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LAY ABSTRACT 

Platelets are blood cells that are important to limit bleeding as they stick at sites of 

injury and help blood to clot. The medical term for conditions where platelets don’t 

function properly is platelet function disorders (PFD). Laboratory tests are important to 

diagnose PFD. We evaluated our experiences with some tests for diagnosing PFD, 

including whole mount electron microscopy (EM), a test that looks for a type of PFD 

called platelet dense granule deficiency. We also evaluated other diagnostic tests, 

including a test for a platelet protein called MYH10. We also evaluated how platelets 

support blood clotting - an aspect of platelet function that hasn’t been tested much in 

PFD. We found that whole mount EM is helpful to diagnose PFD, unlike tests for 

MYH10. We also found defects in how platelets support blood clotting in some but not 

all types of PFD. The findings help clarify what tests are useful to assess PFD. 
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ABSTRACT  

Many rare and severe forms of platelet function disorders (PFD) are now well 

characterized, however, information is only emerging about the phenotype and causes of many 

common types of PFD. This thesis aimed to extend the knowledge on uncharacterized PFD that 

manifest with impaired platelet aggregation function with multiple agonists, and/or platelet dense 

granule (DG) deficiency (DGD) by addressing some unanswered questions about laboratory 

findings for these PFD and whether some PFD have defects in platelet procoagulant function in 

assays using platelet rich plasma. First, we assessed the test characteristics and diagnostic 

usefulness of testing for DGD by whole mount electron microscopy (EM). We found that this test 

has acceptable performance characteristics, with a within-subject coefficient of variation (CV) of 

12% for samples with normal DG counts. Confirmed DGD by whole mount EM showed 

significant association with increased bleeding symptoms and the clinical diagnosis of a bleeding 

disorder (Odds Ratio: 97, 95% CI: 5.7-1700). Light transmission aggregometry, and DG 

adenosine triphosphate release (estimated by lumi-aggregometry), were not sufficiently sensitive 

for detecting DGD as their respective sensitivities for detecting platelet function abnormalities 

due to DGD were only ~52% and 70%. Next, we evaluated for aberrant persistence of platelet 

non-muscle myosin IIB (MYH10) in a cohort with PFD, including those caused by mutations in 

transcription factors, such as RUNX1. While some participants with RUNX1 mutations showed 

the expected abnormal MYH10 findings, one had consistently normal findings. In another family 

with a PFD of unknown cause that impaired aggregation with multiple agonists, MYH10 findings 

varied from normal to abnormal among the affecteds. Lastly, we evaluated platelet procoagulant 

function in PFD using thrombin generation assays, and found that platelet-dependent thrombin 

generation was normal in many PFD with impaired aggregation responses and/or DGD, with 

abnormalities detected in the subgroup with RUNX1 mutations. Platelet-dependent thrombin 
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generation was also impaired in Quebec platelet disorder (QPD). Unlike the other PFD subjects 

studied, QPD participants had platelet Factor V (FV) deficiency. In QPD, but not other 

participants, platelet FV showed a significant association to endogenous thrombin potential 

(R2=0.81) and peak thrombin concentration endpoints (R2=0.88) for PRP samples, suggesting 

platelet FV is important for thrombin generation. The findings from this thesis help clarify the 

phenotypic abnormalities associated with PFD, with implications for diagnostic testing. The 

studies also illustrated that the functional defects in some PFD extend to the ability of platelets to 

support thrombin generation. 
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CHAPTER 1 

INTRODUCTION 

1.1 OVERVIEW OF HEMOSTASIS 

1.1.1 Hemostatic plug formation: 

Hemostasis is the process that controls and prevents bleeding, and involves both 

blood and blood vessel responses to hemostatic challenges. (1-3) Platelets are small, 

anucleate cells that have an important role in hemostasis. Platelets circulate within the 

blood, and when they are activated and recruited to sites of injury, they help to form a 

hemostatic plug by adhering, aggregating and supporting blood coagulation. (1, 2) 

Hemostasis involves three phases: 1) platelet plug formation; 2) the generation of 

thrombin and a fibrin mesh that attaches to the platelet plug; and 3) the dissolution of 

fibrin during wound healing, a process called fibrinolysis. (2) 

When platelets participate in hemostasis, they adhere at the site of injury, become 

activated, stick to one another and release the contents of their granules through 

exocytosis. (4) The formation of a platelet plug involves three stages: 1) platelets attach 

to proteins exposed at the site of injury including exposed collagen (at the severed edge 

of the blood vessel and in the extravascular space that is not normally exposed to blood) 

and to von Willebrand factor (VWF) bound to collagen; 2) next, platelets are activated by 

collagen and other agonists; and 3) this is followed by platelet aggregation (the 

interactions of platelets with other activated platelets) to help seal the wound. (1, 2) In the 

first step, platelets adhere to collagen and VWF via α2β1 and the glycoprotein (GP) Ib-

IX-V complex. (1, 2) These interactions and collagen interactions with GPVI also 
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activate platelets, which induces platelet shape change due to cytoskeletal rearrangement 

that maximizes platelet surface contact at the site of injury. (1, 2) Platelet activation also 

leads to changes in phospholipids found on the platelet surface: it increases the exposure 

of negatively-charged procoagulant phospholipids, such as phosphatidylserine (PS), on 

the exterior surface of the activated platelet membrane that are required for the assembly 

of the tenase and prothrombinase complexes that lead to accelerated thrombin generation. 

(5) These coagulation reactions generate thrombin, a serine protease that converts the 

abundant plasma GP fibrinogen to fibrin monomers that then polymerize to form 

insoluble fibrin, which creates a clot. (3) The αIIbβ3 receptor on the platelet surface 

undergoes a conformational change that leads to binding of fibrinogen, fibrin and VWF 

to platelets. (1-3) The activation of platelets also: triggers the release of stored platelet 

granule contents via exocytosis; and the generation of thromboxane A2 (TxA2) and 

release of stored adenosine diphosphate (ADP) from granules to promote further platelet 

activation and recruitment. Interactions of platelet with fibrinogen, fibrin and VWF help 

form a stable platelet aggregate and hemostatic plug that limits further blood loss. (1-3, 6) 

 

Platelet activation:  

Platelet activation is stimulated by a variety of soluble agonists, which are 

subclassified into strong or weak agonists. Strong agonists are those that directly and 

simultaneously induce platelet aggregation, TxA2 synthesis, and platelet granule 

secretion, whereas weak agonists are those that directly induce platelet aggregation 

without triggering secretion. (7) At low concentrations, strong agonists can act as weak 
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agonists. (7) Thrombin is a strong platelet agonist that binds to protease-activated 

receptor (PAR)-1 and PAR4 on human platelets. (8) Arachidonic acid is an agonist that is 

formed when platelets are activated and phospholipase A2 cleaves membrane 

phospholipids. (8) Next, through multiple enzymatic steps, arachidonic acid is then 

converted into TxA2, which further activates platelets via the thromboxane receptor. (8) 

ADP is a weak platelet agonist that is stored in platelet dense granules (DG), and upon 

platelet activation, ADP is released and binds to platelet P2Y1 and P2Y12 receptors to 

further activate platelets. (9) Once activated, platelets aggregate through αIIbβ3 binding 

to fibrinogen, fibrin, and VWF and form a hemostatic plug that acts as a barrier to limit 

further blood loss. (1, 2)  

 

Platelet granules: 

Platelet granules are formed early in megakaryocyte (MK) maturation (see 1.1.2 

for platelet formation), when protein trafficking through the trans-golgi network leads to 

formation of small vesicles that then form multivesicular bodies (MVB). (10) These 

MVB further mature into storage granules upon receiving newly synthesized specific 

transmembrane proteins through multiple vesicular trafficking pathways. (11, 12) 

Platelets contain 2 types of granules: alpha and dense granules (DG). α-granules are the 

most abundant platelet granule (about 50-80 per platelet) (13), and store adhesive proteins 

(e.g. fibrinogen and VWF), proteins involved in coagulation (e.g. factor [F] V), 

fibrinolytic proteins (e.g. plasminogen activator inhibitor I [PAI-1]), growth factors, and 

immune modulators. (14) DG are less abundant (approximately 4-10/platelet) and store 
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electron dense molecules such as calcium and magnesium, in addition to polyphosphates, 

adenine nucleotides (e.g. adenosine triphosphate, ATP and ADP), polyphosphate and 

bioactive amines (e.g. serotonin and histamine). (14, 15) The release of granule contents 

upon platelet activation is a crucial step that promotes platelet aggregation (through the 

release of ADP) and hemostatic plug formation. (16) 

 

1.1.2 Platelet formation: 

Platelets are derived from MK, which are located in the bone marrow. (17) 

Megakaryopoiesis, the development of mature MK from their progenitor cells, takes 

approximately 9-12 days and yields cells with proplatelet extensions that then release 

platelets. (18) Recently, there is evidence that some platelet release occurs by MK in the 

lungs. (19) Megakaryopoiesis is supported by thrombopoietin (TPO) binding to the c-mpl 

receptor on hematopoietic progenitor cells, inducing a Janus kinase-2 (JAK2) signaling 

cascade that stimulates cell differentiation into MK. (17, 20, 21) MK undergo 

polyploidization and endomitosis, which are repeated cell cycles with a termination of 

mitosis at the later phase of cytokinesis. (20) During megakaryopoiesis, platelet-specific 

proteins are synthesized and cytoplasmic maturation occurs, with the packaging of 

granules and the development of an open canalicular membrane system that is found in 

mature human platelets. (22) Finally, MK develop branched extensions called 

proplatelets that protrude into bone marrow sinusoids, allowing its terminal buds to be 

released into circulation as platelets. (21, 22) 
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Each MK can produce approximately 5000-10,000 platelets during their lifespan. 

(4, 17) About two thirds of platelets are released from the bone marrow and circulate 

within the blood at a concentration of 150-400 x 109/L, with additional platelets 

sequestered in the spleen. (13, 14) The platelet lifespan varies between 5-9 days and 

platelets are eventually cleared from circulation by the liver and spleen via phagocytosis. 

(4, 13) 

 

1.1.3 Blood coagulation: 

Coagulation proteins are also involved in hemostasis. (5, 23, 24) Traditionally, 

coagulation was divided into the extrinsic, intrinsic and common pathways, but more 

contemporary descriptions describe coagulation as an overlapping, 3-phase process: 

initiation, amplification, and propagation. (23) With an injury, blood is exposed to cells 

outside the vasculature that express tissue factor (TF) on their surface, allowing FVII to 

bind to TF to form a TF-FVIIa complex, which can associate with and activate small 

amounts of FX. (5, 23-25) FXa (a, activated) activates FV and associates with FVa on the 

phospholipid membrane of activated platelets, or other cells, to form the prothrombinase 

complex and convert small amounts of prothrombin to thrombin. (5, 23, 24) 

Amplification of coagulation then occurs, which involves positive feedback loops that 

promote thrombin generation, including the proteolytic activation of FVIII, FV, and FXI 

by thrombin. (5, 23, 24) Upon activation of platelets by thrombin, platelet intracellular 

calcium levels rise, causing a loss of phospholipid asymmetry in the platelet plasma 

membrane. (5, 23, 24) PS and phosphotidylethanolamine (PE), which are normally found 
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on the internal platelet membrane, move to the external surface, which favours the 

assembly of the intrinsic tenase and prothrombinase complexes. Additionally, partially 

activated FV is secreted from platelet α-granules onto the platelet surface (see below for 

more information on FV and FVa) to enhance prothrombinase assembly. (5, 23, 24) This 

culminates in the propagation of coagulation, by the intrinsic tenase and prothrombinase 

complexes and increased thrombin generation due to the activation of factors V, VIII and 

XI. (5, 23, 24) FVIIIa participates in FXa generation by forming the intrinsic tenase 

complex with factor IXa, the substrate FX, phospholipids and calcium. (5, 23, 24) FVa 

participates in thrombin generation by forming the prothrombinase complex, which 

includes FXa, FVa, the substrate prothrombin, phospholipids and calcium. (5, 23, 24) Ex 

vivo, the intrinsic pathway is initiated when contact with negatively charged surfaces 

activates FXII, in the presence of high molecular weight kininogen and prekallikrein, 

which leads to the subsequent activation of FXI and FIX. (5, 23, 24) Thrombin converts 

fibrinogen to fibrin and it also simultaneously activates FXIII, stabilizing the fibrin clot 

by crosslinking fibrin monomers to each other. (5, 23, 24) 

 

Factor V: 

FV is a coagulation cofactor produced by the liver as a single-chain GP (330 kDa) 

consisting of six domains: A1-A2-A3-B-C1-C2. (26) The majority of FV (~80%) 

circulates in plasma as an inactive cofactor, while in humans, ~20% is stored in platelets 

following FV endocytosis from plasma. (27) In platelets, FV is stored in a partially 

activated state in platelet α-granules. (27, 28) FVa is generated upon proteolytic cleavage 
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of plasma or platelet FV by thrombin or FXa (29, 30) to liberate the B domain, leaving 

two non-covalently bound chains that comprise factor Va, which consists of: a heavy 

chain of A1 and A2 domains, and a light chain of A3, C1, and C2 domains. (26) To 

ensure thrombin generation is fast and localized, the prothrombinase complex assembly 

requires the exposure of negatively charged phospholipids, PS and PE, onto the platelet 

surface. (23, 26) The prothrombinase complex consists of: an enzyme (FXa); a cofactor 

(FVa); a protein substrate (prothrombin); negatively charged phospholipids; and calcium 

ions. (26) The conversion of prothrombin to thrombin is approximately 100,000 times 

more efficient when the prothrombinase complex is assembled compared to cleavage of 

prothrombin by FXa alone. (26) FVa is downregulated through its inactivation by 

proteolytic cleavage by activated protein C (APC). (31) 

 

Regulation of coagulation: 

There are numerous regulatory components that control coagulation. First, TF is 

not a normal component of blood. Second, TF pathway inhibitor (TFPI) associates with 

FXa and inhibits the TF-FVIIa complex, limiting the activation of FX. (32) TFPI also 

inhibits prothrombinase activity in early stages of coagulation by binding to the acidic 

region on the FV B domain. (33) In addition, once thrombin is generated, it can bind to 

thrombomodulin (TM) on endothelial cells to activate protein C to APC. (30) APC and 

its cofactor, protein S, inhibit membrane-bound FVIIIa and FVa before they form 

complexes with FIXa and FXa, respectively. (30) APC also proteolytically inactivates 

FVa, thereby downregulating the activity of the prothrombinase complex. (34) Lastly, 



Master’s Thesis – Justin Brunet                          McMaster University – Medical Sciences 

  8 

antithrombin is a serine protease inhibitor that acts at numerous steps in the coagulation 

pathway as it inhibits thrombin, FIXa, FXa, FXIa, and FXIIa. (35) 

 

1.1.4 Fibrinolysis: 

Thrombus dissolution, or fibrinolysis, is normally a highly localized process that 

contributes to wound healing and the reestablishment of blood flow after clotting. (36) 

Fibrinolysis is initiated by the conversion of plasminogen into plasmin by tissue 

plasminogen activator (tPA) or urokinase plasminogen activator (uPA). (37) Plasmin 

(which is a broad specificity protease) can then hydrolyze cross-linked fibrin into fibrin 

degradation products, dissolving the clot. (36) 

There are several important molecules that inhibit fibrinolysis. The plasminogen 

activators uPA and tPA are both inhibited by PAI-1, which is released by endothelial 

cells and by activated platelets. (36) α2-plasmin inhibitor and α2-macroglobulin (α2M) 

are serine protease inhibitors that inhibit plasmin and help to limit fibrinolysis. (38) 

Lastly, plasmin activates thrombin-activatable fibrinolysis inhibitor (TAFI) to its 

activated form (TAFIa) that removes C-terminal lysine and arginine residues from 

partially degraded fibrin to further limit fibrinolysis. (39) 
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1.2 DEFECTS IN PLATELET FUNCTION 

Defects in platelet function can occur due to acquired or inherited disorders, and 

can affect a variety of mechanisms. Acquired platelet function disorders (PFD) are a 

result of platelet dysfunction often due to drugs and bone marrow disorders. (40, 41) 

Substances that inhibit platelet function include: cyclooxygenase (COX)-1 inhibitors (e.g. 

Aspirin), nonsteroidal anti-inflammatory drugs (NSAIDs), thienopyridine drugs, proton 

pump inhibitors, alcohol, caffeine, and ginkgo-based herbal supplements. (40, 42, 43) 

Inherited PFD are a group of bleeding disorders with diverse molecular causes. 

