

potential mutations because kinase involvement in other malignancies was well 

documented in literature.150,152 Together, the data published from these findings all 

identified the point mutation JAK2V617F to be common among Ph- MPNs. 

 JAK2Exon14G1849T is a point mutation resulting in a guanine to thymine 

transversion at nucleotide 1849 in exon 14 of JAK2. This causes an amino acid 

substitution from valine to phenylalanine at position 617 in the pseudokinase domain. 

JAK2V617F is a somatic, clonal mutation detected in cells of the myeloid lineage but is 

absent in other cell types and tissues and is therefore acquired in a myeloid progenitor 

cell. It was initially reported to promote proliferation and survival in the IL-3-

dependent cell line Ba/F3 and TPO-dependent cell line UT7 through cytokine 

hypersensitivity.149,151 Increased expression of phosphorylated JAK2 and STAT5 

confirmed the activation of this pathway in transformed cell lines and the induced 

transcriptional profile confirmed the role of STAT5 in proliferation. Patients were 
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found to harbour one, two or zero copies of the JAK2V617F allele. Clinical data suggests 

that homozygous patients have a longer disease course and are at higher risk for 

disease complications, including thrombosis, haemorrhage and fibrosis, when 

compared to heterozygous or JAK2V617F-negative patients.149-152 This suggests that 

after the mutation is acquired, a LOH event may confer a proliferative advantage in 

the malignant clone making the disease more aggressive. Indeed, three of the four 

studies reported that LOH is likely to be caused by mitotic recombination, resulting in 

JAK2V617F duplication.149,151,152 Further support for the ability of JAK2V617F to 

transform haematopoietic cells was shown by the observed erythrocytosis in murine 

bone marrow chimeras that received JAK2V617F-transduced bone marrow cells.151 

Although common among Ph- MPNs, greater than 99% of PV patients express 

JAK2V617F and approximately 50% of ET and PMF patients express JAK2V617F.150 

1.6.5 Structural analysis of the JAK2V617F mutation 

The location of JAK2V617F in the pseudokinase domain suggests that the mutation 

disrupts the autoinhibition of JH1 by JH2; however the mechanism by which this 

disruption occurs is still not well described (Figure 1.13). Structural biologists have 

made recent advancements in this field which suggest that the JH1 domain of one 

JAK2 is inhibited by the JH2 domain of a neighbouring JAK2, and JAK2V617F 

stabilises JH1/JH2 interactions that favour trans-phosphorylation, thus alleviating the 

auto-inhibition.183 Structural simulations indicate that JAK2V617F mutation location is 

at the JH1/JH2 interface, corroborating the evidence which suggests that 

autoinhibition is driven by direct pseudokinase/kinase domain interaction.184  

 Whilst JAK2V617F causes aberrant kinase activity of the JH1 domain, it also 

impairs the catalytic activity of the JH2 domain.185 Ser523 and Tyr570 are residues 

that are phosphorylated by JH2 and negatively regulate JAK2 kinase activity.162 

Phosphorylation at Tyr570 was found to be decreased in JAK2V617F-positive patient 

cells, identifying a second possible mechanism for JAK2V617F-induced increased 

kinase activity.185 The linker region of JH2 has also been identified as an important 

region that undergoes a conformational change when activated.186 This region of JH2 

is encoded by exon 12 and although unrelated to JAK2V617F, mutations in exon 12 have 

also been identified in patients with PV.147 
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Figure 1.13 JAK2 domain diagram 
JAK2 contains seven JAK homology (JH) domains (JH1 -7). The JH1 domain at the C-

terminus contains JAK2 kinase activity; the JH2 domain, also known as t he pseudokinase 

domain is auto-inhibitory and is the location of the point mutation which causes 

JAK2V617F. JAK2 also contains an SH2 domain and a FERM domain, which allows it to 

bind to cytokine receptors.  
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1.6.6 Allelic burden of JAK2V617F 

When JAK2V617F was originally discovered in 2005, all four founding groups 

identified patients with homozygous and heterozygous expression of the mutant 

allele.149-152 The majority of patients with MPNs were heterozygous for the mutation, 

but a subpopulation was homozygous suggesting that a second genetic event may 

cause transition to homozygosity at that genetic locus. JAK2 was initially investigated 

because LOH had occurred at the locus where JAK2 was located, in patients with 

MPNs.149 This LOH resulted in duplication of the mutant allele, instead of deletion of 

the WT allele; further supporting that homozygous patients may have originally 

possessed only one copy of the allele. 

 The effects of JAK2V617F-mutant copy number remain an important area of 

MPN research today. Early investigations into clinical cohort mutational status 

identified that most patients which harboured two copies of the allele had PV; about 

25-30% of patients with PV and about 2-4% of patients with ET were homozygous 

for JAK2V617F.184 Homozygosity was associated with higher haemoglobin levels, 

higher leukocyte counts, lower platelets and increased risk of transition to a fibrotic 

stage of disease, all clinical manifestations of PV.184,187 Disease prognosis of 

homozygous patients is poor compared to heterozygous patients, as exhibited by an 

increased risk for haemostatic complications and the need for cytoreductive therapy. 

Lastly, transformation to acute myeloid leukaemia (AML), perhaps the most 

aggressive consequence of MPN pathogenesis, is also associated with homozygous 

JAK2V617F-mutational status. Further, MPN transformation to AML may result in the 

loss of JAK2 mutant expression altogether, which suggests that MPNs are diseases of 

genomic instability. However, in AML patients which harbour JAK2V617F, 

homozygosity was preferred as was a pre-fibrotic stage characteristic of 

myelofibrosis.188 

 To determine whether JAK2V617F-copy number has a role in directing disease 

phenotype, Tiedt and colleagues developed an inducible transgenic mouse model.189 

In this model, JAK2V617F expression levels corresponded to disease phenotype in mice; 

higher expression of the mutation lead to a PV-like phenotype and lower expression 

lead to an ET-like phenotype. This supports patient data, which showed that 
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homozygosity was more commonly expressed in PV patients compared to ET 

patients.184 

 JAK2V617F-homozygosity may drive an “erythroid” phenotype in patients with 

MPNs, however clonal analysis of JAK2V617F-mutational status in patients with PV 

and ET suggests there may be other factors which contribute towards disease outcome. 

Colonies from patients with both disease types showed evidence of homozygous 

clones; however only in PV patients could this clone expand and become the dominant 

clone.190 This suggests that JAK2V617F-positive cells in both PV and ET have the 

ability to undergo LOH and become homozygous; however alternative factors 

influence the expansion of those cells. Factors which cause expansion of the 

homozygous clone in PV, whether they are cell-intrinsic, extracellular or a combined 

effort, remain to be determined. 

1.6.7 Additional hypotheses for the clinical manifestation of three diseases 

One topic that has been consistently of interest in MPN research is the mechanism 

driving JAK2V617F-disease into three disparate phenotypes. JAK2V617-allelic burden is 

one hypothesis, however a subset of patients with PV are heterozygous and a subset 

of patients with ET are homozygous for JAK2V617F. Further, clonal analysis suggests 

homozygosity may be an effect, not a cause of disease phenotype.190 These findings 

suggest that other factors may cause, or at least contribute to disease differentiation in 

JAK2V617F-positive MPNs. 

 One factor which may contribute to disease differentiation is individual patient 

predisposition to one phenotype over another. The role of STAT1 in megakaryopoiesis 

was discovered when a Gata-1 deficient mouse model had both defective platelet 

production and decreased expression of STAT1.169 Expression of STAT1 in knockout 

mice and cultured knockout megakaryocytes restored some function of 

megakaryopoiesis. The effects of STAT1 signalling illustrated in the Gata-1 deficient 

models show that STAT1 influences differentiation towards the megakaryocyte 

lineage over other myeloid lineages. In the context of JAK2V617F, STAT1 expression 

drives an ET-phenotype, where decreased expression of STAT1 drives a PV-

pehnotype.191,192 These data suggest that patients with a predisposition for 

megakaryocyte differentiation, potentially though expression of STAT1, are more 

likely to develop ET should an MPN develop. 
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 In section 1.5.5, mutations in addition to JAK2V617F were discussed. Although 

these mutations were in proteins related to JAK-STAT signalling, mutations in MPNs 

are not limited to this signalling pathway. In particular, mutations in tet methylcytosine 

dioxygenase 2 (TET2) were identified in patients with MPNs.193 TET2 is a tumour 

suppressor gene; mutations in TET2 were found among patients with MPNs and other 

myeloid cancers.194 Further investigation into TET2 mutations in MPNs showed 

support for both pre-JAK2V617F and post- JAK2V617F acquisition of mutations in TET2 

in different samples.195 Evidence of additional mutations, including mutations 

involving TET2, suggest that MPNs may be the result of genomic instability.196 It is 

currently not known whether the primary insult is acquisition of JAK2V617F and 

additional mutations are further acquired, or if primary mutations exist and their 

effects on myeloproliferation are enhanced once JAK2V617F is acquired. 

1.6.8 Insights into JAK2V617F mechanism by in vivo murine models 

Mouse models are invaluable tools for investigating human diseases and many groups 

have applied this technology to the study of MPNs. Xenotransplants of JAK2V617F-

positive human haematopoietic progenitor cells (CD34+) into NOD/SCID mice 

showed disparate results. In one study, CD34+ cells isolated from the spleen of PMF 

patients engrafted more aggressively than did cells isolated from peripheral blood.197 

Contrastingly, another study was unable to show that JAK2V617F-mutational status 

provided a competitive advantage over control patient cell engraftment.198 The 

disparity in results may be a reflection of differences in individual patient cell 

generation, or the limitations implicit in xenotransplants due to species-specific 

differences. 

 Syngeneic models such as those produced in retroviral bone marrow 

transplants, bypass some of the limitations of xenotransplants. In these experiments, 

bone marrow cells were harvested from mice, retrovirally-transduced with JAK2WT or 

JAK2V617F-expressing viruses and re-introduced into irradiated mice of the same 

genetic background. On three separate occasions, this method produced diseased mice 

with clinical features similar to those observed in PV patients, when JAK2V617F-cells 

successfully engrafted.199-201 In one study, disease progressed from PV-like symptoms 

marked by erythrocytosis, to PMF-like symptoms marked by anaemia, splenomegaly 

and bone marrow fibrosis, a progression that can occur in humans.199 Separately, serial 



Chapter 1 

 

62 

 

transplantation experiments, whereby HSCs from one transplant chimera were used in 

a subsequent transplant, did not recapitulate disease phenotype suggesting that 

JAK2V617F may contribute towards HSC exhaustion.200 

 JAK2V617F knock-in or transgenic mouse models have also been engineered. 

Two separate models showed that homozygous expression of JAK2V617F resulted in 

PV-like disease and heterozygous expression of JAK2V617F resulted in ET-like 

disease.189,202 These results corroborate patient data which suggests that homozygosity 

is more common in PV patients than in ET patients.184 Mouse models have also proved 

to be useful for investigating the effects of JAK2V617F in different cell types. In one 

model, expression of JAK2V617F in erythroid progenitors caused PV-like disease in 

mice; however this effect was not transplantable.203 Similarly, another study found 

that serial transplantation of HSCs, but not erythroid progenitors which expressed 

JAK2V617F could cause disease in chimeric mice.204 Further examination of this model 

showed that when JAK2V617F expression was induced at the HSC stage, the disease 

phenotype was more aggressive and eventually transformed to myelofibrosis, 

compared to a more mild disease phenotype observed when JAK2V617F expression was 

induced in a later progenitor.205 Although the effects of JAK2V617F expression in the 

HSC on disease initiation cannot be discounted, other studies suggest that mutation 

expression leads to impaired self-renewal capacity and stem cell exhaustion. Stem 

cells showed evidence of DNA damage and impaired cell cycling, ultimately leading 

to the inability to transmit disease through transplantation.206 HSCs expressing 

JAK2V617F were shown to divide into two differentiated cells, further support for the 

impact of JAK2V617F on self-renewal dysfunction.207 These studies demonstrate that 

JAK2V617F expression in the HSC drives disease initiation through promoting 

differentiation and proliferation but may also lead to cell-intrinsic changes that result 

in HSC exhaustion. 

 MPN mouse models are particularly useful because they recapitulate the 

symptoms of human disease quite accurately. However, like all models there are 

limitations. As discussed in a previous section, JAK2V617F is typically one mutation of 

many in patients with MPNs. Models which express JAK2V617F lack expression of 

mutations in other genes and it is likely that MPN initiation and progression are more 

complex than these models.196 Moreover, JAK2V617F is an acquired mutation, which 

differs from most mouse models which have congenital mutations. 
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1.6.9 JAK2V617F and the clinic: impact on diagnosis and treatment 

Definitive diagnosis of MPNs has historically been challenging. Many of the clinical 

features of MPNs overlap with each other and subsequently, one disease phenotype 

may progress to another. Further, characteristic symptoms of MPNs such as 

erythrocytosis and thrombocytosis may actually be effects of unrelated diseases. Since 

Dameshek’s classification of myeloproliferative disorders in 1951, diagnosis of MPNs 

has evolved, becoming more distinctive as knowledge of disease cause and 

progression has improved. 

 In 1967, the Polycythemia Vera Study Group (PVSG) was formed with the 

intention of organising such criteria. This group established blood cell counts above 

which patients could be diagnosed with an MPN and excluded a diagnosis of MPN in 

patients which may have another underlying disease causing their myeloproliferation. 

A major flaw in this classification was the absence of incorporating other diagnostic 

tests, mainly bone marrow histology, into the diagnostic criteria.208 In 2001, the WHO 

further defined diagnostic criteria for haematological malignancies by categorising the 

myeloproliferative disorders and including bone marrow histological findings of 

hypercellularity in the diagnosis. It was at this time the WHO recognised the 

importance of cytogenetic analysis of cells, suggesting that diagnostic criteria would 

be further defined as mutations and genetic abnormalities were discovered to be 

specific to certain diseases. In 2001, the known role of the Philadelphia chromosome 

in CML made identification of this translocation an essential part of CML diagnosis. 

 In 2008, the WHO released an update on the classification and diagnostic 

criteria for MPNs. After the pivotal discovery of JAK2V617F, detection of this mutation 

was incorporated into the diagnostic procedure of patients with MPNs, a positive 

detection confirming MPN diagnosis.208 However, incorporating JAK2V617F analysis 

into diagnosis is slightly precarious as only half of ET and PMF patients carry the 

mutation. Therefore, negative detection does not necessarily rule out MPN diagnosis. 

JAK2V617F-negative patients are further analysed for other known mutations in JAK2 

exon 12 or the receptor mpl, and these cytogenetic results are combined with analyses 

of peripheral blood cell counts and bone marrow histology to either confirm or dismiss 

an MPN diagnosis. 
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 Targeting JAK2V617F in MPN patients would likely be an effective therapy. 

Unfortunately, no such inhibitors which target mutant JAK2 specifically exist. 

Ruxolitinib, a JAK1/JAK2 inhibitor is used in severe cases of myelofibrosis.209 The 

broad specificity of ruxolitinib renders it ineffective towards eradicating the mutant 

clone or decreasing JAK2V617F allelic burden.210 Instead, its success as a treatment for 

myelofibrosis is based on its effects of reducing splenomegaly and improving patient 

quality of life.  

1.7 JAK2V617F in the Endothelium 

JAK2V617F causes myeloproliferation, leading to hypercellularity of the bone marrow 

and increased circulation of mature myeloid cells. As cells of the bone marrow rely 

heavily on their microenvironment for support, hyper-proliferation of HSCs in MPN 

patients is likely to have an effect on other cell types. In other neoplastic malignancies, 

re-organisation of stromal compartments and neo-angiogenesis to provide a vascular 

network is required to support expansion of the rapidly proliferating cells.211 

 In particular, PMF is characterised by extensive changes in the bone marrow 

architecture. Some patients with MPNs were shown to have increased microvessel 

density; patients with myelofibrosis had the greatest increase in angiogenesis, which 

correlated with bone marrow hypercellularity.212 In a separate study, spleen 

microvessel density was increased in patients with myelofibrosis compared to control 

patients, suggesting that neo-angiogenesis contributes towards a microenvironment 

conducive for extramedullary haematopoiesis.213 In both reports, increased 

microvessel density corresponded to disease aggressiveness; in the bone marrow, 

patients with higher microvessel density had poorer disease prognosis and in the 

spleen, patients with higher microvessel density had increased extramedullary 

haematopoiesis. Whether new vessel growth occurred in response to failing 

haematopoiesis in the bone marrow, attempting to promote blood cell production 

elsewhere or whether it was being harnessed by neoplastic cells to promote malignant 

transformation is currently unknown. However, it is a process which appears to 

coincide with MPN disease progression. 

 In general, haematological malignancies are associated with cytogenetic 

abnormalities which occur in stem and/or progenitor cells that drive proliferation. The 

importance of neo-angiogenesis in these diseases, combined with the possibility that 
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a postnatal haemangioblast-type cell exists prompted investigation into whether the 

same mutations/chromosomal aberrations that exist in haematopoietic cells also exist 

in ECs. In patients with Philadelphia chromosome-positive CML, the BCR/ABL fusion 

gene was identified in ECs generated in vitro from bone marrow cells and in the 

endothelium of the myocardium in 1 patient.214 In multiple myeloma patients, 

circulating ECs contained the 13q14 deletion detected in plasma cells and in B-cell 

lymphoma patients, microvascular ECs contained the same cytogenetic abnormality 

as the tumour cells.215,216 These studies suggest, but do not prove, that genetic insults 

responsible for haematological malignancies are acquired in a primitive cell type, 

giving rise to both haematopoietic and ECs with characteristic genetic changes (Figure 

1.14). 

 To date there have been three reports of endothelial JAK2V617F expression in 

patients with MPNs. In the first report, liver ECs from patients with Budd-Chiari 

syndrome with associated PV were isolated by laser capture microdissection.217 

Homozygous endothelial- JAK2V617Fexpression was identified in 2 of 3 patients, the 

third patient had only JAK2WT expression in ECs but heterozygous JAK2V617F in 

peripheral granulocytes. The second report identified circulating EPCs with JAK2V617F 

expression in patients of all 3 MPN subtypes and this was found to correlate with 

increased risk of thrombosis.218 In the most recent report, ECs were isolated from 

spleens of patients with MPNs by laser capture microdissection, cell sorting and in 

vitro culture of mature ECs and EPCs.219 In this study, JAK2V617F expression was 

identified in mature ECs from both microvessels and veins, but was not present in 

progenitor cells expanded in vitro. The contrasting results between the latter two 

reports may be indicative of patient sample heterogeneity, or they may demonstrate 

differences in disease progression between patients. These observations may lend 

insight to the clonal hierarchy of haematopoiesis, where the mutation is acquired and 

how this mutation is propagated in multiple cell types. 

 Following the identification of JAK2V617F ECs in BCS, Sozer and colleagues 

isolated CD34+ cells from patients with MPNs and cord blood and transplanted them 

into immunodeficient mice to determine the ability of these cells to colonise vessels.220 

On isolation of liver and lung tissues from these mice, human cells expressing 

endothelial markers were identified, confirming the ability of CD34+ cells to  
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differentiate into endothelial-like cells. Furthermore, CD34+ cells derived from 

patients with MPNs gave rise to endothelial-like cells which expressed JAK2V617F. 

These results confirm experimentally that mutant haematopoietic cells can contribute 

to mutant endothelial-like cells, corroborating results which identify mutant ECs in 

patients with MPNs. 

 JAK2V617F expression in ECs may have broad implications. ECs are known to 

be important in malignant processes through neo-angiogenesis but also may contribute 

towards thrombohaemorrhagic complications seen in patients. In particular, 

complications experienced by patients with MPNs are mainly the result of clotting or 

bleeding events; therefore, it is likely that mutant ECs contribute towards these events 

given the dynamic role of ECs in haemostasis. The effects of JAK2V617F-ECs on 

haemostasis and the mechanisms of JAK2V617F activation in ECs are not known. 

Current MPN treatments are limited and are mainly focused on preventing thrombosis; 

however equally dangerous are bleeding diathesis. Therefore it is important to 

understand the mechanisms behind thrombosis and bleeding in patients with MPNs so 

patient-specific therapies can be developed and life-threatening complications can be 

avoided. Further research into JAK2V617F-EC effects and mechanisms will help us 

achieve this goal.  
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1.8 Primary Aims 

Patients with MPNs commonly experience complications caused by dysfunctional 

haemostasis and thrombosis. Patient treatment is limited and aimed at preventing these 

adverse events, typically by low-dose aspirin therapy. However, a subset of patients 

experience increased risk of bleeding diatheses and these patients are at an even greater 

risk for experiencing complications if they are treated with low-dose aspirin. 

Currently, there are no methods for stratifying MPN patients to distinguish those who 

are at risk for thrombosis or bleeding. In order to improve MPN patient treatment, a 

better understanding of the mechanisms behind haemostasis and thrombosis 

complications is required. The following specific aims were investigated to advance 

our understanding of this important field. 

 

 Determine the effects on haemostasis and thrombosis in a mouse model of MPNs using 

in vivo thrombosis assays 

 

 Elucidate the mechanisms driving JAK2V617F-activation in ECs using an in vitro model 

of JAK2V617F-endothelial expression 

 

 Determine allelic burden of JAK2V617F in ECs generated from patient samples and the 

effects of JAK2V617F expression on EC phenotype 
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CHAPTER 2 GENERAL MATERIALS AND METHODS 

 

2.1 Cell Culture 

2.1.1 Cell culture plasticware and reagents 

Tissue culture flasks were purchased from BD Biosciences, plates and serological 

pipettes were purchased from Cellstar or Sarstedt. Dulbecco’s Modified Eagle 

Medium (DMEM), Dulbecco’s Phosphate-Buffered Saline (DPBS), penicillin-

streptomycin (PS, 10,000 U/mL), L-glutamine (G, 200mM) and trypsin-EDTA 

(0.05%) were purchased from Life Technologies. Heat-inactivated Fetal Bovine 

Serum (FBS) was purchased from GE Healthcare HyClone and Endothelial Cell 

Growth Medium MV2 and supplement were purchased from Promocell. Endothelial 

cell growth medium BulletKit (EGM-2 MV) was purchased from Lonza. 

2.1.2 Cell lines and culture conditions 

Human Embryonic Kidney (HEK)293T cells were received from Dr. Dimitris Lagos 

and cultured in DMEM supplemented with 10% (v/v) FBS and 1% (v/v) PSG in 10cm 

tissue culture dishes. Primary human umbilical vein endothelial cells (HUVECs) were 

purchased from Promocell and Life Technologies and human aortic endothelial cells 

(HAECs) were purchased from Life Technologies. Both primary cell types were 

cultured in supplemented Endothelial Cell Growth Medium MV2 (Promocell) in 

25cm2 flasks and 10cm dishes. Primary blood outgrowth endothelial cells (BOECs) 

generated were cultured in EGM-2MV (Lonza). Cells were grown to ~75-90% 

confluency and were then subcultured. Cells were washed once in DPBS and 

incubated with trypsin at room temperature to detach cells. Trypsin was neutralized 

with FBS-containing medium and cells were re-plated in their respective cell culture 

media. Cells were incubated at 37oC and 5% (v/v) CO2. 
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2.2 Western Blot Analysis 

2.2.1 Protein lysate generation 

Cultured cells were washed 3 times with ice-cold DPBS to thoroughly remove media 

and its components and lysed in protein lysis buffer (1% [v/v] Triton X-100, 150mM 

NaCl, 50mM Tris, pH7.4) containing protease inhibitor cocktail (AEBSF, Aprotinin, 

Bestatin, E-64, Leupeptin and Pepstain A, Sigma) and phosphatase inhibitors (1mM 

Na3VO4, 10mM NaF). Lysis buffer was added directly to the cells on the tissue culture 

dish and samples were incubated on ice for 10mins. Lysed cells were scraped from the 

plate, collected into Eppendorf tubes and centrifuged at 20,500g at 4oC for 15mins to 

remove cell debris. The supernatant containing the protein lysate was collected into 

new Eppendorf tubes and stored at -20oC.  

