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Coronary artery disease (CAD) is among the leading causes of death in the United
States and worldwide. The most commonly prescribed treatment for the secondary
prevention of cardiovascular events in at-risk patients is concurrent administration of
clopidogrel and aspirin (DAPT). However, significant inter-individual variability in
response has been documented, resulting in sub-optimal therapy in some patients and an
increased risk of recurrent events.
While genetic evaluations of ex vivo platelet reactivity have identified notable
clopidogrel response modifiers such as CYP2C19*2, heritability estimates suggest most
of the genetic determinants of variable DAPT response remain unidentified. We
conducted the first genome-wide analysis of clopidogrel active metabolite concentration,
a direct measure of clopidogrel pharmacokinetics, and discovered novel loci on
chromosomes 3p25 and 17q11that significantly influence clopidogrel metabolism, as well
as several other loci with suggestive evidence of association with clopidogrel response.
While extension to on-clopidogrel platelet aggregation and ischemic events in an

independent population was inconclusive, this research highlights the utility of
clopidogrel active metabolite concentration as a novel endophenotype for clopidogrel
efficacy.
In addition to investigating novel antiplatelet response modifiers, we conducted
clinical and functional characterization of rs12041331, a well-studied intronic variant in
Platelet Endothelial Aggregation Receptor 1 (PEAR1) previously correlated with platelet
aggregation and cardiovascular event risk. We used a fixed sequence, crossover design
to prospectively evaluate platelet reactivity pre- and post- 3 different therapeutic aspirin
doses in 67 healthy subjects recruited by rs12041331 genotype. rs12041331 was
associated with platelet aggregation before and after aspirin exposure in a pathway- and
agonist- specific manner, although higher aspirin dose did not impact platelet reactivity in
a genotype-dependent manner. PEAR1 is also suggested to be a modifier of endothelial
function. We therefore functionally characterized the impact of PEAR1 knockdown and
rs12041331 on human umbilical vein endothelial cell (HUVEC) behavior in vitro and
found PEAR1 to have a significant role in endothelial migration, extracellular matrix
adhesion, and proliferation.
While further follow-up is necessary, these experiments demonstrate the
importance of incorporating multiple measures to evaluate genetic determinants of
antiplatelet efficacy, and the results herein have promise to contribute to improved
cardiovascular care in the future.

Novel Discovery and Functional Characterization of Key Genetic Variants that Influence
the Pharmacogenomics of Anti-Platelet Therapy

by
Joshua D. Backman

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, Baltimore in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2016

©Copyright 2016 by Joshua D. Backman
All rights Reserved

For my Dad

iii

Acknowledgements
Special thanks to Drs. Alan Shuldiner, Laura Yerges-Armstrong, and Joshua Lewis.
Without the guidance, expertise, inspiration, and words of wisdom from each of you I
would not be where I am today. I would also like to extend my gratitude to the support
staff of the Shuldiner lab, the University of Maryland Program in Epidemiology and
Human Genetics, the Program in Personalized and Genomic Medicine, the Division of
Endocrinology, and the Amish Research Clinic. I would also like to thank the Regeneron
Genetics Center for an invaluable internship experience, as well as all of the selfless
participants of our research studies, without whom none of this work would be possible.

iv

Table of Contents
Chapter 1: Background and Significance ........................................................................... 1
Cardiovascular Disease ................................................................................................... 1
Atherosclerosis Progression ............................................................................................ 1
The Endothelium ............................................................................................................. 3
Endothelial Dysfunction ............................................................................................. 4
Endothelial Function Testing ...................................................................................... 5
Specific Measures of Endothelial Function ................................................................ 6
Modifiers of Endothelial Function .............................................................................. 7
Platelet Biology ............................................................................................................... 9
Platelet Activation ....................................................................................................... 9
Platelet Aggregation.................................................................................................. 10
Ex vivo Platelet Function Testing .................................................................................. 13
Platelet Biomarkers ................................................................................................... 14
Modifiers of Platelet Function .................................................................................. 15
CAD treatment .............................................................................................................. 15
Antiplatelet Therapy ................................................................................................. 16

v

Clopidogrel .................................................................................................................... 17
Clopidogrel Effect Modifiers ........................................................................................ 19
Non-platelet effects of clopidogrel ........................................................................... 24
Aspirin ........................................................................................................................... 25
Pharmacogenomics of aspirin ................................................................................... 26
PEAR1........................................................................................................................... 28
Summary ....................................................................................................................... 31
Chapter 2: Specific Aims .................................................................................................. 32
Chapter 3: Significance and Rationale .............................................................................. 35
Chapter 4: Analysis of serum active metabolite identifies novel variants that influence
clopidogrel pharmacokinetics ........................................................................................... 37
Abstract ......................................................................................................................... 37
Introduction ................................................................................................................... 39
Methods ......................................................................................................................... 41
Results ........................................................................................................................... 49
Discussion ..................................................................................................................... 70

vi

Chapter 5: Prospective Evaluation of Genetic Variation in PEAR1 Reveals AspirinDependent Effects on Platelet Aggregation Pathways ...................................................... 78
Abstract ......................................................................................................................... 78
Introduction ................................................................................................................... 80
Methods ......................................................................................................................... 82
Results ........................................................................................................................... 87
Discussion ................................................................................................................... 100
Chapter 6: shRNA-Mediated Knockdown of Platelet Endothelial Aggregation Receptor 1
(PEAR1) Inhibits Endothelial Cell Migration, Adhesion, and Proliferation .................. 107
Abstract ....................................................................................................................... 107
Introduction ................................................................................................................. 109
Methods ....................................................................................................................... 111
Results ......................................................................................................................... 121
Discussion ................................................................................................................... 138
Chapter 7: Discussion ..................................................................................................... 145
Summary: .................................................................................................................... 145
Genome-wide analysis of serum clopidogrel active metabolite.................................. 146

vii

Clinical evaluation of PEAR1 rs12041331.................................................................. 148
Functional characterization of PEAR1 in the endothelium ......................................... 150
Strengths and Limitations: .......................................................................................... 151
Future Directions ......................................................................................................... 155
Potential Impact........................................................................................................... 157
References ....................................................................................................................... 162

viii

List of Tables
Chapter 1
Table 1.1. Candidate SNPs previously associated with clopidogrel response ...................23
Table 1.2. Polymorphisms in genes related to aspirin resistance that have had at least two
studies published ................................................................................................................26
Table 1.3. Summary of multipoint linkage signals in African Americans from GeneStar
cohort .................................................................................................................................27
Chapter 4
Table 4.1. PAPI participant characteristics ........................................................................50
Table 4.2. Regions in genome with suggestive associations (P ≤ 1.0 x 10-6) with
clopidogrel active metabolite concentration ......................................................................56
Table 4.3. Top remaining SNP in each locus associated with clopidogrel active
metabolite in the PAPI Study after conditioning on the original index SNP.....................57
Table 4.4. SKAT with exome data for clopidogrel active metabolite ...............................63
Table 4.5. SKAT with exome data for on-clopidogrel ADP-mediated Platelet
Aggregation........................................................................................................................63
Table 4.6. Credible SNP set associations in ICPC.............................................................67
Chapter 5
Table 5.1. Characteristics of Study Participants ................................................................91
Table 5.2. Mean maximal platelet aggregation (%) during washout periods ....................92
Table 5.3. Mean maximal platelet aggregation (%) by aspirin dose .................................92
Table 5.4. Interaction analysis between aspirin dose and rs12041331 ..............................98
Table 5.5. Urinary 11-dehyrothromboxane B2 levels by rs12041331 genotype ...............99
Chapter 6
Table 6.1. Effect of ASA in control HUVECs (n=6) .......................................................129
Table 6.2. Effect of ASA in PEAR1 knockdown HUVECs (n=6) ..................................129
Table 6.3. Characteristics of PEAR1 Study participants .................................................136
ix

Table 6.4. Mean biomarker concentration pre- and post- aspirin) ...................................137
Table 6.5. Biomarkers of endothelial function stratified by PEAR1 rs12041331
genotype... ........................................................................................................................137

x

List of Figures
Chapter 1
Figure 1.1. Illustration of Coronary Heart Disease ..............................................................1
Figure 1.2. Atherosclerotic plaque progression.… ..............................................................2
Figure 1.3. Markers of a healthy (a) and unhealthy (b) endothelium ..................................5
Figure 1.4. Platelet activation pathway. .............................................................................10
Figure 1.5. Resting (A) vs Activated (B) platelets as seen by electron microscopy. .........11
Figure 1.6. Platelet aggregation pathways and antiplatelet therapy targets. ......................13
Figure 1.7. Randomized controlled trial of more than 11k Subjects in the Cure Trial9 ....17
Figure 1.8. Major Proteins Involved in Clopidogrel Transport and Metabolism ..............19
Figure 1.9. Variability in pre and post-clopidogrel ADP-stimulated platelet aggregation in
healthy subjects from the PAPI Study ...............................................................................20
Figure 1.10. Effect of aspirin on platelets and endothelium. .............................................25
Figure 1.11. PEAR1 activation in Platelets… ...................................................................29
Figure 1.12. Association between PEAR1 SNP rs12041331 A-allele carrier status and
fatal and non-fatal myocardial infarction in aspirin-treated and non-treated European
American patients of INVEST-GENES2 ...........................................................................30
Chapter 4
Figure 4.1. Figure 4.1. Design of the Pharmacogenomics of Anti-Platelet Intervention
(PAPI) Study.. ....................................................................................................................42
Figure 4.2. Manhattan plot of serum clopidogrel active metabolite concentration as
measured by HPLC MS/MS after 7-day 75-mg/day clopidogrel intervention. .................53
Figure 4.3. LocusZoom plot of the chromosome 3 locus (8MB-11.5MB) identified in the
association analysis of clopidogrel active metabolite concentration in the PAPI Study.. .54
Figure 4.4. LocusZoom plot of the chromosome 17 locus (31MB-32.5MB) identified in
the association analysis of clopidogrel active metabolite concentration in the PAPI
Study.. ................................................................................................................................55

xi

Figure 4.5. Manhattan plot of on-clopidogrel ADP-mediated platelet aggregation as
measured by PAP8E light aggregometry after 7-day 75-mg/day clopidogrel
intervention…. ...................................................................................................................58
Figure 4.6. ExWAS for clopidogrel active metabolite.. ....................................................60
Figure 4.7. ExWAS for on-clopidogrel ADP-mediated Platelet Aggregation...................61
Figure 4.8. GWAS for bivariate analysis with clopidogrel active metabolite and onclopidogrel ADP-stimulated Platelet Aggregation ............................................................66
Chapter 5
Figure 5.1. PEAR1 Study design ......................................................................................87
Figure 5.2. Baseline agonist-induced ex vivo platelet aggregation measurements were
obtained in platelet-rich plasma prior to administration of the first aspirin dose ..............93
Figure 5.3. Baseline agonist-induced ex vivo platelet aggregation measurements were
obtained in platelet-rich plasma prior to administration of the first aspirin dose and at a
minimum of two weeks following the last medication taken at 3 separate visits (Baselineprior to 81mg/day Aspirin, Washout 1-prior to 162mg/day Aspirin, and Washout 2-prior
to 324mg/day Aspirin) .......................................................................................................94
Figure 5.4. On-aspirin agonist-induced ex vivo platelet aggregation measurements were
obtained in platelet-rich plasma on Day 7 of each treatment period 2 hours following
administration of the final aspirin dose ..............................................................................96
Chapter 6
Figure 6.1. shRNA-mediated PEAR1 knockdown .........................................................123
Figure 6.2. The impact of PEAR1 knockdown on endothelial cell migration .................124
Figure 6.3. The influence of PEAR1 knockdown on cellular adhesion to extracellular
matrix proteins .................................................................................................................126
Figure 6.4. PEAR1 knockdown results in reduced proliferation in untreated and ASAtreated endothelial cells....................................................................................................128
Figure 6.5. PEAR1 expression by rs12041331 ...............................................................132
Figure 6.6. The impact of PEAR1 rs12041331 genotype on cellular adhesion to
extracellular matrix proteins. .........................................................................................133

xii

Chapter 1: Background and Significance
Cardiovascular Disease
In 2011, cardiovascular disease was the leading cause of mortality in the United
States (U.S.) and worldwide, resulting in more than 785,000 deaths in the U.S alone15. In
addition, approximately 85 million U.S. citizens are currently living with cardiovascular
disease, with direct and indirect costs totaling more than 320 billion15. Coronary artery
disease (CAD), also known as coronary heart disease and ischemic heart disease, is the
most common form of cardiovascular disease, accounting for an estimated 7.4 million
deaths globally in 201216. In CAD, an atherosclerotic plaque initially forms, in part, as a
result of endothelial dysfunction, and is subsequently followed by cholesterol deposition
in the subendothelial lining of the arterial wall. If left untreated, CAD can lead to acute
coronary syndromes such as myocardial infarction and angina (Figure 1.1)10.

Atherosclerosis Progression
Atherosclerosis is a
chronic, inflammatory disorder
with a complex etiology. In
healthy individuals, blood
leukocytes typically adhere
poorly to the arterial wall.
However, a change in endothelial
function triggered by elevated
Figure 1.1. Illustration of Coronary Heart
Disease. Adapted from Mayo clinic, 201510
1

LDL levels and other cardiovascular risk factors, at least partially mediated through
endothelial nitric oxide synthase (eNOS)17, leads to abnormal expression of endothelial
cell and leukocyte adhesion molecules, which facilitates increased attachment of
leukocytes to the endothelium. Concurrent with increased adhesion, changes in
endothelial permeability allow LDL particles to traverse the extracellular matrix and
begin to accumulate in the intima (Figure 1.213). As LDL deposits in the inner most layer
of the artery, chemoattractant mediators are released that direct adherent leukocytes into
the intima13. Recruited monocytes will differentiate into macrophages and engulf LDL
particles to become foam cells (Figure 213). As plaque formation progresses, synthesis of
extracellular matrix proteins increases, resulting in smooth muscle cell migration from
the media and proliferation in the intima. As smooth muscle cells and foam cells die,
lipids, debris, and cholesterol crystals collect in center of the growing plaque, forming a

Figure 1.2. Atherosclerotic plaque progression. Adapted from Libby et al, 2011 Nature
13
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necrotic core (Figure 1.213). As this fatty deposit grows and hardens, blood flow to the
heart may become partially or fully occluded. In addition, as the plaque grows the fibrous
cap becomes thin and prone to rupture, exposing subendothelial proteins that stimulate
platelet aggregation, leading to thrombus formation and ultimately an ischemic event18.
Risk factors such as high lipid and triglyceride levels, smoking, insulin resistance,
and hypertension contribute to initial endothelial dysfunction, as well as platelet
dysfunction, that predisposes to atherosclerotic plaque development and progression19.
Though the exact mechanisms are currently unclear and likely complex, emerging
evidence over the past decade indicate these risk factors contribute, in part, to alterations
in nitric oxide bioavailability, which is recognized as a major precipitant of both
endothelial dysfunction and platelet activation 17. Given this information, further research
regarding endothelial and platelet dysfunction is critical to improve our understanding of
CAD development, as well as patient response to CAD treatment.

The Endothelium
The endothelium is a semi-permeable monolayer that lines the interior of blood
vessels, forming a protective barrier between blood and the surrounding tissue. One
major function of the vascular monolayer is maintaining the hemostatic balance between
pro- and anti-thrombotic processes20. Furthermore, it has a role in other relevant
biological processes such as regulating vascular tone, angiogenesis, wound healing, and
inflammation. During angiogenesis and wound healing, endothelial cells must be able to
migrate from the vasculature, adhere to the extracellular matrix, and proliferate in order
to form the new vasculature. If these processes become dysregulated, the health of the
endothelium is compromised. In addition, the endothelium is an important regulator of
3

vasodilation through both nitric oxide-dependent and independent mechanisms. Impaired
vasodilation is a prognostic indicator of endothelial dysfunction and coronary artery
disease21. Indeed, while proper endothelial function is a complex and multifactorial
process, reduced nitric oxide synthesis by eNOS is recognized as one of the most
important factors in promoting dysfunction of endothelium to date17. In addition to
promoting reduced vasodilation, nitric oxide also acts to prevent atherosclerosis
progression through inhibition of platelet and leukocyte adhesion as well as smooth
muscle cell proliferation22.

Endothelial Dysfunction
There are notable differences between a healthy and unhealthy endothelium. In a
healthy state, the endothelium is pro-dilatory, anti-thrombotic, and anti-inflammatory,
with high levels of nitric oxide and PGI2 expression. In addition, a healthier endothelium
is indicated by low levels of soluble adhesion factors, oxygen radicals and uric acid
(Figure 1.323). Conversely, an unhealthy endothelium has impaired vasodilation,
increased oxidative stress, decreased repair capacity, and increased adhesion molecule
expression23. Given the increased endothelial damage observed in patients with CAD
risk17,21,23-30, the basic functions of endothelial cells for vascular repair are critical in
better understanding of CAD pathology. Even in patients that have CAD, therapeutic
applications that promote better endothelial function are essential, as variation in
endothelial cell migration and adhesion is implicated in stent thrombosis risk after
percutaneous coronary intervention (PCI)31.
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Figure 1.3. Markers of a healthy (a) and unhealthy (b) endothelium. Adapted from
Rajendran et al, 2013 International Journal of Biological Science13

Endothelial Function Testing
Endothelial dysfunction is an independent prognostic factor for patients with or at
risk of developing atherosclerosis, and several methods have been developed to assess
endothelial function in vivo. The first methods used were invasive, requiring
intracoronary or intrabrachial infusion of acetylcholine or other vasodilators, which
induce nitric oxide production, the primary driver of endothelium-dependent
vasodilation22. While these direct measures of endothelial health are still considered the
gold standard for detection of endothelial dysfunction, the invasiveness of these
procedures makes them unfeasible for routine use. Less invasive techniques, such as
flow-mediated dilation (FMD) and peripheral arterial tonometry, while indirectly
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assessing endothelial function, have been strongly correlated with the more invasive
techniques, and have become standard practice for endothelial health assessment32,33.

Specific Measures of Endothelial Function
While FMD of the brachial artery by ultrasound is strongly linked with
cardiovascular risk and is the most widely used measure of endothelial function, this
phenotype is a composite of multiple endothelial processes, and does not provide insight
into specific mechanisms by which an environmental risk factor or genetic polymorphism
may impact endothelial function. Given the vast differences between a healthy and
unhealthy endothelium, circulating biomarkers may be informative for providing a more
specific assessment of endothelial dysfunction. Endothelin-1, for instance, is a circulating
protein involved in vasoconstriction and pro-inflammation, and, through these
mechanisms, has a major influence on atherosclerosis progression. Elevated endothelin
levels have been observed in patients with atherosclerosis and CAD in multiple
studies34,35. Nitric oxide, as previously described, is the primary promoter of endothelialdependent vasodilation, and is perhaps the most important molecule for overall
endothelial health, with additional cardioprotective benefits through reduced blood
pressure, inhibition of platelet aggregation, reduced leukocyte adhesion, and reduced
smooth muscle cell proliferation17,36-38. Abnormal angiogenesis is another hallmark of
endothelial dysfunction, and angiopoietin-2 (Ang-2), a circulating biomarker of
angiogenesis, is predictive of CVD outcomes in at-risk patients24,39. Endoglin, which acts
as a co-receptor for transforming growth factor beta (TGF-β), is another marker of
angiogenesis and vascular remodeling, and influences nitric oxide expression through
regulation of eNOS. In addition, increased endoglin levels are associated with
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inflammation and may contribute to endothelial dysfunction and increased cardiovascular
disease risk in the presence of other risk factors 25. Additionally, elevated serum
concentrations of adhesion molecules such as intercellular adhesion molecule-1 (ICAM1) and vascular cell adhesion molecule-1 (VCAM-1) are associated with atherosclerosis
progression and cardiovascular disease risk. Although neither measure independently
serves as a reliable indicator of future cardiovascular events, VCAM-1 and ICAM-1 are
abundantly expressed in areas prone to lesion development, making these proteins among
the most commonly measured endothelial biomarkers21,40.

Modifiers of Endothelial Function
A number of clinical and anthropometric factors influence the endothelium as
well as measurement of endothelial function. For instance, gender differences in
endothelial dysfunction have long been noted41-43. While the prevalence of CAD is higher
in men, the incidence of stroke is higher in premenopausal females, and the expression of
estrogen and other hormones are likely to contribute to this observation41,43,44. In addition,
females tend to have higher FMD than men, likely due, at least in part, to smaller vessel
diameter45-47. Furthermore, racial differences have been noted, with reduced FMD in
Africans as compared to Europeans 48,49. Age is another effecter of endothelial health,
with reduced vascular elasticity observed in older adults47,50. Smoking and obesity both
lead to reduced nitric oxide bioavailability, increased inflammatory signaling, increased
oxidative stress, and increased endothelial adhesion molecule expression26,51. Statins, on
the other hand, though developed and prescribed for lipid lowering, have been noted to
improve endothelial health through mechanisms not directly related to a reduction in
lipids52.
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In addition to the aforementioned modifiers, genetic variation significantly
impacts endothelial function. Previous investigations have shown that heritable variation
contributes significantly to inter-individual differences in endothelial function, with
around 14% to 16% of total phenotypic variation as measured by FMD due to genetic
polymorphisms 47,53. For example, an analysis of post-occlusive reperfusion of the
brachial artery in 122 children identified several polymorphisms in nitric oxide synthase
1 (NOS1) and endothelin-1 (ET-1) that were strongly correlated with endothelial health
54

. In an evaluation of FMD and hyperemic flow velocity in Framingham Heart study

participants, a set of variants in endothelial nitric oxide synthase 3 (NOS3) were also
found to influence endothelial function55. Additional variants in other endothelial
regulatory genes such as dimethylarginine dimethylaminohydrolases (DDAH), GTP
cyclohydrolase 1 (GCH1), and p22phox (CYBA) have also been reported to influence the
endothelium56.
As previously mentioned, CAD has an extremely complex etiology involving the
endothelium, platelets, and a number of other tissues and cell types. Further, aspirin,
commonly used for CAD treatment, influences both platelets and the endothelium.
Response to aspirin is highly variable57, and could potentially be explained, at least
partially, through endothelial mechanisms. Given that thrombus development is closely
connected with endothelial function, further investigation regarding the relationship
between endothelial function and antiplatelet therapy may unveil novel insights into CAD
risk.
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Platelet Biology
Platelets, also known as thrombocytes, are discoid shaped, anuclear blood cells
approximately 2-3 um in diameter that play a key role in primary hemostasis. They are
produced by megakaryocytes, myeloid cells that reside primarily in the bone marrow, in a
process called thrombopoiesis. Upon stimulation by thrombopoeitin, megakaryocytes
undergo multiple rounds of endomitosis during which the cells becomes polyploid and
gain all the necessary organelles, proteins, and molecular components necessary for
platelet production58. During platelet generation, a mature megakaryocyte will produce
platelet precursors called proplatelets from pseudopodia that extend from the cytoplasm
in a manner similar to beads on a string 58. Platelets are released from the ends of the
proplatelet shafts leading to cytoplasm-deprived polyploid megakaryocyte degradation. A
single megakaryocyte may produce thousands of platelets. Upon generation, platelets will
circulate in blood for approximately 10 days59.

Platelet Activation
Platelets are essential for primary hemostasis, resulting in a hemostatic plug in
order to prevent bleeding (Figure 1.4)2. Upon vascular injury (e.g. atherosclerotic plaque
rupture), platelets will adhere to the damaged endothelium in the first step of hemostatic
plug formation. In order to properly adhere, platelets recognize collagen and von
Willebrand factor (VWF) exposed by the damaged vasculature. Integrins on the cell
surface, specifically the GPIb-V-IX complex, recognize VWF and establish the initial
connection to the site of injury60. This tethering allows GP IV, GP VI, and the GP Ia/IIa
complex on the platelet surface to bind collagen, which promotes platelet activation60.
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Platelets
undergo a massive
morphological
shift upon
activation. The
membrane of
resting platelets
contain a number
activation pathway. Adapted from Spiel et al,
of folds that allows Figure 1.4. Platelet
2
2008 Circulation
activated platelets to greatly increase their surface area while a concurrent cytoskeletal
reorganization gives activated platelets a dendritic appearance (Figure 1.5). Platelets also
undergo rapid degranulation of α- and dense granules upon activation, which allows the
cell to greatly increase its binding capacity and propagate platelet activation and
aggregation in neighboring platelets. α-granules contain a number of adhesive factors,
coagulation factors, mitogenic factors, protease inhibitors that are released upon
activation. Dense granules contain a number of signaling molecules such as adenosine
diphosphate (ADP) and adenosine triphosphate (ATP), which further induce platelet
aggregation in neighboring platelets.

