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Platelet size and count are associated with cardiac ischemia and ischemic stroke, two of
the most common forms of acute cardiovascular disease. While platelet count (PC) is a
common clinical measure, assessment of platelet size using mean platelet volume (MPV),
the average size of platelets in a blood sample, and platelet distribution width (PDW), the
variance of the platelet volume curve, are less frequently used. The overall objective of
my research is to characterize these three quantitative platelet measures in a population of
healthy individuals and evaluate the genetic and environmental determinants of these
traits. While, MPV and PDW are not correlated (ρp=0.07), PC is inversely correlated with
both MPV (ρp=-0.37) and PDW (ρp=-0.27). Clinical and anthropometric predictors
explain little of the variation in these three traits, however, all three are heritable, in
particular MPV (h2: 0.83) and PC (h2: 0.67). A genome-wide association study (GWAS)
was conducted for each of these three quantitative platelet traits. While no single
nucleotide polymorphism (SNP) reached genome-wide significance (p<5x10-8) for any of
the traits, 23 SNPs were associated at a suggestive level of significance (p<1x10-5) and
some associated loci were near plausible candidate genes. We also queried wellestablished ischemic stroke and MI-associated SNPs for association with these platelet
traits. We observed an MI-associated SNP near ANKSIA to be nominally associated with
both MPV and PC (p=0.00795 and 0.00139, respectively). MPV, PC, and PDW are

heritable traits and improved understanding of their genetic and environmental
underpinnings could provide novel insight into platelet biology.

Genetic and Environmental Determinants of Quantitative Platelet Markers in the
Pharmacogenomics of Antiplatelet Intervention (PAPI) Study

by
Laura Bozzi

Thesis submitted to the faculty of the Graduate School of the
University of Maryland, Baltimore in partial fulfillment
of the requirements for the degree of
Master of Science
2014

Table of Contents
Chapter

Page

LIST OF TABLES .............................................................................................................. v	
  
LIST OF FIGURES ........................................................................................................... vi	
  
LIST OF ABBREVIATIONS ........................................................................................... vii	
  
Chapter I: Introduction ........................................................................................................ 1	
  
a.	
  

Background ..................................................................................................... 1	
  

b.	
  

Platelets and Megakaryopoeisis ...................................................................... 1	
  

c.	
  

Mean Platelet Volume (MPV) ........................................................................ 4	
  

d.	
  

Platelet Count (PC) ......................................................................................... 5	
  

e.	
  

Platelet Distribution Width (PDW) ................................................................. 7	
  

f.	
  

Relationship between MPV, PDW, and PC .................................................... 8	
  

g.	
  

Hypotheses of The Study ................................................................................ 9	
  

Chapter II: Methods .......................................................................................................... 12	
  
a.	
  

Study Population ........................................................................................... 12	
  

b.	
  

Eligibility criteria and recruitment ................................................................ 12	
  

c.	
  

Study Protocol and Interventions .................................................................. 16	
  

d.	
  

Measuring MPV, PC, and PDW ................................................................... 17	
  

e.	
  

Statistical Analysis ........................................................................................ 18	
  

f.	
  

GWAS ........................................................................................................... 19	
  

iii

Chapter III: Results ........................................................................................................... 22	
  
a.	
  

Participant Characteristics ............................................................................ 22	
  

b.	
  

Relationship between baseline characteristics and platelet traits ................. 25	
  

c.	
  

Heritability Estimates and Genetic, Environmental, and Phenotypic

Correlations of Platelet Traits ............................................................................... 28	
  
d.	
  

Genetic Association Analysis ....................................................................... 31	
  

Chapter IV: Discussion ..................................................................................................... 41	
  
a.	
  

Executive Summary ...................................................................................... 41	
  

b.	
  

Participant Characteristics and Epidemiological Associations ..................... 41	
  

c.	
  

Heritability Estimates and Genetic, Environmental, and Phenotypic

Correlations ........................................................................................................... 42	
  
d.	
  

Genome-Wide Association Analysis ............................................................ 44	
  

e.	
  

Effects of Ischemic Stroke and MI-Associated SNPs on Platelet Traits ...... 48	
  

f.	
  

Strengths and Limitations ............................................................................. 51	
  

References ......................................................................................................................... 53	
  

iv

LIST OF TABLES
Table 1: PAPI Study Exclusion Criteria. .......................................................................... 15
Table 2: PAPI Participant Characteristics......................................................................... 24
Table 3: Environmental Predictors for Mean Platelet Volume, Platelet Count, and Platelet
Distribution Width. ................................................................................................... 25
Table 4: Heritabilities for Platelet Traits. ......................................................................... 28
Table 5: Correlations for Platelet Traits Adjusted for Age and Sex ................................. 29
Table 6: GWAS Top Hits. ................................................................................................ 36
Table 7: Effects of Ischemic Stroke-Associated SNPs on Platelet Traits. ........................ 37
Table 8: Effects of MI-Associated SNPs on Platelet Traits. ............................................. 38
Table 9: Roles of Genes Near Platelet Trait Loci. ............................................................ 45

v

LIST OF FIGURES

Figure 1: Recruitment of Subjects into the PAPI Study. .................................................. 13	
  
Figure 2: Overview of PAPI Study Design....................................................................... 17	
  
Figure 3: Distribution of Mean Platelet Volume (N=681)................................................ 22	
  
Figure 4: Distribution of Platelet Count (N=684). ............................................................ 23	
  
Figure 5: Distribution of Platelet Distribution Width (N=683). ....................................... 23	
  
Figure 6: Relationship between Age and Mean Platelet Volume. .................................... 26	
  
Figure 7: Relationship between Age and Platelet Count. ................................................. 27	
  
Figure 8: Relationship between Age and Platelet Distribution Width. ............................. 27	
  
Figure 9: The Relationship between PC and MPV. .......................................................... 30	
  
Figure 10: The Relationship between PC and PDW. ........................................................ 30	
  
Figure 11: The Relationship between PDW and MPV. .................................................... 31	
  
Figure 12: Manhattan Plot of MPV (n=667)..................................................................... 32	
  
Figure 13: Q-Q Plot of MPV. ........................................................................................... 32	
  
Figure 14: Manhattan Plot of PC (n=670). ....................................................................... 33	
  
Figure 15: Q-Q Plot of PC. ............................................................................................... 33	
  
Figure 16: Manhattan Plot of PDW (n=669). ................................................................... 34	
  
Figure 17: Q-Q Plot of PDW. ........................................................................................... 35	
  

vi

LIST OF ABBREVIATIONS
ADP: Adenosine Diphosphate
AST: Aspartate Aminotransferase
AV: Atrioventricular
BMI: Body Mass Index
BP: Blood Pressure
CAD: Coronary Artery Disease
CARMIL: Capping Protein ARP2/3 and Myosin-I Linker
CE: Cardioembolic Stroke
CEU: Utah Residents with Northern and Western European ancestry
CVD: Cardiovascular Disease
EDTA: Ethylenediaminetetraacetic Acid
GWAS: Genome-Wide Association Study
h2: Heritability Estimate
HCM: Hypertrophic Cardiomyopathy
HCT: Hematocrit
HDL: High-Density Lipoprotein
IS: Ischemic Stroke
LA: Large-artery Atherosclerotic Stroke
LDL: Low-Density Lipoprotein
MI: Myocardial Infarction
MMAP: Mixed Model Analysis for Pedigrees F
MPV: Mean Platelet Volume
OOA: Old Order Amish
PAPI: Pharmacogenomics of Antiplatelet Intervention
PC: Platelet Count
PCI: Percutaneous Coronary Intervention

