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ABSTRACT 

Quebec platelet disorder (QPD) is a bleeding disorder characterized by a gain of 

function defect in fibrinolysis. The hallmark feature of QPD is the marked overexpression 

of urokinase plasminogen activator (uPA) in megakaryocytes (MK) and platelets. The 

genetic cause of QPD is a tandem duplication of a ~78 kb region that encompasses the uPA 

gene, PLAU. As the mechanism of PLAU overexpression is unknown, gene regulatory 

mechanisms specifically epigenetics were evaluated at the PLAU locus in QPD MK and 

granulocytes, a QPD unaffected lineage. The aims of the thesis were to assess if QPD is 

associated with 1) genome wide methylation changes of promoter CpG islands, particularly 

at PLAU and 2) genome wide changes of active histone modifications H3K27Ac, 

H3K36me3 and H3K4me2, particularly at the region of PLAU duplication. Methylation and 

active histone enrichment analysis revealed that in QPD and control subjects, PLAU 

promoter CpG island was characterized by unaltered hypo-methylation and changes in 

active histone peak enrichments that were within the realm of having one extra copy of 

PLAU in both MK and granulocytes. The findings imply that the PLAU CNV mutation does 

not induce altered promoter methylation status and/or significantly alter active histone 

markers as the reason for the marked PLAU overexpression in QPD MK. Instead, the 

rearrangement of an active enhancer element, particularly an H3K27Ac enhancer expressed 

in MK but not granulocytes, that is upstream of the second copy of PLAU might underlie 

the marked PLAU expression by differentiated QPD MK. The thesis provides novel insights 

into the epigenetic regulation of PLAU that will be crucial to identifying the mechanism 

underlying the aberrant PLAU expression in QPD.  
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1.  INTRODUCTION 
 

1.1 Hemostasis- coagulation and fibrinolysis 

Hemostasis can be defined as an intricate process that ensures the integrity of the 

vasculature and maintains a balance between bleeding and clotting [1, 2]. Hemostasis 

regulates physiological processes involved in maintaining the fluidity of blood and 

preventing excessive bleeding after vascular injury [1]. In health, the enzymatic and 

cellular components of blood are balanced to maintain fluidity but are also primed for a 

fast and effective response to vascular injury [1]. Hemostatic balance is achieved by 

regulating two crucial mechanisms, namely coagulation and fibrinolysis. The coagulation 

cascade is responsible for the formation of a hemostatic plug that limits bleeding, while 

fibrinolysis is the process of dissolving the fibrin plug that forms at sites of injury [1]. 

Hemostasis is thus a balance between pro-coagulant, anti-coagulant, pro-fibrinolytic and 

anti-fibrinolytic events [1]. A disturbance in hemostatic balance can result in either 

excessive bleeding or thrombosis [1]. 

In the event of vascular damage, tissue factor is exposed at the endothelial surface, 

triggering a series of enzymatic reactions termed the coagulation cascade that ultimately 

generates activated Factor II or thrombin [3]. One of the major functions of thrombin is 

the conversion of fibrinogen to the insoluble fibrin network, in addition to activating 

resting platelets [3]. The formation of a fibrin network, in combination with activated 

platelets that adhere and aggregate at a site of injury, form the primary hemostasis plug 

[1, 3, 4]. As hemostasis ensures continuous blood flow, it is imperative to dissolve the 
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fibrin clot. Fibrinolysis, like the coagulation cascade, consists of a series of reactions that 

convert zymogen (inactive form) enzymes to their active form that digest the fibrin clot 

in a regulated manner [1]. Fibrinolysis is of particular interest to this study and the 

regulation of this process is summarized below. 

1.2 Regulation of fibrinolysis 

 Tissue plasminogen activator (tPA) and urokinase plasminogen activator (uPA) 

are the key activators of fibrinolysis that both convert single chain plasminogen into the 

active protease plasmin [1, 5]. The plasminogen activators, tPA and uPA are serine 

proteases, that cleave plasminogen to yield active two chain plasmin [1]. The next step 

of the fibrinolysis occurs when active two-chain plasmin, also a serine protease, degrades 

the crosslinked fibrin clot to products that are termed fibrin degradation products (FDPs) 

[1]. Plasmin is a broad specificity enzyme that acts not only on fibrin but many other 

substrates, and has additional roles in processes such as wound healing, tissue 

remodeling, angiogenesis and inflammation [6]. An overview of fibrinolysis regulation 

is presented in Figure 1. 

The primary step of fibrinolysis, the conversion of plasminogen to plasmin, is 

positively regulated by fibrin, where it is not only a co-activator of plasminogen, but is 

also the target substrate of plasmin activity [7].  
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Figure 1. Regulation of fibrinolysis. A schematic representation of the major components 

involved in fibrinolysis are represented. Thrombin generation yields a fibrin clot 

(converting fibrinogen to fibrin), and activates platelets to forms a primary hemostatic plug 

that contains both fibrin and platelets. Fibrinolysis is then responsible for dissolving this 

plug and is initiated by key activators, tPA and uPA, that convert inactive plasminogen to 

plasmin, an active serine protease that digests the fibrin platelet clot. Plasmin is 

downregulated by the inhibitor α2-antiplasmin, whereas both uPA and tPA are inhibited by 

PAI-1. 
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Fibrinolysis is controlled by inhibitors that block the plasminogen activation step 

or block plasmin. Plasminogen activator inhibitor 1 (PAI-1) is the key inhibitor of both tPA 

and uPA, and α2-antiplasmin is the key inhibitor of plasmin [8, 9]. In blood, 90% of PAI-

1 is found in platelets, blood cells produced by megakaryocytes (MK) [9]. PAI-1 released 

from platelets accounts for the antifibrinolytic effect of platelets on fibrin clots. [9, 10].  

 A disturbance in the fibrinolytic process can lead to states of hypo or hyper 

fibrinolysis resulting in thrombosis or bleeding respectively. Congenital deficiencies in α2-

antiplasmin are associated with severe bleeding tendencies [11]. Similarly, PAI-1 

deficiency and subsequent inefficient inhibition of plasminogen activators, is associated 

with delayed onset of post trauma and surgical bleeding [12-14]. Conversely, a promoter 

polymorphism of PAI-1 gene results in elevated levels of PAI-1, a condition that leads to 

reduced fibrinolysis in livedoid vasculopathy [15]. To date, there have been no reports of 

inherited fibrinolytic disorders that are associated with tPA or uPA deficiencies [16]. 

 My thesis involves investigating Quebec platelet disorder (QPD), a fibrinolytic 

disorder that has shown to dramatically alter the regulation of uPA in MK. A literature 

review of uPA (Section 1.3), blood cells involved in QPD (Section 1.4) and current 

knowledge of this disorder and its pathogenesis (Section 1.5) are presented in the sections 

that follow. 
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1.3 Urokinase plasminogen activator  

1.3.1 Structure and regulation  

 
uPA is one of two prominent plasminogen activators involved in fibrinolysis [16-

20]. The gene encoding for uPA is termed plasminogen activator urokinase (PLAU) and 

it is 6.4 kb and comprised of 11 exons, 10 introns and located on chromosome 10q24. [21, 

22]. PLAU encodes a 2.4 kb messenger ribonucleic acid (mRNA) that subsequently 

produces a functional 54 kDa protein comprised of 431 amino acids [23-25]. The 2nd exon 

of PLAU contains the start codon ATG, and together with the first exon forms the 5’ 

untranslated region (UTR) [24]. The coding region of PLAU ranges from the 2nd exon to 

a small upstream region of exon 11, whereas the remainder ~ 800 bp downstream region 

of exon 11 forms the 3’ UTR [24]. The intron exon distribution of PLAU shares similar 

sequence homology (40%) with the exon distribution of the tPA gene [24]. Moreover, the 

region encoding for uPA catalytic functions bears close resemblance to the distribution of 

introns and exons in other serine proteases [23]. PLAU is flanked by two genes, 

calcium/calmodulin-dependent protein kinase II γ (CAMK2G) and vinculin (VCL) that are 

approximately 36 kb upstream and 100 kb downstream respectively. A gene termed 

C10orf55 is antisense to PLAU and spans 12.8 kb in length [26, 27]. C10orf55 encodes a 

protein whose functions are not yet characterized [26]. As C10orf55 has a large sequence 

that is antisense to coding exons of PLAU, C10orf55 RNA could potentially modulate 

PLAU expression 
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uPA is produced as a single chain glycoprotein with 3 major domains namely, 

epidermal growth factor (EGF), kringle and protease domains [1]. The EGF domain of 

uPA interacts with the membrane bound uPA receptor (uPAR), and the uPA kringle 

domain stabilizes the interaction [28]. The protease domain possesses a catalytic triad that 

cleaves plasminogen to plasmin [29]. uPA has been shown to bind uPAR, allowing uPA 

to localize to plasminogen and upregulate its promotion of plasmin generation by 20 fold 

[30-32]. 

The zymogen form of uPA is single chain uPA (scuPA) that in the presence of 

plasmin, undergoes conversion to the enzymatically active form two chain uPA (tcuPA) 

[28]. In plasma, scuPA concentrations are normally between 2-4 ng/mL [33-35]. Platelets 

contain only a small amount of uPA, up to 1.3 ng/109 platelets [36-38]. 

The hemostasis enzymes that potentially activate uPA are plasmin, factor XIIa, and 

kallikrein [39-41]. In addition to tcuPA, the low molecular weight uPA (LMW uPA) form 

is an enzymatically active protease that converts plasminogen to plasmin [42, 43]. LMW 

uPA is formed when the EGF and kringle like domains of tcuPA are proteolysed by plasmin 

[1]. PAI-2, an inhibitor that acts primarily on uPA, was found to inhibit two chain uPA five 

times more than two chain tPA (tctPA) and even more than single chain tPA (sctPA). [44, 

45]. 

1.3.2 Fibrinolysis and uPA 

The role of uPA in regulating fibrinolysis has been extensively evaluated [20, 32]. 

In the presence of fibrin, the relatively inactive scuPA, and not active tcuPA, induces fibrin 

specific lysis [46]. The specificity of scuPA towards fibrin is facilitated by the enhanced 
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binding of plasminogen to partially degraded fibrin [47]. In essence, plasminogen 

activation is increased when scuPA binds to uPAR, because of the co-localization of uPA 

and plasminogen [31, 32, 42, 48-50].  

In addition to uPAR, there are other receptors that interact with uPA. A receptor on 

neutrophils (a granulocyte cell type), termed αMβ2 binds uPA and plasminogen to 

upregulate plasmin production while certain unclassified platelet receptors were shown to 

bind scuPA [36, 51, 52]. Moreover, uPA on monocytes or endothelial derived 

microparticles induces activation of platelet bound plasminogen, fibrin and extracellular 

matrix proteins [53]. This phenomenon of plasminogen activation on a different cell 

surface was shown to be mediated by uPA and not tPA [1].  

1.3.3 Transcriptional regulation of PLAU  

PLAU gene expression is low in many different cell lines [21]. The uPA-uPAR 

binding can activate several transcription factors (TFs) and kinases, that may subsequently 

regulate cell morphology, adhesion, migration and cytoskeletal structure [54-58]. 

The 5’ flanking sequence of PLAU has several regulatory elements that are involved 

in the regulation of this gene [59, 60]. The PLAU promoter consists of a TATA-box and a 

200 bp GC-rich region. The sequences GGGCCGG and CAAT sequences, both located 

upstream of PLAU transcription start site (TSS), are complimentary to TFs Sp1 and 

CCAAT box-binding transcription factor (CTF) respectively, that are responsible for the 

intrinsic low levels of PLAU expression [21]. A chloramphenicol acetyl transferase gene 

reporter assay in two human cell lines indicated that PLAU transcription was regulated by 

an enhancer 2 kb upstream of the TSS [61]. Further studies elucidated that the functioning 
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of the enhancer is dependent on two intrinsic AP-1 binding sites (AP-1a
 and AP-1b), where 

AP-1a is combined with an E twenty-six (Ets) PEA3 binding site [20, 21]. The two AP-1 

binding sites are separated by a cooperativity mediator (COM) region that in turn has 

upstream and downstream regions (uCOM and dCOM respectively) [20, 21]. The COM 

contains binding sites for upstream enhancer factors (UEFs) [21]. The UEFs are as follows, 

UEF1 (yet to be characterized), Prep-1/Pbx heterodimers and Oct-1 as UEF 2,3 and 4 

respectively [20, 21]. The uCOM region has binding sites for UEF 1-4 where as dCOM has 

binding sites for only UEF 1-3 [59, 60]. The uPA gene can be transcriptionally activated 

by various stimuli such as phorbol esters and growth factors, mediated through signal 

transduction pathways that target the 2 kb upstream enhancer of PLAU [20, 59, 60, 62]. 

The regulatory 2 kb upstream enhancer has favorably shown to physically interact with the 

PLAU promoter through the looping of the intervening enhancer-promoter sequence [20, 

63].  

A nuclear factor kappa-light-chain-enhancer of activated B cells (NFκ-B) site was 

found to induce PLAU expression independently of the regulatory enhancer AP-1 regions 

[20, 64]. Moreover, functional studies found a silencer in the 5’ regulatory region of human 

PLAU that acted in a cell-specific manner [20, 64, 65]. The regulatory elements involved 

in transcriptional regulation of PLAU are summarized in Figure 2. 
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Figure 2. Regulatory regions upstream of PLAU. A schematic representation of 

the regulatory elements 5’ flanking sequence of PLAU are shown. The PLAU TSS is 

denoted by +1, with upstream TATA box and Sp1 and CTF binding sites. The 

enhancer (E) located ~ 2 kb upstream of PLAU TSS has two AP-1 binding sites (AP-

1a
 and AP-1b), that are divided by cooperativity mediator region (COM), with 

upstream (u) and downstream (d) regions. The nuclear factor kappa-light-chain-

enhancer of activated B cells (NFκ-B) and silencer (S) are represented (Image adapted 

from [20]). 
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1.3.4 Murine models of uPA  

As neither uPA or tPA deficiencies have been reported in humans, the significance 

of these plasminogen activators has been studied in mouse models [66]. The uPA murine 

knockout model (-/-) is viable, without a reduction of lifespan [67]. The knockout mice 

showed increased deposition of fibrin in normal and inflamed tissues and the macrophages 

of these animals exhibited reduced, plasmin-induced breakdown of fibrin [68]. The uPA 

knockout mice have an increased risk of developing endotoxin induced thrombosis while 

at the same time have impaired inflammatory cell recruitment for T-cells and macrophages, 

thus increasing risks for contracting bacterial infections [67, 68].  