Platelet Aggregation
Platelet aggregation is a complex, biphasic process, which is tightly regulated in
order to maintain hemostatic homeostasis. Upon activation, platelets will release a
number of pro-thrombotic signaling molecules that propagate the platelet aggregation
signal (Figure 1.6). Most commonly, platelets are activated by exposed collagen, a potent
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platelet agonist, upon
vessel injury. ADP,
released from dense
granules, stimulates
platelet activation and
aggregation by binding
to the purinergic
receptors P2RY1 and

Figure 1.5. Resting (A) vs Activated (B) platelets as seen by
electron microscopy. Adapted from Fritsma, Laboratory
Evaluation of Hemostasis 20159

P2RY12 on the platelet cell membrane. Arachidonic acid (AA), released from platelet
membrane phospholipids upon activation of phospholipase A2 (PLA2), is metabolized by
cyclooxygenase 1 (COX-1) and thromboxane-A synthase 1 (TBXAS1) into thromboxane
A2 (TXA2), and activates platelets through TXA2 binding to the TXA2 receptor. Platelet
activation can also be stimulated by serotonin through the 5HT-2A serotonin receptors,
thrombin through protease activated receptor 1 (PAR-1) binding, and epinephrine
through alpha-2 adrenergic receptors61.
In addition to agonist-induced platelet aggregation, platelets can be stimulated
directly through contact activation, whether by other platelets, the endothelium, or other
blood cell types. Platelet endothelial aggregation receptor 1(PEAR1) for instance, which
will be discussed in detail below, is a cell surface protein that induces activation upon
contact with neighboring platelets1. While each of these agonists, and cell-cell contact,
stimulate platelets to varying degrees, the main effect of each is a rapid cytoskeletal
reorganization resulting in a shape change, release of α-granules containing coagulation
and adhesion factors, release of dense granules containing ADP, and calcium
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mobilization, which triggers TXA2 release, and activation of glycoprotein IIb/IIIa
(GPIIb/IIIa) (Figure 1.612). As additional platelets are recruited, GPIIb/IIIa initiates
platelet-platelet contact through fibrinogen binding and stabilizes growing aggregates,
while coagulation factors reinforce the growing thrombus through fibrin clot formation,
trapping the platelets in place, restricting blood flow, and allowing the tissue to heal.
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Figure 1.6. Platelet aggregation pathways and antiplatelet therapy targets.
Reprinted by permission of the Pharmacogenomics Knowledge Base
(PharmGKB) and Stanford University - copyright to PharmGKB
(https://www.pharmgkb.org/pathway/PA154444041)12

Ex vivo Platelet Function Testing
Reduced platelet count or platelet reactivity may cause a pathologic risk of
bleeding. Conversely, elevated platelet count or reactivity may trigger abnormal
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thrombus formation. To evaluate platelet reactivity, and further, to evaluate antiplatelet
efficacy, a number of different methods, such as flow cytometry and light transmission
aggregometry have been utilized. The gold standard for assessment of platelet reactivity
is light transmission aggregometry ex vivo, which measures platelet aggregation in
response to numerous physiological agonists in platelet-rich plasma, as determined by the
increase in light transmission through the sample, giving insight into the rate in which
agonists form and the maximal percentage of total platelet aggregation. Maximal
aggregation as assessed by light transmission aggregometry has been found to be
predictive of major adverse cardiovascular events62. Additional ex vivo tests, such as
VerifyNow, VASP, and PFA-100 have also demonstrated utility in predicting
cardiovascular outcomes62, although a high degree of heterogeneity has been observed
between different platelet function methods63. Despite this correlation, ex vivo testing is
not routinely used in the clinic for cardiovascular risk prediction or in dosing for
antiplatelet therapy64.

Platelet Biomarkers
In addition to ex vivo platelet aggregometry, additional metrics for assessing
platelet function are necessary for improving clinical assessment of cardiovascular event
risk. Thromboxane A2 for instance, is rapidly released from activated platelets, and
measure of this metabolite or a urinary derivative such at 11-dehyrdo-TXB2 allows the
evaluation of platelet activity in vivo, as well as the assessment of adherence to
antiplatelet therapy62. High levels of soluble CD40L (sCD40L) have been correlated with
an increased risk of ACS. Following platelet activation, CD40L levels are greatly
increased on the platelet surface, followed soon by cleavage that yields high sCD40L in
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the blood65. Other circulating markers of platelet activation in vivo include Matrix
metalloproteinases, SCUBE1, GPV, and GPVI65.

Modifiers of Platelet Function
A number of factors have been found to influence platelet function. For example,
platelet hyper-reactivity is greater in Africans than Europeans66, and higher reactivity has
also been observed in females and the elderly67,68. In addition, a number of factors
including but not limited to lipid levels, hypertension, diabetes, smoking, and endothelial
dysfunction all contribute to alterations in native platelet function69-71. Furthermore,
genetic variation is a major modifier of platelet function, with heritability estimates of
0.44 to 0.6269. Through both functional studies and genome-wide approaches, dozens of
genes with quite distinct roles have been implicated in altered platelet function, such as
those coding for functional receptors (ex. PEAR1), regulators of cell morphology (ex.
SVIL), intracellular signaling proteins (ex. RAP1B), and platelet receptor ligands (ex.
GP6)72. Given the importance of atherothrombi formation in cardiovascular disease risk,
as well as the role of platelets in the exacerbation of endothelial dysfunction through
inflammatory mechanisms73, a keen understanding of variability in platelet function is
critical in CAD prevention and treatment.

CAD treatment
As primary prevention, patients at high risk for atherosclerosis are typically
recommended lifestyle modifications such as a change in diet and exercise regimen, and
may be prescribed medication to address underlying risk factors, such as hypertension
and hyperlipidemia. However, once an atheroma has advanced to the point in which
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blood flow is significantly impeded, the patient likely will require a PCI, often with stent
placement, or an arterial bypass to re-open or circumvent the obstructed artery. A patient
at this stage, whether receiving PCI or after a coronary event, will require antiplatelet
therapy to prevent secondary cardiovascular and cerebrovascular events.
Atherothrombotic events are the most significant danger for advanced atherosclerosis
patients. Given the benefit of antiplatelet therapy in reducing thrombotic event rates in
patients with atherosclerosis, a better understanding of the genetic variants that influence
on-treatment endothelial function and platelet reactivity will provide novel insights into
disease progression and medical management of these patients.

Antiplatelet Therapy
Abnormal thrombus formation is a complex biological process that contributes
strongly to the risk of ACS. Reduction in arterial thrombus formation is medically
managed through the use of antiplatelet agents such as aspirin and clopidogrel, usually in
combination, in order to reduce MI and stroke risk in patients with cardiovascular
disease. While anti-coagulants are typically used for venous thrombotic conditions, which
are more fibrin-dependent, anti-thrombotic medications are typically used for arterial
conditions such as acute coronary syndrome. Depending on clinical indication and stage
of disorder, a particular antiplatelet therapy regimen may be advised. For primary
prevention, aspirin may be prescribed alone, where it has been demonstrated to reduce
myocardial infarction rates by 23 to 32%74,75. In patients undergoing PCI or for those
following ACS, clopidogrel or another ADP receptor antagonist (i.e. ticagrelor or
prasugrel) is typically used in combination with aspirin. Clopidogrel, a second-generation
P2Y12 inhibitor, is the cheapest ADP receptor antagonist available, and, despite the
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advent of potentially more effective therapeutics76,77, is still widely prescribed78,79. In a
randomized trial of more than 12,000 ACS patients, it was observed that DAPT with
clopidogrel and aspirin reduced the risk of myocardial infarction by 20% as compared to
aspirin monotherapy (Figure 1.7)5. However, for patients who do not properly metabolize
clopidogrel, an alternative and more expensive ADP inhibitor such as ticagrelor or
prasugrel would be prescribed instead. Dual antiplatelet therapy with clopidogrel and
aspirin has been the most common therapy for secondary prevention in the last decade;
however, the risk of pathological bleeding increases when multiple thrombotic pathways
are blocked. Other
antiplatelet agents
include Glycoprotein
IIb/IIIa receptor
inhibitors, which
must be administered
intravenously, PAR
antagonists, and
GPVI antagonists.

Figure 1.7. Randomized controlled trial of more than 11,000
subjects in the Cure Trial. Adapted from Cure Trial
Investigators, et al, 2001 NEJM5

Clopidogrel
Clopidogrel is a thienopyridine prodrug that ultimately inhibits platelet
aggregation by irreversibly binding to the P2RY12 ADP receptor on the platelet surface80.
Initially, clopidogrel is absorbed, in part, by intestinal P-glycoprotein (encoded by
ABCB1) before being metabolized in the liver by cytochrome P450 enzymes, most
notably CYP2C19, resulting in active metabolite formation and ultimately inhibition of
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ADP-stimulated platelet aggregation (Figure 1.8)11. Concurrent with activation,
clopidogrel is rapidly inactivated, namely by carboxylesterase 1 (CES1), and excreted
from the bloodstream. Only about 15% of clopidogrel dose, on average, is available for
inhibition of platelet aggregation. Four clopidogrel isomers are found at detectable
concentrations in serum, with the H4 isomer being the only active clopidogrel metabolite.
However, the extremely short half-life of the clopidogrel active metabolite (30
minutes81), in addition to the expertise and equipment required to properly assess
metabolite concentrations, has limited the number of studies that have directly analyzed
this phenotype. Instead, clopidogrel efficacy is typically assessed indirectly via ex vivo
platelet aggregation. However, while this is informative, results of ex vivo aggregation
studies do not correlate perfectly with on-clopidogrel outcomes, and the study of serum
clopidogrel active metabolite, as a more proximal measure of clopidogrel
pharmacokinetics, may have more utility in clopidogrel efficacy assessment.
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Figure 1.8. Major Proteins Involved in Clopidogrel Transport and
Metabolism. Reprinted by permission of the Pharmacogenomics Knowledge
Base (PharmGKB) and Stanford University - copyright to PharmGKB
(http://www.pharmgkb.org/pathway/PA154424674)11

Clopidogrel Effect Modifiers
While clopidogrel is widely prescribed and largely successful at reducing
ischemic events, substantial inter-individual variation in responsiveness to clopidogrel
has been documented, and an estimated 30% of the patients are considered to be
clopidogrel resistant82(Figure 1.97). In addition to higher reactivity at baseline, as
described earlier, women under 50 also have higher on-clopidogrel platelet reactivity than
men68,83. As previously mentioned, men have higher rates of CAD, while incidence of
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Figure 1.9. Variability in pre and post-clopidogrel ADP-stimulated platelet
aggregation in healthy subjects from the PAPI Study. Adapted from Shuldiner et
al, 2009 JAMA7
stroke is higher in women44. Further, while men derive benefit in reduction of stroke,
myocardial infarction, and cardiovascular death rates on-clopidogrel, women may only
obtain a significant reduction in myocardial infarction risk84. However, gender
differences in on-clopidogrel clinical outcomes are highly debated85, and although there
is some evidence that estrogen influences on-clopidogrel platelet reactivity68, further
research is warranted to clarify the mechanisms behind the potential antiplatelet response
differences noted. Additional comorbidities such as diabetes status, statin use, and patient
BMI are also known to significantly impact on-clopidogrel platelet aggregation86-88.
Furthermore, nicotine users tend to have a modest reduction in platelet reactivity with
P2Y12 inhibition as compared to non-users, a phenomenon colloquially referred to as
“smoker’s paradox”86,89.
In addition to non-genetic factors, recent studies have indicated that a large
percentage of clopidogrel variation, up to 73% based on ex vivo platelet reactivity, is
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heritable7. Therefore, significant effort has been made to identify the genetic factors that
influence clopidogrel efficacy (Table 1.16). For example, ABCB1 C3435T results in
reduced clopidogrel active metabolite levels in carriers, and therefore reduced
effectiveness of clopidogrel90. Carriers of CES1 G143E, a mutation in the major protein
associated with deactivation and clearance of clopidogrel metabolites, have elevated
levels of active metabolite, and therefore increased antiplatelet response91. The hallmark
mutation for clopidogrel efficacy, CYP2C19*2, a synonymous SNP in the major
cytochrome P450 enzyme responsible for clopidogrel bioactivation, has repeatedly been
linked to decreased clopidogrel active metabolite formation, increased on-treatment
platelet aggregation, and altered clinical events rates in patients with cardiovascular
disease, prompting the FDA to update the clopidogrel label to inform clinicians to
consider alternative treatment for genetically susceptible patients7,92-94. Despite the large
effect size for CYP2C19*2, which accounts for about 12% of the heritable variation in
clopidogrel response, as assessed by ex vivo platelet aggregation, a majority of the
predicted genetic component for clopidogrel response remains unidentified. Furthermore,
although additional variants in CYP2C19 and other candidate genes such as CYP2C9,
CYP3A4, CES1, PON1 and P2YR12 have been associated with variable on-clopidogrel
platelet reactivity, few polymorphisms other than CYP2C19*2 have been consistently
linked with on-treatment reactivity and clinical outcomes92,95,96.
To date, most studies that examine clopidogrel pharmacogenomics have used
pharmacodynamic markers (i.e. platelet aggregation) as an endophenotype. In contrast,
few studies have used clopidogrel active metabolite to evaluate pharmacogenomic
determinants of clopidogrel efficacy. The evaluation of active metabolite level as a
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biomarker is innovative and particularly informative as it enables researchers to focus
almost exclusively on clopidogrel pharmacokinetics, with new discoveries leading to a
more thorough understanding of the clopidogrel activation pathway. Thus, only by
integrating pharmacokinetic parameters such as active metabolite data with
pharmacodynamic data will we be better able to understand clopidogrel response
variability and identify new genetic factors.
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Table 1.1. Candidate SNPs previously associated with clopidogrel response.
Adapted from Gladding et al, 2008 J Am Coll Cardiol Intv6
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Non-platelet effects of clopidogrel
In an advanced atherosclerotic state, endothelial dysfunction promotes a prothrombotic environment, and activated platelets release inflammatory proteins that, in
turn, promote endothelial dysfunction. Therefore, while clopidogrel is prescribed for its
anti-thrombotic properties, reduced platelet activation by clopidogrel may also lead to
improved endothelial health. This hypothesis was supported by Heitzer et al., who
reported improved endothelial nitric oxide bioavailability in on-clopidogrel CAD
patients, which they concluded to be due to reduced levels of oxidative stress and
inflammatory biomarkers downstream of platelet P2Y12 inhibition97. However, it has also
been suggested that the positive effects of clopidogrel on adverse cardiovascular
outcomes may also include platelet-independent effects. Willoughby et al. recently found
microvascular endothelial function, as assessed by peripheral arterial tonometry, was
significantly improved after clopidogrel treatment, and no correlation between
endothelial function and ADP-induced platelet reactivity at baseline or in response to
clopidogrel was observed98.
While further investigation is warranted into the potential off-platelet effects of
clopidogrel, additional metrics to assess clopidogrel efficacy, such as serum clopidogrel
active metabolite concentration or endothelial biomarker testing, in conjunction with ex
vivo platelet reactivity, may facilitate improved prediction of on-treatment outcomes
clinically, as well as aid researchers in elucidating novel pharmacogenetics variants for
clopidogrel.
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Aspirin
Aspirin is indicated for pain relief, fever reduction, reduction of inflammation,
and antiplatelet therapy. Cardiovascular disease, as previously noted, involves multiple
tissues and cell types, including platelets and endothelium, and aspirin functions to
reduce risk through both antiplatelet and anti-inflammatory mechanisms (Figure 1.103).
In contrast to clopidogrel, aspirin is ingested in an active form and does not need to be
metabolized in order to work.
Acetylsalicylic acid, the active
ingredient in aspirin, works by
inhibiting the cyclooxygenases,
and reducing thromboxane and
prostaglandin levels. At low
doses, aspirin will acetylate
COX1, thereby inhibiting
arachidonic acid-stimulated
platelet aggregation. Arachidonic
acid, stored as phospholipids, is
released downstream of platelet

Figure 1.10. Effect of aspirin on platelets and
endothelium. Adapted from Chiang et al. PNAS,
20043

stimulation by other agonists as a method of positive feedback to induce and reinforce
platelet aggregation99. As described above, arachidonic acid is metabolized by COX1 and
TBXAS1 into thromboxane A2, ultimately binding to the thromboxane A2 receptors on
platelet cell membranes to stimulate platelet aggregation. In addition, acetylation of
COX-2 leads to the release of lipoxins from endothelial cells and the formation of NO-
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radicals, which lead to vasodilation, a reduction in inflammation, and improvement in
endothelial health100.

Pharmacogenomics of aspirin
It is estimated that 10% to 15% of the general population is resistant to aspirin,
and similar to clopidogrel,
traits such as age, sex, and
diabetes status significantly

Table 1.2. Polymorphisms in genes related to
aspirin resistance that have had at least two
studies published. Adapted from Goodman et al,
2008 British Journal of Clinical Pharmacology14

influence aspirin response as
assessed by ex vivo platelet
reactivity assays and
cardiovascular event rates57,82.
Furthermore, the heritability of
aspirin responsiveness has been
estimated to be up to 77% as
measured by thromboglobulin
levels and 51% as measured by
platelet aggregation101. GWAS
and candidate gene studies
have identified a number of
loci associated with postaspirin platelet response (Table
1.2)14. For, example, GPIIIa
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P1A1/A2 and COX1 A842G are two of the more well studied polymorphisms that have
been linked to aspirin resistance through analysis of the COX1-dependent platelet
aggregation pathway (arachidonic acid mediated)14,102. More recently, studies of the nonCOX1-dependent platelet aggregation pathways have also yielded new insights into
aspirin pharmacogenetics (Table 1.3)4,103. However, despite the fact that these genes are
in pathways directly targeted by aspirin or are integral in platelet aggregation, results to

Table 1.3. Summary of multipoint linkage signals in African Americans
from GeneStar cohort. Adapted from Mathias et al, 2010 BMC Med
Genomics4
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date have not been consistent, and the impact of these variants on clinical outcomes
remains unclear102,103
Given the integral role of the endothelium on cardiovascular disease, and the antiinflammatory effect of aspirin on endothelial health, platelet aggregation studies, while
important for investigating the determinants of aspirin’s antiplatelet action, are
insufficient on their own to assess the genetics of aspirin response variability and the
impact on survivability. A more comprehensive approach, including both platelet and
endothelial studies, is required. With this in mind, interest is high in one particular
candidate gene—PEAR1.

PEAR1
Genetic variation in PEAR1, a transmembrane protein highly expressed in both
endothelial cells and platelets, have repeatedly been associated with altered baseline and
on-aspirin platelet aggregation as well as cardiovascular event risk8,104. PEAR1 is a
platelet contact receptor that, upon ligand binding, becomes phosphorylated, leading to
downstream PI3K and AKT signaling and eventually the stabilization of platelet
aggregates through activation of glycoprotein aIIbB3 (Figure 1.11105). One of the PEAR1
ligands in platelets has recently been identified as FcER1a, the alpha subunit of the IgE
receptor106. However, the significance of this finding and how it may relate to variable
platelet response to aspirin is not yet known. PEAR1 also has a role in megakaryopoeisis
and thrombopoesis, with downregulation of PEAR1 expression leading to increased
megakaryocyte maturation and platelet production107.
In a previously published study by our group, the PEAR1 rs12041331 A-allele
was significantly associated with reduced collagen-stimulated platelet aggregation post28

DAPT (P=7.66x10-9)8. Paradoxically, aspirin-treated rs12041331 A-allele carriers were at
increased risk of MI (p=0.02) and cardiovascular outcomes (p=0.05) as compared to GG
homozygotes in 1000 stable CAD patients from the INVEST-GENE study. Interestingly,
this effect was not observed in untreated patients (Figure 1.128). Given that PEAR1
protein expression is highest in endothelial cells105, the observed, seemingly contradictory
effect could potentially be due to post-aspirin endothelial differences, and not the
observed platelet effect.
While the role of PEAR1 in platelets has been fairly well characterized, the
function of PEAR1 in endothelial cells has only recently begun to be elucidated108. As
previously mentioned, the health of the endothelium is integral to the progression of
cardiovascular disease, especially as it pertains to atherosclerotic plaque formation.
Recent evidence by our group suggests that PEAR1 rs12041331 genotype significantly

Figure 1.11. PEAR1 activation in Platelets. Adapted from Kauskot et al, 2012
Blood1

29

impacts flow mediated
dilation of the brachial
artery at baseline53. In
addition, meta-analysis of
publically available
microarray data in NCBI
GEO suggests PEAR1
significantly influences
angiogenesis and wound
healing, a finding
supported by a PEAR1
knockout study by
Vandenbriele et al in

Figure 1.12. Association between PEAR1 SNP
rs12041331 A-allele carrier status and fatal and nonfatal myocardial infarction in aspirin-treated and
non-treated European American patients of
INVEST-GENES. Adapted from Lewis et al, 2013
Circulation Cardiovascular Genetics8