(44) Clinical laboratories that offer testing for PFD report diagnosing PFD as frequently 

as von Willebrand disease (VWD), which has a prevalence of approximately 1:1000. (45-

47) The features and causes of rare and syndromic inherited PFD are largely well-

characterized. However, the causes of more common types of inherited PFD, such as 

those that cause non-syndromic DG deficiency (DGD) and/or aggregation defects with 

multiple agonists are largely unknown. (48) There are thousands of proteins in platelets, 

which means that are many potential mechanisms for PFD and for the normal observed 

variability in platelet function. (49) 

 

1.2.1 Assessment of inherited platelet function disorders: 

Initial assessment: 

The first step in evaluating for a suspected inherited PFD is a thorough 

assessment of the patient’s medical history to assess the type, severity and frequency of 

bleeding. (50, 51) A family history is also important in a clinical evaluation as bleeding 
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symptoms shared by multiple members within a family suggest an inherited PFD and 

provide important information on the potential mode of inheritance. Knowledge of the 

range and type of symptoms experienced by affected members of the family is often 

helpful in understanding the disorder and its severity. (50) A complete physical 

examination is recommended to assess for bleeding manifestations and for syndromic 

features that are associated with some inherited PFD, such as: albinism; kidney disease; 

hearing loss; dysmorphic faces; defects in the heart or bones; ocular abnormalities; and 

mental retardation. (50) 

 

Bleeding symptoms: 

  Some inherited PFD, such as Glanzmann thrombasthenia (GT) and Bernard-

Soulier Syndrome (BSS), have more severe bleeding symptoms. (52-56) Mild and severe 

inherited PFD can present with symptoms of: epistaxis, heavy menstrual bleeding, 

extensive and/or unexplained bruising, heavy or prolonged bleeding with childbirth, and 

excessive challenge-related bleeding with surgical and dental procedures. (13, 54, 55, 57) 

As some bleeding symptoms are also common in healthy population controls (e.g. 

epistaxis, easy bruising, heavy menstrual bleeding), this needs to be factored in the 

assessment of bleeding from PFD. (55) 

 

Bleeding assessment tools: 

Bleeding history assessment tools (BAT) have been designed to help document 

and quantify symptoms associated with bleeding disorders and allows for a more 
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standardization assessment of bleeding histories and symptoms. (49) Additional 

background on BAT is discussed below as I used data from BAT for part of my analyses. 

 The International Society on Thrombosis and Haemostasis (ISTH) BAT is the 

currently recommended tool for evaluating bleeding histories for persons with PFD for 

research studies. This BAT was designed to be completed by a physician or other trained 

health professionals to quantify the overall burden of bleeding symptoms and categorize 

the type of bleeding. (51) There are 14 bleeding symptoms assessed by this BAT: 

epistaxis, bruising, bleeding from minor wounds, oral cavity, gastrointestinal bleeding, 

hematuria, tooth extraction, surgery, menorrhagia, post-partum hemorrhage, muscle 

hematomas, hemarthrosis, central nervous system bleeding, and other types of bleeding. 

(51) For each category, bleeding is scored from 0 (no/trivial bleeding) to 4 (severe 

bleeding needing treatment). (51) Only bleeding events and symptoms that occurred 

before or at the time of diagnosis are scored by this tool. (51) A total score across all 

categories is calculated to estimate the overall burden of bleeding symptoms experienced 

by the patient. (51) The ISTH BAT has been used in numerous cohorts, including cohorts 

of normal healthy controls (58), persons with type 1 VWD (59) and persons with 

inherited PFD. (57, 60-62) The normal range of ISTH BAT scores range from 0-4 for 

adult males, 0-6 for adult females, and 0-3 for children. (58) However, removal of 

gender-specific symptoms creates similar normal ranges for males and females (0-4). (58) 

The ISTH BAT has some drawbacks. The ISTH BAT scores each category based solely 

on the single worst bleeding episode in that category and does not take into account the 

overall frequency of mild or worse bleeding events. (63) Additionally, all studies report 
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overlap in BAT scores between individuals with and without a bleeding disorder which 

raises questions about the potential diagnostic usefulness of the tool. (64)  

 The Clinical Health Assessment Tool (CHAT) was the first BAT used to collect 

standardized information on bleeding to estimate bleeding risks for an inherited disorder 

as odds ratios (OR) for different bleeding symptoms and problems by comparing data for 

persons with Quebec Platelet Disorder (QPD) to their unaffected family members. (65) A 

different version of CHAT was designed to evaluate platelet disorders (CHAT-P) 

including the estimation of bleeding risks for a family with a PFD due to a RUNX1 

haploinsufficiency mutation (with six affected family members), by comparison to 

general population controls. (57) Estimating bleeding risks as OR allows each specific 

bleeding symptom (including those that indicate more severe bleeding problems) to be 

compared for affected and unaffected individuals. The OR approach takes into 

consideration that some persons without bleeding problems experience some mild 

bleeding symptoms and it also takes into account that not everyone has exposures to 

certain hemostatic challenges, such as surgery. The data generated by this tool can be 

used to communicate information on the magnitude of bleeding risks to healthcare 

provides and patients, to promote evidence-based care. 

 

Laboratory investigations:  

Laboratory tests of platelet function are an integral part of the diagnostic work up 

of PFD. (50) Some inherited PFD are associated with thrombocytopenia, reduced storage 
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granule numbers, impaired release of platelet DG contents and/or abnormal platelet 

aggregation responses to a panel of agonists. (50) 

A complete blood count is routinely done to assess for thrombocytopenia (defined 

as a platelet count below 150 x 109/L) as part of the workup of a PFD as some disorders 

affect platelet numbers with or without altering platelet function. Persons undergoing 

investigations for bleeding are often investigated for other defects at the same time or 

before testing for a PFD. The commonly performed tests for other bleeding problems 

include an evaluation of citrated platelet-poor plasma (PPP) for: a prothrombin time (PT, 

assesses the extrinsic pathway of coagulation), activated partial thromboplastin time 

(APTT, assesses intrinsic pathway of coagulation), and a VWF screen (which includes an 

estimation of VWF antigen, VWF activity by ristocetin or mutant GPIb binding assays of 

VWF activity, and assessment of FVIII coagulant activity). (50) If a PFD is suspected in 

a person with thrombocytopenia, further testing is required to assess for accompanying 

defects in platelet function as some disorders reduce platelet numbers and cause 

characteristic impairments in platelet function (e.g., absent ristocetin-induced platelet 

agglutination in BSS; reduced or absent aggregation with other agonists in variant GT). 

(50) 

Light transmission aggregometry (LTA) is the most common platelet function test 

performed by diagnostic laboratories and it is currently considered a gold standard test for 

diagnosing inherited PFD. (56, 66, 67) LTA evaluates platelet-platelet interactions in 

platelet-rich plasma (PRP) by monitoring the change in light transmission upon addition 

of a platelet agonist, while stirring the sample at low shear force. (66, 67) The typical 
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agonist panel used to assess platelet function contains: ADP, collagen, epinephrine, 

arachidonic acid, and ristocetin. (56, 66) Additional agonists (e.g., TxA2 analogue 

U46619) are also useful for detecting and categorizing the type of platelet function 

abnormality. (56, 66, 68) A result is considered abnormal if maximal aggregation (MA) 

falls outside of the laboratory’s established reference interval (RI). Impaired platelet 

aggregation with two or more agonists is suggestive of a PFD (47, 50, 68), although not 

all PFD impair aggregation responses and some rare disorders impair aggregation 

responses to single agonists (e.g., collagen in GPVI defects, ristocetin in BSS and some 

forms of VWD). 

Some laboratories also perform platelet DG release assays as part of the 

evaluation of inherited PFD. (48, 56) When platelets are activated by agonists in PRP, 

DG release both ADP and ATP into the plasma and it is possible to quantify DG release 

by measuring the released ATP by lumiaggregometry. This is the most commonly-used 

technique assess DG release, which uses a luciferin/luciferase reagent and an ATP 

standard to quantify the amount of ATP released in response to an agonist. (48, 56) 

However, the assessment of DG ATP release has questionable diagnostic usefulness as 

the findings show considerable variability, and even if ATP release is consistently 

impaired, the finding does not show a significant relationship to increased bleeding scores 

or the diagnosis of a bleeding disorder. (60) 

The ISTH has recommended that assays for platelet DGD be performed as a part 

of the diagnostic workup of a PFD. (50)  An estimate of platelet DG numbers by whole 

mount electron microscopy (EM) is the most commonly used method to diagnose platelet 
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DGD. (48) The calcium and phosphorus content of DG make these structures electron 

dense, allowing them to be visualized and quantified by EM without fixation or staining. 

(15, 69) DGD is associated with mucocutaneous bleeding problems, and although it 

represents only one type of PFD, DGD is fairly common, with a similar prevalence to 

VWD. (45, 70) An assessment for DGD is helpful for diagnosing inherited PFD since 

some patients with DGD have normal MA and DG ATP release findings. (45, 70) 

External quality assurance (EQA) exercises on whole mount EM tests shown good 

agreement between laboratories on which electron-dense structures should be counted as 

a DG, and which samples show normal or abnormal findings. (71, 72) Although the 

finding of DGD has been associated with a bleeding disorder (68), the variability of the 

test findings have not been reported and it would be useful to determine the diagnostic 

usefulness of whole mount EM for detecting DGD in a larger study. 

Common clinical tests, such as PT and APTT (which measure the time to clot 

formation), do not test the role of platelets in thrombin generation as these tests are 

performed with PPP. (73, 74) Since fibrin formation occurs when only approximately 5% 

of the total amount of thrombin has been generated, measuring thrombin generation over 

time has some advantages over the PT and APTT when testing for potential defects in the 

hemostatic pathway. (73, 74) In the method designed and described by H.C. Hemker, 

thrombin generation is measured using a fluorogenic substrate (Z-Gly-Gly-Arg) bound to 

7-amino-4-methylcoumarin (AMC), which is cleaved by thrombin. (75, 76) In the 

calibrated automated thrombogram (CAT) method, the cleavage of the fluorogenic 

substrate is compared to a sample of the same plasma in which no thrombin generation is 
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triggered. (77, 78) Typically, α2M is used as a calibrator, where α2M binds thrombin, 

protecting thrombin from its inactivators in plasma but leaving its ability to split the 

fluorogenic substrate intact. (76) The use of α2M as a calibrator also normalizes 

individual differences between subjects, since α2M levels are higher in females and 

youth. (79, 80) Thrombin generation can be measured in citrate anticoagulated PRP and 

PPP, which is typically done by adding back calcium and relipidated TF to simulate 

vessel damage. (76, 77, 81, 82) In PPP, phospholipids are added to act as a surface for 

thrombin generation whereas activated platelets provide the phospholipid surface for 

thrombin generation assays with PRP. (76, 77, 81, 82) Measuring platelet-independent 

and -dependent thrombin generation by CAT is not routinely performed in the evaluation 

of PFD due to a lack information on findings for the test in many PFD. Many pre-

analytical and analytical variables exist that may cause variability within and between 

laboratories in CAT assays, which were discussed in recently published ISTH guidelines 

that provide recommendations for measuring thrombin generation by CAT. (83) One 

source of inter-laboratory variation is the source and concentration of TF. Some 

laboratories have used lower concentrations of TF (i.e. 0.5 pM) for PPP samples to detect 

hypocoagulability induced by FVIII or FIX deficiencies (84, 85), and higher 

concentrations of TF for studying other conditions. The ISTH guidelines recommend the 

use of standardized, commercially-available reagents for measuring thrombin in PPP and 

PRP samples. (83) The use of corn trypsin inhibitor (CTI), a FXIIa inhibitor, to ensure 

that thrombin generation proceeds via the TF pathway has also been debated. (86-89) 

Some studies have reported that blood sampling directly into tubes containing CTI 
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reduces imprecision in CAT for both PPP and PRP samples. (87) However, others have 

found that addition of CTI is not needed when triggering at higher TF concentrations (>1 

pM). (89)  

Mutations in transcription factors are being implicated as the cause of some PFD, 

including some autosomal dominant forms (see 1.2.2 for further information). (90) Whole 

exome sequencing is an upcoming technique to identify mutations in many different PFD, 

such as those caused by mutations in transcription factors. (50, 91) However, this 

technique can be expensive and time-consuming for many laboratories. Accordingly, 

recent ISTH guidelines have recommended a biomarker test, that is an assessment for the 

aberrant persistence of platelet non-muscle myosin heavy chain IIB (MYH10), to help 

identify some forms of PFD caused by pathogenic transcription factor mutations in the 

genes for RUNX1 and FLI1 (see 1.2.2 for further information on disorders caused by 

mutations in transcription factors). (50, 90, 92) Normally, MYH10 is downregulated by 

RUNX1 and FLI1, and undetectable in platelets; however, if present during late stages of 

megakaryopoiesis, it leads to impaired MK polyploidization (18), which may cause 

reductions in platelet counts and intracellular contents. (17) Before laboratories consider 

implementing this biomarker test into a routine diagnostic workup of PFD, an assessment 

of typical findings in individuals with findings suggestive of a PFD deserve further 

investigation. 

 

1.2.2 Summary of inherited platelet function disorders: 
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Diagnosis of an inherited PFD is often based on abnormalities detected during the 

diagnostic workup that are suspicious of a bleeding problem or particular type of platelet 

disorder. (93) Table 1 provides a summary of inherited PFD organized by the type of 

defect, the defective gene(s), and key features of the disorder. 

 

Table 1. Summary of inherited platelet function disorders. Disorders are categorized 

by the type of defect, defective gene(s) and key features. Abbreviations: ADP (adenosine 

diphosphate), ATP (adenosine triphosphate), DGD (dense granule deficiency), GI 

(gastrointestinal), MK (megakaryocyte), PE (phosphatidylethanolamine), PS 

(phosphatidylserine), TPO (thrombopoietin), TxA2 (thromboxane A2). 

Type of defect Name of disorder Defective 
gene(s) 

Key features 

Activation ADP receptor (P2Y1 and 
P2Y12) defects 

P2RY12, 
P2RX1 

Impaired platelet activation 
by ADP; normal platelet 
count. (93, 94) 

Activation Collagen receptor (GPVI) 
defects 

GP6 Impaired platelet activation 
by collagen; normal platelet 
count; mild to severe 
bleeding phenotype. (95, 96) 

Activation Thromboxane receptor defects TBXA2R Impaired TxA2-dependent 
aggregation and secretion by 
thromboxane; normal 
platelet count. (97) 

Activation & 
signaling 

Thromboxane synthase defects TBXAS1 Impaired production of 
TxA2; moderate to severe 
bleeding phenotype. (93) 

Adhesion Bernard-Soulier Syndrome GP1BA, 
GP1BB, 
GP9 

Deficiency or absence of 
GPIb-V-IX complex; 
macrothrombocytopenia; 
absent ristocetin-induced 
agglutination; bleeding 
severity can range from mild 
to severe. (98, 99) 

Adhesion Platelet-type von Willebrand 
disease 

GP1BA Gain-of-function defect in 
platelet GPIbα, leading to 
increased binding of 
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platelets to VWF and 
increased platelet clearance; 
prolonged bleeding time. 
(100, 101) 

Adhesion α2β1 defect ITGA2 Thrombocytopenia 
associated with deficiency of 
the platelet integrin receptor 
for collagen; mild bleeding 
phenotype. (102) 

Aggregation Glanzmann thrombasthenia, 
including variant forms  

ITGA2B, 
ITGB3 

<5% (type I) or 5-20% (type 
II) of αIIbβ3; >20% of 
αIIbβ3 with dysfunctional 
properties (variant); normal 
platelet counts except in 
some variant forms with 
activating mutations of the 
receptor; absent or markedly 
reduced platelet aggregation 
with all agonists but normal 
agglutination in response to 
ristocetin; bleeding usually 
severe. (103, 104) 

Aggregation Leukocyte adhesion deficiency 
type III 

FERMT3 Defective integrin activation 
involving platelets and 
leukocytes because of 
defects in kindlin 3; 
impaired platelet 
aggregation with various 
agonists. (105) 

Cytoskeletal Wiskott-Aldrich syndrome WAS Mild to moderate 
thrombocytopenia; small 
platelets with DGD; often 
present with 
immunodeficiency; common 
bleeding symptoms include 
GI bleeding and petechiae. 
(93) 

Cytoskeletal  MYH9-related platelet 
disorder 

MYH9 Macrothrombocytopenia; 
Dohlë-like inclusions in 
neutrophils; potential for 
nephritis and hearing loss; 
bleeding tendency related to 
platelet count. (106) 

Fibrinolysis & 
procoagulant 
function 

Quebec platelet disorder PLAU Gain-of-function defect in 
fibrinolysis with abnormal 
proteolysis of platelet FV 
and other stored platelet 
proteins due to increased 
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platelet urokinase 
plasminogen activator (uPA) 
that triggers intraplatelet 
plasmin generation; delayed 
bleeding; normal to reduced 
platelet counts. (65, 107-
109) 

Platelet 
granules 

Hermansky-Pudlak syndrome HPS (6 
genes), 
AP3B1, 
DTNBP1, 
PLDN, 
AP3D1 

DGD associated with defects 
of lysosomes and 
melanosomes, affecting skin 
and hair pigmentation; 
normal platelet count; 
reduced or absent ATP 
release by 
lumiaggregometry; can 
result in pulmonary fibrosis; 
mild to severe bleeding 
severity. (110) 

Platelet 
granules 

Chediak-Higashi syndrome  LYST Normal platelet counts with 
DGD; skin and hair 
hypopigmentation; 
immunodeficiency; mild to 
severe bleeding severity. 
(111)  

Platelet 
granules 

Gray platelet syndrome  NBEAL2 Deficiency of platelet α-
granules; mild 
thrombocytopenia; large 
platelets; prolonged bleeding 
time. (112) 

Platelet 
granules 

Non-syndromic 𝛿-storage pool 
disease 

Unknown Variable aggregation 
responses; prolonged 
bleeding time; decreased 
amounts of DG; increased 
ratio of total platelet ATP to 
ADP. (45) 

Platelet 
granules 

Arthrogryposis, renal 
dysfunction and cholestasis 
syndrome 

VSP33B, 
VIPAS39 

Arthrogryposis, renal 
dysfunction, and cholestasis 
associated with platelet α-
granule deficiency; severe 
bleeding phenotype. (113) 