2.2.2 Protein assay 

Protein concentration was quantified using the Bio-Rad DC Protein Assay in a 96-well 

flat bottom plate. This assay uses protein chemistry with alkaline copper tartrate and 

Folin to produce a colour change in solution that can be detected by measuring 

absorbance of light. Protein forms a complex with cupric ions in an alkaline/tartrate 

solution producing a light blue colour change and this complex then reduces Folin to 

produce a more pronounced blue colour that can be detected by absorbance. Standard 

samples containing bovine serum albumin (BSA) were prepared at concentrations of 

0, 0.25, 0.5, 1, 2 and 4 µg/µL in PBS and used in triplicate and protein samples of 

unknown concentration were used in duplicate for each assay. Working reagent A, 

containing the alkaline copper tartrate solution, was freshly prepared each time by 

mixing 1mL of reagent A with 25µL of reagent S and 20µL of this solution was added 

to each standard/unknown protein sample. Then, 200µL of Reagent B containing Folin 

was added to each sample and the plate was left to incubate at room temperature for 

ten minutes. The plate was then analysed using the Bio-Rad iMark microplate 

absorbance reader at 655nm. 

2.2.3 Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 

 (PAGE) and protein transfer 

Polyacrylamide gel electrophoresis was performed using the Novex NuPAGE SDS-

PAGE Gel System (Life Technologies). Protein samples were prepared using lysis 
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buffer, 4X NuPAGE SDS sample buffer (106mM tris HCl, 141mM tris Base, 2% [w/v] 

LDS, 10% [v/v] glycerol, 0.51mM EDTA, 0.22mM SERVA Blue G250, 0.175mM 

phenol red, pH8.5), 2.5% (v/v) 2-mercaptoethanol (β-ME) and 10µg of protein. 

Samples were boiled at 100oC for 5mins and centrifuged at 17,000g for 1min to collect 

evaporated residue. NuPAGE Bis-Tris gels (4-12% gradient, Life Technologies) were 

used to resolve the protein samples by molecular weight and were run at 200V for 

50mins using 1X NuPAGE MOPS (2.5mM MOPS, 2.5mM Tris base, 0.005%  [w/v] 

SDS, 50µM EDTA, pH7.7). 

 Protein was transferred to polyvinylidene difluoride (PVDF) membrane (Bio-

Rad) using the Bio-Rad Mini-Protean II Cell wet transfer system. The PVDF 

membrane was activated with methanol for 30secs with gentle shaking and washed 

with distilled water and transfer buffer (24mM Tris base, 150mM glycine, 20% [v/v] 

methanol). The transfer was set up as follows: sponge, Whatman paper, membrane, 

gel, Whatman paper, sponge on the clear surface of the transfer cassette. The cassette 

was then inserted into the transfer apparatus, with the black surface facing the black 

side of the apparatus. Transfer was conducted at 110V for 1hr using an ice block and 

magnetic stir bar to keep the apparatus cool. 

2.2.4 Immunoblotting 

After protein transfer was completed, the membrane was rinsed briefly in Tris-

buffered saline, 0.1% (v/v) Tween-20 (TBST) and blocked in either 4% (w/v) 

milk/TBST or 4% (w/v) BSA/TBST for 1hr at room temperature. Primary antibody 

was prepared in either 4% (w/v) milk/TBST or 4% (w/v) BSA/TBST according to the 

specific antibody dilution ranging from 1:1000-1:500,000 and incubated overnight at 

4oC with gentle shaking on the Stovall Belly Dancer (Greensboro, NC, USA). 

 On day 2, the PVDF membrane was washed with TBST, 1X 15mins, 3X 

5mins, and incubated with secondary antibody, conjugated to horseradish peroxidase 

(HRP), diluted in 4% (w/v) milk/TBST for 1hr at room temperature. After incubation, 

membranes were washed of unbound secondary antibody with TBST, 1X 15mins and 

3X 5mins, and the membrane was exposed to Amersham Enhanced Chemiluminescent 

(ECL) Prime western blotting detection reagent (GE Healthcare Life Sciences) for 

5mins. Luminescence was detected by exposing the membrane to HyBlot CL 

autoradiography film (Denville Scientific). Exposure times varied from 1sec to 
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10mins depending on strength of antibody detection of protein. A list of primary and 

secondary antibodies and their corresponding dilutions and buffers is provided (Table 

2.1). 

2.2.5 Membrane stripping 

Stripping buffer (62mM Tris base, 70mM SDS, pH 6.8) was prepared with 0.5% (v/v) 

β-ME and heated to 60oC. The membrane was incubated in these conditions for 

10mins with gentle shaking every 2mins. The membrane was rinsed thoroughly with 

TBST and re-blocked in either 4% (w/v) milk/TBST or 4% (w/v) BSA/TBST for 1hr 

at room temperature. Antibody incubation and protein detection was completed as 

described in section 2.2.4. 

2.3 Genomic DNA Isolation 

DNA was prepared according to the Gentra Puregene Handbook (Qiagen). Cells were 

lysed in Cell Lysis Solution (Qiagen) and vortexed for 10sec. 100µL of protein 

precipitation solution was added to the lysate, and the mixture was vortexed for an 

additional 20sec. The solution was then incubated on ice for 5mins to ensure 

precipitation of proteins. Samples were then centrifuged at 16,000g for 1min and the 

supernatant was carefully poured into new Eppendorf tubes containing 300µL 

isopropanol and the protein pellet was discarded. The supernatant-isopropanol mixture 

was inverted 50 times and centrifuged at 16,000g for 1min. The supernatant was 

discarded in an alcohol-waste container and the resulting DNA pellet was washed 1 

time with 300µL of 70% (v/v) ethanol. The samples were centrifuged again at 16,000g 

for 1min and the DNA pellet was dried for 5mins, inverted. DNA was hydrated in 

100µL of DNA Hydrating solution (Qiagen) and quantified using the NanoDrop2000 

(Thermo Scientific). 

2.3.1 DNA sequencing 

Sequencing was completed by Eurofins Genomics. Samples were prepared by mixing 

15µL of DNA template (50-100ng/µL of plasmid DNA, 5ng/µL of purified 

polymerase chain reaction (PCR) products 300-100bp) with 2µL of primer 

(10pmol/µL). Sequences were analysed using Sequence Scanner v1.0 (Applied 

Biosystems Software). 
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Table 2.1 Primary and Secondary Antibodies Used for Immunoblotting 
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2.4 Total RNA Isolation 

RNA was isolated using the RNeasy mini kit (Qiagen). Cells were lysed in buffer RLT 

+ 10µL/mL β-ME, vortexed thoroughly and stored in -80oC until RNA could be 

isolated. 

 To isolate RNA, 1 volume of 70% (v/v) ethanol was added to thawed cell lysate 

and the samples were mixed. Samples were pipetted onto RNeasy spin columns and 

centrifuged for 15sec at 8,000g. RNA bound to the membrane in the spin column was 

then digested with DNase I in Buffer RDD (Qiagen) for 15mins at room temperature. 

Samples were then washed with buffer RW1 and buffer was removed by 

centrifugation for 15sec at 8,000g. Samples were washed twice with buffer RPE and 

after the final wash samples were centrifuged for 2mins at 8,000g to completely dry 

the membranes. RNA was eluted from the membrane by RNase-free water and the 

samples were centrifuged for 1min at 8,000g to collect the RNA. RNA was quantified 

using NanoDrop2000 (Thermo Scientific). 

2.5 cDNA Synthesis from Total RNA 

cDNA was synthesized from RNA template using the SuperScript First-Strand 

Synthesis System for RT-PCR (Invitrogen). First, RNA (50-500ng), 10mM dNTP mix 

and 0.5µg/µL oligo(dT) primer mix were combined and incubated at 65oC for 5mins. 

This reaction was cooled at 4oC for at least 1min, while reagents were being prepared 

for the next step. 10X RT buffer, 25mM MgCl2, 0.1M DTT and 40U/µL RNaseOUT 

were combined separately and this was added to the first reaction. The final 

concentrations of each component were as follows: 1mM dNTP, 0.025µg/µL primers, 

1X RT buffer, 5mM MgCl2, 0.01M DTT, 2U/µL RNaseOUT. The combined solution 

was mixed gently, collected by centrifugation and incubated at 42oC for 2mins. The 

final component, SuperScript II RT was then added to each sample for a final 

concentration of 2.5U/µL. DEPC-treated water was added to each Minus RT control 

instead of RT. The reactions were incubated at 42oC for 50mins after which the 

reaction was terminated at 70oC for 15mins. Samples were cooled to 4oC, collected by 

brief centrifugation and 1µL of RNase H (2U/µL) was added to each sample. Samples 

were incubated at 37oC for 20minsand were then transferred to 1.5mL Eppendorf tubes 

and stored at -20oC. 
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2.6 Quantitative Polymerase Chain Reaction (qPCR) 

qPCR assays were performed using TaqMan PCR probes and reagents 

(ThermoFisher). Gene expression assay, reference assay, master mix and RNase free 

water were combined 1:1:10:4, respectively. Gene expression assays included: JAK2 

(Hs01078117_m1), TJP2 (Hs00910543_m1), CDCP1 (Hs01080405_m1) and CCL2 

(Hs00234140_m1), which were all conjugated to FAM dye. The reference assay used 

was eukaryotic 18S rRNA (4310893E), which was conjugated to VIC/TAMRA dye. 

Gene expression master mix (4369016) was used for all reactions. 4µL of cDNA and 

16µL of the combined gene expression, reference assay, master mix and water were 

added to each well of a MicroAmp Fast 96-well reaction plate (Applied Biosystems) 

and the plate was covered with an Optical Adhesive Cover (Applied Biosystems). 

Samples were centrifuged briefly and run on either the StepOnePlus Real Time PCR 

System (Applied Biosystems) or the QuantStudio 3 (Applied Biosystems). Data was 

exported and analysed using Microsoft Excel. 

2.7 Flow Cytometry 

Mouse blood was collected by retro-orbital bleed and 100µL of this sample was added 

to 900µL of PBS. Diluted blood was then mixed with 9mL of ammonium chloride 

solution (15.5mM NH4Cl, 1.2mM NaHCO3, 0.01mM EDTA) and incubated at 4oC for 

3mins to lyse red blood cells. The remaining cells were collected by centrifugation at 

300g for 5mins and the cell pellet was washed 2 times with PBS. The cell pellet was 

then resuspended in 50µL of flow cytometry buffer (PBS+1% (w/v) BSA) and 1µL 

each of CD45.1 and CD45.2 mouse antibodies were added to each sample (Table 2.2). 

The samples were mixed and incubated at room temperature for 15mins in the dark. 

An additional 300µL of flow cytometry buffer was added to each sample just before 

analysis. 

 Samples of HUVECs and BOECs (~1x105 cells) were collected and re-

suspended in 50µL of Cell Staining Buffer (BioLegend). Antibodies for human FITC-

CD45, FITC-CD31 or AlexaFluor 488-CD309 (VEGFR2) were incubated with each 

BOEC sample for 30mins at 4oC (Table 2.2). These samples were washed 1 time with 

buffer and re-suspended in 300µL of buffer for analysis. HUVECs were  
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  Table 2.2 Antibodies Used for Flow Cytometry and FACS 
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unstained, but were analysed for expression of green fluorescent protein (GFP). All 

samples were analysed by the Accuri C6 Flow Cytometry (BD Biosciences). 

2.8 Fluorescence Activated Cell Sorting (FACS) 

PBMCs were re-suspended in 50µL of Cell Staining Buffer (BioLegend) and 

incubated with human antibodies to AlexaFluor 488-CD309 (VEGFR2), Brilliant 

Violet 510-CD45, APC-CD34, PE-CD133 and Brilliant Violet 421-CD146 and with 

1µL of viability stain eFluor 780 (eBioscience) for 30mins at 4oC (Table 2.2). Stained 

cells were washed 1 time with buffer and then resuspended in 500µL-1mL of buffer 

for cell sorting. HUVECs were resuspended at a concentration of 1x106cells/mL in 

PBS+1% (w/v) BSA. Cells were sorted based on GFP expression. Both sample types 

were sorted by the MoFlo Astrios cell sorter (Beckman Coulter) with help from the 

Imaging and Cytometry facility and staff at the University of York. 

2.9 Immunofluorescence (IF) 

Megakaryocyte samples were blocked in 5% (v/v) goat serum, 0.3% (v/v) triton X-

100 in PBS for 1hr at room temperature. Primary antibody was prepared in 1% (w/v) 

BSA, 0.3% (v/v) triton X-100 in PBS at a dilution of 1:100 for VWF (Dako) and 1:10 

for P-selectin (BD Pharmingen). BOEC samples were permeabilised in 0.5% (v/v) 

triton X-100/PBS for 10mins, washed 3 times in PBS 5mins each and then blocked in 

5% (v/v) goat serum for 1hr at room temperature. Primary antibody vWF (Dako) was 

diluted 1:100 in blocking buffer and added to the samples. All samples were incubated 

in primary antibody overnight at 4oC. On day 2, samples were washed 3 times, 5mins 

each with PBS and incubated in secondary antibody for 1hr at room temperature. 

Alexa Fluor® 488-anti-rat (Molecular Probes) was used to detect P-selectin, Alexa 

Fluor® 647-anti-rabbit (Molecular Probes) was used to detect vWF, and rhodamine-

phalloidin (Molecular Probes) were all used at a 1:500 concentration, diluted in 

blocking buffer. Samples were then washed 3 times, 5mins each with PBS and 

mounted with medium containing DAPI stain (Vector Laboratories). Samples were 

imaged with the Zeiss LSM 880 confocal microscope in the Technology Facility at 

the University of York. 
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2.10 Statistical Analysis 

Data was analysed using GraphPad Prism 5 and R software. Experiments with 2 

independent groups were analysed by t tests and experiments with greater than 2 

independent groups and 1 explanatory variable were analysed by one-way analysis of 

variance (ANOVA). Experiments with 2 independent groups and 2 explanatory 

variables were analysed by two-way ANOVA. Linear regression analyses of 

proliferation were first analysed using GraphPad Prism 5 software. Subsequent 

comparison between linear and quadratic regression models were analysed by R 

software. Asterisks indicate the following, **p<0.01, ***p<0.001, ****p<0.0001.  
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CHAPTER 3  JAK2V617F EXPRESSION IN 

ENDOTHELIAL CELLS CONTRIBUTES TO 

DYSFUNCTIONAL HAEMOSTASIS 

 

3.1 Experimental Rationale 

Thrombosis and haemostasis complications remain to be the most common causes of 

morbidity in patients with MPNs. These processes involve various proteins and cell 

types, including both haematopoietic and ECs. The presence of JAK2V617F in both of 

these cell types raises the question of how the mutation affects the normal function of 

these cells in thrombus formation and haemorrhage. In this chapter, the effects of 

haematopoietic and endothelial expression of JAK2V617F on thrombosis and 

haemostasis are investigated using a transgenic mouse model and in vivo vessel injury 

assays.  

3.1.1 Tie2-Cre/FF1 mouse model 

The Flip Flop 1 (FF1) mouse model was generated by Raked Skoda (Basel, 

Switzerland) for use in conditional JAK2V617F expression in mice.189 The transgene 

consists of the human JAK2 promoter and exons 1-25 with part of the construct 

flanked by mutant loxP sites. Lox66 was inserted in exon 12 and lox71 was inserted 

after the polyadenylation signal following exon 25. Lox66 and lox71 mutant loxP sites 

were previously described variations of the WT loxP which could be used to generate 

conditional mouse models.221 Normally, Cre-recombinase expression results in 

excision of neighbouring loxP sites, but inversion of a sequence located between two 

loxP sites oriented head-to-head. The transgene is continuously inverted for the 

duration of Cre-recombinase expression. However, inversion of a sequence located 

between lox66 and lox71 results in the generation of one WT loxP site and one double 

mutant lox66/lox71 site, the latter of which has reduced affinity for Cre-recombinase. 

Expression of Cre results in transgene inversion, but not excision, when the transgene 

is flanked by lox66 and lox71. The FF1 transgenic line was determined to contain 9 
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copies of the transgene integrated at chromosome 8, band A1, a site that does not 

contain any known genes.189 In FF1, Cre expression results in transgene inversion and 

excision until the final copy is inverted and flanked by loxPWT and lox66/lox71, leaving 

only one copy in the correct orientation for expression. 

 The Tie2-Cre transgenic mouse was first developed to investigate transgene 

expression in endothelial cells.222 Tunica intima endothelial kinase 2 (Tie2) is a 

receptor tyrosine kinase which binds angiopoietin 1 and 2. The Tie2-Cre transgene 

contains the mouse Tie2 promoter, Cre cDNA, metallothionein 1 (MT-1) 

polyadenylation sequence and the Tie2 intron 1 enhancer. Reporter mice containing 

lacZ transgene expression on Cre recombination were used to detect the location of 

Tie2-Cre expression. LacZ expression was detected in endothelial cells in the aorta, 

umbilical arteries, veins and smaller blood vessels in mouse embryos when reporter 

mice were crossed with Tie2-Cre mice. Later, Tie2-Cre activity was described in 

haematopoietic cells in addition to endothelial cells using Rosa26R-EYFP reporter 

mice.223 EYFP expression was detected in all subsets of haematopoietic cells in adult 

bone marrow and spleen samples and in embryonic yolk sac haematopoietic cells, 

when the reporter was recombined with Tie2-Cre. Together, these data support the use 

of Tie2-Cre transgenic mice in conditional expression of loxP flanked transgenes in 

endothelial and haematopoietic cells. 

 To study JAK2V617F expression in endothelial and haematopoietic cells, FF1 

and Tie2-Cre transgenic mice were crossed to generate Tie2-Cre/FF1 mice (Figure 

3.1).224 Expression of JAK2V617F in both cell types was confirmed by quantitative PCR 

of human and mouse JAK2 in bone marrow neutrophils, megakaryocytes and 

endothelial cells. Tie2-Cre/FF1 mice exhibited signs of disease development 

beginning at 8 weeks of age when platelet and neutrophil counts started to increase. 

Spleens harvested at 16 weeks from transgenic mice showed splenomegaly compared 

to WT age-matched spleens. These symptoms confirmed MPN development in Tie2-

Cre/FF1 mice. 



Chapter 3 

 

81 

 

 

Figure 3.1 Schematic of Tie2-Cre/FF1 transgenic mouse generation 
FF1 mice contain a human JAK2 transgene, with exons 13-25 in the inverse orientation, 

flanked by mutant loxP sites, lox66 and lox71. On expression of Cre-recombinase, the 

transgene is inverted into the correct orientation and multiple copies are excised until 

one copy is left, flanked by one WT loxP site and one double mutant lox66/lox71  site. 

In our model, we used Tie2-Cre recombinase to express the transgene in endothelial 

and haematopoietic lineages. The JAK2 V617F mutation is located in exon 14 (indicated 

by the red bar).  
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3.1.2 Pf4-Cre/FF1 mouse model 

The Pf4-Cre transgenic mouse was generated to investigate conditional transgene 

expression in megakaryocytes and platelets.225 This transgenic construct consists of 

the mouse Pf4 promoter and gene, with Cre cDNA replacing exon 1 of the Pf4 gene. 

Reporter mice confirmed expression of Pf4-Cre transgene recombination in 

megakaryocytes and platelets. 

 To determine the effects of megakaryocyte lineage-restricted expression of 

JAK2V617F, FF1 and Pf4-Cre transgenic mice were crossed to generate Pf4-Cre/FF1 

mice. Transgene expression was confirmed in megakaryocytes by quantitative PCR of 

human and mouse JAK2. Unlike the Tie2-Cre/FF1 mice, the Pf4-Cre/FF1 mice did 

not display evidence of MPN development. Platelet, neutrophil, red blood cell and 

lymphocyte counts did not differ between Pf4-Cre/FF1 and WT mice at all time points 

measured. Therefore, Tie2-Cre/FF1 model was the main focus in future experiments 

because this model displayed bona fide MPN manifestation. 

3.1.3 Platelet function in Tie2-Cre/FF1 and Pf4-Cre/FF1 mice 

As JAK2V617F expression was confirmed in the megakaryocyte lineage in both Tie2-

Cre/FF1 and Pf4-Cre/FF1 mouse models, investigation of the effects of mutant JAK2 

on platelet function became feasible.224 Tie2-Cre/FF1 whole blood aggregometry 

showed an increase in aggregation response to epinephrine (10μM), ADP (20μM) or 

collagen (10μg/mL) compared to both Pf4-Cre/FF1 and WT whole blood. However, 

when platelet count was equalised between the three groups in washed platelet 

aggregometry, there was no significant difference in aggregation responses. Further, 

platelet expression of integrin βIII, αIIb, βI and αII were not significantly different 

between the three groups, nor was expression of P-selectin or activated αIIbβIII 

different, confirming that platelet activity was unchanged. Future experiments will 

focus on the effects of JAK2V617F expression on haemostasis in vivo, where the 

function and contribution of all cell types and protein factors is preserved and effects 

of mutant JAK2 on the system as a whole can be determined.  
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3.2 Materials and Methods 

3.2.1 Transgenic mice 

All mice were bred and housed in accordance with regulations established by the 

Division of Laboratory Animal Resources (DLAR) at Stony Brook University. Animal 

experiments were conducted under approval from the Institutional Animal Care and 

Use Committee (IACUC) and animal health was monitored post-procedure for 

potential side-effects caused by the experiment. Animals that exhibited signs of 

distress such as weight loss, unkempt appearance and fight wounds were euthanized 

by carbon dioxide inhalation. 

3.2.2  Blood collection, complete blood counts and plasma isolation 

Blood was collected from mice by submandibular bleed into EDTA-coated tubes (BD 

Biosciences). Mice were anesthetized with 2.5% isoflurane by mask and a small 

puncture was made in the submandibular vein using a 4mm animal lancet (Goldenrod, 

MEDIpoint). Approximately 100μL of blood was collected per sample and analysed 

for complete blood counts by the Hemavet 950FS (Drew Scientific Group, Erba 

Diagnostics, Inc.). Whole mouse blood was centrifuged at 14,000g for 10mins and the 

plasma fraction was collected. 

3.2.3 Carotid artery occlusion assay 

The carotid artery occlusion assay was used to determine haemostasis response to 

vessel injury in vivo. Mice were anesthetized with 70mg/kg pentobarbital prior to 

isolation of the right common carotid artery. The artery was rested in a 0.5mm 

Nanoprobe, blood flow was measured using a multichannel perivascular flow module 

(Transonic Systems Inc.) and analysed using LabChart Pro software (AD 

Instruments). After baseline blood flow rate was recorded, injury was induced 

upstream of the probe by applying filter paper (1.2mm x 1.2mm) soaked in 7.5% (w/v) 

ferric chloride to the surface of the vessel. The filter paper was removed after 2mins 

and the injured area was flushed with PBS to remove excess ferric chloride. Blood 

flow was monitored for 30mins post-injury, after which the assay was terminated and 

the vessel was removed for histology. 
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3.2.4 Histology 

Carotid arteries were fixed in 70% (v/v) ethanol/acetate for 10mins and in formalin 

for an additional 20mins. The arteries were further processed by the Histology Core 

Facility at Stony Brook University. After processing, the arteries were embedded in 

paraffin wax and 5μm-thick sections were obtained using the microtome. Carotid 

artery sections were stained using the Carstairs’ method.226 Slides were baked at 60oC 

for 1hr, deparaffinised in xylene, rehydrated in a series of alcohol gradients from 100% 

(v/v) ethanol to 70% (v/v) ethanol and hydrated in distilled water. The slides were then 

incubated in a series of histological stains: ferric ammonium sulfate (5%, w/v) for 

5mins, Mayer’s hematoxylin for 5mins, picric acid-orange G solution for 30mins, 

ponceau fuschin solution for 5mins, phosphotungstic acid (1%, w/v) for 5mins and 

aniline blue solution for 30mins. Each staining step proceeded with a washing step 

with distilled water. Slides were dehydrated in a gradient of alcohols, cleared in xylene 

and mounted using Histomount (ThermoFisher Scientific). 

3.2.5 Tail bleed assay 

Mice were anesthetised with 2.5% (v/v) isoflurane by mask and positioned prone 

above a collection tube filled with saline. The tail measuring 2mm from the distal end 

was removed and the remaining tail was placed in saline (37oC). Bleeding time was 

recorded until occlusion or end-of-assay at 10mins post-injury. Mice which failed to 

occlude after 10mins were cauterised at the injured site to cease bleeding. 