As of now, QPD is the only inherited disorder with markedly increased levels of 

uPA and this disorder is discussed in detail in Section 1.5. A mouse model of increased 

uPA has been developed by expressing a PLAU transgene under the control of a MK 

specific promotor [67]. As in humans, the transgenic uPA mice, that overexpress uPA in 

MK exhibit increased bleeding without evidence of systemic fibrinogenolysis, and they 

exhibit some other features of QPD, including abnormal proteolytic degradation of α-

granule proteins [69]. However, these mice experience an increase in bleeding-associated 

mortality during pregnancy unless treated with fibrinolytic inhibitors, which is not seen in 

QPD [69, 70]. The mice that overexpressed uPA in MK displayed resistance towards 

arterial and venous thrombosis, likely due to their increased platelet uPA [69].  
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1.4 Hematopoiesis 

Hematopoiesis is the process of blood cell development and differentiation that 

gives rise to all blood cell lineages [71]. Blood cells are derived from pluripotent, self-

renewing hematopoietic stem cells (HSC), which are rare in blood (< 0.01%) [72-74]. The 

CD34 antigen has been established as the major marker of HSC, and accordingly, 

monoclonal antibodies against CD34 are used to analyze and isolate HSC from blood [75]. 

The hematopoietic system hierarchy with the HSC at the apex has been established, where 

each subsequent developmental stage moves towards a specific lineage or group of cells 

[76]. The HSC gives rise to two progenitors, the common lymphoid progenitor (CLP) and 

common myeloid progenitor (CMP), that are permanently committed towards producing 

the lymphoid and myeloid lineages (lymphopoiesis and myelopoiesis) respectively [77, 78]. 

In lymphopoiesis, the CLP produces T and B cell lymphocytes [76]. Conversely in 

myelopoiesis, the CMP gives rise to MK, granulocytes (neutrophils, eosinophils and 

basophils), monocytes and erythrocytes (Figure 3) [76, 79].  

MK are the key affected lineage in QPD that produce abnormal levels of uPA and 

studies have been conducted to assess QPD effects on levels of uPA in granulocytes [80, 

81].  
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Figure 3. Myeloid lineages derived from hematopoietic stem cells. A multipotent 

hematopoietic stem cell (HSC), gives rise to a common myeloid progenitor (CMP) that 

undergoes further differentiation to produce cells of all myeloid lineages; including MK 

(which generate platelets), granulocytes, erythrocytes and monocytes (Image adapted from 

[82]). 
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1.4.1 Megakaryopoiesis 

1.4.1.1 Megakaryocyte development  

MK are myeloid lineage cells that are derived from pluripotent hematopoietic stem 

cells (HSCs) that differentiate to generate CMP [83, 84]. CMPs then give rise to a 

MK/erythrocyte bipotent progenitor (MEP) that may become solely committed towards 

MK differentiation [1]. The MK differentiation lineage is characterized by three important 

developmental stages namely proliferation, endoreduplication and maturation. The 

bipotential MEP has the capacity to differentiate into premature MK burst forming unit 

(BFU-MK) or the mature colony-forming unit MK (CFU-MK), and both of these MK 

progenitors display the CD34 marker, which is not found on mature MK or platelets [85]. 

The defining characteristics of MK maturation are endoreduplication and 

cytoplasmic expansions [84]. Mature MK, which are responsible for the production of 

circulating platelets, have a modified cytoplasm [86, 87] and have cell diameters of < 50-

100 microns, with a ploidy ranging between 2 N to 64 N, with a maximum of 128 N [88-

90]. As MK undergo maturation and cytoplasmic expansion, there are increases in platelet 

organelles and demarcation membrane system [84]. The MK form proplatelet projections 

that ultimately produce the de novo circulating platelets [91, 92].  

The α and dense granules that are found in circulating platelets appear in the early 

and later stages of MK maturation respectively [93, 94]. MK synthesize cargo proteins, 

such as the α-granule protein von Willebrand factor (VWF), along with the α- and δ granule 

membrane protein P-selectin [95, 96]. MK also synthesize proteins found on their external 
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and granule membranes, including CD41 or αIIbβ3, which is often used as a specific marker 

for MK differentiation [1, 84].  

1.4.1.2 Platelet production 

Megakaryopoiesis and platelet production (thrombopoiesis) take place within the 

bone marrow in the presence of chemokines and cytokines [97]. The process of 

megakaryopoiesis produces 1011 platelets per day, as platelets have a turnover of about 8-

10 days, and the platelet counts in blood of healthy individuals ranges from 150-400 x109 

platelets/L [1, 84]. MK are capable of increasing platelet production by 10 fold under 

conditions that demand increasing circulating platelets (e.g., acute blood loss) [98, 99]. 

As of now, the widely accepted mechanism of thrombopoiesis claims that platelets 

are synthesized in an assembly line at the end of proplatelets, by budding of the terminal 

end [86, 100, 101]. The proplatelets extend to sinusoidal areas, where they release and 

fragment into about 2,000-5,000 new platelets [102, 103].  

1.4.1.3 Cytokine regulation of megakaryopoiesis 

Thrombopoietin (TPO), alternatively known as c-MPL ligand, is the fundamental 

growth factor for MK differentiation that also ensures survival and production of HSCs. 

[99-101, 104]. The cytokine TPO stimulates MK progenitor stimulation and proliferation, 

where MK increase in size and ploidy [99-101]. TPO significantly enhances the 

development of proplatelet processes that divide into single platelets for release in blood 

circulation [98, 99]. Moreover, TPO has been shown to act synergistically with other 

cytokine factors to promote MK proliferation and differentiation [100]. Stem cell factor 
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(SCF) is a cytokine that in vitro has shown to mimic the effects of TPO on the growth of 

MK progenitors, by increasing size and proliferation of MK colonies [105-107]. At the 

same time, interleukins (IL), such as IL-6 and IL-9, work synergistically with SCF to 

increase proliferation of MK [108, 109].  

1.4.1.4 Transcriptional regulation of megakaryopoiesis 

The development of MK and platelet production are processes regulated by a host 

of TF that regulate the chromatin organization of genes, allowing transcriptional 

upregulation or downregulation of specific genes crucial to maintain the MK 

differentiation lineage [84]. A host of MK lineage genes are regulated by globin 

transcription factor (GATA) family, FOG, along with runt-related TF 1 (RUNX1) and ETS 

proteins [84]. RUNX1 is a TF that is crucial to the regulation of all hematopoietic lineages 

[84]. The core binding factor beta (CBFb) complexes with RUNX1, to bind GATA-1 and 

ensure commitment to the MK lineage [110]. GATA-1 is also crucial for ensuring MK 

differentiate, and it works in conjunction with other TFs [111]. At one of the primary 

stages, when commitment towards the MK/Erythroid lineages becomes evident, there is 

the downregulation of PU.1, a major TF pertaining to myeloid lineage commitment, at the 

same time that GATA1 expression is upregulated [112]. The antagonistic regulation 

patterns of GATA and PU.1 TFs dictate lineage commitment decisions [113]. The loss of 

GATA-1 leads to halt in differentiation, cell death of erythroid progenitors and an increase 

in the number of immature MK [114]. On the other hand, forced GATA-1 expression 

ensures the CLP and CMP to differentiate towards the MK/Erythroid lineage [115]. 

Moreover, GATA-1 is implicated in regulating all specific developmental stages of MK 
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[98].  

MK specific promoters contain sequences for binding members of the Ets family 

of TF, that are located proximal to GATA binding sequences [100, 116]. The Ets TF family 

member, Friend leukemia integration-1 (FLI1), is expressed in heamangioblasts and early 

MK [100]. Mutations in FLI1 and RUNX1 have been reported to cause congenital platelet 

function disorders associated with thrombocytopenia [117]. 

1.4.2 Granulopoiesis 

1.4.2.1 Granulocyte development and transcriptional regulation 

In addition to MK, Granulocytes are also members of the myeloid lineage that are 

derived from HSCs. Granulocytes have several defining characteristics; they are the most 

abundant myeloid cells in blood, and have a multilobulated nucleus and also granules 

(storage vesicles) in their cytoplasm [118]. Granulocytes can be divided into three 

categories: neutrophils, basophils and eosinophils [118]. The most abundant form of 

granulocytes are neutrophils, which are produced in large amounts from the bone marrow 

and released into the blood circulation [118].  

Similar to MK, granulocytes arise from the CMP, but then develop into 

granulocyte-monocyte progenitor (GMP) cells [118]. Granulopoiesis is regulated by 

GATA-1 and Ets family derived PU.1 TFs and the latter has been implicated as a crucial 

regulator for myeloid lineage commitment [118]. The TF CCAAT-enhancer-binding 

proteins alpha (C/EBPα) has been implicated as a major deterministic factor for 

granulopoiesis [119]. A deletion of C/EBPα in bone marrow cells of knockout mice models 
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resulted in the absence of mature granulocytes at the CMP to GMP transitional stage [119]. 

C/EBPα is a crucial TF for the CMP-GMP step. The decision for the GMP to divide 

either into granulocytes or monocytes is influenced by the levels of PU.1 [118]. High levels 

of PU.1 expression are associated with monopoiesis (formation of monocytes), whereas 

suppression of PU.1 allows C/EBPα to induce granulopoiesis and not monopoiesis [118].  

1.5 Quebec platelet disorder 

1.5.1 Clinical features and symptoms 

Quebec platelet disorder (QPD) is an inherited bleeding disorder, characterized by 

a unique cellular defect that accelerates clot lysis [120]. Inherited bleeding disorders with 

a gain of function defect are rare and include QPD, as this disorder is associated with a 

tremendous increase in uPA expression [121-123]. In the province of Quebec in Canada, 

the prevalence of QPD was found to be 1 in 220,000 people [70]. QPD cases have been 

reported in Canada and the USA, where a majority of QPD affected individuals have been 

traced back to single family of French ancestry from Quebec [70]. 

The prominent symptoms associated with QPD individuals are delayed onset 

bleeding following trauma or invasive surgery that can only be treated or prevented with 

fibrinolytic inhibitor therapy by prescribing tranexamic acid or amino caproic acid [37]. 

Individuals with QPD, after an exposure to trauma, can develop extensive bruising and 

hematomas [70]. Some experience joint bleeds that can lead to arthropathy [70, 124]. Some 

individuals with QPD (~ 50%) experience mild hematuria and ~ 26% experience issues 

with wound healing, which is associated with having lower platelet counts [70]. Bleeding 
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scores in persons with QPD can vary, and tend to be low in those without prior and/or 

untreated hemostatic challenges [70]. 

Only some women with QPD experience menorrhagia and most women with the 

disorder have favorable outcomes with uncomplicated pregnancies, which do not require 

therapy [70]. There is no record of a person with QPD having suffered a myocardial 

infarction or a spontaneous thrombotic stroke, however some have experienced intracranial 

hemorrhage and hemorrhagic stroke [70]. Some individuals with QPD, during a period of 

high risk for thrombotic events and treatment with antifibrinolytic drugs, have experienced 

venous thrombotic events [1]. Nonetheless, the predominant clinical features of QPD are 

restricted to bleeding symptoms [122].  

Some individuals with QPD have mild thrombocytopenia, as their platelet counts 

are reduced by about 50% compared to unaffected family members [70]. The cause for 

decreased platelet numbers remains to be resolved, as the number and morphology of MK, 

and platelets, appear to be normal [125]. 

Persons with QPD have normal plasma levels of coagulation and fibrinolytic 

proteins. In some cases, a mild plasma factor V deficiency has been noted, but this is not 

evident when samples are rapidly prepared, with inhibitors of platelet activation and ex-

vivo plasmin generation [125]. Platelet factor V levels are abnormal in QPD, due to factor 

V degradation. [120, 124-127].  

QPD is associated with some abnormalities in platelet aggregation tests, the cause 

of which is not fully understood. The characteristic finding is reduced primary and or 

absent secondary aggregation with epinephrine, although QPD platelets have normal 
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numbers of epinephrine receptors [122, 124, 126]. Some individuals with QPD also have 

reduced platelet aggregation responses to ADP and collagen [120, 124, 128].  

1.5.2 QPD and uPA fibrinolysis 

The paramount feature of QPD is the marked overexpression of uPA in MK and 

platelets [37, 129, 130]. The plasma levels of uPA in this disorder is normal or only 

modestly increased, whereas the urinary uPA levels are normal; the discrepancy between 

platelet compared to urinary and plasma uPA levels in QPD, established that the defect in 

uPA overexpression is a cell-type specific defect [120, 129, 130]. D-dimer levels were 

found to be significantly higher in the serum of clotted QPD whole blood compared to QPD 

platelet poor plasma, as the former group had platelet uPA that increased clot lysis [130].  

In QPD, plasma levels of D-dimers, α2-antiplasimn-plasmin and uPA-PAI-1 

complexes are normal [37, 129, 130]. In addition, plasminogen levels in QPD plasma are 

also normal [37, 129, 130]. On the other hand, platelets from persons with QPD have high 

levels of uPA-PAI-1 complexes, and α2-antiplasmin-plasmin complexes, which are 

consistent with intraplatelet consumption of PAI-1 and intraplatelet plasmin generation 

[37, 129, 130]. The excess uPA in QPD platelets fully consumes the active forms of PAI-

1 found in platelets, which normally makes platelets anti-fibrinolytic [37, 81, 122]. The 

most abundant forms of uPA in QPD platelets are active tcuPA and LMW uPA (resulting 

from proteolytic cleavage of scuPA), although QPD platelets also contain some further 

degraded forms of uPA and uPA complexed to PAI-1 [37, 81]. 
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1.5.3 QPD and uPA overexpression during megakaryopoiesis 

The cause of the marked overproduction of uPA in QPD platelets, leading to excess 

plasmin production within these cells, is not fully understood [122]. The markedly 

increased uPA levels in QPD platelets triggers plasmin mediated degradation of diverse α 

granule proteins including factor V, VWF, multimerin 1 (MMRN1), thrombospondin 1, 

fibrinogen, fibronectin, osteonectin and P-selectin [37, 123, 124, 126, 127, 129, 131]. QPD 

platelets also accelerate clot lysis when platelets are activated and release uPA [130].  

Insights on the cause of QPD have come from the analysis of PLAU mRNA and 

uPA protein levels during megakaryopoiesis in QPD and control subjects [81]. Firstly, 

QPD and control CD34+ HSCs have similar PLAU mRNA levels. A significant finding of 

QPD was observing an unexpected abnormal increase in PLAU transcription and uPA 

protein production as CD34+ HSC differentiated into MK in culture [81]. During normal 

megakaryopoiesis, uPA continues to be expressed and produced at low levels [81]. In QPD 

however, PLAU mRNA and uPA expression is increased by about 4 fold by Day 7 and 

>100 fold by Day 13 of MK cultures [81]. In addition, platelets derived from peripheral 

blood of QPD individuals contain a >100 fold increase in PLAU transcripts and uPA protein 

compared to controls [81]. However, these abnormalities were restricted to PLAU, as the 

expression of VCL (the gene downstream of PLAU) and VWF were not significantly 

different between QPD and control samples of Day 13 cultured MK or peripheral blood 

platelets [81]. Moreover, in Day13 MK cultures, there were no significant differences in 

the expression of CAMK2G (the gene upstream of PLAU) between QPD and control 

subjects [81]. 
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In analyzing the protein levels, >100 fold increase in uPA protein was also observed 

in QPD Day 13 MK cultures compared to controls [81]. The levels of uPA between pooled 

sets of QPD and control peripheral blood isolated CD34+ HSC were within the range of 

one another [81]. The analysis of α granule proteins, platelet factor 4 (PF4), VWF, 

thrombospondin 1 and uPA inhibitor PAI-1 were found to be normal in both QPD and 

control MK cultures harvested on Days 7 and 13 [81]. The timing of the increased 

production of uPA in QPD MK cultures was similar to the timing of the increased 

production of thrombospondin 1, PF4 and VWF [81]. tPA is not detected in QPD and 

control and MK cultures, indicating that uPA is the sole plasminogen activator produced 

during MK differentiation in culture [81]. An analysis of uPAR in QPD and control 

platelets revealed that it was expressed in similar low amounts [81].  