Platelet 
granules 

Griscelli syndrome MYO5A, 
RAB27A, 
MLPH 

DGD associated with 
immunological and central 
nervous system defects, 
lymphohistiocytosis, and 
hypopigmentation. (114, 
115) 
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Platelet 
granules 

Medich platelet syndrome  Unknown Macrothrombocytopenia 
with markedly decreased α-
granules; platelets contain 
membranous cigar-shaped 
inclusions. (116) 

Platelet 
number 

Congenital amegakaryocytic 
thrombocytopenia 

MPL  Severe thrombocytopenia; 
absent MK in bone marrow; 
increased plasma TPO 
levels; easy bleeding. (117) 

Platelet 
number 

Congenital amegakaryocytic 
thrombocytopenia with 
radioulnar synostosis 

HOXA11 Severe thrombocytopenia; 
absent MK in bone marrow; 
proximal radioulnar 
synostosis. (118) 

Platelet 
number 

Thrombocytopenia (THC2- 
linked) 

MASTL, 
ACBD5, 
ANKRD26 

Thrombocytopenia; mild 
bleeding phenotype; 
ANKRD26 mutations 
associated with 
predisposition to leukemia 
(119, 120)  

Platelet 
number 

Macrothrombocytopenia with 
platelet expression of 
glycophorin A 

Unknown Macrothrombocytopenia and 
platelets expressing surface 
glycophorin A; late-onset 
hearing loss; mild bleeding 
phenotype. (121) 

Platelet 
number 

Thrombocytopenia associated 
with absent radii syndrome 

RMB8A Thrombocytopenia 
associated with the absence 
of radii and the presence of 
thumbs; bleeding phenotype 
in the first year of life which 
diminishes in frequency and 
severity with age. (122, 123) 

Platelet 
number & 
cytoskeletal 

Thrombocytopenia and giant 
platelets 

TUBB1  Thrombocytopenia with 
giant platelets; absent to 
mild bleeding phenotype. 
(124) 

Platelet 
number & 
cytoseketal 

Filaminopathy 
(thrombocytopenia with or 
without syndromic features) 

FLNA Defects in filamin A 
resulting in 
thrombocytopenia with or 
without periventricular 
nodular heteropenia or 
otopalatodigital syndromes. 
(125) 

Procoagulant 
function 

Scott syndrome TMEM16F 
(ANO6) 

Impaired ability of platelets 
to support coagulation due to 
impaired PS and PE 
expression on activated 
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platelets; normal platelet 
aggregation. (126) 

Procoagulant 
function 

Stomorken syndrome STIM1 Enhanced procoagulant 
activity of resting platelets;  
reduced platelet aggregation 
and secretion with all 
agonists except collagen. 
(127) 

Procoagulant 
function 

Platelet Factor V-New York Unknown Impaired platelet FV 
prothrombinase activity; 
normal prothrombinase 
function with added FVa; no 
FV proteolysis or multimerin 
deficiency. (128) 

Signaling Cytoplasmic phospholipase A2 
deficiency 

PLA2G4A 
 

Impaired arachidonic acid 
production due to defects in 
phospholipase A2 
deficiency; severe bleeding 
phenotype. (129)  

Signaling Cyclooxygenase deficiency PTGS1 Impaired ability to convert 
arachidonic acid to 
thromboxane; mild bleeding 
tendency. (130)  

Signaling Signaling defects involving G-
protein pathways 

GNAS1, 
GNAQ 

Defective G-protein coupled 
signaling; reduced platelet 
aggregation and secretion; 
mild bleeding phenotype. 
(131) 

Signaling York platelet syndrome STIM1  Thrombocytopenia 
associated with a gain of 
function mutation in the 
calcium sensor, STIM1;  
large ER-derived inclusion 
bodies in platelets; immune 
deficiency and non-
progressive myopathy. (132) 

Transcription 
factor 

Familial platelet disorder with 
propensity to acute myeloid 
leukemia and myelodysplastic 
syndrome  

RUNX1 Mild thrombocytopenia, 
some with normal platelet 
counts; abnormal 
aggregation in response to 
multiple agonists; some with 
mild DGD; mild to moderate 
bleeding tendency. (57, 80, 
90) 

Transcription 
factor 

Paris-Trousseau-Jacobsen 
syndrome 

FLI1 Macrothrombocytopenia; 
developmental delay and 
facial abnormalities; mild 
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bleeding phenotype. (90, 
133) 

Transcription 
factor 

Macrothrombocytopenia with 
dyserythropoiesis/anemia/beta-
thalassemia  

GATA1 Macrothrombocytopenia 
associated with thalassemia, 
neutropenia and 
megakaryoblastic leukemia; 
reduced number of AG. 
(134) 

Transcription 
factor 

Macrothrombocytopenia with 
dyserythropoiesis 

GFI1B Moderate 
macrothrombocytopenia; 
reduction in AG contents; 
variable bleeding tendencies. 
(135)  

Transcription 
factor 

ETV-related thrombocytopenia ETV6 Thrombocytopenia with 
predisposition to 
hematologic malignancy; 
reduced MK maturation. 
(135, 136) 
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Platelet disorders that impair activation: 

 Defects in a variety of platelet receptors that are important for platelet activation 

have been identified to cause some inherited PFD. (54) There have been reports of 

quantitative and qualitative defects in the receptors for: TxA2 (TP) (97), ADP (P2Y1 and 

P2Y12) (94), and collagen (GPVI). (95, 96) In addition, there have been reports of defects 

in thromboxane synthase, which is involved inTxA2 generation. (137)  

 

Platelet disorders that impair adhesion: 

 Defects in platelet adhesion can impair interactions between platelets and the 

vessel wall, and the ability of platelets to bind to subendothelial proteins. (93) BSS is a 

rare disorder that is caused by defects in the GPIb-IX-V complex, resulting in impaired 

platelet adhesion to VWF, macrothrombocytopenia, and absent platelet agglutination in 

response to ristocetin. (93, 98) Individuals with BSS also have impaired platelet-

dependent thrombin generation (138), since there are abnormalities in the binding of 

thrombin and fibrin to platelets. Platelets can bind fibrin through an interaction between 

fibrin-bound VWF and GPIb (139), and the platelet-bound fibrin enhances TF-induced 

platelet procoagulant activity. (140, 141) Thus, defects in fibrin-VWF-platelet binding in 

BSS may contribute to impaired platelet-dependent thrombin generation. Individuals with 

BSS have mild to life-threatening bleeding symptoms, which can include epistaxis, 

extensive bruising, and gastrointestinal bleeding. (98) Platelet-type VWD is an inherited 

disorder that is caused by a gain-of-function defect in GPIbα, allowing large VWF 

multimers to bind to resting platelets and be cleared from the system. (100, 101) 
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Platelet disorders that impair aggregation: 

 Defects in platelet aggregation impair platelet-platelet interactions. (93) GT is an 

autosomal recessive bleeding disorder that is caused by a severe deficiency or absence of 

αIIbβ3, the platelet receptor that binds fibrinogen and VWF when platelets are activated at 

low and high shear, respectively. (103, 104) Individuals with GT have impaired platelet 

aggregation responses to all agonists and ristocetin-induced platelet agglutination is 

present, but not followed by aggregation. (93) There have been reports of impaired 

platelet-dependent thrombin generation in some individuals with GT (138, 142), but there 

is variability in findings due to methodical differences when measuring thrombin 

generation. In variant GT, platelets express non-functional αIIbβ3, and typically present 

with moderate macrothrombocytopenia. (104) Other causes of platelet aggregation 

defects exist, including severe plasma fibrinogen deficiency (93) and leukocyte adhesion 

deficiency-III. (105) 

 

Platelet disorders that impair the cytoskeleton: 

Defects in the platelet cytoskeleton can impair megakaryopoiesis and platelet 

production. (44) MYH9-related platelet disorder is an autosomal dominant bleeding 

disorder that is caused by a mutation in the MYH9 gene. (106) Individuals with this 

disorder have macrothrombocytopenia since MYH9 is important for normal 

megakaryopoiesis. (106) These individuals can also present with Dohlë-like inclusions in 

their neutrophils, and may be at risk for nephritis and hearing loss. (44, 106) Wiskott-

Aldrich syndrome, is an X-linked disorder caused by a mutation in the WAS gene, causes 
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macrothrombocytopenia and often neutropenia associated with eczema and immune 

dysfunction. (93) Defects in other platelet cytoskeletal proteins, such as filamin (125) and 

tubulin (124), have also been reported, which cause macrothrombocytopenia. 

 

Platelet disorders that impair fibrinolysis: 

 Accelerated fibrinolysis from premature dissolution of a fibrin clot can result in 

bleeding complications. (143) QPD is a gain-of-function PFD that affects fibrinolysis due 

to an increase in platelet stores of uPA (107-109) caused by a tandem duplication 

mutation in PLAU. (143) Individuals with QPD have: mildly reduced to normal platelet 

counts (65); normal numbers of α-granules and DG (107, 144); and typically have absent 

platelet aggregation in response to epinephrine. (107, 144) QPD α-granule proteins (e.g. 

FV, VWF, thrombospondin-1, fibrinogen) show partial degradation due to intraplatelet 

but not systemic plasmin generation. (107, 144-146) Platelet FV activity is also reduced 

and prothrombinase activity of QPD pre-activated, washed platelets is impaired, unless 

purified FVa is added. (146) The function of QPD platelets in supporting coagulation in 

the presence of plasma FV has not been tested by CAT. CHAT has been used to assess 

bleeding risks for QPD, and compared to their unaffected relatives, individuals with QPD 

have a higher likelihood of reporting abnormal bleeding, including delayed bleeding after 

dental and surgical procedures unless they receive treatment with fibrinolytic inhibitor 

drugs. (65) 

 

Platelet disorders that affect storage granules: 
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Defects in platelet storage granules can affect DG and/or α-granules. (93) There 

are several PFD that result in DGD. First, Hermansky-Pudlak syndrome (HPS) is a 

disorder that is caused by a disruption in DG formation. (110) Individuals with HPS 

present with oculocutaneous albinism, mild to moderate bleeding symptoms, absent or 

impaired secondary platelet aggregation with weak agonists, and may also develop 

pulmonary fibrosis. (110) Another DG disorder, known as Chediak-Higashi syndrome, 

presents with similar features as HPS but possesses severe immunologic and neurological 

defects. (111) Griscelli syndrome is associated with lymphohistiocytosis and 

immunological and central nervous system defects. (114, 115) Lastly, non-syndromic 

DGD are a much more common form of PFD with individuals presenting with variable 

aggregation responses and an increased ratio of total platelet ATP to ADP. (45) 

There are also many PFD that result in a reduction of AG numbers. Gray platelet 

syndrome is a disorder that is characterized by absent or decreased numbers of α-

granules, and mild thrombocytopenia. (112) Other forms of α-granule deficiency have 

been reported, including arthrogryposis, renal dysfunction and cholestasis syndrome 

(113) and Medich platelet syndrome. (114, 115) 

  

Platelet disorders that influence platelet number: 

There are many inherited PFD that cause thrombocytopenia in conjunction with 

impairments in platelet function and/or morphology (i.e., altered platelet size). Congenital 

amegakaryocytic thrombocytopenia with or without radioulnar synostosis are rare 

disorders that result in severe thrombocytopenia and absent MK in bone marrow. (117, 
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118) Individuals with thrombocytopenia associated with absent radii syndrome also 

present with low platelet counts, and have an increased risk for bone defects, cardiac, or 

renal problems. (122, 123) Lastly, individuals with mutations in ANKRD26 are associated 

with thrombocytopenia 2, and present with reduced α-granule numbers, mild bleeding, 

and have an increased risk of developing leukemia. (119) 

 

Platelet disorders that impair procoagulant function: 

 Impaired procoagulant function presents as an inability of platelets to support the 

enzymatic reactions in the coagulation system. (126) Scott syndrome is a rare, inherited 

disorder that is associated with a decreased exposure of anionic phospholipids on the 

platelet surface, resulting in reduced thrombin generation. (126) Mutations in TMEM16F 

(ANO6) have been associated with Scott syndrome. (126) Conversely, Stomorken 

syndrome is characterized by enhanced procoagulant activity due to a mutation in STIM1. 

(127) In addition to accelerating fibrinolysis, QPD is a PFD that also impairs 

procoagulant function due to increased proteolysis of platelet FV that impairs 

prothrombinase complex assembly. Platelet FV-New York is an additional disorder that 

impairs platelet FV prothrombinase activity, but distinct from QPD as there is no 

proteolysis of platelet FV or other α-granule proteins. (128)  

 

Platelet disorders that impair signaling: 

 Platelet signaling defects represent a heterogeneous group of disorders 

characterized by impairment in signal amplification or other processes involved in 
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intracellular messages. They may be caused by qualitative or quantitative defects in 

intracellular signalling molecules (e.g. phospholipase A2), GTP-binding proteins (α, β 

and γ subunits) or enzymes involved in TxA2 production (e.g. COX-1 or thromboxane 

synthetase). (54, 93)  

 

Platelet disorders caused by transcription factor mutations: 

Hematopoietic transcription factors are known to be important in the development 

and maturation of MK and platelets. (147) Mutations in transcription factors, such as 

Runt-related transcription factor 1 (RUNX1), Friend leukemia integration 1 (FLI1), 

GATA-binding factor 1 (GATA1), growth factor independent 1B (GFI1B), and E26-

transformation specific variant 6 (ETV6) have been shown to result in MK and platelet 

dysfunction, thrombocytopenia, and variable bleeding symptoms in patients. (21, 134, 

135, 147) 

RUNX1 plays a fundamental role in megakaryopoiesis, and knockout gene studies 

show a decrease in MK polyploidization and cytoplasmic development. (147-149) 

Patients with a RUNX1 mutation carry a high risk of developing familial platelet disorder 

with predisposition to acute myelogenous leukemia (FPD/AML). (21) FPD/AML is an 

autosomal dominant disorder, characterized by normal platelet morphology and size, and 

mild to moderate thrombocytopenia. (21, 57, 90, 147) Despite the platelet dysfunctions, 

patients with FPD/AML usually report a mild to moderate bleeding history. (147) Some 

affected individuals even have normal platelet counts and lack a bleeding history, making 

it challenging to identify all affected individuals within an affected family. (57) 
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Numerous platelet abnormalities have been reported in patients with RUNX1 mutations, 

such as storage pool deficiencies (57, 150), impaired maximal aggregation and DG 

secretion (57, 90), aberrant persistence of platelet MYH10 (57, 92), and decreased 

activation of αIIbβ3. (151, 152) 

FLI1 plays a major role in megakaryopoiesis, since a mutation in the transcription 

factor or a partial deletion of the chromosomal region that includes FLI1, results in 

macrothrombocytopenia, dysmorphic facial features, giant α-granules, and 

dysmegakaryopoiesis in the bone marrow. (21, 135, 147) There is also impairment in the 

release of platelet α-granules contents upon activation by thrombin (21, 147), a decrease 

in the number of platelet DG (133), and abnormal persistence of MYH10 in platelets. (90, 

92, 133) Disorders associated with FLI1 include Paris-Trousseau syndrome (PTS) and 

Jacobsen syndrome. The two disorders differ in severity, with PTS being characterized 

primarily by thrombocytopenia, while Jacobsen syndrome is characterized by intellectual 

disabilities and dysmorphic features. (135, 153) The differences in clinical expression are 

likely to reflect the size and location of the chromosomal breakpoint. (135) 

GATA1 is mainly expressed in erythroid cells, mast cells, and MK. (21, 44) 

Mutations in GATA1 create an X-linked thrombocytopenia and affects the number and 

maturation of MK. (21) These MK have decreased polyploidization and immature 

cytoplasms. (21) Patients with a GATA1 mutation produce fewer, abnormally-sized 

platelets and have fewer α-granules. (21) 

 GPI1b is crucial for normal hematopoiesis and an essential transcriptional 

regulator of erythroid and megakaryocytic development. (154) Individuals with mutations 
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in GPI1b have moderate macrothrombocytopenia, red cell anisopoikilocytosis, variable 

aggregation responses, and reduced platelet α-granules contents. (135, 155) 

 ETV6 is widely expressed in all tissues and essential for definitive hematopoiesis 

in the bone marrow. (135) It also modulates the activity of other transcription factors, 

such as FLI1. (156) Individuals with mutations in ETV6 have thrombocytopenia and a 

predisposition to hematologic malignancies; however, no defects in platelet function have 

been reported. (136)  
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1.3 IMPORTANT UNANSWERED QUESTIONS 

1.3.1 Aim 1 – Diagnostic usefulness of whole mount electron microscopy for 

diagnosing platelet dense granule deficiency: 

As uncharacterized PFD are commonly found among patients referred to a 

hematologist for abnormal bleeding, this has raised questions about how much testing, 

and which testing, is required to diagnose or exclude a PFD. (46) Recent ISTH guidelines 

have recommended that assays for platelet DGD be performed as a part of the diagnostic 

workup of a PFD. (50) Confirmed DGD by whole mount EM has been associated with a 

bleeding disorder (68), but this study did not evaluate if the findings were reproducible 

over time. Since whole mount EM is the most commonly used method to diagnose 

platelet DGD (48), there is a need to study a larger cohort to assess the diagnostic 

usefulness of the assay for evaluating PFD due to DGD.  

 

Based on this knowledge, the following hypothesis was generated: 

Quantification of DG numbers by whole mount EM is a useful diagnostic assay for the 

evaluation of a suspected PFD due to DGD. 