201553.
While antiplatelet agents such as aspirin reduce platelet aggregation, they also
reduce cardiovascular disease risk through anti-inflammatory effects in other important
cell types and tissues such as the vascular endothelium. Thus, given the antiinflammatory characteristics of aspirin, further study of PEAR1 function in the vascular
endothelium, with and without aspirin treatment, will be integral in understanding the
role this protein plays in both baseline and on-treatment cardiovascular disease
progression.
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Summary
The etiology of atherosclerosis and CAD is incredibly complex, and despite the
advent of tremendously efficacious antiplatelet therapeutics, cardiovascular disease is still
the leading cause of death in the U.S. and worldwide. DAPT with clopidogrel and aspirin
is the most widely used antiplatelet regimen, and a high degree of heritable variation in
response to both drugs has been noted. To date, a number of clopidogrel response
variants have been identified through ex vivo platelet aggregation. However, a large
proportion of the heritable variation remains unaccounted for and new techniques may be
required to elucidate novel pharmacogenomic determinants of clopidogrel efficacy.
Further, although aspirin functions through both antiplatelet and anti-inflammatory
mechanisms, most studies to date have utilized ex vivo platelet aggregation studies to
evaluate aspirin response, and a relative dearth of notable pharmacogenetic variants for
aspirin have been identified thus far. In this study, we employ novel methodologies to
further elucidate the pharmacogenetics of antiplatelet response.
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Chapter 2: Specific Aims
Cardiovascular disease is the leading cause of death worldwide with an estimated
17 million deaths annually, a number that is expected to grow to 23 million a year by
203015. While primary prevention of myocardial infarction (MI) and stroke is largely
composed of lifestyle modifications, patients with a prior history or current symptoms of
cardiovascular disease require prescription treatment to reduce the risk of secondary
events. The most commonly used dual antiplatelet therapy (DAPT) for secondary
prevention of cardiovascular events in at-risk patients is concurrent administration of
clopidogrel and aspirin. Although DAPT is widely prescribed and largely successful in
reducing MI and stroke rates, there is significant inter-individual variability in response,
resulting in sub-optimal therapy in some patients and an increased risk of recurrent
events.
The overall goal of this study was to identify novel genetic determinants of DAPT
response. Previous investigations have demonstrated that a number of variants, such as
CYP2C19*2, ABCB1 C3435T, and PEAR1 rs12041331, are significantly correlated with
altered DAPT response as measured by ex vivo platelet aggregation, and significantly
influence clinical outcomes7,8,90 . However, heritability estimates suggest that most of the
genetic determinants of variable DAPT response, as assessed by ex vivo platelet
aggregation, remain unidentified7,101,104. Moreover, a majority of the variants that have
been associated with altered platelet aggregation following DAPT have not been
conclusively linked with clinical phenotypes.
Most large-scale pharmacogenomics studies of DAPT response have focused on
platelet aggregation as the primary response phenotype. Though this is a logical sub-
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clinical endpoint, additional metrics of DAPT efficacy may have utility in identifying
novel variants associated with DAPT response. For example, measurement of clopidogrel
active metabolite concentration is may be a more appropriate endophenotype to identify
genetic variants associated with pharmacokinetic differences. Moreover, the genetic
determinants of on-DAPT endothelial function are not traditionally assessed, but are
likely critical in secondary thrombus formation. I hypothesized that expanding our
focus beyond platelet aggregation, by examining measures such as clopidogrel active
metabolite concentration and endothelial function, would not only allow us to
identify new genetic variants that influence DAPT response but also improve our
understanding of currently established variants that significantly impact clinical
outcomes.
In this investigation, I leveraged substantial pre-existing genomic and phenotypic
data from the Pharmacogenomics of Anti-Platelet Intervention (PAPI) Study and the
International Clopidogrel Pharmacogenomics Consortium (ICPC) in order to identify
novel markers of DAPT response with clear clinical implications for cardiovascular
outcomes risk. In addition, I aimed to clinically and functionally characterize the
relationship between platelet aggregation and endothelial function through evaluation of a
newly identified DAPT response effector, PEAR1 rs12041331.
Specific Aim 1: Identify novel genetic variants that impact clopidogrel response
variability.
Aim 1a: Conduct a genome-wide association study of serum clopidogrel active
metabolite in 506 subjects from the PAPI Study. Common and rare variation will be
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evaluated with Affymetrix genome-wide arrays and the Illumina Exome chip,
respectively.
Aim 1b: Analyze candidate SNPs identified in Aim 1a for association with platelet
aggregation and clinical endpoints (i.e. major adverse cardiovascular events (MACE),
stent thrombosis, and adverse bleeding) in the ICPC, an independent population of
more than 4100 DAPT-treated patients.
Specific Aim 2: Clinical outcomes and functional analysis of platelet endothelial
aggregation receptor 1 (PEAR1) in endothelial cells and platelets.
Aim 2a: Evaluate differences in agonist-induced ex vivo platelet aggregation pre- and
post-aspirin administration (81, 162, and 324 mg/d for 7d) in 67 healthy subjects
stratified by PEAR1 rs12041331 genotype. The primary clinical phenotype analyzed
will be ex vivo agonist-induced platelet aggregation pre- and post-aspirin intervention.
As secondary outcomes, we will conduct pre- and post-aspirin analysis of additional
cardiovascular disease risk biomarkers including Urinary 11-dehydrothromboxane B2,
endothelin-1, endoglin, VCAM-1, and ICAM-1.
Aim 2b: Assess the functional impact of PEAR1 on endothelial function in human
umbilical vein endothelial cells (HUVECs) pre- and post-aspirin exposure. shRNAs
will be used to knock down PEAR1 in order to examine its role on extra-cellular
matrix adhesion (CytoSelect™ Cell Adhesion Assay Kit), endothelial migration
(Wound Healing Assay), and proliferation (XTT Cell Proliferation Assay Kit).
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Chapter 3: Significance and Rationale
The pharmacogenomics of clopidogrel and aspirin have been well studied for
more than a decade, yet to date few actionable variants other than CYP2C19*2 have been
definitively linked to high on-treatment platelet reactivity and, in turn, incidence of
recurrent cardiovascular events. Furthermore, while ex vivo platelet aggregation is the
most commonly used method for assessment of antiplatelet efficacy for both research and
clinical purposes, no particular methodology is currently established as the clinical
standard, and further, there is no defined value for high on-treatment platelet reactivity. In
addition, likely due to the complexity of arterial health, ex vivo platelet studies do not
correlate perfectly with in vivo function. Inhibition of platelet aggregation is the direct
mechanism by which DAPT reduces thrombotic events. However, it is clear plateletindependent effects, particularly for aspirin and potentially for clopidogrel, also influence
cardiovascular health.
The work that is presented here is significant in that it accounts for multiple
aspects of cardiovascular health including but not limited to ex vivo platelet function. The
measure of serum clopidogrel active metabolite is a direct measure of clopidogrel
pharmacokinetics. This is a more proximal phenotype than platelet aggregation, and may
allow the identification of pharmacokinetic variants that do not reach multiple testing
correction and would therefore be unidentified in classic platelet aggregation studies.
This has implications in better defining the clopidogrel metabolic pathway and improving
next-generation drug development for improved patient care in the future.
PEAR1 is one of few aspirin response variants that have been associated with
altered cardiovascular outcomes. Given PEAR1 expression is highest in endothelial cells
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and platelets, it is expected that PEAR1 may influence pathological disease risk through
both tissues. In addition, the increased cardiovascular event risk in PEAR1 rs12041331Aallele carriers is in the opposite direction than one would expect given the reduced
platelet aggregation also observed in A-allele carriers. The analysis of PEAR1 function in
the endothelium helps to clarify the mechanisms by which mutations in PEAR1 may
impact cardiovascular health. In addition, it was unknown whether the dose of aspirin
significantly impacts degree of response by rs12041331 genotype. A dose-response
study, as was conducted here, allowed us to assess the feasibility of aspirin dose
adjustment based on PEAR1 genotype clinically.
Given the widespread use of these agents, and the high degree of inter-individual
variability, the research conducted in this dissertation will contribute to improved,
personalized treatment for cardiovascular disease patients at risk of ischemic events in the
future.
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Chapter 4: Analysis of serum active metabolite identifies novel variants
that influence clopidogrel pharmacokinetics
Abstract
Dual antiplatelet therapy (DAPT) with clopidogrel and aspirin is the most
commonly used regimen for the secondary prevention of ischemic events in patients with
acute coronary syndromes. However, substantial inter-individual variation in response to
clopidogrel has been documented, resulting in sub-optimal therapy in some patients and
an increased risk of recurrent events. Previous studies indicate that a significant portion
of this variation is heritable and a number of genetic variants such as CYP2C19*2 have
been found to influence clopidogrel response. However, a substantial amount of the
genetic heritability remains unaccounted for. In this study, we conducted the first
genome-wide association study of circulating clopidogrel active metabolite levels in 513
healthy participants of the Pharmacogenomics of Antiplatelet Intervention (PAPI) study
in order to more directly measure clopidogrel pharmacokinetics. Consistent with
previous investigations, we observed that the CYP2C19 locus was the strongest genetic
determinant of clopidogrel active metabolite formation (P = 9.5x10-15). In addition, we
identified novel genome-wide significant signals on chromosome 3 (rs187941554, P =
3.3x10-11), chromosome 17 (rs80343429, P = 1.3x10-8), and chromosome 19
(rs142890248), as well as 6 additional loci that showed suggestive evidence of
association (P ≤ 1x10-6).
Of the 9 novel loci identified, 4 (1p25, 5q35, 7q21, and 17q11) demonstrated
nominal associations with on-clopidogrel ADP-mediated platelet aggregation in the
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discovery cohort. While none of the identified loci exhibited strong associations with ex
vivo platelet aggregation in an independent population, variants on chromosomes 1p25,
3p25, and 17q11 showed trends towards variable on-clopidogrel platelet aggregation.
Further, the identified variants on chromosome 1p25 also demonstrated trends towards
increased on-clopidogrel major adverse cardiovascular event (MACE) risk. While further
investigation is warranted to validate the findings in this study, the analysis of nontraditional measures of clopidogrel response, such as clopidogrel active metabolite
concentration, holds promise for further elucidating the clopidogrel metabolic pathway,
contributing to improved anti-platelet drug development, and ultimately leading to better
patient care in the future.
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Introduction
Coronary artery disease, the most common form of cardiovascular disease, results
in approximately 7.4 million deaths worldwide each year16. In order to prevent recurrent
cardiovascular events, individuals with advanced cardiovascular disease are frequently
prescribed dual anti-platelet therapy, most commonly with clopidogrel and aspirin.
Clopidogrel is a thienopyridine prodrug that must be activated in vivo in order to exert its
anti-platelet function. After absorption in the intestine, the clopidogrel prodrug is
transported to the liver where it becomes biologically active through a two-step
conversion involving several cytochrome P450 enzymes, most notably CYP2C19. The
clopidogrel active metabolite is then transported to the bloodstream, where it reduces
platelet reactivity by irreversibly binding the adenosine diphosphate (ADP) receptor,
P2YR12, on the surface of circulating platelets80. While clopidogrel is largely effective at
reducing platelet aggregation and recurrent ischemic events, up to 40% of patients do not
receive adequate benefit from traditional clopidogrel doses109,110. Furthermore,
heritability estimates suggest that up to 73% of the inter-individual variation in
clopidogrel response, as measured by ex vivo platelet reactivity, is heritable7. However,
aside from notable variants such as CYP2C19*2, few polymorphisms have been clearly
linked with clopidogrel response, suggesting that most of the genetic variation that leads
to inter-individual variability in clopidogrel efficacy remains unidentified7,91,95,111,112.
Most studies to date have utilized pharmacodynamic measures such as ex vivo
platelet reactivity or thromboglobulin levels to assess clopidogrel response. However,
despite strong scientific interest and multiple published investigations, elucidation of
pharmacokinetic factors that influence clopidogrel metabolism remains incomplete. In
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this study, we aimed to identify novel genetic variants that impact clopidogrel
metabolism by performing the first genome-wide association study of circulating
clopidogrel active metabolite concentration. While evaluation of clopidogrel active
metabolite, as opposed to ex vivo platelet function tests, is a more direct measure of
clopidogrel metabolism, it has remained underutilized, likely due to the instability of the
clopidogrel active metabolite and intermediate metabolite (2-oxo-clopidogrel), which
require rapid derivatization for accurate assessment. Herein, we measured circulating
levels of clopidogrel prodrug and active metabolite in 513 healthy Old Order Amish
subjects after 8 days of clopidogrel administration (a single 300 mg loading dose
followed by 75 mg/d for 7 days). Furthermore, adenosine diphosphate (ADP)-induced
platelet aggregation was measured pre-and post-clopidogrel treatment. In order to extend
our findings, polymorphisms that significantly influenced clopidogrel active metabolite
levels were assessed in 1,400 clopidogrel-treated patients of the International Clopidogrel
Pharmacogenomics Consortium (ICPC) in order to evaluate the effect of these variants on
ADP-induced platelet aggregation in patients with severe cardiovascular burden as well
as to gain insights regarding their impact on clinical endpoints.
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Methods
PAPI Study
Participant Characteristics:
As part of the Pharmacogenomics of Antiplatelet Intervention (PAPI) Study, 687
individuals were recruited from the Old Order Amish community of Lancaster,
Pennsylvania between August 2006 and January 20127,113. Of these participants, a subset
of 513 had clopidogrel active metabolite measured. Participants were over age 20,
relatively healthy and agreed to discontinue the use of all prescription medications,
supplements, and vitamins at least one week prior to the start of the study. Medical and
family history, anthropometry, physical examinations, and blood samples were all taken
after an overnight fast (Table 4.1). Exclusion criteria for this study included: blood
pressure > 160/95 mmHg, currently pregnant or nursing, platelet count > 500,000/μl or <
75,000/μl, hematocrit < 32%, TSH < 0.05 or > 5.5 mU/L, AST or ALT > 2 times the
upper normal limit, creatinine > 2.0 mg/dl, surgery in the past 6 months, history of
gastrointestinal bleeding, allergy to clopidogrel or aspirin, inability to safely withdraw
from medication use, or any other coexisting malignancy that might interfere with the
study113. After baseline platelet aggregation measurements were recorded, participants
were given a 300-mg oral loading dose of clopidogrel followed by 75 mg per day for 7
days (Figure 4.1). Follow-up platelet aggregation and clopidogrel metabolite
measurements were obtained 1 hour following the last dose of clopidogrel (Figure 4.1).
Additional information regarding recruitment and design of the PAPI Study has been
previously described 7,113. All study protocols were approved by the institutional review
board at the University of Maryland, Baltimore and adhered to the principles of the
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Figure 4.1. Design of the Pharmacogenomics of Anti-Platelet Intervention (PAPI)
Study.
Declaration of Helsinki. Written informed consent was obtained from each participant,
and subjects were compensated for their participation.
Genotyping:
Genome-wide genotyping was performed with Affymetrix 500k and 6.0 arrays
(Affymetrix Inc., Santa Clara, CA, USA), resulting in 410,375 SNPs genotyped in study
participants Variants were called using Birdseed V2 and BRLMM. Imputation was
performed using the 1000 Genomes Project “Cosmopolitan” reference panel (Phase I
version 3, released March 2012) with Impute2114 and ShapeIt115 to increase the effective
genome coverage to approximately 7.8 million SNPs. Polymorphisms with an
imputation quality score greater than or equal to 0.5 and a minor allele frequency of at
least 1% were included in this investigation.
Additionally, genotyping was performed in the same subjects using the Illumina
Exome Genotyping Chip (Illumina Inc., San Diego, CA, USA), which contains over
240,000 variants that were selected from ~12,000 sequenced genomes and exomes as part
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of the NHLBI, GO Exome Sequencing Project’s (ESP) SNP selection project116. A large
proportion of the variants on the exome chip are non-synonymous, splice, and stop
variants and were identified in multiple studies to ensure validity. Variants were called
using Illumina GenCall Data Analysis software. In total, 44,230 polymorphic variants
were identified in the Amish with a total genotyping call rate of 99.83% and a
concordance rate of 99.99% in a subset of duplicate samples. Of these, 33,235
polymorphisms were present at a minor allele frequency of at least 1% and were included
in this investigation.
We validated our most significant imputation results (rs111985173 and
rs80343429) through direct genotyping using a TaqMan® SNP genotyping assay
performed on an Applied Biosystems 7900HT Fast Real-Time PCR system according to
the manufacturer’s protocol (Life Technologies, Foster City, CA, USA). Briefly, a
volume of 5 µl consisting of 5 ng of dried genomic DNA, 2.5 µL of TaqMan® Universal
PCR Master Mix (2X), 0.06 µL of 40X probe mix (FAM, 3′TTACAATGTTTCAAATTGTTTTGAA-5′; VIC, 5′GAAACAGAAGAAGAAGCTTGCAGCC-3′ for rs111985173 and FAM, 3′GGAATTGAAATATGGCCGGAGCCTG-5′; VIC, 5′GACATGAAACGGTACAGCTCATTTC-3′ for rs80343429), and 2.4 µL of DNase-free
water were mixed in each well of a 384-well genotyping plate (then cycled for qPCR
with the following settings: 50⁰ for 2 minutes, 95⁰ for 10 minutes, 45 cycles of 95⁰ for 15
seconds followed by 60⁰ for 1 minute. TaqMan® Genotyper Software version 1.3 was
used to analyze raw read data using the autocalling method. The overall call rate of
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genotyping was greater than 98% for both SNPs. The genotype concordance rate was
greater than 100% in a subset of duplicate samples for both SNPs.
Clopidogrel Metabolite quantification:
Clopidogrel active metabolite and prodrug levels were assessed in a subset of 513
PAPI Study participants as previously described91. Briefly, blood samples from each
participant were collected within 1 hour after the last dose of clopidogrel into EDTA
tubes containing 2mmol/l (E)-2-bromo-3′-methoxyacetophenone (MPB; Sigma Aldrich,
St Louis, Missouri, USA) to derivatize the clopidogrel active metabolite. Plasma levels of
clopidogrel MPB-derivatized active metabolite and parent drug were assessed using an
ultra-high performance liquid chromatography-tandem mass spectrometry (HPLCMS/MS) assay with an active metabolite calibration range of 0.1–150 ng/ml and a
prodrug range of 0.1-50 ng/ml. Ice-cold acetonitrile (500 µl, Fisher Scientific, Fairlawn,
New Jersey, USA) containing 15 ng/ml of the internal standard (IS) ticlopidine (Sigma
Aldrich, St. Louis, Missouri, USA) was added to 50 μl of plasma to precipitate plasma
proteins. After vortex mixing (30 s) and centrifugation (11,700g for 10 min), 5.0 μl of the
resulting supernatant was injected into a Waters Acquity UPLC system (Waters
Corporation, Milford, Massachusetts, USA) for chromatographic separation before
detection by tandem mass spectrometry (MS/MS) using an AB Sciex Qtrap 5500 (AB
Sciex, Foster City, California, USA). Chromatographic separation of the analytes,
clopidogrel prodrug, and active metabolite from IS and matrix interferences was carried
out using a gradient with 0.1% formic acid (aqueous) and 0.1% formic acid in
acetonitrile. Three multiple reaction monitoring transitions were performed
simultaneously with dwell times of 200 ms each. Clopidogrel prodrug was identified
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selectively by the transition of its prodrug to product ion at m/z 322>212, active
metabolite at m/z 504>155, and ticlopidine (IS) at m/z 264>154. Multiple reaction
monitoring peak integrations and data analysis were carried out using the MultiQuant
algorithm from MultiQuant 4.0 (Analyst; AB Sciex). The total run time was 1.5 min.
Platelet Aggregation:
Platelet-rich plasma (PRP) was isolated from blood samples drawn into tubes
containing 3.2% sodium citrate (Becton-Dickinson, Franklin Lakes, NJ, USA) and
platelet counts were adjusted to200,000 platelets/μl using platelet-poor plasma (PPP).
Platelet function was measured by optical aggregometry with a PAP8E aggregometer
(Bio/Data Corporation, Horsham, Pennsylvania) stimulated with ADP (20 μmol/L,
Chronolog Corp., Havertown, PA, USA)) and was expressed as the maximal percentage
change in light transmittance using PPP as a referent.
GWAS Analysis:
Genome-wide analyses of clopidogrel active metabolite concentration and onclopidogrel ADP-mediated platelet aggregation were conducted with a variance
component method using the analysis program Mixed Model Analysis for Pedigrees
(MMAP) (http://edn.som.umaryland.edu/mmap/). MMAP, which has been extensively
used for genomic analyses in the Amish 7,8,117,118, accounts for the relatedness of study
subjects by conditioning the genotype-phenotype correlations on the phenotypic
correlations among relative pairs. The model for the polygenic component was
established by constructing a relationship matrix derived from the complete Amish
pedigree structure available through published genealogical records maintained by the
church 119. Association analysis for clopidogrel active metabolite was conducted under an
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additive model simultaneously adjusted for age, sex, and relatedness among study
participants. On-clopidogrel ADP-mediated platelet aggregation was conducted under an
additive model and adjusted for age, sex, relatedness, and baseline ADP-mediated platelet
aggregation. Variation in clopidogrel prodrug concentration was assessed for each of the
top GWAS signals and conditional analyses were conducted with adjustment for the
index SNP in each locus. Additionally, a bivariate approach using canonical correlation
analysis implemented in plink was used to analyze variants
(https://genepi.qimr.edu.au/staff/manuelF/multivariate/main.html).To correct for multiple
comparisons a genome-wide significance threshold of P = 5 x 10-8 was used for all tests.
Exome Chip Analysis:
Single variant regression analyses between variants present at a minor allele
frequency greater than 0.5% and clopidogrel active metabolite concentrations and ADPmediated platelet aggregation were conducted using MMAP as described for GWAS
analysis. The primary association analysis was under an additive model simultaneously
adjusted for age, sex, and relatedness among study participants for active metabolite, and
age, sex, relatedness, and baseline aggregation for on-clopidogrel ADP-mediated platelet
aggregation. A significance level of α = 1.5 x 10-6 (0.05/33,235 SNPs) was used to
correct for multiple comparisons testing. Gene-based burden testing of exonic variants
was conducted using sequence kernel association testing (SKAT120) and implemented
through the MMAP program. In brief, trait residuals are generated by accounting for
relatedness and then used to conduct the gene-based burden testing. Genes with at least
two missense, nonsense or splice-altering variants were tested. To correct for multiple
comparisons, a genome-wide threshold of 6.8 x 10-6 was established (0.05/7,359 genes).
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SNP Selection
Correlated SNP sets for loci strongly associated with clopidogrel active
metabolite concentration were developed by assessing linkage disequilibrium between
the index SNP and all SNPs with a p-value for association less than or equal to 1 x 10-6.
SNPs with D’ >= 0.9 with the index SNP in each locus were included in the SNP set.
Multiple testing correction for follow-up of top hits in the International Clopidogrel
Pharmacogenomics Consortium (ICPC) was determined by the number of correlated SNP
sets.
ICPC – extension study
Participant Characteristics and Phenotyping:
The ICPC was developed with the goal of identifying novel genetic determinants
of clopidogrel response and clinical outcomes through GWAS and candidate gene
approaches. More than 8,800 cardiovascular disease patients on dual-antiplatelet therapy
with aspirin and clopidogrel are enrolled in this study through the collaboration of 18
centers from 11 countries. Among these extensively phenotyped patients, 6,280 have
provided DNA for genomic analysis. Multiple platelet-related and clinical event
phenotypes are available for analysis in ICPC. Platelet aggregation phenotyping was
completed at the individual study sites and a standardized phenotype for ADP-mediated
platelet aggregation was created and is available for 4,058 subjects with DNA available
for genomic analysis. Incidence of major adverse cardiovascular events (MACE), defined
as fatal and non-fatal stroke, myocardial infarction, stent thrombosis, and cardiovascularrelated death, is available for more than 3,000 ICPC participants. Phenotype and genomewide genotyping data is curated and available at PharmGKB.
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Genotyping:
Genotyping was performed on 2,734 ICPC DNA samples with the Illumina
(Illumina, Inc. San Diego, CA USA) Human Omni Express Exome v1.2 Chip, yielding
586,379 SNPs with minor allele frequency greater than 0.05. The total genotyping call
rate was 99.96%. Additionally, uncalled genotypes for ICPC were imputed using the
1000 genomes “Cosmopolitan” reference panel (Phase I version 3, released March 2012)
with Impute2114 and ShapeIt115. This yielded 9,702,644 SNPs with a minor allele
frequency greater than or equal to 1% and an imputation quality score of at least 0.5.
Statistical Analysis:
Analyses of platelet aggregation and clinical endpoints were restricted to
European samples of the ICPC. Linear regression analyses were used to determine the
relationship between genotype and platelet aggregation. Models are adjusted for age, sex,
and first four principal components. ADP-mediated platelet aggregation was measured at
each respective study site and then normalized and standardized for analysis with
Plink121. Principal components for the subjects included in analyses were calculated with
GCTA (http://cnsgenomics.com/software/gcta/pca.html)122. Logistic regressions to
determine the relationship between genotypes and clinical events using age, sex, and the
first four principal components as covariates are also completed in Plink.
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Results
Participant Characteristics:
In total, 513 subjects (257 males and 256 females) participated in this
investigation. All participants were generally healthy, with low incidences of
hypertension and diabetes, although BMI and lipid levels were slightly elevated (Table
4.1)123. Overall, approximately 10% of participants were active smokers; however, this
was driven entirely by men, who smoke at rates comparable with the outbred
population124, while Old Order Amish women, keeping with cultural norms, typically do
not smoke125. No anthropometric measures were significantly correlated with clopidogrel
active metabolite concentration with the exception of BMI and platelet count (P = 9.6 x
10-3 and 3.4 x 10-2, respectively). On-clopidogrel ADP-mediated platelet aggregation was
significantly associated with gender, age, BMI, platelet count, cholesterol levels and
triglycerides (6.5 x 10-3, 1.0 x 10-5, 3.1x10-3, 1.6x10-4, 1.8x10-2, and 1.5x10-2,
respectively).
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Table 4.1: PAPI participant characteristics
Characteristics (units)

Total (n=513)

Females (n=256)

Males (n=257)

Age(years)*

44.9 ± 13.2

45.6 ± 13.6

44.2 ± 12.7

BMI (kg/m2)*†

27.1 ± 4.7

28.2 ± 5.4

26.0 ± 3.6

Platelet Count (thousands)*†

239.7 ± 48.2

245.7 ± 51.3

234.1 ± 44.3

SBP (mmHg)

116.8 ± 12.3

117.0 ± 13.1

116.6 ± 11.4

DBP (mmHg)

70.2 ± 7.1

69.6 ± 7.0

70.8 ± 7.2

Cholesterol (mg/dl)*

208.9 ± 46.8

210.0 ± 49.4

207.6 ± 43.5

LDL (mg/dl)*

135.9 ± 42.7

132.6 ± 44.7

138.6 ± 40.2

HDL (mg/dl)*

58.7 ± 15.2

62.4 ± 15.5

55.6 ± 14.5

Triglycerides (mg/dl)*

71.4 ± 40.2

74.9 ± 42.1

67.3 ± 37.3

Diabetes (%)

0.4%

0.4%

0.4%

Current Smoker (%)

10.3%

0.0%

20.5%

Values are listed as mean ± standard deviation or percent
*Association with on-clopidogrel ADP-stimulated platelet aggregation P < 0.05 in full cohort
†Association with clopidogrel active metabolite P < 0.05 in full cohort

Heritability and Correlation of clopidogrel-related traits
In concordance with previous estimates, the residual heritability of on-clopidogrel
ADP-mediated platelet aggregation was estimated to be 75% after adjustment for age,
sex, baseline platelet aggregation, and family relatedness (P = 2.3 x 10-13)7. Residual
heritability of serum clopidogrel active metabolite concentration after adjustment for age,
sex, and relatedness was estimated at 26% (P = 3.1 x 10-3). Clopidogrel prodrug levels
were not heritable in this population (0%, P = 1.0).
As expected, clopidogrel active metabolite concentration was significantly
correlated with on-clopidogrel ADP-mediated platelet aggregation (r2 = 0.12, P = 2.2 x
10-16). However, clopidogrel prodrug levels were not correlated with on-clopidogrel
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ADP-mediated platelet aggregation (r2 = 0.001, P = 0.40) and only modestly correlated
with clopidogrel active metabolite concentration (r2 = 0.01, P = 0.01).
GWAS of Serum Clopidogrel Active Metabolite Concentration
Using a genome-wide approach, we tested for association between 7,884,700
SNPs and clopidogrel active metabolite concentration in 513 PAPI Study subjects while
simultaneously adjusting for age, sex, and relatedness (Figure 4.2). A locus on
chromosome 10 near the CYP2C9-CYP2C18-CYP2C19 gene cluster was significantly
associated with clopidogrel active metabolite concentration (rs137891020, P = 9.5 x 1015

). After adjustment for the known CYP2C19*2 variant, no variants in this region

reached genome-wide significance (Top remaining signal was rs137891020, P = 9.1 x 104

). In addition to CYP2C19*2, novel variants significantly impacted clopidogrel active

metabolite concentration on chromosome 3p25 (strongest signal was rs187941554, P =
3.3 x 10-11) (Figure 4.3) and chromosome 17q11 (strongest signal was rs80343429, P =
1.3 x 10-8) (Figure 4.4). Another 6 independent loci exhibited suggestive evidence of
association (P ≤ 1.0 x 10-6) (Table 4.2). Conditional analyses that adjusted for the most
significantly associated SNP at each locus fully accounted for the associations observed
at all loci (Table 4.3). In addition, all index variants that exceeded genome-wide
significance or showed suggestive evidence of association (P ≤ 1.0 x 10-6) were tested to
see if they impacted on-clopidogrel ADP-mediated platelet aggregation. While no
evidence of association was observed between on-clopidogrel platelet aggregation and
the chromosome 3p25 locus, rs80343429 on chromosome 17q11 as well as 3 other
suggestive loci (rs72392086, rs73407739, and rs6892003 on chromosomes 1q25, 7q21,
and 5q32, respectively) reached a nominal level of significance (P < 0.05) (Table 4.2).
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To verify the significant signals identified through the GWAS of clopidogrel
active metabolite, highly associated imputed variants on chromosome 3 (rs111985173, a
proxy for rs187941554) and chromosome 17 (rs80434329) were Taqman genotyped in
the full cohort of 513. Concordance between imputation and Taqman genotyping was
greater than 98% for both SNPs. Accordingly, the association with active metabolite was
still quite strong after direct genotyping, with a P = 5.2 x 10-7 for rs111985173 and P =
1.4 x 10-7 for rs80434329.
GWAS of On-Clopidogrel ADP-Mediated Aggregation
A GWAS of ex vivo ADP-mediated platelet aggregation in the same 513 PAPI
Study subjects again identified CYP2C19*2 as the strongest determinant of high ontreatment platelet reactivity in the Old Order Amish (chr10:96609093, P = 1.3x10-17)
(Figure 4.5). After adjustment for CYP2C19*2, no variants on chromosome 10q24
reached genome-wide significance (Top remaining signal was chr10:96609093, P = 6.4 x
10-6). Furthermore, no other loci were significantly associated with on-clopidogrel ADPmediated platelet aggregation after correction for multiple testing.
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Figure 4.2. Manhattan plot of serum clopidogrel active metabolite concentration as
measured by HPLC MS/MS after 7-day 75-mg/day clopidogrel intervention.
N=513. Red line indicates P < 5 x 10-8. Blue line indicates P < 1 x 10-6.
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Figure 4.3. LocusZoom plot of the chromosome 3 locus (8MB-11.5MB) identified in
the association analysis of clopidogrel active metabolite concentration in the PAPI
Study. N=513. Red line indicates P < 5 x 10-8. Blue line indicates P < 1 x 10-6.
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Figure 4.4. LocusZoom plot of the chromosome 17 locus (31MB-32.5MB) identified
in the association analysis of clopidogrel active metabolite concentration in the
PAPI Study. N=513. Red line indicates P < 5 x 10-8. Blue line indicates P < 1 x 10-6.
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Figure S2. LocusZoom plot of the chromosome 17 locus (31MB-32.5MB) identified in
the association analysis of clopidogrel active metabolite concentration in the PAPI

Table 4.2. Regions in genome with suggestive associations (P ≤ 1.0 x 10-6) with
clopidogrel active metabolite concentration. Abbreviations: MAF, minor allele
frequency; Chr:Pos, chromosome and position; P, p-value.

Beta—O
Beta—

P—Active Clopidog
SNP

Chr:Pos MAF

Gene

Active
Metabolite

Platele

Metabolite

Aggregat
rs111985173 3:8441942 0.01 LMCD1-AS1

16.8±2.7 1.00 x 10-9

-0.9±3.

rs80343429 17:31556681 0.05

8.1±1.4 1.30 x 10-8

-3.5±1.