1.5.4 QPD and PLAU linkage analysis 

A genetic linkage analysis determined that QPD is linked to the PLAU gene on 

chromosome 10q [121]. DNA sequencing was then used to exclude mutations within the 

PLAU gene [121]. Moreover, no mutations were found in the 5' and 3' regulatory regions 

of PLAU or 24 kb upstream and 2 kb downstream of the TSS and 3' UTR respectively 

[121]. A comprehensive sequencing for the aforementioned region in both PLAU alleles 

was confirmed [121].  

1.5.5 QPD PLAU mutation 

As sequences did not reveal abnormal changes in DNA sequence of the PLAU gene 

in QPD, the possibility of a copy number variation (CNV) was investigated [132]. Analysis 
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of the PLAU region in QPD individuals, in fact, revealed the presence of one extra copy of 

PLAU [132]. The duplication boundaries in the PLAU region were estimated using real 

time dosage analyses and estimated to lie between 75 658 940 and 75 659 061 bp at the 

centromeric end and between 75 736 665 and 75 737 145 bp at the telomeric end (hg19 

genome assembly) [132]. The duplication was concluded to be local as fluorescence in situ 

hybridization analysis showed QPD chromosomes having normal hybridization patterns 

with PLAU and chromosome 10 probes [132].  

In order to assess the orientation of the duplication segment, PCR assays were 

employed using primers specifically targeting direct tandem PLAU duplication [132]. The 

930 bp fragment was amplified in QPD subjects and not controls thus confirming the 

tandem duplication of PLAU in QPD [132]. Bidirectional sequencing of the fragment 

determined the boundaries of the QPD breakpoint sequence, ~11.87 kb upstream of 

telomeric PLAU TSS and ~59.69 kb downstream of the centromeric copy of PLAU [132]. 

Alignment of QPD sequences prodded the discovery of a direct tandem duplication of a 

~78 kb segment of the PLAU region [132]. 

Analysis on more QPD subjects for the breakpoint region confirmed its presence 

and thus established the PLAU CNV as the causative mutation for QPD [132]. The QPD 

overexpression abnormality has been linked to a tandem, duplication mutation of ~78 kb 

region on chromosome 10 that includes the PLAU and C10orf55 on the antisense strand 

[132]. The two PLAU genes on the diseased chromosome each contain the normal 

regulatory elements, in addition to large upstream and downstream regions [132]. As a 

result of the PLAU CNV mutation, a new region termed the QPD breakpoint is introduced 



23 
 

into the PLAU gene landscape [132]. Interestingly, the QPD breakpoint has motifs for 

megakaryopoiesis related Forkhead domain factors, suggesting that these factors could 

potentially regulate PLAU in QPD [132-134].  

Overall, in light of the PLAU CNV mutation discovery, QPD is the only inherited 

bleeding disorder known to be caused by gene duplication event and it is also the only 

bleeding disorder to be associated with a PLAU mutation [132].  

1.5.6 QPD MK specificity and unaffected QPD cell lineages 

While a duplication mutation would be expected to increase uPA expression and 

protein levels by 50% (1.5 times normal), QPD MK and platelets express uPA mRNA at 

>100 fold increased levels, with an accompanying >100-fold increases in uPA protein 

levels [81]. As of now, MK and platelets are the only cells known to show the dramatic 

uPA overexpression in QPD [81]. Analysis of uPA expression in other cell types is 

provided below.  

The increased PLAU expression for QPD CD34+ HSCs and saliva cells is within 

the range of having one extra copy of PLAU [81, 121]. The SNP rs4065 (T/C) analysis in 

heterozygous QPD subjects was conducted previously to determine if QPD had any cis or 

trans effect on PLAU expression [121]. Interestingly, the T/C allelic ratio was >150 in QPD 

platelets in contrast to the T/C ratio of 1.5 for healthy control platelets [121]. The T/C allele 

ratios at rs4065 for QPD CD34+ HSC and saliva cells (unaffected cells with normal levels 

of PLAU mRNA) were found to be more similar to corresponding control cells, with 

modest 4 fold and 2 fold increases for QPD cells respectively [121]. As mutations in PLAU 

mRNA stability elements were excluded by Sanger sequencing, it was established that 
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during MK differentiation, QPD results in a cis regulatory defect that enhances the rate of 

transcription to the linked allele of PLAU [121].  

Recently, studies have been carried out to investigate uPA protein levels in myeloid 

lineages such as granulocytes [80]. A 2.4 fold increase in uPA protein levels between QPD 

and control granulocytes has been observed [80]. The modest 2.4 fold increase observed is 

significantly lower than the dramatic increase in uPA levels observed in QPD versus 

control MK [81]. The protein levels make a strong case for granulocytes as a QPD 

unaffected myeloid lineage. Moreover, it strengthens the notion of the QPD defect being 

specific towards MK.  

Based on the modestly increased uPA protein levels in QPD granulocytes compared 

to controls, granulocytes do not show the tremendous increases in uPA found in QPD MK 

and platelets, even though they are also derived by myeloid differentiation. I propose that 

granulocytes could thus be useful as a reference for an unaffected myeloid lineage for 

further studies of PLAU regulation in QPD. 

1.6 Chromatin structure and regulation of gene expression  

In order to investigate alterations in PLAU gene expression, it is necessary to have 

a basic understanding of gene regulation. 

In eukaryotes, DNA is found in compact domains termed chromatin [135]. A 

nucleosome, the basic structural unit of chromatin, is found to have ~1.65 turns of DNA 

around an octamer of histones that include two of each H2A, H2B, H3 and H4 histones 

[135]. The core histone proteins are composed of a tightly structured globular domain along 
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with a more flexible N-terminus tail that protrudes out of the nucleosome [135]. The N-

terminus tails have large numbers of positively charged lysine residues that attract the 

negatively charged DNA, forming a compact structure [135].  

In essence, the first step of gene expression is transcription of the DNA from a gene 

into mRNA by the action of RNA polymerase II [136]. Gene promoter, a region located 

within the vicinity of the TSS, comprises of regulatory elements involved in gene 

expression [137-139]. A locus within the gene promoter termed core promoter, serves as a 

platform for assembling the transcriptional machinery complex, that includes RNA 

polymerase II for transcribing RNA and general TFs that act as cofactors for RNA synthesis 

[136]. The basal rate of transcription is low in the absence of enhancers also known as cis-

regulatory modules that are located at a distance from the TSS [136]. The sequences of 

enhancers contain sequence binding motifs for specific TFs [136]. The TFs, in turn, can 

recruit cooperative proteins such as co-activators and co-repressors, which form a complex 

that determines the activity of the enhancer and level of target gene expression [136]. The 

chromatin structure correlates with enhancer activity, as at sites where chromatin is in an 

open conformation, there is increased accessibility to TF binding [136]. 

A characteristic feature of enhancers is the ability to influence transcription of a 

gene, regardless of distance and strand orientation. Indeed, enhancers can function on genes 

at seemingly large distances away (e.g., several 100,000 bp or even Mbp) through the 

action of looping that brings them physically closer to gene promoters [140]. Moreover, 

enhancers have modular properties, where they contribute additionally to the expression 

trend of their target genes [136]. This trend of enhancer influence on gene expression can 
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be observed in reporter assays, where the combination of multiple enhancer sequences 

results in gene expression trends that are reflective of their combined activity [136, 141]. 

1.7 Epigenetics 

QPD presents a unique abnormality, where the presence of a 78 kb duplicated 

region containing PLAU results in a dramatic >100-fold increase of PLAU expression in 

MK. In order to address this issue, it is crucial to understand regulatory mechanisms 

associated with gene expression, primarily epigenetics. 

 Epigenetics can be defined as stable, inheritable changes that modify chromatin 

structure without changes in the DNA sequence [142, 143]. Epigenetic modifications 

include promoter CpG island DNA methylation, histone modifications, histone variants 

and nucleosome positioning [142]. As epigenetic modifications do not associate with 

specific DNA sequences, it gives them the ability to maintain a chromatin state in any 

chromosomal location in the genome [144]. Moreover, epigenetic modifications are found 

to sustain epigenetic domains in terminally differentiated cell types [144]. The two major 

forms of epigenetic modifications that will be focused on are promoter CpG island DNA 

methylation and histone modifications. 

1.7.1 DNA methylation  

DNA methylation is an inheritable, epigenetic modification which plays a 

significant role in gene expression [145, 146] and it has been implicated in maintaining 

cellular fate and differentiation [147, 148]. DNA methylation is a process characterized 

by methylation of cytosine residues that mostly occurs in CpG dinucleotide dense regions 
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termed CpG islands [126]. It is estimated that almost half of all gene promoter regions 

have CpG islands [149, 150]. A large degree of methylation in the CpG islands of 

promoter regions has been associated with transcriptional silencing [151]. DNA hyper-

methylation of CpG promoter islands has been associated with reduced chromatin 

accessibility and therefore low gene expression [152]. Conversely, hypo-methylation of 

gene promoter regions results in an open chromatin conformation, thus potentially 

increasing TF accessibility and increased gene expression [152]. In vitro studies have 

shown DNA methylation can directly interfere with TF binding [153]. Moreover, once 

CpG islands are methylated, methyl-CpG binding domain proteins (MBDs) bind to those 

regions causing potential interference with TF binding and altering chromatin structure 

[151]. MBDs have been shown to recruit histone modifying proteins that alter chromatin 

density resulting in decreased accessibility and transcriptional repression [153]. One of 

the most prominent commercial assays, the Infinium HumanMethylation450K BeadChip 

Array is a widely used approach to determine the methylation status of CpG islands in the 

genome [154].  

 MethBase is a central reference methylome database derived from bi-sulphite 

sequencing projects [155]. As of now, MethBase does not contain data on genome wide 

promoter CpG island methylation status from MK and granulocytes, however it does have 

data from other blood cells, particularly PBMCs, CD4+ T cells, B cells and CD133 HSC 

[155]. MethBase is a central reference methylome database derived from bisulphite 

sequencing projects [155]. In analyzing methylation status on blood cells using MethBase 

on the UCSC genome browser, the promoter CpG island of PLAU was found to be hypo-
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methylated in all blood cells namely neutrophils, PBMCs, CD4+ T cells, B cells and CD133 

HSC [155]. 

1.7.2 Histone modifications  

Post translational modification of N-terminus tails on histones can have a profound 

effect on modifying chromatin structure and the binding of DNA regulatory binding 

proteins [156]. As a result, histone modification can exhibit a profound influence on gene 

transcription [154]. Examples of some common histone modifications include acetylation, 

methylation, phosphorylation, ubiquitination and sumoylation [154]. The two forms of 

histone modifications that have been widely characterized in relation to the regulation of 

gene expression are acetylation and methylation. 

Acetylation of lysine residues on N-terminus histone tails reduces the positive 

charge of histones and as a result it reduces the electrostatic interactions between 

negatively charged DNA and positively charged histones [156]. The result is that the 

chromatin region is less compact and therefore its DNA is more accessible for binding 

protein complexes that are involved in gene transcription [156]. Histone modifications by 

acetylation were found to be enriched in gene regulatory regions such as enhancers, where 

they are predicted to allow the binding of TFs [157].  

 Histone methylation, unlike acetylation, does not influence the charge of histones 

and can be found in mono, di and tri methylated forms [143, 158]. Chromatin associated 

factors have been shown to specifically interact with methylated histone modifications via 

several unique protein domains. For example, PHD fingers, chromodomain, tudor and 

MBT domains are found in chromatin binding protein complexes that bind methylated 
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lysine residues of histones [156, 159, 160]. Histone methylation enrichment at gene 

promoters, gene bodies and enhancers are associated with altered chromatin accessibility 

for TF and gene expression [149, 158, 161, 162].  

As QPD is a gain of function defect associated with a dramatic increase in PLAU 

expression, histone modifications associated with increased chromatin accessibility were 

of particular interest. Prominent examples of such active histone modifications include 

H3K27Ac (Histone 3, Lysine residue 27, Acetylation), H3K36me3 (Histone 3, Lysine 

residue 36, tri-methylation) and H3K4me2 (Histone 3, Lysine residue 4, di-methylation). 

H3K27Ac as is a characterized enhancer mark, that is able to distinguish active from poised 

enhancer elements [163]. H3K27Ac modification is deposited by CREB binding protein 

and p300 [163]. The H3K36me3 histone marker is found in regions of chromatin that bind 

RNA POL II and are associated with active transcription [164]. H3K36me3 is enriched 

mostly in the bodies of active genes [164]. H3K36me3 has been found to peak and decline 

intermittently within active gene bodies [164]. Finally, the histone mark H3K4me2 is 

primarily found in promoters of transcriptionally active genes, along with being found in 

genes that are primed for future expression during cell development [165, 166]. In 

addition to being marked at promoters, H3K4me2 also strongly associates with active 

enhancers [167, 168]. Chromatin immunoprecipitation with next generation sequencing 

(ChIP-seq) is a well-established procedure that allows the genome wide characterization 

of histone modifications of interest [169].  

There has been little work done characterizing the histone marker enrichment for 

CD41+ MK. As extracting MK from bone marrow is a tedious process, MK from peripheral 
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or cord blood derived CD34+ HSC cultures are preferred sources [170]. All ChIP-Seq 

histone modification studies to date have been conducted using cord blood derived CD34+ 

HSC that are cultured to CD41+ MK [171, 172]. ChIP-seq of prominent TF involved in 

megakaryopoiesis, GATA-1/2, RUNX1, FLI1 and SCL have been characterized [171]. 

Moreover, the same group analyzed the histone modifications H3K4me1 and H3K4me3, 

prominent markers for promoters and enhancers respectively [168, 171, 173-175]. 

BLUEPRINT has recently emerged as a new epigenome project, focused on characterizing 

selective histone modifications in cells from the hematopoietic system [172]. In addition 

to the aforementioned studies, BLUEPRINT has profiled H3K27Ac and H3K36me3 in 

cord blood derived CD41+ MK (accession ID: EGAD00001000916) [172].  

1.8 Epigenetics and QPD PLAU expression 

The most important unanswered question about QPD still needs to be solved: How 

does the presence of a 78 kb duplication of the PLAU region result in >100 fold levels in 

PLAU and uPA expression? This question led me to investigate the regulatory mechanism 

at PLAU that causes such a dramatic imbalance in the gene’s expression in QPD MK. The 

study of epigenetics can provide great insight into the regulatory mechanisms of PLAU in 

QPD MK, which have not been previously established. I postulated that the increase in 

PLAU expression and uPA content in QPD MK was linked to altered epigenetic regulation. 