 

To test this hypothesis, the specific objectives of this study were to: 

1. Analyze prospectively collected data on diagnostic EM tests for DGD to evaluate 

the within-subject variability of DG counts in referred patients and general 

population controls who had multiple tests performed. 
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2. Evaluate sensitivities of LTA and DG ATP release tests for detecting PFD due to 

DGD. 

3. Determine if confirmed DGD shows relationships to increased bleeding and the 

clinical diagnosis of a bleeding disorder. 

 

1.3.2 Aim 2 – Analysis of platelet MYH10 as a biomarker for impaired 

megakaryopoiesis in uncharacterized platelet function disorders: 

Transcription factor defects are implicated as an important cause of some PFD, 

and one study reported finding RUNX1 or FLI1 mutations in 6/13 (46%) of patients with 

a suspected inherited PFD. (90) The recent ISTH guidelines have recommended an 

assessment of platelet MYH10 as a potential biomarker for PFD cases that result from a 

mutation in a transcription factor such as RUNX1 or FLI1. (50) Although previous studies 

have found that there is an aberrant persistence of platelet MYH10 in individuals with 

RUNX1 and FLI1 mutations (57, 90, 92, 133), further analyses are needed to assess the 

usefulness of evaluating for platelet MYH10, particularly for typical cohorts with an 

uncharacterized inherited PFD that could be due to a pathogenic mutation in RUNX1 or 

FLI1. These analyses will provide further insights on the use of platelet MYH10 as a 

biomarker test for cases suspected to have mutations in RUNX1, FLI1, and/or potentially 

other hematopoietic transcription factors. 

 

Based on this knowledge, the following hypothesis was generated: 
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Evaluation of the aberrant persistence of platelet MYH10 is a useful diagnostic assay to 

detect PFD resulting from mutations in transcription factors that are implicated to cause 

some PFD. 

 

To test this hypothesis, the specific objectives of this study were to: 

1. Evaluate platelet MYH10 protein levels by immunoblotting and densitometry, for 

individuals with uncharacterized PFD, in a cohort that included persons found to 

have a pathogenic RUNX1 mutation. 

2. Evaluate platelet MYH10 transcript levels by digital polymerase chain reaction 

(dPCR) for individuals in a cohort with uncharacterized inherited PFD, including 

persons found to have a pathogenic RUNX1 mutation. 

 

1.3.3 Aim 3 – Evaluation of platelet procoagulant capacities in uncharacterized 

platelet function disorders and Quebec platelet disorder: 

Some rarer forms of PFD, like Scott’s syndrome, are known to affect platelet 

procoagulant activity. However, it is possible that other PFD (including those presenting 

with uncharacterized PFD that impair aggregation responses and/or cause DGD) may also 

impair the ability of platelets to support thrombin generation, given that some are caused 

by mutations in transcription factors, such as RUNX1, that impair multiple aspects of 

platelet function. (57, 90, 157) QPD is known to affect prothrombinase activity due to 

increased proteolysis of platelet FV (107, 146), but the disorder has not been studied by 

CAT where thrombin generation can be assessed using PRP. Since ISTH recommends the 
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assessment of platelet procoagulant activity in the diagnostic workup of some inherited 

PFD (50), we undertook a cohort study of the findings for participants with 

uncharacterized PFD (including some with mutations in transcription factors) and also 

studied platelet procoagulant activity in QPD by CAT, to better understand the 

pathogenesis of these disorders. 

 

Based on this knowledge, the following hypothesis was generated: 

Individuals with QPD, and some individuals with uncharacterized PFD, have 

impairments in the ability of their platelets to support thrombin generation. 

 

To test this hypothesis, the specific objectives of this study were to: 

1. Assess platelet procoagulant defects in persons with uncharacterized PFD and 

QPD by evaluating: 

a. Platelet-independent and -dependent thrombin generation by CAT. 

b. FV antigen levels in plasma and platelets by ELISA. 

c. Relationships between plasma and platelet FV levels and thrombin 

generation endpoints. 

2. Re-evaluate platelet uPA levels in QPD to assess associations between platelet 

uPA, platelet FV, and thrombin generation endpoints.  
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CHAPTER 2 

METHODS 

2.1 ETHICS APPROVAL AND PARTICIPANT CONSENT 

The study was conducted in accordance with the requirements of the revised 

Helsinki accord, the Hamilton Integrated Research Ethics Board (HiREB) and the 

Hamilton Regional Laboratory Medicine Program (HRLMP). Written informed consent 

of participants was obtained for the second and third aims only as the HRLMP and 

HiREB did not require informed consent to be obtained to evaluate HRLMP data for 

quality improvement purposes (aim 1). Samples from QPD participants (aim 3) were 

collected with the approval of the HiREB and the Centre Hospitalier Universitaire Sainte 

Justine Research Ethics Board. All participant identities were anonymized prior to sample 

preparation and data entry.  
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2.2 PARTICIPANTS 

2.2.1 Participants in the Hamilton study cohort on phenotype and molecular causes 

of uncharacterized platelet function disorders: 

Participants in Hamilton that were recruited for a study on the phenotype and 

molecular causes of uncharacterized PFD (referred to subsequently as the “HPD study 

cohort”), led by Dr. Catherine Hayward, donated samples for aims 1-3. Persons in the 

HPD cohort were classified as “affected” by a PFD if they met the following inclusion 

criteria: 

1. Confirmed bleeding problems, based on the recorded opinion of the patient’s 

hematologist (obtained by medical record review). 

2. One or more of the following platelet function abnormalities of unknown cause: 

a. Impaired MA responses to ≥2 agonists by LTA, not due to a well-

characterized disorder (e.g. GT, BSS), and confirmed by repeat testing if 

DG numbers were normal. 

b. Confirmed DGD (lower limit of RI: 4.9 average DG/platelet), estimated 

by whole mount EM. 

Affected and unaffected relatives of participants had their bleeding histories 

assessed, using the ISTH BAT and CHAT-P tools, as previously described. (57, 60) 

Medical records were reviewed to gather HRLMP laboratory findings. The goals of my 

thesis did not include determining the molecular defects in study participants, although 

results from sequence analyses were used to sub-categorize the subjects tested. 
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As of August 2018, the HPD study cohort included: 9 individuals with a PFD and 

a confirmed RUNX1 haploinsufficiency mutation (from 3 families, one of which was 

previously reported (57)); 28 persons with a PFD of unknown cause (n=27 without a 

causative mutation identified by exome sequencing, n=1 whose exome sequencing was 

not completed), which included 18 affected individuals from 10 families and 10 affected 

single (“sporadic”) cases; and 23 unaffected relatives. General population controls with 

“no known problem with bleeding” were also evaluated (n=60 for bleeding history 

determination; n=20 and n=18 respectively for aims 2 and 3). Each participant was given 

an anonymous study code prior to sample collection and data entry. 

For HPD study cohort participants, the data that was gathered included: sex; age 

at time of testing; whether the participant had a bleeding disorder (based on the 

hematologist’s opinion, as described (47)); ISTH BAT scores (51, 57, 60); all evaluations 

of mean DG numbers per platelet by whole mount EM (71, 72); and the most recent 

HRLMP platelet count, mean platelet volume (MPV), DG ATP release findings 

(evaluated by lumi-aggregometry as described (60)), using an agonist panel that included: 

1 U/ml thrombin, 5.0 µg/ml Horm collagen, 6 µM epinephrine, 1 µM thromboxane 

analogue U46619 and 1.6 mM arachidonic acid; and MA responses (evaluated by LTA as 

described (47, 57, 68)), with the agonists: 1.25 and 5.0 µg/ml Horm collagen, 2.5 and 5.0 

µM ADP, 6 µM epinephrine, 1 µM thromboxane analogue U46619, 1.6 mM arachidonic 

acid, and 0.5 and 1.25 mg/ml ristocetin. 
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For aims 2 and 3, participants in the HPD study cohort that consented to donate 

additional research samples were evaluated (n=26 for aim 2, n=18 for aim 3) (see 3.2.1 

and 3.3.1 for further information on participant demographics). 

 

2.2.2 Other participants: 

For aim 1 (evaluation of diagnostic usefulness of quantifying DG numbers by 

whole mount EM), participants were organized into two cohorts: 1) all referred patients 

and simultaneously evaluated controls that were tested by the HRLMP for DGD by whole 

mount EM over a 12-year period from January 1st 2006 to December 4th 2017 (referred to 

as Cohort I); and 2) all HPD study cohort participants that had DG investigations 

completed by December 4th 2017 (referred to as Cohort II). There was overlap between 

Cohorts I and II, as 24/29 persons in Cohort II were a part of Cohort I. Five persons with 

QPD from Hamilton and Montreal provided samples for aim 3.  
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2.3 METHODS FOR AIM 1 STUDIES 

2.3.1 Quantification of platelet dense granule numbers: 

HRLMP data was gathered on platelet DG numbers for clinical and control test 

samples evaluated between January 1st 2006 and December 4th 2017 (Cohort I) by the 

whole mount EM procedure that was originally described by Dr. James White. (15, 69). 

The DG counts had been quantified by one of two staff members in the EM facility, using 

PRP (from blood anticoagulated with 0.105 M sodium citrate) prepared by the HRLMP 

Special Coagulation Laboratory, as published. (68) A general population control sample 

was drawn and tested on each day the patient tests were performed. Briefly, small drops 

of PRP were placed on Formvar grids, with blotting of excess liquid, followed by a quick 

rinse with distilled water before air-drying of the sample. Samples were first examined by 

transmission EM at ~100x magnification to assess the overall DG distribution in platelets 

before moving to a higher magnification (~4000x) to quantify DG numbers. Platelets 

were examined by methodically moving the grid from one side to the next. DG were not 

quantified in platelets that overlapped, showed bubble artifacts, or shape change. 

Structures that were counted as DG included round DG and DG with tails or “purse-like” 

shapes. Structures that were not counted as DG included faint, tiny or chain-like granules. 

Structures that were counted as DG were typical of the electron dense structures that the 

majority of North American Specialized Coagulation Laboratory Association 

(NASCOLA) laboratories classified as DG. (71, 72) As recommended by Dr. White when 

the assay at McMaster University was first set up, DG were counted in 30 platelets and 
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the average was calculated. Grids from 10 random samples were reexamined to compare 

DG counts for 30 and 100 platelets.  

DG counts for HRLMP samples prepared for NASCOLA EQA exercises on 

quantifying DG numbers were exclusively used to evaluate within-subject variability. To 

assess within-subject variability in DG counts for participants with DGD, older EM 

records (from January 1999 to December 2005) were searched for additional data on 

Cohort I patients with ≥1 test showing reduced DG numbers/platelet. 

 

2.3.2 Reference interval determination:  

Differences in male and female control data were evaluated before determining 

the lower limit of the RI using stepwise logistic regression to determine the lower limit of 

the 95% confidence intervals (CI) for all unique Cohort I general population controls. 

(158) The method of Taylor et al. (159) was used to estimate RI limits as this method 

allows for the inclusion of repeated measures on subjects and takes into account within-

subject variability, with an adjustment in weightings for repeated measures so that each 

participant’s data contributes equally to the RI.  

 

2.3.3 Statistical analyses:  

Student’s t-test was used to assess differences in average number of DG/platelet 

for Cohort I: pediatric versus adult patients; female versus male patients; female versus 

male controls; and patients versus controls. Coefficients of variation (CV) (160) were 
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used to evaluate the within-subject variability in average DG counts/platelet for all 

participants (Cohort I and II) that had ≥3 unique samples assessed. Linear regression was 

used to assess relationships between: the average number of DG/platelet and MPV; CVs 

and mean DG counts for participants with ≥3 assessments; and the average number of 

DG/platelet and age for Cohort I participants <18 years old on their first test, since a 

recent study reported that young children have lower DG numbers. (161) Chi-square test 

was used to assess the proportions of: Cohort I patient versus control samples with DG 

numbers below the RI; and Cohort II participants with PFD, with or without DGD, that 

had reduced MA with ≥2 agonists by LTA. Mann-Whitney U tests were used to evaluate 

the relationships between confirmed DGD and ISTH BAT scores. OR and 95% CI were 

used to assess relationships between confirmed DGD and the diagnosis of a bleeding 

disorder.   
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2.4 METHODS FOR AIM 2 STUDIES  

2.4.1 Blood sample collection:  

Thirty milliliters of blood was collected from general population controls and 

affected participants in the HPD study cohort that consented to provide additional 

samples. Blood was obtained by venipuncture and syringe, and transferred to tubes 

containing acid citrate dextrose (ACD, 1:6 volume/volume). PRP was collected after a 

170 x g spin, followed by CD45-depletion (STEMCELLTM Technologies, Vancouver, 

BC, Canada) to reduce leukocyte contamination.  

 

2.4.2 Sample preparation for MYH10 transcript analysis: 

For dPCR analyses, platelets were isolated, washed, and dissolved in TRIzol® 

(Life Technologies Inc., Burlington, ON, Canada) for platelet RNA isolation, as 

described. (162) Briefly, chloroform was added to samples, followed by a spin at 12000 x 

g. RNA was precipitated after addition of isopropanol and GlycoBlue (Thermo Fisher 

Scientific Inc., Waltham, MA, USA), and then washed in 75% ethanol at 7500 x g. 

Pellets were dissolved in RNase-free water, followed by evaluation of RNA 

concentration and quality by a NanoDrop 2000c (Thermo Fisher Scientific Inc.) and by 

the Mobix Lab (McMaster University, ON, Canada), respectively. Reverse transcription 

(RT) was performed, as described (162), using High-Capacity RNA-to-cDNA kits 

(Applied Biosystems, ThermoFisher Scientific Inc.), by incubating RNA in a 

Thermocycler (37°C, 1 hour, 20 µl reaction volume) with the recommended RT Kit 
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components and 20 units of RNasin® Plus RNase Inhibitor (Promega Corp., Madison, 

WI). Concentrations of cDNA ranged from 50-200 ng/µl. 

 

2.4.3 Quantification of MYH10 transcripts: 

cDNA samples for dPCR were submitted to the Center for Applied Genomics 

(TCAG, The Hospital for Sick Children, Toronto, ON, Canada). Estimation of MYH10 

transcript expression was performed in triplicate at TCAG using: QX200 Droplet Digital 

PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA), MYH10 Taqman probe 

Hs00413181_m1 (Life Technologies), and PPIA probe Hs99999904_m1 as an 

endogenous control (92), in a duplex reaction mode. The 20 µl gene expression reaction 

mix consisted of: 10 µl of 2x dPCR SuperMix for Probes (Cat No. 1863023, Bio-Rad 

Laboratories); 1 µl of the target assay (labeled with FAM); 1 µl of the endogenous 

control assay (labeled with VIC); 5.5 µl nuclease free water; and 2.5 µl of cDNA. The 

gene expression assays were previously validated by temperature gradients to ensure 

optimal separation of target and control droplets. Cycling conditions for the reaction 

were: 95°C for 10 minutes; 45 cycles of 94°C for 30 seconds and 58°C for 1 minute; 

98°C for 10 minutes; and finally a 10°C hold on a Life Technologies Veriti thermal 

cycler. Data was analyzed using QuantaSoft v1.7.4 (Bio-Rad Laboratories). No template, 

no RT and Human Universal RNA controls were run in parallel with the study samples. 

Since MYH10 transcript levels were very low relative to PPIA transcript levels, ratios 

were multiplied by 1000.  
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2.4.4 Immunoblot analysis of MYH10: 

Platelets were isolated from PRP after a 1300 x g spin, washed, and solubilized at 

1010 platelets/ml in lysing buffer containing: 2 mM ethylenediaminetetraacetic acid 

(EDTA, Sigma-Aldrich, St. Louis, MO, USA); 1% Halt protease inhibitor cocktail 

(Thermo Fisher Scientific Inc.); 1% Triton X-100 (Sigma-Aldrich); and 2% sodium 

dodecyl sulphate (SDS, Bio-Rad Laboratories), as described. (57) DC protein assays 

(Bio-Rad Laboratories) were completed, as recommended by the manufacturer, to 

estimate total protein concentration in the platelet lysate samples. Most samples were 

tested by loading 30 µg of platelet protein/lane on 6% SDS-polyacrylamide gels, as 

previously described. (92) Participants with unexpectedly normal findings, based on 

findings for other affected family members or the presence of a RUNX1 

haploinsufficiency mutation, were further evaluated by loading 30, 60 and 90 µg total 

platelet protein/lane for two samples (each collected on a different day). After transfer of 

the proteins onto nitrocellulose membranes, membranes were cut between 100 and 75 

kDa markers to probe the upper half for MYH10 (230 kDa) and the lower half for β-actin 

(45 kDa, loading control), as previously described. (57) Positive and negative controls on 

each gel included pooled platelet lysate prepared from 5 individuals with a known 

RUNX1 haploinsufficiency mutation (57) and normal pooled platelet lysate prepared from 

20 donors, respectively. Densitometry was used to assess the ratio of the MYH10/β-actin 

(M/B) band intensities with subtraction of background using ImageJ.  
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2.4.5 Statistical analyses: 

Two-tailed Mann-Whitney tests, with Bonferroni correction for multiple 

comparisons, were used to assess differences in MYH10/PPIA transcript ratios. Individual 

participants’ densitometry data were compared to the densitometry data of pooled platelet 

lysate prepared from the individuals with a known RUNX1 haploinsufficiency mutation. 