vii

PCT: Platelet Crit
PDW: Platelet Distribution Width
PM: Platelet Mass
Q-Q: Quantile-Quantile
SAS: Statistical Analysis System
SNP: Single Nucleotide Polymorphism
SOLAR: Sequential Oligogenic Linkage Analysis Routines
STEMI: ST-Elevated Myocardial Infarction
TSH: Thyroid Stimulating Hormone
VLDL: Very Low-Density Lipoprotein
WPW: Wolff-Parkinson-White
ρE: Environmental Correlation
ρG: Genetic Correlation
ρP: Phenotypic Correlation

viii

Chapter I: Introduction
a. Background
Platelet size and count are associated with cardiac ischemia and ischemic stroke,
two of the most common forms of acute cardiovascular disease. (Gasparyan et al. 2011)
Mean platelet volume (MPV) is characterized as the average size of platelets encountered
in a blood sample. High MPV and reduced platelet count (PC) have previously been
associated with cardiovascular and cerebrovascular morbidity, including acute
myocardial infarction (MI) and ischemic stroke. However, little is known about the role
of platelet distribution width (PDW), the variation of the platelet volume curve, in
cardiovascular outcomes. (Colkesen et al. 2012) In the current analysis these three
platelet measures will be examined for their genetic and environmental associations as
well as their relationship to each other.
b. Platelets and Megakaryopoeisis
Platelets are anucleated cell fragments that originate from the cytoplasm of
megakaryocytes in the bone marrow and give the platelet most of its genetic information.
(Martin et al. 1991) Platelets keep a small amount of functional megakaryocyte-derived
RNA, mitochondria, proteins, and machinery utilized for translation. (Aukrust et al.
2010) An increased number of megakaryocytes are positively associated with the size of
platelets. (Kilicli-Camur et al. 2005) In its resting state, these discoid cells comprise 2-4
µm in width and 1-2 µm in length and circulate with a lifespan of 7-11 days. (KilicliCamur et al. 2005) (Aukrust et al. 2010) (De Luca et al. 2013) Platelets contain actin and
myosin as a three-dimensional network in the cytoplasm, which is important for the
platelet’s shape to turn spherical once it becomes activated. (Aukrust et al. 2010) There is
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a second network of shorter actin fibers and microtubules that form a membrane skeleton,
which maintains the discoid shape of the resting platelet.
Platelets contain three morphologically distinct granules: the electron-dense
granules, alpha -granules and lysosomes. These granules enclose highly potent substances
essential for hemostatic and inflammatory processes. (Aukrust et al. 2010) Alpha
granules yield bioactive proteins that are included in the initiation and proliferation of
thrombosis and inflammation. (Colkesen et al. 2012) Lysosomes are cellular organelles
that break down and recycle waste material and cellular debris. Receptors located in the
platelet’s plasma membrane are responsible for adhesion, aggregation, and signal
transduction. (Aukrust et al. 2010) In addition to traditional inside-out pathways, platelets
are activated via outside-in signaling, from the membrane into the cytoplasm. (Aukrust et
al. 2010)
Platelets have a smooth, discoid shape with homogeneously distributed granules
that convert to a spherical shape with centralized granules and with pseudopodia
originating from the plasma membrane upon activation. (Aukrust et al. 2010) Larger
platelets contain more granules and adhesion receptors resulting in increased activation.
(De Luca et al. 2013) Biologically active compounds that are stored in the intracellular
granules are secreted into the extracellular milieu. In addition to these bioactive
compounds, small procoagulant particles called micro-particles are formed on the platelet
surface upon activation and are shed into the extracellular milieu. (Aukrust et al. 2010)
Microparticles have similar activation-dependent adhesion to platelets and improve the
adhesion of both platelets and leukocytes to endothelial cells. (Aukrust et al. 2010)
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Platelet size changes during activation. In fact, previous investigations have
shown a correlation between platelet size and function such that larger platelets that are
produced by activated megakaryocytes in the bone marrow are more reactive than normal
platelets. (Lippi et al. 2009) In addition, it has been shown that larger and hyperactive
platelets play a pivotal role in accelerating the formation and propagation of
intracoronary thrombus. (Lippi et al. 2009) Platelet size is determined predominantly
during megakaryopoiesis and the body’s homeostasis tries to ensure that it stays at a
constant rate. However, other factors, such as interaction with the vessel wall, cause the
platelet to change in size. Such changes have been noted after contact with agonists such
as serotonin and ADP, in vitro. (Martin et al. 1991) These changes in shape, along with
the appearance of pseudopodia, are important in activated platelets. (Vizioli et al. 2009)
Compared to smaller platelets, larger platelets not only have a larger mass, but are also
enzymatically and metabolically more active. (De Luca et al. 2013) Given that platelet
size is an important determinant of platelet activity, use of the of platelet parameters
MPV, PC, and PDW may offer important insights into thrombosis and occurrence of
cardiovascular disease.
After an MI, two indicators of megakaryocyte maturation, megakaryocyte size
and ploidy, are increased. (Martin et al. 1991) Bleeding time, which decreases after MI,
has been correlated with megakaryocyte maturation and platelet mass and is a marker for
platelet function. (Milner et al. 1985) (Kristensen et al. 1988) Increased MPV has been
found both prior to and after the onset of acute MI. (Erne et al. 1988) (Park et al. 2002)
Though platelet size is mainly predetermined due to megakaryopoeisis, it can adapt to
changes in the body’s behavior. For example, larger platelets, which are more reactive
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than smaller ones, can be released immediately after MI in response to myocardial
ischemia; as larger platelets are released during ischemia, MPV increases. (Vizioli et al.
2009) (Park et al. 2002)
c. Mean Platelet Volume (MPV)
MPV is characterized as the average size of platelets present in a blood sample.
(Colkesen et al. 2012) It is commonly used as a marker of platelet size and is a measure
of platelet function for a variety of pro-thrombotic and inflammatory diseases.
(Gasparyan et al. 2011) However, MPV is not a static parameter and can change within
minutes depending on the stimuli that come in contact with the platelet (Chu et al. 2009)
(Colkesen et al. 2012) (Park et al. 2002) Younger platelets tend to be larger as they are
released from the bone marrow into circulation and accordingly, MPV increases. (Calvert
et al. 1996)
Elevated MPV has been observed in patients with acute MI, coronary
atherosclerosis, and stroke. (Colkesen et al. 2012) MPV is a reliable and accessible
measure of platelet size for acute cardiovascular diseases and increased MPV is
correlated with platelet activation. (Lippi et al. 2009) MPV is determined before the acute
event and is independent of infarction size and site. (Kishk et al. 1985) Higher MPV has
not only been associated with a single MI event, but among those having already had an
MI, higher MPV is associated with increased risk of target vessel revascularization and
death. (Martin et al. 1991) (Eisen et al. 2013)
MPV is also an independent risk factor for ischemic stroke. (Kilicli-Camur et al.
2005) In stroke patients, an increased depletion of platelets at the site of cerebrovascular
thrombosis cause larger platelets to be released, accounting for the differences in MPV.
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(Gasparyan et al. 2011) Increased MPV has also been associated with a higher risk of
more severe outcomes in those with acute ischemic stroke. (Colkesen et al. 2012) Higher
MPV can be used to detect the early, acute phase of stroke and is associated with a vast
amount of cerebral damage. (Gasparyan et al. 2011) Time is a critical factor between
elevated MPV and severity of ischemic stroke; an increase of MPV is often seen early in
patients with a larger degree of neurological impairment while those who develop high
MPV later usually have less severe conditions. (Vizioli et al. 2009) Increases in MPV and
percentage of megathrombocytes have been found in patients with cerebral infarction.
(Martin et al. 1991) (Bath et al. 1996)
Other measures such as vascular and lipid markers have been tested for
association with MPV. In a study by Wang et al. 2011, as MPV increased, BMI,
triglycerides, and LDL also steadily increased. (Wang et al. 2011) There have been
discrepancies in the literature about the relationship between age and MPV. A study by
Martin et al. did not find age to be associated with MPV. (Martin et al. 1991) However,
in a study by Eisen et al., patients over 75 years old tend to have larger platelet volume
than those under 75 and higher MPV is observed in women compared to men. (Eisen et
al. 2013) No difference in MPV was found across social classes or between smokers and
non-smokers. (Martin et al. 1991) Based on further research, MPV, along with PC and
PDW, can possibly serve as a predictor for acute cardiovascular diseases.
d. Platelet Count (PC)
PC, another parameter that can be used to determine platelet activity, is the
number of platelets in a patient’s blood. PC is commonly measured as part of a complete
blood count (CBC) and has been found to have a significant positive correlation with
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plasma viscosity, white blood cell count and fibrinogen. (Martin et al. 1991) Also, a
significant inverse relationship has been found between PC and MPV and together PC
and MPV can be used to calculate platelet mass (PM). This can be expressed by the
following equation: (Bath et al. 1996)
PM = PC x MPV
According to this relationship, mass remains constant to maintain hemostasis while PC
and MPV share an inverse relationship. (Gasparyan et al. 2011) PC endures a wider dayto-day variation than MPV; unlike MPV and PDW, PC does not determine the size of the
platelet, but rather how many platelets have been released by the bone marrow as a result
of megakaryopoiesis. (Bath et al. 1996) Previously, PC has been found to be associated
with sex, HDL, LDL, BMI and triglycerides. (Santimone et al. 2011)
Lower PC has also been associated with elderly patients (>85 years of age) who
have had an MI compared to younger patients. (Goliasch et al. 2013) This study by
Goliasch et al. also found younger MI patients to have a decreased PC with an increase of
cardiovascular mortality. (Goliasch et al. 2013) A decreased PC with an increased risk of
short-term adverse events in non-ST elevation MI patients has also been established.
(Eikelboom et al. 2001) A study by De Labriolle et al. described that PCI patients at onemonth follow-up had the greatest decrease in PC (>50%) and the most reported cases of
previous MI. (De Labriolle et al. 2010). A significant decrease in PC was found in postMI patients compared to controls. (Yaghoubi et al. 2013)