3.2.6 Murine bone marrow transplants 

The Tie2-Cre/FF1 mouse model contains JAK2V617F expression in both 

haematopoietic and endothelial cells.224 To restrict JAK2V617F expression to either 

haematopoietic or endothelial cells, chimeric mice were generated using bone marrow 

transplantation. Recipient mice were irradiated with one dose of 9Gy using the Stony 

Brook University DLAR caesium source. Donor mice were euthanized by carbon 

dioxide asphyxiation, femurs and tibias were removed and flushed with cell culture 

media and the cell suspension was washed with PBS and filtered through a 100µm 

filter. Recipient mice were anesthetised with isoflurane and 5-10 million bone marrow 

cells were injected retro-orbitally. Mice were treated with antibiotic water (400mg/L 

sulfamethoxazole and 80mg/L trimethoprim) 2 days prior to irradiation and until 
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chimerism was confirmed by flow cytometry detection of chimeric B cell antigens. At 

4 weeks post-transplant a blood sample was collected to monitor donor cell 

engraftment.   

 To distinguish donor and recipient bone marrow cells, B6.SJL-Ptprca 

Pepcb/BoyJ mice were used in transplant experiments (Jackson Laboratory). The 

B6.SJL-Ptprca Pepcb/BoyJ mouse, alternatively known as CD45.1 or Ly5.1 expresses 

the leukocyte antigen Ptprca, which differs from WT and Tie2-Cre/FF1 mice which 

express Ptprcb, alternatively known as CD45.2 or Ly5.2. Antibodies specific for 

CD45.1 or CD45.2 (BioLegend) were used to characterise blood cells post-transplant 

to determine the successful engraftment of donor cells. 

3.2.7 vWF multimer analysis 

To resolve vWF multimer components, a 0.1% (w/v) SDS-1% (w/v) agarose gel was 

prepared using specialised Seakem gold agarose (Cambrex Bio Science Rockland 

Inc.). The gel consisted of two layers: the agarose layer (50mM tris, 384mM glycine, 

0.1% [w/v] SDS, 30% [v/v] glycerin, 1% [w/v] agarose) for vWF resolution and an 

acrylamide plug (12% [v/v] acrylamide, 0.5M Tris [pH 9.3], 10% [v/v] glycerin, 

0.15% [v/v] TEMED, 0.025% [w/v] ammonium persulfate) beneath the SDS-agarose 

layer. Plasma samples were prepared in sample buffer (25mM Tris [pH 6.7], 3M urea, 

5mM EDTA [pH 8], 1% [w/v] SDS, 0.015% [w/v] bromophenol blue) and heated at 

60oC for 20mins. Samples were loaded into the wells and the gel was run at 2mA 

overnight (24-48hrs) at 4oC in running buffer (50mM Tris, 284mM glycine, 0.1% 

[w/v] SDS). When the running dye met the acrylamide plug, the gel was removed from 

the apparatus and transferred to a methanol-activated PVDF membrane at 180mA for 

1hr and 15mins in transfer buffer (249mM Tris, 1.92M glycine) using a semi-dry 

transfer apparatus (Bio-rad). The membrane was blocked in 5% (w/v) milk in TBS for 

1hr at room temperature and probed with rabbit anti-human vWF-HRP (Dako) at a 

dilution of 1:1000 in blocking buffer for 2hrs at room temperature. The membrane was 

washed twice with water and three times with TBST, each for 5mins after which 

Amersham ECL was applied to the membrane for 5mins. The membrane was 

visualised using the Protein Simple FluorChem imager. 
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3.2.8 Ristocetin-induced platelet agglutination assay 

Mice were euthanized by carbon dioxide asphyxiation and whole blood was removed 

by cardiac puncture. Whole blood was diluted 1:1 in pre-warmed Ringer’s solution 

(123mM sodium chloride, 1.5mM calcium chloride, 4.96mM potassium chloride) and 

the sample was equilibrated to temperature for an additional 5mins. Calcium chloride 

(2mM) was added to the sample and 10secs later the agonist Ristocetin (2mg/mL) was 

added. Platelet agglutination was measured by electrode impedance, with an increase 

in agglutination causing an increase in resistance detected by the electrode. Sample 

incubation and resistance detection were performed at 37oC whilst mixing, using a 

two-channel aggregometer (Chronolog).  

3.2.9 Megakaryocyte isolation 

Bone marrow cells were harvested, washed, filtered and plated in Opti-MEM medium 

treated with penicillin/streptomycin/glutamate (1% [v/v] PSG) and supplemented with 

3% (v/v) IL-3 and TPO. The cells were incubated in 5% carbon dioxide at 37oC for 3 

days, when megakaryocytes were visibly present in the culture under the microscope. 

Megakaryocytes were isolated from culture over a discontinuous BSA gradient and 

collected by centrifugation. To generate protein lysate, megakaryocytes were lysed in 

radioimmunoprecipitation assay (RIPA) buffer (50mM Tris [pH 7.5], 150mM NaCl, 

0.2% [w/v] SDS, 0.5% [w/v] sodium deoxycholate, 1% [v/v] triton X-100) 

supplemented with protease cocktail inhibitor (Sigma) and phosphatase inhibitors 

(1mM Na3VO4, 10mM NaF). To prepare microscope slides, megakaryocytes were 

fixed in 4% (w/v) paraformaldehyde for 5mins at room temperature and cytospun at 

18g for 5mins at a cell concentration of 1x105cells/mL in 1% (w/v) BSA/PBS. 

3.2.10 Platelet isolation 

Mice were euthanized by carbon dioxide asphyxiation and whole blood was collected 

by cardiac puncture. Blood was diluted 1:1 in wash buffer (150mM sodium chloride, 

20mM PIPES, pH 6.5), mixed gently and centrifuged at 200g for 10mins with brakes 

off. Platelet rich plasma (PRP) was collected from the top fraction and 1uM 

prostaglandin E1 and 0.02U/mL apyrase were added to the PRP to prevent activation 

of platelets. Platelets were then washed and lysed in nonidet P-40 (NP-40) lysis buffer 

(1% [v/v] NP-40, 50mM Tris, 150mM sodium chloride, pH 8). 
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3.2.11 EC isolation 

Mice were euthanized by carbon dioxide asphyxiation and perfused with sterile cold 

citrated saline (136.9mM sodium chloride, 2.68mM potassium chloride, 54.7mM 

citric acid monohydrate, pH 7). Lungs were extracted and transferred to a tissue culture 

dish containing 10% (v/v) FBS/RPMI media. Lungs were minced manually with 

dissection scissors, transferred to a collagenase solution (1mg/mL type IV collagenase 

[Collagenase A, Roche], 4250 U DNase [D4513, Sigma]) and incubated in a shaking 

incubator at 37oC for 45 minutes. The mixture was further dissociated by filtering 

through a needle (18G) and syringe twenty times, after which the mixture was passed 

through a 70µm filter to remove large, undissociated pieces. The cell suspension was 

collected by centrifugation at 400g for 5mins, red blood cells were lysed in ammonium 

chloride solution (15.5mM ammonium chloride, 1.2mM sodium bicarbonate, 0.01mM 

EDTA) and the sample was washed in PBS. ECs were isolated by CD45 depletion, 

CD31 collection using magnetic beads and magnetic activated cell sorting (MACS, 

Miltenyi Biotec). MACS was carried out in MACS buffer (0.5% [w/v] BSA, 2mM 

EDTA [pH 8] in PBS) and CD45-CD31+ cells were lysed in RIPA buffer (with 

protease and phosphatase inhibitors). 

 

3.3 Results 

3.3.1 Tie2-Cre/FF1 mice exhibit dysfunctional haemostasis in response to 

 vessel injury 

To investigate the effects of JAK2V617F expression in haematopoietic and ECs on 

haemostasis, two in vivo haemostasis assays were used: carotid artery occlusion assay 

and tail bleed assay. Prior to carotid artery occlusion assay, a sample of blood was 

taken from all WT and Tie2-Cre/FF1 experimental mice to confirm normal and 

elevated platelet/neutrophil counts, respectively (Figure 3.2A-B). Red blood cell 

counts were not significantly different between the two groups of experimental mice 

(Figure 3.2C). 
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Figure 3.2 Complete blood counts (CBCs) prior to carotid artery occlusion 

assay 
Five days before carotid artery occlusion assay, blood counts were re -examined to 

confirm disease phenotype. (A) Platelets and (B) neutrophils remained elevated in 

Tie2-Cre/FF1 mice and (C) red blood cell counts were comparable between Tie2-

Cre/FF1 and WT mice and were within normal limits.  (One point equals one animal, 

one-way ANOVA, ****p<0.0001)  
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 Baseline flow rate in wild-type (WT) and Tie2-Cre/FF1 mice was 

approximately 600µL/min. On ferric chloride injury, WT mice formed an occlusive 

thrombus, indicated by a drop in flow rate to just above 0µL/min. Time to occlusion 

for WT mice was 7.4min ± 0.4. In contrast, Tie2-Cre/FF1 mice maintained blood flow 

at a rate similar to baseline flow rate for the duration of the assay (Figure 3.3A). Time 

to occlusion for Tie2-Cre/FF1 mice was recorded at 30mins, the assay end-point and 

differences in occlusion time between WT and Tie2-Cre/FF1 mice were quantified 

and found to be statistically significant (Figure 3.3B). Carstairs’ staining of carotid 

artery sections showed distinct morphological changes between WT and Tie2-

Cre/FF1 injured sites. In the uninjured section, the vessel was filled with red blood 

cells and platelets (Figure 3.4A). In WT injured sections, the vessel was filled with an 

occlusive platelet-rich thrombus and displayed areas of fibrin deposition (Figure 

3.4B). In contrast, the injured section of the Tie2-Cre/FF1 artery showed an area of 

platelet plug formation but never showed occlusive fibrin-rich thrombus propagation 

(Figure 3.4C). These results corroborated the results of the blood flow traces; Tie2-

Cre/FF1 mice fail to form an occlusive thrombus in response to carotid vessel injury. 

To investigate haemostasis in smaller vessels, mouse tails were injured. Tie2-Cre/FF1 

mice had a prolonged time to occlusion (397.9secs ± 67.42) compared to WT 

(167.6secs ± 13.19) (Figure 3.5). Together, the results from the carotid artery 

occlusion assay and tail bleed assay suggest that murine expression of JAK2V617F in 

haematopoietic and endothelial cells leads to a dysfunctional response to vessel injury. 

3.3.2 Endothelial JAK2V617F expression causes unstable clot formation in 

 response to vessel injury 

To dissect the distinct role of JAK2V617F in haematopoietic cells and endothelial cells, 

bone marrow transplant chimeric mice were generated to express JAK2V617F in either 

haematopoietic or endothelial cells. Four transplant mice were generated: (1) WT 

transplant control, (2) Tie2-Cre/FF1 bone marrow into WT recipient (JAK2V617F 

haematopoietic-only mice), (3) WT bone marrow into Tie2-Cre/FF1 recipient 

(JAK2V617F endothelial-only mice) and (4) Tie2-Cre/FF1 transplant control (Figure 

3.6). Chimerism was confirmed four weeks post-transplant by tracking 

CD45.1/CD45.2 expression by flow cytometry (Figure 3.7). Chimerism was also 

confirmed by complete blood counts; platelets and neutrophils of mice which received  



Chapter 3 

 

90 

 

 

Figure 3.3 Carotid artery occlusion assay reveals dysfunctional haemostasis 

phenotype in Tie2-Cre/FF1 mice 
(A) Doppler flow probe traces show that WT mice respond to ferric chloride injury by 

forming a completely occlusive thrombus 7.4min ± 0.4minutes post -injury. This is 

indicated by a flow rate that is approximately 0mL/min. In contrast, Tie2-Cre/FF1 mice 

fail to respond to ferric chloride injury as demonstrated by flow rate that is maintained 

throughout the assay. (B) Quantification of time to occlusion, 30 minutes indicating 

that occlusion did not occur throughout the duration of the assay (t test, 

****p<0.0001).  
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Figure 3.4 Carstairs’ staining of carotid artery sections post-injury 
(A) Uninjured arteries appear to be filled with blood in the vessel lumen, displayed by 

red-yellow red blood cells and blue platelets.  (B) Injured vessels from WT mice formed 

occlusive thrombi demonstrated by the blue fibrin -rich clot (arrows indicate regions of 

dark red/purple, areas of fibrin deposition). (C) Injured vessels from Tie2-Cre/FF1  

mice form a platelet plug (*) but are unable to propagate an occlusive thrombus 

throughout the lumen.  
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Figure 3.5 Tail bleeding assay corroborates dysfunctional haemostasis 

observed in Tie2-Cre/FF1 mice 
Tail injury was induced by severing 2mm distal from the tip of the mouse tail. The tail 

was submerged in warm (37oC) saline and bleeding time was recorded until an 

occlusive thrombus formed and bleeding ceased.  Tie2-Cre/FF1 mice had prolonged 

bleeding times in response to tail injury, compared to WT mice. Two mice continued 

to bleed at assay time point (600secs, 10mins) and were cauterised to prevent excessive 

blood flow (t test, ***p<0.001).  
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Figure 3.6 Schematic of generation of bone marrow transplant mice 
Marrow from Tie2-Cre/FF1 mice was harvested and injected retro -orbitally into 

irradiated WT mice to generate JAK2 V617F haematopoietic-only mice (2). In contrast, 

bone marrow from WT mice was harvested and injected retro -orbitally into irradiated 

Tie2-Cre/FF1 mice to generate JAK2V617F endothelial-only mice (3). WT control (1) 

and Tie2-Cre/FF1 control (4) transplants were also generated. WT mice with 

differential B cell antigen CD45.1 were used to monitor chimerism.  
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Figure 3.7 Representative flow cytometry analyses of bone marrow transplant 

chimeras 
Expression of JAK2V617F in mice was restricted to either the haema topoietic or 

endothelial lineages by using bone marrow transplants to generate chimeric mice. To 

track chimerism, WT mice expressing the differential B cell antigen CD45.1 were used. 

Tie2-Cre/FF1 mice expressed the differential B cell antigen CD45.2. These  antigens 

could be distinguished by antibodies specific for each antigen; therefore, chimerism 

could be traced by collecting a small sample of blood and staining with antibodies for 

CD45.1/CD45.2 antigens. (A) Tie2Cre/FF1  bone marrow (CD45.2) reconstituted  WT 

(CD45.1) mice, generating JAK2V617F-haematopoietic only mice. (B) WT bone marrow 

(CD45.1) reconstituted Tie2-Cre/FF1  (CD45.2) mice, generating JAK2V617F-

endothelial only mice. Blood samples were collected and investigated for 

CD45.1/CD45.2 expression 4  weeks post-transplant.  
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marrow from Tie2-Cre/FF1 donors exhibited elevated cell counts and mice which 

received marrow from WT donors exhibited normal cell counts (Figure 3.8). 

 In response to ferric chloride-induced carotid injury, transplant control mice 

responded similarly to WT and Tie2-Cre/FF1 congenital mice (WT transplant control, 

9.3mins ± 2.2; Tie2-Cre/FF1 transplant control, 28.5mins ±2.6). JAK2V617F 

haematopoietic-only mice formed occlusive thrombi similar to WT mice (8.9mins 

±1.3). In contrast, JAK2V617F endothelial-only mice displayed a phenotype unique to 

both WT and Tie2-Cre/FF1 congenital mice with a time to occlusion averaging 

between the two congenital mouse strains (18.7mins ± 8.9) (Figure 3.9A-B). This 

average is the result of some mice forming occlusive thrombi and some mice with 

sustained blood flow after 30mins. Histological analysis of the arteries show  platelet 

plug formation in JAK2V617F-endothelial only mice similar to Tie2-Cre/FF1 

congenital mice, compared to occlusive thrombi which formed in both WT control and 

JAK2V617F haematopoietic-only mice (Figure 3.10A-C). In contrast, time to occlusion 

on tail injury did not differ significantly between JAK2V617F haematopoietic-only 

(64.8secs±12.9) and JAK2V617F endothelial-only (80.7secs±37.5) mice (Figure 3.11). 

This time to occlusion is not significantly different to the occlusion time of WT control 

mice (70secs±13), indicating that cell-specific JAK2V617F expression does not have a 

significant effect on response to tail injury. 

3.3.3 Functional vWF expression is altered in Tie2-Cre/FF1 mice and in 

 JAK2V617F-endothelial only mice 

Plasma collected from congenital WT and Tie2-Cre/FF1 mice revealed a multimer 

pattern shift from ultra-large molecular weight multimers to low molecular weight 

multimers in Tie2-Cre/FF1 mice (Figure 3.12A). The absence of ultra-large molecular 

weight multimers in Tie2-Cre/FF1 mice suggests that platelet agglutination might be 

impaired in these mice. Indeed, ristocetin-induced platelet agglutination assay shows 

that platelet agglutination in whole blood is impaired in Tie2-Cre/FF1 samples 

compared to WT samples (Figure 3.13A-B). Plasma samples collected from transplant 

mice show no difference in multimer pattern between JAK2V617F haematopoietic-only 

and JAK2V617F endothelial-only mice (Figure 3.12B). However, vWF function is 

impaired in JAK2V617F endothelial-only mice, as shown by an inability to respond to  
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Figure 3.8 Platelet and neutrophil counts in transplant mice 
Chimeric mice display expected (A) platelet and (B) neutrophil counts after chimerism.  

Mice with JAK2V617F expression in their haematopoietic cells (2 and 4) exhibit 

increased platelet and neutrophil counts and mice with WT haematopoietic cells (1 and 

3) exhibit platelet and neutrophil counts within the normal range.  (1) WT transplant 

control mice, (2) JAK2V617F-haematopoietic only mice, (3) JAK2 V617F-endothelial only 

mice, (4) Tie2-Cre/FF1  transplant control mice 
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Figure 3.9 Carotid artery occlusion assay on transplant chimeras 
(A) Representative Doppler flow traces from transplant chimeras and (B) 

quantification of time to occlusion. JAK2 V617F-endothelial only mice show a unique 

phenotype: half the cohort form occlusive thrombi and half the cohort form unstable 

thrombi. (One-way ANOVA, ****p<0.0001)  
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Figure 3.10 Carstairs’ staining of carotid artery sections post-injury of 

chimeric mice 
(A)WT control mice and (B) JAK2V617F-haematopoietic only mice form occlusive 

thrombi post-ferric chloride injury. (C) JAK2V617F-endothelial only mice form a 

platelet plug (*), but do not form an occlusive thrombus, similar to Tie2-Cre/FF1  

transgenic mice.  
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Figure 3.11 Tail bleed assay on transplant chimeras 
In contrast to the carotid artery occlusion assay, JAK2 V617F-endothelial only mice 

display normal bleeding times. (1) WT control mice, (2) JAK2 V617F hameatopoietic -

only mice, (3) JAK2V617F endothelial-only mice, (4) Tie2-Cre/FF1 control mice. 
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Figure 3.12 vWF multimer analysis 
(A) Plasma from Tie2-Cre/FF1 mice show an increase in low molecular weight 

multimers and an absence of ultra large molecular weight multimers. Plasma from WT 

mice show an equal distribution of multimers of all sizes. (B) Plasma from transplant 

mice show no difference in multimer pattern. (1) WT control, (2) JAK2 V617F  

haematopoietic-only, (3) JAK2V617F endothelial-only 
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ristocetin (Figure 3.13C-D). These data suggest the vWF is one component affected 

by JAK2V617F expression and this effect is more robust in endothelial cells. 

 Protein lysate from endothelial cells, platelets and megakaryocytes from WT 

and Tie2-Cre/FF1 mice were analysed for vWF multimer pattern. Although vWF is 

mainly produced in endothelial cells, megakaryocytes also synthesise vWF and store 

vWF in α-granules where it remains in circulating platelets.18 In EC lysate, low 

molecular weight multimers appear to be more abundant in both WT and Tie2-

Cre/FF1 lysates, however they appear to be increased in Tie2-Cre/FF1 lysates (Figure 

3.14A). In WT megakaryocyte and platelet lysate, it appears that vWF multimer 

pattern shifts from low molecular weight multimers in megakaryocytes to high 

molecular weight multimers in platelets and megakaryocyte lysate generated from 

Tie2-Cre/FF1 mice display an increase in low molecular weight multimers (Figure 

3.14B). Protein from endothelial cells, megakaryocytes and platelets was quantified 

using the Bio-Rad DC Protein Assay and 10µg of protein was loaded per sample. A 

suitable loading control for these gels was not available in the range of vWF multimer 

sizes (250kDa - 20,000kDa). 

 To investigate the possibility that megakaryocyte vWF contributes to the 

increase in low molecular weight vWF multimers in plasma, megakaryocytes were 

stained at different stages of maturation to visualise vWF localisation. It appears that 

in early stages of maturation, vWF is localised in the cytoplasm of megakaryocytes, 

but as megakaryocytes mature vWF becomes localised to the cell surface (Figure 

3.15A). When vWF staining is combined with P-selectin staining, we do not see co-

localisation of vWF and P-selectin at the cell surface during this later stage of 

maturation (Figure 3.15B). vWF and P-selectin are both stored in α-granules in 

platelets, however this data suggests that during megakaryocyte development these 

two proteins localise separately. 

 ADAMTS13 has a role in regulating vWF multimer size in plasma. To 

determine if ADAMTS13 expression contributes towards the change in multimer 

pattern seen in Tie2-Cre/FF1 mice, ADAMTS13 protein expression was analysed in 

EC lysates. Expression of ADAMTS13 appears to be slightly reduced in Tie2-Cre/FF1 

EC lysates, compared to WT EC lysates (Figure 3.16). Further research into  
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Figure 3.13 vWF functional analysis by ristocetin-induced platelet 

agglutination 
(A) WT whole blood agglutinates in response to ristocetin, however Tie2-Cre/FF1 

whole blood does not respond to agonist. (B) Quantification of  ristocetin-induced 

platelet agglutination in congenital whole blood (t test, **p=0.0018)  (C) Whole blood 

from WT control and JAK2V617F haematopoietic-only mice agglutinate in response to 

ristocetin, however JAK2 V617F endothelial-only mice fail to respond to agonist. (D) 

Quantification of ristocetin-induced platelet agglutination in transplant whole blood  

(One-way ANOVA, **p=0.0010). Transplant mice, (1) WT control, (2) JAK2 V617F  

haematopoietic-only, (3) JAK2V617F endothelial-only. 
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Figure 3.14 Multimer analysis of cell lysates which express vWF 
(A) JAK2V617F-endothelium shows an increase in expression of low molecular weight 

multimers compared to WT endothelium. (B) WT megakaryocyte (MK) and platelet 

(PLT) lysates indicate a shift in multimer patter between these two cell types with 

platelets containing the functional ultra -large multimers. Tie2-Cre/FF1  

megakaryocytes contain increased amounts of low molecular weight multimers.  
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Figure 3.15 vWF localisation in megakaryocytes throughout maturation 
(A) Immunofluorescence of megakaryocytes at different stages of maturation shows 

that vWF (red) localises to the cell surface as megakaryocytes mature. (B) Additional 

staining for P-selectin (green) shows that these two proteins localise differently in 

maturing megakaryocytes. vWF localises to the cell surface at day 4 and P -selectin 

remains in the cytosol. Blue, DAPI nuclear stain.  
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Figure 3.16 ADAMTS13 expression in endothelial cell lysates 
EC lysates were collected from WT and Tie2-Cre/FF1 mouse lungs. ECs were pooled 

from 3 mice of each genotype. ADAMTS13 expression was slightly reduced in Tie2-

Cre/FF1 EC lysates. 
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ADAMTS13 function in Tie2-Cre/FF1 mice is needed to determine the role of 

ADAMTS13 in the multimer pattern observed in this mouse model. 

3.3.4 JAK2V617F-positive endothelial cells have increased expression of TFPI 

 and CD39 

Endothelial cells produce, express and secrete numerous factors that affect 

haemostasis. TFPI binds to and inactivates factor Xa and TF:Factor VIIa complexes, 

both of which promote clot formation in the coagulation cascade. CD39 cleaves ADP, 

a potent platelet agonist. TFPI and CD39 both contribute to maintaining proper 

haemostasis by inhibiting aberrant clotting. In EC lysate, we observe an increase in 

protein expression of both TFPI and CD39 in Tie2-Cre/FF1 samples, compared to WT 

samples (Figure 3.17). 

3.4 Discussion 

Patients with MPNs commonly experience complications due to clotting and bleeding. 