15.5±2.9 1.30 x 10-7

-2.2±3.

7.6±1.4 1.60 x 10-7

-5.0±1.

ASIC2

rs79172967 21:18571112 0.02

rs72392086 1:185033816 0.04

RNF2

rs73407739 7:92491283 0.01 LOC101927497 16.8±3.2 2.20 x 10-7 -11.9±3

rs181524103 2:123209400 0.03
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12.0±2.4 6.60 x 10-7

-3.1±3.

Table 4.3. Top remaining SNP in each locus associated with clopidogrel active
metabolite in the PAPI Study after conditioning on the original index SNP.
Abbreviations: MAF, minor allele frequency; Chr:Pos, chromosome and position; P, pvalue.
Beta—Active
P—Active
SNP
Chr:Pos
MAF
Gene
Metabolite
Metabolite
rs6766130

3:11625202

0.08

rs116990978

17:32869119

rs2823968

VGLL4

-5.31±1.2

8.96 x 10

0.03

5.58±1.8

2.17 x 10

21:18050085

0.39

-2.23±0.7

1.62 x 10

rs145982435

1:185352761

0.02

6.38±2.5

9.89 x 10

rs73219929

7:92990291

0.01

14.6±4.3

6.44 x 10

rs296072

2:123650738

0.4

1.85±0.6

3.94 x 10

rs35614103

16:9155981

0.06

5.3±1.7

1.83 x 10

rs1422909

5:174679840

0.04

-5.91±2.3

1.04 x 10

CCDC132
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-3

-3

-3

-4

-3

-3
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Figure 4.5. Manhattan plot of on-clopidogrel ADP-mediated platelet aggregation
as measured by PAP8E light aggregometry after 7-day 75-mg/day clopidogrel
intervention. N=513. Red line indicates P < 5 x 10-8. Blue line indicates P < 1 x 10-6.

58

ExWAS Results
In addition to the GWAS, we also performed an exome-wide association study
(exWAS) of clopidogrel active metabolite levels. In agreement with the GWAS results,
exWAS analysis revealed that the CYP2C19 locus was the strongest determinant of
clopidogrel active metabolite concentration (rs12772169, P = 2.59 x 10-13; Figure 4.6).
After adjustment for CYP2C19*2, no significant association was observed at this locus
(Top remaining signal was rs35637370, P = 1.0 x 10-5). In addition, a genome-wide
significant signal was observed on chromosome 19p13 (rs142890248, P = 7.05 x 10-7)
and a near-significant association signal was observed on chromosome 17q12
(rs192868542, P = 2.0 x 10-6). rs142890248, a rare missense variant (MAF = 0.006,
Arg556His) located within MISP, exhibited no association with on-clopidogrel ADPmediated platelet aggregation (P = 0.91). rs192868542, which is in moderately high LD
with the chromosome 17q11 index SNP identified in the GWAS of clopidogrel active
metabolite (rs80343429, r2 = 0.52, D’ = 0.83), was also not associated with onclopidogrel ADP-mediated platelet aggregation (P = 0.19).
The exWAS of ex vivo on-clopidogrel ADP-mediated platelet aggregation
identified the CYP2C19 locus as the only genome-wide significant signal (Figure 4.7,
rs1126545, P = 1.62 x 10-14), with adjustment for CYP2C19*2 fully accounting for this
association (Top remaining signal was rs1126545, P = 2.0 x 10-4). No other locus
revealed association with on-clopidogrel ADP-mediated platelet aggregation after
accounting for multiple testing.
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Figure 4.6. ExWAS for clopidogrel active metabolite. N=513. Covariates include age,
sex, baseline ADP-mediated platelet aggregation, and relatedness. Red line indicates P <
5 x 10-8. Blue line indicates P < 1 x 10-6.
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Figure 4.7. ExWAS for on-clopidogrel ADP-mediated Platelet Aggregation. N=513.
Covariates include age, sex, baseline ADP-mediated platelet aggregation, and
relatedness. Red line indicates P < 5 x 10-8. Blue line indicates P < 1 x 10-6.
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Gene-Based Burden Test
SKAT was used to evaluate the association between sets of exome chip variants
located within 7,359 RefSeq genes with at least 2 polymorphic variants and clopidogrel
response. Surprisingly, no gene near the CYP2C19 locus was among the top association
signals for clopidogrel active metabolite with SKAT. However, this is likely explained by
the observation that the most strongly associated CYP2C19*2 proxy alleles from the
exWAS analysis of clopidogrel active metabolite did not map to defined gene regions and
were thus excluded from SKAT. The strongest SKAT association signal for clopidogrel
active metabolite was CRYBA1, a gene on chromosome 17q11, which reached genomewide significance (P = 4.4 x 10-6, Table 4.4). Specifically, 2 variants in CRYBA1 were
tested using SKAT, rs142631461 and rs117757092. Interestingly, one of these two SNPs
(rs142631461) was strongly associated with clopidogrel active metabolite levels in our
single variant exWAS analysis (P = 2.7 x 10-6). Moreover, rs142631461 was in partial
LD with rs192868542, the chromosome 17q12 index SNP from the clopidogrel active
metabolite exWAS (r2 = 0.28, D’ = 0.64) as well as rs80343429, the chromosome 17q11
index SNP from the clopidogrel active metabolite GWAS (r2 = 0.30, D’ = 0.79). As
expected, including rs192868542 as a covariate in the association model abrogated the
CRYBA1 SKAT signal (P = 1.6 x 10-4). While no genes reached genome-wide
significance for association with on-clopidogrel ADP-mediated platelet aggregation, the
top signal was ENTPD1-AS1, a gene on chromosome 10q24 near the CYP2C9CYP2C18-CYP2C19 cluster (P = 2.3 x 10-5) (Table 4.5). Adjusting for CYP2C19*2
greatly diminishes this association (P = 8.2 x 10-3).
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Table 4.4. SKAT with exome data for clopidogrel active metabolite. Abbreviations:
cMAF, cumulative minor allele frequency; N SNPs, Total number of polymorphic
variants in gene.
Gene
CRYBA1
MLF1
ZNF528
OTOL1
LONRF1
SLFN11
TNFRSF14
IFT46
DKK3
ST3GAL5

Chr.
17
3
19
3
8
17
1
11
11
2

Position
27573875-27581502
158288953-158324249
52901121-52921657
161214596-161221730
12579406-12612992
33677329-33700720
2487805-2495188
118415243-118436791
11984543-12030629
86066271-86116157

cMAF
0.029
0.865
0.079
0.389
0.276
0.606
0.405
0.130
0.345
0.207

N SNPs
2
2
2
2
2
3
3
2
2
2

P-value
4.39E-06
7.74E-05
8.37E-05
1.22E-04
1.31E-04
1.48E-04
2.37E-04
2.50E-04
3.22E-04
3.22E-04

Table 4.5. SKAT with exome data for on-clopidogrel ADP-mediated Platelet
Aggregation. Abbreviations: cMAF, cumulative minor allele frequency; N SNPs, Total
number of polymorphic variants in gene.
Gene

Chr.

Position

cMAF

N SNPs

P-value

ENTPD1-AS1
KIAA1257
ZNF518A
KIAA1161
C10orf71
FOXM1
PVR
LOC100507424
LINC00871
ACSM5

10
3
10
9
10
12
19
12
14
16

97678695-97849992
128689782-128712986
97889472-97923517
34368907-34376894
50507187-50535537
2966847-2986321
45147098-45169428
2945982-2968961
46533362-46971104
20420856-20452281

0.230

3

2.32E-05

0.031
0.137
0.333
1.589
0.238
0.128
0.235
0.453
0.144

2
4
3
11
5
3
3
2
5

7.86E-05
9.57E-05
1.03E-04
2.45E-04
3.01E-04
3.02E-04
3.02E-04
4.65E-04
1.24E-03
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Bivariate analysis
A bivariate analysis for on-clopidogrel ADP-mediated platelet aggregation and
clopidogrel active metabolite utilizing canonical correlation association generated nearly
identical results to the clopidogrel active metabolite GWAS. Again, the strongest
determinant of clopidogrel active metabolite level was CYP2C19*2 (P = 3.4 x 10-23). In
addition, strong evidence of association was observed on chromosomes 3p25 and 17q11
corresponding to the top association signals identified by the clopidogrel active
metabolite GWAS (P = 2.2 x 10-9 and 3.1 x 10-8, respectively) (Figure 4.8).
Extension in the ICPC
In order to evaluate the impact of the newly identified variants on clopidogrel
efficacy in an independent population consisting of cardiovascular disease patients, a
credible set of SNPs for each genome-wide and exome-wide significant locus was
developed based on linkage disequilibrium in participants of the PAPI Study. Initially, all
SNPs with a D’ ≥ 0.9 with the index SNP on chromosomes 3p25, 17q11, and 19p13
(rs187941554, rs80343429, and rs142890248, respectively) were included in this
analysis. 12 SNPs near chromosome 3p25 between 7.7 MB and 11.8 MB, 8 SNPs near
chromosome 17q11 between 31.5 MB and 31.6 MB, and 1 SNP on chromosome 19p13
were followed up. On chromosome 3p25, 1 SNP (rs147119990) was nominally
associated with on-treatment platelet aggregation (P = 0.04, Table 4.6). In addition, the
eight SNPs in the 17q11 correlated set, all in high LD with each other in the ICPC (D’ ≥
0.99, r2 ≥ 0.69), showed nominal evidence of association with platelet aggregation in the
ICPC (P ≤ 0.05, Table 4.6). No association was observed between rs142890248
(chromosome 19p13) and platelet aggregation in the ICPC. Of note, the direction of
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effect for the chromosomes 17q11 and 3p25 variants associated in the ICPC cohort were
in the opposite direction from what was observed in the PAPI Study. Furthermore, we
extended follow-up analysis in the ICPC cohort to the other 6 loci that showed suggestive
evidence of association (P ≤ 1.0 x10-6) for clopidogrel active metabolite concentration in
the PAPI Study. While no variants surpass multiple testing correction (P ≤ 0.05/9 =
0.0055), several SNPs in the chromosome 1q25 set displayed trending associations (P <=
0.07), with the same direction of effect as the discovery cohort results (Table 4.6).
Association with Clinical Endpoints
In addition to assessing ex vivo platelet aggregation in patients of the ICPC, we
also examined the incidence of major adverse cardiovascular events. No SNPs in the
credible set on chromosome 3p25, chromosome 17q11, or chromosome 19p13 had a
nominal association with MACE (Table 4.6). Interestingly, the chromosome 1q25
credible set that trended towards increased platelet aggregation also showed a trend with
MACE (Table 4.6).
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Figure 4.8. GWAS for bivariate analysis with clopidogrel active metabolite and onclopidogrel ADP-stimulated Platelet Aggregation. N=513. No adjustment for
relatedness, age, or sex was included in analysis. Red line indicates P < 5 x 10-8. Blue
line indicates P < 1 x 10-6.
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Table 4.6. Credible SNP set associations in ICPC. Abbreviations: MACE, major
adverse cardiovascular events; BP, chromosomal position; D’, coefficient of linkage
disequilibrium; MAF, minor allele frequency; N, sample size; P, p-value; OR, odds ratio.

Platelet Aggregation
Minor
D' MAF
Allele
N BETA P
N

SNP

Chr.

BP

rs148515972
rs140967106
rs149772317
rs77545247
rs184395014
rs111985173
rs187941554

3
3
3
3
3
3
3

7744038
8392736
8392814
8428699
8437893
8441942
8987233

A
G
A
C
T
G
A

1
1
1
1
1

rs115267786

3

10278444

G

1 0.0029 2211 0.35

0.0148
0.0057
0.0034
0.0275
0.0148
- 0.0057
1 0.0002

2247
2193
2212
2098
2159
2194
2238

-0.12
0.35
0.21
0.11
0.22
0.30
-0.95

MACE
OR

P

0.31
0.09
0.46
0.27
0.09
0.15
0.35

1160
1.65
1129
1.71
-6
1144 1.15 x 10
1091
0.68
1121
0.65
1128
1.50
-6
1155 1.69 x 10
-6
0.25 1140 1.56 x 10

0.44
0.62
0.99
0.60
0.68
0.71
0.99
0.99

-6

rs11923545

3

10405061

T

1 0.0021 2188 0.45

rs114622784

3

10657758

G

1 0.0035 2160 -0.18

0.18 1126 1.33 x 10 0.99
-6
0.49 1109 3.35 x 10 0.98

rs147119990

3

11791617

A

1 0.0049 2216 0.46

0.04 1141 5.73 x 10

rs73813043

3

11797104

T

1 0.0059 2206 0.07

0.74 1134

SNP

Chr.

BP

rs319761
rs412242
rs319759
rs319757
rs319755
rs319754
rs319750
rs1497360

17
17
17
17
17
17
17
17

31567750
31569646
31569677
31569872
31569899
31570172
31571877
31581412

Platelet Aggregation
Minor
D' MAF
N BETA
P
Allele
G
T
T
T
G
C
T
A

1
1
1
1
1
1
1
1

0.12
0.13
0.13
0.13
0.13
0.13
0.13
0.09
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2245
2221
2221
2221
2219
2208
2247
2230

0.09
0.10
0.10
0.10
0.11
0.10
0.10
0.10

0.03
0.02
0.02
0.02
0.02
0.02
0.03
0.05

-6

2.14

0.98
0.51

MACE
N

OR

P

1159
1146
1146
1146
1145
1144
1161
1153

1.21
1.20
1.20
1.20
1.19
1.21
1.20
1.61

0.48
0.49
0.49
0.49
0.51
0.47
0.50
0.09

Table 4.6 continued
Minor
D' MAF
Allele

SNP

Chr.

BP

rs75339668
rs72739693
rs12030761
rs10911673
rs2378958
rs72739698
rs72739699

1
1
1
1
1
1
1

184936189
185030234
185030385
185034502
185042400
185042711
185042955

A
C
A
C
G
T
G

0.99
1
1
1
1
1
1

0.03
0.10
0.04
0.10
0.10
0.10
0.10

Platelet Aggregation
N

BETA

P

N

OR

P

2147
2240
2059
2243
2249
2233
2248

-0.15
-0.09
-0.05
-0.09
-0.10
-0.09
-0.10

0.07
0.07
0.54
0.06
0.06
0.07
0.05

1106
1158
1063
1159
1161
1154
1160

1.21
1.62
1.58
1.62
1.65
1.59
1.65

0.70
0.06
0.23
0.06
0.05
0.07
0.05

Platelet Aggregation
Minor
D' MAF
N BETA
P
Allele

SNP

Chr.

BP

rs181524103

2

123209400

G

-

0

2249

-

-

Platelet Aggregation
Minor
D' MAF
N BETA
P
Allele

SNP

Chr.

BP

rs1848326
rs4867777
rs6873128
rs6892003
rs34799282

5
5
5
5
5

174190130
174190638
174191419
174191465
174194805

T
A
T
A
G

1
1
1
1

0.21
0.21
0.21
0.23
0.20

2145
2206
2197
2189
2173

-0.02
-0.03
-0.03
-0.04
-0.03

rs13182985
rs6870098
rs13172820

5
5
5

174194968
174195202
174196542

T
C
C

1
1
1

0.21
0.21
0.21

2188 -0.03
2192 -0.03
2191 -0.04

SNP

Chr.

BP

rs73407739

7

92491283

-

0.03

2010 -0.02
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MACE
N

OR

P

1161

-

-

MACE
N

OR

P

0.59
0.42
0.43
0.29
0.47

1111
1143
1139
1134
1128

0.95
0.99
0.98
1.08
1.02

0.82
0.98
0.95
0.74
0.93

0.37
0.38
0.33

1135
1138
1139

1.08
1.09
1.09

0.75
0.72
0.71

Platelet Aggregation
Minor
D' MAF
Allele
N BETA
P
T

MACE

0.81

MACE
N

OR

P

1030

1.54

0.39

Table 4.6 continued
SNP

Chr.

BP

rs138852022

16

9155981

SNP

Chr.

BP

rs142890248

19

758613

SNP

Chr.

BP

rs79172967
rs75958703

21
21

18571112
18587290

Platelet Aggregation
Minor
D' MAF
N BETA
P
Allele
G

-

0.03

2136 -0.12

0.17

Platelet Aggregation
Minor
D' MAF
Allele
N BETA
P
A

-

0.005 2116 0.11

0.57

Platelet Aggregation
Minor
D' MAF
Allele
N BETA
P
T
G

1
-

0.01
0.01

69

2054 -0.18
2088 -0.25

0.27
0.17

MACE
N

OR

P

1107

1.31

0.59

MACE
N

OR

P

1103 1.2 x 10-6 0.98

MACE
N

OR

P

1068 2.3 x 10-6 0.98
1083 1.8 x 10-6 0.98

Discussion
In this study we conducted the first genome-wide analysis of circulating
clopidogrel active metabolite concentration, a direct measure of clopidogrel
pharmacokinetics, to identify novel genetic variants that influence clopidogrel
metabolism. Clopidogrel, a prodrug that must be metabolized in vivo in order to be
biologically active, is among the most widely distributed and efficacious anti-platelet
agents available, and the contribution of genetic variation to patient response, estimated
at 73% by ex vivo platelet aggregation 7, has been highly studied for more than a
decade126,127. To date, the majority of studies have utilized platelet function tests that are
based on ex vivo ADP-mediated platelet aggregation, a pharmacodynamic measure, in
order to examine clopidogrel response. Interestingly however, the majority of variants
that have been identified through platelet function testing influence clopidogrel
pharmacokinetics. For instance, ABCB1 C3435T, a missense mutation in a gene integral
in the intestinal absorption of the clopidogrel prodrug, results in reduced clopidogrel
active metabolite levels in carriers, and therefore reduced effectiveness of clopidogrel
treatment 111,112. Carriers of CES1 G143E, a mutation in the major protein responsible for
the deactivation and clearance of clopidogrel and its metabolites, have elevated levels of
the active metabolite, and therefore increased anti-platelet response 91. The hallmark
mutation for clopidogrel efficacy, CYP2C19*2, a nonsynonymous SNP in the major
cytochrome P450 enzyme responsible for clopidogrel bioactivation, has repeatedly been
linked to decreased clopidogrel active metabolite formation, increased on-treatment
platelet aggregation, and altered clinical events rates in patients with cardiovascular
disease, prompting the FDA to update the clopidogrel label to inform clinicians to
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consider alternative treatment for genetically susceptible patients7,92,93,95,128. However,
apart from these polymorphisms, few variants have been identified that are consistently
linked to clopidogrel efficacy. Therefore, based on current heritability estimates, a large
proportion of the genetic variants that impact clopidogrel response remain unknown.
Given this information, we hypothesized that the genome-wide analysis of clopidogrel
active metabolite concentration would facilitate the identification of novel variants that
affect clopidogrel metabolism that may be missed in genome-wide studies focusing
solely on pharmacodynamic measures such as platelet function testing.
The active metabolite of clopidogrel is highly unstable, with a half-life of
approximately 30 minutes129, and must be derivatized in order to be accurately measured
130

, which has likely limited the widespread use of this phenotype in large studies.