In addition to MI, a decrease in PC is found with ischemic stroke as well. A decrease
of PC was found in patients who have suffered from a cerebral infarction compared to
controls and lower in patients who had died from an ischemic cerebral infarction
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compared to those who survived. (D’Erasmo et al. 1988) (D’Erasmo et al. 1990) A study
by Tohgi et al. found a negative correlation between PC and cerebral infarction size,
describing the decrease of PC during the acute period of stroke. A study by O’Malley et
al. found that lower PC and higher MPV found after an acute stroke persist well after the
event occurs. (O’Malley et al. 1995)
e. Platelet Distribution Width (PDW)
Another platelet parameter used to determine platelet size is PDW, which is used
to determine the variance of the platelet volume curve. It can be measured as the
coefficient of variation of platelet volume by the following equation: (Vizioli et al. 2009)
PDW = (standard deviation of platelet volume/MPV) x 100
PDW is a common measure of platelet anisocytosis, or unequal size of platelets, and
similar to MPV, can also be used as a diagnostic tool of thrombocytosis. (Tozkoparan et
al. 2007) PDW has a positive correlation with a MPV, indicating that larger mean platelet
size is associated with larger variation in size of platelets in circulation. (De Luca et al.
2013) The relationship between PDW and PC is unknown. In a study by Santimone et
al., PDW has been found to be associated with age, sex, HDL, LDL, triglycerides and
BMI. (Santimone et al. 2011)
PDW has been previously found to be significantly increased in ST-elevated MI
(STEMI) patients compared to controls and is an independent predictor for acute STEMI.
(Cetin et al. 2014) In a study by Khandekar et al., PDW was higher in patients who were
admitted for unstable angina and/or acute MI than CAD patients or controls. (Khandekar
et al. 2006) Among PCI patients after acute MI, those with higher PDW have been found
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to have lower survival rates than those with lower PDW. (Rechciński et al. 2013) There
have been no previous reports of an association between PDW and ischemic stroke.
f. Relationship between MPV, PDW, and PC
To maintain platelet mass and hemostatic potential, the regulation of platelet
function relies upon megakaryocyte ploidy and the maturity of thrombopoietic
progenitors. (Gasparyan et al. 2011) Megakaryocyte ploidy is the ability to reduplicate
DNA, which is crucial for platelet function as they are anucleated and need their genetic
information from megakaryocytes. Thrombopoietin is a hormone that promotes the
growth and maturity of megakaryocytes and the release of platelets by regulating blood
platelet production, and has been shown to have a positive correlation with MPV in CAD
patients. (Senaran et al. 2001) Factors that can influence megakaryopoiesis include not
only thrombopoietin, but also cytokines, interleukin factors, and nitric oxide that
contribute to larger, more reactive platelets. (Vizioli et al. 2009) Therefore,
megakaryocyte ploidy and PC are under independent hormonal control of MPV and are
manipulated separately. MPV is correlated with both megakaryocyte ploidy and the
percentage of circulated platelets. (Smith et al. 2002) Though deviations of MPV are low
on a day-to-day basis, it is associated with sex, age, and ethnicity as well as
cardiovascular risk factors such as smoking, hypertension, diabetes. (Gasparyan et al.
2011) The inverse relationship between PC and MPV makes MPV a reliable diagnostic
of thrombocytosis and thrombocytopenia, high and low platelet counts respectively.
(Tozkoparan et al. 2007)
MPV is not only inversely correlated to PC, but positively correlated to PDW and
platelet-to-larger cell ratio, indicating a consumption of small platelets and a production
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of larger ones. (De Luca et al. 2013) PDW, along with MPV, is indicative of platelet size
so an inverse relationship between PDW and PC is also expected. (Santimone et al. 2011)
The inverse relationship between MPV and PC has been observed in cohorts with acute
clinical cardiovascular outcomes, such as myocardial infarction (MI) and ischemic stroke.
(Vizioli et al. 2009) There is an association between the risk of thrombosis and an
increase in MPV; it is often an early marker of activated platelets and used to predict
arterial thrombosis, coronary artery thrombosis, and venous thromboembolism. (Chu et
al. 2009) Due to platelet activation and consumption, PC was reduced in cases of unstable
angina compared to patients with stable angina. (Mathur et al. 2001) (Yang et al. 2006)
Megakaryocytes, stimulated by cytokines and the dysfunctioning endothelium, produce
larger platelets that react to an occurrence of thrombosis and ischemic events. (Vizioli et
al. 2009)
g. Hypotheses of The Study
Though the relationship between MPV and PC is well established, their
association with PDW is mostly unknown. In this study, I aim to evaluate the genetic and
environmental correlates of these three measures, including testing whether any detected
correlates jointly influence variation across two or more of these traits. Through these
analyses, I hope to more deeply understand the relation among MPV, PC, and PDW. To
further evaluate the relationship between these platelet phenotypes as well as to
investigate their genetic, environmental and clinical associations, we analyzed data from
the Pharmacogenomics of Antiplatelet Intervention (PAPI) study. The PAPI study was
initiated in August 2006 and recruited 688 healthy participants from the Old Order Amish
(OOA) community of Lancaster County, PA.
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Since MPV and PDW are both markers for platelet size, I hypothesize that each
would be negatively associated with PC and that MPV and PDW would share a positive
association with one another. The inverse relationship between platelet size and count has
been verified in previous studies (see above). I also hypothesize that each of these platelet
measures will have a positive association with sex, age, and BMI, in concordance with
previous studies. (Wang et al. 2011) (Eisen et al. 2013) Furthermore, I expect that both
MPV and PDW will be positively associated with other cardiovascular outcomes (i.e.
angina, MI, history, arteries blocked, and carotid artery surgery) and lipid measures (i.e.
total cholesterol, HDL, LDL, and triglycerides), while PC would have a negative
association with these clinical predictors. However, since the PAPI study consisted of
healthy participants, it is likely that there are an insufficient number of cardiovascular
outcomes for association testing.
I expect MPV and PC to have a high genetic correlation Like MPV and PC, I
anticipate that PDW and PC will also have a negative phenotypic correlation since PDW
is also a measure platelet size. I hypothesize that MPV and PDW will have a positive
correlation with one another since both are indicative of platelet size. Lastly, I
hypothesize that the environmental correlations among all three traits would be low
because these platelet parameters are for the most part static once they are released from
the bone marrow. Few agonists affect the size and amount of platelets, making MPV,
PDW, and PC consistent and reliable measures.
After conducting the epidemiological associations, I will evaluate common genetic
variants for their association with these three platelet traits. Specifically, I will first run a
Genome-Wide Association Study (GWAS) on each of these traits and then conduct a
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focused association analysis to determine if previously reported MI and ischemic stroke
risk variants are associated with these platelet parameters. I hypothesize that some of the
associated genetic variants will actually be associated with multiple traits since all of
these platelet measures are related.
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Chapter II: Methods
a. Study Population
PAPI Study participants were recruited from the Old Order Amish (OOA)
community of Lancaster County, PA. The OOA population was founded in the 18th
century by approximately 400 immigrants from Switzerland who fled to escape religious
persecution (Pollin et al. 2008). Currently, the OOA population in Lancaster County
consists of approximately 30,000 individuals; nearly all of whom are descendants of the
original set of immigrants. Extensive genealogical records are available for the OOA, and
PAPI study participants can be linked to a single, 14-generation pedigree (Agarwala,
Biesecker, and Schaffer 2003; Lee et al. 2010). The relatively homogenous lifestyle and
genetic architecture of the OOA make them an ideal population for identifying complex
disease genes through minimization of potentially confounding variables.
b. Eligibility criteria and recruitment
The PAPI study recruited 687 healthy OOA participants between August 2006
and January 2012 for a short-term intervention study of clopidogrel alone and clopidogrel
and aspirin. The current analysis evaluates MPV, PC, and PDW measured at baseline,
before the drug intervention. A total of 800 individuals were approached for participation
in the study, 775 of those were screened, and 687 (86%) participated (Figure 1).
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Figure 1: Recruitment of Subjects into the PAPI Study.
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Participants were generally healthy and not recruited based on known cardiovascular
disease (CVD) risk or drug response. In addition to enrolling participants of the
previously conducted studies, eligible participants were identified by advertisements,
word of mouth, Amish-wide mailing, and referrals by local physicians. Eligible family
members were also encouraged to enroll.
Participants had to be at least 20 years of age to be eligible for the study and free
of the following conditions: abnormal platelet count; severe hypertension (blood pressure
> 160/95); current pregnancy or lactation; use of prescription medications that would
impact outcomes of the study; unwillingness to discontinue over-the-counter remedies
(including vitamins and supplements) one week prior to study; coexisting malignancy;
abnormal hematocrit levels such as thrombocytosis or polycythemia (platelet count
>500,000), HCT < 32, or thrombocytopenia (platelet count <75,000); abnormal TSH
levels (<0.5 or >0.05); elevated liver enzymes such as creatinine (>2.0) and AST or ALT
(> two times the upper normal limit); allergies to clopidogrel or aspirin, undergoing
surgery in the 6 months prior to the study; history of gastrointestinal bleeding or other
bleeding disorders; and current aspirin or clopidogrel use. Also, those with a pre-existing
condition such as a history of angioplasty (including stent placement), atrial fibrillation,
coronary artery bypass surgery, deep vein thrombosis or other thrombosis, MI, stroke or
transient ischemic attacks, Type 2 Diabetes, unstable angina, or other conditions where
aspirin withdrawal 14 days before study initiation would cause increased risk were excluded