Often patients are diagnosed with an MPN after an adverse event caused by a clot or 

bleed brings them to the clinic for treatment. Recent evidence of MPN mutation in 

both haematopoietic and ECs of some patients raises many interesting questions 

concerning disease initiation, progression and effects on overall patient health. The 

combined efforts of both haematopoietic and ECs towards maintaining normal 

haemostasis are well known, however it is unknown how expression of the MPN 

mutation JAK2V617F affects the normal functions of these cells in haemostasis. 

 Previously, the lab developed a mouse model for MPNs by breeding the 

transgenic mouse FF1, which contains the inactive JAK2V617F construct, with a Cre-

recombinase mouse Tie2-Cre. The result of this breeding strategy was progeny 

expressing JAK2V617F in both haematopoietic and ECs. This congenital expression of 

JAK2V617F differs from the human disease which results from acquisition of the 

mutation in adult patients. However, despite the difference in temporal expression of 

JAK2V617F, the mouse model mimics the human disease by exhibiting thrombocytosis, 

neutrophilia and splenomegaly. 

 Given the role of platelets in clot formation and the high percentage of patients 

with MPNs and clotting complications, the initial discovery of a defect in occlusive 

thrombus formation in the mouse model was a bit surprising. Despite high platelet  
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Figure 3.17 Endothelial cell lysate expression of CD39 and TFPI 
EC lysates were collected from WT and Tie2-Cre/FF1 mouse lungs. ECs were pooled 

from 3 mice of each genotype. Expression of CD39 and TFPI was increased in 

endothelial cells of Tie2-Cre/FF1 mice compared to WT. 
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counts, JAK2V617F congenital mice failed to form occlusive thrombi in response to 

ferric chloride-induced arterial injury and tail vessel injury. Histology of injured 

vessels revealed that JAK2V617F congenital mice formed unstable thrombi, shown by 

initial platelet plug formation but absence of clot propagation. Similar results were 

obtained in a PV mouse model; unstable clot formation occurred in response to both 

ferric chloride and tail injury.227 Investigation into platelet function in this mouse 

model revealed decreased expression of platelet glycoprotein VI and FcRγ chain and 

a decreased activation of platelets in response to stimulation. In contrast, investigation 

into platelet function in the Tie2-Cre/FF1 mouse model, investigated by another 

member of the lab, revealed JAK2V617F platelet function to be normal.224 In both 

models, JAK2V617F expression in platelets was insufficient to be the sole cause of 

thrombus instability. 

 Endothelial-restricted JAK2V617F expression exhibited similar, albeit less 

severe, clot instability compared to congenital mice. In contrast, haematopoietic-

restricted JAK2V617F mice formed stable thrombi in response to injury. Together, these 

data suggest endothelial JAK2V617F expression contributes significantly towards 

dysfunctional haemostasis; however the combined expression of JAK2V617F in both 

haematopoietic and ECs results in a more striking phenotype. Undoubtedly, these 

results highlight the importance of both cell types in haemostasis, confirming that 

blood and endothelium work collectively to maintain proper haemostasis. The 

differences in response to ferric chloride injury compared to tail vessel injury exhibited 

in endothelial-specific JAK2V617F mice may be attributed to effects of vessel and 

vascular bed specific endothelial phenotypes. ECs line all blood vessels, including 

large arteries, small capillaries, veins and venules, in all organs and regions of the 

body. EC functions are vast and differ depending on the vessel type and region in 

which they reside.50,51 For example, vWF and TFPI are particularly important in 

venule and capillary haemostasis, respectively. In this context, the differences 

observed between large vessel injury (ferric chloride carotid artery injury) and 

microvessel injury (tail vessel injury) suggests that JAK2V617F affects these vessels 

differently. ECs were subsequently isolated from lungs of WT and Tie2-Cre/FF1 mice 

and an increase in TFPI, CD39 and low molecular weight vWF expression in ECs 

expressing JAK2V617F was observed. Further investigation is needed to determine if 

these changes are systemic or specific to the microvascular endothelium of the lung. 
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Moreover, vessel and vascular specific effects of JAK2V617F on ECs need to be 

determined to define the mechanism behind the differences in arterial and 

microvascular responses to vessel injury in the Tie2-Cre/FF1 mouse model. 

 Changes in vWF multimer pattern and function were investigated more 

extensively using mouse plasma, endothelial, megakaryocyte and platelet lysate. In 

patients, bleeding diathesis is most commonly seen in ET and these effects have been 

attributed to AvWD.9,228 In AvWD, ultra-large molecular weight vWF multimers are 

proteolysed or removed from circulation when platelet levels are exceedingly high. 

Indeed, when plasma samples from transgenic and control mice were resolved, there 

was an observed a shift in multimer pattern in transgenic mice resulting in a loss of 

the functional ultra-large molecular weight vWF multimers. These results were 

corroborated with the ristocetin-induced platelet agglutination assay, which 

demonstrated an absence of functional vWF in plasma of transgenic mice when whole 

blood failed to agglutinate in response to the agonist ristocetin. Multimer patterns in 

both transplant mouse models remained normal, however whole blood from 

endothelial specific JAK2V617F mice failed to agglutinate in the ristocetin-induced 

platelet agglutination assay. These results suggest that a mechanism more complex 

than simply platelet removal of ultra-large molecular weight vWF may be occurring 

in mice expressing JAK2V617F. Perhaps in ECs, JAK2V617F affects production of 

functional vWF, a process that is inherently complex. 

 In EC lysates, there was an increase in expression of low molecular weight 

multimers in ECs expressing JAK2V617F. It is still unclear whether this increased 

expression led directly to a similar increase in low molecular weight multimers in 

plasma, or if post-translational processing in JAK2V617F-ECs was perturbed, leading 

to release of low molecular weight multimers due to the absence of ultra large 

molecular weight multimers. Similarly, in JAK2V617F-positive megakaryocytes we 

observed an increase in low molecular weight multimers. It is currently not known 

whether megakaryocytes contribute to vWF release themselves or if all vWF produced 

in megakaryocytes is processed into α-granules in platelets for subsequent release into 

circulation. Immunofluorescence staining of two α-granule components, vWF and P-

selectin, showed that at one stage of megakaryocyte maturation, these two components 

were localised separately. Specifically, at day 4 of megakaryocyte maturation in vitro 

vWF is localised at the cell surface and P-selectin remains in the cytosol. Although 
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this does not prove that megakaryocytes directly secrete vWF, the localisation of vWF 

to the cell surface suggests this may be possible. Further work is needed to determine 

megakaryocyte-specific release of haemostasis factors. 

 Production and secretion of vWF are complex processes, beginning with 

protein post-translational modification in the endoplasmic reticulum and golgi and 

ending with either constitutive secretion or packaging of mature molecules into 

Weibel-Palade bodies. NO, a product of eNOS, is anti-inflammatory and inhibits the 

release of Weibel-Palade bodies from ECs.229 An inducible JAK2 knockout mouse 

model demonstrated that loss of JAK2 resulted in abnormal EC function related to 

impaired response to vasodilators.97 Further investigation indicated that eNOS 

expression was decreased in this model, a consequence of altered transcriptional 

regulation. JAK2 deficiency in this system resulted in altered Raf-1/MEK1 signalling 

as opposed to canonical STAT signalling. A separate study investigating inducible 

NOS (iNOS) demonstrated that ECs from iNOS-/- mice were depleted of Weibel-

Palade bodies, due to exocytosis.230 Results from both studies indicate a role for NO 

in anti-inflammation, preventing the release of inflammatory components contained 

in Weibel-Palade bodies within ECs. In the Tie2-Cre/FF1 mouse model JAK2 activity 

is enhanced, therefore it is postulated that eNOS expression is increased, leading to an 

increase in NO expression and exocytosis of Weibel-Palade bodies. To investigate 

this, NG-nitro-L-arginine methyl ester (L-NAME), an inhibitor of NOS can be used 

to attempt to ameliorate the consequences of enhanced eNOS activity.231  

 Altogether, EC expression of JAK2V617F was determined to affect haemostasis 

by disrupting stable thrombus formation. Moreover, three factors, TFPI, CD39 and 

vWF were identified as factors affected by JAK2V617F expression in ECs, with 

expression of TFPI and CD39 increased and functional vWF decreased in JAK2V617F-

ECs. How these effects work together to produce the dysfunctional haemostasis 

phenotype observed in the Tie2-Cre/FF1 mouse model is unknown and it is possible 

there are additional factors affected by JAK2V617F expression which also contribute 

towards this phenotype. Future experiments will aim to define the mechanism of 

JAK2V617F activation in ECs and how the effects of JAK2V617F-endothelim in mice 

relate to the effects of JAK2V617F-endothelium in patients with MPNs. 
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CHAPTER 4  ELUCIDATING THE MECHANISM OF 

JAK2V617F ACTIVATION IN ENDOTHELIAL CELLS IN 

VITRO 

 

4.2 Experimental Rationale 

In the previous chapter, endothelial expression of JAK2V617F was identified to be 

important in the dysfunctional haemostasis response to ferric chloride-induced carotid 

artery injury in mice. Here, we aim to investigate the signalling and gene expression 

changes in JAK2V617F-positive endothelial cells, compared to ECs which express only 

JAK2WT. An in vitro model of endothelial JAK2V617F expression was established using 

HUVECs and HAECs. This system was then used to determine changes in JAK2 

signalling protein expression and activation and changes in gene expression. 

4.2 Materials and Methods 

4.2.1 Transient transfection 

HUVECs were seeded at 1.5x105 cells per well in 6-well plates and incubated 

overnight at 37oC and 5% CO2. DNA from pEF1/HisA-V5-JAK2WT and pEF1/HisA-

V5-JAK2V617F (Figure 4.1) constructs was diluted into RPMI or Opti-MEM media 

without serum. PlusTM reagent (ThermoFisher) was added to the diluted DNA and the 

mixture was incubated at room temperature for 5mins. Lipfectamine LTX 

(ThermoFisher) was then added and the combined mixture was incubated at room 

temperature for 25mins. Per well, 1μg of DNA and 3μL of lipofectamine were used 

for transfection of empty vector and JAK2V617F constructs. For the WT construct, 

0.5μg of DNA and 3μL of lipofectamine were used. These values were determined by 

empirical testing of varying DNA amounts and evaluating the resulting JAK2 

expression in endothelial cells. The volume of PlusTM reagent used was dependent on 

the volume of DNA. 
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Figure 4.1 pEF1/HisA vector with JAK2 insert 
pEF1/HisA vector contains a mult iple cloning site (MCS) where JAK2 has been 

inserted between SpeI and NotI restriction sites. Towards the 3’ end of the MCS is a 

sequence for a V5-His tag that can be used to identify the cloned insert. V5-JAK2 is 

transcribed through the EF-1α promoter region and ampicillin resistance is used to 

screen for transformed E.coli.  
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 During complex incubation, HUVECs were washed 3 times with 1XPBS to 

remove all serum/media. HUVECs and DNA/lipid complexes were incubated for 4hrs 

at 37oC and 5% CO2 after which they were removed and replaced with complete 

HUVEC media. 24hrs later, cells were washed three times with 1XPBS and lysed 

using 1% (v/v) Triton X-100 protein lysis buffer (with protease and phosphatase 

inhibitors). 

4.2.2 Mutagenesis 

The lentiviral plasmid pWPI containing human JAK2WT was kindly provided by Dr. 

Gregor Hoermann (Medical University of Vienna) (Figure 4.2). Plasmid identity was 

confirmed by diagnostic digest using restriction enzymes SpeI and PacI (New England 

Biolabs), incubating the reaction at 37oC for 1hr and resolving the digested products 

on a 0.8% (w/v) agarose gel/tris-acetate-EDTA (TAE) buffer (Figure 4.3A). The 

JAK2WT sequence was confirmed using five forward and four reverse sequencing 

primers (Table 4.1 and Figure 4.4) using external sequencing services (Eurofins 

Scientific) (Figure 4.3B). Mutagenesis reagents from the QuikChange XL kit (Agilent 

Technologies) and a modified PCR protocol were used to induce the point mutation 

causing JAK2V617F. Taguchi PCR allows for the testing of different PCR parameters 

in one assay, resulting in a more efficient PCR optimisation. The parameters tested, 

the primers used and the cycling conditions programmed in our mutagenesis reaction 

are provided (Table 4.2 and 4.3). The total reaction volume was 25μL. 

 Following PCR amplification, 5μL aliquots of each reaction were removed and 

resolved in a 0.8% (w/v) agarose/TAE gel. Reactions which showed products were 

then digested with DpnI restriction enzyme for 1hr at 37oC and transformed into XL10 

Gold Ultracompetent cells (Agilent Technologies) according to section 4.2.3. Colonies 

were screened for the JAK2 construct by colony PCR using the primers and cycling 

parameters provided (Table 4.4). Of the 24 colonies screened, 19 were positive for 

JAK2 (Figure 4.5A) and 3 of the 4 colonies sequenced were positive for the JAK2V617F 

mutation (Figure 4.5B). 
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Figure 4.2 pWPI lentiviral vector with JAK2 insert 
pWPI  vector is a lentiviral vector containing an EGFP tag to facilitate identification 

of transduced cells. The JAK2 insert was cloned between MluI and SpeI and 

transcription of the construct is under the EF-1α promoter. Ampicillin resistance is 

used to screen for transformed E.coli colonies. 
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Figure 4.3 pWPI-JAK2WT plasmid validation 
(A) Diagnostic digest of pWPI-JAK2 plasmid. Double digest with SpeI and PacI reveals 

two bands at ~11kb and ~3.5kb. (B) Sequencing of pWPI-JAK2  reveals the correct 

JAK2WT sequence. 
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                Table 4.1 hJAK2 Sequencing Primers 
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Figure 4.4 hJAK2 cDNA sequence 
Human JAK2 cDNA sequence used to validate sequencing data of JAK2WT and 

JAK2V617F constructs. This sequence is referenced in NCBI (NM_004972.3). Binding 

sites for forward primers (green) and reverse primers (pink) are indicated.  
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Figure 4.5 Generation of pWPI-JAK2V617F plasmid 
(A) Colony PCR screen for hJAK2. JAK2 was amplified in 19 of the 24 colonies 

screened. (B) Sequencing result of plasmid which contains  the point mutation 

JAK2G1849T which results in JAK2V617F.  
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4.2.3 Bacterial transformation 

XL10 Gold Ultracompetent cells (XL10, Agilent Technologies) or Stellar Competent 

cells (Clontech) were thawed on ice and aliquoted into 50µL aliquots for use in 1 

transformation reaction. 2µL of β-mercaptoethanol (Agilent Technologies) was added 

to XL10 cells, the combination was mixed by gentle swirling with the pipette tip and 

the cells were incubated on ice for an additional 10mins, swirling every 2mins. 2µL 

and 2.5µL of the mutagenesis and infusion cloning mixtures were added to XL10 and 

Stellar cells, respectively and the cells were incubated on ice for 30mins. XL10 and 

Stellar cell mixtures were then heat shocked at 42oC for 30secs and 45secs, 

respectively and incubated on ice for an additional 2mins. 500µL of pre-warmed 

Lysogeny Broth (LB) media (Millipore) or Super Optimal broth with Catabolite 

(S.O.C.) repression (Clontech) was added to XL10 and Stellar cells, respectively and 

the mixtures were incubated at 37oC, shaking at 225rpm for 1hr. The mixture was then 

plated on LB agar plates containing 100µg/mL of ampicillin (Melford) and incubated 

overnight at 37oC. Plates were analysed for colony growth the following morning. 

4.2.4 Lentivirus generation 

Lentiviruses were generated using HEK293T cells, a highly transfectable cell line 

which contains the SV40 large T-antigen conducive for virus generation. HEK293T 

cells were passaged the day before transfection to ensure cell growth was in the 

exponential phase. To generate lentivirus, 3 plasmids were co-transfected into 

HEK293T cells according to the lipid transfection methods described in 4.2.1. 

Transfections were carried out in 10cm petri dishes and reagents were scaled 

accordingly. A total of 15μg of DNA was used to co-transfect the cells, 4.5μg of both 

p8.91 and pMDG and 6μg of the respective pWPI plasmid (empty vector, JAK2WT or 

JAK2V617F). The plasmids p8.91 and pMDG are the lentiviral packaging plasmid and 

vsv-g envelope plasmid, respectively, both of which are required for successful 

generation of human lentivirus particles. The p8.91 and pMDG plasmids used to 

generate lentiviruses described here were provided by Dr. Dimitris Lagos (University 

of York). Lipid/DNA complexes were incubated with HEK293T cells for 5hrs, after 

which they were removed and replaced with 10% (v/v) FBS/DMEM cell culture 

media. 
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 Conditioned media containing the lentirvirus particles was collected and 

filtered through a 0.45μm syringe filter 48hrs post-transfection. The conditioned 

media was stored in autoclaved screw-cap Eppendorf tubes at -80oC until use in 

transduction experiments. All reagents and cells used in lentivirus production were 

decontaminated with 10% (w/v) virkon solution. 

4.2.5 Transduction of human primary cells 

HUVECs and HAECs were seeded at 8x104 cells per well in 6-well plates 24hrs before 

transduction. Viral supernatant aliquots were thawed in a 37oC water bath and cells 

were prepared for transduction with 2 washes with 1XPBS and adding 10% (v/v) 

FBS/DMEM for a final volume of 2mL per well. The viral supernatant was then added 

to the cells and they were incubated at 37oC/5% CO2 for 6hrs. Viral supernatant 

volumes were varied to determine optimal transduction efficiency. Equal JAK2 

protein expression was determined by western blot for volumes of 250μL of JAK2WT 

virus and 2mL of JAK2V617F virus.  These volumes were used to generate protein lysate 

samples for the final JAK2 signalling analysis and RNA samples for RNA sequencing. 

Virus was removed after the 6hr incubation period and replaced with endothelial cell 

media. The cells were analysed for transduction efficiency 3 days post-transduction. 

4.2.6 Spinfection of human primary cells 

Cells were prepared according to a similar protocol described in 4.2.4, however just 

after the viral particles were added to the cells, the plates were centrifuged at 800g for 

20mins at room temperature. The cells were then incubated at 37oC/5%CO2 for 6hrs, 

after which viruses were removed and the media was replaced with endothelial cell 

media. Cells were analysed for transduction efficiency 3 days post-transduction. 

4.2.7 In vitro permeability assay 

HUVECs were transduced with JAK2WT and JAK2V617F lentivirus as described in 

section 4.2.5. Cells were then plated on 12mm Transwell plates with 0.4µm pore 

polyester membrane inserts (Scientific Laboratory Supplies, Nottingham, UK) at a 

concentration of 5x105 cells per well. Cells were incubated at 37oC and 5%CO2 for 3 

days, to allow stable cell junctions to form. FITC-dextran (molecular weight of 10,000, 

Sigma) was prepared at 1mg/mL in HUVEC media (without phenol red). For the 

transwell, FITC-dextran media was prepared either with no treatment, or with 
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thrombin at 1U/mL (Enzyme Research Laboratories, IN, USA). Separately, HUVEC 

media (without phenol red and without FITC-dextran) was prepared with no treatment 

or with thrombin for the bottom well. Media was aspirated from the bottom well first, 

then transwell and treatment was added to the transwell first and then to the bottom 

well, to prevent disruption of the monolayer. 50µL samples were removed from the 

bottom well after 5 and 15mins of treatment and analysed using the BMG Polarstar 

Optima fluorescent plate reader (BMG Labtech). Serial dilutions of FITC-dextran 

alone were used as standard solutions. Blank values were subtracted from fluorescent 

measurements and each measurement was normalised to a 1:32 dilution of FITC-

dextran standard solution (prepared on day of assay).  These values were then 

converted to percent fluorescence. Each well was washed 1 time with 1XPBS and 

stained with cresyl violet solution (Sigma) for 10mins at room temperature. Stain was 

removed, transwells were washed 1 time with 1XPBS and images of the transwells 

were captured immediately using the Olympus CKX41 microscope and digital 

camera. An identical plating and treatment procedure was followed for plating out 

cells on tissue culture plastic. These cells were imaged to compare monolayers of cells 

on plastic to cells on the transwell membrane. 

4.2.8 Infusion cloning 

Lentiviral plasmids containing V5-tagged JAK2 constructs were generated using the 

In-Fusion HD Cloning kit (Clontech). Linearized vector of pWPI was generated by 

restriction enzyme digest using MluI and SpeI. The insert was amplified from the 

pEF1/HisA plasmid using primers designed by the online Primer Design Tool 

(Clontech, Table 4.5). Digested vector and insert amplicons were resolved on 0.6% 

(w/v) agarose/TAE gels stained with SYBR Safe DNA gel stain (Invitrogen). 

Fragments of the correct size (~11kb for vector and ~3.5kb for insert) were excised 

and gel purified using the QIAquick gel extraction kit (Qiagen). In-Fusion reaction 

mixtures were prepared (Table 4.5) and incubated at 50oC for 15mins. The newly 

generated constructs were transformed into Stellar competent cells according to the 

manufacturer’s protocol (Clontech, Figure 4.6). Colonies were screened by colony 

PCR and sequencing as described previously. 
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Table 4.5 Infusion Cloning: Primers, PCR Reaction Setup,* Cycling 

Parameters* and Infusion Reaction.* 

*Adapted from Clontech 
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Figure 4.6 pWPI vector with V5-JAK2 insert 
Lentiviral plasmid containing V5-tagged JAK2 constructs. JAK2WT-V5 and JAK2V617F-

V5 were amplified from pEF1/HisA vectors and inserted into pWPI using Infusion 

cloning. 
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4.2.9 Co-immunoprecipitation 

Two methods of immunoprecipitation were tested: V5-antibody (Invitrogen)/agarose 

A beads (Millipore) and V5-tagged beads (QED Bioscience). Protein lysates were 

generated (as described in section 2.2.1) from HUVECs transduced with V5-tagged 

JAK2 constructs and biotinylation of cell surface proteins was performed in half the 

samples to aid in identification of these proteins after IP. Lysates were aliquoted into 

100μg aliquots, the amount used in each IP experiment. Lysates were pre-cleared with 

goat IgG antibody (Sigma) for 30mins and with agarose A beads for an additional 

hour. Pre-cleared lysate was collected and samples that required antibody incubation 

were incubated with 2μg of V5-antibody overnight. The following day, these samples 

were collected and incubated with agarose A beads for an additional 3hrs. 

Simultaneously, pre-cleared lysate was added directly to V5-tagged beads and 

incubated in the same manner. All incubation steps were carried out by end-to-end 

rotation at 4oC. Samples were then collected, washed 4 times with 1% (v/v) Triton X-

100 and eluted using 30μL 1X SDS loading buffer (50mMM tris-HCl pH 6.8, 2% 

[w/v] SDS, 11.5% [v/v] glycerol, 25mM EDTA pH 8) for 10mins at 37oC. A 4μL 

aliquot of each eluted sample was used to detect V5 expression in eluted sample by 

western blot, 26µL was resolved by NuPAGE and stained with either Sypro Ruby or 

Coomassie gel stains. 

4.2.10 Sypro Ruby gel staining 

NuPAGE gels were fixed for 30mins in a solution of 10% (v/v) methanol/7% (v/v) 

acetic acid. Sypro Ruby stain was then added to the gel and incubated on an orbital 

shaker for 3hrs, protected from light (Molecular Probes). The gel was transferred to a 

clean dish and washed in 10% (v/v) methanol/7% (v/v) acetic acid for an additional 

30mins. The stained gel was visualised using ultraviolet light (Syngene Bio Imaging 

System). 

4.2.11 Coomassie gel staining 

The NuPAGE gel was washed briefly with distilled water and then incubated with 

coomassie stain for 1hr at room temperature (Bio-Rad). The gel was then de-stained 

by 2 quick distilled water washes and then overnight in distilled water with gentle 
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rocking. Samples were excised from the gel and sent to the Proteomics Core Facility 

(University of York) for further processing. 

4.2.12 Liquid chromatography-mass spectrometry (LC-MS) 

Lysates generated for LC-MS were crosslinked with dithiobis 

(succinimidylpropionate) (DSP) crosslinking reagent for 30mins at room termperature 

on a platform rocker. The cells were washed 3 times with 1XPBS and lysed as 

described previously. V5-tagged JAK2WT and V5-empty vector HUVEC samples 

were immunoprecipitated, resolved on a NuPAGE gel, visualised by Coomassie 

staining and excised as described in 4.2.10. LC-MS was then performed on these 

samples by Adam Dowle of the Proteomics Core Facility (University of York). 

Spectra generated from these samples were compared against the human subset of the 

UniProt database and matches were filtered using Mascot Percolator to minimise false 

positives.  