I also postulated that studying granulocytes, as a non-affected QPD myeloid lineage, would 

provide useful information for comparison with MK. Plausible epigenetic mechanisms that 

could be linked to PLAU dysregulation in QPD MK are DNA methylation of promoter 

CpG islands and enrichment of active histone modifications.  

https://www.ebi.ac.uk/ega/datasets/EGAD00001000916
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The hypo-methylation of gene promoter CpG islands are associated with active 

gene expression [152]. As QPD is a gain of function defect, the PLAU promoter could be 

hypo-methylated in QPD MK. Moreover, there may be QPD cell specific changes to the 

methylation status of PLAU in MK and granulocytes.  

As previously described, active histone modifications at promoters and enhancers 

are crucial regulators of gene expression [136]. The introduction of active histone 

enrichments, particularly for active enhancers in QPD due to the PLAU duplication could 

have a profound effect in regulating PLAU expression, and it might result in changes in 

expression patterns that are cell-type specific. The PLAU duplication could result in the 

rearrangement of active histone enrichments, such as active enhancers, being positioned 

upstream to the second copy of PLAU in MK but not granulocytes. Moreover, the PLAU 

mutation can introduce aberrant enrichment in QPD MK with the possibility of a functional 

enhancer or promoter, especially at the novel QPD breakpoint. One might also expect 

differences of active histone enrichments in QPD MK versus QPD granulocytes. Overall, 

knowledge of the epigenetic landscape of PLAU region will be critical to assessing the 

regulation of PLAU expression in QPD.  
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2. THESIS HYPOTHESIS AND SPECIFIC OBJECTIVES 

2.1 Hypothesis 

QPD is associated with PLAU promoter hypo-methylation in MK and/or changes 

and rearrangements of MK specific active histone modifications, particularly active 

enhancers in the region of PLAU duplication.  

2.2 Objective#1 

Evaluate promoter CpG island methylation status using genome wide Infinium 

HumanMethylation450K BeadChip Array at PLAU in MK and granulocytes prepared from 

QPD and control subjects.  

2.3 Objective#2 

Evaluate active histone enrichments (H3K27Ac-active enhancers, H3K36me3-

active transcription and H3K4me2-active promoters and enhancers) using genome wide 

ChIP-seq, at the PLAU locus in MK and granulocytes prepared from QPD and control 

subjects.  

2.3.1 Secondary objective 

 Evaluate active histone enrichment (H3K27Ac, H3K36me3 and H3K4me2) at the 

QPD breakpoint in QPD MK and granulocytes. 

 



33 
 

3. MATERIALS AND METHODS 

The research study was conducted with institutional ethics board approval from the 

Hamilton Integrated Research Ethics Board and the research ethics board of Centre 

Hospitalier Universitaire Sainte Justine. Blood samples were collected with the informed 

consent of blood donors in Hamilton and Montreal. Donors included six healthy controls 

(designated C51, C102, C104, C108, C112 and C117) and six persons with QPD 

(designated P10, P126, P132, P182, P183 and P186).  

3.1 Blood collection 

The volume of blood collected for each sample donation ranged from 10-180 mL. 

For CD66b+ isolations, blood was collected using unfractionated heparin anticoagulant 

(final concentration: 10 units/mL; Sandoz Canada Inc., Boucherville, QC, Canada). For 

isolation of CD34+ cells, peripheral blood was collected into sterile acid citrate dextrose 

anticoagulant (ACD: 6 g citric acid, 12 g sodium citrate, 11.5 g dextrose in 500 mL of 

distilled water), at 1:6 vol/vol (anticoagulant/blood) and supplemented with 1 mM 

theophylline, 3 µM aprotinin and 3 µM prostaglandin E1 (PGE1) to limit platelet activation 

and plasmin generation during processing. The reagents, theophylline, aprotinin and PGE1 

were purchased from Sigma-Aldrich, St. Louis, Missouri, USA with Catalogue #s T-1633, 

A-1153 and P5515 respectively.  

 



34 
 

3.2 Isolation of CD66b+ granulocytes from peripheral blood 

 CD66b+ granulocytes were isolated by immuno-magnetic techniques from either 

10 or 180 mL peripheral blood samples using EasySep Human Whole Blood CD66b+ 

Selection Kit (Catalogue # 18682, Stem Cell Technologies, Vancouver, BC, Canada), 

as per the manufacturer’s protocol. Briefly, samples were divided into 5 mL aliquots and 

diluted with an equal volume (5 mL) of 1x EasySep red blood cells (RBC) lysis buffer. 

Samples were then incubated with 250 µL (25µL/mL) EasySep human whole blood CD66b 

positive selection cocktail for 15 minutes at room temperature (RT). Next, samples were 

incubated for 10 minutes, RT, with 250 µL (25µL/mL) of EasySep magnetic particles 

before isolating the cells using the Easy Sep magnet (Stem Cell Technologies, 

Vancouver, Canada). Isolated cells were washed twice with 10 mL of recommended 

medium (RM) [composition: phosphate buffered saline (PBS) with 2% fetal bovine serum 

(FBS) and 1mM ethylenediaminetetraacetic acid (EDTA)]. Cells were then resuspended in 

2 mL PBS. Harvested cells were counted after a 1:20 dilution in PBS using a C-Chip 

(Catalogue # DHC-N01, INCYTO, Covington, GA, USA) hemocytometer to determine the 

cells/mL. 

 3.3 Isolation of CD34+ HSCs 

 CD34+ HSCs were isolated from 180 mL blood samples under sterile conditions. 

Samples were centrifuged to obtain platelet rich plasma (PRP) at 150g for 20 minutes. After 

removing approximately 2/3 of the PRP, samples were aliquoted into 12.5 mL volumes, 

then diluted with 17.5 mL of CD34+ buffer, with the following ingredients: PBS 
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containing: 0.8% bovine serum albumin (BSA, Catalogue # A9418, Sigma-Aldrich, St. 

Louis, Missouri, USA), 2 mM EDTA, 1 mM theophylline, 1 µM PGE1 and 1 µM aprotinin. 

Diluted blood suspensions were then layered onto 15 mL of Ficoll Paque Plus (Catalogue 

# 17-1440-03, GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) using 

SepMate gradient tubes (Catalogue #15450, Stem Cell Technologies, Vancouver, BC, 

Canada). Samples were then centrifuged at 1200g for 10 minutes and the peripheral blood 

mononuclear cell (PBMC) layer was collected. After pelleting the cells (300g, 10 minutes), 

PBMCs were combined, resuspended into 25 mL of CD34+ buffer and layered onto 25 mL 

of an Opti-Prep plus density gradient (Catalogue # 1114542, Axis-Shield Dundee, 

Scotland) to further deplete any contaminating platelets. After centrifuging the samples 

(350 g, 15 minutes), the supernatant was discarded, and the cell pellet was washed with 

50 mL of CD34+ buffer, pelleted (200 g, 12 minutes) and resuspended in 2 mL of CD34+ 

buffer. Next, CD34+ cells were affinity isolated from the harvested PBMC by incubation 

with 200 µL (100 µL/mL) StemSep human CD34 selection cocktail (15 minutes at 4°C), 

followed by incubation with 120 µL (60 µL/mL) StemSep magnetic colloid (10 minutes at 

4°C) according to manufacturer’s protocol (Catalogue # 14756, Stem Cell Technologies 

Vancouver, BC, Canada). The cell suspension was washed with 50 mL of CD34+ buffer to 

remove unbound antibody and subsequently loaded onto an LS column with filter on a 

magnetic QuadroMACS separator (Catalogue # 130-042-401, Miltenyi Biotech Inc., San 

Diego, CA, USA). The column was washed three times with 3 mL CD34+ buffer before 

detaching the column from the magnetic stand and plunging out the cells with 5 mL of 

CD34+ buffer. Eluted cells were passed through a fresh LS column, washed three times 
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with 3 mL CD34+ wash buffer before their final elution with 5 mL CD34+ buffer. Next, the 

final 5 mL CD34+ HSC suspension was pelleted (350g, 12 minutes) and cells were 

suspended in 1 mL of StemSpan Serum-Free Expansion Medium (SFEM) II media 

(Catalogue # 09605, Stem Cell Technologies Vancouver, BC, Canada). CD34+ HSCs were 

counted after a 1:5 dilution in PBS, using a C-Chip hemocytometer (Catalogue # DHC-

N01, INCYTO Covington, GA, USA) to determine the yield of CD34+ HSC in cells/mL.  

3.4 CD34+ HSC culturing to CD41+ MK 

Isolated CD34+ cells (with confirmed viability >90%) were cultured at cell density 

2x105 cells/mL in six well culture plates (Catalogue # 657185, Greiner Bio-One North 

America Inc., Monroe, North Carolina, USA) using SFEM II media with 1:100 v/v, MK 

expansion supplement comprising of TPO, SCF, IL-6 and IL-9 (Catalogue #s 09605, 

02696, Stem Cell Technologies Vancouver, BC, Canada). CD34+ cells were cultured for 

14 days at 37⁰C, with 5% CO2. CD34+ cultured cells were replenished with fresh SFEMII 

and MK expansion supplement on Day 7. MK were harvested on Day 14 and assessed for 

viability using trypan blue exclusion (viability >90% considered acceptable). Briefly, 10 

µL of trypan blue (Catalogue # 15250-061, Thermo Fisher Scientific Waltham, MA, USA) 

was added to 100 µl cell suspensions to determine the viability of the cell culture 

populations.  
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3.5 Quality control analysis of CD41+ MK and CD66b+ granulocytes 

3.5.1 Flow cytometry 

Day 14 harvested MK were assessed for CD41+ expression, a specific surface 

marker associated with MK differentiation, [101] using flow cytometry. A 4 channel flow 

cytometer (Beckman Coulter Epics XL-MCL, Brea, CA, USA) was used to assess the 

harvested cells. The visualization and statistical analysis of cell purity was conducted using 

FlowJo software (Tree Star, Inc., Ashland, Oregon, USA). Control isotype matched 

antibodies were run at equal concentrations to the primary target antibody of interest. The 

control isotype antibodies were used to verify the specific binding of the primary target 

antibody. The monoclonal antibodies used for flow analysis were obtained from Becton 

Dickinson (BD) Biosciences, Mississauga, ON, Canada. 

CD41 expression was analyzed by labelling 2 sets of 1x105 MK cell populations 

(diluted in 50 µL of PBS), one with 7 µl of FITC Mouse Anti-Human CD41 antibody 

(TEST sample) (Catalogue # 555466) and the other with 7 µl of ISO-FITC IgG1 K Mouse 

antibody (ISO sample) (Catalogue # 555748). The samples were incubated for 20 mins at 

4°C in the dark. Samples were then diluted with 400 µL of Flow buffer (PBS, 2mM EDTA) 

before analysis on the flow cytometer (Beckman Coulter Epics XL-MCL, Brea, CA, USA). 

A minimum of 5,000 events were collected for both TEST and ISO samples. Using FlowJo 

software (Tree Star, Inc., Ashland, Oregon, USA), a gate using forward scatter (FSC) and 

side scatter (SSC) linear scales was created around the viable cell population in order to 

exclude cellular debris and cells that had undergone apoptosis. An additional gate was 
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created around CD41+ cells using FSC linear scale vs flow channel 1 log scale. Purity was 

determined by the percentage of cells positive for CD41 staining compared to nonspecific 

staining using isotype antibody. The purity of CD66b+ granulocytes was assessed similarly 

with the exception that 7 µl of FITC Mouse Anti-Human CD66b (Catalogue # 555724) 

was used for the TEST sample.  

3.5.2 uPA and VWF quantification in Day 14 MK cultures 

uPA enzyme-linked immunosorbent assay (ELISA) (Catalogue # 06489892, 

Nuclea Biotechnologies Inc., Pittsfield, MA, USA) and VWF ELISA (DAKO Canada 

Inc., Mississauga, ON, Canada) were used as directed by the assay manufacturer to 

quantify uPA and VWF, in culture media of Day 14 harvested MK cultures to confirm 

that these cultures were producing the expected amounts of α-granule proteins.  

For the uPA ELISA, 100 µl of undiluted control Day 14 MK culture media and 100 

µl of 1:20 diluted QPD Day 14 MK culture media were loaded onto uPA ELISA plates. 

Briefly, samples and standards (100 µL final volume) were incubated (2 hours, 37oC) in 

duplicates on the microtiter plates that were pre-coated with the capture antibody, as per 

manufacturer’s recommendations. Plates were then washed 6 times with 300 µL wash 

buffer. All subsequent wash steps were performed in the same manner. The samples were 

then incubated with 100 µL of detector anti-uPA rabbit antiserum for 1 hour at RT, 

followed by wash steps. The detector antibody-antigen complexes were then measured by 

adding 100 µL of goat-anti-rabbit-IgG-horseradish peroxidase (HRP) conjugate, for 30 

minutes at RT. Samples were then incubated with 100 µL of o-phenylenediamine (OPD) 
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substrate for 45 minutes at RT in the dark, and the colorimetric reaction was stopped by 

adding 100 µL of 2.5 M H2SO4 before reading the plate at 495 nm. 

For the VWF ELISA, NUNC Maxisorp plates (Catalog # 442404, eBioscience Inc., 

San Diego, CA, USA) were coated overnight at 4°C with polyclonal rabbit anti-human 

VWF antibodies (A0082, DAKO Canada Inc., Mississauga, ON, Canada) at a dilution of 

1:600 in coat buffer (14.2 mM Na2CO3, 35mM NaHCO3 pH 9.6). Plates were then washed 

three times with 200 µL wash buffer (PBS-Tween 20 (PBS-T) 0.1%, 0.15 M NaCl). Plates 

were then blocked in 100 µL blocking buffer (PBS-T, 0.5 M NaCl, 2% BSA) at RT for 2 

hours followed by three washes. Samples (100 µL, diluted in blocking buffer), were loaded 

onto the plate in triplicates and incubated at RT for 2 hours. For detection, peroxidase 

conjugated rabbit anti-human VWF (P0226, DAKO Canada Inc., Mississauga, ON, 

Canada) was used at 1:8000 dilution at 100 µL final volume in blocking buffer, incubated 

at RT for 1 hour followed by washes. Plates were developed using 100 µL of 3,3',5,5'-

tetramethylbenzidine (TMB) substrate (Catalog# 90101, AlerCHEK Inc., Springvale, 

Maine, USA) by incubation in the dark at RT for 30 minutes. The reaction was stopped 

with 100 µL of 1M H2SO4 and read at wavelength of 450 nm.  

KC4 analysis software (Bio-Tek Instruments, Inc. Winooski, Vermont, USA) 

generated a four parameter logistic curve from the standards that was used to calculate the 

concentrations of uPA and VWF from each ELISA. In some cases, for controls, uPA 

concentrations below the lowest standard were reported as below the lowest standard 

concentration on the standard curve. The absolute amounts of uPA and VWF for each 

culture were calculated by accounting for the total Day 14 culture media volume and 
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normalizing per 1x106 Day 14 harvested MK cells. The absolute amount of uPA and 

VWF/1x106 Day 14 MK cells were compared to previously published data [81] for 

verification of acceptable quality cell cultures. 