from the study. A detailed listing of the exclusion factors is available in Table 1.
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Table 1: PAPI Study Exclusion Criteria.

The Amish community was presented with the objectives and procedures of the
study during the planning stages in order to receive feedback from community members
and gain support to proceed with the study. Informed consent (including permission to
contact relatives) was obtained from each subject. The PAPI study was approved by the
Institutional Review Board at the University of Maryland and an external Data Safety and
Monitoring Board supervised the conduct of the study. The study was conducted under an
investigational new drug protocol (IND #74,600).
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c. Study Protocol and Interventions
Prior to the subject’s enrollment, each potential participant was visited at home by
a study nurse who performed a screening examination. This exam included a thorough
review of personal and family history, complete blood count, kidney and liver function
tests, and measurement of thyroid stimulating hormone (TSH) levels. After assessment of
other exclusion criteria (Table 2), eligible participants were scheduled for their first clinic
visit.
One week prior to Clinic Visit 1, participants abstained from all medication,
vitamin, and supplement use. In addition, participants taking aspirin were asked to
abstain from its use for at least two weeks prior to the start of the study. Prior to this visit,
subjects fasted overnight and were brought to the Amish Research Clinic in Lancaster,
PA. A nurse or physician administered a health history questionnaire performed a
physical examination, administered a urine pregnancy test (if applicable), measured vital
signs including blood pressure, and collected a fasting blood sample (Figure 2). This
blood sample was used in analyses of platelet aggregation, fasting lipids, and other
clinical measures.
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Figure 2: Overview of PAPI Study Design.

d. Measuring MPV, PC, and PDW
MPV, PC, and PDW, were measured using a Coulter 3-part differential analyzer
(Sysmex, Lancaster PA) and platelet-rich plasma was collected in a 4ml EDTA/Lav vac
tube (Anonymous2011). PC is measured using impedance methodologies. Cells pass by
one another through a capillary opening to determine cell concentration. An electrical
signal that is proportionate to the cell’s volume is received once the electrical voltage
above the transducer is changed. The signals result in a volume distribution curve and
the sum of the signals results in the corresponding cell number for each cell population.
This can be improved by hydrodynamic focusing where the centered stream principle will
focus the stream of particles to pass by one after the other centrally through the
measuring capillary to measure PC. Since a count is based on a particle determination
that looks at solely cell volume, red blood cells and platelets must be separated according
to their volume. The analyzer supplies a volume distribution curve that provides more
information on platelet volume by presenting the sum of the cell population’s impulsive
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signals of a given size. This volume distribution curve can be used to calculate PDW and
MPV. PDW is measured at 20% relative height of the curve; the standard ranges of PDW
are 9-14 fl. MPV can be measured by using platelet crit (Pct) and (PC):
MPV (fL) =

Pct (%)/PC (x 103/µL)

e. Statistical Analysis
Summary statistics (i.e. means and standard deviations) of each platelet trait
(MPV, PC, and PDW) were calculated using SAS version 9.3 (SAS Institute Inc., Cary,
North Carolina). MPV was winsorized to 11 fl. to account for outliers (N=3) in all
analyses. The frequencies of baseline predictors (i.e. age, sex, BMI, blood pressure,
smoking status, lipid measures, history of high cholesterol, history of angina, history of
gallbladder disease, previous MI, and history of cardiovascular disease) and each platelet
trait was also computed using SAS version 9.3. Baseline predictors were tested for
association with platelet measures using regression methods implemented in SOLAR
version 4.07 (Southwest Foundation for Biomedical Research, San Antonio, Texas).
Regression analyses were performed to determine if the variables showed a positive or
negative association with the platelet trait, while accounting for family structure. Sex and
age were tested for association separately with each platelet trait. Association analyses
with other traits (such as BMI, LDL-C etc.) were adjusted for age and sex. Menopausal
status was tested only in women with age as a covariate whereas current smoker was
tested only in men also with age as a covariate. All significant associations (pvalue<0.05) have the percent variance of the trait listed. All the significant associations
have positive beta values. Triglycerides (TG) and high density lipoprotein cholesterol
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(HDL-C) were measured by Quest Diagnostics (Horsham, PA) and LDL-C was
calculated using the following formula (Friedewald et al. 1972):
CLDL = Cplasma - CHDL- TG/5
A “history of cardiovascular disease” was a calculated variable that includes self-report
of MI, angina, heart surgery, arteries blocked, or carotid artery surgery.
Since subjects are related, non-independence of study participants was accounted
for using a variance components approach as implemented in SOLAR. Using this
variance component method, heritability estimates were also calculated for each measure
at baseline as well as phenotypic, genetic, and environmental correlations. Phenotypic
correlations (ρP) were approximated as the sum of the additive genetic (ρG) and
environmental effects (ρE); as previously described (Falconer and Mackay 1996):
ρ = [√(h r ) × √ (h r ) × ρ ] + √ (1 − h r ) × √ (1− h r ) × ρ
P
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2