4.2.13 RNA sequencing 

RNA was generated using the RNeasy kit according to the protocol described by the 

manufacturer (Qiagen). Purification of RNA by PolyA+ enrichment and library 

preparation were completed by Dr. Sally James of the Genomic Core Facility 

(University of York). The samples were sequenced by the HiSeq 3000 machine 

(University of Leeds). 

 Raw data was collated and analysed by Dr. Sandy Macdonald of 

Bioinformatics (University of York). Briefly, STAR splice-aware read mapper 

(https://github.com/alexdobin/STAR) was used to map sequencing reads to GRCh38 

Gencode 24 version of the human genome (STAR). Reads were mapped using the 

following options: “—outSAMstrandField intronMotif”, “—ourFilterType BySJout”, 

“—outFilterIntronMotifs RemoveNoncanonical” and “—outSAMtype BAM 

SortedByCoordinate”. Quantification and differential expression analysis were 

completed using Cufflinks software (http://cole-trapnell-lab.github.io/cufflinks/). 
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4.3 Results 

4.3.1 Transient expression of JAK2V617F in endothelial cells results in 

 sustained JAK2 activation 

Effects of JAK2V617F expression in endothelial cells were first investigated by transient 

overexpression of the mutant and WT constructs in HUVECs. Transfecting HUVECs 

with equal amounts of either JAK2WT or JAK2V617F DNA resulted in different levels 

of JAK2 overexpression; it appeared that the JAK2WT expression was increased 

compared to JAK2V617F expression. After empirical testing of various DNA 

concentrations, transfection efficiencies were equalised by transfecting HUVECs with 

WT and mutant constructs in a 1:2 ratio. These results were confirmed by western blot 

detection of the V5 tag (Figure 4.7). The membrane was then re-probed for pJAK2, 

which was detected only in JAK2V617F expressing cells (Figure 4.7). These results 

established that JAK2 can be overexpressed in endothelial primary cells and that 

mutant JAK2 expression results in sustained JAK2 activation.  

4.3.2 Lentiviral transduction of JAK2V617F in endothelial cells is less efficient 

 compared to transduction of JAK2WT in endothelial cells 

Expression of V5-JAK2 in lipid-transfected HUVECs was short-lasting; V5 was 

detected at 24hrs post-transfection but lost after 48hrs. To generate stable expression 

of JAK2 in HUVECS, lentiviruses were produced to transduce HUVECs and HAECs. 

Cells were analysed for GFP expression 3 days post-transduction by flow cytometry 

(Figure 4.8). Empty vector lentivirus particles were highly efficient at transduction 

even at low volumes. WT lentivirus particles exhibited a steady increase in 

transduction efficiency with increase in viral supernatant and mutant lentivirus 

particles were the least effective in transducing HUVECs, showing little improvement 

in transduction efficiency even at high volumes (Figure 4.9). RNA and protein 

expression analyses confirmed the flow cytometry results (Figure 10A-B). RNA 

expression of JAK2 was high in all WT transduced samples and low in all JAK2V617F 

transduced samples (Figure 4.10A). Similarly, JAK2 protein expression increased 

according to increases in viral volume used in transduction of WT samples but 

remained low in JAK2V617F samples at all viral volumes (Figure 4.10B).  
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Figure 4.7 Transient overexpression of V5-tagged JAK2 constructs 
HUVECs at passage 4 were transfected with V5 -tagged JAK2 constructs using 

Lipofectamine LTX. Protein lysate was collected 24 hours post -transfection and 

analysed by western blot. V5 expression was equalised between JAK2 WT and 

JAK2V617F samples using a 1:2 ratio of DNA during transfection. pJAK2 was 

sustained in the JAK2V617F sample, but was not detected in the JAK2 WT sample. 
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Figure 4.8 Flow cytometry analysis of GFP expression in lenti-transduced cells 
HUVECs were transduced with different volumes of viral supernatant and were analysed 

for GFP expression 3 days post -transduction. Transduction with empty virus showed high 

GFP expression at all volumes. Transduction with JAK2 WT virus increased with 

increasing volumes of virus. Transduction with JAK2 V617F lentivirus also increased with 

increasing volumes of virus, however transduction efficiency was lower in each sample, 

compared to corresponding JAK2 WT volumes. 
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Figure 4.9 Transduction efficiency of JAK2-lentiviruses in HUVECs 
Graphical representation of the differences in transduction efficiency of empty vector, 

JAK2WT and JAK2V617F lentiviruses. At all volumes tested, empty vector lentivirus 

samples had consistently high transduction efficiencies. Both JAK2 WT and JAK2V617F  

viruses increased in transduction effic iencies with increasing volumes;  JAK2WT had 

consistently higher transduction efficiencies at all viral volumes compared to 

JAK2V617F (n=1 for each sample).  
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Figure 4.10 JAK2WT lentivirus has higher transduction efficiency in HUVECs 

when compared to JAK2V617F lentivirus 
(A) RNA expression of JAK2 in JAK2WT and JAK2V617F transduced HUVECs, measured 

by qPCR. RNA expression of JAK2 is higher in JAK2 WT  samples compared to 

JAK2V617F samples at each volume tested. (B) Protein expression of pJAK2 and JAK2 

in empty vector, JAK2WT and JAK2V617F transduced HUVECs, measured by western 

blot. Similar to RNA expression, protein expression of JAK2 is higher in JAK2 WT 

samples compared to JAK2V617F samples at each volume (n=1 for each sample).  
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Spinfection did not appear to have any effect on transduction efficiency according to 

flow cytometry and western blot analyses (Figure 4.11A-B). 

 To overcome disparities between WT and mutant JAK2 transduction 

efficiencies, transduced HUVECs were sorted according to different levels of GFP 

expression. FACS was used to sort GFP-, GFP+low and GFP+high cell populations; 

collected protein from these sorted samples and expression of JAK2 and GFP were 

analysed by western blot (Figure 4.12). In WT transduced cells it appears that high 

GFP expression corresponds to high JAK2 expression and in both WT and mutant 

transduced cells a median GFP expression corresponds to a similar expression of 

JAK2 protein. Expression of GFP and corresponding JAK2 was seen in the GFP- 

population of empty, WT and mutant transduced cells. The reasons for this are unclear, 

but may be attributed to inefficient cell sorting. Importantly, it appears that despite 

JAK2V617F transduced cells having low GFP expression, as shown by flow cytometry 

and the GFP western blot, these cells still express JAK2 at a level that is comparable 

to their GFP expression by western.  

4.3.3 Stable expression of JAK2V617F in endothelial cells results in sustained 

 activation of JAK2 and STAT3 and increased expression of STAT1 in 

 vitro 

After employing several different strategies to improve transduction efficiency of 

mutant viral particles, viral volume optimisation was used to generate cells with equal 

JAK2 expression. Using this strategy, protein lysates of starved and unstarved 

transduced WT and mutant HUVECs were generated. General phospho-tyrosine 

immunoblotting suggested there may be an increase in activated signalling proteins in 

JAK2V617F cells that were not starved (Figure 4.13). To obtain a more clear 

understanding of signalling in these cells, starved WT and mutant HUVECs and 

HAECs were lysed for protein and analysed for activated JAK2 and STAT3 

expression. In both primary cell types, active JAK2 and STAT3 was increased in 

JAK2V617F cells compared to JAK2WT cells whilst total JAK2 and STAT3 expression 

remained equal between samples (Figure 4.14). These results confirmed equalised 

JAK2 overexpression in JAK2WT and JAK2V617F samples and revealed that JAK2V617F 

expression results in sustained JAK2 signalling despite cell-starving conditions. 

Similar to JAK2 and STAT3, STAT1 activation was also sustained in  
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Figure 4.11 Spinfection of HUVECS with JAK2 lentiviruses 
(A) Flow cytometry analysis of GFP expression 3 days post -transduction. Spinfection 

does not affect lentivirus transduction in empty vector, JAK2 WT or JAK2V617F samples. 

(B) Western blot analysis of JAK2 expression 3 days post -transduction. Spinfection 

does not affect protein expression of JAK2 in JAK2 WT or JAK2V617F samples (n=1 for 

each sample).  
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Figure 4.12 GFP expression and JAK2 expression analysis by western blot 

post-FACS 
Transduced HUVECs were cell sorted by FACS according to level of GFP expression. 

GFP and JAK2 expression were analysed by western blot to determine if protein levels 

of these two proteins were similar in each sample. It does appear that an increase in 

GFP expression corresponds to an increase in JAK2 expression in JAK2 WT samples. 

However, GFP expression in GFP- samples was present in empty vector, JAK2 WT and 

JAK2V617F samples. It is unknown whether expression of GFP in these samples is 

caused by non-specific binding of GFP antibody or inefficient cell sort (n=1 for each 

sample). 
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Figure 4.13 Phospho-tyrosine expression in transduced HUVECs 
HUVEC lysates were generated from unstarved and starved cells transduced with empty 

vector, JAK2WT or JAK2V617F. General phospho-tyrosine (pY) immunoblotting showed 

a slight increase in pY expression in JAK2 V617F-HUVECs which were unstarved.  
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Figure 4.14 Western blot analysis of JAK/STAT signalling in transduced cells 
HUVEC (left) and HAEC (right) lysates were generated from JAK2 WT and JAK2V617F 

transduced cells. Cells were starved for 16hrs before  protein was collected. JAK2 and 

STAT3 activation and expression were detected by immunoblotting for the 

phosphorylated and total proteins, respectively. It appears that activation of JAK2 and 

STAT3 are sustained in JAK2 V617F samples, compared to JAK2WT samples despite total 

JAK2 and STAT3 expression remaining equal.  
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JAK2V617F-expressing HUVECs (Figure 4.15A). However in contrast, total STAT1 

was also increased in mutant cells compared to WT cells. These changes were 

quantified by densitometry and found to be significant (p=0.0003, Figure 4.15B). 

4.3.4 JAK2V617F expression increases vascular permeability 

Data show that JAK2V617F expression increases permeability of HUVECs in response 

to stimulation with thrombin at both 5 and 15min time points (Figure 4.16). At 5mins, 

mean (±SD) percent fluorescence values were 2.749 (±1.436) for JAK2WT, 5.038 

(±1.147) for JAK2WT + thrombin, 3.932 (±1.672) for JAK2V617F and 8.138 (±2.570) 

for JAK2V617F + thrombin. At 15mins, mean (±SD) percent fluorescent values were 

3.779 (±1.364) for JAK2WT, 6.909 (±1.748) for JAK2WT +thrombin, 6.425 (±3.013) 

for JAK2V617F and 13.83 (±5.747) for JAK2V617F + thrombin. Two-way ANOVA 

shows that both genotype and thrombin treatment significantly affect permeability in 

HUVECs. 

 Images of stained transwell monolayers post-treatment showed that 

permeability in both JAK2WT and JAK2V617F is increased in response to thrombin 

(Figure 4.17A). This increase appears to be greater in JAK2V617F HUVEC monolayers. 

Permeability was assessed by visualising gaps between cells clusters; however 

Monolayers were difficult to observe on the transwells. Cells plated and treated on 

plastic in parallel were also analysed (Figure 4.17B). In this figure, JAK2WT cells 

appear to have a cobblestone morphology which re-aligns in response to thrombin to 

introduce some gaps. JAK2V617F cells appear to be less uniform even before treatment. 

In response to treatment, JAK2V617F cells become more porous. 

4.3.5 JAK2 immunoprecipitation (IP) is confirmed in V5-tagged JAK2WT

 samples, however binding partners remain unknown 

JAK2 is known to bind to cytokine receptors which lack intrinsic kinase activity. 

However, it is not known which receptor JAK2 is binding in ECs, causing the 

signalling and gene expression changes described here. To identify potential binding 

partners, V5-tagged JAK2WT or JAK2V617F lentiviruses were used to transduce 

HUVECs and expression of V5-JAK2 was confirmed by western blot (Figure 4.18). 

Moreover, despite low levels of total JAK2 expression in JAK2V617F cells, pJAK2 is 

sustained in these samples (Figure 4.18). Similarly, pSTAT3  
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Figure 4.15 Activation and expression of STAT1 detected by western blot 
(A) Both phosphorylated STAT1 and total STAT1 are increased in JA K2V617F- 

transduced cells compared to JAK2 WT. (B) Quantification of total STAT1 normalised to 

actin confirms that STAT1 is increased in JAK2 V617F HUVECs (n=4, t test, 

***p=0.0003).  
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Figure 4.16 Vascular permeability is increased in JAK2V617F-HUVECs 
Permeability was measured by percent fluorescence of the media underneath the 

transwell at 5 and 15mins post -thrombin stimulation. Thrombin increases permeability 

of both JAK2WT and JAK2V617F HUVECs, but permeability in JAK2V617F HUVECs is 

significantly greater compared to JAK2 WT HUVECs in response to thrombin (Two-way 

ANOVA, **p<0.01, ***p<0.001, ****p<0.0001) . Data were obtained from 3 separate 

experiments, with each sample type performed in triplicate  during each experiment. 
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Figure 4.17 Analysis of permeability by cresyl violet staining and 

microscopy 
(A) Cresyl violet staining of transwell membranes showed an increase in 

permeability of HUVECs in response to thrombin. JAK2V617F  expression enhanced 

permeability in response to thrombin.  An image of a stained transwell membrane 

without cultured cells is shown for comparison.  (B) Cresyl violet staining of 

HUVEC monolayers on tissue culture plastic showed realignment of cells in 

response to thrombin, introducing pores in the samples. JAK2 V617F-HUVECs 

appeared to have increased permeability in response to thrombin. Thrombin-treated 

samples were treated for 15mins prior to st aining, n=1, 20X objective lens, scale 

bar=40µm. 
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Figure 4.18 Western blot analysis of signalling differences between JAK2WT 

and JAK2V617F HUVECs transduced with V5-tagged JAK2 lentiviruses 
Expression of V5 and JAK2 is increased in JAK2 WT samples, compared to JAK2V617F  

samples at both virus volumes, however activated JAK2 and STAT3 is increased in 

JAK2V617F. Total STAT3 remained unchanged in all samples  (n=1 for each sample 

type). 
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expression is sustained in mutant JAK2 samples whilst total STAT3 remained equal 

between JAK2WT and JAK2V617F samples (Figure 4.18). These results corroborate the 

signalling observed in HUVECS transduced with the original untagged lentiviruses. 

 Both methods of IP successfully precipitated V5-JAK2; however precipitation 

with V5 beads eliminated elution of antibody heavy and light chains (Figure 4.19). 

Therefore, IP with V5 beads was determined to be optimal. Little JAK2 precipitated 

from JAK2V617F samples and it is unclear if this was due to poor transduction 

efficiency or poor immunoprecipitation, although western blot data does suggest that 

some JAK2V617F was precipitated. IP conditions were optimised and fresh, DSP-

crosslinked protein was harvested from JAK2WT samples and immediately 

precipitated to minimise potential protein-protein interaction dissociation. Coomassie 

staining of IP samples confirmed protein precipitation in the WT sample (Figure 

4.20A). Western blot analysis confirmed V5 pull down (Figure 4.20B). JAK2 

precipitation was again confirmed by the LC-MS spectra which identified JAK2 in our 

V5- JAK2WT sample, but not in our control sample (Table 4.6). Unfortunately, JAK2 

binding partners were not identified. 

4.3.6 JAK2V617F expression leads to increased expression of chemokine ligand 

 2 (CCL2), CUB domain containing protein 1 (CDCP1) and tight 

 junction protein 2 (TJP2) 

To further investigate signalling and gene expression changes in mutant endothelial 

cells, RNA samples from HUVECs expressing JAK2WT and HUVECs expressing 

JAK2V617F were prepared for RNA sequencing. In total, 127 genes were significantly 

differentially expressed between the two groups (Figure 4.21). Functional interactions 

among these genes were investigated through the computer programme “String” 

(Figure 4.22). String shows that several genes are directly linked to JAK2 and several 

other genes are directly related to STAT1. Additionally, there is a cluster of type I 

interferon response-related genes in the centre. Increased RNA expression of CCL2 

and TJP2, which are directly linked to JAK2 and STAT1, respectively and CDCP1 

were confirmed by qPCR (Figure 4.23). These genes were selected for validation 

because all three genes have been reported to influence EC permeability. 
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Figure 4.19 Immunoprecipitation optimisation of V5-tagged proteins 
Sypro ruby stained gel (top) identifies a protein around 125kDa in the JAK2 WT sample 

precipitated with V5-beads. Western blot (bottom) confirms pull down of V5 -tagged 

JAK2 in JAK2WT and JAK2V617F samples precipitated with V5-beads and in JAK2WT 

precipitated with V5 antibody/agarose beads (n=1).  
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Figure 4.20 Immunoprecipitation of V5-tagged JAK2 for LC-MS 
(A) Coomassie stained gel showing three faint protein bands in the V5-JAK2WT sample 

that are absent in the control sample. (B) Western blot confirming V5 precipiation.  
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Figure 4.21 Transcriptional landscape of HUVECs expressing JAK2WT and 

JAK2V617F 
Hierarchical clustering of genes which are co -regulated between JAK2WT and 

JAK2V617F HUVECs, where green represents gene upregulation and red represents gene 

downregulation. A total of 127 genes were significantly differentially expressed 

between JAK2WT and JAK2V617F samples. 
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Figure 4.22 String diagram of genes that are significantly differentially 

expressed between JAK2WT and JAK2V617F HUVEC samples 
String diagram showing functional relationships between target genes in RNA 

sequencing, where connecting lines between genes represents a known interaction or 

gene relation. There is a cluster of genes centred in the middle of the diagram, which 

all appear to be related to IFN-signalling. CCL2, TJP2 and CDCP1 were chosen for 

validation (boxed). CCL2 is related to both JAK2 and STAT1, TJP2 is related to STAT1 

and CDCP1 is unrelated to JAK2 and STAT1.  
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Figure 4.23 qPCR validation of RNA sequencing targets 
CCL2, CDCP1 and TJP2 were chosen to validate RNA sequencing results. All three 

genes are upregulated in JAK2 V617F-HUVECs compared to JAK2 WT-HUVECs. 
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4.4 Discussion 

The role of JAK2 in the development of the haematopoietic system has been studied 

extensively and it is known that JAK2 is indispensable for haematopoiesis. Equally, 

hyperactive JAK2 in MPNs is responsible for disease development in the majority of 

patients. Endothelial JAK2 has not been studied as extensively, but evidence suggests 

its role in this cell type is equally important, promoting proper endothelial cell 

function. Previous data from the lab has shown that JAK2V617F in ECs causes a 

dysfunctional response to vessel injur, however it is unclear what is causing these 

defects. Here, an in vitro system for studying JAK2WT and JAK2V617F in primary 

human endothelial cells was established, with the aim of deciphering mechanisms for 

JAK2V617F-endothelial dysfunction. 

 Generating JAK2V617F expression in ECs was challenging compared to 

overexpression of the WT construct. During initial transient JAK2 overexpression 

experiments in HUVECs it appeared that JAK2WT expression was greater than 

JAK2V617F expression using similar DNA amounts in transfection. Similar 

observations were made using lentivirus to overexpress JAK2 stably. In both systems, 

different plasmids and different techniques were used, yet the same difficulty of 

equalising total JAK2 expression among JAK2WT and JAK2V617F samples existed. 

Again, when the V5-tagged JAK2WT and JAK2V617F constructs were cloned into the 

lentiviral vector pWPI, viruses produced showed disparate transduction efficiencies. 

Data suggests that low expression of JAK2V617F compared to JAK2WT is not attributed 

to protein turnover in the mutant samples because RNA expression is also low in 

JAK2V617F samples compared to JAK2WT. Copy number integration was not 

determined, however previous reports suggest that copy number can be related to 

transduction efficiency, with an integration of one vector copy corresponding to ~30% 

transduction efficiency.232 Once transduction conditions had been optimised, 

transduction experiments were performed using 250μL of JAK2WT and 2mL of 

JAK2V617F lentivirus. These volumes result in ~30% transduction efficiency, 

suggesting that copy number integration in these cells is around 1. Importantly, protein 

expression of JAK2 in both samples produced using these virus volumes was equal, 

yet activation of JAK2 and the downstream signalling molecule STAT3 were 

sustained in JAK2V617F samples in starving conditions. These results suggest that 
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JAK2 is hyperactive in cells expressing JAK2V617F compared to cells expressing 

JAK2WT, similar to the signalling effects of JAK2V617F in haematopoietic cells.  

 Another signalling difference worth noting is the effect of JAK2V617F on 

STAT1 expression. In addition to sustained STAT1 activation, total STAT1 protein 

and RNA expression was increased in JAK2V617F samples compared to JAK2WT. 

STAT proteins are known to homo and heterodimerise with each other, translocate to 

the nucleus and exert changes in gene expression. It is unclear at the present time how 

this increase in total STAT1 expression in JAK2V617F ECs affects the downstream gene 

expression patterns. There are certainly STAT-specific roles in gene expression and 

STAT1 in particular has been associated with the interferon response in immune 

reactions and pro-apoptotic response in tumour cells.233,234 JAK2-STAT1 signalling 

may also have a role in inflammation in general and one consequence of inflammation 

in ECs is increased permeability. In vitro, permeability of HUVECs was increased in 

response to the agonist thrombin and this increase was enhanced in cells which express 

JAK2V617F. Increased permeability is a necessary effect during the first stage of wound 

healing, however if this permeability is increased or sustained other functions of ECs 

may be impaired. Further investigations into the roles of mutant JAK2 and STAT1 

expression in ECs will elucidate the extent to which these proteins cause the increase 

in permeability seen in HUVECs and may define additional effects for these proteins 

in ECs. 

 Ideally, identifying the receptor mutant JAK2 is associating with in ECs would 

further help determine signalling and gene expression changes in this cell type. 

Although attempts at identifying this receptor were unsuccessful, there are many 

plausible candidate receptors. Several involve a co-receptor, gp130, which is known 

to bind JAK2 and elicit JAK/STAT signalling. In ECs, soluble IL6/IL6R can bind to 

gp130 and cause transignalling.235,236 Gp130 also acts as a co-receptor for other 

signalling molecules including leukaemia inhibitory factor receptor (LIFR), oncostatin 

M receptor (OSMR), and interleukin-27 receptor (WSX1). Separately, G-protein 

coupled receptors can also use JAK2 signalling to elicit changes in gene expression.237 

These candidates are all possible binding partners for mutant JAK2 and further 

research is needed to determine which receptor should be the primary target in this 

context, perhaps a receptor which signals mainly through STAT1. 
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 The interferon response in endothelial cells is another signalling system that 

requires investigation. In the RNA sequence analysis, genes related to IFN-α/β 

signalling appeared in the cluster centred in the middle of the String diagram. These 

results were initially puzzling, because IFN-α/β are known to elicit their effects 

through JAK1 and TYK2, whereas IFN-γ responses are through JAK2. However, it 

has been documented that IFN-α/β and IFN-γ can crosstalk through the regulation of 

downstream signalling proteins.238 It is not clear whether similar crosstalk signalling 

is occurring in this system, however it is clear that genes related to interferon signalling 

and inflammation are universally upregulated in JAK2V617F samples compared to 

JAK2WT, which suggests a pro-inflammatory phenotype in JAK2V617F-endothelial 

cells. 

 Inflammation and haemostasis are unique but related processes; mechanisms 

contributing towards inflammation affect the haemostatic balance and similarly, 

haemostatic factors influence the inflammatory response. IFN-γ stimulates EC 

expression of VCAM-1 and ICAM-1, which facilitates leukocyte and platelet adhesion 

to the EC surface.239 Mouse models for atherosclerosis demonstrate that IFN-γ 

treatment increases the size of atherosclerotic lesions through enhanced recruitment 

and incorporation of lymphocytes.240 Atherosclerosis and underlying endothelial 

dysfunction is also associated with the autoimmune disease systemic lupus 

erythematosus (SLE). Moreover, patients with SLE had fewer EPCs in circulation and 

differentiation of EPCs to mature ECs in culture was reduced. IFN-α was shown to 

promote EPC dysfunction by inhibiting angiogenesis and inducing apoptosis.241 The 

EPC phenotype observed in patients with SLE could be reversed when the type I 

interferon response was neutralised. These findings support the role of the interferon 

response in promoting thrombosis and endothelial dysfunction. 