(57)   
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2.5 METHODS FOR AIM 3 STUDIES 

2.5.1 Blood sample collection and sample preparation: 

 For this aim, participants were required to complete an HRLMP drug 

questionnaire, with deferral of those who had taken NSAIDs or thienopyridines in the 

past 7 days to limit potential drug interference. Twenty milliliters of blood was collected 

for thrombin generation assays (TGA) from affected participants in the HPD study 

cohort, persons with QPD, and age- and gender-matched general population controls. 

Blood was collected by venipuncture and syringe, and transferred to tubes containing 

0.109M sodium citrate (1:9 volume/volume) for isolation of PPP and PRP. PRP was 

collected after a 170 x g spin. Some PRP was spun at 1300 x g to collect PPP, followed 

by an additional spin to remove platelet debris. Additional citrated PPP was stored at -

80°C for plasma FV antigen quantification (see Section 2.5.3). Platelet count was 

adjusted to 150 x 109/L in PRP with autologous PPP. 

 

2.5.2 Thrombin generation assays: 

Thrombin generation was assessed by CAT on a Fluoroskan (Thermo Fisher 

Scientific AG, Reinach, Switzerland) using Thrombinoscope software (Thrombinoscope, 

Synapse BV, Maastricht, The Netherlands). (76) Experiments were completed within 3-4 

hours of blood draw, and were tested according to ISTH recommendations on measuring 

thrombin generation. (83) Briefly, thrombin generation was measured in triplicate with 

PPP or PRP adjusted to 150 x 109/L. As per the Hemker method, each PPP test well 

contained: 80 µl PPP and 20 µl PPP reagent (containing 4 µM phospholipids and 5 pM 
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TF, from Thrombinoscope BV). (76) Each PRP test well contained: 80 µl adjusted PRP 

and 20 µl PRP reagent (containing 0.5 pM TF, from Thrombinoscope BV). (76) To start 

the test, 20 µl of FluCa reagent (Thrombinoscope BV) was dispensed into each well and 

thrombin generation was measured in 20 second intervals for 60 minutes at 37°C. (76) 

Endpoints measured included: endogenous thrombin potential (ETP, nM·min), peak 

thrombin concentration (nM), time to peak (min), and lag time (min). (76, 82) If thrombin 

generation curves did not return to baseline during the data recording, the area under the 

curve was manually calculated, as recommended by recent ISTH guidelines. (83) 

 

2.5.3 Enzyme-linked immunosorbent assays for factor V antigen and urokinase 

plasminogen activator levels: 

Double-spun citrated PPP (prepared for TGA, see 2.4.2) and platelet lysate 

samples from selected subjects were prepared to evaluate for relationships between TGA 

endpoints and FV antigen and/or uPA levels. Briefly, platelet lysate was prepared and 

total platelet protein was quantified (as outlined in Section 2.4.4) except that for these 

analyses, platelets were lysed with 1% Triton X-100 (Sigma-Aldrich) at a final count of 

1010 platelets/ml in lysing buffer containing 2 mM EDTA (Sigma-Aldrich) and 1% Halt 

protease inhibitor cocktail (Thermo Fisher Scientific Inc., USA). Protein levels were 

described as amount/mg of total cellular protein. FV antigen was quantified by ELISA as 

described (107, 128) and platelet uPA was quantified by the commercial R&D Systems 

uPA ELISA kit (Minneapolis, MN, USA).  
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2.5.4 Statistical analyses: 

Two-tailed Mann-Whitney tests, with Bonferroni correction for multiple 

comparisons, were used to assess differences in: 1) TGA endpoints; 2) platelet FV; 3) 

plasma FV; and 4) and uPA levels. Linear regression was used to assess relationships 

between: 1) plasma FV and TGA endpoints in PPP and PRP; and 2) platelet FV and TGA 

endpoints in PRP. For QPD participants only, multiple regression was used to assess 

relationships between platelet FV or platelet uPA with TGA endpoints in PRP. 
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CHAPTER 3 

RESULTS 

3.1 EVALUATION OF DENSE GRANULE DEFICIENCY BY WHOLE MOUNT 

ELECTRON MICROSCOPY 

For this section of the thesis, I evaluated: HRLMP’s experiences with whole 

mount EM for diagnosing platelet DGD; the within-subject variability of DG counts for 

individuals with multiple assessments; the proportions of DGD participants that had 

reduced MA or DG ATP release with ≥2 agonists; and the relationships between 

confirmed DGD and ISTH BAT scores. Quantification of DG numbers over the 12-year 

period was completed by Ernie Spitzer and Marnie Timleck. Laboratory data from the 

HRLMP was collected with the assistance of Catherine Hayward and Karen Moffat. The 

findings from this aim were presented at the 2017 meeting of the International Society for 

Laboratory Hematology and at the 2018 Thrombosis and Hemostasis Societies of North 

America Summit, and were published in the International Journal of Laboratory 

Hematology. The figures and content presented in this aim are reproduced from the 

published article with permission from Wiley Company. 

 

3.1.1 Demographics of participants evaluated for dense granule deficiency by 

electron microscopy: 

Cohort I consisted of 1115 unique patients (ages in years: median 37, range 0.25-

89; females: 77%) and 126 unique controls (ages in years, if recorded: 18-64; females: 

52%) who had platelet whole mount preparations evaluated by HRLMP between January 
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1st 2006 and December 4th 2017. Some participants in Cohort I were tested on multiple 

occasions (number of unique samples/participant, as medians [ranges]: patients: 1 [1-6]; 

controls: 1 [1-63]). Means were used for comparisons when there were multiple 

determinations for a subject, since the DG count data for individuals with the largest 

number of determinations were normally distributed. 

Cohort II consisted of 26 females and 16 males (median age in years, range: 47, 7-

80). In this cohort, 29/42 had a PFD whereas the remaining 13 were unaffected relatives 

who had normal DG counts and LTA findings. In the subgroup with PFD, 34% (10/29) 

had confirmed DGD. There was overlap between Cohorts I and II, where 24/29 persons 

with PFD in Cohort II were a part of Cohort I. The remaining 5 persons from Cohort II 

either had DG counts completed before 2006 or did not have them completed. Platelet 

DG numbers showed no relationship to MPV (R2 = 0.06, p = 0.15). 

 

3.1.2 Analysis of dense granule counts for cohort I participants: 

DG counts were similar for evaluated pediatric (<18 years old) and adult patients 

(respective means [range]: 6.6 [2.7-11.6] vs. 6.7 [0.8-15.5] (p=0.28) (Figure 1). One adult 

patient with a PFD, thrombocytopenia and an elevated MPV (MPV: 12.1, upper limit of 

RI: 10.4 fL) had the highest DG counts (2 determinations, averages: 14.5 and 15.8 

DG/platelet) of all study participants. There was no relationship between age and DG 

counts among participants <18 years of age (R2=0.005, p=0.35). There were no 

significant differences in mean DG counts for female vs. male patients (6.7 vs. 6.7, 

p=0.32); however, among the controls, the mean DG counts were slightly higher for 
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females than males (6.9 vs. 6.5, p=0.03). Thus, the lower limit of the RI for DG counts 

were determined separately for males and females using all Cohort I control data for 

unique samples. The lower RI was estimated to be 4.9 average DG/platelet for both males 

and females (respective 95% CIs: 4.9-8.2 and 4.9-8.8), which was identical to HRLMP’s 

previous estimate.  

Although the mean DG counts for patients and controls in Cohort I were identical 

(respective means: 6.7 vs. 6.7, p=0.84), proportionately more patient samples had 

reduced DG counts (% <4.9 DG/platelet for patients vs. controls: 6.5% vs. 0.3%, p<0.01). 

DG counts determined by examining 30 or 100 platelets were comparable (respective: 

means [ranges]: 5.2 [1.8-7.6] vs. 4.9 [1.7-6.8]; standard deviations: 1.6 vs. 1.3; p=0.60).  
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Figure 1. Average number of dense granules/platelet in whole mount electron 
microscopy assessment of dense granule numbers for patients and controls 
evaluated over a twelve-year period. Results for Cohort I participants compare the DG 
counts for 126 unique adult controls and 1115 unique patients. Mean values are shown 
for persons with multiple determinations. Patient data were grouped according to whether 
the individual was <18 years old (n=215) or ≥18 years old (n=900) at the time of their 
last test. The horizontal dashed line indicates the estimated lower limit of 4.9 DG/platelet, 
which was identical for male and female controls. 
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3.1.3 Within-subject variability in dense granule counts for participants with 

multiple assessments:  

Figure 2 shows data for participants from Cohorts I and II (n=56 controls, n=64 

patients) that had DG counts determined for multiple unique samples, each drawn on a 

different occasion, including samples drawn for NASCOLA EQA exercises. Almost all 

controls with repeat tests (55/56) had DG counts ≥ the lower RI limit on all tests. Sixteen 

controls had ≥10 determinations because they volunteered to donate a sample on many 

different occasions (Figure 2A). Among patients with multiple tests, the median time 

between first and second tests was 63 days (range: 7-2882 days). Many patients that were 

retested had confirmed normal findings on each test (41%, 26/64), whereas others had 

confirmed DGD on each test (30%, 19/64) or discordant results (30%, 19/64) (Figure 

2B). Among patients with discordant results, the majority (17/19, 89%) had a mild 

reduction in DG numbers (i.e., 4.0-4.8 DG/platelet) on the first test only (Figure 2B).   

Among participants who had their platelet DG counts assessed ≥3 times, the 

within-subject CV for average DG counts/platelet showed an inverse relationship to the 

subject’s mean DG count (R2 = 0.65, p<0.01), where non-DGD participants had a lower 

within-subject CV than DGD subjects (respective median [ranges] for within-subject CV 

for normal vs. DGD participants: 12% [5-24%] vs. 28% [18-46%]) (Figure 3). 

Nonetheless, DGD was evident on each sample for all participants with <4.0 DG/platelet. 
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Figure 2. Observations on platelet dense granule counts for individuals who had 
multiple unique samples tested, each on a different occasion. The figure shows data 
for multiple tests performed on 56 different controls (panel A) and 64 different patients 
(panel B), sorted in ascending order of first test results. The dashed line indicates the 
lower limit of the RI (4.9 DG/platelet). 
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Figure 3. Intra-individual coefficient of variation for the average number of dense 
granules/platelet. Data for individuals with three or more independent tests (each on a 
unique sample; n=7 patients, n=39 controls) is shown and compares the estimated intra-
individual CV to the mean of the participant’s DG count estimations (R2 shown). 
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3.1.4 Aggregation and dense granule secretion findings for dense granule deficient 

participants: 

The data for the most recent platelet function tests for the 19 participants with 

confirmed DGD (from Cohorts I and II) are displayed in Figure 4. LTA findings with 0.5 

mg/ml ristocetin are not shown as data was normal for all participants. While none of the 

unaffected relatives in Cohort II (n=13) had abnormal LTA findings (not shown), 52% of 

the DGD participants (10/19) had reduced MA with ≥2 agonists (Figure 4A). 

Comparisons of aggregation data for Cohort II participants that had a PFD, with or 

without DGD (two studied with limited numbers of agonists due to their young age), 

indicated that proportionately less with DGD had impaired MA with: 2.5 µM ADP (0/19 

vs. 6/18; p<0.01); 5 µM ADP (0/19 vs. 5/18; p=0.01); 1.6 mM arachidonic acid (7/18 vs. 

14/18; p=0.02); and 1 µM thromboxane analogue U46619 (9/18 vs. 17/18; p<0.01).  

Figure 4B summarizes the lumi-aggregometry data for DG ATP release, which 

was available for 52% (10/19) of participants with confirmed DGD (median [range] of 

average DG counts/platelet: 2.2 [0.7-4.7]). While most individuals with DGD had 

reduced ATP release with at least two agonists (70%, 7/10), only half showed reduced 

release with all agonists (5/10) and others (30%, 3/10) had non-diagnostic findings. The 

sensitivities of LTA and DG ATP release, for detecting platelet function abnormalities 

due to DGD, were ~52% and 70% respectively (based on detection of impaired responses 

to ≥2 agonists). 
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Figure 4. Maximal platelet aggregation responses and lumi-aggregometry dense 
granule ATP release findings with different agonists for individuals with confirmed 
dense granule deficiency. A) Percent maximal aggregation responses are shown for 
DGD participants, evaluated with the following agonists: 2.5 and 5.0 µM adenosine 
diphosphate (ADP), 1.25 and 5.0 µg/ml collagen (Col), 6 µM epinephrine (Epi), 1.6 mM 
arachidonic acid (AA), 1 µM thromboxane analogue (TxA) (U46619), and 1.25 mg/ml 
ristocetin (Risto). B) Lumi-aggregometry estimates of dense granule ATP release for 
DGD participants, evaluated with the following agonists: 1 U/ml thrombin, 5.0 µg/ml 
collagen (Col), 1 µM thromboxane analogue (TxA) (U46619), 6 µM epinephrine (Epi), 
and 1.6 mM arachidonic acid (AA). A&B). Dotted lines show the lower limit of the RI 
for each agonist. The percentage of DGD patients that were abnormal with each agonist is 
indicated. 
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3.1.5 Relationship between dense granule deficiency and bleeding: 

Cohort II participants with confirmed DGD had higher ISTH BAT bleeding 

scores (median: 9.5, range: 4-17) than unaffected relatives (median: 1, range: 0-8, 

p<0.01) and general population controls (median: 0, range: 0-6, p<0.01) (Figure 5). 

However, ISTH BAT scores were not significantly different for the subgroups with a 

PFD, that had or did not have DGD (respective data: medians [ranges] = 8 [0-17] vs. 9.5 

[4-17], p=0.20). The finding of confirmed DGD by EM was associated with a bleeding 

disorder (OR = 97, 95% CI = 5.4-1700, p<0.01).  
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Figure 5. Bleeding scores for cohort II participants. ISTH BAT scores are compared 
for participants with: PFD and confirmed DGD (n=10), PFD without DGD (n=19, 
indicated as Not DGD), unaffected relatives (n=13) and general population controls 
(n=60). p values indicate significant differences. 
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3.2 ABERRANT PERSISTENCE OF PLATELET MYH10 IN PARTICIPANTS 

WITH UNCHARACTERIZED PLATELET FUNCTION DISORDERS 

For this section of the thesis, I assessed the diagnostic usefulness of evaluating for 

the aberrant persistence of platelet MYH10 transcript and protein in participants from the 

HPD study cohort, who had an uncharacterized PFD due to impaired MA with ≥2 

agonists and/or DGD, which included a subgroup that were found to have a pathogenic 

RUNX1 mutation. The additional research sample donations obtained from PFD 

participants and controls were organized by myself and Janaki Iyer. I also: 1) prepared 

platelet RNA, cDNA and lysates; 2) performed protein quantification and 

immunoblotting assays; and 3) analyzed protein data. Transcript quantification by dPCR 

and subsequent analyses were performed at TCAG (The Hospital for Sick Children, 

Toronto, ON, Canada). 

 

3.2.1 Demographics of participants evaluated for platelet MYH10 transcript and 

protein levels:  

Additional research samples for MYH10 protein analyses were provided by 26 

affected participants from the HPD study cohort (17 index cases; 5 single cases, 21 from 

12 families with ≥2 participants, including 7 persons from 3 families with a pathogenic 

RUNX1 mutation; number with PFD/family as median, range: 1, 1-5; 69% females; age in 

years: median 42, range 17-77). The majority of affected participants who provided 

samples for these analyses had impaired MA only (15/26; 58%), while some had DGD 

but normal MA findings (5/26; 19%) or DGD with impaired MA (6/26; 23%). 
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21/26 affected participants (81%) who provided samples for protein analyses had 

dPCR tests completed to quantify MYH10 transcripts (15 index cases; 5 single cases, 16 

from 10 families ≥2 participants, which included 7 from 3 families with a pathogenic 

RUNX1 mutation; number with PFD/family as median, range: 1, 1-5; 79% females; age in 

years: median 46, range 17-77). The majority of affected participants that provided 

samples for dPCR tests had impaired MA only (11/21; 52%), DGD but normal MA 

findings (4/21; 19%) or DGD with impaired MA (6/21; 29%). 

General population controls (n=20, 70% females) provided samples for both 

molecular and protein analyses. 