Through combining genome-wide genotyping and assessment of clopidogrel active
metabolite in a relatively large sample of subjects, we successfully identified novel loci
on chromosomes 3p25 and 17q11 that are significantly correlated with clopidogrel
metabolism in the Old Order Amish, as well as several other loci that may warrant further
investigation. Consistent with our hypothesis, 5 of the 9 loci strongly associated with
clopidogrel active metabolite exhibit, at minimum, a trending association with onclopidogrel platelet aggregation. However, none of these variants were associated with
ADP-mediated platelet aggregation at a genome-wide level and would not have been
identified in traditional investigations that solely utilize platelet function testing.
Furthermore, none of the pharmacokinetic variants identified in this study were correlated
with differing starting concentrations of the clopidogrel parent drug. Gene-level testing
using SKAT again identified the chromosome 17q11 locus as a modifier of clopidogrel
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active metabolite levels. Additionally, we utilized a bivariate approach with canonical
correlation analysis, which has been demonstrated to increase analytical power in the
genetic analysis of pleiotropic or correlated traits131. The results of this analysis lended
further support for the chromosomes 3p25 and 17q11 loci identified by clopidogrel active
metabolite GWAS.
This investigation was conducted in the Old Order Amish, a closed, founder
population with a high degree of consanguinity that, in many ways, is ideal for genetic
investigations of complex traits. However, due to the unique characteristics of this
population, genetic drift has resulted in reduced haplotype diversity that can inhibit
causal variant identification, particularly in gene dense regions. Indeed, we observed that
multiple SNPs are in high linkage disequilibrium with the index SNP of each
significantly associated locus. Further, the majority of the most significantly associated
variants are located in intergenic or intronic regions, and in silico functional predictors
offer little assistance in variant prioritization. Therefore, in an attempt to validate newly
identified loci, we assessed the relationship between a correlated set of variants for each
of the top associated loci and on-clopidogrel platelet aggregation as well as MACE in the
ICPC, the largest cohort of on-clopidogrel cardiovascular disease patients assembled to
date. While nominal associations were observed with on-clopidogrel platelet aggregation
in the ICPC at chromosomes 3p25 and 17q11, the effects were in the opposite direction
from what would have been expected based on the PAPI Study active metabolite
associations. While this is a surprising finding, it is not impossible given potential
differences in haplotype structure, and further follow-up is warranted. Potentially more
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interesting, a cluster of SNPs in the chromosome 1p25 suggestive loci had trending
associations with both platelet aggregation and MACE in the ICPC.
While they may not be causal, the most highly associated polymorphisms were
identified in, or near, genes with potential roles in clopidogrel response. For instance, in
the PAPI Study analysis of clopidogrel active metabolite, a cluster of highly associated
SNPs in the chromosome 3p25 locus were within the gene regions of RAD18, LMCD1AS1, and ATP2B2. RAD18, which encodes for an ubiquitin ligase involved in postreplication DNA repair132, and LMCD1-AS1, an antisense RNA gene133, do not have clear
roles in drug metabolism in vivo. However, ATP2B2, which codes for a plasma
membrane calcium transporter134, is an interesting candidate that has previously been
implicated in clopidogrel response135 and is also expressed in the liver136. In work
presented at the American College of Cardiology Scientific Sessions in 2012, Price et al.
identified a mutation in ATP2B2 that influenced clopidogrel efficacy, hypothesizing that
differential calcium flux in platelets leads to altered clopidogrel pharmacodynamics135,137.
It remains to be seen whether these are in fact the same signals.
In this investigation, we also observed that genetic variants on chromosome
17q11 significantly impacted levels of clopidogrel active metabolite in the PAPI Study
and nominally associated with on-clopidogrel ADP-mediated platelet aggregation in the
ICPC. All 8 of the associated SNPs are clustered in ASIC2, a gene that codes for a
member of the degenerin/epithelial sodium channel superfamily, which has been
previously implicated in acid-sensing in the gastrointestinal tract138. To date, no role for
ASIC2 in clopidogrel absorption has been established. However, one plausible
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mechanism is altered clopidogrel uptake, as has been seen with multiple drugs in patients
with gastrointestinal disorders139.
While, only exhibiting a suggestive significance level in the PAPI Study analysis
of clopidogrel active metabolite (P = 1.6 x 10-7), the chromosome 1p25 locus is perhaps
the most interesting association observed. In addition to exhibiting nominal evidence of
association with on-clopidogrel platelet aggregation in the PAPI Study (P = 4.6 x 10-3), a
cluster of SNPs in the chromosome 1p25 correlated set were the only variants to
demonstrate trending associations for both platelet aggregation and MACE in the ICPC.
In both the PAPI Study and the ICPC, the most strongly associated variant is located
within Ring Finger Nuclease 2 (RNF2), which encodes a polycomb group protein
important for transcriptional regulation of other genes140. Interestingly, RNF2 interacts
with P-glycoprotein, a key enzyme for the intestinal absorption of clopidogrel141.
Previous investigations have shown that RNF2 protein levels are negatively correlated
with P-glycoprotein expression in both insect and human models141. Further research is
warranted to determine the causality of the RNF2 variants in our study.
This study provides the first analysis of genome-wide genetic variation that
influences clopidogrel active metabolite concentration, enabling us to identify novel
clopidogrel variants that otherwise would not be found in a study exclusively examining
on-clopidogrel platelet aggregation. Rather surprisingly, correlation between clopidogrel
active metabolite and on-clopidogrel ADP-mediated platelet aggregation was not as high
as expected, with an r2=0.12. Further, only 4 of the 9 index SNPs identified from the
active metabolite GWAS and exWAS exhibited nominal associations with platelet
aggregation, although 1 other locus did trend in that direction. One partial explanation is
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that active metabolite is a direct measure of clopidogrel pharmacokinetics, whereas, ex
vivo platelet aggregation is a composite phenotype with significantly more heritable
variation due to both pharmacokinetic and pharmacodynamic effects. Indeed, the
heritability of clopidogrel active metabolite was estimated at 26%, while the heritability
of on-clopidogrel ADP-mediated platelet aggregation was estimated at 75% in this study.
Another plausible contributor to the relatively low concordance between these traits is the
differential impact of environment and anthropometric values on the pharmacodynamic
and pharmacokinetic measures. Whereas age, BMI, platelet count, total cholesterol, LDL,
HDL, and triglycerides were all associated with on-clopidogrel ADP-mediated platelet
aggregation, only BMI and platelet count were associated with clopidogrel active
metabolite in our study. While a number of studies have examined the influence of
comorbidities and patient characteristics on clopidogrel response through ex vivo platelet
aggregation, few, if any, reports to date have directly examined the influence of these
environmental factors on clopidogrel pharmacokinetics. Further, the reduced concordance
could potentially be due to the methods used to measure each phenotype. The active
metabolite was measured at a single time-point 1 hour after the final clopidogrel dose
(Cmax), which given the short half-life of clopidogrel only reflects response to a single
clopidogrel dose. On the other hand, the active metabolite irreversibly binds the platelet
ADP-receptor, which means that measurement of platelet aggregation reflects the
cumulative impact of a 7-day clopidogrel intervention.
There are some limitations of this study that should be considered. Imputation,
while useful for fine mapping, can lead to false positive results, particularly with rare
variants. In order to address this potential limitation, we verified the accuracy of our
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imputed genotype data through Taqman genotyping of our two strongest signals and
showed high genotype concordance ( >98%) for both variants. However, direct
genotyping of the other 6 suggestive loci in the PAPI study was not completed. While in
this study we conducted the first analysis of clopidogrel active metabolite in a large scale
population, our ability to replicate our findings is limited due to the unavailability of a
true replication cohort. Alternatively, we utilized the ICPC, the largest cohort of onclopidogrel cardiovascular disease patients with complete genotype and phenotype
information available to evaluate the impact of the variants identified herein on platelet
aggregation and clinical endpoints. This study is also potentially limited by the
methodology used to isolate and quantify the clopidogrel active metabolite. The
derivatization process with MPB does not differentiate between the racemic H4 (active)
and H3 (inactive) stereoisomer of clopidogrel metabolites, potentially leading to some
measurement error. While, high concordance between H3 and H4 has previously been
noted142, recent evidence indicates that the metabolism of H3 and H4 are, to an extent,
distinct143. While it is unlikely, it is therefore possible that mutations that have been
identified in this study to influence active metabolite but not platelet aggregation might
differentially impact the production of H3, not but H4. Further research examining the
production of the H4 metabolite versus the H3 metabolite would be informative. Finally,
the unique genetic substructure of the Amish population could result in a lack of
translatability of findings to non-Amish populations. However, this has not been the case
in the past7,8,117,118,
Inter-individual variation in response to clopidogrel has been noted since the drug
was first approved by the FDA in 1997, with non-modifiable factors such as race, sex,
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and age, as well as modifiable exposures such as obesity, smoking, and interactions with
other drugs such as statins significantly influencing patient response83,84,86,87,109. In
addition, pharmacogenetic variants significantly influence clopidogrel efficacy. However,
while the identification of polymorphisms such as CYP2C19*2 has informed clinicians to
alter treatment plans and improved outcomes in a percentage of cardiovascular disease
patients, there is still large ‘missing’ heritability that undoubtedly leaves a number of
patients at unnecessarily high risk of recurrent ischemic events. In this study, we aimed to
identify novel genetic variants that significantly influenced formation of the clopidogrel
active metabolite. Indeed, a number of novel variants with potential effects on
clopidogrel efficacy were identified. While these results still need further verification in
an independent population, this study demonstrates the utility of directly assessing
clopidogrel metabolites, and has implications for improved next-generation drug design
and improved anti-platelet treatment for at risk patients in the future.
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Chapter 5: Prospective Evaluation of Genetic Variation in PEAR1
Reveals Aspirin-Dependent Effects on Platelet Aggregation Pathways
Abstract
Background: Genetic variation in the Platelet Endothelial Aggregation Receptor 1
(PEAR1) gene is implicated in altered on-aspirin platelet aggregation and increased
cardiovascular event risk. rs12041331 has been the most highly and consistently
associated SNP with these phenotypes.
Methods: We tested the effects of aspirin administration at three commonly prescribed
aspirin doses (81, 162, and 324 mg/d) on agonist-induced platelet aggregation according
to rs12041331 genotype in 67 healthy individuals using a fixed-sequence, crossover
design. We further examined the impact of rs12041331 on circulating levels of 11dehydrothromboxane B2 and different platelet aggregation pathways pre- and post-aspirin
administration.
Results: Prior to aspirin administration, rs12041331 minor allele carriers had
significantly reduced ADP-induced platelet aggregation compared to non-carriers
(P=0.03) although genotype was not associated with collagen- or epinephrine –induced
platelet aggregation (P=0.20 and 0.21, respectively). In contrast, rs12041331 genotype
was significantly associated with on-aspirin platelet aggregation when collagen and
epinephrine were used to stimulate platelet aggregation (p < 0.05 for all associations), but
not ADP. Neither arachidonic acid-induced platelet aggregation nor urinary 11dehydrothromboxane B2 levels were associated with PEAR1 genotype pre- or post-aspirin
administration. Increasing the dose of aspirin did not influence platelet aggregation in a
genotype-dependent manner.
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Conclusions: The influence of PEAR1 rs12041331 on platelet aggregation is pathwayspecific and is altered by aspirin at therapeutic doses. Additional studies are needed to
determine the impact of PEAR1 on cardiovascular events in aspirin-treated patients.
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Introduction
Dual antiplatelet therapy (DAPT) with aspirin and clopidogrel is the most
commonly used regimen for medical management of patients with acute coronary
syndromes undergoing percutaneous coronary intervention. While generally effective in
most patients, significant inter-individual variability in DAPT response has been welldocumented, leading to sub-optimal therapy in some patients and resulting in an increase
in cardiovascular event rates7,8,90,144. In recent years, substantial effort has been made to
identify the pharmacogenetic determinants of variable antiplatelet therapy response.
Indeed, these investigations have convincingly shown that response to clopidogrel is
significantly influenced by genetic variation, most notably CYP2C19*2, which resulted in
an update to the clopidogrel label by the U.S. Food and Drug Administration in 20107. In
contrast, identification of genetic factors that influence response to aspirin has remained
difficult despite the fact that up to 77% of the total variation in aspirin response, as
assessed by ex vivo platelet aggregometry, is heritable101.
One of the few recently identified and promising aspirin response candidate genes
is platelet endothelial aggregation receptor 1 (PEAR1), which encodes a type 1 membrane
protein that has been implicated in megakaryopoiesis, thrombopoiesis, and stabilization
of platelet aggregation through enhancement of platelet αIIbβ3 activation1,105,107. To date,
several retrospective investigations have independently reported that genetic variation in
PEAR1 significantly influences agonist-induced platelet aggregation at baseline as well as
after aspirin exposure8,61,104,145-147. The most consistently and highly associated of these
genetic variants is rs12041331, an intronic variant that is believed to modify PEAR1
expression8,61,104,145,147. The effects of aspirin on platelet aggregation according to
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rs12041331 genotype have not been studied prospectively. In this investigation, we
prospectively tested the effects of aspirin administration at three commonly prescribed
aspirin doses (81, 162, and 324 mg/d) on agonist-induced platelet aggregation according
to rs12041331 genotype in 67 healthy individuals using a fixed-sequence, crossover
design. In addition, ex vivo platelet reactivity testing was completed using multiple
platelet agonists to examine the impact of PEAR1 rs12041331on different platelet
aggregation pathways pre- and post-aspirin administration to gain insights regarding the
mechanism(s) by which PEAR1 influences basal and on-treatment platelet reactivity.
Urinary thromboxane B2, a circulating biomarker of platelet function and aspirin
responsiveness, was also assessed by PEAR1 genotype in order to complement our
platelet aggregation results.
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Methods
Subjects
We recruited 67 relatively healthy Old Order Amish individuals from Lancaster,
Pennsylvania who had previously participated in the Heredity and Phenotype Intervention
Heart (HAPI) Study (between 2003 and 2006) 148, the Pharmacogenomics of Anti-Platelet
Intervention (PAPI) Study (between 2006 and 2012) 7, and targeted family members.
The 67 subjects recruited for this substudy included 34 PEAR1 rs12041331 major allele
homozygotes (GG), 28 heterozygotes (GA), and 5 minor allele homozygotes (AA), all
enrolled between August 2013 and November 2015.
Enrolled subjects were rescreened to ensure they met the eligibility criteria, which
were identical as those for the original PAPI Study. Subjects were generally healthy
Amish men and women and between 20 and 70 years of age. Exclusion criteria included:
platelet count < 100,000 mm3 or > 500,000 mm3, hematocrit < 25 or > 50, blood
pressure > 140/90, TSH < 0.40 or > 5.50, creatinine > 2.0, AST or ALT > 2.0x normal,
allergy to aspirin, planned warfarin or dabigatran therapy during the study period,
pregnant or breast feeding, history of myocardial infarction, coronary artery bypass
surgery, unstable angina, or angioplasty, history of gastrointestinal bleeding, a lifethreatening bleeding event, bleeding diathesis, or coagulopathy, type 2 diabetes, surgery
in the past 3 months or planned surgery in the next 12 months, any other co-existing
malignancy or other condition that would place participants at unacceptable risk.
Medical and family history, anthropometric measures, physical examinations, and blood
and urine samples were taken after an overnight fast. Complete blood count with platelet
numbers and levels of serum lipids were assayed by Quest Diagnostics (Horsham,
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Pennsylvania, USA) and low density lipoprotein cholesterol levels were calculated using
the Friedewald equation.
The protocol was approved by the University of Maryland, Baltimore Institutional
Review Board and adhered to the principles of the Declaration of Helsinki. All subjects
provided written informed consent. Participants were compensated for their participation.
Study Design
This study employed a prospective, genotype-stratified design in which all
subjects were studied under three different aspirin doses (7 days of aspirin followed by
14-day washout period) and platelet aggregation at each dose measured in response to
four different agonists. Figure 5.1 provides an overview of the study design. Study
procedures were performed at the University of Maryland Amish Research Clinic in
Lancaster, PA. All participants safely withdrew from medications, vitamins, and
supplements at least 1 week prior to, and for the duration of, the study. Any subjects who
were taking aspirin discontinued this medication at least 2 weeks prior to the study.
During the initial clinic visit, blood samples were obtained from each participant
for baseline measures of platelet aggregation and for specimen banking. After samples
were obtained, participants received an 81 mg chewable dose of non-enteric-coated
aspirin under direct supervision and were instructed to take 81 mg/d for the following 6
days. Subjects returned to the clinic on the 7th day and on-aspirin measures of platelet
aggregation were recorded 2 hours after the last 81 mg dose and samples were banked for
future analysis. At this time, participants underwent a washout period of at least 14 days
to allow platelet function to return to basal levels, consistent with the average lifespan of
platelets (7-10 days) 149. After the washout period, subjects presented back to the clinic
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and blood samples were drawn for repeat measures of baseline platelet function and
sample banking. Participants then received a 162 mg dose of aspirin under direct
supervision and were instructed to take this dose for the following 6 days, consistent with
what was done for the 81 mg dosing period. On day 7, subjects returned to the clinic and
received the final 162 mg aspirin dose. Two hours after the last aspirin dose, blood
samples were obtained for platelet function testing and banking. Participants then
underwent another 14 day washout period. These procedures were repeated for a 3rd time
with 324 mg/d of aspirin for 7 days. Again, platelet function was assessed and samples
were banked pre- and post-aspirin administration. Medication adherence was confirmed
during the study through usage history logbooks and pill counts. Clinic staff was blinded
to PEAR1 genotype throughout the course of the study. Banked samples were stored at 80°C until used.
Genotyping
All subjects were recruited based on known or predicted PEAR1 rs12041331
genotype, which had previously been measured as part of the HAPI or PAPI Study for
most participants 8,148. Genotype of each recruited participant was validated by repeat
genotyping of PEAR1 rs12041331 using a TaqMan SNP genotyping assay (Applied
Biosystems, Foster City, California) according to the manufacturer’s instructions. The
genotype concordance rate of this polymorphism in a subset of duplicate samples was
100% and the overall call rate was 100%.
Platelet Aggregation
Maximal platelet aggregation (%MPA) was assessed by optical aggregometry as
previously described 7. Briefly, platelet-rich plasma (PRP) was isolated from blood
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samples drawn into 3.2% trisodium citrate anticoagulated tubes (Becton-Dickinson,
Franklin Lakes, NJ) after discarding the initial 4 ml of blood and platelet counts were
adjusted to 200,000 platelets/μl using platelet-poor plasma (PPP). Platelet function was
assessed using a PAP8E Aggregometer (Bio/Data Corporation, Horsham, Pennsylvania)
according to the manufacturer’s instructions after stimulation with collagen (2 μg/ml),
adenosine diphosphate (ADP; 2 µmol), epinephrine (10 µM), and arachidonic acid (1.6
mM) and was expressed as the maximal percentage change in light transmittance using
platelet-poor plasma as a referent.
Biomarker Assessment
Thromboxane A2, which induces positive feedback during platelet aggregation
downstream of the COX1-dependent platelet aggregation pathway, is metabolized to 11dehydrothromboxane B2, which can be screened in urine to assess COX1-dependent
platelet aggregation as well as participant adherence to the aspirin protocol65.
Measurement of urinary 11-dehydrothromboxane B2 was performed using a monoclonal
11-dehydrothromboxane B2 enzyme-linked immunosorbent assay kit (Cayman Chemical,
Michigan, USA) according to the manufacturer’s instructions. Briefly, 25 μl of urine was
incubated with 25 μl assay buffer, 25 µl 11-dehydrothromboxane B2-acetylcholinesterase
conjugate as a competitive inhibitor, and 25 µl mouse monoclonal antibody. 11dehydrothromboxane B2 concentration was determined photometrically at 405 nm using a
PerkinElmer Victor X3 plate reader (PerkinElmer Inc., Shelton, CT) and expressed as
pg/ml. All samples were measured in duplicate and expressed as the mean of both
measurements.
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Statistical Analyses
SAS version 9.2 (SAS Institute Inc., Cary, North Carolina) was used to calculate
summary statistics, distributions, and frequencies. Association analyses of PEAR1
rs12041331 were performed using Mixed Model Analysis for Pedigrees (MMAP;
http://edn.som.umaryland.edu/mmap/) under an additive genetic model with adjustments
for age, sex, and relatedness amongst study participants. Under the additive model, the
variant was coded as 0, 1, and 2 for G/G, G/A, and A/A, respectively. MMAP, which has
been extensively used for genomic analyses in the Amish 7,8,53,91,117,118,128, accounts for
the relatedness of study subjects by conditioning the genotype-phenotype correlations on
the phenotypic correlations among relative pairs. The model for the polygenic component
was established by constructing a relationship matrix derived from the complete Amish
pedigree structure available through published genealogical records maintained by the
church 119.
Urinary concentrations of 11-dehydrothromboxane B2 were standardized to
creatinine and a paired t-test was conducted in R to assess the impact of aspirin (324
mg/day) on thromboxane production. Association analyses between PEAR1 rs12041331
and 11-dehydrothromboxane B2 levels pre- and post-aspirin administration (324 mg/day)
were performed using MMAP as described above with age and sex as covariates.
Differences between baseline platelet aggregation at study initiation and platelet
aggregation following two-week washout periods were assessed by a repeated-measures
ANOVA in R. The impact of aspirin dose on platelet aggregation as well as aspirin doseby-genotype interactions were also assessed by a repeated-measures ANOVA in R. All
statistical tests were 2-sided and P < 0.05 was considered statistically significant.
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Figure 5.1. PEAR1 Study design. Each study participant underwent 7-day aspirin
interventions at a low (81mg/day), medium (162mg/day), and high aspirin dose
(324mg/day), with a minimum 2-week washout in between each aspirin regimen.
Platelet aggregation was measured at Day 0 prior to the first aspirin dose and on Day
7 following the final aspirin dose of each treatment period. Blood and urine samples
were also obtained at Day 0 and Day 7 of each treatment period. Abbreviations:
Pharmacogenomics of Anti-Platelet Intervention, PAPI; platelet endothelial
aggregation receptor 1, PEAR1.
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Results
Characteristics of the 67 study participants are shown in Table 5.1. Briefly, these
subjects were healthy, middle-aged (mean age = 50.2 years), and had low prevalence of
disease (e.g. obesity [mean BMI = 28.4], hypertension [6.0%], hypercholesterolemia
[26.9%], diabetes [0.0%],) and smoking (10.4%). In total, we recruited 34 PEAR1
rs12041331 major allele homozygotes (G/G), 28 heterozygotes (G/A), and 5 minor allele
homozygotes (A/A). None of the clinical characteristics differed significantly by
rs12041331 genotype (Table 5.1), with the exception of platelet count (P = 0.03), which
is consistent with previous investigations 107.
To confirm that basal platelet function was restored after each aspirin dose
intervention, we compared agonist-induced platelet aggregation measures obtained
during the initial clinic visit (prior to any aspirin administration) to measures obtained
after the first (~ 2 weeks after the 81 mg dosing period) and second (~ 2 weeks after the
162 mg dosing period) washout periods. Indeed, no difference in agonist-induced platelet
aggregation was observed between these clinic visits (Table 5.2). Similarly, we assessed
the impact of aspirin dose (81, 162, and 325 mg/day for 7 days) on agonist-induced
platelet aggregation. As expected, near-complete inhibition of arachidonic acid-induced
platelet aggregation was achieved at 81 mg/day for 7 days with only a modest change at
the higher aspirin doses (i.e., at 162 or 324 mg/d) for the same length of time (P=0.03,
Table 5.3). In addition, aspirin dose did not significantly influence mean ADP-,
collagen-, and epinephrine-induced platelet aggregation values (P = 0.57, 0.56, and 0.07,
respectively).
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Prior to aspirin administration, we tested whether PEAR1 rs12041331 was
associated with maximal percentage of platelet aggregation after stimulation with ADP,
collagen, epinephrine, and arachidonic acid. Given that urinary levels of 11dehydrothromboxane B2 were also measured before and after administration of 325 mg of
aspirin for 7 days (see below), baseline measures of platelet aggregation recorded prior to
administration of 325 mg of aspirin are reported in Figure 5.2 and genotype-stratified
analysis of all baseline data are shown in Figure 5.3. We observed that subjects who
carried the minor allele of this variant had significantly reduced ADP-stimulated platelet
aggregation compared to non-carriers (mean maximal platelet aggregation [MPA] = 20.2,
37.0, and 41.8 for PEAR1 rs12041331 genotypes A/A, G/A, and G/G, respectively; P =
0.03). In contrast, we observed no evidence of association between rs12041331 and
collagen- as well as arachidonic acid-induced platelet aggregation (P = 0.20 and 0.21,
respectively). While a reduction in epinephrine-induced platelet aggregation was
observed in participants who were homozygous for the rs12041331 minor allele (MPA =
33.6, 64.0, and 60.8 for PEAR1 rs12041331 genotypes A/A, G/A, and G/G, respectively),
this comparison did not reach statistical significance (P = 0.14).
Interestingly, we observed different patterns of association between PEAR1
rs12041331 and agonist-induced platelet aggregation after aspirin treatment (Figure 5.4).
Unlike pre-aspirin measurements, we observed no evidence of association between
PEAR1 rs12041331 and ADP-stimulated platelet aggregation after administration of 81,
162, and 324 mg of aspirin for 7 days (P = 0.21, 0.28, and 0.95, respectively). In
contrast, we observed strong evidence of association between this polymorphism and
collagen-stimulated platelet aggregation regardless of aspirin dose (P = 0.03, 7.0 x 10-3,
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and 0.01 for aspirin doses of 81, 162, and 324 mg, respectively). Furthermore, subjects
who carried the minor allele of rs12041331 had significantly reduced on-aspirin
epinephrine-induced platelet aggregation compared to non-carriers (P = 0.04, 0.03, and
0.04 for aspirin doses of 81, 162, and 324 mg, respectively). Similar to pre-aspirin
measurements, arachidonic acid-induced platelet aggregation was not influenced by
PEAR1 rs12041331 regardless of aspirin dose (P = 0.86, 0.66, and 0.68 for aspirin doses
of 81, 162, and 324 mg, respectively).
We also performed interaction analyses in order to evaluate the influence of
increasing doses of aspirin on agonist-induced platelet aggregation in the context of
PEAR1 rs12041331 genotype. Regardless of the agonist used to stimulate platelet
aggregation, we observed no interaction between aspirin dose and rs12041331 genotype
(P = 0.89, 0.14, 0.76, and 0.54 when ADP, collagen, epinephrine, and arachidonic acid
was used as an agonist, respectively), indicating an aspirin dose above 81 mg had no
major impact on degree of reduction in agonist-induced platelet aggregation by PEAR1
rs12041331 genotype (Table 5.4).
Finally, we assessed urinary 11-dehydrothromboxane B2 levels pre- and postaspirin administration in the total population as well as by PEAR1 rs12041331 genotype
(Table 5.5). As expected, levels of 11-dehydrothromboxane B2 were significantly reduced
after aspirin exposure (P = 2.2x10-16), with near-complete inhibition of 11dehydrothromboxane B2 achieved after aspirin exposure for 7 days. 11dehydrothromboxane B2 levels were not significantly different by PEAR1 rs12041331
genotype before (P = 0.09) or after aspirin exposure (P = 0.16).
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Table 5.1. Characteristics of Study Participants
PEAR1 rs12041331 Genotype
Trait (units)

P-Value‡

Total
G/G

G/A

A/A

67

34

28

5

-

50.2 ± 1.2

49.7 ± 1.7

51.6 ± 1.9

45.4 ± 4.6

0.86

28 (42)

15 (44)

10 (36)

3 (60)

0.96

BMI ± SD (kg/m )

28.4 ± 0.6

28.0 ± 0.9

29.1 ± 0.9

27.4 ± 2.2

0.41

Hypertension* (%)

4 (6)

2 (6)

2 (7)

0 (0)

0.83

Hypercholesterolemia† (%)

18 (27)

9 (26)

9 (32)

0 (0)

0.60

Self-reported diabetes (%)

0

0

0

0

N/A

Current smoker (%)

7 (10)

3 (9)

4 (14)

0 (0)

0.96

Hematocrit ± SD (%)

40.3 ± 0.4

40.3 ± 0.5

40.3 ± 0.6

39.9 ± 1.0

0.85

White blood count ± SD (n x
1000/μl)

5.8 ± 0.2

5.5 ± 0.2

6.1 ± 0.3

5.8 ± 0.6

0.12

Number (n)
Age ± SD (yr)
Sex (n=Female) (%)
2

Platelet count ± SD (n x
100,000/μl)

223.1 ± 5.8 206.7 ± 7.3

243.8 ± 8.8 219.2 ± 20.8

0.03

Abbreviations: BMI, body mass index; N/A, not applicable; PEAR1, platelet endothelial
aggregation receptor 1; SD, standard deviation
* Defined as systolic blood pressure greater than 140 mm Hg or diastolic blood pressure greater
than 90 mm Hg or taking prescription medication for previously diagnosed hypertension
†

Defined as LDL-cholesterol greater than 160 mg/dl or taking prescription medication for
previously diagnosed hypercholesterolemia
‡

P-values represent statistical difference of each trait by PEAR1 rs12041331 genotype
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Table 5.2. Mean maximal platelet aggregation (%) during washout periods
Agonist
Arachidonic acid
ADP
Collagen
Epinephrine

Baseline visit
65.3
40.6
65.9
63.4

Washout visit 1
64.4
40.2
65.3
62.5

Washout visit 2
64.9
38.1
64.8
60.0

P-value
0.79
0.08
0.39
0.15

Table 5.3. Mean maximal platelet aggregation (%) by aspirin dose
Agonist

81 mg /day

162 mg /day

324 mg/day

P-value

Arachidonic acid
ADP

7.9
28.7

4.6
29.2

3.8
29.7

0.03
0.57

Collagen
Epinephrine

20.7
21.0

20.8
20.1

20.2
19.8

0.56
0.07
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P=0.03

P=0.20

P=0.14

P=0.21

Figure 5.2. Baseline agonist-induced ex vivo platelet aggregation measurements
were obtained in platelet-rich plasma prior to administration of the first aspirin
dose. Platelet Aggregation is expressed as the percentage of maximal aggregation using
platelet-poor plasma as a referent. Adenosine diphosphate (2 µM), collagen (2 µg/ml),
epinephrine (10 µM), and arachidonic acid (1.6 mM) were used to stimulate platelet
aggregation.
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P=0.09

P=0.06

P=0.03

P=0.99

P=0.70

P=0.20

P=0.20

P=0.05

P=0.14

P=0.17

P=0.28

P=0.21
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Figure 5.3. Baseline agonist-induced ex vivo platelet aggregation measurements were
obtained in platelet-rich plasma prior to administration of the first aspirin dose and at a
minimum of two weeks following the last medication taken at 3 separate visits (Baselineprior to 81mg/day Aspirin, Washout 1-prior to 162mg/day Aspirin, and Washout 2prior to 324mg/day Aspirin). Platelet Aggregation is expressed as the percentage of
maximal aggregation using platelet-poor plasma as a referent. Adenosine diphosphate (2
µM), collagen (2 µg/ml), epinephrine (10 µM), and arachidonic acid (1.6 mM) were used to
stimulate platelet aggregation.
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P=0.21

P=0.28

P=0.95

P=0.04

P=7.0x10-3

P=0.01

P=0.04

P=0.03

P=0.04

P=0.86

P=0.66

P=0.68
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Figure 5.4. On-aspirin agonist-induced ex vivo platelet aggregation measurements
were obtained in platelet-rich plasma on Day 7 of each treatment period 2 hours
following administration of the final aspirin dose. Aspirin doses of 81 mg, 162 mg,
and 324 mg were administered for 7 days. Platelet Aggregation is expressed as the
percentage of maximal aggregation using platelet-poor plasma as a referent. Adenosine
diphosphate (2 µM), collagen (2 µg/ml), epinephrine (10 µM), and arachidonic acid (1.6
mM) were used to stimulate platelet aggregation.
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Table 5.4. Interaction analysis between aspirin dose and rs12041331
Maximal Platelet Aggregation (%)
G/G
G/A
A/A
homozygotes heterozygotes
homozygotes
81
8.3 ± 2.6
7.5 ± 3.2
7.2 ± 1.5
Arachidonic
162
4.2 ± 0.9
5.2 ± 2.2
4.4 ± 0.8
Acid
324
4.1 ± 0.7
3.3 ± 0.3
4.4 ± 1.4
81
29.3 ± 1.3
29.3 ± 1.5
21.8 ± 2.9
ADP
162
29.3 ± 1.3
30.3 ± 1.1
21.8 ± 3.2
324
29.1 ± 1.4
30.9 ± 1.5
27.2 ± 4.8
81
22.9 ± 2.0
20.4 ± 2.3
7.6 ± 0.7
Collagen
162
23.4 ± 1.9
20.4 ± 2.1
6.2 ± 1.1
324
22.0 ± 1.8
20.6 ± 2.0
6.2 ± 0.7
81
22.5 ± 1.3
21.0 ± 1.8
11.0 ± 2.5
Epinephrine
162
21.8 ± 1.4
19.8 ± 1.7
11.0 ± 1.5
324
20.6 ± 1.5
20.6 ± 1.5
9.8 ± 1.7
Result for each genotype group reported as mean ± standard error.
Agonist