3.6 Droplet Digital PCR for rs4065 SNP T/C allele expression 

TaqMan SNP Genotyping Assays (with primers included) were used for allelic 

quantification of rs4065 (PLAU, Chr10 (GRCh37) 75,676,464 C>T) (Catalogue # 4351379, 

Thermo Fisher Scientific Waltham, MA, USA) on QX200 Droplet Digital PCR system 

(Bio-Rad Laboratories, Inc., Hercules, CA, USA) at The Centre for Applied Genomics 

(TCAG, Sick Kids, Toronto, ON, Canada). Cycling conditions for the reaction were 95C 

for 10 min, followed by 45 cycles of 94C for 30 seconds and 57C for 1 min, 98C for 10 

minutes and finally a 4C hold on a Veriti thermal cycler (Life Technologies, Waltham, 

MA, USA). Data was analyzed using QuantaSoft v1.4 (Bio-Rad Laboratories, Inc., 

Hercules, CA, USA). 

3.7 ChIP experimental procedure  

Freshly harvested, Day 14 cultured MK and PB CD66b+ granulocyte cell 

suspensions were fixed with 1 % formaldehyde (final) (Catalogue# F-5900, ACP, 

Montreal, QC, Canada) in Solution A [50 mM N-2-hydroxyethylpiperazine-N'-2-

Ethanesulfonic Acid (HEPES)–KOH pH 7.4, 100 mM NaCl, 1 mM EDTA, 0.5 mM 

ethylene glycol tetraacetic acid (EGTA)] for 10 minutes at room temperature. The 

formaldehyde was quenched with 1/20 volume 2.5 M glycine before cell suspensions were 

centrifuged at 2,000 g for 5 mins, followed by 2x washes with PBS. MK and granulocyte 
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cell pellets were aliquoted accordingly at 2-3 x 106 and 1x107 cell numbers and stored at -

80 °C.  

ChIP experiments were conducted as previously described [169]. Antibodies used 

for ChIP experiments were purchased from EMD Millipore Darmstadt, Hesse, Germany 

and included: mouse anti-H3K27ac monoclonal (Catalogue # 05-1334), rabbit anti-

H3K4me2 polyclonal (Catalogue # 07-030) and rabbit anti-H3K36me3 polyclonal 

(Catalogue # ab9050). Immunoprecipitations were performed with 100 µL of magnetic 

Protein-G dynabeads (Catalogue #10004D, LifeTechnologies, Waltham, MA, USA), 

which were washed and pre-blocked 3x with 0.5% BSA w/v in PBS (Catalogue #A8412, 

Sigma-Aldrich, St. Louis, Louisiana, USA) before incubating with 5 μg of antibody on a 

rotating apparatus for 4-18 hours at 4°C. Beads were washed 3 times with 0.5 % BSA in 

PBS to remove residual traces of unbound antibody before adding samples.  

MK or granulocyte cell pellets were thawed and lysed on ice, and were serially 

treated with lysis buffers LB1 (50 mM of (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid HEPES)-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.5% Igepal CA-

630, 0.25% Triton X-100), LB2 (10 mM Tris–HCL pH 8.0, 200 mM NaCl, 1 mM EDTA, 

0.5 mM EGTA) and LB3 (10 mM Tris– HCl, pH 8, 100 mM NaCl, 1 mM EDTA, 0.5 mM 

EGTA, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine) as described below. The 

reagents sodium deoxycholate, N-lauroylsarcosine and Igepal CA-630, catalogue # D6750, 

L5125 and I8896 were purchased from Sigma Aldrich St. Louis, Missouri, USA. All lysis 

buffers (LB1, LB2 and LB3) were supplemented with (1:100 vol/vol) protease inhibitor 

cocktail mix (Catalogue #05056489001, Roche, Basel, Switzerland). Cells were lysed in 
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10 mL of LB1, incubated for 10 minutes on a rotor at 4° C followed by centrifugation at 

2000g for 5 minutes at 4° C. The pelleted nuclei were then washed with 10 mL of LB2 for 

5 minutes rotating at 4° C, followed by centrifugation at 2000g for 5 minutes. The nuclei 

pellet was then resuspended in 3 mL of LB3 and stored on ice. 

A microtip Misonix Sonicator (Farmingdale, NY, USA) was used for sonication. 

The conditions for fixed CD66b+ granulocytes were sonication for 3 minutes and 20s (10 

seconds ON, 1 minute OFF for 20 cycles) whereas fixed MK were sonicated for 7 minutes 

(30S ON and 1 minute OFF for 14 cycles). DNA was fragmented to obtain a range between 

200-400 bp. The total amount of energy output for sonication for fixed granulocytes and 

MK were between 6000-6500 J and 12000 to 12500 J respectively. After adding 300 µL of 

10 % Triton X-100 to the sonicated LB3 lysate, cellular debris was removed by centrifuging 

at 20,000 g for 10 minutes at 4° C. 50 µL of the sonicate or whole cell extract (WCE) was 

aliquoted and stored at -20°C to be used as the input sample for ChIP analysis. The 

sonicated DNA supernatants were divided according to the number of ChIP experiments to 

be performed, where a minimum of 2 million cells were needed for each histone 

modification ChIP.  

Sonicates were then incubated with antibody bound protein G dynabeads overnight 

on a rotor at 4° C. DNA-antibody bead complexes were captured using a magnetic stand, 

washed with 1 mL radio immunoprecipitation assay (RIPA) buffer (50 mM HEPES–KOH, 

pH 7.5; 500 mM LiCl; 1 mM EDTA; 1% NP-40 or Igepal CA-630; 0.7% Na–

Deoxycholate) seven times and then once with 1 mL Tris buffered saline (TBS) (20 mM 

Tris-HCl pH 7.6; 150 mM NaCl). After centrifugation (950 g, 3 minutes, 4° C) to remove 
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residual TBS buffer, ChIP complexes were eluted with 200 µL ChIP elution buffer [(50 

mM Tris–HCl pH 8, 10 mM EDTA, 1% sodium dodecyl sulfate (SDS)] and reverse 

crosslinked by incubation at 65°C overnight. 50 µl of WCE were also reverse crosslinked 

after adding 150 µL of ChIP elution buffer. After the incubation, supernatants from ChIP 

were collected using a magnetic stand and diluted with 200 µL of Tris EDTA pH 8 (TE). 

Next, all samples were incubated with 8 µL of 1 mg/mL ribonuclease A (RNaseA) 

(Catalogue #AM2271, Ambion Life Technologies, Waltham, MA, USA) for 30 minutes at 

37° C followed by treatment with 4 µL of 15mg/mL Proteinase K (Catalogue #100005393, 

Invitrogen, Life Technologies, Waltham, MA, USA) for 2 hours at 55° C. DNA was 

enriched using phenol-chloroform-isoamyl alcohol extraction with the aid of 2 mL heavy 

phase lock gel tubes (PLG). The aqueous layer (composed of ChIP-DNA) was isolated 

during the extraction. Next, 400 µL of the aqueous layer was ethanol precipitated using 800 

µL 100% ethanol, 200 mM NaCl and 20 μg of Glycoblue (Catalogue #AM9516, Ambion, 

Life Technologies, Waltham, MA, USA) to obtain ChIP and WCE DNA. The precipitated 

DNA was then dissolved in 44 µL of elution buffer (10 mM Tris-HCL, pH 8.5), incubated 

at RT for 5 minutes and stored at -20°C. ChIP DNA yields ranged between 200-500 ng and 

WCE DNA was aliquoted into 220 ng quantities until further use.  

3.8 Library preparation of ChIP-DNA  

The NEBNext DNA library preparation kit (Catalogue # E6040L, New England 

Biolabs, Ipswich, MA, USA) was used to prepare libraries of ChIP purified DNA for next 

generation sequencing (NGS) according to manufacturer’s protocol. Briefly, DNA was 

blunt end repaired, dA-tailed and ligated with Illumina adapters using the NEBNext kit 
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reagents as follows: blunt end repair of DNA was performed for 30 minutes at RT followed 

by Zymo DNA purification using Clean and Concentrator DNA kit (Catalogue #D4014, 

Zymo Research Corporation, Irvine, CA, USA). ChIP and WCE DNA then underwent dA 

tailing for 30 minutes at 37°C, followed by another round of Zymo DNA purification. 

Illumina adapters with uracil hairpins were added at a final concentration of 6.67 nM and 

incubated at RT for 15 minutes, followed by treatment with USER enzyme to cleave the 

hairpins at RT for 15 minutes. DNA then underwent a final round of Zymo DNA 

purification, before being ready for ChIP-PCR.  

The ChIP and WCE DNA libraries were PCR amplified for 16 cycles with universal 

and barcoded primers that allowed DNA libraries to be pooled prior to next generation 

sequencing (Catalogue # E7335L, NEB, Ipswich, MA, USA). PCR amplified ChIP and 

WCE DNA libraries were purified using QIAQuick PCR purification kit (Catalogue # 

20810, QIAGEN, Hilden, North Rhine-Westphalia, Germany), and eluted in 30 µL of Tris 

EDTA pH 8.0 buffer. DNA libraries were then size selected between 200-350 bp after 

separation on 2% dye free Agarose Pippin Prep Gel cassettes (Catalogue # CDF2010, Sage 

Sciences, Beverly, MA, USA) according to manufacturer’s protocol.  

3.9 ChIP-qPCR validation and NGS of ChIP libraries 

 ChIP libraries were PCR re-amplified for 25 cycles according to the following 

conditions (98°C for 2 minutes, cycling 98°C for 30 seconds, 65°C for 30 s, 72°C for 1 

minute followed by extension 72°C for 5 mins). Universal primers designed against the 

Illumina adapters used were Primer 1.3 (AATGATACGGCGACCACCGAGA) and 

Primer 2.4 (CAAGCAGAAGACGGCATACGAGAT). Samples were then purified using 
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MinElute PCR purification Kit (Catalogue # 28006, QIAGEN, Hilden, North Rhine-

Westphalia, Germany), quantified using Nanodrop 2000 spectrophotometer (Thermo 

Fisher Scientific Waltham, MA, USA) and stored at -20°C.  

A preliminary check of histone marker enrichment in ChIP DNA libraries was 

conducted using quantitative PCR (qPCR). The reaction volumes of 11 µL were comprised 

of 5 µL of 0.5 ng/µL ChIP-DNA, 5.5 µL SYBR Select Green Master Mix (Catalogue # 

4367659, Life Technologies, Waltham, MA, USA), 0.2 µL of 25 µM for each primer pair 

and 0.3 µL of nuclease free H2O. The qPCR reactions were run in triplicates in both ChIP 

and WCE DNA using forward (F) and reverse (R) primers against regions of a positive 

control gene GAPDH for each active histone enrichment as follows: H3K27Ac (F: 

GCAAGGAGAGCTCAAGGTCA, R: TGGGGACTAGGGGAAGGAG), H3K36me3 (F: 

TGCTTGCTTCGAGAACCATT, R: GAGCGAGGAGAGGAAAAGG), H3K4me2 (F: 

GAACCAGCACCGATCACC, R: CAGCCGCCTGGTTCAACT). A region with no 

enrichment termed “gene desert”, was used as a negative control with primers as follows 

F: TTCTCCCTCTGCTTTGCACT, R: ACTGCACCATGACCTGGATT. The reactions 

were performed in Via7 Real Time qPCR System (LifeTechnologies, Waltham, MA, 

USA), according to default conditions that amplified 80-120 bp amplicons: 95°C for 10 

minutes, followed by 40 cycles of 95°C for 15 seconds, 60°C for 1 minute. Fold enrichment 

was calculated using the ∆∆Ct method, where Ct values of ChIP DNA were normalized to 

negative control region (gene desert) Ct, followed by the corresponding WCE DNA Ct 

[176]. A minimum threshold of 20-fold enrichment was used to determine an acceptable 

quality of ChIP samples for NGS.  
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ChIP and WCE DNA underwent further quality control checks at the Donnelley 

Sequencing Centre (University of Toronto, Toronto, ON, Canada) using a Bioanalyzer to 

visualize the DNA and KAPA Library Quantification Kit (KAPA Biosystems, Wilmington, 

MA, USA) to quantify the libraries. Libraries were sequenced on an ultra high throughput 

sequencing system, Illumina HiSeq 2500 (Illumina, San Diego, CA, USA) according to the 

sequencing facility protocol for 75 cycles to obtain approximately 20 million 100 bp single 

end reads per sample.  

3.10 ChIP-seq pipeline: 

NGS results were obtained in FASTQ file format that undergo a fast quality 

control to negate any technical errors during sequencing or library preparation. The 

Wilson lab trimmed 100 bp read files according to the base calling quality [177] which 

were then aligned to the hg19 (GRCh37) reference genome using Burrows Wheel Aligner 

(BWA) [178]. The output BED files were then normalized for read depth and converted to 

bedGraph using Homer [179], which takes each sequence and extends it by the empirically 

determined fragment length (approximately 200 bp). Homer normalizes the hg19 aligned 

BED files by ensuring the total number of mapped sequences is normalized to 10 million 

reads. The normalized bedGraph profiles were then uploaded and visualized on the UCSC 

genome browser. Homer was also used to pool replicates from within the same group for 

QPD or control CD41+ MK and CD66b+ granulocyte ChIP-seq profiles H3K27Ac (n=3 of 

each type of donor), H3K36me3 (n=3 of each type of donor) and H3K4me2 (QPD n=3, 

CTL n=2 of each type of donor).  
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3.11 ChIP-seq quality control 

 ChIP-seq experiments were evaluated by quality control guidelines set by the 

Encyclopedia of DNA Elements (ENCODE) consortia [180]. These metrics were used to 

describe the quality of MK and granulocyte ChIP-seq data from QPD and control subjects. 

PBC (PCR bottleneck coefficient) and NRF (non redundant fraction of mapped reads) are 

measures that estimate library complexity, where ChIP-seq libraries with PBC < 0.5 and 

NRF < 0.8 may indicate libraries with poor quality [180]. In addition, cross correlation 

analysis by ENCODE estimates ChIP-seq quality by measuring the signal to noise ratio 

independent of peak calling [180]. The analysis suggests that ChIP-seq libraries with 

normalized and relative strand coefficients (NSC and RSC) of < 1.05 and < 0.8 respectively 

may be of low quality [180]. All ChIP-seq experiments for QPD and control granulocytes 

and MK passed the aforementioned ENCODE quality control metrics summarized in 

Supplementary Tables 1 and 2 respectively. After the quality control checks were met, 

biological replicates of QPD or control ChIP-seq libraries for each cell type were merged 

and used for downstream analysis.  

3.12 Peak calling and differential analysis 

MACS2 [181] was used to call peaks in QPD and control ChIP-seq hg19 aligned 

sequences (option broad enabled for H3K36me3 and genome size defined at 3.1e9 and q-

value 0.05). Peaks were called in each set of QPD and control samples of each histone mark 

evaluated. The peak summit bed files produced from MACS2 were then uploaded onto the 

UCSC Genome Browser for visualization [182]. Differential analysis on QPD and control 
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MK and granulocytes for H3K27Ac, H3K36me3 and H3K4me2 was conducted using 

diffReps [183]. The diffReps tool uses a sliding window approach to identify all genomic 

regions that have differential binding for a histone modification between ChIP-seq profiles. 