 

3.2.2 MYH10 immunoblot findings in participants with an uncharacterized platelet 

function disorder:  

Figures 6-10 depict MYH10 Western blot findings for n=26 affected participants 

from the HPD study cohort and n=20 general population controls. Participants are 

designated by identifiers that indicate the unique participants by family (F), single case 

(SC) or control (C) numbers. MYH10 protein data for F1 were previously published but 

reassessed using the recommended protocol (30 µg platelet protein/lane) from the 

Antony-Debré article cited in the ISTH guidelines. (50, 92) 

The analysis of 30 µg of platelet protein/lane revealed increased MYH10 in 8 

participants, that included: 6/7 (86%) with a pathogenic RUNX1 mutation (5 from F1, 

Figure 6A; and SC1, Figure 6B; data for the other case described later) and 2/4 affected 

members of F4 (a family with a PFD of unknown molecular cause after exome 
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sequencing). Densitometry analysis indicated that SC1 had a similar M/B ratio (100%) to 

the abnormal pooled platelet lysate prepared from the samples of 5 affected members of 

the F1 family (Figure 6B).  
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Figure 6. Western blot findings for platelet MYH10 in participants with 
uncharacterized platelet function disorders. Panels show data for: A) 5 participants 
from family 1 (F1) with a pathogenic RUNX1 mutation; and B) 5 participants (4 with 
PFD of unknown molecular cause, and a single case [SC1, indicated with arrow] with a 
different RUNX1 mutation). Each panel shows data for an abnormal control, which was 
pooled platelet lysates prepared from n=5 participants from F1 who have a RUNX1 
haploinsufficiency mutation (Known RUNX1), and normal pooled platelet lysate, 
prepared from n=20 general population controls (Pool CTL). The lower half of the 
membrane was probed for β-actin as a loading control. 
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In family 4 (F4.1-4.4), who have an uncharacterized PFD of unknown molecular 

cause, two of the four affecteds had similar M/B densitometric ratios (F4.2: 110%, F4.4: 

110%) to the abnormal pool, while the remaining two (F4.1 and F4.3) had no detectable 

MYH10 by densitometry (Figure 7A), even when 60 and 90 µg of platelet protein/lane 

was evaluated (Figure 7B-C). The negative findings for F4.1 and F4.3 were confirmed by 

analysis of additional samples from these participants (Figure 7D-E).  
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Figure 7. Western blot findings for platelet MYH10 for relatives from family 4 with 
an uncharacterized platelet function disorder of unknown molecular cause. Panels 
show data for 4 affected participants from a family (F4) with an uncharacterized platelet 
function disorder (PFD) of unknown molecular cause compared to positive and negative 
controls. A) Western blot analyses of 30 µg of platelet protein/lane. B-E) MYH10 
findings for F4.1 and F4.3 were further evaluated by analyzing more platelet protein/lane 
(amount in µg indicated) using several independent samples (indicated by sample 
number). In all panels, the pooled platelet lysates from n=5 participants from family 1 
(F1) with a RUNX1 haploinsufficiency mutation (Known RUNX1) and n=20 general 
population controls (Pool CTL), were used as positive and negative controls, 
respectively. The lower half of the membrane was probed for β-actin as a loading control. 
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The affected index case of family 5 (F5.1), who had a different RUNX1 

haploinsufficiency mutation from F1, had no detectable MYH10 in Western blots 

prepared with 30 µg of platelet protein/lane, and analyses of larger amounts of platelet 

protein (i.e., 60 or 90 µg of total platelet protein/lane) revealed only faint bands that were 

similar to those detected in analysis of the same amount of total protein/lane for control 

pooled lysate (Figure 8A). The negative findings for F5.1 in Western blots of MYH10 

were confirmed by testing a second sample donated by this participant (Figure 8B). Her 

affected son declined to donate samples for MYH10 analyses. 

MYH10 was undetectable by densitometry in the remaining participants with 

uncharacterized PFD of unknown molecular cause (Figures 6B & 9A-B) and 20 general 

population controls (Figure 10A-D). 
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Figure 8. Western blot findings for platelet MYH10 in participant 5.1 with a 
pathogenic RUNX1 mutation. A&B) Western blot findings are shown for the index case 
from a family (F5.1) with a platelet function disorder (PFD) due to a RUNX1 
haploinsufficiency mutation; the amount of platelet protein/lane (in µg) is indicated for 
two unique samples from F5.1 (indicated by sample number). In both panels, the pooled 
platelet lysate from n=5 participants from family 1 (F1) who have a known RUNX1 
haploinsufficiency mutation (Known RUNX1) and n=20 general population controls 
(Pool CTL) were used as positive and negative controls, respectively. The lower half of 
the membrane was probed for β-actin as a loading control. 
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Figure 9. Western blot findings for platelet MYH10 in participants with 
uncharacterized platelet function disorder of unknown molecular cause. A&B) 
Western blot findings are shown for platelet MYH10 in n=11 participants with 
uncharacterized platelet function disorders (PFD) of unknown molecular cause after 
exome sequencing. In both panels, the pooled platelet lysate from n=5 participants from 
family 1 (F1) who have a known RUNX1 haploinsufficiency mutation (Known RUNX1) 
and n=20 general population controls (Pool CTL) were used as positive and negative 
controls, respectively. β-actin was probed in the lower half of the gel as a loading control.  
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Figure 10. Western blot findings for platelet MYH10 in general population controls. 
A-D) Western blot findings are shown for platelet MYH10 in n=20 general population 
controls. In both panels, the pooled platelet lysate from n=5 participants from family 1 
(F1) who have a known RUNX1 haploinsufficiency mutation (Known RUNX1) and 
pooled platelet lysate, prepared from n=20 general population controls (Pool CTL), were 
used as positive and negative controls, respectively. β-actin was probed in the lower half 
of the gel as a loading control. 	
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3.2.3 MYH10 transcript levels in participants with uncharacterized platelet function 

disorders:  

Compared to general population controls, MYH10/PPIA transcript ratios were 

significantly higher for PFD participants with a pathogenic RUNX1 mutation unless the 

outlier with with the highest value was excluded (reported as median [range] ratio 

multiplied by 1000: controls: 0.16 [0.04-1.1]; RUNX1: 0.62 [0.13-4.3], p=0.008; RUNX1 

with outlier excluded: 0.45 [0.13-1.9], p=0.10). The findings for the other PFD were not 

significantly different from the controls (data as median [range] ratio multiplied by 1000: 

0.30 [0.01-1.2], p=0.22) (Figure 11). 
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Figure 11. MYH10 transcript findings for participants with an uncharacterized 
platelet function disorder. Transcript ratios (described as concentration of MYH10 
transcripts divided by PPIA transcripts multiplied by 1000) evaluated by digital PCR are 
compared for participants with: PFD and RUNX1 mutation (n=7, closed diamonds), PFD 
of unknown molecular cause (n=14, closed triangles), and general population controls 
(n=20, open circles). p-values indicate significant differences without exclusion of the 
outlier in the RUNX1 subgroup.  
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3.3 PLATELET PROCOAGULANT FUNCTION IN PARTICIPANTS WITH 

PLATELET FUNCTION DISORDERS 

For this section of the thesis, I evaluated: 1) platelet-independent and -dependent 

thrombin generation by CAT, and 2) FV antigen levels (in platelets and plasma) by 

ELISA for general population controls, persons with QPD, and participants from the 

HPD study cohort, which included a subgroup with pathogenic RUNX1 mutations. I also 

measured platelet uPA by ELISA for the participants with QPD to evaluate for potential 

associations between their platelet FV and uPA levels, and between their platelet FV 

levels and TGA endpoints. I procured additional research sample donations from controls 

and PFD participants (including QPD participants from Montreal) with the help of 

Catherine Hayward, Georges Rivard, and Subia Tasneem. I prepared platelet lysates and 

plasmas for testing, performed TGA and ELISA, and analyzed the data. The findings 

from this aim were presented at the 2018 American Society of Hematology Annual 

Meeting. 

 

3.3.1 Demographics of participants evaluated for impaired thrombin generation and 

factor V levels: 

Samples for TGA and platelet lysates were provided by 18 affected participants 

from the HPD study cohort (11 index cases; 4 single cases, 14 from 9 families with ≥2 

participants, which included 5 from 2 families with a pathogenic RUNX1 mutation; 

number with PFD/family evaluated as median, range: 1, 1-4; 61% females). Their median 

age (range) was 44 (20-72) years. The majority of affected PFD participants had impaired 
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MA without DGD (10/18, 56%), whereas the others had DGD and impaired MA (6/18, 

33%) or only DGD (2/18, 11%). 

Eighteen age- and gender-matched general population controls (median age in 

years, range: 42, 22-68; female: 61%) were tested, along with 5 QPD participants from 

Hamilton and Montreal (median ages in years, range: 57, 37-78; all available donors were 

male). 

 

3.3.2 Thrombin generation findings in platelet-poor plasma: 

There were no significant differences in the TGA endpoints for PPP samples from 

participants from the HPD study cohort (with or without a pathogenic RUNX1 mutation) 

or QPD compared to controls (ETP: p-values ≥ 0.3; peak thrombin concentration: p-

values ≥ 0.10; time-to-peak: p-values ≥ 0.10; lag time: p-values ≥ 0.15) (Figure 12A-D 

and Table 2). There were no significant associations between age and TGA endpoints for 

the controls (R2 ≤ 0.06, p values ≥ 0.16), participants from the HPD study cohort (R2 ≤ 

0.03, p values ≥ 0.50), or QPD participants (R2 ≤ 0.04, p values ≥ 0.25). Figure 13 depicts 

a representative thrombin generation curve for PPP for a general population control. 
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Table 2. Thrombin generation endpoints when tested in platelet-poor plasma. Data 
are expressed as: median, [range], p-value when compared to controls. 

 Controls PFD with RUNX1 
mutation 

PFD with no 
causative 
mutation 

QPD 

ETP (nM·min) 2020  
[1530-2830] 

1590  
[1160-2420] 

p=0.30 

1850  
[1120-2720] 

p=0.40 

2080 
[1620-2160] 

p=0.82 
Peak thrombin 
concentration 

(nM) 

317  
[213-370] 

267 
[186-315] 

p=0.10 

267 
[149-404] 

p=0.10 

287 
[264-334] 

p=0.39 
Time-to-peak 

(min) 
7 

[6-12] 
7 

[6-8] 
p=0.84 

8 
[6-11] 
p=0.10 

7 
[7-10] 
p=0.52 

Lag time (min) 4 
[3-9] 

4 
[3-4] 

p=0.71 

4 
[3-6] 

p=0.15 

4 
[3-6] 

p=0.58 
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Figure 12. Thrombin generation endpoints when tested in platelet-poor plasma for 
participants with platelet function disorders. (A) Endogenous thrombin potential 
(ETP, nM·min), (B) peak thrombin concentration (nM), (C) time-to-peak (min), and (D) 
lag time (min) are compared in platelet-poor plasma (PPP) for: general population 
controls (n=18, open circles); participants from the Hamilton PFD cohort with either a 
pathogenic RUNX1 (n=5, closed diamonds) or an unknown causative mutation (n=13, 
closed upright triangles); and participants with QPD (n=5, closed inverted triangles).  
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Figure 13. Representative thrombin generation curve in platelet-poor plasma. A 
curve from a representative general population control depicting the generation of 
thrombin over time in platelet-poor plasma (PPP) when triggered with 5 pM tissue factor 
and 4 µM phospholipids. 
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3.3.3 Thrombin generation findings for platelet-rich plasma: 

Participants from the HPD study cohort without a known causative mutation had 

similar TGA endpoints compared to controls when tested in PRP (ETP: p=0.72; peak 

thrombin concentration: p=0.04, insignificant after Bonferroni correction; time-to-peak: 

p=0.11; lag time: p=0.76). However, participants from the HPD study cohort with a 

pathogenic RUNX1 mutation or with QPD had reduced ETP and peak thrombin 

concentration, but similar time-to-peak and lag times compared to the controls (data as 

median [range]: ETP: controls: 1860 [1530-2630]; RUNX1 mutation subgroup: 1520 

[805-1640], p=0.004; QPD: 1370 [981-2010], p=0.01; peak thrombin concentration: 

controls: 111 [65-152]; RUNX1 mutation subgroup: 66 [32-93], p=0.006; QPD: 59 [41-

91], p=0.005; time-to-peak: p-values ≥ 0.17; lag time: p-values ≥ 0.23) (Figure 14 A-D 

and Table 3). Figure 15 depicts representative thrombin generation curves when tested in 

PRP for a general population control, PFD participant with a pathogenic RUNX1 

mutation, and participant with QPD. All curves showed single peaks. 
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Table 3. Thrombin generation endpoints when tested in platelet-rich plasma. Data is 
expressed as: median, [range], p-value when compared to controls. All PRP samples 
tested were adjusted to a platelet count of 150 X 109/L with autologous PPP. 

 
 

 Controls PFD with RUNX1 
mutation 

PFD with no 
causative 
mutation 

QPD 

ETP (nM·min) 1860 
[1530-2630] 

1520 
[805-1640] 

p=0.004 

1630 
[1400-2540] 

p=0.72 

1370 
[981-2010] 

p=0.01 
Peak thrombin 
concentration 

(nM) 

111 
[65-152] 

66 
[32-93] 
p=0.006 

75 
[57-169] 
p=0.04 

59 
[41-91] 
p=0.005 

Time-to-peak 
(min) 

25 
[18-34] 

19 
[16-36] 
p=0.28 

28 
[25-40] 
p=0.11 

32 
[23-34] 
p=0.17 

Lag time (min) 12 
[7-21] 

10 
[9-17] 
p=0.23 

10 
[10-23] 
p=0.76 

15 
[10-17] 
p=0.27 
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Figure 14. Thrombin generation endpoints when tested in platelet-rich plasma for 
participants with platelet function disorders. All PRP samples tested were adjusted to 
a platelet count of 150 X 109/L with PPP. (A) Endogenous thrombin potential (ETP, 
nM·min), (B) peak thrombin concentration (nM), (C) time-to-peak (min), and (D) lag 
time (min) are compared in PRP (platelet count: 150 x 109/L) for: general population 
controls (n=18, open circles); participants from the Hamilton PFD cohort with either a 
pathogenic RUNX1 (n=5, closed diamonds) or an unknown causative mutation (n=13, 
closed upright triangles); and participants with QPD (n=5, closed inverted triangles). 
Significant p-values after Bonferroni correction are indicated. 
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Figure 15. Representative thrombin generation curves in platelet-rich plasma. 
Representative curves depicting the generation of thrombin over time when tested in 
platelet-rich plasma (PRP, platelet count: 150 x 109/L) triggered with 0.5 pM tissue 
factor, from a general population control (C), PFD participant with a pathogenic RUNX1 
mutation (R), and QPD participant (Q).  
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3.3.4 Factor V antigen levels for participants with uncharacterized platelet function 

disorders and Quebec platelet disorder: 

Plasma FV antigen levels were similar in all participants (µg/ml PPP, median 

[range]: controls: 7.7 [6.3-10.7]; QPD: 8.4 [7.0-10.2], p=0.33; RUNX1 mutation 

subgroup: 7.8 [6.5-8.1], p=0.83; other PFD: 7.5 [5.4-12], p=0.74) (Figure 16A) and 

showed no associations to TGA endpoints for PPP or PRP samples (p values ≥ 0.14). 

Platelet FV antigen levels were reduced in QPD participants, but were normal in all other 

participants (µg FV/mg platelet protein, median [range]: controls: 0.89 [0.63-1.54]; QPD: 

0.35 [0.18-0.46], p<0.001; other PFD: 0.83 [0.47-1.75], p=0.48; RUNX1 mutation 

subgroup: 0.73 [0.50-1.53], p=0.41) (Figure 16B). In QPD, but not other participants, 

platelet FV antigen levels showed significant associations to the ETP (R2=0.81, p=0.04) 

and peak thrombin concentrations (R2=0.88, p=0.01) for PRP samples (Figure 17A-B). 
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Figure 16. Factor V antigen levels in participants with platelet function disorders. 
A) Plasma FV (µg/ml) and B) platelet FV (µg FV/mg total protein) antigen levels are 
compared for: general population controls (n=18, open circles); participants from the 
Hamilton PFD cohort with either a pathogenic RUNX1 (n=5, closed diamonds) or an 
unknown causative mutation (n=13, closed upright triangles); and participants with QPD 
(n=5, closed inverted triangles). Significant p-values after Bonferroni correction are 
indicated. 
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Figure 17. Relationships between platelet factor V antigen levels and thrombin 
generation endpoints when tested in platelet-rich plasma in participants with 
Quebec platelet disorder. Data for QPD participants (n=5) is shown and compares 
platelet FV antigen levels (µg FV/mg total protein) to (A) endogenous thrombin potential 
(ETP, nM·min) and (B) peak thrombin concentration (nM) when tested in platelet-rich 
plasma (PRP) (R2 shown).  
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3.3.5 Platelet urokinase plasminogen activator levels for participants with Quebec 

platelet disorder: 

Platelets from QPD participants contained >100 fold more uPA than control 

platelets (median ng uPA/mg total platelet protein [range]: QPD: 57 [24-110]; controls, 

n=6 tested: 0.15 [0.12-0.16], p<0.0001; one control that contained <0.01 ng uPA/mg 

cellular protein, and their lysate contained less uPA than the lowest ELISA standard [0.03 

ng/ml]. In QPD participants, neither platelet FV antigen levels or TGA endpoints in PRP 

showed a significant association to platelet uPA levels (p values ≥ 0.11). 
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CHAPTER 4 

DISCUSSION 

4.1 SUMMARY OF THESIS WORK 

This thesis aimed to extend the current knowledge on uncharacterized PFD by 

addressing some unanswered questions about the diagnostic assays used for evaluating 

some forms of PFD and by evaluating platelet procoagulant function in these disorders. 

We found that whole mount EM is a useful test with acceptable within-subject variability 

for evaluating PFD due to DGD. As LTA and ATP release tests did not have high 

adequate sensitivity for detecting impaired platelet function due to DGD, and DGD has a 

similar prevalence to VWD, we suggest that testing for DGD should be considered 

regardless of LTA and ATP release findings. Additionally, we found that evaluating 

MYH10 transcript and protein levels, to help identify PFD due to transcription factor 

mutations, did not always yield the expected findings since we observed consistently 

normal MYH10 protein findings for a participant with PFD due to a RUNX1 

haploinsufficiency mutation and noted variable findings amongst affected members of a 

family with an undefined PFD and consistently abnormal LTA findings. Lastly, we found 

impaired platelet-dependent thrombin generation in several forms of PFD, namely QPD 

and PFD associated with pathogenic RUNX1 mutations. We observed that the platelet FV 

stores helped to distinguish between these disorders as platelet FV levels were only 

reduced in QPD participants. The next sections discuss the key findings and implications 

for future work with this cohort of individuals with uncharacterized PFD.
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4.2 EVALUATION OF DENSE GRANULE DEFICIENCY BY WHOLE MOUNT 

ELECTRON MICROSCOPY  

4.2.1 Summary of key findings: 

The main goal of the aim of this thesis was to evaluate HRLMP’s experiences 

with using platelet whole mount EM to diagnose DGD over a twelve-year period, 

including the findings for an overlapping cohort whose bleeding symptoms, DG counts, 

platelet function and MPV were assessed for a study on uncharacterized PFD. We 

evaluated typical findings, including: the lower limit of the assay RI by gender; age 

differences in findings; within-subject variability in DG numbers/platelet; and 

relationships between confirmed DGD, bleeding symptoms, and the presence of a 

bleeding disorder.  