Aspirin Dose
(mg/day)
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Interaction
P-value
0.89

0.14

0.76

0.54

Table 5.5. Urinary 11-dehyrothromboxane B2 levels by rs12041331 genotype
G/G homozygotes
Pre-aspirin
administration

2463 ± 261

G/A heterozygotes
2154 ± 217

A/A homozygotes

P-value

1748 ± 432

0.16

Post-aspirin
474 ± 59
361 ± 33
365 ± 92
0.09
administration*
Urinary 11-dehydrothromboxane B2 levels ± standard deviations are expressed as pg/mg
creatinine.
*Measurements were recorded before and after administration of 325 mg/day aspirin for 7 days
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Discussion
While aspirin is the most frequently used antiplatelet medication globally, there is
a high degree of inter-individual variation in patient response to this agent. This is
reflected in the lack of consensus regarding the appropriate dose of aspirin to be
administered clinically, despite updated guidelines and numerous studies that indicate
high dose aspirin has no additional benefit but a reduced safety profile as compared to
low dose aspirin4,101,150-153. In past years, substantial effort has been made to identify the
genetic and non-genetic determinants of aspirin response, and while these investigations
have increased our understanding, identification of bona fide aspirin response candidate
polymorphisms have remained elusive. Multiple factors contribute to lack of genetic
replication including study design, participant population, clinical indication, and several
other confounding variables. Furthermore, the ways in which aspirin response is defined
(e.g. inhibition of platelet aggregation vs. rates of cardiovascular outcomes) as well as the
use of multiple platelet function tests has made it difficult to compare results across
investigations. Given that aspirin irreversibly acetylates cyclooxygenases (COX)
resulting in the inhibition of thromboxane A2 formation from arachidonic acid, traditional
tests of on-aspirin platelet function include stimulation of platelets with arachidonic acid
as well as assessment of urinary 11-dehydrothromboxane B2, a stable metabolite of
thromboxane A2. However, an increasing body of evidence suggests that evaluation of
non-COX-dependent platelet pathways complement traditional aspirin response
approaches and can aide in the identification of factors that lead to variation in response
to this drug4,8,101,154.
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PEAR1 was identified in 2005 as a type 1 transmembrane receptor that is highly
expressed in platelets and endothelial cells, among other cell types105. In platelets,
PEAR1 acts as a contact receptor that, upon ligand binding, becomes phosphorylated in a
Src family kinase-dependent manner, leading to downstream PI3K and AKT signaling,
ultimately resulting in the stabilization of platelet aggregates through secondary
activation of glycoprotein αIIbβ31,105. In addition, elegant work by Kauskot and
colleagues using CD34(+) hematopoietic stem cells and zebrafish revealed that PEAR1
attenuates megakaryopoiesis and thrombopoiesis through PI3K and PTEN pathways107.
Continual refinement of the biological processes that are influenced by PEAR1 in
platelets and other cell types are consistent with the results of genetic investigations of
PEAR1 (see below) and allow for better understanding of PEAR1-dependent changes in
platelet aggregation before as well as after antiplatelet treatment.
To date, multiple investigations have convincingly shown that genetic variation in
PEAR1 significantly influences agonist-induced platelet aggregation at baseline61,104,145147,155

as well as after treatment with aspirin104,156 , prasugrel157, and dual antiplatelet

therapy with aspirin and clopidogrel 8,158. While several polymorphisms that influence
platelet aggregation have been identified in this gene, rs12041331 seems to be the most
highly and consistently associated of these variants8,61,104,145,147. rs12041331 results in G
to A substitution in intron 1 and has been previously implicated in reducing PEAR1
expression 104. In a genome-wide meta-analysis of basal platelet function in over 4,500
European and African American participants, Johnson and colleagues showed that
PEAR1 rs12041331 was the strongest determinant of basal ADP- and epinephrineinduced platelet aggregation (P = 3.8 x 10-16 and 4.9 x 10-19, respectively) but did not
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report associations with collagen or collagen lag time147. Similarly, evaluation of
Caucasian Americans of the GeneSTAR cohort revealed that PEAR1 rs12041331 was
among the strongest determinants of platelet aggregation pre-aspirin administration,
accounted for approximately 15% of the total phenotypic variation in platelet function,
and, upon sequencing of the full PEAR1 gene in 104 participants with extreme aspirin
response, confirmed that rs12041331 accounted most strongly for the relation between
PEAR1 and platelet aggregation 145. Surprisingly, however, a different pattern of
association emerged post-aspirin administration (81 mg/day for 14 days), where
significant associations were observed with collagen- and epinephrine-induced platelet
aggregation but not when ADP was used as a platelet agonist104. To complicate matters
further, in African Americans of the GeneSTAR cohort, where the minor allele frequency
of this variant is substantially higher compared to Caucasian participants (0.37 vs. 0.09,
respectively), rs12041331 was significantly associated with ADP-, collagen-, and
epinephrine-induced platelet aggregation pre- and post-aspirin exposure. In our own
GWAS of dual antiplatelet therapy response (aspirin and clopidogrel) in 565 healthy
Caucasian participants of the PAPI study, PEAR1 rs12041331 was the strongest modifier
of collagen-stimulated platelet aggregation (P = 7.7 x 10-9)8. We also observed that
African American and Caucasian non-emergent percutaneous coronary intervention
patients who carried the minor allele of rs12041331 had reduced 1-year survival (HR =
3.97; P = 0.04 and HR = 2.62; P = 0.06, respectively) and that Caucasian stable coronary
artery disease patients on aspirin experienced higher rates of myocardial infarction
compared to non-carriers (OR = 2.03; P = 0.05). Interestingly, rs12041331 was not
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associated with myocardial infarction in stable coronary artery disease patients who were
not treated with aspirin8.
While several retrospective studies have independently shown that PEAR1
rs12041331 influences platelet aggregation and cardiovascular outcomes, others have
not103. In addition, differences in participant populations (e.g. healthy vs. cardiovascular
disease patients), study design (e.g. presence vs. absence of antiplatelet agents), as well as
utilized platelet function tests (i.e. the agonist used to stimulate platelet aggregation)
have made it challenging to definitively determine the platelet activation pathways
influenced by PEAR1. To better define the influence of PEAR1 rs12041331 on platelet
aggregation pathways, we, for the first time, prospectively evaluated this polymorphism
before and after aspirin administration (81, 162, and 324 mg/day) using multiple platelet
agonists (i.e. ADP, collagen, epinephrine, and arachidonic acid). Prior to aspirin
administration, we showed a strong relationship between PEAR1 genotype and ADPstimulated platelet aggregation but not with collagen-induced platelet aggregation,
consistent with the results observed in non-treated patients in both the Framingham Heart
Study and GeneSTAR cohorts104,147. Interestingly, after aspirin treatment, PEAR1
rs12041331 substantially influenced collagen-induced platelet aggregation but not ADPinduced platelet aggregation, suggesting a potential shift in the platelet pathways
impacted by PEAR1 in the presence of aspirin. While we found that on-aspirin
epinephrine-induced platelet aggregation was altered by PEAR1 genotype, consistent
with prior reports, we failed to observe such a relationship prior to aspirin administration.
This latter observation is in contrast to previous investigations; however, it should be
noted that we did observe a non-significant reduction in platelet aggregation in
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rs12041331 minor allele homozygotes after stimulation with epinephrine prior to aspirin
treatment (MPA = 33.6, 64.0, and 60.8 for PEAR1 rs12041331 genotypes A/A, G/A, and
G/G, respectively). Importantly, we did not observe evidence of association between
arachidonic acid-induced platelet aggregation or urinary 11-dehydrothromboxane B2
levels with rs12041331 pre- or post-aspirin administration. In other words, assessment of
non-COX-dependent biological pathways, in addition to canonical pathways, provided
useful insights regarding the determinants of variable aspirin response, consistent with
previous investigations4,8,101,104,154,156,158.
Given the prior observation that aspirin-treated coronary artery disease patients
who carried the minor allele of PEAR1 rs12041331 experienced higher rates of
myocardial infarction compared to non-treated carriers8, we, for the first time,
prospectively investigated the potential interaction between therapeutically used aspirin
doses and PEAR1 genotype on agonist-induced platelet aggregation. However, we did
not observe any such interaction. In fact, an aspirin dose above 81 mg did not strongly
influence the degree of inhibition of platelet aggregation in our entire cohort or by
rs12041331 genotype, consistent with recent U.S. guidelines that favor low-dose aspirin
antiplatelet therapy 153.
While it is increasingly clear that genetic variation in the PEAR1 gene
substantially impacts agonist-induced platelet aggregation, it is still unclear by what
mechanism they may influence cardiovascular event rates. For example, the minor allele
of rs12041331 leads to reduced on-treatment platelet aggregation yet higher rates of
thrombotic outcomes 8. While it has been speculated that the additive effect of aspirin
therapy in addition to reduced platelet aggregation in carriers of the rs12041331 minor
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allele may lead to unstable thrombi and subsequent plaque rupture, no evidence exists to
support this hypothesis. Alternatively, it is possible that reduced platelet aggregation in
minor allele carriers is unrelated to the increased cardiovascular event risk. PEAR1
expression in the endothelium is six-fold higher than expression in platelets105. Intriguing
work by Vandenbriele and colleagues recently showed that PEAR1 is a negative
regulator of neoangiogenesis and wound healing108. Furthermore, Fisch et al. showed
through meta-analysis of publically available microarray data that PEAR1 expression is
highly correlated with several genes and phenotypes that are integral to endothelial
function and that PEAR1 rs12041331 is significantly associated with flow-mediated
dilation of the brachial artery, a widely used non-invasive measure of endothelial
function 53. Additional mechanistic studies both in the endothelium and in platelets will
be required to clarify the role of PEAR1 in cardiovascular disease risk both in the
presence and absence of aspirin.
We would like to acknowledge some limitations of our investigation. Given the
moderate sample size of our cohort, it is possible that we may have been statistically
underpowered for some of our association analyses. While this did not seem to inhibit
our ability to observe significant changes by PEAR1 rs12041331 genotype pre- and postaspirin administration, the effect sizes of this variant on agonist-induced platelet
aggregation may be over- or underestimated. However, the effect sizes of PEAR1
rs12041331 on platelet aggregation in this study are similar to the effect sizes observed in
previous investigations 8,104. In addition, our study design evaluated PEAR1 genotype in
the context of acute aspirin administration. Given the methods used in this investigation
(i.e. ex vivo platelet aggregation) and average lifespan of platelet (7-10 days), we do not
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believe that platelet aggregation results would differ considerably between short- and
long-term aspirin exposure. However, if the relationship between PEAR1 genotype and
platelet aggregation is significantly impacted by PEAR1 activity in the endothelium,
where it is highly expressed, it is possible that chronic aspirin exposure might influence
our findings. Finally, we conducted our investigation in healthy Amish participants.
While our results are consistent with previously conducted retrospective analyses in
Caucasian populations, these results may not be generalizable to participants of different
race/ethnicities or to patients with cardiovascular disease. Additional evaluation of the
influence of PEAR1 rs12041331 genotype in these groups will be needed to confirm our
findings.
In summary, we prospectively investigated the impact of a recently identified
aspirin response polymorphism pre- and post-aspirin administration using several
important platelet agonists. While no difference in platelet function was observed using
traditional tests of aspirin response (i.e. arachidonic acid-induced platelet aggregation and
circulating levels of urinary thromboxane B2), PEAR1 genotype significantly impacted
non-COX-dependent platelet aggregation pathways. Furthermore, exposure to aspirin led
to a shift in the platelet aggregation pathways influenced by rs12041331, whereby ADPstimulated platelet aggregation was affected prior to aspirin administration yet collagenand epinephrine-induced platelet aggregation were impacted post-aspirin exposure.
Continual investigation will be necessary to better understand the dynamics of PEAR1mediated platelet aggregation in vivo as well as the implications of these findings on
adverse event rates in aspirin-treated patients with cardiovascular disease.
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Chapter 6: shRNA-Mediated Knockdown of Platelet Endothelial
Aggregation Receptor 1 (PEAR1) Inhibits Endothelial Cell Migration,
Adhesion, and Proliferation
Abstract
Several investigations have shown that platelet endothelial aggregation receptor 1
(PEAR1) is critical in a number of physiological processes including phagocytosis,
megakaryopoiesis, and platelet aggregation. However, few investigations have been
conducted to elucidate the role of PEAR1 in endothelial cells, where it is most highly
expressed. In this investigation, we utilized shRNA-mediated knockdown of PEAR1 in
primary human umbilical vein endothelial cells (HUVECs) to determine the impact of
PEAR1 on endothelial cell migration, adhesion, and proliferation. We extended our
findings by examining the impact of the well-described PEAR1 variant, rs12041331, on
HUVEC function, and evaluated the influence of this polymorphism on circulating
endothelial biomarkers in 63 healthy subjects pre- and post-aspirin intervention (325
mg/day for 7 days). We observed that PEAR1 knockdown significantly reduced HUVEC
migration, adhesion, and proliferation compared to control cells (P = 0.008, 0.02, and
0.009, respectively). Aspirin exposure largely abrogated the effect of PEAR1 knockdown
on migration and adhesion (P = 0.19 and 0.24, respectively); however, proliferation
remained significantly reduced compared to control cells (P = 0.01). rs12041331 did not
significantly influence PEAR1 expression, and no significant difference in migration
adhesion, or proliferation was observed by PEAR1 genotype pre- or post-aspirin
administration. Furthermore, no genotypic differences in circulating endoglin, sVCAM-
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1, sICAM-1, or endothelin-1 levels were observed before or after aspirin treatment.
Taken together, these results suggest that PEAR1 significantly impacts endothelial cell
migration, adhesion, and proliferation, although further investigation is warranted to
determine the influence of genetic variation and aspirin use on these traits.
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Introduction
Platelet Endothelial Aggregation Receptor 1 (PEAR1), first described in 2005 by
Nanda and colleagues, is a type 1 transmembrane tyrosine kinase receptor involved in a
number of physiological processes including megakaryopoiesis, thrombopoiesis, platelet
aggregation, and vasculogenesis53,105,107,108. While it is most highly expressed on the
plasma membrane of endothelial cells and platelets, PEAR1 is found in multiple tissue
and cell types, and has been previously implicated in cardiovascular disease risk8,105. At
this time, an increasing body of evidence has led to a better understanding of the function
of PEAR1 in platelets, where it acts to stabilize growing platelet aggregates downstream
of platelet activation through secondary activation of glycoprotein IIb/IIIa activation1,105.
Interestingly, recent investigations also suggest that PEAR1 is critical in endothelial
function as a negative regulator of neoangiogenesis and wound healing53,159.
Multiple genetic studies have consistently observed that a polymorphism in intron
1 of PEAR1 (rs12041331) significantly impacts platelet- and endothelial-related functions
of PEAR18,53,146,147. Indeed, recent work by Izzi and colleagues convincingly showed that
genetic variability at rs12041331 results in allele-specific differences in DNA
methylation and a subsequent reduction in PEAR1 expression in those who carry the
minor allele of this polymorphism160; an observation that is consistent with previous
reports104. Importantly, prior investigations have also shown that the influence of PEAR1
rs12041331 on platelet-related phenotypes and cardiovascular disease risk is influenced
by antiplatelet therapy with aspirin8,156.
In this investigation, we sought to better understand the relationship between
PEAR1 and endothelial function in order to gain insights regarding the mechanism(s) by
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which this receptor may impact cardiovascular disease risk. Furthermore, we
hypothesized that the effect of PEAR1 on endothelial-related phenotypes would be
influenced by aspirin administration. To test these hypotheses, we utilized short hairpin
RNA (shRNA)-mediated knockdown of PEAR1 expression to investigate the impact of
this gene on endothelial cell migration, adhesion, and proliferation pre- and post-aspirin
administration in primary human umbilical vein endothelial cells (HUVECs). We
extended our findings by performing experiments of endothelial cell migration, adhesion,
and proliferation in the presence and absence of aspirin.in primary HUVECs stratified by
PEAR1 rs12041331 genotype. Finally, we performed a prospective genotype-directed
short-term invention of aspirin (325 mg/day for 7 days) in 63 relatively healthy
individuals to assess whether rs12041331 genotype was correlated with circulating
biomarkers of endothelial function.
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Methods
Reagents and Antibodies
Endothelial Basal Growth Medium 2 (EBM2) and all added supplements were
purchased from Lonza (Walkersville, Maryland). Acetylsalicylic acid (ASA), gelatin
solution (0.5%), as well as endoglin, sVCAM-1, and sICAM-1 ELISA kits were
purchased from Sigma Aldrich (St. Louis, Missouri). Trypsin and Dulbecco’s phosphate
buffered saline (dPBS) were purchased from Mediatech, Inc. (Manassas, Virginia).
Gentra Puregene Cell Kit was purchased from Qiagen (Valencia, California). RIPA lysis
buffer and all added components were purchased from Teknova (Hollister, California).
Gateway LR Clonase II Enzyme Mix was purchased from Invitrogen (Carlsbad,
California). pENTR1A no ccDB (w48-1) and pCD/NL-BH*DDD (plasmid 17531) were
purchased from Addgene (Cambridge, Massachusetts). pSMPUW Universal Lentiviral
Expression Vector was purchased from Cell Biolabs (San Diego, California). CalFectin
Mammalian Cell Transfection Reagent was purchased from SignaGen (Rockville,
Maryland). Polybrene Transfection Reagent was purchased from EMD Millipore
(Billerica, Massachusetts). cOmpleteTM Protease Inhibitor Cocktail Tablets and the
Rapid DNA Ligation Kit were purchased from Roche Diagnostics (Indianapolis,
Indiana). TaqMan® SNP genotyping reagents, NuPAGE™ 4-12% Bis-Tris Mini Gels,
XCell SureLock™ Mini-Cell Electrophoresis System, NuPAGE® MES SDS Running
Buffer (20X), NuPAGE® Transfer Buffer (20X), Pierce™ BCA Protein Assay kit, and
Pierce™ ECL Western Blotting Substrate were purchased from Thermo Fisher Scientific
(Waltham, Massachusetts). Laemmli Sample Buffer (2X), 2-Mercaptoethanol, and
nitrocellulose membranes were purchased from Bio-Rad Laboratories (Hercules,
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California). Human PEAR1 antibody (antigen affinity-purified polyclonal goat-IgG) and
donkey anti-goat IgG horseradish peroxidase-conjugated antibody were purchased from
R&D Biosystems (Minneapolis, Minnesota). GAPDH (14C10) rabbit monoclonal
antibody was purchased from Cell Signaling Technology, Inc. (Beverly, Massachusetts).
Donkey anti-rabbit IgG horseradish peroxidase –conjugated antibody was purchased
from Santa Cruz Biotechnology (Dallas, Texas). LuminataTM Classico and LuminataTM
Cresendo Western horseradish peroxidase substrate were purchased from EMD Millipore
(Billerica, Massachusetts). HEK293T cells and XTT Cell Proliferation Assay Kits were
purchased from ATCC (Manassas, Virginia). Ibidi ibiTreat culture dishes with a µDish
culture insert were purchased from Ibidi USA Inc. (Madison, Wisconsin). CytoSelect™
Cell Adhesion Assay Kits, polybrene transfection reagent, pVSVG envelope vector, and
pSMPUW lentiviral vector were purchased from Cell Biolabs, Inc. (San Diego,
California). Endothelin-1 ELISA kits were purchased from Enzo Life Sciences
(Farmingdale, New York).

Cell culture
De-identified human umbilical cords were obtained from the University of
Maryland Medical Center Division of Maternal and Fetal Medicine, and HUVECs were
harvested as previously described161. Briefly, umbilical cords were cut at both ends,
blood was manually drained, and the umbilical vein was washed 3 times with PSA-PBS
(500ul 100X penicillin-streptomycin-amphotericin B + 50ml 1x PBS) and clamped on
both ends using sterile hemostatic clips. The umbilical vein was injected with 0.2%
collagenase solution and incubated for 8 minutes at 37 ⁰C, after which the cord was
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gently squeezed to dislodge and collect detached cells. Collected cells were centrifuged at
400 x g for 6 minutes and re-suspended in media for culture. Isolated HUVECs were
cultured in complete EBM2 containing 2% FBS, 0.04% hydrocortisone, 0.4% hFGF,
0.1% VEGF, 0.1% R3-IGF, 0.1% ascorbic acid, 0.1% hEGF, 0.1% gentamicinamphotericin-B [GA-1000], and 0.1% heparin and incubated under normal growth
conditions (37 ⁰C, 5% CO2). DNA from each cell line was extracted using a Gentra
Puregene Cell Kit according to the manufacturer’s instructions. PEAR1 rs12041331
genotype of each cell line was obtained using a TaqMan® SNP genotyping assay
performed on an Applied Biosystems 7900HT Fast Real-Time PCR system (Applied
Biosystems 7900HT Sequence Detection System) according to the manufacturer’s
protocol. Six primary HUVEC lines that were wild-type for PEAR1 rs12041331 (i.e. G/G
homozygotes) were randomly selected to assess the effect of PEAR1 knockdown on
endothelial migration, extracellular matrix adhesion, and proliferation. Nine additional
primary HUVEC cell lines (4 G/G, 3 G/A, and 2 A/A for rs12041331) were randomly
selected to assess the functional impact of PEAR1 rs12041331 genotype on endothelial
migration, extracellular matrix adhesion, and proliferation.

Aspirin dosing
The impact of PEAR1 knockdown and rs12041331 genotype on endothelial cell
migration, adhesion, and proliferation was assessed in the presence and absence of ASA,
the active ingredient in aspirin. For all in vitro experiments, ASA was dissolved in
complete EBM2 at a concentration of 1 mM, consistent with physiological plasma
concentrations of salicylate after therapeutic high-dose aspirin treatment162 and
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previously published in vitro studies evaluating the impact of aspirin on endothelial
function163-165. For the extracellular adhesion assay, each cell line was treated with ASA
for 24 hours. After incubation under normal growth conditions, all cells were collected,
counted, and re-suspended at a density of 5 x 105 cells/ml in serum-free EBM2. For
migration and proliferation assays, untreated cells were re-suspended at a density of 5 x
105 cells/ml in complete EMB2 with and without freshly prepared ASA and incubated for
24 hours under normal growth conditions prior to testing.

Lentivirus-mediated shRNA knockdown of PEAR1 gene expression
A lentiviral vector for shRNA-mediated knockdown of PEAR1 was generated as
previously described166. Briefly, a shRNA targeting PEAR1 (shREAR1- 2058,
forward strand 5'-ACCTCGACTGGACACCACTGCTTAGATCAAGAGTCTAAGCA
GTGGTGTCCAGTCTT-3', reverse strand 5'- CAAAAAGACTGGACACCACTGCTTA
GACTCTTGATCTAAGCAGTGGTGTCCAGTCG-3') or negative scrambled control
(forward strand 5'- ACCTCGCTGGAGAACCCATTCCTAGATCAAGAGTCTAGGAA
TGGGTTCTCCAGCTT-3', reverse strand 5'- CAAAAAGCTGGAGAACCCATTCCTA
GACTCTTGATCTAGGAATGGGTTCTCCAGCG-3') was annealed and ligated into a
modified pENTR1A entry vector using the Rapid DNA Ligation Kit and subsequently
recombined into a pSMPUW lentiviral vector using the Gateway LR Clonase II Enzyme
Mix. To produce constructs containing PEAR1 shRNA, scramble shRNA, or GFP, 1.2 μg
of the transfer vector (PEAR1, Scramble, or GFP), 1.2 μg of pCD/NL-BH*DDD
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(plasmid 17531) and 0.2 μg of pVSVG were co-transfected into HEK293T cells using
CalFectin according to manufacturer’s instruction. Culture media containing the
CalFectin/DNA complex was replaced with fresh complete DMEM growth medium 16
hours post-transfection. Viral medium was collected 24 and 48 hours post-transfection,
pooled, and then centrifuged at 172 x g at room temperature for 5 min. The supernatant
was aliquoted and stored at -80 °C. For shRNA-mediated knockdown of PEAR1, at
approximately 50% confluence, HUVEC lines were transfected with 1 ml of either LentiPEAR1 shRNA or Lenti-scramble shRNA and supplemented with 0.8 µl/ml Polybrene
Transfection Reagent and 4 ml complete EBM2 growth media. After incubation for 24
hours under normal growth conditions (37⁰C, 5% CO2), cells were transfected again with
either Lenti-PEAR1 shRNA or Lenti-scramble shRNA as described above and incubated
for an additional 24 hours, after which cells were prepared for functional testing. During
experiment optimization, a lentiviral construct expressing GFP was used to assess
transfection efficiency. After completion of primary experiments, HUVECs were
collected to confirm PEAR1 knockdown by Western blot.

Evaluation of endothelial migration
We evaluated the impact of PEAR1 knockdown and rs12041331 genotype on in
vitro endothelial cell migration pre- and post-aspirin administration using methods
described previously167 with some modifications. Briefly, HUVEC cell suspensions (70
μl at 5.0 x 105 cells/ml) of each treatment group were seeded on each side of an Ibidi
ibiTreat culture dish containing a µDish culture insert. When cells reached confluency
(approximately 24 hours), culture inserts were removed, leaving an effective “wound”
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width of 500 μm. Cells were photographed at 0 and 6 hours after the insert was removed
using a ZEISS Axiocam MRc5 camera (Carl Zeiss Microscopy, Pleasanton, California)
mounted on a Lumar.V12 microscope (Carl Zeiss Microscopy, Pleasanton, California).
The area of the wound was measured using ImageJ168 and used to calculate endothelial
cell migration as described in the Statistical Analysis section. Each treatment group was
measured in triplicate.