A negative binomial distribution is used to determine variation in and between groups for 

discrete counting data. diffReps initially filtered out regions with read counts lower than the 

geometric mean +2 standard deviations followed by selecting differential sites that have a 

p-value < 0.0001 and false discovery rate (FDR) <10%. A sliding window of 1000 bp was 

used with a moving step size of 100 bp. The –nsd=20 (BROAD) option was used for 

H3K36me3 and –nsd=2 (SHARP) option was used for H3K27Ac and H3K4me2 

differential analysis. 

The read counting tool, featureCounts [184] was used to count reads across Diffreps 

differential regions for H3K27Ac, H3K36me3 and H3K4me2 of MK and granulocytes. In 

order to account for the basal 1.5-fold difference between QPD and control subjects, read 

count matrices for control subject data were modified by a factor of 1.5 for regions found 

only in the region of PLAU duplication for all histone modifications evaluated. The 

modified read count matrices for controls together with QPD read count matrices were used 

for differential analysis of histone markers, H3K27Ac, H3K36me3 and H3K4me2 using 

DESeq2 [185]. Differential analysis using DESeq2 scales all reads by the mean normalized 

counts across all replicates. Differential regions with an adjusted p-value or FDR < 0.1 are 

considered to be statistically significant [185]. 
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3.13 QPD breakpoint analysis 

An in silico QPD chromosome 10 (QPD chr10) model containing the duplicated 

PLAU locus was created based on previous structural mapping studies and cloned break 

point region [132]. The ~78 kb region of PLAU that is duplicated and the QPD breakpoint 

were inserted into FASTA sequence of chr10. The uniquely mapped reads from all QPD 

active histone modification profiles were aligned to a 10 kb region with QPD breakpoint 

at the midpoint in the QPD chr10 model using BWA default settings [178].  

3.14 DNA methylation analysis using Infinium HumanMethylation450K 

BeadChip Array 

DNA for methylation analysis was extracted from cells using AllPrep DNA/RNA 

Mini Kit, eluting with AllPrep DNA spin columns (Catalogue# 80204, QIAGEN, Hilden, 

North Rhine-Westphalia, Germany). DNA from QPD and control samples were bisulfite 

converted using EZ DNA Methylation Kit (Catalogue # D5001, Zymo Research 

Corporation, Irvine, CA, USA) and hybridized to an Infinium Human Methylation450K 

BeadChip with scanning on Illumina’s iScan microarray scanner (Illumina, San Diego, 

CA, USA). The bisulfite conversion and hybridization steps were carried out the Genetic 

and Epidemiology Laboratory at Thrombosis & Atherosclerosis Research Institute 

(TaARI) in Hamilton, ON, Canada. The hybridized DNA underwent nucleotide extension 

while conjugated to a fluorophore that has the capability to differentiate between CpG island 

cytosine residues that are methylated and un-methylated. The microarray scanner was used 

to detect the methylation signal, determined by the ratio of fluorescent signals from the 
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methylated versus un-methylated sites. The Infinium HumanMethylation450K assay was 

developed using a combination of Infinium I and II assays, with specific probes to target 

either methylated or un-methylated cytosine residues [154]. The incorporation of the 

Infinium II assay technology gauges the methylation status of a CpG locus independently of 

adjacent CpG sites as the Infinium I technology was based on the assumption that CpG 

methylation status within 50 bp remained the same [154]. The microarray coverage includes 

96% of CpG islands and >485,000 individual methylation sites of the human genome 

[154]. The differential methylation analysis was performed between QPD and control MK, 

granulocytes and QPD MK vs QPD granulocytes (n=3 for each group) by Dr. Sadikovic’s 

lab (University of Western Ontario, London, ON, Canada) using Partek Genomics Suite 

(St. Louis, Missouri, USA). QPD and control individuals from each group were matched 

for age and sex in order to negate any possible biases in the methylation analysis. The 

differential beta values (methylation level) between the groups was filtered using p-values 

< 0.01, F-value (signal to noise ratio) >10 and estimates (difference in beta methylation 

level between two groups) > 15%. PLAU, VCL and CAMK2G genes were visualized using 

Genomic Browser Wizard (Partek) and methylation levels compared between groups. 

Furthermore, only differential regions with the aforementioned statistical cut offs and >4 

methylation probes were considered to be statistically significant.  
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4. RESULTS 

4.1 Quality control analysis of Day 14 CD41+ MK  

Quality control analysis was conducted on Day 14 harvested MK cultured from 

CD34+ HSCs to ensure that appropriately differentiated cells had been obtained for 

downstream analysis. Quality was assessed based on the % Day 14 MK expressing CD41 

and Day 14 MK culture media levels of the α granule proteins uPA and VWF (Table 1).  

 CD41 expression of Day 14 MK cell cultures ranged between 80-90% for 

controls and 80-91% for QPD cultures, and these values fell within the range of 

previously reported data for MK grown in culture [81]. QPD Day 14 MK culture media 

samples composed of much higher levels of uPA than control samples (ranges, QPD: 

12,000-16,000 pg/106 cells; controls: 50-87 pg/106 cells). The VWF levels however, were 

similar between QPD and control Day 14 MK culture media samples (ranges, QPD: 35-

116 ng/106 cells; controls: 35-112 pg/106 cells). The uPA and VWF levels were within 

the range of previously published data [81].  
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Table 1. Differentiation data for QPD and control MK cultures, harvested on Day 14. 

The % of cells that were positive for CD41 is shown, along with the levels of uPA and 

VWF in Day 14 culture media, evaluated by ELISA and expressed as the amount/106 Day 

14 cultured MK. Previously published ranges were obtained from [123]. 
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4.2 Infinium HumanMethylation450K BeadChip Array analysis of the 

PLAU region 

The methylation status of PLAU promoter CpG island has not been previously 

evaluated in QPD. PLAU promoter methylation status was determined using Infinium 

HumanMethylation450K BeadChip Array in QPD and control MK and granulocytes. The 

methylation profile at the PLAU promoter CpG island was found to be hypo-methylated 

in both QPD and control MK and granulocytes (Figure 5). At the same time, the promoter 

region at C10orf55 was also found to be hypo-methylated. Moreover, differential analysis 

of the promoter CpG islands of the flanking genes CAMK2G and VCL revealed a similar 

pattern of hypo-methylation in both cell types for QPD and control samples (Figure 6). 

Taken together, there was similar hypo-methylation detected for QPD and control 

subjects, for both MK and granulocytes, at all promoter CpG islands in the CAMK2G-

PLAU-VCL region. In addition, whole genome differential methylation status analysis 

revealed significant differential regions according to the statistical filters described 

(Methods, 3.16) between QPD and control subjects in both granulocytes and MK (Tables 

2 and 3).  
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Figure 5. Diagrammatic representation of the methylation status of PLAU CpG island 

and neighboring methylation sites for QPD and control MK and granulocytes, 

evaluated using the Infinium HumanMethylation450K BeadChip Array. Granulocytes 

and MK from subjects (n=3 in each group; individual profiles for each cell type are shown) 

were assessed as outlined in Methods. No significant differences detected in the 

methylation status between QPD and control groups for either cell types at the PLAU CpG 

promoter island. The y-axis shows the β methylation level (0= un-methylated and 1=100% 

hyper-methylated), and the x-axis shows a 4000 bp genomic region that includes the PLAU 

CpG island (grey bar).  
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Figure 6. Diagrammatic representation of the methylation status for the CAMK2G-

PLAU-VCL region for QPD and control MK and granulocytes, evaluated using the 

Infinium HumanMethylation450K BeadChip Array. Methylation profiles compare 

QPD (Q) and control (C) data for granulocytes and MK (individual profiles for 3 samples 

of each QPD and control cell type are shown). There were no significant differences 

detected in the methylation status between QPD and control groups for either cell types at 

the promoter CpG islands of PLAU or the flanking genes CAMK2G and VCL. The y-axis 

shows the β methylation level (0= un-methylated, 1=100% hyper-methylated), and the x-

axis shows a 191,200 bp region with CpG islands (grey boxes). 
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chr11 289764 290457 579.007 ATHL1 (+) -0.222022 

chr10 76996270 76996543 258.806 COMTD1 (-) -0.355734 

chr1 2.07E+08 2.07E+08 86.4489 EIF2D (-) -0.168677 

chr12 1.33E+08 1.33E+08 82.9983 LRCOL1 (-) -0.174614 

chr1 26527860 26527938 78.8479 CATSPER4 (+) -0.312172 

chr11 18477143 18477763 73.636 LDHAL6A (+) -0.190641 

chr2 8596898 8597933 50.2424 LOC101929567 (-) -0.164379 

chr11 11642001 11642370 46.8553 GALNT18 (-) -0.161868 

chr16 85362953 85363219 43.4342 MIR5093 (-) -0.174626 

chr2 1.71E+08 1.71E+08 34.5128 KLHL23 (+) -0.186079 

chr6 887694 888046 32.8198 LOC101927691 (+) -0.170728 

chr2 20870802 20871411 31.0244 GDF7 (+) -0.30325 

chr16 1583800 1584526 25.481 TMEM204 (+) -0.206201 

chr12 1.32E+08 1.32E+08 25.3674 SFSWAP (+) -0.174614 

chr1 17026248 17026827 24.391 ESPNP (-) -0.155155 

chr17 7253330 7253730 22.9546 ACAP1 (+) -0.267799 

chr15 1.01E+08 1.01E+08 22.009 PRKXP1 (-) -0.44891 

chr8 6418968 6419580 21.0364 ANGPT2 (-) -0.17767 

chr2 20870077 20870372 20.7539 GDF7 (+) -0.2738 

chr2 2.19E+08 2.19E+08 20.4022 RUFY4 (+) -0.177087 

chr5 1594011 1594873 20.125 SDHAP3 (-) -0.233079 

chr10 99734071 99735212 20.0875 CRTAC1 (-) -0.191739 

 

Table 2. Regions identified to show differences in methylation from genome wide 

methylation analysis of QPD and control granulocytes. The table summarizes the 

chromosome positions, F-values (signal to noise ratio) >10, the nearest gene for the region 

showing differential methylation for QPD and the estimates (difference in beta methylation 

level between QPD and control groups) >15% for granulocytes. The (+) indicates greater 

methylation level in QPD compared to the control group whereas (-) indicates the reverse.
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Table 3. Regions identified to show differences in methylation from genome wide 

methylation analysis of QPD and control MK. The table summarizes the chromosome 

positions, F-values (signal to noise ratio) >10, the nearest gene for the region showing 

differential methylation for QPD and the estimates (difference in beta methylation level 

between QPD and control groups) >15% for MK. The (+) indicates greater methylation 

level in QPD compared to the control group whereas (-) indicates the reverse. 

 

 

 

 

 

    
 

 

chr10 93736 94326 205.367 TUBB8 (-) -0.202402 

chr7 62859483 62859567 114.975 LOC100287834 (-) 0.254321 

chrX 117628661 117629173 77.148 DOCK11 (+) -0.20515 

chr1 26527860 26527938 76.1445 CATSPER4 (+) -0.293331 

chr16 85362953 85363219 38.3965 MIR5093 (-) -0.16313 

chr6 887694 888046 32.248 LOC101927691 

(+) 

-0.165237 

chr5 1594272 1594873 29.7677 SDHAP3 (-) -0.291022 

chr10 99734071 99735212 19.2447 CRTAC1 (-) -0.183632 

chr7 5270918 5272074 18.5614 WIPI2 (+) 0.155472 

chr2 20870802 20871411 16.8086 GDF7 (+) -0.222888 

chr6 31803196 31805339 16.549 SNORD52 (+) -0.156069 

chr19 52954452 52954732 13.5838 ZNF534 (+) -0.158534 

chr6 29911285 29911846 12.3639 HLA-A (+) 0.174343 

chr8 21916246 21917025 12.3057 DMTN (+) -0.151386 

chr11 3534627 3535109 11.9355 TRPC2 (+) -0.178359 

chr16 8995886 8995994 11.8992 USP7 (-) 0.232909 

chr21 47581032 47581568 11.5785 SPATC1L (-) -0.197149 

chr2 233272517 233273005 11.4222 ALPPL2 (+) -0.179735 

chr2 20870077 20870372 11.2513 GDF7 (+) -0.197587 

chr2 173539081 173539631 10.6696 RAPGEF4-AS1 (-) -0.15895 
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4.3 CD66b+ granulocytes ChIP-seq for active histone modifications 

We first established histone modification profiles using ChIP-seq in QPD 

unaffected lineage granulocytes, where samples from QPD and control subjects were 

evaluated for the active histone modifications H3K27Ac (active enhancers), H3K36me3 

(active transcription) and H3K4me2 (active promoters and enhancers). Figure 7 shows the 

histone modification enrichment profiles merged for each group (QPD and control), 

normalized by a factor of 10x106 reads and visualized for the CAMK2G-PLAU-VCL 

landscape on the UCSC genome browser (Figure 7). The figure shows the UCSC genes, 

annotated with open reading frames, TSS, CpG islands and the probes used in the Infinium 

HumanMethylation450K BeadChip Array, in addition to DESeq2 differential regions, 

defined by either promoter (PR), intergenic region (IGR) or gene body (GB) for the 

proximal gene of interest. The figure shows reads at the region of duplication for control 

profiles after adjusting for the extra copy of PLAU in QPD. The DESeq2 analysis for QPD 

and control granulocytes indicated that at PLAU there were a few differential regions (FDR 

< 0.1) detected for H3K27Ac PLAU (designated IGR1 and IGR2) and H3K36me3 PLAU 

(designed GB) (Figure 7). Boxplots of the normalized read counts for the QPD and control 

granulocyte ChIP-seq regions (Figure 8) indicated that the PLAU IGR1 had a -1.6 fold 

change (greater enrichment in control vs QPD), whereas PLAU IGR2 and PLAU GB had 

+1.5 and +1.8 fold change (greater enrichment in QPD versus control) respectively, which 

were within the realm of having one extra copy of the PLAU gene. There were no 

significant QPD and control differential regions for any active histone modifications 

evaluated at CAMK2G and VCL.
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Figure 7. ChIP-seq profiles for active histone modifications in QPD and control granulocytes. Genome browser snapshot 

of the CAMK2G-PLAU-VCL locus shows ChIP-seq profiles from merged biological replicates obtained for QPD (Q) and control 

(C) granulocyte H3K27Ac (E denotes active enhancers; n=3), H3K36me3 (T denotes active transcription; n=3) and H3K4me2 

(P/E denotes active promoters and enhancers; QPD n=3, CTL n=2). The differential regions (FDR <0.1) for H3K27Ac and 

H3K36me3 are shown in aqua blue (greater enrichment in QPD vs. control), green (greater enrichment in control vs. QPD) bars 

and denoted intergenic region (IGR) and gene body (GB). The UCSC browser vertical viewing range (y-axis) and the genomic 

region of 270,450 bp (x-axis) are represented. 
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Figure 8. Normalized read counts for the differential regions identified through ChIP-

seq analysis of QPD and control granulocytes. Bars compare average normalized read 

counts for the statistically significant differential regions (FDR < 0.1) between QPD (Q) 

and control (C) samples at the CAMK2G-PLAU-VCL locus, evaluated for H3K27Ac (E 

denotes active enhancers, n=3) and H3K36me3 (T denotes active transcription, n=3) in 

granulocytes. The differential region read counts were normalized to the mean read count 

across all differential regions in the genome as outlined in Methods, with control read 

counts modified to account for copy number variation. The y-axis represents log2 

normalized counts with SEM error bars. The differential regions at PLAU are denoted by 

either intergenic region (IGR) or gene body (GB). 
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4.4 CD41+ MK ChIP-seq for active histone modifications 

As of now, active histone modification enrichment at the PLAU locus in QPD MK 

have not been evaluated. The same histone modification profiles as granulocytes were 

evaluated for Day 14 cultured MK. QPD and control ChIP-seq profiles for H3K27Ac, 

H3K36me3 and H3K4me2 were processed as described above (with control MK reads also 

adjusted for PLAU copy number in QPD) and the DESeq2 differential regions visualized 

on the UCSC genome browser (Figure 9). The location of differential regions (FDR < 0.1) 

for the cultured MK were as follows; H3K27Ac: PLAU IGR1, H3K36me3: PLAU GB, 

VCL GB1, VCL GB2, H3K4me2: PLAU PR, PLAU IGR1, PLAU IGR2 and PLAU IGR3. 