 Chronic inflammation in patients with MPNs is a current research theme. The 

role of inflammation in atherosclerosis development is widely accepted and more 

recently the effects of inflammation on MPN clonal development is beginning to be 

appreciated. The inflammatory cytokine lipocalin-2 (LCN2) has a role in ROS 

production and DNA damage.242 Treatment of mesenchymal stem cells with LCN2 

promoted the generation of osteoblasts, matrix proteins and angiogenesis, resembling 

the manifestation of myelofibrosis. TNF-α production was increased in JAK2V617F-

positive cells, which promoted the clonal evolution of MPN disease progression by 
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selecting for malignant cells that were resistant to TNF-α.243 This study alludes to the 

importance of inflammatory mediators in both disease initiation and clonal evolution. 

LCN-2 and TNF-α have both been reported to be elevated in patients with MPNs.120,242 

 CCR2/JAK2 signalling in endothelial cells was reported to mediate vascular 

permeability in the context of tumour cell extravasation.244 The role of EC 

permeability in mediating the first stages of wound healing was an attractive area to 

investigate, given the dysfunctional wound healing phenotype in MPN mouse model 

described in Chapter 3. A more recent study identified STAT3 activation in response 

to CCL2 signalling in cancer fibroblasts leading to an inflammatory phenotype.245 The 

link between JAK2/STAT3 signalling and CCL2 signalling was interesting because 

of the importance of chemokine signalling in vascular permeability and inflammation. 

The physiological role of CCL2 is monocyte recruitment to injured vessels and this 

recruitment has also been reported during the development of atherosclerotic 

lesions.246 Moreover, CCL2 stimulated the release of tissue factor from smooth muscle 

cells, contributing to the thrombotic complications manifested in atherosclerotic 

disease.247 These data implicate CCL2 in endothelial biology, atherosclerosis 

pathology and thrombotic disease. On receipt of the RNA sequencing data, two 

chemokine ligands were upregulated in JAK2V617F and one was CCL2. Increased 

expression of CCL2 was then confirmed in JAK2V617F HUVEC RNA samples by 

qPCR. 

 TJP2 and CDCP1 were targets that first identified as having a potential role in 

JAK2V617F-endothelial phenotype through the RNA sequencing analysis. TJP2 became 

immediately attractive as a target because of its known role in endothelial permeability 

and cell-cell interactions.248 TJP2 function may go beyond the endothelial cell and 

function in vascular biology as a whole: in vascular smooth muscle, STAT1, through 

TJP2, regulates gene transcription promoting proliferation of vascular smooth muscle 

cells.248 A study of vascular inflammation in the central nervous system revealed an 

upregulation of TJP2 in response to CCL2, linking inflammation to permeability in 

the blood brain barrier.249 CDCP1 as a target is a bit more obscure as it does not seem 

to relate to any of the other gene targets on the String diagram although it has been 

reported to have a role in mediating cell adhesion.250. Unlike CCL2 and TJP2 the 

connection between CDCP1 and JAK2 is not well defined. It instead signals through 

Src kinase, however similar to CCL2/CCR2, CDCP1 is implicated in promoting 
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metastasis of tumour cells.251 CDCP1 is expressed at low levels in endothelial cells 

endogenously, however when JAK2V617F is expressed in HUVECs there is an increase 

in expression of CDCP1 which equates to a large fold change. CDCP1 has been 

reported to induce cell detachment, facilitating metastatic disease.252 Although 

JAK2V617F-HUVECs did not appear to detach in vitro, it is possible detachment would 

have been observed if the culture period was extended. It is also possible that cell 

detachment affected the increased permeability observed in JAK2V617F-HUVECs. The 

specific effects of this increase in CDCP1 expression in JAK2V617F endothelial cells 

are not known, however given that JAK2V617F ECs in the MPN mouse model respond 

abnormally to vessel injury, it may be worth investigating proteins which are 

expressed at low levels normally but at high levels with mutant JAK2 expression. 

 Increased expression of CCL2, TJP2 and CDCP1 was identified in RNA 

sequencing and validated with qPCR. Future experiments are needed to determine the 

biological relevance of these genes. Using small interfering RNA (siRNA), expression 

of each gene can be repressed and effects on phenotype and signalling can be tested 

using permeability assays and western blot. Inflammation can be induced or 

suppressed by treating HUVECs with inflammatory and anti-inflammatory cytokines, 

respectively and effects of treatment can be compared to cells which express mutant 

JAK2. It is predicted that inflammation will contribute to endothelial dysfunction 

when combined with JAK2V617F expression. 
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CHAPTER 5  DISSECTING THE ROLE OF JAK2V617F IN 

ENDOTHELIUM OF PATIENTS WITH 

POLYCYTHAEMIA VERA 

 

5.1 Experimental Rationale 

JAK2V617F expression has been identified in patient endothelial cells by 3 separate 

groups: liver endothelial cells of patients with BCS217, splenic endothelial cells of 

patients with myelofibrosis219 and endothelial colony forming cells isolated from 

whole blood of patients with different MPNs.218 Patients with PV are venesected when 

haematocrit levels are greater than 54% and this blood is discarded.253 Here, we aim 

to isolate endothelial cells from these samples, identify JAK2V617F allelic burden and 

determine the effects of JAK2V617F on the function of these cells. 

5.2 Materials and Methods 

5.2.1 Human samples 

Access to patient samples was made possible through the York Tissue Bank 

(University of York, approved by the Health Research Authority [National Research 

Ethics Service] Leeds East Research Ethics Committee, ref: 15/YH/0016). Blood 

samples were drawn at York Hospital and transported to the University for processing. 

Patient consent was obtained before the first sample was collected. 

5.2.2 Peripheral blood mononuclear cell (PBMC) isolation 

PBMCs were isolated by Ficoll density gradient centrifugation (GE Healthcare). 

Peripheral blood was carefully layered onto Ficoll and centrifuged at 400g for 35mins 

at room temperature with the centrifuge brake off. The buffy coat layer was collected 

and diluted 1:1 in 1XPBS. Cells were centrifuged at 300g for 20mins at room 

temperature with the centrifuge brake on for collection. 
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5.2.3 CFU-Hill assay 

PBMCs were isolated as described in 5.2.2 and plated in duplicate at 5x106 cells/well 

in 6-well plates coated with 25µg/mL fibronectin (Sigma). Cells were cultured in 

CFU-Hill medium (STEMCELL Technologies Inc.) for 2 days at 37oC and 5% (v/v) 

carbon dioxide. On day 2, nonadherent cells were collected by pipetting, a cell count 

was obtained and cells were re-plated in duplicate at 1x106 cells/well in 24-well 

fibronectin-coated plates. CFU-Hill medium was added as needed for a total volume 

of 1mL per well. Cells were incubated for an additional 5 days. On day 7, nonadherent 

cells were removed and wells were washed once with 1XPBS. Cultures were fixed 

with absolute methanol for 5mins at room temperature and stained with Giemsa 

staining solution (VWR) for 5mins at room temperature. Wells were rinsed with tap 

water once and plates were stored at room temperature for scoring at a later date. 

Colonies were enumerated using a standard light microscope (Olympus CKX41). 

5.2.4 Generation of blood outgrowth endothelial cells (BOECs) 

PBMCs were isolated as described in 5.2.2, resuspended in BOEC generation medium 

(EGM-2V, Bulletkit, Lonza) and plated in a single, collagen-coated T75 flask.79 Flasks 

were coated with 50µg/mL of Type I collagen (BD Biosciences) diluted in 0.02M 

acetic acid (Sigma) for 1hr prior to cell plating. The flasks were washed 2 times with 

1XPBS to remove collagen and acetic acid prior to plating. Medium was changed 

every 2 days until colonies emerged, between 1-3 weeks post-plating. Colonies 

consisting of 1000-2000 cells by microscopy were re-plated in new T75 collagen-

coated flasks. 

5.2.5 Allele-specific competitive blocker (ACB) PCR 

The ACB PCR assay allows for amplification of the mutant JAK2 allele specifically 

(Figure 5.1).254 Amplification of the WT allele is inhibited by a “blocking” primer, 

which contains a phosphate group at the 3’ end, blocking extension of the amplicon. 

PCR reactions consisted of 1X PCR buffer (Qiagen), 2mM magnesium chloride 

(Qiagen), 200μM dNTP mix (Thermo Scientific), 0.4μM of forward and reverse 

mutant primers (IDT), 0.2μM of WT forward primer (blocking primer, IDT) and 0.5U 

HotStar Taq polymerase (Qiagen). DNA was isolated using the Gentra Puregene DNA 

isolation kit (Qiagen), quantified by nanodrop (Thermo  
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Figure 5.1 Schematic of ACB PCR assay 
The ACB assay was used to determine the presence of the mutation which causes 

JAK2V617F by specifically amplifying this allele. The first forward primer is 

complementary to the mutant  region, with the final residue  matching the mutant residue 

(MutantF). The second forward primer is complementary to the same region; however 

the final residue matches the WT allele (NormalF). The NormalF primer contains a 

phosphate modification which prevents extension by the polymerase. The last primer 

is the reverse primer, which allows amplification when the Mutant F primer binds.  
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Scientific) and 100ng of DNA was added to each reaction. ACB reactions were carried 

out in triplicate to minimise false-negative or false-positive results. A control reaction 

was run alongside the ACB reaction to assess DNA quality, to rule-out false negative 

results obtained with poor quality DNA. Primers and cycling conditions for ACB and 

control reactions are provided (Table 5.1). Reactions were analysed on 1.5% (w/v) 

agarose/TAE gels stained with 5mg/mL ethidium bromide (Severn Biotec Ltd.). 

5.2.6 Quantitative allele-specific amplification (QuASA) assay 

The QuASA assay was purchased and performed according to the manufacturer’s 

protocol (Genesig). QuASA is an allele-specific quantitative PCR that occurs in 2 

stages, modified such that the assay is particularly sensitive to allelic differences. In 

the first stage, primers bind specifically to mutant or WT alleles at the 3’ end and at 

the 5’ end a tag is added that is then incorporated into the amplicons. These primers 

have a very low Tm, minimising non-specific binding and this stage is therefore 

carried out at a low annealing temperature (50oC). In the second stage, primers are 

designed to the 5’tagged regions of the amplicon and annealing temperature is 

increased (60oC). These modifications increase the specificity and accuracy of allele-

specific qPCR. 

5.2.7 X-chromosome inactivation pattern (XCIP) assay 

The XCIP assay for clonality is frequently used to test for clonal derivation of cell 

populations in haematological malignancies.255 It is based on the principle of random 

X-chromosome inactivation by methylation in females during embryonic 

development, which is subsequently passed on to daughter cells in cell division. In 

polyclonal cell populations, cells will express either the maternal or paternal X-

chromosome in equal proportions. However, as cells become clonal this proportion is 

skewed to show maternal/paternal chromosome expression in unequal proportions and 

in completely clonal populations, only 1 chromosome will be expressed. The 

restriction enzyme HpaII digests unmethylated DNA, leaving only the methylated 

chromosomes intact. Therefore, comparing gene expression before and after HpaII 

digestion can distinguish between polyclonal and monoclonal cell samples in female 

patients. Here, gene expression of the HUMARA gene was used to test clonality in 

BOEC samples from female patients. This gene was previously determined to be  
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useful in clonality assays due to 90% of females being polymorphic for the 

hypervariable CAG short tandem repeat in exon 1 of this gene.256 One male patient 

was used as a control. 

 DNA was digested with HpaII (New England Biolabs) overnight at 37oC. 

DNA was then diluted to a concentration of 20ng/μL with distilled water and used in 

PCR amplification of the human androgen receptor gene (HUMARA). Primers and 

cycling conditions are provided (Table 5.2). Amplicons were resolved on 4% (w/v) 

agarose/TAE gels stained with ethidium bromide for analysis. 

5.2.8 Quantitative phase microscopy 

Ptychography is a novel algorithm used to produce high quality, quantitative images 

from diffraction patterns caused by the phase shift that occurs when light passes 

through a sample.257 Here, the inverted VL21 microscope (Phasefocus, Sheffield, UK) 

was used to image the samples, which were contained in a Solent Scientific 

environmental chamber (Solent Scientific Limited, UK) to maintain cell culture 

conditions at 37oC and 5% (v/v) CO2.
258 Images were generated every 10mins per 

sample and these images were reconstructed using Ptychographic Iterative Engine 

(ePIP) algorithm (Phasefocus Virtual Lens, Phasefocus, Sheffield, UK). ImageJ and 

CAT software (Phasefocus, Sheffield, UK) were used for cell segmentation and 

generation of images. 

 Cells were plated at 5x104cells/well in glass-bottom 6-well plates coated with 

50μg/mL Type I collagen as described in 5.2.4. The cells were then imaged using the 

quantitative phase focus microscope for 72 hours. After imaging, cells were fixed in 

paraformaldehyde for 10mins and stored in PBS/azide for IF. Segmentation and 

analysis of cell morphology and movement were completed by Dr. Rakesh Suman 

(Phasefocus, Sheffield, UK). 
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5.3 Results 

5.3.1 PV patient subjects vary in age, gender, blood cell counts and disease 

 progression 

All patients included in this study were being treated for PV at York Hospital.  Patients 

varied in age, gender, haemoglobin levels, packed cell volume, white cell counts, 

ferritin levels, disease duration and treatment (Table 5.3). In general, patients either 

had high haemoglobin, packed cell volume and white cell counts or high platelets. 

Patients with high haemoglobin or white cell counts tended to have lower ferritin 

levels. Ferritin is a measure of iron storage; as patients with PV are far from being iron 

deficient, ferritin levels are often low. All patients received venesection when 

haematocrit levels were elevated, however 4 patients also received hydroxycarbamide 

therapy. Blood panel data received were generated at initial patient diagnosis or when 

care was transferred to York Hospital. Patient disease duration was 40months on 

average, ranging from 6 months to 125months. Patients were between the ages of 46 

and 85, with an average age of 65, and the cohort included 3 females and 6 males. 

5.3.2 Endothelial progenitor and mature cells are difficult to isolate from 

 PV patient blood samples by FACS 

Ficoll density centrifugation separated whole blood into plasma, PBMCs and red 

blood cells/granulocytes (Figure 5.2). Most samples processed had red cell 

contamination in the Ficoll layer, presumably due to high red blood cell counts in these 

patients. PBMCs were cell sorted for endothelial progenitor cells (CD45-/Dim, CD34+, 

CD133+/-, VEGFR2+/-) and mature endothelial cells (CD45-/Dim, CD146+, CD34+/-, 

VEGFR2+/-) (Figure 5.3).75 Together, endothelial progenitor cells and endothelial cells 

constitute 0.01%-0.0001% of PBMCs.259 Sorting cells of this frequency proved to be 

challenging; events sorted ranged between 100-5000 cells. Sorted cells were split into 

2 groups, 1 group to isolate RNA to analyse gene expression of endothelial-specific 

genes and the other to isolate DNA to determine the presence of JAK2V617F. Both tasks 

proved difficult due to the amount of RNA and DNA isolated from the small 

population of sorted cells. Gene expression by conventional PCR of cDNA (Table 5.4) 

showed expression of both CD34 and VWF  
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Figure 5.2 Schematic of whole blood collection and processing 
Whole blood was collected into citrate -anticoagulant coated blood bags and blood 

components were separated by Ficoll -density centrifugation. The PBMC layer indicated 

was collected. Red cell contamination in the Ficoll layer (right sample) was common, as 

these samples came from patients with elevated haematocrit levels. Collection of red cells 

with PBMCs could not always be avoided, however this did  not seem to affect generation 

of ECs. 
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in EPCs and ECs (Figure 5.4). Unfortunately, ACB PCR was unreliable for the 

detection of JAK2V617F in these samples. 

5.3.3 Blood outgrowth endothelial cells (BOECs) can be generated from PV 

 patient blood samples 

To overcome the shortcomings of EPC and EC isolation by FACS, BOECs were 

generated by culturing PBMCs for 1-3 weeks. BOECs appeared first as small colonies, 

which grew to confluent monolayers with characteristic endothelial cell cobblestone 

morphology (Figure 5.5). BOECs were further characterised by expression of 

VEGFR2 and PECAM, two endothelial cell markers and negative expression for 

CD45, the leukocyte common antigen (Figure 5.6). In culture, BOECs displayed 

varying growth rates and morphological differences which helped shape future 

experimental planning. DNA, RNA and protein samples were collected from 

proliferating BOECs. 

5.3.4 PV patients express JAK2V617F in BOECs at varying levels 

DNA isolated from BOEC samples was first analysed for JAK2V617F mutation status 

by ACB PCR. Human erythroleukaemia cells (HEL) were used a positive control, as 

these cells are known to express JAK2V617F.260 Untransduced HUVECs were used as 

the negative control. Of the 9 patient samples generated, only 2 patient samples 

appeared to definitively express JAK2V617F according to the ACB PCR assay (Figure 

5.7). Other samples appeared to be either negative for the mutation or could not be 

properly analysed due to nonspecific band amplification. Control reactions were 

positive for all patient BOEC samples, indicating quality DNA was isolated. Next, 

exon 14 was amplified from each BOEC sample and sent for direct sequencing of the 

mutation (Table 5.5). All samples were reported to contain the WT nucleotide guanine, 

however on examination of the individual sequencing peaks it appeared that in one 

patient BOEC sample there was overlap between guanine and thymidine nucleotides 

at the mutation position (Figure 5.8). This patient corresponded to one of the 

“definitive” JAK2V617F BOEC samples analysed by ACB PCR assay.  Lastly, QuASA 

was used to quantify percent JAK2V617F allelic burden by amplification of both WT 

and mutant alleles and comparing levels of JAK2V617F to JAK2WT. Patient BOEC 

samples varied in JAK2V617F allelic burden from 0% to 59.8% and interestingly, the 

patient sample with 59.8% JAK2V617F allelic burden corresponded  



Chapter 5 

 

169 

 

 

Figure 5.4 Detection of EC markers in sorted samples by PCR 
RNA was collected from FACS sorted EPC and  EC populations. RNA was converted 

to cDNA and expression for CD34 and vWF was detected by conventional PCR. Both 

EPC and EC populations were positive for CD34 and vWF (n=1).  
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Figure 5.8 Determining JAK2V617F mutation status by sequencing 
JAK2 exon 14 was amplified from each BOEC sample and sequenced for the JAK2 V617F  

mutation. Although all samples were determined to be JAK2 WT, sample 20150806-1 

showed overlapping G/T peaks at the mutational position, suggesting this sample may 

be heterozygous for the mutation (n=3).  
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to the sample that showed overlap in guanine/thymidine residues at mutation position 

by sequencing and to 1 of the samples that was positive for JAK2V617F by ACB PCR 

(Figure 5.9). Together, these results identify JAK2V617F in BOECs and show this 

mutation to be present at varying levels in PV patient endothelial cells. 

5.3.5 JAK2V617F allelic burden correlates with CFU-Hill colony formation 

 and gene expression 

CFU-Hill colonies were identified by a core of circular-shaped cells with elongated 

cells radiating from the central core (Figure 5.10A). Colonies were enumerated from 

patient samples which generated BOECs and CFU-Hill quantity was analysed 

compared to patient age and percent JAK2V617F allelic burden as determined by 

QuASA. Age does not appear to have an effect on CFU-Hill colony generation (Figure 

5.10B); however JAK2V617F allelic burden correlates negatively with CFU-Hill colony 

quantity (Figure 5.10C). Median values for enumerated colonies ranged from 0 to 56 

and fewer colonies were enumerated in samples which had a higher JAK2V617F allelic 

burden. 

 RNA samples collected from patient BOECs were used in qPCR analysis for 

the 3 genes validated in HUVEC RNA sequencing, CCL2, TJP2 and CDCP1 (Figure 

5.11). Although no clear pattern was detected, patients with 30% JAK2V617F allelic 

burden exhibited the highest fold change in these genes (Figure 5.12). Patient 0120-1 

had increased expression of TJP2 and CDCP1 and patient 0120-2 had increased 

expression of CCL1. BOECs from patient 0806-2, with the highest JAK2V617F allelic 

burden (59.8%) failed to proliferate sufficiently for RNA harvest. 

 Blood parameters and patient information received from York Hospital were 

analysed a second time to compare each value with JAK2V617F allelic burden in 

BOECs (Figure 5.13). Age, haemoglobin, packed cell volume and white cell counts 

all appeared to correlate positively with percent JAK2V617F allelic burden and disease 

duration and platelet counts appeared to correlate negatively with percent JAK2V617F 

allelic burden. However, differences were not statistically significant. The only 

significant correlation was between ferritin levels and percent JAK2V617F allelic 

burden, although a larger patient cohort is needed to confirm this finding. 
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Figure 5.9 Determining JAK2V617F mutation status by QuASA 
JAK2V617F and JAK2WT alleles were amplified in a commercially available real time 

qPCR assay called QuASA. In this assay, percent mutation burden in each patient  is 

determined by comparing amplification of the mutant allele to amplification of the WT 

allele. Sample 0806-1 expressed the highest percent allelic burden of JAK2 V617F  

(59.8%), which was determined to be positive for the JAK2 V617F mutation using ACB 

assay and sequencing. Percent JAK2 V617F allelic burden was variable among BOEC 

samples. The positive control contains 1% JAK2 V617F mutant DNA (n=1).  
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Figure 5.10 CFU-Hill colony generation and enumeration 
(A) CFU-Hill colonies were generated as described in section 5.2.3. CFU -Hill colonies 

contain a cluster of round cells in the centre with radiating spindle -shaped cells from 

the cluster. Colony enumeration was compared to both  (B) patient age and (C) allelic 

burden of JAK2V617F. Data suggest that colony generation is not dependent on patient 

age, but may decrease as mutant allelic burden increases (20X objective, scale 

bar=200µm). 
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5.3.5 Female patients show evidence of endothelial cell clonality  

XCIP of HUMARA in female patients suggests that endothelial cells are becoming 

clonal during BOEC generation (Figure 5.14). In all 3 female patients, undigested 

samples show amplification of more than 1 band, confirming they are heterozygous 

for this gene. In HpaII digested samples, band proportion is skewed in 0807-2 and 

0120-1 samples and in 1023-2, only 1 band is present. The male control patient shows 

1 band in the undigested sample and 0 bands in the digested sample, confirming that 

HpaII digestion is complete and PCR amplification is specific. 

5.3.6 JAK2V617F allelic burden correlates with endothelial cell phenotype 

Initial observations of BOECs in culture suggested that BOEC generation and 

expansion was highly variable among patients. To further explore differences in 

BOEC samples generated from different patients and to quantify these changes, each 

patient sample was imaged for 48hrs using phase focus microscopy (Phasefocus, 

Sheffield, UK). Images were recorded every 10mins to create a time-lapse video of 

cells in culture, which was then used to segment individual cells for tracking over time. 

Images captured at 0hr, 24hrs and 48hrs showed differences in cell morphology and 

growth capacity between patient samples (Figure 5.15). Specifically, samples 1023-2 

and 0807-2 grew to confluency after 48hrs in culture and all other samples remained 

sub-confluent at varying levels. Immunoblotting showed that these same 2 samples, 

1023-2 and 0807-2, had increased pJAK2 expression compared to all other patient 

samples, whilst total JAK2 expression remained equal amongst all samples (Figure 

5.16). Expression of pSTAT1 and STAT1 varied among samples (Figure 5.16). 

 Segmentation and tracking of individual cells made quantification of cell 

morphology and motility over time feasible.  Patient samples varied in both cell area 

and dry mass. Cell area ranged from 1415µm2 (±558.3) to 5104µm2(±2872) and cells 

with larger cell areas tended to also have higher allelic burden of JAK2V617F(Figure 

5.17A).  Cell dry mass ranged from 217.5pg(±121.9) to 820.7pg(± 610.8) and cells 

with larger masses also had higher allelic burden of JAK2V617F(Figure 5.17B).  

Visually, cells which had higher JAK2V617F allelic burden appeared larger and more 

round and flat in shape. Cells which had low levels of JAK2V617F expression appeared 

smaller and more elongated in shape. 
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Figure 5.14 XCIP assay for clonality 
Female patient BOEC samples were tested for clonality using HUMARA XCIP. 