2
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2
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Phenotypic correlations (ρP) were calculated to compare the overall relationship between
platelet traits, whereas the genetic and environmental correlations compared the shared
genetic and shared environmental components separately.
f. GWAS
MPV, PDW, and PC were tested for genome-wide association. The GWAS data
set used for this analysis consisted of the variants present on both the Affymetrix 500K or
Affymetrix 6.0 chip (referred to as the Affy 500K/6.0 intersect set), which contained
428,904 single nucleotide polymorphisms (SNPs) measured directly in N=670 PAPI
participants. The association analysis utilized a regression-based approach that models
variation of the platelet trait as a function of the measured covariates (age and sex),
genotypes and a polygenic component demonstrating the phenotypic correlation of
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relatedness. These analyses were performed using the Mixed Model Analysis for
Pedigrees (MMAP) program, (O'Connell 2014) which looks at the relatedness of study
subjects by conditioning the genotype-phenotype correlations on the phenotypic
correlations among relative pairs. The platelet trait of interest is adjusted for participant
age and sex as covariates. Manhattan plots were used to show if any SNPs were genomewide significant or displayed suggestive significance. Q-Q plots are used to demonstrate
that there was no inflation in the results and there was little deviation in what was
observed compared to what was expected. We computed the minimal effect size
detectable for the platelet traits by assuming a significance threshold of 5x10-8. Using the
Quanto software program, we estimated that our total sample of 670 subjects would
provide 80% power to detect variants accounting for as little as 5.7% of the total trait
variance (Gauderman et al. 2006).
To determine if well-established MI and ischemic stroke variants were associated
with the platelet traits, we querried our genome-wide association results for previously
reported MI and ischemic stroke variant. Specifically, we evaluated 23 MI-associated
SNPs from a meta-analysis conducted by Schunkert et al. (Schunkert et al. 2011) and 18
ischemic stroke-associated SNPs from various studies. (Gretarsdottir et al. 2008;
Gschwendtner et al. 2009, 531-539; Cunnington et al. 2010; Williams et al. 2013; Traylor
et al. 2012; Holliday et al. 2012; International Stroke Genetics Consortium (ISGC) et al.
2012; Ikram et al. 2009) Multiple subtypes of ischemic stroke were examined including:
ischemic stroke, cardioembolic stroke, and large artery atherosclerotic stroke. We
assumed a significance threshold of 1.2x10-3 which includes a Bonferroni correction for
an estimated 41 SNPs to be tested. Using the Quanto software program, we estimated that
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our total sample of 670 subjects would provide 80% power to detect variants accounting
for as little as 2.5% of the total trait variance with an alpha of 1.2x10-3. For variants not
present on the Affy 500K/6.0 Intersect set we used data imputed using the HapMap
reference panel. The imputation data set was comprised of 2,543,888 SNPs on N=357
participants. The HapMap Imputation would have 80% power to detect variants
accounting for 4.6% of the variation with an alpha of 1.2x10-3.
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Chapter III: Results
a. Participant Characteristics
The approximately normal distributions of MPV, PC, and PDW values are
displayed in Figures 3, 4, and 5, respectively.

Figure 3: Distribution of Mean Platelet Volume (N=681).
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Figure 4: Distribution of Platelet Count (N=684).

Figure 5: Distribution of Platelet Distribution Width (N=683).
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The mean of MPV was 7.3 fl, the mean of PC was 240, and the mean for PDW was 16.5
fl. Male and female PAPI participants were generally similar in terms of demographic
and anthropometric characteristics as well as subclinical cardiovascular traits (Table 2).

Table 2: PAPI Participant Characteristics
*Means (standard deviations)
†Menopausal status is reported in women only
‡Due to Amish cultural traditions, women do not smoke tobacco - only men’s smoking status are reported
in this study.
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However, in accordance with Amish cultural traditions, only males use tobacco so only
males report ever using tobacco or current smoking. Females exhibit significantly larger
means and frequencies of measures than males for systolic blood pressure, LDL, BMI,
and high cholesterol. Since this is a healthy population self-report of “History of CVD”
was low and not statistically different between the sexes.
b. Relationship between baseline characteristics and platelet traits
Baseline characteristics including age, sex, BMI, systolic and diastolic blood
pressure, HDL, LDL, triglycerides, current smoking status, menopause, and history of
CVD, were tested for association with each platelet trait (Table 3).

Table 3: Environmental Predictors for Mean Platelet Volume, Platelet Count, and Platelet Distribution
Width.
**Sex and Age were evaluated with each platelet trait individually. When the other variables were tested
for association with the platelet trait, sex and age were adjusted for together.
†Menopausal status is reported in women only.
‡Due to Amish cultural traditions, women do not smoke tobacco - only men’s smoking status are reported
in this study.
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The strongest positive association is between increased MPV and female sex.
”History of CVD” was not associated with any of the traits (p>0.05) nor were the
individual disease history variables (data not shown). Figures 6, 7, and 8 show the
relationship between age and MPV, PC, and PDW, respectively.

Figure 6: Relationship between Age and Mean Platelet Volume.
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Figure 7: Relationship between Age and Platelet Count.

Figure 8: Relationship between Age and Platelet Distribution Width.
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Though age was not statistically significant with MPV or PDW (p > 0.05), there was a
non-significant trend (p=0.15) for lower PC with older age. Age was significant for PC
when simultaneously adjusted for in multivariable analyses with sex comparing and
either BMI, LDL, triglycerides, systolic or diastolic blood pressures (p <0.05).
c. Heritability Estimates and Genetic, Environmental, and Phenotypic
Correlations of Platelet Traits
Heritability estimates for the baseline platelet parameters of MPV, PC, and PDW
were calculated in SOLAR (Table 4).

Table 4: Heritabilities for Platelet Traits.

All three traits were heritable (p<0.05) regardless of adjustment [MPV (h2=0.83), PC
(h2=0.67), and PDW (h2=0.35)].
Genetic (ρG) and environmental (ρE) correlations between platelet traits were
calculated to identify the presence of shared genetic or environmental factors between
traits while accounting for family structure (Table 5).
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Table 5: Correlations for Platelet Traits Adjusted for Age and Sex
* p-value <0.05
†p-value <0.05 when ρG is different than 0
‡ p-value <0.05 when ρG is different than 1.0

Pair-wise phenotypic correlations (ρP), a combination of the genetic and
environmental components, were then calculated. These correlations were adjusted for
age and sex (Table 5). Notably, evidence of shared genetic factors (i.e. ρG significantly
different from 0) exists between PC and both MPV and PDW, indicating that genes
influencing PC also affect the other platelet measures. The environmental correlations for
all three comparisons were not significant, however there was evidence of shared genes
between PC and PDW (ρG=-0.70; p<0.05) and between PC and MPV (ρG=-0.53; p<0.05).
Figures 9, 10, and 11 demonstrate the pair-wise relationship between the three platelet
traits, not accounting for family structure and not adjusted for age or sex.
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Figure 9: The Relationship between PC and MPV.

Figure 10: The Relationship between PC and PDW.