The boxplots of normalized read counts for these regions are shown in Figure 10. H3K27Ac 

PLAU IGR1 was found to have a fold enrichment of +1.8 (Figure 10). H3K36me3 GB 

region for PLAU had a fold enrichment of +3, whereas the two GB regions of VCL, GB1 

and GB2 had +3 and +2.6 fold changes respectively (Figure 10). H3K4me2 differential 

enrichment was detected at the promoter region, PLAU PR with a +1.7-fold enrichment 

whereas the H3K4me2 IGRs PLAU IGR1, PLAU IGR2 and PLAU IGR3 were found to 

have fold enrichment differences of +1.9, +1.3 and +1.4 respectively (Figure 10). The 

aforementioned fold differences could be due to the extra copy of PLAU in QPD. There 

were no significant QPD and control differential regions detected in CAMK2G for any of 

the active histone modifications assessed in MK. 

A summary of the fold change and genomic regions of histone modification 

differential sites between QPD and control subjects for H3K27Ac, H3K36me3 and 

H3K4me2 in both MK and granulocytes are summarized in Table 4.  
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In order to assess cell specific changes, particularly in QPD, further differential 

analysis on within subject groups, by cell types to compare findings for QPD cultured MK 

and QPD granulocytes, and for control MK and control granulocytes, for all active histone 

modifications was conducted. Table 5 summarizes the fold enrichments observed for within 

each subject group for the region of PLAU duplication. For QPD subjects, a MK specific 

enhancer was found to be 9 fold enriched compared to CD66b+ granulocytes (Table 5) and 

a granulocyte specific enhancer, upstream of C10orf55 was found to be 12 fold enriched 

compared to MK (Table 5). Similar differences in enrichments were observed in 

approximately the same peak region for within control group by cell type analysis (Table 

5).  
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Figure 9. ChIP-seq profiles for active histone modifications in QPD and control MK. Genome Browser snapshot of the 

CAMK2G-PLAU-VCL locus shows ChIP-seq profiles from merged biological replicates obtained for QPD (Q) and control (C) 

MK H3K27Ac (E denotes active enhancers; n=3), H3K36me3 (T denotes active transcription; n=3) and H3K4me2 (P/E denotes 

active promoters and enhancers; QPD n=3, CTL n=2). The differential regions (FDR < 0.1) for the active histone modifications 

are shown in aqua blue (greater enrichment in QPD vs. control) bars denoted by intergenic region (IGR), gene body (GB) and 

promoter (PR). The UCSC browser vertical viewing range (y-axis) and the genomic region of 270,450 bp (x-axis) are represented.  
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Figure 10. Normalized read counts for ChIP-seq differential regions in QPD and 

control MK. Bars compare average normalized read counts for the statistically significant 

(FDR < 0.1) differential regions between QPD (Q) and control (C) samples at the 

CAMK2G-PLAU-VCL locus, evaluated for H3K27Ac (E denotes active enhancers, n=3), 

H3K36me3 (T denotes active transcription, n=3) and H3K4me2 (P/E denotes active 

promoters and enhancers, QPD n=3, control n=2) in MK. The differential region read 

counts were normalized to the mean read count of all differential regions in the genome, as 

outlined in Methods, with control read counts modified for copy number variation. The y-

axis represents log2 normalized counts with SEM error bars. The differential regions at 

PLAU and VCL are denoted by intergenic region (IGR), promoter (PR) and gene body 

(GB). 
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Table 4. Summary of the fold enrichment data for comparisons of QPD and control 

samples for differential regions with active histone modifications. QPD and control 

differential regions in granulocytes (G) and MK are shown, along with their respective 

genomic locations and fold enrichment values for regions in the CAMK2G-PLAU-VCL 

locus analyzed for H3K27Ac (E denotes active enhancers), H3K36me3 (T denotes active 

transcription) and H3K4me2 (P/E denotes active promoters and enhancers). IGR, GB and 

PR represent intergenic region, gene body and promoter respectively. The (+) indicates 

greater enrichment in QPD vs control and (-) represents the reverse direction of enrichment.  
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Table 5. Fold enrichment analysis of differential regions on chromosome 10 in MK 

and granulocytes samples from QPD and control subjects. Differential regions between 

QPD (Q) and control (C) samples in MK and granulocytes are shown along with their 

respective genomic locations at the region of PLAU duplication and fold enrichment values 

for H3K27Ac (E denotes active enhancers), H3K36me3 (T denotes active transcription) 

and H3K4me2 (P/E denotes active promoters and enhancers). The (+) indicates greater 

enrichment in QPD vs control and (-) represents the reverse direction of enrichment. The 

MK specific enhancer is highlighted in blue.   
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4.5 QPD ChIP-seq active histone modification enrichment at QPD 

breakpoint 

Figure 11 summarizes the ChIP-seq data at the QPD breakpoint on the QPD chr10 

in silico model as described in methods. QPD ChIP-seq active histone modification profiles 

for H3K27Ac, H3K36me3 and H3K4me2 from all replicates of both MK and granulocytes 

were aligned at the QPD breakpoint region. There were no reads detected at the region for 

all QPD ChIP-seq profiles evaluated (Figure 11).  
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Figure 11. QPD ChIP-seq enrichment at the QPD breakpoint. QPD ChIP-seq profiles 

of all biological replicates from MK and granulocytes for histone modifications H3K27Ac 

(E denotes active enhancers, n=3), H3K36me3 (T denotes active transcription, n=3) and 

H3K4me2 (P/E denotes active promoters and enhancers, n=3) at the QPD breakpoint 

region. There were no QPD ChIP-seq active histone modification reads that aligned to the 

QPD breakpoint for either cell type evaluated. The UCSC browser vertical viewing range 

(y-axis) along with 1 kb upstream (Centromeric) and downstream (Telomeric) of the QPD 

breakpoint region (x-axis) are represented.
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5. DISCUSSION 

QPD is a unique autosomal dominant disorder that leads to delayed onset bleeding 

with hemostatic challenges in affected individuals [122]. A CNV mutation of the PLAU 

gene results in QPD affected individuals having two 78 kb PLAU regions, with a unique 

QPD breakpoint sequence [132]. QPD presents an inexplicable anomaly, where the 

presence of a gene duplication results in an aberrant increase of PLAU expression by MK 

and concurrent increases in uPA levels [81]. QPD affected individuals have a > 100 fold 

increase of PLAU mRNA and uPA protein levels in terminally differentiated cultured MK 

and peripheral blood platelets compared to healthy controls [81]. In order to understand 

the QPD over-expression anomaly, we proposed to evaluate epigenetic modifications at 

the PLAU gene locus in QPD individuals and unaffected controls for CD41+ MK. At the 

same time, we evaluated granulocytes as an unaffected myeloid lineage based on 

observations that QPD granulocytes contain only modestly increased uPA, with the 

increase in the range expected for one extra copy of PLAU [80].  

5.1 Influence of CpG promoter island methylation on PLAU expression 

Methylation of CpG promoter islands is a crucial aspect of epigenetic regulation. 

DNA hyper methylation of CpG promoter islands is associated with transcriptional 

repression whereas hypo-methylation is associated with transcriptional activation [163]. I 

conducted my study using QPD and control samples that were age and gender matched, 

as these factors have been shown to heavily influence the status of methylation [186]. 

Based on the direct analysis of the methylation level of the PLAU CpG promoter island in 
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QPD and control MK and granulocytes, I concluded that PLAU is primarily hypo-

methylated in both MK and granulocytes of QPD and control subjects (Figure 5). The 

hypo-methylation of the PLAU CpG promoter islands is in agreement with my initial 

hypothesis and implies that this gene is similarly accessible for TF binding in control and 

QPD subjects. Moreover, QPD does not bring about any aberrant changes in DNA 

methylation status of the nearby CAMK2G and VCL CpG promoter islands (Figure 6). My 

findings are in keeping with other recent observations. For example, visual inspection of 

methylation tracks from MethBase revealed a conserved state of hypo-methylation in 

PLAU CpG promoter island for the evaluated CD133 HSC and white blood cells [155]. 

Similarly, my findings are also in agreement with the trend of hypo-methylation observed 

in MethBase for the neighboring genes of PLAU: CAMK2G and VCL [155]. Moreover, 

our findings are similar to Bocker et al DNA methylation studies indicating that as HPSCs 

differentiate into granulocytes and monocytes, a large cohort of genes and a subset 

involved in myeloid differentiation are hypo-methylated [186]. Interestingly, the promoter 

regions of the genes that were identified to be hypo-methylated in the Bocker et al study, 

were also highly enriched with motifs for TFs involved in hematopoiesis including GATA-

1,2 CEBPA and RUNX-1 [186].  

 My data indicates that changes to the promoter CpG island methylation do not 

influence the changes in PLAU expression in QPD individuals, and are in keeping with 

the finding and that the PLAU promotor is hypo-methylated across most published blood 

cell lines. The observation that QPD does not affect the PLAU promotor methylation level 

in either MK or granulocytes, implies that at the epigenetic level, altered PLAU 
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accessibility to TF binding in QPD could be associated with another epigenetic 

modulation, particularly changes in active histone modifications.  

5.2 ChIP-seq active histone modification enrichment in QPD 

 Once I excluded aberrant differential methylation changes as a possible mechanism 

influencing PLAU expression in QPD, I turned my attention towards assessing active 

histone modification enrichment, namely alterations in H3K27Ac (a mark that separates 

active from poised enhancers), H3K36me3 (which is associated with active gene bodies) 

and H3K4me2 (which marks both active promoters and enhancers) [163, 164]. In my 

analyses, I considered that as a result of the CNV mutation, QPD affected individuals have 

a total of 3 PLAU copies in comparison to QPD unaffected individuals (controls) who have 

only 2 copies of PLAU. One would thus expect a 1.5 increase in PLAU up-regulation due 

to the presence of one extra PLAU copy on the QPD diseased chromosome. In order to 

account for copy number variation in QPD subjects, control reads were multiplied by 1.5 

prior to differential analysis.  

The differential analysis of QPD and control granulocytes for the active histone 

modifications indicated modest differential binding for H3K27Ac and H3K36me3 but not 

for H3K4me2. Furthermore, the changes in H3K27Ac and H3K36me3 marks indicate that 

QPD CD66b+ granulocytes have only modestly increased active enhancer and transcription 

activity. The differential enrichments in histone markers observed for granulocytes were 

within the range of QPD affected individuals having one extra copy of PLAU and in 

agreement of the modest increases in uPA levels observed previously [80]. The findings 

further reinforce the notion that granulocytes represent an unaffected QPD myeloid lineage 
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that would be an ideal reference lineage to gauge the epigenetic changes in QPD MK. There 

was an H3K27Ac enhancer peak (PLAU IGR1) was modestly less enriched (1.6 fold) in 

QPD compared to control CD66b+ granulocytes (Figures 7,8), suggesting that the PLAU 

duplication causes a structural rearrangement that potentially disrupts the enrichment of 

that enhancer.  

I then explored the active histone enrichment in MK, the key QPD affected lineage 

using similar methods. I observed increased, albeit moderate, fold enrichment differences 

in QPD compared to control MK for all three histone modifications tested, H3K27Ac, 

H3k36me3 and H3K4me2 (Figures 9,10). The slight increases observed for the fold 

enrichment differences across active histone modifications were within the range expected 

for having one extra copy of PLAU. We thus conclude that QPD PLAU duplication induces 

minimal changes to the chromatin accessibility through active histone enrichment to PLAU 

in QPD MK.  

An analysis of QPD and control cell specific active histone enrichment differences 

between MK and granulocytes revealed several differential regions at the PLAU 

duplication region (Table 5). It is interesting to note that there are more H3K4me2 

differential enrichments in granulocytes compared to MK. As the intrinsic uPA protein 

expression is higher in granulocytes compared to MK, the presence of a larger number of 

enhancers in the PLAU duplication region may be responsible for this phenomenon [80]. 

Moreover, the observance of granulocyte and MK specific H3K27Ac enhancers in QPD 

subjects (Table 5) could also explain the differences in uPA expression observed in these 

cell types.  
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 QPD ChIP-seq profiles for all active histone modifications in both cell types were 

aligned to the QPD genome model, where little or no reads spanned the QPD breakpoint 

(Figure 11). This is a particularly important finding, as it indicates that the novel 

breakpoint sequence caused by the PLAU duplication in QPD does not introduce abnormal 

active histone enrichment. We can thus rule out the possibility that the unique QPD 

breakpoint creates regions with increased active histone enrichment.  

 Overall in accordance with our hypothesis, the QPD compared to control 

differential enrichment of active histone modifications, unaltered PLAU promoter CpG 

island methylation status and minimal enrichment over the QPD breakpoint in both MK 

and granulocytes, indicates a relatively stable epigenetic landscape at PLAU. The PLAU 

CNV mutation does not induce aberrant >100 fold changes in active histone modification 

enrichment as were observed with PLAU mRNA and uPA protein levels. We find that 

instead of aberrant enrichment, the rearrangement of active enhancer elements, 

particularly a MK specific H3K27Ac enhancer might underlie the marked PLAU 

overexpression by differentiated QPD MK as discussed in the next section (5.3).  

5.3 Duplication of a marked enhancer in QPD MK  

ChIP-seq analysis of H3K27Ac (active enhancers) reveals a highly expressed 

enhancer (9-fold difference) in QPD MK compared to QPD granulocytes (Figure 12, Table 

5) that for the following discussion will be termed MK enhancer 1 (MKE1). A visual QPD 

duplication model, with two copies of ~78 kb PLAU region was created to better understand 

the spatial enrichment of H3K27Ac enhancers in QPD. In the visual QPD duplication 

model, MKE1 is shown to be placed 34 kb upstream of the PLAU copy that is proximal to 
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VCL (PLAU2). MKE1 could potentially upregulate the expression of the second copy of 

PLAU. The enhancer would be present in normal MK but due to the rearrangement caused 

by the CNV PLAU mutation, a copy of the enhancer is now proximal to the second copy 

of PLAU and thus has the potential to drive PLAU expression. 