Samples 0807-2 and 0120-1 showed evidence for becoming clonal, as HpaII digestion 

resulted in unequal band distribution. Data showed sample 1023 -2 to be clonal, as only 

1 band was present after HpaII digestion. The male sample showed only 1 band in the 

undigested sample, which disappeared in the digested sample, confirming that HpaII 

digestion and amplification were complete (n=3).  
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Figure 5.17 Analysis of BOEC morphology by phase focus microscopy 
Quantitative phase focus microscopy and cell segmentation were used to quantify (A) 

cell area and (B) cell dry mass of BOEC samples. Data shows that both parameters are 

increased in samples which express a higher percent burden of JAK2 V617F (bars 

represent mean ± SEM, n=1). 
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 Samples also appeared to vary in cell motility. Instantaneous cell speed ranged 

from 0.003555µm/sec(±0.002340) to 0.009829µm/sec(±0.004234), with slower cells 

having a higher allelic burden of JAK2V617F (Figure 5.18A). Histogram graphical 

display of percent relative frequency versus instantaneous cell speed shows that cells 

in sample 0806-1 move at low speed and at low frequency, compared to the other 

samples (Figure 5.18B). Cells from sample 0807-2 appear to move the most 

frequently, one of the two samples which reached confluency at 48hrs. Meandering 

indices were measured to determine the degree to which cell paths deviated from a 

straight line. Meandering indices ranged from 0.2763a.u.(±0.2655) to 

0.4638a.u.(±0.2644) and cells which have higher motility also had greater meandering 

indices (Figure 5.18C). Cells from sample 0806-1, which migrated the least and at the 

slowest rate, also had the lowest meandering index. All morphology and motility 

values reported are mean±standard deviation. 

 Cultures used for phase focus imaging were then fixed and stained for vWF, 

actin and DAPI nuclear stain (Figure 5.19). The most striking observation appears in 

samples 0120-2 and 0806-1, the same 2 samples that did not proliferate. In these 

samples, cells were visibly larger and they appeared to be multinucleated. These 

samples also appeared to have a more extensive cytoskeletal network. In particular, 

sample 0806-1 appears to have 2 centrosomes distributed at opposite ends of the cell, 

with spindle apparatus radiating towards the centre of the cell. Altogether, the presence 

of multiple nuclei, polarisation of centrosomes, formation of spindle apparatus and 

lack of proliferation suggest these 2 samples are not completing the cell cycle. 

5.3.7 JAK2V617F allelic burden has a negative impact on proliferation 

 potential 

Proliferation was quantified by enumerating cells at each time point and normalising 

cell counts to the number of cells at time point 0hr. Similar to morphology and motility 

parameters, BOECs had varying proliferation rates between patient samples (Figure 

5.20A). Samples 0807-2, 2708-1 and 1023-2 proliferated nearly 4-fold during the 48hr 

period and samples 0120-2 and 0806-1 did not proliferate at all. All but 1 sample 

(0120-2) had significantly non-zero slopes; linear regression analysis showed positive 

slope values for all samples apart from 0806-1, which suggests that  
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Figure 5.18 Analysis of BOEC motility by phase focus microscopy 
Quantitative phase focus microscopy and cell segmentation were used to quantify (A) 

instantaneous cell speed, which was then converted to (B) relative frequency versus 

instantaneous cell speed, and (C) meandering index. Data shows that cell speed and 

meandering index are decreased in samples which express a higher percent burden of 

JAK2V617F (bars represent mean ± SEM, n=1). 
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Figure 5.20 Analysis of BOEC proliferation by phase focus microscopy 
Cell tracking was completed by phase focus imaging and segmentation and cells were 

counted in each frame. (A) Cell counts were normalised to initial cell count and plotted 

against time for each count. (B) These graphs were then fitted to linear regression 

models and (C) the slopes of each model were graphed versus percent JAK2 V617F allelic 

burden. Increase in JAK2 V617F allelic burden caused a decrease in cell proliferation 

capacity (linear regression, p<0.001).  
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there was very little or zero proliferation occurring in this sample (Figure 5.20B). 

Moreover, slopes were determined to be significantly different from each other, 

confirming that different BOEC samples had different proliferation rates (p<0.0001). 

When slopes of each linear model were plotted against JAK2V617F allelic burden, a 

negative linear regression was determined to be significant (p=0.027, Figure 5.20C). 

This suggests that JAK2V617F allelic burden can be used to predict proliferation 

potential of BOECs. 

 Linear regression models were used to determine change in cell number over 

time and slopes were used to determine if JAK2V617F could be a predictor of cell 

proliferation. On closer examination, it appeared that some BOEC samples might 

better fit a polynomial regression model. To this end, each BOEC sample was fitted 

to both linear and quadratic regression models to determine which model best fit each 

data set (Figure 5.21). Indeed, it appears that samples 0807-1, 1023-2, 0807-2, 1023-

1, 1202-1 and 0120-1 exhibit non-linear growth, as they were better fit by the quadratic 

models. Samples 0120-2 and 0806-1were more difficult to analyse as neither model 

appeared to fit the data appropriately. When R2 values were compared between linear 

and quadratic regression models for sample 2708-1, they appeared to be approximately 

equal which suggests that both models fit the data equally. Goodness-of-fit was 

determined by R2 values (Table 5.6). 

5.4 Discussion 

The York Tissue Bank (YTB) and the Haematological Malignancy Research Network 

(HMRN), both located at the University of York were used to access patient samples 

from York Hospital and relative patient information. Patient samples were variable 

from all aspects, from whole blood separation by Ficoll gradient on day 1 to analysis 

of gene expression and phenotypic differences in BOECs. Inter-individual patient 

differences are not completely unexpected. Patients are unrelated and are likely 

subjected to individual environmental influences based on habit and preference. These 

factors cannot be controlled for in the laboratory. However, several observations were 

made throughout BOEC generation that were later quantified and compared to allelic 

burden of JAK2V617F. 

 Isolating EPC and EC populations from PBMCs by FACS proved to be 

challenging and ultimately an unreliable source of endothelial cells for the proposed  



Chapter 5 

 

191 

 

 

F
ig

u
re

 5
.2

1
 A

n
a
ly

si
s 

o
f 

B
O

E
C

 p
ro

li
fe

ra
ti

o
n

 b
y
 l

in
ea

r 
a
n

d
 q

u
a
d

ra
ti

c 
re

g
re

ss
io

n
 m

o
d

el
s 

P
ro

li
fe

ra
ti

o
n

 o
f 

e
a

c
h

 s
a

m
p

le
 w

a
s 

o
ri

g
in

a
ll

y
 a

n
a

ly
s
e

d
 b

y
 l

in
e

a
r 

re
g

re
s
s
io

n
, 

h
o

w
e

v
e

r 
so

m
e

 s
a

m
p

le
s 

a
p

p
e

a
re

d
 t

o
 h

a
v

e
 n

o
n

-l
in

e
a

r 
g

ro
w

th
. 

T
o

 

in
v

e
s
ti

g
a

te
 t

h
is

 i
n

 m
o

re
 d

e
p

th
, 

e
a

c
h

 s
a

m
p

le
 w

a
s 

a
n

a
ly

se
d

 b
y

 b
o

th
 l

in
e

a
r
 (

re
d

) 
a

n
d

 q
u

a
d

ra
ti

c
 (

g
re

e
n

) 
re

g
re

s
si

o
n

 u
s
in

g
 t

h
e

 R
 F

o
u

n
d

a
ti

o
n

. 
In

d
e

e
d

, 

sa
m

p
le

s
 0

8
0

7
-1

, 
1

0
2

3
-2

, 
0

8
0

7
-2

, 
1

0
2

3
-1

, 
1

2
0

2
-1

 a
n

d
 0

1
2

0
-1

 w
e

re
 b

e
tt

e
r 

fi
t 

to
 q

u
a

d
ra

ti
c

 r
e

g
re

s
si

o
n

 m
o

d
e

ls
, 

in
d

ic
a

ti
n

g
 t

h
e

y
 w

e
re

 e
x

h
ib

it
in

g
 

n
o

n
-l

in
e

a
r 

g
ro

w
th

. 
S

a
m

p
le

s 
0

1
2

0
-2

 (
3

0
.6

7
%

) 
a

n
d

 0
8

0
6

-1
 (

5
9

.8
%

) 
w

e
re

 p
o

o
rl

y
 f

it
te

d
 t

o
 b

o
th

 m
o

d
e

ls
, 

a
s 

th
e

se
 s

a
m

p
le

s 
d

id
 n

o
t 

p
ro

li
fe

ra
te

. 

E
a

c
h

 s
a

m
p

le
s 

is
 l

a
b

e
ll

e
d

 w
it

h
 p

e
rc

e
n

t 
J
A

K
2

V
6

1
7

F
 a

ll
e

li
c

 b
u

rd
e

n
. 

 

 



Chapter 5 

 

192 

 

                Table 5.6 Values for Linear and Quadratic Regression Models 
               Purple indicates R2 values which best fit the data, blue indicates similar R 2 

               values, red indicates poor R2 values. 
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experiments. EPCs and ECs constitute a small percentage of PBMCs, which 

undoubtedly makes isolation of these populations difficult; however BOEC samples 

with high JAK2V617F allelic burden gave rise to fewer EPC colonies in CFU-Hill assay 

suggesting that isolation of these cell types from PV patients might be even more 

challenging. Although, CFU-Hill assay results are preliminary; some patients were 

venesected on multiple dates and the CFU-Hill assay could be repeated whilst other 

patients were venesected only once throughout the study. Additional patient samples 

are needed to confirm EPC enumeration by CFU-Hill assay because limited patient 

samples could potentially skew the results. 

 Similar to EPC/EC isolation by FACS, generation of BOECs appeared to vary 

among patient samples. The first sample used in BOEC generation yielded its first 

colony within 1 week of culture, however most samples generated colonies between 

1-3 weeks of culture. During passaging, some samples were expanded with ease whilst 

other samples failed to re-attach and expand. In the beginning, cells were kept in 

culture long enough to determine purity of endothelial cell cultures by morphology 

and flow cytometry and to collect DNA, RNA and cryo-preserved cell samples. 

Length in culture varied from 3 weeks to nearly 2 months depending on how quickly 

cells expanded. Moreover, cells which appeared to struggle with expansion also 

appeared to have changes in morphology. These cells were more flat and round and 

over time, instead of dividing and growing in number they grew in size. In contrast, 

proliferating BOECs maintained a cobblestone morphology characteristic of healthy 

endothelial cells. 

 Three methods of mutation detection were used to determine the presence of 

JAK2V617F in BOECs. Ultimately, QuASA was determined to be the most successful 

because by amplifying both JAK2V617F and JAK2WT alleles, percent JAK2V617F allelic 

burden could be calculated. Allelic burden of JAK2V617F ranged from 0-59.8%; 

however it was not clear whether this burden was the result of clonal derivation of one 

cell or a polyclonal population, with some cells having more or less burden of 

JAK2V617F. XCIP assay for clonality suggested that BOECs generated were not 

completely polyclonal. Samples 0807-2 and 0120-1 displayed unequal band 

expression and 1023-2 displayed only 1 band, when digested with HpaII. This 

suggests that BOECs were either clonal or becoming clonal in female patients. A 

caveat to this result is the nature of BOEC generation in culture. EPCs which give rise 
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to BOECs are already a rare cell population in peripheral blood and typically very few 

colonies give rise to BOEC cultures. This may promote clonal derivation of BOECs 

regardless of JAK2V617F status. However, it is still a relevant question to investigate, 

given the various ratios of JAK2V617F to JAK2WT expression in different samples. 

Another caveat to the XCIP assay performed in this study is the use of HUMARA over 

other hyper-methylated regions. The HUMARA assay is commonly used to determine 

clonality in myeloid malignancies, however there are other genes used in clonality 

assays and it is possible a different gene might be better suited for determining 

clonality in endothelial cells. 

 Phase focus microscopy allowed for the quantification of individual cell 

parameters which could be used to determine sample morphology, motility and 

proliferation. The use of ptychography to produce images according to diffraction 

patterns and the further analysis of these images to generate information about 

individual samples and cells is a relatively new technology. Therefore, development 

of the corresponding software and analysis programmes is ongoing. Collaborations 

between Phasefocus in Sheffield, UK and University of York allowed ongoing 

optimisation of data to investigate parameters which were important to this study. 

 Differences were observed in all 3 parameters among patient BOEC samples. 

JAK2V617F allelic burden appeared to correlate with a decrease in cell motility and an 

increase in cell size. Further, JAK2V617F allelic burden appeared to cause changes in 

cell proliferation. Samples with low or 0% mutation allelic burden displayed non-

linear growth; cell counts in these samples quadrupled during the 48hr time period. 

Samples 0120-2 and 0806-1, 2 with higher allelic burden of JAK2V617F displayed no 

growth which is supported by the lack of fit of both linear and quadratic regression 

models of growth.  Slopes of linear regression models were determined to be 

significantly different from each other and moreover, when slopes were compared to 

JAK2V617F allelic burden, linear regression analysis resulted in a significant, negative, 

non-zero slope. These results show that JAK2V617F has a negative impact on BOEC 

proliferation. Further, IF analysis suggests the negative effect of JAK2V617F on 

proliferation may be due to enhanced senescence or defects in mitosis. Previous 

reports of large, multinucleated ECs in atherosclerosis have been characterised.261-263 

Phenotypes such as these were attributed to EC senescence in atherosclerosis. This 

hypothesis warrants further investigation into cell cycle analysis and features of 
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senescence in different BOEC samples. Changes in cell morphology and motility 

appear to also correlate with JAK2V617F allelic burden; however it is not known 

whether allelic burden causes these changes or if they are a result of the impact of 

JAK2V617F on proliferation. Testing additional patient samples with varying levels of 

JAK2V617F allelic burden will confirm whether these changes are a direct or indirect 

result of mutation expression. 

 The data reported in this chapter includes observations and quantification from 

9 different patient samples, most of which had minimal expression of JAK2V617F. 

Therefore, these results can only be interpreted as a pilot study and additional samples 

are needed to validate the conclusions reported. There are limitations to the generation 

of BOECs, particularly when using samples from patients with MPNs. Firstly, 

previous groups report difficulty in generating BOECs from elderly patients and 

recommend using young patient blood samples.79 Patients with MPNs are generally 

older in age, although some cases of paediatric MPNs do exist no patients in this 

category could be included in this study. Additionally, the phenotype of BOECs 

observed in this pilot study predict that patients with high JAK2V617F allelic burden in 

ECs will generate poorly proliferating BOECs. This will present many challenges to 

future studies because the pool of cells available for study will be limited. In particular, 

there are limitations to quantitative phase focus microscopy experiments performed 

on poorly proliferating BOECs. During experimental set-up, a specific area in the 

culture plate is selected for time-lapse imaging. Areas are carefully selected to 

accurately represent the confluence of the plate at the time, however when imaging 

samples that proliferate slowly it is difficult to ensure that the area selected will be 

representative of growth throughout the entire sample. One method to control for this 

would be to collect several images post-time lapse imaging from different regions, to 

ensure that the area imaged was representative of the sample. 

 There are many challenges associated with isolating human ECs for research. 

Different methods of cell sorting are time consuming, costly and yield small sample 

sizes that are often contaminated by other cell types. BOECs offer a more feasible 

mechanism for studying human ECs and data shows that BOECs indeed retain 

characteristics of mature ECs.79,264,265 Additionally, evidence suggests that BOECs 

have therapeutic potential.266,267 Future research into JAK2V617F-positive EC 
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phenotype will benefit from the ability to generate expanded cell cultures of BOECs 

that are free from contaminating cell types. 
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CHAPTER 6 GENERAL DISCUSSION 

 

ECs contribute to a variety of functions, including haemostasis, angiogenesis and 

vessel permeability. Consequently, aberrant EC function can have significant effects 

on physiological circulation. ECs are dynamic; during normal blood flow they express 

factors which are anti-thrombotic, helping to maintain platelet quiescence and 

adequate blood flow. On injury, ECs express pro-thrombotic factors and promote 

platelet adhesion, activation and thrombus formation. In contrast to haematopoietic 

cells, ECs do not proliferate continuously as they do not have to reconstitute the entire 

vasculature as regularly. However, they can be stimulated to proliferate during certain 

conditions such as angiogenesis, which can be harnessed by physiological 

mechanisms as in wound healing or in generation of the uterine lining during 

menstrual cycle or by pathological processes such as cancer.268 Similarly, permeability 

of ECs can be modified to enhance or inhibit cell transmigration in response to 

processes such as inflammation.269 

 Patients with MPNs often suffer complications due to aberrant haemostasis 

and thrombosis events. These complications, manifesting as either blood clots, leading 

to infarction or stroke, or conversely, bleeding diatheses, can be life-threatening and 

so treatment is mainly focused at preventing these complications. Currently, treatment 

is non-specific and is limited to venesection, to decrease blood viscosity and red blood 

cell burden, aspirin, to inhibit platelet activation and hydroxycarbamide, to decrease 

cell proliferation.270 Although effective in some patients, these treatments can have 

adverse effects particularly in patients who are at-risk for haemorrhagic complications. 

There is currently no method for stratifying patients with MPNs into groups which are 

at-risk for thrombosis versus haemorrhage. Therefore, global treatment for thrombosis 

complications may inadvertently increase risk for haemorrhagic complications in a 

subset of patients with MPNs. Understanding the mechanisms behind haemostasis and 

thrombosis complications in patients with MPNs may help to identify which patients 

are at risk for certain complications and may reveal new therapeutic targets.  

 The primary aim of this work was to elucidate the mechanisms of aberrant 

thrombohaemorrhagic complications in JAK2V617F MPNs. Secondary aims were 
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focused on identifying the mechanisms behind JAK2V617F activation in ECs and how 

mutation burden affects ECs of patients with PV. The results described here have led 

to the development of several working hypotheses as to the mechanisms and effects 

of JAK2V617F expression in ECs, which require further investigation. 

6.1 JAK2V617F-ECs are Critical in MPN Mouse Model Clot 

 Instability 

Tie2-Cre/FF1 transgenic mice exhibit an inability to form an occlusive thrombus in 

response to ferric chloride carotid injury or tail vein injury. Restricted expression of 

JAK2V617F to either haematopoietic or ECs revealed that the contribution of JAK2V617F 

expression in ECs is more important in causing this phenotype than mutant expression 

in haematopoietic cells. JAK2V617F-haematopoietic only mice form occlusive thrombi 

in response to both injuries. In contrast, JAK2V617F-endothelial only mice fail to form 

an occlusive thrombus in response to ferric chloride carotid artery injury, but form 

occlusive thrombi in response to tail injury. Data has shown that JAK2V617F-ECs 

express increased levels of TFPI and CD39 and decreased levels of functional vWF. 

TFPI and CD39 both contribute to the anti-thrombotic surface of ECs and functional 

vWF is necessary for platelet adhesion during the initial phase of haemostasis.22,57,60 

Additional factors of JAK2V617F-ECs likely contribute towards the observed 

phenotype as well. 

 Over the last few decades, mouse models have proven to be useful tools in 

studying disease in the context of a whole organism. However, an important 

consideration in all mouse studies must be the inherent differences between mice and 

humans. In particular mice and men differ in blood composition and susceptibility to 

thrombus formation. Compared to human platelets, mouse platelets are smaller and 

more numerous and contain more heterogeneous α and dense granule distribution.271 

In humans, neutrophils account for the majority of leukocytes in circulation, however 

in mice lymphocytes are a more common cell type.272 Despite these inherent 

differences in blood composition, mouse models have proven to be indispensable tools 

in studying blood and thrombus formation. Gene-specific disruption in mice has led 

to the identification of the specific roles of agonists and receptors in platelet activation 

and thrombus formation.273 
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 In addition to differences in blood composition, mice are intrinsically resistant 

to atherosclerosis, a disease of chronic inflammation and arterial thrombus 

formation.274 Factors which may contribute to this are elevated heart rate, lower 

plasma cholesterol and elevated levels of high density lipoprotein (HDL) in mice, 

compared to humans. To accelerate atherosclerotic development in mice, 

apolipoprotein E (apoE) knockout mice were generated.275 These mice have elevated 

cholesterol mostly in the form of low density lipoprotein (LDL), the form of 

lipoprotein that increases risk of cardiovascular-related complications, when fed a 

standard chow diet.276 When fed a high-fat diet, apoE-/- mice develop even higher 

levels of LDL accumulation and suffer greater risk of developing atherosclerosis. 

 In the Tie2-Cre/FF1 mouse model, the defect in thrombus propagation despite 

elevated platelet counts does seem paradoxical. However, experiments using chimeric 

mice showed that EC JAK2V617F contributes more to this defect than platelet 

JAK2V617F. Still, known differences in susceptibility to thrombus formation and 

atherosclerosis between mice and humans cannot be discounted. One possibility could 

be that, similar to atherosclerosis mouse models, haemostasis and thrombosis 

complications in MPN mouse models would be more aptly studied when JAK2V617F 

expression is combined with a mouse which is more susceptible to these 

complications. Breeding Tie2-Cre/FF1 mice, to apoE-/- mice, for example, would 

yield progeny that have JAK2V617F expression in endothelial and haematopoietic cells 

and have a heightened susceptibility to develop atherosclerotic disease. Using in vivo 

thrombosis assays, the combined effects of JAK2V617F expression and atherosclerosis 

on haemostasis can be determined. ApoE-/- mice on high fat diet exhibit increased 

thrombosis with faster occlusion times.277 Given that Tie2-Cre/FF1 mice have reduced 

thrombosis, it will be interesting to determine whether this remains true when 

combined with atherosclerosis development. Furthermore, atherosclerosis is a co-

morbid condition in some MPN patients , therefore this model is biologically relevant 

to elderly patients who commonly exhibit features of both MPNs and 

atherosclerosis.278 

 In addition to differences between mice and humans and their ability to clot, 

the type of vessel and injury method used to study thrombosis in mice must be 

carefully considered. Several methods of vessel injury exist which include 

photochemical, laser, mechanical and ferric chloride induced injuries.279,280 In the 
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photochemical model, a dye such as Rose Bengal is infused into mice and is activated 

on exposure to green light at 540nm. This causes oxidative damage to the endothelium 

and initiates thrombosis. Laser-induced injury is caused by direct exposure of vessels 

to ruby or argon-ion lasers. This technique is often coupled with fluorescently labelled 

platelets and intravital microscopy to visualise thrombus formation. Lastly, 

mechanical injury requires manual denudation of the endothelial layer and therefore 

might be considered the most technically challenging of the injury methods. In one 

model, a wire is inserted into carotid or femoral arteries using angioplasty techniques. 

Separately, microvascular thrombosis can be studied by collagen-epinephrine 

infusion, resulting in systemic thrombus formation. 

 All methods of injury differ quite extensively from biological vessel injury. 

Ferric chloride injury is the most commonly used technique, however it is considered 

a more severe form of injury which results in EC damage through cell necrosis.279 

Alternatively, methods which result in oxidative damage as in photochemical injury 

are considered to be more biologically relevant, especially when studying 

inflammation.281 Still, the acute effects of both methods are not biological, as most 

pathological thrombus formation occurs in response to chronic inflammation or 

perturbations to flow. Ferric chloride remains to be one of the most commonly used 

techniques because equipment needed is minimal and the technique is more easily 

applied when compared to mechanical-induced injury models. 

 Despite the lack of physiological relevance of ferric chloride injury itself, 

thrombi which develop in response to this type of injury have been shown to be similar 

in structure to thrombi which develop in humans.282 More recently, however, in vitro 

microfluidic investigation of the mechanism of ferric chloride-induced injury showed 

that neutralisation of charge due to Fe3+ in solution may result in increased interactions 

among blood cells, leading to aggregation.283 These data suggest that aggregation was 

mainly blood cell-driven as opposed to blood cell-EC interaction driven, which is more 

physiologically relevant. This information does not undermine the data presented here, 

but may actually highlight the importance of ECs in promoting thrombus formation 

on injury. Vessel injury and blood cell activation indeed occurred in the Tie2-Cre/FF1 

mouse model, as evidenced by histological analysis of injured carotid arteries which 

displayed platelet plug formation. Therefore, ferric chloride is able to initiate thrombus 
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formation in Tie2-Cre/FF1 mice; however JAK2V617F-ECs are inadequate to support 

thrombus propagation. 

 Heterogeneity among ECs from different vessel types and vascular beds is 

known to influence location-specific mechanisms of haemostasis and thrombosis.50,51 

Data presented here describe two vessel injury models: carotid artery and tail vessel. 