30

Figure 11: The Relationship between PDW and MPV.

As expected, these unadjusted pairwise correlations are very similar in magnitude to what
was estimated phenotypic correlation (see equation Chapter II).
d. Genetic Association Analysis
The results of the GWAS are displayed as Manhattan plots for MPV, PC, and
PDW for the Affy 500K/6.0 intersect set. For MPV, Figure 12 displays the Manhattan
plot for MPV using the Intersect 6.0 data, while Figure 13 shows the corresponding Q-Q
plot for MPV (λ=1.13) for the GWAS.
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Figure 12: Manhattan Plot of MPV (n=667).

Figure 13: Q-Q Plot of MPV.

32

None of the SNPs were significant at a genome-wide threshold, but 8 were suggestive
(p<1 x10-5). The Manhattan plot for the GWAS of PC is displayed in Figure 14 whereas
the Q-Q plot (λ=1.05) can be seen in Figure 15.

Figure 14: Manhattan Plot of PC (n=670).

Figure 15: Q-Q Plot of PC.
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As with MPV, none of the SNPs were genome-wide significant, however 12 SNPs were
suggestively significant (Figure 14). The rs1408586 (p=4.1x10-7) variant on
Chromosome 1, is found between TBX15 and SPAG17. rs3129612 (p=6.3x10-6) on
Chromosome 13, is found between LINC00424 and AK054845. The Manhattan plot for
the GWAS of PDW is displayed in Figure 16 whereas the Q-Q plot (λ=1.09) can be seen
in Figure 17.

Figure 16: Manhattan Plot of PDW (n=669).
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Figure 17: Q-Q Plot of PDW.

No SNPs were genome-wide significant but 3 SNPs were suggestively significant for the
Affy 500K/6.0 intersect set (Figure 16). The GWAS Top Hits table refers to the most
significant SNPs found in the Manhattan plot and either the gene they can be found in or
the gene in the closest proximity to the SNP (Table 6).
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Table 6: GWAS Top Hits.

Tables 7 and 8 present our association results for well-established ischemic stroke
and MI SNPs.

36

Table 7: Effects of Ischemic Stroke-Associated SNPs on Platelet Traits.
*p-value<0.05
**A1riskallele
IS=Ischemic stroke
CE=Cardioembolic stroke
LA=Large-artery atherosclerotic stroke
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Table 8: Effects of MI-Associated SNPs on Platelet Traits.
*p-value<0.05
**A1risk allele
†The literature association that was used for comparison of this study was performed by Schunkert et al.

It was expected that higher MPV, higher PDW, and lower PC would be associated with
ischemic stroke and MI-associated SNPs. For ischemic stroke (Table 7), several variants
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had beta values in the same direction, suggestive of the relationship between platelet
traits. This was the case for two SNPs found at the CDKN2B-ASI gene where MPV and
PDW had the same association and PC had the opposite; however, in this case, lower
MPV and PDW are associated with the G allele for rs7865618 while PC is higher. MPV
was also significant for this variant (p=0.042) (Table 7) as well as the G allele for
rs4977574 also found in CDKN2B (p-value=0.0421) and is associated with MI (Table 8).
Multiple SNPs at PITX2 (G allele of rs10033464, T allele of rs6843082, and C
allele of rs1906509) were associated with lower MPV and PDW, and higher PC (Table
7). Another variant associated with ischemic stroke, the rs505922 C allele, at ABO also
was associated with lower MPV, lower PDW, and higher PC. The G allele for the
rs8979324 variant found near ZFHX3 was associated with higher MPV and PDW as well
as lower PC. Two risk variants for cardioembolic stroke found at PITX2, rs10033464 and
rs1906509, had significant associations with PDW (p-value=0.045 and 0.029,
respectively).

`

In addition to CDKN2B, several SNPs found with MI had significant associations
with platelet traits (Table 8). The G allele for rs17609940 found near ANKS1A was
significant for both MPV (p-value=0.00795) and PC (p-value=0.00139) and was
associated lower MPV and PDW as well as higher PC. Whereas the G allele for
rs11206510, found near PCSK9, was associated with higher MPV and PDW in addition
to lower PC, with PDW being significant (p-value=0.0459). The C allele for rs216172
was also significant for PDW (p-value=0.02) and was found near the SMG6 gene. Other
MI-associated SNPs that supported our hypothesis and were associated with higher MPV,
higher PDW and lower PC, were found near the following genes: PHACTR1, PPAP2B,
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and ADAMTS7. In addition, MI-associated SNPs that were also associated with lower
MPV and PDW as well as higher PC were found near CDKN2A, CXCL12, and LDLR
(Table 8).
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Chapter IV: Discussion
a. Executive Summary
The objective of my thesis was to characterize three quantitative platelet measures
(MPV, PC and PDW) in a population of healthy individuals and evaluate their genetic
and environmental determinants. The key results of my thesis can be summarized as
follows:
•
•
•
•

Only a small amount of variation in MPV, PC and PDW was explained by
participant characteristics such as sex, triglycerides, and blood pressures.
Similar to other studies, we determined that MPV (h2: 0.83) and PC (h2: 0.67) are
heritable.
PDW is a novel measure and this is the first reported heritability estimate (h2:
0.35).
Platelet traits were nominally associated with some of the established ischemic
stroke and MI SNPs.