Assessment of extracellular matrix adhesion
The influence of PEAR1 on endothelial cell adhesion to extracellular matrix
proteins pre- and post-aspirin administration was measured using the CytoSelect™ Cell
Adhesion Assay Kit. Briefly, HUVEC cell suspensions (150 μl at 5.0 x 105 cells/ml) of
each treatment group were added to 48-well plates pre-coated with collagen I, collagen
IV, laminin I, fibronectin, and fibrinogen and incubated for 90 minutes. After unbound
cells were removed through washing with PBS, adherent cells were stained with
Cytoselect™ cell stain solution (Part No. 11002). After a second wash with deionized
water, adherent cells were incubated with cell extract solution (Part No. 11003),
transferred to a 96-well microtiter plate, and then measured colorimetrically at 560 nm
using a Perkin-Elmer Victor X3 plate reader (PerkinElmer, Inc., Waltham,
Massachusetts). All adhesion measurements were made in duplicate.

Measurement of endothelial cell proliferation
An XTT Cell Proliferation Assay Kit was utilized to evaluate HUVEC
proliferation in each treatment group. Briefly, aspirin-treated and non-treated cells (100
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μl at 5.0 x 10-5 cells/ml) were added to 96-well microtiter plates and proliferation was
determined colorimetrically at 24 hours using a Perkin-Elmer Victor X3 plate reader
(PerkinElmer, Inc., Waltham, Massachusetts). All measurements were made in triplicate.

Western Blot
HUVECs for Western Blot analysis were pelleted by centrifugation at 172 x g
(room temperature) and re-suspended in 100 µl of RIPA lysis buffer containing 150 mM
sodium chloride, 1% Triton X-100, 1% deoxycholic acid-sodium salt, 0.1% sodium
dodecyl sulfate, 50 mM Tris-HCL (pH 7.5), 2 mM EDTA and a cOmpleteTM a Protease
Inhibitor Cocktail Tablet. Cells were lysed by sonication and cell lysate protein
concentration was measured using a Pierce™ BCA Protein Assay Kit. Cell lysates were
subjected to SDS-PAGE under reducing conditions per the Novex NuPAGE® TrisGlycine Mini Gel Electrophoresis protocol. Samples were denatured and separated on
NuPAGE™ 4-12% Bis-Tris Mini Gels using the XCell SureLock™ Mini-Cell
Electrophoresis System with NuPAGE® MES SDS Running Buffer at a constant voltage
of 120 V for 4 hours. Subsequently, proteins were transferred to a nitrocellulose
membrane using NuPAGE® Transfer Buffer containing 10% methanol overnight in 4 ⁰C
conditions at a constant voltage of 40V. Membranes were blocked with 5% nonfat milk
in PBS supplemented with 0.02% Tween-20 (PBS-T) and blotted with PEAR1 antibody
(antigen affinity-purified polyclonal goat-IgG) overnight. After incubation with HRPconjugated donkey anti-goat secondary antibody for 1 hour, PEAR1 levels were
determined using LuminataTM Cresendo Western HRP Substrate. GAPDH was used as an
internal control protein for densitometry.
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Prospective evaluation of circulating endothelial biomarkers
Circulating biomarkers of endothelial function were evaluated pre- and postaspirin intervention (325 mg/day for 7 days) in 63 healthy, Old Order Amish participants
selected based on known PEAR1 rs12041331 genotype. All participants were generally
healthy and agreed to withdraw from all vitamins, supplements, and medications for a
minimum of 2 weeks prior to the initial clinic visit. Participants were excluded if any of
the following criteria were met: platelet count < 100,000 mm3 or > 500,000 mm3,
hematocrit < 25 or > 50, blood pressure > 140/90, TSH < 0.40 or > 5.50, creatinine > 2.0,
AST or ALT > 2.0x normal, allergy to aspirin, planned warfarin or dabigatran therapy
during the study period, pregnant or breast feeding, history of myocardial infarction,
coronary artery bypass surgery, unstable angina, or angioplasty, history of
gastrointestinal bleeding, a life-threatening bleeding event, bleeding diathesis, or
coagulopathy, type 2 diabetes, surgery in the past 3 months or planned surgery in the next
12 months, any other co-existing malignancy or other condition that would place
participants at unacceptable risk. Blood samples were collected after overnight fast, after
which participants took 325 mg of aspirin and were instructed to take the same dose for
the following 6 days. On Day 7, all participants returned to the clinic, and fasting blood
samples were collected 1 hour following the final aspirin dose. Blood samples were
banked at -80°C until used. Adherence to aspirin was confirmed by manual pill counts
and usage logbooks. Clinic staff was blinded to participant genotype status during course
of the study.
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Biomarker testing
Circulating levels of endoglin, endothelin-1, sVCAM-1, and sICAM-1were
measured pre- and post-aspirin administration through the use of commercially available
enzyme-linked immunosorbent assays according to manufacturer’s instructions. Each
sample was measured in duplicate using a Perkin-Elmer Victor X3 plate reader
(PerkinElmer, Inc., Waltham, Massachusetts) and concentrations of each sample were
calculated using a 4-paramater logistic curve. Duplicate samples with a coefficient of
variation ≥ 15% were re-tested.

Statistical Analysis
PEAR1 expression after shRNA knockdown was statistically evaluated using a
paired t-test implemented in R. For experiments evaluating the influence of PEAR1
knockdown on endothelial cell migration, adhesion, and proliferation, a repeated
measures ANOVA implemented in R was used to determine statistical significance.
Comparison groups for each assay of PEAR1 knockdown were control vs knockdown and
ASA-treated control vs ASA-treated knockdown. PEAR1 genotype-specific in vitro tests
of endothelial function were conducted using a one-way ANOVA implemented in R. The
effect of genotype was assessed assuming an additive model (G/G = 0, G/A = 1, and A/A
= 2). The impact of aspirin on endothelial cell migration, adhesion, and proliferation was
assessed by repeated measures ANOVA in R.
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The effect of aspirin on circulating biomarkers of endothelial function was
assessed by repeated measures ANOVA in R. Given the cryptic relatedness between
members of the Amish community, mixed models analyses were performed under an
additive genetic effect (G/G = 0, G/A = 1 and A/A = 2) using Mixed Model Analysis for
Pedigrees (MMAP; http://edn.som.umaryland.edu/mmap/) to assess the association
between PEAR1 rs12041331 and circulating biomarkers of endothelial function. MMAP
conditions the genotype-phenotype correlations on the phenotypic correlations among
relatives to account for relatedness between study participants. To model the polygenic
component, a relationship matrix was developed from the complete Amish pedigree
available through published genealogical records119. MMAP has been extensively used
for genomic analysis in the Amish 7,8,53,91,117,118,128. All analyses in MMAP were
conducted with adjustment for age, sex, and participant relatedness. All statistical
analyses were 2-sided and P < 0.05 was considered statistically significant.
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Results
PEAR1 knockdown impacts endothelial cell migration, adhesion, and proliferation
To determine the role of PEAR1 in endothelial cell migration, adhesion, and
proliferation, primary HUVECs were transfected with lentiviral constructs expressing
either a shRNA targeting PEAR1 or a scrambled control shRNA. Western blot analysis
confirmed reduction of PEAR1 protein expression by approximately 49% in HUVECs
infected with PEAR1-targeting shRNA compared to cells infected with a scrambled
control shRNA (P=0.001, Figure 1). Transfection efficiency was assessed through
infection of cells with a lentiviral construct expressing GFP.
The impact of PEAR1 on endothelial cell migration was functionally evaluated in
vitro using a modified version of the well-described scratch assay167. Differences in
HUVEC migration between cells transfected with either PEAR1 or control shRNAexpressing lentiviral vectors were assessed 6 hours post-insert removal. We observed
that shRNA-mediated knockdown of PEAR1 significantly reduced HUVEC migration
compared to cells infected with control shRNA (P = 0.008, 95.4 ± 24.7 µm and 118.5 ±
26.4 µm, respectively, Figure 2).
Endothelial cell adhesion to extracellular matrix proteins is critical for
angiogenesis, vasculogenesis, and maintenance of vascular endothelium31. The adhesive
properties of HUVECs infected with either PEAR1 or control shRNA-expressing
lentiviral vectors to fibronectin, collagen I, collagen IV, laminin I, fibrinogen, and bovine
serum albumin (BSA) were evaluated in 6 independent cell lines. We observed that
PEAR1 knockdown resulted in a strong reduction in cellular adhesion to collagen I
compared to cells that were infected with viral particles expressing control shRNA (P =
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0.008, Figure 3). Further, adhesion to fibronectin and fibrinogen was modestly reduced in
cells infected with PEAR1 shRNA-expressing lentiviral vectors compared to control
shRNA-expressing particles (P = 0.04 and 0.04, respectively). No differences in cellular
adhesion between PEAR1 knockdown and control groups were observed when collagen
IV, laminin I, or BSA was used to stimulate adhesion (P = 0.12, 0.09, and 0.06,
respectively, Figure 3).
Endothelial cell proliferation in HUVECs infected with either PEAR1 or control
shRNA-expressing lentiviral vectors was assessed at 24 hours. Using 6 primary HUVEC
lines, we observed that cellular proliferation was significantly reduced in HUVECs
infected with PEAR1-targeting shRNA compared to cells infected with a scrambled
control shRNA (P = 0.003, Figure 4).

Aspirin treatment influences PEAR1-mediated effects on endothelial function
Given that prior investigations have shown that the impact of genetic variation in
PEAR1 is influenced by aspirin treatment8,104,156,158 , we also evaluated the role of PEAR1
knockdown on endothelial cell migration, adhesion and proliferation after ASA exposure
(1 mM for 24 hours). While we did observe significant differences in endothelial cell
migration in untreated PEAR1 knockdown vs. control HUVECs (see above), no
difference in migration between cells infected with PEAR1-targeting shRNA compared to
cells infected with a scrambled control shRNA was observed after ASA exposure (P =
0.13, 113.5 ± 19.4 µm and 103.7 ± 26.4 µm, respectively, Figure 2). Similarly, while
differences in cellular adhesion to extracellular matrix proteins (i.e. collagen I) were
observed between PEAR1 knockdown and control groups prior to ASA treatment, no
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difference in adhesion to fibronectin, collagen I, collagen IV, laminin I, fibrinogen, and
BSA was observed between these groups after exposure to ASA (P = 0.29, 0.18, 0.65,
0.37, 0.16, and 0.97, respectively, Figure 3). Endothelial cell proliferation was
significantly different between HUVECs infected with PEAR1-targeting shRNA
compared to control shRNA after aspirin treatment (P = 0.003), similar to the results
observed in untreated cells (Figure 4). The influence of aspirin exposure on endothelial
cell migration, adhesion, and proliferation in control HUVECs and PEAR1 knockdown
HUVECs is shown in Table 6.1 and 6.2, respectively.

Figure 6.1. shRNA-mediated PEAR1 knockdown. A) Western blot analysis revealed
that PEAR1-targeting shRNA (shPEAR1-2058) decreased PEAR1 protein expression
relative to control shRNA. A 0.1% SDS-PAGE gel was used for protein separation. B)
PEAR1 protein levels, relative to GAPDH, was analyzed using ImageJ in 5 independent
human umbilical vein endothelial cell lines. Abbreviations: GAPDH, glyceraldehyde 3phosphate dehydrogenase; PEAR1, platelet endothelial aggregation receptor 1. * P <
0.05.
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Figure 6.2. The impact of PEAR1 knockdown on endothelial cell migration. A)
In untreated and aspirin-treated (1 mM for 24 hours) HUVECs, we evaluated the
impact of shRNA-mediated knockdown of PEAR1 on endothelial cell migration
relative to cells infected with control shRNA (6 independent HUVEC lines). B)
Phase-contrast microscopy images of human umbilical vein endothelial cells infected
with lentiviral constructs expressing either PEAR1-targeting (shPEAR1-2058) or
control shRNA in the absence or presence of aspirin. Images are shown at 20 X
magnification. Abbreviations: PEAR1, platelet endothelial aggregation receptor 1;
N.S., no significant difference. * P < 0.05
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Figure 6.3. The influence of PEAR1 knockdown on cellular adhesion to extracellular
matrix proteins. In untreated and aspirin-treated (1 mM for 24 hours) human umbilical
vein endothelial cells, we tested the influence of shRNA-mediated knockdown of PEAR1
on adhesion to the extracellular proteins fibronectin, collagen I, collagen IV, laminin I,
fibrinogen, as well as BSA relative to cells infected with control shRNA (6 independent
HUVEC lines). Adhesion to each extracellular matrix protein was quantified using
OD560 nm as described in the Methods section and normalized to BSA binding in
untreated control HUVECs. Abbreviations: BSA, bovine serum albumin; PEAR1, platelet
endothelial aggregation receptor 1; N.S., no significant difference. * P < 0.05
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Figure 6.4. PEAR1 knockdown results in reduced proliferation in untreated and
ASA-treated endothelial cells. In untreated and aspirin-treated (1 mM for 24 hours)
human umbilical vein endothelial cells, we tested the influence of shRNA-mediated
knockdown of PEAR1 on cellular proliferation in 6 independent cell lines. Proliferation
was quantified using OD450 nm as described in the Methods section and normalized to
the proliferation of untreated control HUVECs. Abbreviations: ASA, acetylsalicylic acid;
PEAR1, platelet endothelial aggregation receptor 1; N.S., no significant difference. * P <
0.05
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Table 6.1. Effect of ASA in control HUVECs (n=6)
No Aspirin
Aspirin

P-value

Migration
118.47 ± 26.40
113.46 ± 19.41
0.34
Fibronectin
0.38 ± 0.07
0.42 ± 0.09
0.29
Collagen I
0.39 ± 0.09
0.46 ± 0.13
0.09
Collagen IV
0.29 ± 0.05
0.34 ± 0.10
0.25
Laminin I
0.19 ± 0.04
0.24 ± 0.07
0.02
Fibrinogen
0.34 ± 0.07
0.43 ± 0.08
0.06
BSA
0.11 ± 0.04
0.09 ± 0.02
0.08
Proliferation
1.52 ± 0.26
1.19 ± 0.22
3.52 x 10-6
Values are listed as mean ± standard deviation. Migration distance measured as µM.
Extracellular matrix adhesion measured as OD 560nM. Proliferation measured as OD 450nM.

Table 6.2. Effect of ASA in PEAR1 knockdown HUVECs (n=6)
No Aspirin
Aspirin

P-value

Migration
95.36 ± 24.67
103.74 ± 26.41
0.29
Fibronectin
0.32 ± 0.09
0.37 ± 0.12
0.42
Collagen I
0.30 ± 0.08
0.38 ± 0.11
0.11
Collagen IV
0.25 ± 0.05
0.33 ± 0.11
0.12
Laminin I
0.16 ± 0.04
0.22 ± 0.07
0.03
Fibrinogen
0.27 ± 0.07
0.35 ± 0.11
0.13
BSA
0.09 ± 0.02
0.09 ± 0.02
0.48
Proliferation
1.32 ± 0.25
1.02 ± 0.20
1.53 x 10-5
Values are listed as mean ± standard deviation. Migration distance measured as µM.
Extracellular matrix adhesion measured as OD 560nM. Proliferation measured as OD 450nM.
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Evaluation of PEAR1 rs12041331 on endothelial function
In addition to investigating the effect of PEAR1 knockdown on endothelial cell
migration, adhesion, and proliferation, we also assessed whether the well-described
PEAR1 rs12041331 variant significantly influenced these phenotypes as well as protein
expression. In 9 primary HUVEC lines that were selected based on rs12041331 genotype
(4 G/G, 3 G/A, and 2 A/A), PEAR1 protein expression was moderately reduced in Aallele carriers, though this difference was not significant (P=0.45, Figure 6.5).
Genotypic differences in endothelial cell migration were assessed at 6 hours postinsert removal. In contrast to the results obtained after shRNA-mediated knockdown of
PEAR1, no difference in endothelial migration was observed between genotype groups
prior to ASA treatment (P = 0.28, 138.3 ± 47.5 μm for the 4 G/G cell lines, 120.5 ± 20.9
μm for the 3 G/A cell lines, and 121.343 ± 19.3 μm for the 2 A/A cell lines). Similarly,
no difference in endothelial cell migration was observed by PEAR1 rs12041331 genotype
after ASA exposure (P = 0.99, 118.1 ± 40.3 μm for the 4 G/G cell lines, 115.7 ± 34.9 μm
for the 3 G/A cell lines, and 118.7 ± 10.5 μm for the 2 A/A cell lines).
Differences in cellular adhesion to fibronectin, collagen I, collagen IV, laminin I,
fibrinogen, and BSA were assessed in the same HUVEC lines by PEAR1 rs12041331
genotype. In contrast to the results obtained after shRNA-mediated knockdown of
PEAR1, the A-allele of rs12041331 did not strongly influence adhesion to any
extracellular matrix protein investigated in the absence of ASA treatment. Additionally,
no difference in extracellular matrix adhesion was observed by PEAR1 rs12041331
genotype after ASA exposure (Figure 5).
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In contrast to the results obtained after shRNA-mediated knockdown of PEAR1,
no difference in endothelial cell proliferation was observed between rs12041331
genotype groups prior to ASA treatment (P = 0.34). Although HUVEC proliferation was
generally reduced after ASA treatment (P = 4.9 x 10-6), no difference was observed
between rs12041331 genotype groups after ASA treatment (P = 0.61).
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Figure 6.5. PEAR1 expression by rs12041331 A) Western blot analysis
revealed that the A-allele of rs12041331 decreased PEAR1 protein
expression relative to control shRNA. A 12% SDS-PAGE gel was used for
protein separation. B) PEAR1 protein levels, normalized to the average
PEAR1 expression in G/G homozygotes, were analyzed using ImageJ in 6 (2
G/G, 2 G/A, and 2 A/A)dependent human umbilical vein endothelial cell
lines. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
PEAR1, platelet endothelial aggregation receptor 1; N.S., no significant
difference.
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Figure 6.6. The impact of PEAR1 rs12041331 genotype on cellular adhesion to
extracellular matrix proteins. In untreated and aspirin-treated (1 mM for 24 hours)
HUVECs, we tested the influence of PEAR1 rs12041331 on adhesion to the extracellular
proteins fibronectin, collagen I, collagen IV, laminin I, fibrinogen, as well as BSA.
Comparisons were based on 4 HUVEC lines that were homozygous for the rs12041331
major allele (G), 3 that were heterozygotes (G/A), and 2 that were homozygous for the
minor allele (A). Adhesion to each extracellular matrix protein was quantified using
OD560 nm as described in the Methods section and normalized to BSA binding in
untreated G/G HUVECs. Abbreviations: BSA, bovine serum albumin; HUVEC, human
umbilical vein endothelial cell; PEAR1, platelet endothelial aggregation receptor 1; NS,
no significant difference
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Impact of PEAR1 rs12041331 on circulating biomarkers of endothelial function
To assess the potential relationship between PEAR1 and aspirin use on circulating
biomarkers of endothelial function, 63 relatively healthy individuals were recruited by
rs12041331 genotype (32 participants were G/G homozygotes, 26 were heterozygotes
[G/A], and 5 were A/A homozygotes) and underwent a short-term aspirin intervention
(325 mg/day for 7 days). Clinical characteristics of these participants are shown in Table
6.3. Pre- and post-aspirin levels of endoglin, endothelin-1, VCAM-1, and ICAM-1 in
the entire cohort (N = 63) were not significantly different from each other (Table 6.4).
Circulating levels of each of these biomarkers were assessed pre- and post- aspirin
administration by rs12041331 genotype (Table 6.5). No evidence of association was
observed between rs12041331 genotype and levels of endoglin pre- (P = 0.51) or postaspirin (P = 0.67) administration. Similarly, circulating levels of endothelin-1 did not
differ by PEAR1 genotype before or after aspirin treatment (P = 0.93 and 0.82,
respectively). Furthermore, no genotypic differences in VCAM-1 and ICAM-1 levels
were observed before (P = 0.34 and 0.62, respectively) or after (P = 0.15 and 0.68,
respectively) aspirin administration (Table 6.5).
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Table 6.3. Characteristics of PEAR1 Study participants
PEAR1 rs12041331 Genotype
Trait (units)

Total

P-Value‡

G/G

G/A

A/A

63

32

26

5

50.0 ± 9.7

49.9 ± 9.8

50.8 ± 9.6

45.4 ± 10.4

0.65

27 (43)

13 (41)

12 (46)

3 (60)

0.96

BMI ± SD (kg/m )

28.4 ± 4.7

27.9 ± 4.7

29.2 ± 4.8

27.4 ± 4.9

0.39

Hypertension* (%)

4 (6)

2 (6)

2 (8)

0 (0)

0.82

17 (27)

9 (28)

8 (31)

0 (0)

0.45

0

0

0

0

N/A

Current smoker (%)

6 (10)

3 (9)

3 (12)

0 (0)

0.86

Hematocrit ± SD (%)

40.2 ± 2.9

40.1 ± 3.0

40.5 ± 3.1

39.9 ± 2.2

0.91

White blood count ± SD
(n x 1000/μl)

5.8 ± 1.2

5.5 ± 1.0

6.1 ± 1.4

5.8 ± 1.3

0.12

Number (n)
Age ± SD (yr)
Sex (n=Female) (%)
2

Hypercholesterolemia†
(%)
Self-reported diabetes (%)

Platelet count ± SD
(n x 100,000/μl)

224.0 ± 47.9 206.5 ± 43.8 246.5 ± 45.2 219.2±46.6

0.03

Abbreviations: BMI, body mass index; N/A, not applicable; PEAR1, platelet endothelial aggregation
receptor 1; SD, standard deviation
* Defined as systolic blood pressure greater than 140 mm Hg or diastolic blood pressure greater than
90 mm Hg or taking prescription medication for previously diagnosed hypertension
†
Defined as LDL-cholesterol greater than 160 mg/dl or taking prescription medication for previously
diagnosed hypercholesterolemia
‡
P-values represent statistical difference of each trait by PEAR1 rs12041331 genotype
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Table 6.4. Mean biomarker concentration pre- and post- aspirin
Biomarker
Pre-Aspirin
Post-Aspirin

P-value

Endoglin (ng)*

6.58 ± 1.96

6.79 ± 1.77

0.13

Endothelin-1 (pg) †

0.76 ± 0.56

0.62 ± 0.41

0.12

VCAM-1 (ng)*

100.43 ± 23.37

100.30 ± 28.68

0.97

ICAM-1(ng)*

145.03 ± 40.54

153.14 ± 60.73

0.23

Values are listed as mean ± standard deviation.
*Endoglin, VCAM-1, and ICAM-1 were assayed in 63 individuals (32 G/G, 26 G/A, 5 A/A).
†
Endothelin-1 was assayed in 41 individuals (20 G/G, 18 G/A, 3 A/A).