Indeed, responses of chimeric mice to both injury types were variable. In JAK2V617F-

endothelial only mice, clot instability was shown in response to ferric chloride-induced 

carotid artery injury; however thrombus formation was unperturbed in response to tail 

injury. Future experiments aimed at investigating other vessel types and vascular beds 

will determine whether JAK2V617F-ECs are anti-thrombotic globally or whether this 

effect is specific to the carotid artery. The effects of ferric chloride-induced carotid 

artery injury described in Chapter 3 were measured first by monitoring blood flow rate 

with a Doppler flow probe. This limited the application of the assay to vessels which 

fit inside the probe; as the probe used was the smallest available measuring flow rate 

in smaller vessels was not possible. However, the limitations of this experimental set-

up can be overcome with other methods for studying thrombosis. Intravital 

microscopy allows direct visualisation of thrombus formation after laser-induced 

injury in real time.281 Applying this technique will enable the study of JAK2V617F-ECs 

on thrombus formation in veins and in the microcirculation. 

 Heterogeneity can also be investigated by isolating ECs from different vascular 

beds in mice. Expression of TFPI and CD39 was determined by isolating ECs from 

mouse lungs and lysing the cells for protein. Similar methods can be used to isolate 

ECs from other organs, such as the liver, spleen and heart, and RNA and protein 

samples can be collected from these organ-specific ECs. RNA sequencing of these 

samples will help identify additional changes in JAK2V617F -ECs of different vascular 

beds and protein samples can help confirm these changes. 

 Section 3.1.1 discussed the development of the FF1 mouse and its purpose for 

studying allelic burden of JAK2V617F in MPNs. FF1 mice were bred with both VavCre 

and interferon-inducible MxCre mice.189 VavCre/FF1 mice and MxCre/FF1 mice 

treated with polyinosine-polycytosine (pIpC) were shown to have different levels of 

JAK2V617F allelic burden, which corresponded to ET and PV disease phenotypes, 

respectively. It is currently not known whether allelic burden of JAK2V617F in ECs 
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affects aberrant haemostasis and thrombosis. The presence of 9 copies of the transgene 

in FF1 provide the opportunity for inducing expression of JAK2V617F at varying levels 

when FF1 mice are bred to inducible-Cre mice. To this end, FF1 mice can be bred 

with VE-cadherin-CreERT2 mice, which expresses a tamoxifen-inducible Cre-

recombinase under the vascular endothelial cadherin promoter (VE-cad).284 

Investigating the effects of JAK2V617F allelic burden on thrombosis are particularly 

relevant given the varying levels of JAK2V617F allelic burden determined in the BOEC 

samples generated in Chapter 5.  

6.2 JAK2V617F -positive ECs have a Pro-inflammatory Phenotype 

Inflammation is a natural response to infection or injury. Similar to haematopoiesis, 

inflammation is regulated by an intricate network of cytokine-receptor signalling and 

induction of specific gene expression patterns. One such cytokine-receptor pair 

involved in inflammation is IFN-γ/IFN-γR.285 This cytokine-receptor pair transmits 

signal through JAK1 and JAK2 and further downstream through STAT1 homodimers. 

In haematopoiesis, IFN-γ is dispensable for homeostatic blood cell production; 

however during infection IFN-γ signalling can enhance HSC activation and 

differentiation of immature lymphoid cells to mature cells. During leukocyte 

migration, IFN-γ can enhance the production of chemokines, including CCL2. RNA 

sequencing data showed an increase in expression of both STAT1 and CCL2 in 

JAK2V617F-HUVECs, which was later confirmed by western blot and qPCR, 

respectively. 

 RNA sequencing analysis of JAK2V617F-HUVECs compared to JAK2WT-

HUVECs revealed an overall increase in genes related to inflammation. However, in 

the HUVEC system, lentivirus was used to generate cells which express either 

JAK2WT or JAK2V617F and it is unclear whether lenti-infection is responsible for the 

observed increase in inflammatory genes. To generate HUVECs with equal total JAK2 

levels, larger volumes of JAK2V617F lentivirus were required compared to volumes of 

JAK2WT lentivirus. In the future, gene expression patterns of JAK2V617F-HUVECs and 

JAK2WT-HUVECs should be compared to gene expression patterns in HUVECs 

infected with empty lentivirus of similar volumes. Alternatively, RNA sequencing of 

JAK2V617F-positive ECs from different organs in mice may provide insight as to 

whether this gene expression pattern is a result of JAK2V617F expression or an artefact 
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of lentivirus infection. If a similar inflammatory profile is observed in JAK2V617F-

positive ECs obtained from mice, which would not have been exposed to lentivirus, 

these data would support that JAK2V617F is causing the observed inflammatory gene 

expression profile. If a similar gene expression pattern is observed in ECs from Tie2-

Cre/FF1 mice, this may also suggest that increased inflammation contributes to the 

clot instability observed in the mouse model. Analysis of JAK2V617F-positive ECs 

from mice by RNA sequencing will support or challenge this hypothesis. 

 EC permeability is one consequence of inflammation, allowing for 

transmigration of leukocytes and other myeloid cells. Thrombin, the potent platelet 

agonist in haemostasis, is also an agonist for EC permeability.286 Similar to platelet 

activation, thrombin binds to PARs on ECs and causes a calcium ion influx, leading 

to cytoskeletal rearrangement and disruption of adherens junctions. Zona occludens-2 

(ZO-2), also called TJP2, is important in establishing both adherens and tight junctions 

between ECs.287 Increased TJP2 expression in JAK2V617F-HUVECs was identified in 

RNA sequencing and confirmed by qPCR. In vitro permeability assay showed that 

HUVECs which expressed JAK2V617F were more permeable in response to the agonist 

thrombin. 

 The effects of JAK2V617F on inflammation and permeability require further 

investigation. In vitro, HUVECs expressing JAK2V617F can be treated with anti-

inflammatory mediators to determine if the inflammatory and permeability effects of 

JAK2V617F can be reversed. Similarly, treatment of JAK2V617F-endothelial chimeric 

mice with anti-inflammatory drugs would help to determine the extent to which 

inflammation is involved in the EC dysfunction seen in these mice. The molecular 

underpinnings regulating inflammation will likely require in vitro investigation of 

transduced HUVECs. IFN-γ is a promising target, as it associates with JAK2 and 

transmits signal through STAT1. IFN-α/β signalling should also be considered, as 

genes regulating these pathways were shown to be increased in JAK2V617F-HUVECs 

in the RNA sequencing experiment. Permeability can be assessed in vivo by Evans 

Blue infusion.288 Evans Blue dye binds albumin in serum, which is contained within 

vessels normally but leaks into surrounding tissues when permeability is increased. 

Permeability can be measured at basal levels in WT and Tie2-Cre/FF1 mice and in 

injured mice. In vitro data suggests that effects of JAK2V617F on permeability are 

enhanced when ECs are activated, therefore it is predicted that similar activation 
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through vessel injury will be required to see a difference in permeability between WT 

and Tie2-Cre/FF1 mice. 

 Given that thrombin is a potent agonist of both platelet activation and EC 

permeability, and that mechanisms of both processes are connected to the 

inflammatory process, it is possible that JAK2V617F-ECs have effects on all three 

processes: inflammation, permeability and haemostasis. Indeed, RNA sequencing data 

shows a common theme of upregulation of inflammatory mediators, in vitro 

permeability assay shows that permeability is increased and in vivo thrombosis assays 

show EC haemostasis contributions are perturbed, when JAK2V617F is expressed. 

Further investigation into inflammation, permeability and haemostasis in the context 

of JAK2V617F expression will make these interactions more clear. 

6.3 JAK2V617F Drives EC Senescence 

In vitro, primary ECs have a limited proliferative capacity. Once thought to be a 

feature of in vitro culture, EC senescence has been reported as an age-related and 

atherosclerotic phenotype and endothelial senescence is associated with pro-

thrombotic and pro-inflammatory phenotypes. 262,289,290 Among other effects, 

senescent ECs produce less NO and prostacyclin, two factors which are anti-

thrombotic, and produce more PAI and reactive oxygen species (ROS), which are both 

pro-thrombotic features. In contrast, evidence shows that a subset of senescent ECs 

can exhibit an anti-inflammatory phenotype.290 These effects were elicited through 

p38 MAPK activation and resulted in decreased sensitivity of senescent ECs to 

inflammatory stimuli. In general, senescent ECs (both pro- and anti-inflammatory) by 

definition have decreased proliferation potential, leading to a decrease in angiogenesis 

and endothelial repair. 

 Certain BOEC samples generated in Chapter 5 displayed hallmarks of EC 

senescence in both morphology and phenotype. Morphologically, two samples 

displayed large, multinucleated cells with decreased motility and proliferation. Other 

samples appeared to retain proliferative capacity and remained smaller in size and 

were singly-nucleated. A number of factors may contribute to these observed 

differences. As discussed, EC senescence has been reported as a feature of both 

increased age and atherosclerotic disease. Patients were generally older; however 

patients of similar ages (~65-70years) generated BOECs of both the proliferative and 
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senescent phenotypes. Patient co-morbidities, such as atherosclerosis, were not known 

and it cannot be ruled out that this may influence BOEC phenotype. Importantly, 

senescent ECs were only observed in patients with higher JAK2V617F allelic burden. 

Whether mutation burden caused EC senescence remains to be proven, as more 

samples are needed to definitively draw this conclusion. However, it was shown that 

an increase in JAK2V617F allelic burden decreased the proliferative potential of BOECs 

significantly, which is one feature of EC senescence. Given the complexity of EC 

senescence and the contributions of senescence to dysfunctions in haematosis and 

thrombosis, it is worth investigating how this phenotype contributes to MPN 

development and associated complications. 

 Senescent ECs have been identified in clinical specimens by positive β-

galactosidase stain.262 Senescence-associated β-galactosidase (SA-βgal) activity was 

first identified in senescent dermal cells, which is distinguishable from both 

proliferative and quiescent cell types.291 The function of SA-βgal is still unknown, 

however it has proved to be a useful marker of senescent cells. Senescent ECs were 

found in regions of atherosclerotic plaque formation, in particular of regions with 

altered flow patterns.292 These regions often corresponded to regions of curved 

vasculature, which is subjected to turbulent flow and susceptible to plaque formation. 

Senescence in ECs was also found to be induced by oxidative stress and 

hypoxia.289,290,293 In addition to the pathophysiology of senescent ECs, reports on 

changes in EC morphology were quite distinctive. Of interest, reports of giant, 

multinucleated ECs in atherosclerotic lesions suggest that these features may be a 

result of EC senescence.261,263 Additionally, permeability of senescent ECs was 

reported to be increased, demonstrated by in vitro permeability assays and decreased 

expression of junction proteins.294 

 Future work will focus on confirming senescence in JAK2V617F ECs in vivo 

and in vitro. As senescent ECs in clinical specimens were identified by SA-βgal 

activity, a similar method can be employed to determine senescence in JAK2V617F-

expressing cells.295 In this assay, the chromogenic substrate 5-bromo-4-chloro-3-

indoyl β-D-galactopyranoside (X-gal) is cleaved by βgal, and lysosomal βgal activity 

can be distinguished from SA-βgal activity by using citric acid/sodium phosphate 

buffer at pH 6.0. X-gal cleavage results in the formation of a blue precipitate which 
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identifies senescent cells. The SA-βgal assay can be used to determine senescence in 

transduced HUVECs, BOECs and in vascular beds of Tie2-Cre/FF1 mice. 

 Endothelial senescence has been associated with oxidative stress and turbulent 

shear. These factors can be induced in vitro to mimic stress ECs undergo in vivo. 

Agents such as ethanol, tert-butyl hydroperoxide, hydrogen peroxide and exposure to 

ultraviolet light have all been used to induce oxidative stress in vitro.296 Shear stress 

can be induced by common laboratory equipment, such as orbital shakers or by more 

complex in vitro flow pumps such as the microfluidic chips produced by 

SynVivo.292,297 The effects of in vitro induced senescence can be compared to those 

observed in senescent BOEC samples to provide additional support that BOECs are 

indeed undergoing senescence. Ultimately, additional patient samples are needed to 

confirm that JAK2V617F allelic burden causes EC senescence. 

 Mechanisms driving JAK2V617F-endothelial senescence require further 

investigation. A good starting point for investigating signalling mechanisms regulating 

senescence would be to determine expression of cell cycle proteins. In particular, p16 

and p53 regulated pathways have been implicated in endothelial senescence.292,298 Cell 

cycle analysis of transduced HUVECs and BOEC samples would be helpful in 

determining the extent to which these cells are undergoing senescence. This can be 

accomplished through propidium iodide staining and analysis by flow cytometry. 

 In section 1.7, two models for JAK2V617F acquisition were discussed. In the 

first, JAK2V617F is acquired in the HSC, conferring a proliferative advantage to 

haematopoietic cells resulting in myeloproliferation. In the second model, JAK2V617F 

is acquired in a more primitive cell type, the haemangioblast, which results in both 

myeloproliferation and endothelial expression of JAK2V617F. The data presented here 

shows that JAK2V617F in ECs confers a proliferative disadvantage, leading to 

senescence. This supports the hypothesis that JAK2V617F is acquired in the 

haemangioblast and leads to myeloproliferation and EC expression of JAK2V617F. 

However, given the impact of JAK2V617F -endothelial expression on EC proliferation 

and senescence, it is suspected that JAK2V617F expression in ECs leads to a decrease 

in ECs, not expansion as would be expected for JAK2V617F expression in 

haematopoietic cells (Figure 6.1).  
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6.4 Translational Impact 

MPNs are diseases of haematopoiesis, but often patients suffer from complications 

due to dysfunction in haemostasis and thrombosis. MPNs are most commonly 

diagnosed in older patients, and incidental diagnosis often occurs when patients 

experience an adverse cardiac-related event due to a blood clot or bleed. Further, 

certain conditions such as atherosclerosis are frequent, as these become more common 

as patients age. Therefore, studying MPNs in patients can become difficult because of 

the common occurrence of co-morbidities. 

 Identifying ECs as a component of dysfunctional haemostasis in Tie2-Cre/FF1 

mice emphasizes the importance of understanding the specific mechanisms of 

haemostasis and thrombosis complications. A common treatment for MPNs is low-

dose aspirin therapy, which targets platelet cyclooxygenase. Treatment may be 

improved with better understanding of the mechanisms of MPN complications, which 

may identify therapeutic targets in other cell types or protein factors. Further, the 

phenotype observed in Tie2-Cre/FF1 mice was unstable clot propagation, not 

increased thrombosis. Patients with MPNs are at-risk for either clotting or bleeding 

abnormalities and there are no current methods for stratifying patients for these 

separate risks. In addition to increased bleeding risks associated with anti-thrombotic 

treatment, the effects of platelet inhibition combined with dysfunctional endothelial 

cells are not currently known. Research into the specific mechanisms of haemostasis 

and thrombosis complications, both pro-thrombotic and anti-thrombotic, will aid in 

developing more accurate patient diagnoses for the complications they are most at-

risk for and in identifying alternative therapeutic targets. 

 A previous report identified JAK2V617F expression in endothelial colony 

forming-cells from peripheral blood in patients with high risk for thrombosis 

complications.218 Data presented here shows that JAK2V617F expression in ECs 

produces an anti-thrombotic phenotype in mice, however hallmarks of BOECs with  
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Figure 6.1 JAK2V617F expression in ECs leads to a decrease in EC 

proliferation 
JAK2V617F expression has been identified in both haematopoietic and ECs, which 

suggests acquisition of the mutation in a primitive cell type leading to differentiation 

of both haematopoietic and ECs. It is known that JAK2 V617F causes hyperproliferation  

of myeloid cells, which causes MPNs. However, data shows that endothelial expression 

of JAK2V617F leads to a decrease in EC proliferation and EC senescence. This suggests 

that EC expression JAK2 V617F will lead to a decrease in EC numbers.  
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high JAK2V617F allelic burden mimic ECs associated with atherosclerosis. It is 

possible, that similar to MPN patient variation for thrombotic or haemorrhagic risk, 

ECs which express JAK2V617F vary in phenotype. However, if EC dysfunction, 

whether pro- or anti-thrombotic, is found to be dependent on JAK2V617F expression 

patient stratification may be accomplished through screening for endothelial 

JAK2V617F. Moreover, if allelic burden of JAK2V617F is shown to have a direct 

correlation with increased thrombotic or haemorrhagic risk, treatment dosage can be 

altered accordingly. This would be especially important for younger patients who 

would experience life-long treatment for thrombotic or haemorrhagic risks. In these 

patients in particular, it might be possible to monitor JAK2V617F allelic burden in ECs 

over time, and alter treatment accordingly. In doing this, excessive treatment would 

be avoided and consequently, risks for side effects would be kept at a minimum. 

6.5 Concluding Remarks 

Together, the work described here identifies that expression of JAK2V617F in ECs 

causes dysfunction in this cell type. Initial experiments performed in mice showed 

endothelial dysfunction in response to vessel injury. Subsequent experiments in vitro 

suggested that JAK2V617F-positive ECs express a pro-inflammatory phenotype and 

human ECs with high JAK2V617F allelic burden exhibited dysfunction in growth and 

proliferation. Endothelial dysfunction manifested in various forms and it is unclear at 

the present time how dysfunction in clot stability, inflammation and proliferation are 

related in ECs. Previous reports of inflammation in MPNs and atherosclerosis suggest 

that these diseases are multi-faceted. Future studies should reflect the complexity of 

these diseases, investigating both the mechanisms of inflammation-induced 

dysfunction and the effects of inflammation on the normal function of endothelial and 

haematopoietic cells.  

Haemostasis and thrombosis have been studied extensively on their own and 

in the context of many different diseases. Research into these processes has largely 

focused on platelets and specific coagulation factors. Sadly, ECs have for the most 

part been ignored. In addition to being in close proximity to blood cells, endothelial 

and haematopoietic cells share developmental origins. Although the concept of an 

adult haemangioblast remains controversial, the presence of an HSC mutation in ECs 

lends further support to the common developmental origin of haematopoietic and 
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endothelial cells. Given the similarities between endothelial and haematopoietic cell 

location and potential common developmental origin, the notion that both cell types 

work collectively to maintain physiological haemostasis and thrombosis is probable. 

Yet many groups ignore this cell type, its interactions with haematopoietic cells and 

its contributions towards haemostasis and thrombosis. The work presented here shows 

that not only do ECs contribute towards these functions, but they have the capacity to 

alter these functions, despite normal haematopoietic development. In the future, I hope 

that ECs are studied in more detail as their function and the underlying mechanisms 

driving these functions require extensive research to reach a parallel level of 

understanding compared to platelet functions. Further, the context of this work will 

apply broadly to diseases affected by dysfunctions in haemostasis and thrombosis. 

Research into ECs and the combined efforts of endothelial and haematopoietic cells 

in maintaining haemostasis and thrombosis will lead to a better understanding of how 

these processes can become perturbed. This will hopefully lead to more successful, 

targeted patient therapy, instead of blanket anti-thrombotic treatment, targeting 

platelets. 
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ACB-PCR Allele-specific Competitive Blocker PCR 

ADAMTS13 a disintegrin-like and metalloprotease domain with thrombospondin 

  type-1 motif, number 13 

ADP  adenosine diphosphate 

AML  acute myeloid leukaemia 

AMP  adenosine monophosphate 

ANOVA analysis of variance  

APC  activated protein C 

apoE  apolipoprotein E 

AT  antithrombin 

AvWD  acquired von Willebrand Disease 
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BHF  British Heart Foundation 

BL-CFC blast colony-forming cell 

BOEC  blood outgrowth endothelial cell 

BCR-ABL break point cluster-Abelson tyrosine kinase 

BCS  Budd Chiari Syndrome 
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CALR  calreticulin 
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CCL2  chemokine ligand 2 

CD39  ecto-ADPase 

CDCP1 CUB domain containing protein 1 

CEC  circulating EC 

CEL  chronic eosinophilic leukaemia 

CFU  colony forming unit 

CML  chronic myelogenous leukaemia 

CNL  chronic neutrophilic leukaemia 

COX  cyclooxygenase 
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dHSC  definitive haematopoietic stem cell 

DIC  disseminated intravascular coagulation 

DLAR  Division of Laboratory Animal Resources 

DMEM Dulbecco’s Modified Eagle Medium 

DPBS  Dulbecco’s Phosphate-Buffered Saline 

DSP  dithiobis (succinimidylpropionate) 

DVT  deep vein thrombosis 
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EC  endothelial cell 

ECL  enhanced chemiluminescent 

EDHP  endothelium derived hyperpolarizing factor 

EMP  erythroid/myeloid progenitor 

eNOS  endothelial NO synthase 

EPCR  endothelial protein C receptor 
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EPO  erythropoietin 

ET  essential thrombocythaemia 

ET-1  endothelin-1 

 

F 

FBS  foetal bovine serum 

FERM  4.1/ezrin/radixin/moesin 

FF1  Flip-flop 1 

 

G 

G  L-glutamine 

GH  growth hormone 

GP  glycoprotein 

 

H 

HAEC  human aortic endothelial cell 

HDL  high density lipoprotein 

HEK293T human embryonic kidney 293T cells 

HEL  human erythroleukaemia cells 

HMRN Haematological Malignancy Research Network 

HSC  haematopoietic stem cell 

HUMARA human androgen receptor gene 

HUVEC human umbilical vein endothelial cell 
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IACUC Institutional Animal Care and Use Committee 
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ICAM-1 intercellular adhesion molecule-1 

IF  immunofluorescence 

IFN  interferon 

IL  interleukin 
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JAK2  Janus kinase 2 

JAK-STAT Janus kinase-signal transducers and activators of transcription 

JH  JAK homology 

 

L 

LDL  low density lipoprotein 

LIFR  leukaemia inhibitory factor receptor 

LOH  loss of heterozygosity 

 

M 

MACS  magnetic activated cell sorting 

MEP  megakaryocyte/erythroid progenitor 

MPN  myeloproliferative neoplasm 

 

N 

NO  nitric oxide 

NP-40  nonidet P-40 

 

O 

OSMR  oncostatin M receptor 



List of Abbreviations 

 

217 

 

 

P 

PAF  platelet activating factor  

PAGE  polyacrylamide gel electrophoresis 

PAR  protease-activated receptor 

PBMC  peripheral blood mononuclear cells 

PC  protein C 

PCR  polymerase chain reaction 

PE  pulmonary embolism 

PECAM platelet endothelial cell adhesion molecule 

PGI2  prostacyclin 

PH  pleckstrin homology 

PMF  primary myelofibrosis 

PTP1B  protein-tyrosine phosphatase 1B 

PRP  platelet rich plasma 

PS  penicillin-streptomycin 

PV  polycythaemia vera 

PVDF  polyvinylidene difluoride 

PVSG   Polycythemia Vera Study Group 
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qPCR  quantitative polymerase chain reaction 

QuASA quantitative allele specific amplification 
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RIPA  radioimmunoprecipitation assay 
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ROS  reactive oxygen species 

 

S 

SA-βgal senescence-associated β-galactosidase 

SCF  stem cell factor 

SDS  sodium dodecyl sulfate 

Serpin  serine protease inhibitor 

SH2  Src homology 2 

SHP  Src homology region 2 domain-containing phosphatase 

SLE  systemic lupus erythematosus 

SOCS  suppressor of cytokine signalling 

STAT  signal transducers and activators of transcription 

 

T 

TAFI  thrombin-activatable fibrinolysis inhibitor 

TBST  tris-buffered saline, 0.1% Tween-20 

TET2  tet methylcytosine dioxygenase 2 

TF  tissue factor 

TFPI  tissue factor pathway inhibitor 

TIE2  tunica intima endothelial kinase 2 

TIRF  total internal reflection fluorescence 

TJP2  tight junction protein 2 

TM  thrombomodulin 

TNF  tumour necrosis factor 

tPA  tissue-type plasminogen activator 

TPO  thrombopoietin 
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TxA2  thromboxane 

 

U 

UK  urokinase 

 

V 

VCAM-1 vascular cell adhesion molecule-1 

VEGF  vascular endothelial growth factor  

VEGFR vascular endothelial growth factor receptor 

VTE  venous thromboembolism  

vWF  von Willebrand Factor 

 

W 

WT  wild-type 

 

X 

X-gal  5-bromo-4-chloro-3-indoyl β-D-galactopyranoside 

XL10  XL10 Gold Ultracompetent cells 

XCIP  X-chromosome inactivation pattern 

Y 

YTB  York Tissue Bank 

 

Z 

ZO-2  zona occludens-2 

 

β-ME  2-mercaptoethanol 
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