Other topics of interest related to my thesis are discussed in detail in the following
subchapters.
b. Participant Characteristics and Epidemiological Associations
MPV, PC and PDW were shown to have a normal distribution among the healthy
participants in this study (Figures 3-5) similar to the parameters found in other studies.
((Lippi et al. 2009; Nadar et al. 2004) (Santimone et al. 2011)) We observed values for
MPV, PC and PDW that were within the expected range and there was not a large
difference between the male and female populations, as is the case with other adult
populations ((Santimone et al. 2011) (Gianfagna et al. 2012)).
MPV was significantly associated with sex, and the proportion of MPV that can
be explained by this variable is 1.45%. No other traits were significantly associated with
MPV. Similarly, in a study performed by Martin et al., MPV was not correlated with
other known vascular risk factors including blood pressure, total cholesterol, age, HDL,
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white blood cell count, fibrinogen, and plasma viscosity. (Martin et al. 1991) This study,
however, examined men who had an MI in the past 6 to 24 months. Higher PC, like
MPV, was associated with female sex and 1.27% percent of the variance in PC is due to
sex. Other traits that were significantly associated with PC were BMI, systolic and
diastolic blood pressures, and triglycerides. Previously, PC had been found to be
associated with age, sex, HDL, LDL, BMI and triglycerides. (Santimone et al. 2011)
PDW was not significantly associated with sex, unlike the other two platelet measures. In
a study by Santimone et al., PDW was found to be associated with age, sex, HDL, LDL,
triglycerides and BMI. (Santimone et al. 2011)
Age was not associated with any of the platelet traits although there was a nonsignificant trend with PC. In previous studies, MPV and PDW were found to be
significantly higher with older age, PC was lower at older ages. ((Eisen et al. 2013)
(Santimone et al. 2011)) One reason for this difference may be that other studies used
older populations (eg. 65 and older) where our population had a large age range (20-83).
The relationship between these platelet measures and age may not be linear across such a
large age range and consequently, not detected in our study. All of the clinical and
anthropometric traits individually explain only a small amount of each platelet measures’
variation (<5% each); this was expected since PC and platelet size are, for the most part,
determined during megakaryopoeisis.
c. Heritability Estimates and Genetic, Environmental, and Phenotypic
Correlations
MPV was highly heritable in the current analysis (unadjusted h2: 0.81; adjusted
h2: 0.83); this is much larger than the heritability estimates from a previous study
(h2=0.55). (Bray et al. 2007) Though the study conducted by Bray et al. was also in a
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Caucasian population, the subjects were siblings or offspring of CAD patients in contrast
to our relatively healthy study population. PC is also a fairly heritable measure
(unadjusted h2: 0.66; adjusted h2: 0.67) and our results are similar to those found in a
previous study (h2=0.60). (Bray et al. 2007) PDW had the lowest heritability of the three
traits (unadjusted h2: 0.35; adjusted h2: 0.36). Since it is a relatively novel measure, PDW
has not been previously examined in family studies and to our knowledge, this is the first
report of heritability estimates for PDW.
Together, PC and MPV account for platelet mass and are expected to be inversely
related ((Bath et al. 1996) (Gasparyan et al. 2011)). MPV and PDW are related to PC in
terms of physiology and so the observed phenotypic correlation (-0.37 and -0.27,
respectively) is expected and consistent with previous reports (-0.36 and -0.22,
respectively) (Santimone et al. 2011, 1180-1188). MPV and PDW were not correlated in
our analysis (ρp=0.07) which is similar to findings by Santimone et al. (ρp=0.095).
(Santimone et al. 2011)
Our unique family study design allowed us to evaluate the genetic and
environmental correlations of these platelet traits (Table 5). We hypothesized that MPV,
PC, and PDW would be both genetically and environmentally correlated. Interestingly,
there was strong evidence for shared genes among these traits, but not for shared
environmental influences. Similarly, a study by Evans et al. found that PC in
monozygotic and dizygotic twins has a genetic correlation of 0.80 compared to the
environmental correlation of 0.20. (Evans et al. 1999)
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d. Genome-Wide Association Analysis
No SNPs from any of the three GWAS experiments reached genome-wide
significance (5x10-8). However, 23 SNPs were found to be suggestively significant
(p<1x10-5). The top GWAS signals for each trait are presented in Table 6 and discussed
further below. One SNP for MPV, rs137518, had been found in the SYN3 gene, a part of
the synapsin gene family (Table 6). Synapsins consist of neuronal phosphoproteins,
which are found on the cytoplasmic surface of synaptic vesicles; mutations in this gene
are associated with several neurological disorders such as autism, Bipolar Disorder, and
schizophrenia. ((Cruceanu et al. 2013) (Griswold et al. 2012)) At this time, these genes
have not been investigated with regards to platelet physiology, but given the results of
GWAS, further investigation may be warranted. We also observed suggestive evidence of
association in our GWASs of PC and PDW (Table 6). The top SNP for PDW was found
in the UNC79 gene (Table 6). It is a cation channel that is a part of the NALCN sodium
channel complex that controls neuronal excitability; mutations in this gene can result in
neuronitis. ((Joiner et al. 2013) (Ren et al. 2011))
A literature search was conducted for the top hits for each platelet trait to identify
plausible biological candidates from GWAS. First, I analyzed the 23 suggestive SNPs
and found the top hits from each locus. I then mapped those SNPs to the genome the
UCSC Genome Browser. I conducted a PubMed literature search of genes that contained
or were found near these suggestive SNPs to see if these genes were possible positional
candidates of the platelet traits. Genes that have been associated with plausible positional
candidates for MPV, PC, and PDW are summarized in Table 9.
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Table 9: Roles of Genes Near Platelet Trait Loci.

These genes have been related to a variety of cardiovascular traits including blood lipids,
cardiac structure, platelet formation, and BMI.
The T allele of the rs2727551 variant was associated with higher MPV (pvalue=4.9x10-6) and lies in an intron of the PRKAG2 gene (Table 9). This gene encodes
the AMP-activated protein kinase (AMPK) protein that maintains the cellular energy
status by inactivating key enzymes that regulate de novo biosynthesis of fatty acid and
cholesterol. (Blair et al. 2001) It is associated with both hypertrophic cardiomyopathy
(HCM) and Wolff-Parkinson-White (WPW) Syndrome. ((Blair et al. 2001) (Vaughan et
al. 2003)) Familial HCM is an autosomal dominant disease caused by mutations in the
PRKAG2 gene as well as other genes expressed in the cardiac sarcomere. (Blair et al.
2001) WPW Syndrome is a disease that is characterized by an abnormal accessory
pathway between the atria and ventricles and is associated with HCM and AV nodal
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conduction block. (Vaughan et al. 2003) Future research on the PRKAG2 may give
further insight into the relationship between this genes and platelet traits.
The G allele for the rs7669901 variant in the PCDH7 gene was found to be
associated with lower MPV (p-value=1x10-5; Table 9). PCDH7 encodes a protein that
contains 7 cadherin repeats in the extracellular domain and is important for cell
recognition and adhesion. (Surakka et al. 2011) In a study conducted by Surakka et al.,
another SNP found in this region of 4p15 associated with the PCDH7 gene found had a
positive association with HDL (P=0.0186) and a negative association on very-lowdensity lipoproteins (VLDL; P=0.0291) and triglycerides (P=0.0343). (Surakka et al.
2011) Lipid measures have been associated with increased platelet size and count in
previous studies as well as in this project. Further research of PCDH7 may provide
additional detail about its association to these lipid measures as well as platelet traits.
Another SNP, rs17105552, on the T allele was associated with lower MPV (pvalue=1.81x10-6) and was found in the GRID1 gene located at 10q23.2, which encodes
glutamate receptor channels and has been previously associated with ventricular wall
thickness (p=5.62x10-9). (Vasan et al. 2009)
The T allele of rs6585114 was associated with lower PC (p-value=1.34x10-6) and
found near GPAM (Table 9). This gene is a mitochondrial enzyme that creates
glycerolipids using saturated fatty acids. (Teslovich et al. 2010) GPAM has also been
previously associated with triglycerides (2x10-10) in Europeans. (Teslovich et al. 2010)
rs1408586 G allele has been found associated with higher PC (p-value=4.09x10-7) and is
near two genes, TBX15 and SPAG17 (Table 9). In addition to its involvement with
mitochondrial respiration, severe skeletal malformations and adipocyte variation, TBX15
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has been expressed at high levels in cardiac tissues whereas SPAG17 has been expressed
at low levels. ((Singh et al. 2005) (Gesta et al. 2011) (Hu et al. 2013)) TBX15 has been
expressed at high levels in lung and liver tissues as well. (Hu et al. 2013) These genes
have not been investigated in regards to platelet physiology so future research may be
warranted.
There are three suggestively significant SNPs associated with PDW and one was
found in a biologically plausible candidate gene (Table 9). rs214065 was associated with
lower PDW in the LRRC16A gene (p-value=9.05x10-6) (Table 9). The protein encoded
by the LRCC16A gene is the ‘capping protein ARP2/3 and myosin-I linker’ (CARMIL)
and is important for change in cell shape and movement. (Qayyum et al. 2012) CARMIL
binds to the actin filaments and then dislodges the capping protein. (Yang et al. 2005)
During megakaryocyte maturation, the capping proteins are up-regulated and LRRC16A
is highly expressed in megakaryocytes. (Raslova et al. 2007) If a mutation occurs that
prevents CARMIL from dislodging the capping protein, abnormal megakaryocyte
maturation and decreased platelet formation can result. (Qayyum et al. 2012) Our SNP
was in linkage disequilibrium (r2=0.953; D’=1) with a variant found in a previous GWAS
of PC (Gieger et al. 2011), G allele for rs441460 (P: 8.7x10-18), using the CEU population
from the 1000 Genomes project. (1000 Genomes Browser 2013)
Variants in the JMJD1C gene (jumonji domain containing 1C) are reported to be
associated with MPV and PC (p=2.39x10-44, 2.02x10-24 respectively) in Europeans and
PC (p=2.3x10-12) in African Americans. ((Gieger et al. 2011) (Qayyum et al. 2012)) A
non-synonymous variant in JMJD1C, rs1935 has been previously associated with MPV
(Qayyum et al. 2012) but was not genotyped on our platform. However, this variant was
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present in the imputation dataset and was significantly associated with MPV (p=6.23x106