Analysis of Cohort I data indicated that there were no significant age differences 

in the average numbers of DG/platelet. The lower limit of the RI was 4.9 DG/platelet for 

both genders. DGD was present in 6.5% of patient samples tested between 2006-2017 

(excluding donors exclusively used for NASCOLA EQA samples), and in a higher 

proportion (34%) of individuals from the Hamilton PFD study that had confirmed DGD 

as an inclusion criterion. Like previous studies (47, 60, 68), we observed that the majority 

of patients referred for PFD testing were female, likely due to their increased burden of 

hemostatic challenges from menstruation and childbirth. Importantly, the within-subject 

CV was acceptable at 12% for control samples with normal DG counts. The respective 

sensitivities of LTA and DG ATP release (estimated by lumi-aggregometry), for 

detecting abnormalities due to DGD, were only ~52% and 70%, which is inadequate to 
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screen for DGD. Although impaired DG ATP release with multiple agonists was present 

in most participants with DGD, some had normal findings. Additionally, the diagnostic 

usefulness of the assessment of DG ATP release has been questioned as the findings 

show considerable variability, and even if ATP release is consistently impaired, the 

finding does not show a significant relationship to elevated bleeding scores or the clinical 

diagnosis of a bleeding disorder. (60) Participants with DGD by whole mount EM had a 

high likelihood of having a bleeding disorder (OR=97) and increased bleeding, reflected 

by higher ISTH BAT scores than unaffected relatives and general population controls. 

Given our major findings, we recommend that specific testing for DGD, by a validated 

method (such as whole mount EM) that has an acceptable, within-subject variability, 

should be considered when testing for a suspected PFD, even if LTA and ATP release 

findings are non-diagnostic or inconsistent. 

 

4.2.2 Variability of whole mount electron microscopy test for dense granule 

deficiency:  

The variability of the whole mount EM test for DGD was formally evaluated 

since tests with high CV (such as DG ATP release) perform poorly for diagnostic 

applications. (60, 160) Since the optimal number of platelets to assess DG counts is 

uncertain, and some laboratories assess more than 30 platelets (which is the number 

assessed by the HRLMP laboratory) (161), we re-evaluated 10 random samples to 

compare DG counts using 30 or 100 platelets and observed very similar means, ranges, 

and standard deviations. This suggests that counting DG in 30 platelets is an appropriate 
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amount to calculate the average number of DG/platelet. Additionally, an EM assessment 

for DGD using whole mount preparations had an acceptable within-subject CV (12% for 

samples with normal DG counts). Although the within-subject CV was higher (28%) for 

samples with significantly reduced DG counts, DGD was confirmed in all samples from 

persons with an initial count that was <4.0 DG/platelet. The observation that many mild 

reductions in DG numbers (i.e., 4.0-4.8 DG/platelet) were not confirmed when another 

sample was collected and tested, illustrates that it is important to verify reduced DG 

counts with another sample. Some of the mild reductions in DG counts that were 

observed could reflect false positives and also the biology of some PFD. For example, 

familial PFD due to RUNX1 haploinsufficiency reduces the DG content of platelets, 

however, only ~50% of the affected family members in a family that our group studied 

had DG counts below the RI. (57) Our observations on the test reproducibility and 

within-subject CV are important, as whole mount EM is the most commonly used method 

for diagnosing platelet DGD in North America. (71) This aim reports an expert center’s 

experience as two expert EM technologists performed the test during the period of data 

collection, using PRP prepared by the Special Coagulation Laboratory. While many 

centers that use EM to evaluate platelet DG cannot perform energy dispersive 

spectrometry (EDS) (72), our site had the technical capability during the initial assay 

validation, which was helpful to verify that the platelet structures counted as DG did 

indeed contain calcium and phosphorus. Nonetheless, EQA exercises have shown 

excellent agreement between laboratories on what electron dense structures in platelets 

should be counted as a DG. (71, 72)   
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4.2.3 Reference interval validation for diagnosing platelet dense granule deficiency: 

An important analysis from this section of the thesis was the validation of the RI 

for DG counts used by the HRLMP. Differences in RI between laboratories have been 

noted for this test. It is possible that pre-analytical and analytical differences, and 

differences in the number of control samples used to determine RI, contribute to 

differences in RI between laboratories for whole mount EM DG counts. For example, a 

recent study that reported a lower limit cutoff (based on estimating the 95% CI) of 1.96 

DG/platelet used single measures for 40 control samples from participants with a median 

age of 10 (range: 2 months to 20 years) (161) whereas we used data for all 615 samples 

from 126 unique adult controls and the method described by Taylor et al. that allows 

inclusion of all data when some subjects have multiple determinations and takes within-

subject variability into account in the RI determination. (159) Unlike some centers, the 

HRLMP does not accept shipped samples for whole mount EM tests and grids are 

prepared using subsamples of PRP used for aggregation testing (completed within a few 

hours of sample collection) to limit the possibility of platelet activation and DG release ex 

vivo. The estimate of the average DG count/platelet calculated in this thesis is closer to 

the RI reported by several other groups, which were 4-6 and 4-8 DG/platelet. (45, 116) 

There were no differences in DG numbers/platelet between pediatric and adult Cohort I 

samples, nor was there any significant correlation between the participant age and DG 

numbers for the participants under 18 years of age. This suggests that the lower limit of 

the RI that was validated for adult samples (i.e., 4.9 DG/platelet for both males and 

females) is suitable for samples from children. Nonetheless, we would recommend to 
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retest all individuals with abnormal counts and to retest all younger children with 

abnormal DG counts at an older age. It is also recommended that each laboratory 

determine their own RI using samples from control participants, to control for differences 

in sample preparation and DG quantification between laboratories. 

	

4.2.4 Other methods used to quantify platelet dense granules: 

While there is no generally accepted “gold standard” for diagnosing DGD, this 

aim of the thesis illustrates that whole mount EM provides estimates of platelet DG 

counts with limited within-subject variability, with low values having important clinical 

associations. One limitation of whole mount EM (which is fairly simple to perform) is 

that it requires an expensive piece of equipment: a transmission electron microscope. 

Recently, super-resolution light microscopy (SRM) assessment of CD63-stained platelets 

was proposed as an alternative way to detect DGD, based on observations for known 

DGD individuals versus control subjects. (163, 164) It was found that SRM could 

successfully resolve CD63-positive structures in fixed platelets, and that this method was 

effective and rapid in objectively differentiating between patients with a platelet disorder 

and healthy controls. (163) A prospective study comparing SRM to whole mount EM for 

diagnosing PFD due to DGD, amongst patients referred for diagnostic PFD testing, 

would be the ideal way to establish if SRM is non-inferior or superior to whole mount 

EM for diagnosing DGD. However, this would be impractical as such a study would 

require multicenter recruitment to achieve sufficient power given how infrequently new 

cases of DGD are diagnosed, even at tertiary referral centers, like HRLMP. 
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4.2.5 Sensitivities of light transmission aggregometry and dense granule ATP release 

for detecting dense granule deficiency:  

We analyzed LTA and lumi aggregometry findings for DGD participants from 

Cohorts I and II. Similar to previous studies (45, 165), we found that only 52% of DGD 

participants had reduced MA. Interestingly, all DGD participants had normal MA with 

both 2.5 and 5.0 µM ADP, suggesting that this agonist is not informative for detecting 

DGD. This finding is similar to reports by Weiss et al., where DGD patients had similar 

ADP-dose response curves to normal controls (166), and that ADP addition after platelet 

stimulation corrected intracellular calcium levels and prothrombinase activity in HPS 

platelets. (167) This suggests that addition of ADP may compensate for the decreased 

amounts of ADP stored in DG in DGD patients, resulting in normal aggregation findings 

in response to the agonist at both concentrations. In addition, only half of the DGD 

participants showed reduced ATP release with all agonists, while 30% had non-

diagnostic findings. This is counter-intuitive as reduced DG numbers should be 

associated with reduced release of DG contents. Although impaired MA to multiple 

agonists is predictive of a bleeding disorder (47, 68), it has been found that the 

assessment of DG ATP release does not show a significant relationship to elevated 

bleeding scores or the clinical diagnosis of a bleeding disorder. (60) Accordingly, it is 

recommended to assess for DGD by whole mount EM when evaluating patients for a 

PFD, even if LTA and ATP release findings are non-diagnostic or inconsistent. 
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4.2.6 Dense granules and their relationship to platelet function disorders: 

As outlined previously, DG are important for normal platelet function, as they 

store and secrete ADP, ATP, calcium, magnesium, polyphosphates and bioactive amines 

(14, 15), with DGD leading to a PFD. DGD can occur as a part of a syndrome, such as 

HPS, or in isolation (like the participants in Cohort II). (12) The causes of syndromic 

DGD are more clear-cut, where numerous genes have been identified, like the HPS 

group, that encode for proteins involved in DG biogenesis and maturation. (12, 110) 

However, there are patients with non-syndromic DGD who do not present with HPS or 

other related disorders, like those found in Cohort II. Some of the DGD participants in 

HPD study cohort have a pathogenic mutation in RUNX1, which affects multiple aspects 

of platelet function, including reduced DG numbers and DG ATP release. (57, 90, 133) 

Interestingly, one study has found that RUNX1 is a direct transcriptional target of PLDN, 

which encodes for pallidin, an important protein involved in DG biogenesis. (150) Whole 

exome sequencing has been completed by the Pare laboratory for the remaining 

participants with DGD in the HPD study cohort but has not identified any potential 

molecular causes of PFD. However, it is possible that some participants have mutations 

in other non-explored genes that encode for transcription factors or other elements that 

regulate DG biogenesis.   
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4.3. EVALUATING FOR ABERRANT PERSISTENCE OF PLATELET MYH10 

IN PARTICIPANTS WITH UNCHARACTERIZED PLATELET FUNCTION 

DISORDERS 

4.3.1 Summary of key findings: 

The main goal of the second aim of this thesis was to evaluate the aberrant 

persistence of platelet MYH10 transcript and protein by dPCR and Western blotting, 

respectively, in participants from the HPD study cohort with an uncharacterized PFD due 

to impaired MA with ≥2 agonists and/or DGD, including a subgroup with pathogenic 

RUNX1 mutations.  

As recommended by a recent study (92) which was included in recent ISTH 

guidelines for diagnosing PFD (50), we performed Western blot analyses using 30 µg of 

platelet protein/lane from 26 participants from the HPD study cohort. This revealed 

increased MYH10 protein in 6/7 evaluated participants with pathogenic RUNX1 

mutations, which included five from F1 with a RUNX1 haploinsufficiency mutation 

whose data was previously published (57), and a single case (SC1) with a recently 

identified RUNX1 missense mutation. We also found increased MYH10 protein in two of 

the four affected members from F4 who have a PFD of unknown molecular cause, which 

indicates that the findings are not always consistent within a family with a PFD that 

impairs platelet aggregation responses to multiple agonists. A concerning observation of 

our study was that the MYH10 protein levels were normal for: an index case (F5.1) with 

PFD due to a RUNX1 haploinsufficiency mutation. The normal findings in the remaining 

15 participants with PFD of unknown molecular cause and in all general population 
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control participants were anticipated. dPCR analyses of platelet MYH10 transcript levels 

were largely non-informative, as 5/7 evaluated participants with a RUNX1 

haploinsufficiency mutation had transcript levels within the range seen for general 

population controls. These observations indicate that caution is warranted before applying 

Western blot or molecular analysis of platelet MYH10 to the routine diagnostic workup 

of PFD. We suggest that the test should only be used to describe the phenotype of an 

individual or family with a PFD given that it was not abnormal in all participants with a 

PFD in association with a pathogenic RUNX1 mutation. 

 

4.3.2 Normal MYH10 protein levels in a participant with a pathogenic RUNX1 

mutation:  

MYH10 is a cytoskeletal protein that is normally downregulated during 

megakaryopoiesis by transcription factors, like RUNX1 and FLI1, and has been suggested 

as a potential biomarker for PFD associated with these mutations. (18, 92, 168) However, 

the total number of cases reported in the literature who were evaluated for MYH10 levels 

by Western blotting, and quantitative analysis of platelet mRNA, is limited. By Western 

blotting, we found increased platelet MYH10 protein in affected members from F1 with a 

RUNX1 haploinsufficiency mutation and in a single case (SC1) with a RUNX1 missense 

mutation. However, we found consistently negative findings in F5.1, who has a PFD due 

to a pathogenic RUNX1 mutation (predictive of haploinsufficiency), which contradicts 

previously published conclusions by Antony-Debré et al. (92) In that study, MYH10 was 

present in platelets of all patients with RUNX1 mutations. (92) While there are no other 
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studies that have reported any cases with RUNX1 mutations without increased platelet 

MYH10, the total number of cases reported is small and insufficient to estimate the test 

sensitivity. Since 30 µg of platelet protein may not have been sensitive enough to detect 

increased MYH10 in F5.1, we also used increasing amounts of platelet protein loaded per 

lane by two- and three-fold but, again, noted that F5.1 had MYH10 levels very similar to 

the pooled platelet lysate from 20 general population controls. The assay was also 

performed on platelet protein from an additional, unique sample from F5.1 to exclude a 

preanalytical error and we, again, noted that F5.1 had MYH10 levels similar to the 

normal pool. It would be interesting to assess MYH10 protein levels in F5.1’s affected 

son (who has the same RUNX1 frameshift mutation but declined to provide additional 

samples). Overall, these findings suggest that caution is warranted when evaluating 

platelet MYH10 by Western blot as it may not have sufficient sensitivity to detect all 

pathogenic RUNX1 mutations.  

 

4.3.3 Inconsistent MYH10 findings in a family with a platelet function disorder of 

unknown molecular cause: 

While the majority of affected participants with a PFD of unknown molecular 

cause had negative platelet MYH10 findings, we found increased MYH10 levels in two 

of the four affected members from F4, who have a PFD with impaired MA and normal 

DG numbers in whom the Pare laboratory did not find a molecular cause by whole exome 

sequencing. The negative MYH10 findings for F4.1 and F4.3 were confirmed by testing 

larger amounts of platelet protein, and additional, unique samples to exclude a 



Master’s Thesis – Justin Brunet                          McMaster University – Medical Sciences 

  97 

preanalytical or analytical error. Antony-Debré et al. found increased platelet MYH10 in 

some patients without RUNX1 or FLI1 mutations (92), which would be consistent with 

our findings for F4.2 and F4.4, however, no families have been reported with a PFD and 

variable MYH10 findings by Western blot analysis of affecteds. The inconsistent findings 

amongst affected members of F4 raises questions about the usefulness of evaluating 

MYH10 protein levels in platelets as a diagnostic test or phenotypic criteria, since all 

affecteds of this family, who have a similar phenotype by aggregation and DG ATP 

release tests, did not show the same MYH10 protein findings. The sensitivity and 

specificity of the test deserves further evaluation. Caution is warranted in using this test 

as part of the diagnostic evaluation of a PFD. 

 

4.4.4 Molecular findings for platelet MYH10 in participants with a platelet function 

disorder: 

We also measured platelet MYH10 transcript levels by dPCR, a technique that is 

able to detect genes with relatively low expression. (169) dPCR analyses found low 

MYH10 expression in all participants relative to the endogenous control, and 5/7 

evaluated participants with RUNX1 haploinsufficiency had transcript levels within the 

range seen for general population control participants. This large overlap in molecular 

findings between RUNX1 participants and controls suggests that dPCR would not be a 

useful test for diagnosing PFD associated with pathogenic RUNX1 mutations. 

Our molecular data contradicts our MYH10 protein findings, since 6/7 

participants with RUNX1 mutations showed increased protein levels, but only 2/7 had 
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increased transcript levels. mRNA are synthesized, processed and translated into amino 

acid chains, and subsequently folded into functional proteins, with mRNA and protein 

having different half lives. Most reports comparing mRNA and protein levels find weak 

correlations. (170) There are many biological factors that may have created discrepancies 

in the molecular and protein findings, such as RNA structure, the presence of regulatory 

proteins, and protein stability. (170) We were not able to evaluate associations between 

mRNA transcript and protein levels in our findings since Western blotting only provided 

semi-quantitative results. A more quantitative approach for measuring protein levels, like 

ELISA, is ideal. However, MYH10 is found in the platelet cytoskeleton and the protein 

can only be made accessible to antibody binding by SDS solubilization. Since SDS 

denatures proteins and ELISA best measures antigens in their non-denatured state, 

measuring platelet MYH10 protein levels using SDS-PAGE and Western blotting with 

densitometry, and comparisons to pooled platelet lysates, is currently the best quantitative 

approach. (171)  

 

4.4.5 Effect of aberrant persistence of platelet MYH10 on platelet function: 

 In FPD/AML patients with RUNX1 mutations, there are defects in MK 

differentiation and polyploidization, and proplatelet formation. (168) During MK 

polyploidization, MYH10 expression is repressed by RUNX1. (18) MYH10 down-

regulation is necessary for the switch from mitosis to endomitosis, since re-expression 

decreases MK ploidy. (18) The exact mechanism of the role MYH10 plays in this switch, 

and how increased MYH10 expression is linked with impaired platelet function, is still 
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unknown. It is possible that impairments in proplatelet formation, and MK maturation 

and polyploidization, lead to reduced platelet numbers and platelet intracellular contents. 