A deeper analysis on MKE1 and the regions it interacts with were studied from 

ENCODE published data on the UCSC Genome Browser (accession ID: GSE39495) [187]. 

MKE1 was found to be highly enriched in K562 and GM12878, lymphoblastoid and 

leukemia cell lines respectively [187].  
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Figure 12. Model summarizing the location of H3K27Ac MKE1 relative to PLAU on the QPD disease chromosome. A 

QPD duplication model was constructed by replicating the ~78 kb PLAU region, resulting in two regions, PLAU1 and PLAU2. 

The position of the H3K27Ac (E denotes active enhancers) element, termed MKE1 that was enriched 9 fold in QPD compared 

to control MK, and was less evident in granulocytes is shown in the CAMK2G-PLAU-VCL landscape. The H3K27Ac enhancer 

that is highly enriched in QPD MK but not in granulocytes (9-fold) is located ~34 kb upstream of the second copy of PLAU. The 

UCSC browser vertical viewing range (y-axis) and genomic region of 270,450 bp (x-axis) are represented.

MKE1 

 

QPD Breakpoint 
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 Chromatin Interaction Analysis by Paired-End Tag Sequencing (ChIA-PET) is a 

method for characterizing long range chromatin interactions for specific proteins of 

interest, e.g. TFs and RNA polymerase II [188]. ChIA-PET analysis generates two types 

of genome-wide datasets: 1) the binding sites defined by ChIP enrichment and 2) the 

interactions between two binding loci revealed by proximity ligation events [136, 188-

190]. ChIA-PET data from ENCODE for POLR2A indicates that MKE1 binds RNA 

polymerase II and that this enhancer element also interacts with the VCL promoter in one 

replicate [187]. The findings suggest that MKE1 could serve as a potential enhancer that 

regulates VCL expression. In light of this finding, it is important to understand the 

significance of VCL, the neighboring gene downstream of PLAU. VCL encodes vinculin, a 

protein involved in linking cell-substrate/cell contacts to the actin cytoskeleton [191]. 

Murine models elucidated the significance of the VCL gene, where global knockout models 

(VCL -/-) resulted in embryonic lethality and heterozygous models (VCL +/-) indicated 

changes to myocyte structure [192, 193]. Moreover, a MK/platelet lineage specific VCL 

knockout murine model (non fatal) indicated that VCL was not essential for maintaining 

platelet actin cytoskeleton [194].  

 As the QPD duplication moves one copy of MKE1 to upstream of the 2nd copy of 

PLAU on the disease chromosome, it may be that this element (that normally regulates the 

expression of VCL) becomes a positive up regulator of the expression of PLAU in QPD.  
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In order to understand the potential role of this putative MKE1 in upregulating the 

expression of PLAU in QPD it is crucial to understand the role of the interacting TFs. A 

visual inspection of ENCODE published data revealed the presence of CCCTC-binding 

factor (CTCF) and POLR2A (the largest subunit of RNA Polymerase II) binding sites at 

this MKE1 in both K562 and GM12878 cell lines [187, 195].  

 CTCF has been defined as a multi diverse TF with roles in transcriptional 

activation and repression [195]. An example of CTCF associated with active gene 

expression is observed when CTCF was shown to upregulate the activity of APP gene by 

binding to the GC promoter rich region [195]. CTCF has also been implicated in creating 

geometrical loops causing activation by bringing promoter and enhancer elements in close 

proximity [195]. Moreover, CTCF has been shown to associate with POLR2A in 

upregulating gene expression [195, 196]. The repositioning of MKE1 that has binding sites 

for both CTCF and POLR2A could play an important role in the pathogenesis of QPD. The 

CTCF could act as a chromatin remodeling agent that brings together the enhancer and the 

promoter region of the second PLAU copy in QPD affected individuals. Moreover, the 

presence of both CTCF and POLR2A binding sites could potentially result in CTCF-RNA 

polymerase II assembly that upregulates PLAU transcription.  

A visual inspection of TF ChIP-seq profiles at the MKE1 region using the 

BloodChIP database (accession ID: GSE24674) was conducted [171, 197]. TF- binding 

peaks were observed for FLI1 and SCL, two TFs that are involved in regulating genes 

during MK lineage development [198, 199]. It is possible that the expression of these TF 

during MK differentiation, coupled with relocation of MKE1 to upstream of the 2nd copy 
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of PLAU, are the reasons that PLAU expression is markedly upregulated during the later 

stages of megakaryopoiesis in QPD.  

To further explore this possibility, I evaluated current information on the H3K27Ac 

enhancer enrichment in the BLUEPRINT and Epigenome roadmap data on blood cells 

[172, 200]. Interestingly, PLAU is devoid of H3K27Ac enrichment near the promoter 

region in all blood cells compared to all non-blood cells in the Epigenome Roadmap [200] 

This lack of enhancer enrichment might account for the low expression of PLAU in normal 

blood cells. Interestingly, an H3K27Ac enhancer is also enriched at the same locus as 

MKE1 in other blood cells, particularly in mobilized CD34+ HSC and cord blood derived 

cultured MK [171, 172]. This H3K27Ac enrichment is also complemented with a peak 

from H3K4me1, a histone mark that is also strongly associated with active enhancers [136, 

172]. It is encouraging to see that these findings are in agreement with our characterization 

of MKE1. Moreover, the MKE1 enrichment in mobilized CD34+ HSC implies that the 

enhancer is initially upregulated and this MKE1 expression level is maintained upon 

terminal myeloid differentiation in MK.  

An alternative way that PLAU could be dysregulated in QPD, that I did not have 

the opportunity to explore, is through loss of an important repressor element. I evaluated 

the H3K27me3 ChIP-seq data for control cultured MK, generated by Tijssen et al that are 

found in the BLUEPRINT database [171, 172] and found that in control cells, there is a 

modest enrichment for H3K27me3 at the PLAU promoter region. H3K27me3 is deposited 

by the polycomb repressive complex 2 (PRC2) and is associated with repressed 

transcription [162]. In light of this evidence, it may be worthwhile in future studies to 
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determine if the QPD duplication disrupts repressor activity at the PLAU promoter region. 

The presence of a CTCF binding site proximal to PLAU could imply that normally CTCF 

has insulator activity towards PLAU but due to spatial rearrangement of the QPD 

duplication there is a disruption in the insulator effects of CTCF.  

In consideration of the H3K27me3 enrichment at PLAU in control MK, it seems 

necessary to reevaluate this marker through comparisons of QPD and control cultured MK. 

More importantly, based on the aforementioned analysis of MKE1, further characterization 

of this enhancer could provide tremendous insights into the pathogenesis of QPD. A 

summary of future experiments to explore the role of MKE1 are discussed in more detail 

below.  

5.4 Future directions 

 In the current study, the major finding is that of the MK specific enhancer termed 

MKE1. To further characterize the role of MKE1 in QPD, I discuss experimental 

approaches that assess MKE1 expression, linkage to PLAU promoter and TF binding 

enrichment in the subsequent sections.  

5.4.1 Expression of MKE1 during megakaryopoiesis 

 A detailed analysis of the H3K27Ac MKE1 during the time course of 

megakaryopoiesis is warranted, given the evidence that the overexpression of PLAU 

during megakaryopoiesis in QPD is tied to MK differentiation [81]. It was previously 

shown that uPA mRNA and protein levels show little alteration during normal 

megakaryopoiesis in cultures whereas in QPD, PLAU mRNA and uPA protein levels are 
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fairly normal in progenitors (Day 0), then gradually increase (Day 7) and show the most 

drastically rise towards the terminal stages of megakaryopoiesis, when the levels are >100 

fold higher than in control MK [81]. It would be interesting to explore potential 

correlations between the enrichment of MKE1 and increased PLAU expression during the 

time course of normal and QPD MK differentiation. Additionally, comparison of ChIP-

seq data for H3K27Ac, using QPD and control Day 7 and Day 14 MK cultures, might be 

helpful to further evaluate temporal changes in MKE1. Significantly increased enrichment 

of MKE1 over this time period would provide evidence that the expression of this enhancer 

element is tied to MK differentiation. 

In order to fully understand the dynamics of MKE1 enrichment during 

megakaryopoiesis, it would be ideal to study samples harvested at a larger number of time 

points. This could be challenging given the small number of cells obtained in MK cultures 

derived from PB CD34+ HSCs (~ 1x106 cells per isolation from 200 ml PB) and that the 

largest increase in MK expansion occurs during the last stages of culturing, a method ChIP-

seq becomes unfeasible. However, some new methods have been developed to evaluate 

genes that use significantly lower cell numbers (5,000-50,000) such as assay for 

transposase-accessible chromatin (ATAC)-seq. ATAC-seq is emerging to be a useful 

technique that complements DNASE-seq, by employing a Tn5 transposase to cleave at 

regions with open chromatin conformation. ATAC-seq helps to identify active regions of 

chromatin such as enhancer regions identified by ChIP-seq [201].  

The qPCR method used to verify ChIP enrichment of libraries can also be used on 

ATAC samples, a method called ATAC-qPCR. Fold enrichment is calculated by 
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normalizing to a region devoid of active gene expression (gene desert). It would be 

interesting to perform ATAC-qPCR to detect the enrichment of MKE1 during 

differentiation in MK cultures and to track changes between Days 0, 4, 7, 11 and 14. 

ATAC-qPCR analysis of MKE1 region, to determine the fold enrichment over a negative 

control region of DNA, would be helpful to quantify the enrichment of MKE1 over the 

progressive stages of normal and QPD MK differentiation.  

At the same time, it is crucial to assess the mRNA expression of PLAU and VCL 

during the aforementioned time points. We would expect to find upward increases in 

enrichment of MKE1 that mirror the increases in VCL and PLAU mRNA expression during 

the QPD MK differentiation time course. If we do observe a correlation in expression 

trends between PLAU and MKE1 in QPD MK only, this would further implicate MKE1 as 

having a potent role in regulating the expression of PLAU in QPD.  

5.4.2 ChIA-PET analysis of MKE1 

 As transcription is dependent on promoter bound RNA polymerase II, one favorable 

application of ChIA-PET is the immunoprecipitation of RNA polymerase II to classify 

physical interactions between transcriptional enhancers and target genes [188]. It would be 

interesting to perform ChIA-PET for RNA polymerase II using control and QPD cultured 

MK, to determine if MKE1 physically binds to the either PLAU or VCL promoter or in fact 

both in QPD; so far, there is no evidence that this element regulates PLAU in control 

samples. As enhancers are known to potentially function at large distances, in some 

instances Mbp from their target site [136], ChIA-PET genome wide findings can identify 

other potential enhancers that may interact with PLAU in QPD.  
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ChIA-PET analysis with CTCF could indicate the interactions of the TF binding to 

the enhancer with either promoter region of VCL or PLAU. If a linkage between TF bound 

MKE1 region and PLAU promoter is established in QPD and is not evident in control 

cultured MK, the findings would provide direct evidence that MKE1, along with the bound 

TF(s) of interest, are strongly associated with PLAU overexpression in QPD. 

5.4.3 Potential TFs associated with PLAU dysregulation in QPD 

My evaluation of the Tijssen et al dataset (via Blood ChIP database) for TFs 

involved in megakaryopoiesis revealed binding peaks at MKE1 for SCL and FLI1 [171, 

197]. If future ChIA-PET experiments establish a physical interaction occurs between the 

MKE1 and the PLAU promoter in QPD MK, it would be worthwhile to explore the 

candidate TFs that interact with the MKE1 site. The top candidate TFs to evaluate, based 

on published data sets, would be: SCL, FLI1 and CTCF using TF-ChIP-seq. TF-ChIP-seq, 

is similar to histone modification ChIP-seq with the exception that it requires a larger 

number of cells and antibodies specific to TF of interest [169]. Once TFs that exhibit 

binding MKE1 are identified in control and QPD MK, their significance to the regulation 

of PLAU expression in QPD MK needs to be validated. Genomic editing of regions, 

particularly alterations or deletions can be induced by using CRISPR/Cas9 [202, 203]. The 

type II CRISPR system was shown to induce double-stranded breaks of DNA in vitro 

studies by the use of artificial guide RNA sequences [203]. The custom RNA sequences 

can easily be designed against any particular region of interest in the genome [204]. The 

type II CRISPR system has recently been adapted to human cells, in one instance being 

used to modify human-induced pluripotent stem cells in culture [202-206]. Based on these 
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published protocols, it would be interesting to use type II CRISPR/Cas9 to delete the MKE1 

region in CD34+ HSC and then allow these cells to differentiate in culture to CD41+ MK. 

This might be feasible given that VCL is not essential for producing platelets, given the 

findings for the MK/platelet lineage specific VCL knockout mice [194]. We could then 

directly assess the effect of MKE1 by determining PLAU expression across the different 

time points of QPD and control MK cultures, with and without deletion of the MKE1 

element. A reduction of PLAU expression in QPD but not in control cells lacking the MKE1 

element would indicate MKE1 is involved in the upregulation of PLAU mRNA levels in 

QPD MK.  
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6. CONCLUSION 

My thesis work findings indicate that QPD is not associated with aberrant changes 

in the methylation status of the PLAU promoter CpG island in MK or granulocytes. The 

hypo-methylated state of the PLAU CpG promoter island in these cells indicates that PLAU 

is ready to be actively transcribed at the same level in both QPD and control cell types. In 

analyzing active histone enrichment at and near PLAU, we found that there is a modest 

increase in enrichment of H3K27Ac (indicative of active enhancers), H3K36me3 (active 

transcription) and H3K4me2 (associated with active promoters and enhancers) in both 

evaluated cell types. However, the fold enrichment differences observed are within the 

realm of what is expected for having one extra copy of PLAU in QPD. We thus conclude 

that the overall epigenetic landscape of PLAU remains relatively stable in both QPD MK 

and granulocytes. 

The most interesting finding of my thesis work is the identification of a H3K27Ac 

MKE1 element that is active in MK but not granulocytes, and that the PLAU duplication 

repositions one copy of this enhancer so that it is proximal to the second copy of PLAU on 

the QPD disease chromosome. The new position of this MK specific highly expressed 

MKE1, in combination with the production of TF that upregulate genes during 

megakaryopoiesis, may underlie the >100 fold aberrant expression of PLAU in QPD. 
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8. APPENDIX 

8. 

 

Supplementary Table 1. Summary of quality control data for ChIP-seq samples used 

for granulocyte library sequencing. The total and uniquely aligned reads along with 

quality control metrics that represent successful ChIP-seq experiments; PBC > 0.5 and NRF 

> 0.8 that represent ChIP-seq library complexity, NSC and RSC > 1.05 and > 0.8 that 

represent ChIP-seq signal to noise ratio independent of peak calling for QPD and control 

granulocyte ChIP-seq experiments are displayed [180]. 
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Supplementary Table 2. Summary of quality control data for ChIP-seq samples used 

for MK library sequencing. The total and uniquely aligned reads along with quality 

control metrics that represent successful ChIP-seq experiments; PBC > 0.5 and NRF > 0.8 

that represent ChIP-seq library complexity, NSC and RSC > 1.05 and > 0.8 that represent 

ChIP-seq signal to noise ratio independent of peak calling for QPD and control MK ChIP-

seq experiments are displayed [180]. 

 

 