) despite the small sample size (N=357). This gene is a histone demethylase that is

involved steroidogenesis and hormone-dependent transcriptional activation. (Qayyum et
al. 2012) (Soranzo et al. 2011) JMJD1C has also been significantly associated with
increased epinephrine-induced platelet aggregation in platelet-rich plasma as well as total
cholesterol and LDL. (Johnson et al. 2010) (Teslovich et al. 2010) It has also been found
to be associated with megaloblastic anemia and hypertrophy of female genital organs
when the SNP in this gene was tested for association with MPV and PC. (Shameer et al.
2013) In a mouse study performed by Soranzo et al., mutations at the JMJD1C gene
resulted in an increased production of megakaryocytes, demonstrating the regulation of
PC and MPV at the level of transcriptional activation. (Soranzo et al. 2011)
e. Effects of Ischemic Stroke and MI-Associated SNPs on Platelet Traits
MPV decreases as platelet aggregates are removed from the blood by the reticuloendothelial system, resulting in an increased production of platelets and release of
younger platelets from the bone marrow into circulation. (Calvert et al. 1996) These
younger platelets tend to be larger and accordingly, MPV increases. (Calvert et al. 1996)
An element of platelet activation, MPV is an independent risk factor of hypertension, MI
and stroke. (Orscelik et al. 2013) In addition to being a predictor of immediate outcomes,
MPV may be a long-term indicator for non-urgent cases. (Eisen et al. 2013)
MPV is an easy, reliable measure of platelet size and increased MPV is correlated
with platelet activation. (Lippi et al. 2009) In a study by Chu et al., MPV was found to be
increased in patients with acute MI compared to those without acute MI and in those with
an acute MI, those with a high MPV have a higher risk of death than those with a normal
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MPV. (Chu et al. 2009) Along with MPV, increased platelet mass, platelet aggregation,
increased platelet release reaction, and decreased bleeding time have been found after MI.
(Bath et al. 1996) (Milner et al. 1985) The inverse relationship between MPV and PC has
been exhibited in clinical cardiovascular outcomes, such as myocardial infarction (MI)
and ischemic stroke. (Vizioli et al. 2009) In addition to MPV, PDW is also indicative of
platelet size and can be used to determine several cardiovascular outcomes, such as MI
and ischemic stroke. With this in mind we queried well-established MI and ischemic
stroke variants for their association with our three platelet traits.
Lower MPV was significantly associated with an ischemic stroke SNP,
rs7865618, at the CDKN2B-ASI gene (p-value=0.042) (Table 7) and another MI
associated SNP in the CDKN2B locus, rs4977574, (p-value=0.0421; Table 8). CDKN2B
is a non-coding RNA whose proteins are tumor suppressors that are deleted in various
cancers such as melanoma and pancreatic carcinoma as well as other diseases such as
ischemic stroke, coronary artery disease, and diabetes. (Cunnington et al. 2010) We
observed an association between lower MPV and the risk alleles for the stroke and MI
variants which is opposite of what we anticipated.
Two SNPs associated with cardioembolic stroke at the PITX2 locus were
nominally associated with lower PDW (p-value=0.0446 and 0.0294). PITX2 (pituitary
homeobox 2) is a transcription factor that forms a complex with histone lysine
methyltransferase and is important in a variety of different developmental processes
including left-right body axis (heart, lungs liver, and spleen), eye, tooth, and cardiac
outflow tract. (Liu et al. 2014) Both PITX2 and ZFHX3 (Table 7), the latter also
associated with cardioembolic stroke, have been identified for risk factors of atrial
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fibrillation, which is a common risk factor for stroke, especially in elderly patients.
((Gretarsdottir et al. 2008) (Gudbjartsson et al 2009) (Traylor et al. 2012)) In addition to
atrial fibrillation, mutations in this gene have been linked to many diseases including
thyroid and renal cancers and Axenfeld-Rieger syndrome, which consist of eye
deformities. (Liu et al. 2014)
In addition to CDKN2B, several SNPs found with MI had nominally significant
associations with platelet traits (Table 8). The G allele of rs17609940 was found near
ANKS1A and significant for both lower MPV (p=0.00795) and higher PC (p=0.00139).
ANKS1A (or Odin) is an adapter protein that contains multiple ankyrin repeats near the Nterminus while a PTB domain is contained in the C-terminus. (Emaduddin et al. 2008) It
has been associated with colorectal cancer as well as systemic lupus erythematosus.
((Emaduddin et al. 2008) (Kariuki et al. 2010)) The G allele of rs11206510, found near
PCSK9, was associated with higher PDW (p=0.0459). PCSK9 (proprotein convertase
subtilisin kexin 9) is secreted by the liver and binds to LDL receptor on the hepatocyte
surface, allowing for the improvement and recycling of lysosomal degradation. (Seidah
et al. 2014) Loss-of-function mutations can result in lower LDL and protect against
coronary heart disease while gain-of-function mutations result in increased LDL, which
contributes to familial autosomal dominant hypercholesterolemia. (Wu et al. 2014). The
C allele of rs216172 also was significant for PDW (p-value=0.02) and was found near the
SMG6 gene. This gene encodes a protein that unphosphorylates UPF1 by binding it to a
14-3-3-like domain as well as contain a C-terminal PIN domain that displays nuclease
activity (Kashima et al. 2010).
All of the significant SNPs associated with ischemic stroke and the majority of
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those associated with MI are trending with the platelet traits in the opposite direction than
I expected. Previous studies demonstrated that MPV increases with MI and ischemic
stroke, but our study shows the opposite, resulting in decreased MPV. Our study also
displays an increase of PC among SNPs associated with MI and ischemic stroke, again
opposite of previous studies that show PC decreasing. Though there have been few
studies conducted previously on PDW and ischemic stroke and MI, it was hypothesized
earlier that PDW is high with these cardiovascular outcomes since PDW is an indicator of
platelet size, much like MPV. However, ischemic stroke and MI-associated SNPs from
our study suggest that PDW is low. These differences can be explained by the small
sample size, healthy population that lacked these cardiovascular outcomes, as well as lack
of replication of our analyses.
f. Strengths and Limitations
Evaluating the Amish population provides a unique opportunity to examine
quantitative platelet traits. In addition to genetic homogeneity, reduced variation in
environmental and lifestyle factors, unique genealogy, and large family sizes, the OOA
population has additional advantages for gene mapping studies. For example, while the
OOA has a unique ancestral history, the founders were from a European population and
likely share some, if not most, common disease-predisposing alleles with outbred
European populations. Further, the OOA population has shown incredible cooperation
with our research group resulting in high rates of participation. Finally, the family-based
design of this study allows for the estimation of heritability of these platelet measures and
measurement of genetic and environmental correlations.
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A feature to this study was that these participants were healthy and anyone with a
history of cardiovascular disease was excluded. While this makes the study less
generalizable to patients with severe cardiovascular burden, there are some advantages.
Since participants abstained from other medications before and during the course of the
study, confounding from other drugs and supplements was eliminated. While the Affy
500K/6.0 intersect set provides 80% power at a 5.7% variation of the total trait
(Gauderman et al. 2006), we are underpowered to identify smaller effect sizes commonly
observed in association studies of complex traits. The lack of replication analysis is
another limitation of our study. As genomic analyses on the full data set continue, the
strategy of replication analyses in clinical populations can be utilized to help overcome
the generalizability limitation. Future directions of this project include: completing the
GWAS in the OOA using the 1000 Genomes imputation, replicating associated variants
in other populations, examining PDW at other time points of the PAPI study to determine
its variation due to clopidogrel and aspirin, and to investigate other clinically-associated
SNPs, such as those identified for atherosclerosis and CAD, for association with these
platelet traits. MPV, PC, and PDW are heritable traits and improved understanding of
their genetic and environmental underpinnings could provide novel insight into platelet
biology.
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