However, not all participants from the HPD study cohort with increased MYH10 protein 

levels have similar platelet phenotypes (3/8 with thrombocytopenia and 2/8 with 

confirmed DGD). It is possible that the participants with increased MYH10 protein levels 

have similar phenotypes in other aspects of MK polyploidization that were not assessed 

in this thesis. Regardless, the inconsistencies found in this section of the thesis suggests 

that the role of increased MYH10 in impaired platelet function requires further study.    



Master’s Thesis – Justin Brunet                          McMaster University – Medical Sciences 

  100 

4.4 EVALUATING PLATELET PROCOAGULANT CAPACITIES IN 

PARTICIPANTS WITH PLATELET FUNCTION DISORDERS 

4.4.1 Summary of key findings: 

 The main goals of the third aim of this thesis were to evaluate: platelet-

independent and -dependent thrombin generation by CAT, with accompanying analyses 

of FV antigen levels in platelets and plasma by ELISA, for participants from the HPD 

study cohort with uncharacterized PFD with impaired MA with ≥2 agonists and/or DGD 

(including a subgroup with a pathogenic RUNX1 mutation), and for QPD. As anticipated, 

there were no significant differences in the TGA endpoints for PPP samples from 

participants with QPD or an uncharacterized PFD (with or without a pathogenic RUNX1 

mutation) compared to controls. In tests with PRP, samples from participants with PFD 

of unknown molecular cause showed normal thrombin generation whereas those with a 

pathogenic RUNX1 mutation or QPD showed a reduction in both ETP and peak thrombin 

concentration compared to the controls. Plasma FV antigen levels were normal in all 

participants and, as previously reported (107), platelet FV antigen levels were reduced in 

QPD participants. All other PFD participants had normal platelet FV antigen levels. We 

also evaluated for associations between platelet and plasma FV antigen levels and TGA 

endpoints for PPP and PRP. In QPD, platelet FV antigen levels, but not uPA levels, 

correlated with ETP and peak thrombin concentration in PRP TGA, even though their 

plasma FV antigen levels were normal. In QPD platelets, uPA levels were >100 fold 

higher than controls, as previously reported. (65, 109) 
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4.4.2 Normal platelet-dependent thrombin generation in participants with 

uncharacterized platelet function disorders of unknown molecular cause: 

 There were no significant differences between controls and PFD participants from 

the HPD study cohort without RUNX1 mutations or QPD in any TGA endpoint for PPP 

samples, which was expected since all participants in the HPD study cohort had normal 

findings on coagulation screening tests. This finding is similar to reports from two 

previous studies which assessed thrombin generation for PPP samples in: individuals 

with bleeding symptoms of unknown origin (172) and individuals with platelet 

aggregation and/or secretion defects. (173) Interestingly, we found no significant 

differences in TGA endpoints for PRP samples from PFD participants in the HPD study 

cohort without RUNX1 mutations or QPD, compared to controls. While we grouped 

participants with uncharacterized PFD of unknown molecular cause together, we 

recognize that there is heterogeneity in these disorders. We also recognize that some of 

the analyses for PRP samples may be underpowered, such as peak thrombin 

concentration (p-value = 0.04 before Bonferroni correction). It is also possible that other 

subgroups of PFD have mild impairments in platelet procoagulant function. The 

recruitment and analysis of additional participants with PFD of unknown molecular cause 

is needed, as it may detect a significant decrease in peak thrombin concentration in some 

subjects compared to controls.  

Recent ISTH guidelines suggest the assessment of platelet procoagulant defects to 

detect some forms of PFD, such as Scott’s syndrome, a rare disorder caused by a defect 

in PS exposure on activated platelets. (50, 126) Thrombin generation in PRP has not been 
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evaluated by CAT, and compared to controls, in individuals with phenotypes similar to 

those in the HPD study cohort. Thrombin generation for PRP samples has been evaluated 

by CAT in other rarer forms of PFD, with normal findings in patients with MYH9-related 

platelet disorders (174), and impairments in GT (142) and BSS. (138) There have also 

been reports of impaired prothrombinase activity in response to collagen and thrombin in 

HPS, but insignificant impairments in non-HPS patients with DGD, who are similar to 

the participants with DGD in the HPD study cohort. (167) The authors attribute this 

platelet procoagulant defect to decreased secretion of DG adenine nucleotides that play a 

role in maintaining the elevated intracellular calcium levels required for the optimum 

development of prothrombinase. (167) Prothrombinase activity was also impaired in 

QPD, and in this disorder, it showed a unique relationship to reduced platelet FV antigen 

levels (146) (see 4.4.4 for further discussion). It would be helpful to study a larger cohort 

using many different kinds of PFD and newer, standardized CAT protocols to further 

evaluate how platelet procoagulant function is affected by PFD. 

 

4.4.3 Impaired platelet-dependent thrombin generation but normal platelet factor V 

levels in participants with RUNX1 mutations: 

We evaluated platelet-dependent thrombin generation for the subgroup in the 

HPD study cohort that had pathogenic RUNX1 mutations. This group showed a reduction 

in ETP and peak thrombin concentrations in TGA with PRP, but the time-to-peak and lag 

times were similar to controls. Platelet and plasma FV antigen levels were similar to 

control participants (similar to control levels in other studies (175, 176)), suggesting an 
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alternate mechanism for their impaired platelet-dependent thrombin generation, possibly 

from impaired activation required for optimal expression of platelet procoagulant activity. 

There have been reports of decreased expression of numerous genes that are downstream 

targets of RUNX1 in these disorders, including a number of genes that influence platelet 

activation, such as ALOX12, MYL9, PKCθ and PCTP. (177-180) Accordingly, the defect 

in platelet-dependent thrombin generation in PFD due to RUNX1 mutations may arise 

from multiple steps in the platelet activation pathway, such as defects in agonist-receptor 

binding, downstream intracellular protein interactions, the release of partially activated 

platelet FV onto the platelet surface, and/or the assembly of the prothrombinase complex, 

which requires movement of PS to the platelet’s external surface. One study, by 

Glembotsky et al., evaluated platelet activation in a family with a RUNX1 frameshift 

mutation and found reduced PAC-1 and P-selectin expression upon activation compared 

to controls. (157) To better understand the findings seen in this thesis, it would be 

beneficial to assess platelet activation in those participants with a RUNX1 mutation, 

including if there is reduced annexin V binding upon agonist stimulation. It would also be 

interesting to evaluate expression of the gene implicated in Scott’s syndrome, TMEM16F 

(also termed ANO6), (181, 182) and to evaluate for defects in microparticle formation in 

the PFD participants with pathogenic RUNX1 mutations. 
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4.4.4 Impaired platelet-dependent thrombin generation and reduced platelet factor 

V levels in participants with Quebec platelet disorder: 

Our study evaluated platelet-dependent thrombin generation in 5 QPD participants 

and demonstrated reduced ETP and peak thrombin concentrations but similar times-to-

peak and lag times to controls for PRP samples. These data indicate an impairment in the 

total amount of thrombin formed in QPD PRP, despite the normal rate of thrombin 

generation. Like previous studies (107, 146), we found reduced platelet FV, but normal 

plasma FV, antigen levels in QPD participants. A past study by Tracy et al. (146) 

evaluated platelet FV activity in Factor V Quebec (now called QPD) and found reduced 

activity compared to controls. Their study also found that prothrombinase activity of pre-

activated, washed QPD platelets was also impaired, unless purified FVa was added. (146) 

Due to the reduced activity and amount of platelet FV in QPD, there is an impairment in 

prothrombinase complex assembly for the normal burst of thrombin generation, leading 

to reductions in ETP and peak thrombin concentrations. We also found that platelet FV 

antigen levels showed significant associations to the ETP and peak thrombin 

concentrations for PRP samples, suggesting that the normal levels of plasma FV in their 

samples are insufficient to completely compensate for the platelet procoagulant 

abnormalities in QPD. This makes sense since, unlike plasma FV, platelet FV is stored in 

its partially-activated state in α-granules (28, 183, 184) and it is more resistant to 

proteolytic cleavage by APC. (28) In addition, one study evaluated the role of platelet FV 

in thrombin generation and found that plasma FV was not essential for thrombin 

generation when platelets were present. (185) They also evaluated thrombin generation in 
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patients with congenital FV deficiency and found that thrombin generation was absent in 

PPP but present (although reduced) in PRP, and in the presence of platelet activators, 

thrombin generation in PRP was enhanced to levels close to control PRP without 

activators. (185) This suggests that their platelet FV levels, although reduced, could 

partially correct for their bleeding defect. This conclusion is also supported by animal 

models. (186, 187) 

Further analyses are needed to assess if the impaired proteolysis of other α-

granule proteins, such as the FV binding protein multimerin-1, show an association to the 

TGA defect in QPD PRP. Multimerin-1 antigen is a polymeric FV binding protein that is 

reduced in QPD platelets, which overlaps with the C1 and C2 domain membrane binding 

sites that are essential for FVa procoagulant function. (107, 188, 189) Like previous 

studies (65, 109), we found increased uPA levels in QPD platelets compared to controls; 

however, platelet FV antigen levels and TGA endpoints in PRP did not show a significant 

association to platelet uPA levels. This is not surprising since uPA triggers the generation 

of plasmin, a broad-specificity protease that could potentially modulate numerous 

proteins involved in supporting coagulation on platelets, not just FV.  
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4.5 STRENGTHS OF THE THESIS 

This thesis aimed to better characterize platelet phenotypes of uncharacterized 

PFD that manifest with impaired aggregation with multiple agonists and/or DGD. One of 

the strengths of the aim 1 analyses was that it studied a large, prospective cohort of real-

life patients and controls over an extensive period of time (12 years). Having a large 

study population allowed for comparisons within subgroups, such as pediatric vs. adult 

and male vs. female, and robust estimates of the RI for diagnosing DGD at our 

laboratory. Additionally, DG quantification for samples from Cohort I participants were 

performed by one of two expert EM technologists, limiting sources of inter-rater 

variability. Despite the low prevalence of DGD, we also had access to multiple samples 

from DGD participants and controls which allowed for helpful CV estimates when 

determining the reproducibility of the assay. By incorporating DGD participants from the 

HPD study cohort into this aim, we were also able to assess clinically important 

associations between DGD and the presence of a bleeding disorder, an important finding 

for hematologists who routinely evaluate for DGD in the diagnostic workup of a PFD. In 

aims 2 and 3, we studied participants from the HPD cohort who have an uncharacterized 

PFD, which are common types of PFD. We were able to study participants from 

numerous families (12 for aim 2, 9 for aim 3), which included some participants from 

families with pathogenic RUNX1 mutations. In aim 2, we performed similar Western 

blotting experiments to a study cited by ISTH guidelines for diagnosing PFD (50, 92), 

with additional comparisons of participant findings to abnormal and normal controls, and 

quantification of bands using densitometry. We complemented our semi-quantitative 
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protein findings with molecular findings using dPCR, a technique that is beneficial when 

quantifying genes with relatively low expression, like MYH10. (169) In aim 3, we 

followed recently published ISTH guidelines when measuring thrombin generation in 

PPP and PRP (83), which included comparisons to age- and gender-matched controls, 

since one study showed that TGA parameters, particularly ETP and peak thrombin 

concentration, increased with age in PPP samples. (190) We found similar TGA 

endpoints for PPP (86, 191, 192) and PRP samples (192-195) in our control participants 

compared to reports from other laboratories that used commercially-available reagents 

and the protocol recommended in the ISTH guidelines. (83) We also evaluated thrombin 

generation in other forms of PFD, like QPD, and were able to perform additional protein 

analyses to better understand the mechanisms leading to impaired thrombin generation. 

Overall, this thesis possesses many strengths that allow the findings to be applicable to 

other laboratories that evaluate for PFD associated with impaired aggregation responses 

and/or DGD. 
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4.6 LIMITATIONS OF THE THESIS 

Despite the strengths of this thesis, there are some limitations that must be 

considered. In aim 1, there were a minimal number of Cohort I participants with DGD 

that were tested on ≥3 occasions (n=7). We estimated the median CV for DGD 

participants to evaluate within-subject variability of the assay, but CV estimates would 

have been benefited from having more observations. Additionally, we did not evaluate 

for associations between confirmed DGD and CHAT-P symptoms in Cohort II 

participants, as it would have been interesting to assess if DGD participants had a higher 

risk of certain bleeding symptoms. In aim 2, we evaluated MYH10 transcript and protein 

levels for a minimal number of participants with pathogenic RUNX1 mutations (n=7 from 

3 families), which might not represent the findings of all forms of RUNX1 mutations. We 

also did not further evaluate the mechanism causing the inconsistent MYH10 protein 

findings in F4, which raises unanswered questions about the potential 

dysmegakaryopoeisis in some members of this family. In aim 3, we did not further 

evaluate the mechanism of the impaired platelet-dependent thrombin generation in PFD 

participants with a RUNX1 mutation. Additional analyses that evaluate platelet activation 

and prothrombinase complex assembly is needed to fully understand the mechanism in 

this participant subgroup. Although we did find normal platelet FV antigen levels in the 

RUNX1 subgroup, we did not directly assess platelet FV activity. Unlike aim 1, we were 

not able to robustly estimate the median CV for TGA endpoints in PPP and PRP samples, 

since only two controls donated research samples for TGA experiments on 3 occasions. 

Lastly, it is possible that TGA experiments in PPP and PRP were affected by contact 
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activation, recognizing that there is still some debate about the use of CTI in TGA. (86-

89)  
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4.7 FUTURE DIRECTIONS 

This current investigation into characterizing common inherited PFD is 

multifaceted; however, some aspects have not been addressed in the current analysis. 

These aspects include: a further evaluation of the mechanism causing impaired platelet-

dependent thrombin generation in PFD participants with a RUNX1 mutation; and 

increasing patient and control sample sizes for additional thrombin generation analyses. 

 

4.7.1 Evaluation of the mechanism causing impaired platelet-dependent thrombin 

generation in participants with a platelet function disorder due to a pathogenic 

RUNX1 mutation: 

We found impaired platelet-dependent thrombin generation in PFD participants 

with a RUNX1 mutation, but normal platelet and plasma FV antigen levels. However, 

there are additional mechanistic questions that have not been addressed in this thesis. For 

example, we did not assess for impaired platelet activation in the RUNX1 subgroup. 

Individuals with RUNX1 mutations are known to have impaired platelet activation, as one 

study found reduced PAC-1 and P-selectin expression upon activation compared to 

controls. (157) There have been no reports of impaired annexin V binding, a marker that 

identifies procoagulant platelets by binding to the head group of PS on activated platelets. 

(196) Future studies should evaluate these three activation markers (PAC-1, P-selectin, 

and annexin V) by flow cytometry in the RUNX1 subgroup to better understand the 

mechanism causing the procoagulant defect, which could reflect impaired platelet 

activation. Lastly, it would be interesting to evaluate the expression of the gene 
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implicated in Scott’s syndrome, ANO6, given the reports that reduced expression is 

associated with impairments in calcium-dependent PS exposure. (182, 197) It is possible 

that ANO6 expression is regulated by RUNX1, since RUNX1 interacts with numerous 

genes implicated in platelet function. It would also be interesting to assess the shedding 

of microparticles by flow cytometry in the HPD participants with a RUNX1 mutation, as 

defective microparticle shedding is an additional phenotypic abnormality that is 

characteristic of Scott’s syndrome. (198) 

 

4.7.2 Increasing sample size of participants with platelet function disorders to detect 

differences in thrombin generation assay endpoints: 

We found no significant differences in TGA endpoints for PRP samples between 

controls and patients with PFD of unknown molecular cause. Particularly, we found an 

insignificant difference after Bonferroni correction when comparing median peak 

thrombin concentrations (p-value = 0.04 before Bonferroni correction). It is possible that 

the analyses for PRP samples performed in this thesis were underpowered to determine if 

some others with PFD have impaired platelet-dependent thrombin generation. This thesis 

evaluated thrombin generation in 13 PFD participants with PFD of unknown molecular 

cause; therefore, performing TGA on the remaining affecteds in the HPD study cohort, in 

addition to new affecteds that are continuing to be recruited to the HPD study, are needed 

to adequately power the PRP analyses. Increasing sample size may uncover a significant 

difference in peak thrombin concentration for PRP samples in this group of PFD 

participants.  
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4.7.3 Evaluation of variability in thrombin generation assay endpoints: 

We compared TGA endpoints for PPP and PRP samples from PFD participants to 

eighteen age- and gender-matched controls. This thesis did not evaluate the 

reproducibility or variability of TGA for PPP and PRP samples, since only 2 controls 

donated research samples on multiple occasions. Concerns have been raised about using 

tests with a within-subject CV above 20% for diagnostic purposes. (160) Thus, multiple 

samples from both controls and PFD participants are needed to assess within-subject 

variability in TGA endpoints for PPP and PRP samples before questioning the usefulness 

of CAT as a diagnostic tool. Nonetheless, previous studies by other groups, using the 

recommended methods, have reported within-subject CVs between 4-8% and 7-10% for 

TGA endpoints in PPP and PRP samples, respectively. (76, 195, 199)  
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