Table 6.5. Biomarkers of endothelial function stratified by
PEAR1 rs12041331 genotype
PEAR1 rs12041331 Genotype
Biomarker Treatment
G/G
G/A
A/A

Beta

P-value

Pre-aspirin

6.46 ± 0.39

6.79 ± 0.35

6.21 ± 0.67

-0.25 ± 0.39

0.52

Post-aspirin

6.73 ± 0.36

6.97 ± 0.30

6.26 ± 0.52

-0.14 ± 0.36

0.71

Endothelin-1 Pre-aspirin
(pg)†
Post-aspirin

0.79 ± 0.14

0.74 ± 0.10

0.68 ± 0.13

-0.01 ± 0.13

0.93

0.60 ± 0.10

0.64 ± 0.09

0.59 ± 0.17

0.03 ± 0.11

0.82

Pre-aspirin

104.61 ±
4.18

96.20 ±
4.71

95.74 ±
7.04

-5.59 ± 4.67

0.24

Post-aspirin

106.08 ±
5.29

95.41 ±
5.26

88.76 ±
12.04

-8.20 ± 5.58

0.15

Pre-aspirin

145.16 ±
6.04

150.40±
9.08

116.17 ±
18.93

-4.05 ± 8.12

0.62

Post-aspirin

144.43 ±
6.90

168.57 ±
15.93

128.66 ±
15.59

5.07 ± 12.32

0.68

Endoglin
(ng)*

VCAM-1
(ng)*

ICAM-1
(ng)*

Values are listed as mean ± standard error.
*Endoglin, VCAM-1, and ICAM-1 were assayed in 63 individuals (32 G/G, 26 G/A, 5 A/A).
†
Endothelin-1 was assayed in 41 individuals (20 G/G, 18 G/A, 3 A/A).
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Discussion
The endothelial monolayer that lines the interior of blood vessels serves as a
protective barrier between the blood and surrounding tissue and is critical for maintaining
cardiovascular health20. The major functions of the endothelium include regulating
hemostatic balance, vascular tone, wound healing, angiogenesis, and inflammation20.
During wound repair and angiogenesis, endothelial cells must be able to migrate from the
vasculature, adhere to the extracellular matrix, and proliferate to form new vasculature31.
Risk factors such as high lipid levels and tobacco use20,26, as well as genetic variation in
genes involved in essential endothelial processes compromise the integrity of the
endothelium and result in increased risk of cardiovascular diseases. Given the results of
previous investigations by our group and others53,108,160, we hypothesized that PEAR1
was an important determinant of endothelial cell function and that changes in PEAR1
expression would influence endothelial-related processes important in cardiovascularrelated health.
PEAR1 is a recently identified 150 kDa transmembrane protein involved in a
number of diverse biological processes including phagocytosis, thrombosis, and
vasculogenesis1,105,107,108,169 and has been previously implicated in risk of myocardial
infarction8. While PEAR1 is well-characterized as an important determinant of growing
platelet aggregates through induction of secondary glycoprotein IIb/IIIa activation1, the
function of PEAR1 in the endothelium, where expression is 6-fold higher than in
platelets105, is less understood, though recent investigations suggest a significant role in
angiogenesis and wound healing53,108. In this investigation, we extend on previous studies
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by showing that PEAR1 knockdown significantly impacts endothelial cell migration,
adhesion, and proliferation.
Through the use of shRNA-mediated knockdown of PEAR1 in primary HUVECs,
which resulted in a 50% reduction in protein expression, we observed an approximate
20% reduction in endothelial cell migration compared to cells treated with a control
shRNA. In addition, given the known role of PEAR1 as a contact-contact receptor that
propagates thrombus formation through secondary stabilization of aggregation-based
pathways, we also evaluated the influence of PEAR1 knockdown on endothelial cell
binding capacity to several extracellular matrix proteins critical in cellular adhesion. We
observed that reduction in PEAR1 expression impacted the ability of endothelial cells to
bind to collagen I by approximately 25%. Interestingly, we also observed that HUVEC
binding capacity to fibrinogen and fibronectin was reduced upon PEAR1 knockdown (P =
0.04 and 0.04, respectively). No difference in cellular adhesion to collagen IV or laminin
I was observed upon PEAR1 knockdown. Finally, we evaluated the influence of PEAR1
on the ability of HUVECs to proliferate and observed an approximate 15% reduction in
proliferation upon PEAR1 knockdown compared to control cells.
While gene knockdown is a useful method to elucidate novel functions of genes
with unknown or poorly understood features, the impact of naturally occurring genetic
variation in those genes can better define the importance of these functions in vivo and is
often more clinically relevant. Therefore, we complemented our PEAR1 knockdown
experiments by evaluating the effect of rs12041331, the most widely investigated
polymorphism in PEAR1, on HUVEC migration, adhesion and proliferation. Previous
investigations have consistently shown that rs12041331 genotype significantly influences
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platelet and endothelial-related functions of PEAR18,53,61,104,145,156 and is associated with
cardiovascular disease risk8. Moreover, rs12041331 was recently shown to modify
PEAR1 expression through disruption of a DNA methylation site, presumably leading to
differences in transcription factor binding capacity160. Though there was a trend for
reduced PEAR1 protein expression with the minor allele of rs12041331, this difference
was not statistically significant. We did not find increasing copies of the rs12041331
minor allele to be significantly associated with reduced adhesion to collagen I, collagen
IV, fibrinogen, laminin I, or fibronectin. This stands in contrast to the results obtained
after shRNA-mediated knockdown of PEAR1, and is likely due to the high variability in
PEAR1 expression observed in A/A cell lines. Further, no difference in endothelial cell
migration or proliferation was observed by rs12041331 genotype.
Prior investigations suggest that platelet-related functions of PEAR1 are
substantially influenced by aspirin use8,104,156. Given the known effects of aspirin on
endothelial functions including cell migration, adhesion, and proliferation3,100,163-165,170,
we tested whether exposure to aspirin modified the impact of PEAR1 on these
phenotypes. Indeed, while differences in endothelial cell migration were observed
between HUVECs infected with lentivirus expressing PEAR1-targeting vs. control
shRNA prior to ASA exposure, no difference in endothelial cell migration was observed
between these groups after ASA treatment. Furthermore, PEAR1 knockdown reduced
HUVEC adhesion to extracellular matrix proteins including collagen I prior ASA
administration; however, no difference in cellular adhesion to these proteins was noted
upon PEAR1 knockdown after exposure to ASA. In contrast, HUVEC proliferation was
significantly reduced by PEAR1 knockdown both pre- and post-aspirin treatment.
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In addition to assessing the effect of PEAR1 on endothelial-related processes in
vitro, we sought to determine whether PEAR1 also influenced circulating biomarkers of
endothelial function. To test this, we performed a prospective, rs12041331 genotypestratified, short-term aspirin invention in 63 relatively healthy Old Order Amish
individuals and measured several endothelial-related biomarkers (VCAM-1, ICAM-1,
endoglin, and endothelin) pre- and post-aspirin administration. While a trend towards
decreased VCAM-1 was observed in those that carried the minor allele of rs12041331, no
statistical difference in the level of any measured biomarker was observed by PEAR1
genotype pre- or post-aspirin administration. Given the sample size of our cohort (N =
63), it is possible that lack of genotypic differences in biomarker level could be the
consequence of modest statistical power. Alternatively, these results may suggest that
while PEAR1 significantly impacts basic endothelial cell function, genetic variation in
this gene may not affect commonly measured biomarkers of endothelial function in
circulation.
In the last year, two investigations have been published, one by our group and one
by Vandenbriele and colleagues, that were the first to assess the potential impact of
PEAR1 on endothelial function53,108. Previously, we performed an agnostic metaanalysis of publically available microarray data in order to predict, in silico, novel
biological processes that are influenced by PEAR1. The results of this analysis suggested
that the most likely processes to be influenced by changes in PEAR1 expression included
angiogenesis, cell adhesion, cell migration, and cell proliferation. We extended these
findings by showing that rs12041331 significantly impacted in vitro endothelial
migration and was associated with flow-mediated dilation of the brachial artery, the most
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commonly used, non-invasive assessment of endothelial health. In the current
investigation, we show that PEAR1 knockdown substantially reduced endothelial cell
migration, adhesion, and proliferation, consistent with the results of our meta-analysis of
microarray data. However, we failed to replicate the association between rs12041331
genotype and endothelial cell migration. While differences in methodologies used
between the respective studies may contribute to discrepant findings, other factors
including differences in genetic backgrounds of tested primary HUVEC lines may have
also influenced these results.
More recently, a study by Vandenbriele and colleagues showed that PEAR1
knockdown resulted in increased matrigel tube formation, an in vitro model of
angiogenesis, as well as increased endothelial cell migration and proliferation108.
Furthermore, they evaluated PEAR1 function in vivo by testing hind limb ischemia and
skin wound healing of a PEAR1 knockout mouse. Compared to control mice,
Vandenbriele and colleagues observed increased ischemia-induced angiogenesis and twofold increase in wound closure after dermal biopsy punch in PEAR1 knockout mice108. It
is important to note that the effects of PEAR1 knockdown on endothelial cell migration
and proliferation reported herein are in the opposite direction of the results observed by
Vandenbriele et al. However, a number of factors such as cell confluency, different
experimental design and the different patient populations from which primary cells were
derived (Vandenbriele et al collected HUVECs in Belgium, whereas we collected
HUVECs in Baltimore, Maryland) are likely to contribute to variation in results.
Furthermore, the mechanisms by which PEAR1 functions in the endothelium are not
fully understood and could potentially explain the difference in observations.
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There are limitations in this investigation that should be taken into consideration
when evaluating our results. In vivo, the endothelium is constantly exposed to shear stress
because of high laminar blood flow, while the in vitro assays conducted in the current
study were under static conditions. While the assays used in this study are well
established and are useful in determining the role of PEAR1 in endothelial cell migration,
adhesion, and proliferation, examining the effects of PEAR1 under flow conditions, such
as with the Bioflux System171, would be an informative future approach. In addition,
while HUVECs are the most commonly used cellular model to investigate vascular
endothelial function, differences between microvascular and macrovascular endothelial
cells are likely to influence the results of these assays. Indeed, PEAR1 expression varies
widely between endothelial cell types108.
It is difficult to model chronic or prolonged aspirin exposure in vitro. Though we
used concentrations and durations of ASA exposure consistent with many previous
experiments and within physiological levels of salicylate in serum152,162-165, the difference
between acute ASA exposure in vitro and chronic aspirin treatment in vivo is likely to be
significant. However, this is the first study to evaluate the influence of aspirin exposure
on PEAR1 function in endothelial cells. While we attempted to strengthen our results by
evaluating circulating biomarkers in vivo in participants treated with aspirin, we were
likely under-powered due to a limited sample size; however, participants of the PEAR1
Study were specifically recruited by rs12041331 genotype, and confounding factors were
minimized through the strict study design and exclusion criteria.
In this study, we show that PEAR1 knockdown modifies basic processes of
endothelial function. PEAR1 expression was strongly correlated with HUVEC migration,
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adhesion, and proliferation prior to aspirin exposure. However, after ASA treatment, only
HUVEC proliferation was impacted by PEAR1 knockdown. Endothelial dysfunction is
characterized by an increased adhesive capacity of the endothelium, as well as a
decreased repair capacity for wound healing, both of which contribute to increased
thrombotic risk65,172,173. While the discordance in the scant published studies on PEAR1
endothelial function makes it difficult to speculate how deleterious genetic variation in
PEAR1 might impact endothelial health in vivo, the observed association with
extracellular matrix adhesion after PEAR1 knockdown makes biological sense in
consideration of the known role for PEAR1 as a platelet contact receptor. Future
investigations of PEAR1 signaling as well as evaluations of endothelial biomarkers in atrisk patients with known PEAR1 genotype will provide further clarity to the mechanisms
by which PEAR1 functions and offer insight into the influence of PEAR1 in the context
of cardiovascular disease. Additionally, variation in PEAR1 may augment the
effectiveness of aspirin, which has implications for at-risk patients in need of antiplatelet
therapy. Further research is needed to characterize PEAR1 in the endothelium, as well as
further clarify a potential interaction between PEAR1 variation and aspirin response.
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Chapter 7: Discussion
Summary:
The overall objective of this investigation was to further elucidate the
mechanisms that alter patient response to clopidogrel and aspirin, and to gain insight into
the heritable variation that contributes to platelet aggregation and endothelial
dysfunction. Despite the widespread use of DAPT, a subset of patients still do not
achieve sufficient risk reduction, and aside from the well-described CYP2C19*2 variant
and a few others, traditional ex vivo platelet aggregation studies have been insufficient in
identifying reproducible genetic factors that significantly influence antiplatelet resistance.
The primary strategy for these situations in genetic epidemiology is to exponentially
increase sample size; however such efforts have come up short, and most wellcharacterized DAPT studies with genetic data have already been thoroughly explored.
Further, this approach often lacks the nuance required for translatable discoveries because
generating larger sample size often comes at the expense of a specific case or intervention
definition. With this in mind, we hypothesized that expanding our focus beyond
traditional endophenotypes (i.e. platelet aggregation) through examination of measures
such as clopidogrel active metabolite concentration and endothelial function, we would
not only be able to identify novel genetic variants that influence DAPT response but also
improve our understanding of currently established variants that significantly impact
clinical outcomes. We addressed this hypothesis through three different approaches: a
genome-wide analysis of circulating clopidogrel active metabolite levels, a prospective
clinical evaluation of a newly identified aspirin response gene (PEAR1), and functional
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characterization of PEAR1 in multiple cell types relevant to cardiovascular risk. These
three research endeavors are summarized below.

Genome-wide analysis of serum clopidogrel active metabolite
As described in Chapter 4, we performed a genome-wide analysis of an underutilized phenotype, serum clopidogrel active metabolite, to identify novel variants that
influence clopidogrel pharmacokinetics. Our hypothesis was that this novel
endophenotype would facilitate the discovery of unknown effectors of clopidogrel
response that would otherwise be missed in studies exclusively examining ex vivo platelet
reactivity. This is the first study to directly evaluate clopidogrel pharmacokinetics using a
genome-wide approach. Consistent with previous investigations, we identified the
strongest determinant of clopidogrel active metabolite concentration to be within the
CYP2C19 locus on chromosome 10q24 corresponding to the well-known clopidogrel
response effector CYP2C19*2. Additionally, the GWAS of serum clopidogrel active
metabolite identified 2 novel loci on chromosomes 3p25 and 17q11 with significant
associations (P < 5x10-8) and 6 additional loci with suggestive significance (P ≤ 1 x 10-6)
for variable clopidogrel metabolism. Consistent with these data, 4 of these 8 loci
(chromosomes 17q11, 1q25, 5q32, and 7q21) also exhibited nominal (P < 0.05)
associations with on-clopidogrel platelet aggregation. In agreement with our hypothesis,
none of these loci exhibited a genome-wide level of significance for on-clopidogrel
platelet aggregation, and these variants would not have been identified if we only
evaluated platelet aggregation. In addition to the aforementioned association signals, a
rare variant on chromosome 19p25 identified through exome-wide analysis was strongly
associated with clopidogrel active metabolite concentration, though no corresponding
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effect was observed on on-clopidogrel platelet reactivity. Additional analytical models,
including SKAT and a bivariate analysis with canonical correlation association provided
further support for the novel loci identified on chromosomes 3p25 and 17q11.
Since no true replication cohort was available that had clopidogrel active
metabolite data, we extended our findings by conducting follow-up investigations in
patients from the International Clopidogrel Pharmacogenomics Consortium (ICPC) to
determine if any identified variants that influenced clopidogrel active metabolite levels
also associated with on-clopidogrel platelet aggregation or ischemic event risk. While no
associations were observed for on-clopidogrel platelet aggregation or MACE after
correction for multiple testing, a number of trending associations were identified
proximal to intriguing candidate genes. On chromosome 1p25, several mutations near
RNF2, a gene that codes for a protein known to regulate the intestinal clopidogrel
transporter P-glycoprotein, displayed trends towards increased on-treatment platelet
reactivity and increased MACE. Knockdown of RNF2 has previously been shown to
down-regulate P-glycoprotein141, and may suggest that genetic variation that influences
RNF2 could decrease intestinal absorption of clopidogrel, leading to decreased
clopidogrel active metabolite levels, as observed in the PAPI Study, and increased onclopidogrel platelet reactivity, as nominally seen in participants of both the PAPI Study
and ICPC. On chromosome 3p25, a cluster of variants were identified in ATP2B2, which
encodes a calcium transporter previously associated with clopidogrel response in an study
by Price et al135. While no strong evidence was found in the ICPC for variants near this
gene, further investigations of these signals is warranted. Additional variants on
chromosome 17q11 in ASIC2 were strongly associated with clopidogrel response in the
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PAPI Study and nominally associated with antiplatelet response in ICPC, although the
direction of effect is inconsistent between populations. While little is known regarding
the function of ASIC2, members of this gene family have a role in acid sensing in the
gastro-intestinal tract138, and could influence drug absorption.
By conducting the first GWAS of serum clopidogrel active metabolite, a direct
measure of clopidogrel pharmacokinetics, we identified several novel variants on
chromosomes 1p25, 3p25, and 17q11 that influence the metabolism of clopidogrel.
Though further follow-up is required, this investigation demonstrates the utility of
alternative measures of clopidogrel response in addition to platelet reactivity assays, and
significantly contributes new information pertinent to clopidogrel pharmacokinetics, and
has potential to inform next-generation drug development and clinical decision making.

Clinical evaluation of PEAR1 rs12041331
In Chapter 5, we recruited individuals by known PEAR1 rs12401331 genotype to
prospectively evaluate the impact of this variant on platelet aggregation pre- and postaspirin treatment. rs12041331 is an intronic variant that has recently been correlated with
variation in on-aspirin platelet reactivity. To gain further insight into the relationship
between PEAR1 genotype and aspirin response, we used three different therapeutic
aspirin doses (81mg/day, 162 mg/day, and 325 mg/day for 7 days) and multiple agonists
(i.e. ADP, collagen, epinephrine, and arachidonic acid) to induce platelet reactivity ex
vivo in a fixed-sequence, crossover study design. Interestingly, the effect of rs12041331
on ex vivo platelet aggregation was pathway-specific and strongly impacted by the
presence or absence of aspirin, but not aspirin-dose. Specifically, in the absence of
aspirin, A-allele carriers of rs12041331 had significantly lower ADP-mediated platelet
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aggregation, similar to data that has been previously reported104,147. No observable impact
on collagen or arachidonic acid-mediated platelet aggregation pathways was observed
prior to aspirin administration, while there was a trend towards reduced epinephrinemediated platelet aggregation in those who carried the minor allele of this variant. The
observed associations between on-aspirin collagen- and epinephrine- mediated platelet
aggregation and rs12041331 were consistent with our previously reported retrospective
analysis of DAPT-treated patients in the PAPI Study8. Surprisingly, no difference in
ADP-mediated platelet aggregation was noted with any aspirin dose tested. The
relationship between aspirin dose and degree of antiplatelet response by PEAR1 genotype
had not previously been evaluated because of the lack of available data for multiple
aspirin doses. No interaction between aspirin dose and PEAR1 genotype was observed in
our prospective evaluation, indicating that low-dose aspirin, which is recommended by
the American Heart Association and the American College of Cardiology Foundation153,
may be appropriate regardless of rs12041331 genotype. However, an evaluation of
genotype-dose interactions and clinical endpoints would be required to draw any firm
conclusions. Additionally, while aspirin directly acetylates COX-1, the COX1-dependent
pathway as assessed by arachidonic acid-mediated platelet aggregation and urinary 11dehydrothromboxane B2 was near fully inhibited regardless of genotype or aspirin dose,
whereas response to the non-COX1-dependent pathways varied by genotype. This
highlights the importance of incorporating multiple agonist-induced platelet aggregation
pathways in defining aspirin resistance.
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Functional characterization of PEAR1 in the endothelium
As described in Chapter 6, we aimed to define the impact of PEAR1 in the
endothelium by conducting a suite of in vitro functional experiments in HUVECs in the
presence and absence of aspirin. We first evaluated the impact of PEAR1 knockdown on
HUVEC adhesion, migration, and proliferation, and then extended our results by
evaluating endothelial function by PEAR1 rs12041331 genotype. Notably, we observed a
significant reduction in endothelial cell migration, proliferation, and adhesion to collagen
I, fibrinogen, and fibronectin with PEAR1 knockdown as compared to control.
Interestingly, after treatment with aspirin, no significant difference in migration or extracellular matrix adhesion was observed between treatment groups. However, differences
in cell proliferation between the PEAR1 knockdown and control groups remained
significant after aspirin treatment. In our previous investigation, we observed increased
HUVEC migration in PEAR1 rs12041331 genotype53. No association with endothelial
cell migration was observed in this current study, which may be due to differences in
methodology, or the different genetic backgrounds of selected primary cell lines. We also
evaluated cell proliferation and extra-cellular matrix adhesion in the context of
rs12041331 genotype. In contrast to the results after shRNA knockdown of PEAR1, we
did not observe a notable decrease in adhesive capacity in A-allele carriers in the absence
of aspirin to any extra-cellular matrix protein tested. Further, no genotypic differences in
adherence were apparent for any extra-cellular matrix protein tested after aspirin
treatment. In contrast to the major proliferative differences observed after PEAR1
knockdown, no difference was observed by PEAR1 genotype. We anticipated that
shRNA knockdown of PEAR1 would have a larger effect on endothelial function than
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rs12041331. PEAR1 knockdown resulted in an approximate 50% decrease in PEAR1
expression in our study; however, while expression appears reduced in A-allele carriers,
we did not observe a statistically significant difference in PEAR1 protein levels by
genotype. While Faraday et al. previously noted a significant decrease in platelet PEAR1
expression by rs12041331 genotype104, differences in PEAR1 abundance may explain the
discrepancy between the observed results for knockdown and genotype-stratified assays.
In addition to the in vitro functional work, we aimed to determine the effect PEAR1 on
circulating biomarkers of endothelial function in healthy participants pre- and postaspirin intervention (7-day 325 mg/day). No difference was noted between rs12041331
A-allele carriers and G/G homozygote participants for circulating Endothelin-1,
Endoglin, VCAM-1, or ICAM-1 pre- or post- aspirin. This suggests that rs12041331
genotype does not strongly influence endothelial activation in cardiovascularly healthy
individuals, though rs12041331 may influence the endothelium of unhealthy individuals
differently. Previous investigations have implicated PEAR1 in angiogenesis, wound
healing, and flow-mediated dilation of the brachial artery53,159. The characterization of
PEAR1 in this project establishes a role for PEAR1 in endothelial cell adhesion to the
extra-cellular matrix and re-affirms a role for PEAR1 in endothelial migration and
proliferation, although it remains to be seen whether PEAR1 is a major modifier of
endothelial function, and further, a logical pharmacological target.

Strengths and Limitations:
Many of the aspects of this study design were novel, and there are several
strengths and limitations that should be considered when interpreting data. All
participants of the PAPI Study, described in chapter 4, and all participants of the PEAR1
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Study, described in chapters 5 and 6, were members of the Old Order Amish community
of Lancaster, Pennsylvania. The Amish are a closed, founder population comprised, to
date, of approximately 30,000 individuals174. Nearly every member of the community can
trace their ancestry back to the original group of settlers who emigrated from Switzerland
in the early 18th century. Due to the cultural beliefs of the Old Order Amish and limited
to no in-migration, the Old Order Amish of Lancaster County have become a genetic
isolate with a much more homogeneous genetic pool than outbred populations of
European-descent. While this has benefits for discovery of rare variation that may have
propagated to high enough frequencies for detection in the Amish after several
generations of consanguinity, this may also limit generalizability to outbred populations.
While there are numerous instances of genetic associations in the Amish translating to
more diverse European ancestry groups7,117,175, follow-up investigation in the ICPC, an
outbred cohort, mitigates this generalizability issue. We utilized imputed data to increase
genomic coverage and increase our ability to fine-map association results. Since
inaccuracies in imputation can lead to false positive associations, we Taqman genotyped
our two top associations to confirm genotyping quality and found concordance to be
greater than 98%. One more limitation of imputation is that it is less accurate for rare
variants, which hindered our ability to identify variants below 1% minor allele frequency.
We therefore supplemented our GWAS results with an exWAS and SKAT. The exome
chip used for the exWAS and SKAT is enriched for rare, potentially deleterious variants,
and allowed us to analyze variants with a minor allele frequency below 1% in the Amish.
While one method to improve novel variant discovery is to increase sample size, an
alternative approach, which we utilized, is the development and analysis of more refined
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phenotypes. Serum clopidogrel active metabolite is a novel endophenotype that is a
proximal measure of clopidogrel metabolism. However, few, if any, other cohorts have
genotype data and serum clopidogrel active metabolite phenotypes available in a large
enough sample size for a replication analysis. With no true replication, it is therefore
difficult to definitively link the novel variants identified in this study with altered
clopidogrel metabolism. However, the ICPC is the largest cohort of on-clopidogrel
cardiovascular disease patients with genome-wide genotyping and comprehensive
phenotyping data available, which provided us the best opportunity to validate these
findings. Further, extension to the ICPC enabled us to assess the potential clinical impact
of the newly discovered variants. In addition, while analysis of clopidogrel active
metabolite indeed facilitated the discovery of novel variants, the derivatization process
required to stabilize the clopidogrel active metabolite does not differentiate between the
H3 (inactive) and H4 (active) enantiomers130. Though H3 and H4 are highly correlated142,
we cannot rule out associations driven by variants that impact H3, but not H4. New
methods to isolate and quantify H4 would be beneficial.
In our clinical study, we utilized genotype-directed recruitment to conduct the
first prospective evaluation of the effect of PEAR1 rs12041331 genotype on platelet
reactivity. By design this enabled us to evaluate platelet aggregation both pre- and postmultiple therapeutic aspirin doses with minimal confounding variables. While we are
limited by a relatively modest sample size, we are able to conduct analyses that would
otherwise not be possible in retrospective analyses or evaluation of electronic medical
record data. Although significant associations were detected with some platelet
aggregation pathways, we may have been underpowered to detect smaller effect sizes or
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measures with significant phenotypic variation. However, our findings are in agreement
with previously published retrospective analyses of rs120413318,104,147. While no aspirin
dose-specific effect was observed, we cannot yet extend the results of this work to
cardiovascular event risk, as all participants were generally healthy. Further, ex vivo
platelet aggregation, while widely used for assessing platelet reactivity, may not be a true
representation of platelet aggregation in vivo. Additional experiments, such as studies
replicating arterial flow conditions or utilizing animal models, should be considered.
In the functional work highlighted in chapter 6, all experiments were carried out
in primary HUVECs harvested from de-identified umbilical cords. Though the sample
size used is modest, power calculations indicated sufficient ability to detect associations
with moderate effect sizes. Additionally, the total number of cell lines and replicates
assessed per assay is comparable to similar evaluations of endothelial function in vitro. In
this study we also evaluated the impact of aspirin on endothelial function by incubating
HUVECs with 1 mM acetylsalicylic acid for 24 hours prior to each functional
experiment. While it is difficult to adequately represent the physiological impact of
prolonged aspirin use in vivo, the ASA concentration used in our study is similar to levels
used in other published in vitro studies, and conforms to expected physiological salicylate
levels. We also utilized shRNA knockdown to reduce PEAR1 levels for experimentation.
Though we used a scrambled control for comparison, off-target effects of the shRNA
could potentially impact our findings. However, the average migration, adhesion, and
proliferation of HUVECs that received scrambled shRNA (all PEAR1 rs12041331 G/G)
are similar to that of the PEAR1 rs12041331 G/G HUVECs. While in vitro static assays
are commonly used, they test isolated cells under very controlled conditions, and are not
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truly representative of in vivo function. Evaluation of HUVECs under flow conditions
such as through use of the Bioflux System171is an alternative approach.

Future Directions
In this study we have identified several new variants that may influence
clopidogrel metabolism and further characterized the functional role of PEAR1 in
platelets and endothelial cells. In addition to the work conducted here, many other aspects
of these research topics, listed below, are worth investigation.
1) While we completed the largest GWAS of clopidogrel active metabolite to date using
state-of the art genotyping approaches, analysis using whole genome sequencing or
exome sequencing could potentially identify novel variants not captured in the current
genotyping data. Though we would anticipate having many variants in linkage
disequilibrium with causal alleles, it is possible that there are Amish-specific variants
not well captured by the current genotyping and imputation approaches. This reanalysis would also facilitate fine-mapping of associated or suggestive signals that
were identified in this work.
2) The utilization of a novel measure of clopidogrel response, serum clopidogrel active
metabolite, facilitated the identification of novel pharmacokinetic clopidogrel variants
that would otherwise not have been detected by evaluation of platelet aggregation or
other pharmacodynamic phenotypes. However, this measure did not differentiate
between H3 (inactive) and H4 (active) clopidogrel metabolites. While levels of these
metabolites are highly concordant142, there is some evidence that slight differences
exist in the metabolic pathways of H3 and H4143. Isolation and measurement of the
H4 metabolite may improve our ability to detect novel variants.
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3) In the functional study of PEAR1 in HUVECs, three major pathways of endothelial
function were assessed. While we acquired great insight into PEAR1 biology,
additional tests should be conducted, such as a matrigel tube formation assay, an in
vitro method for assessing angiogenesis. In addition, the exact signaling pathway of
PEAR1 in the endothelium has not been clarified. In platelets and megakaryocytes,
PEAR1 is known to stimulate phosphorylation of AKT, modulate PTEN expression,
and induce activation of integrin IIb/IIIa1,107. Activity of these proteins in endothelial
cells, in addition to key endothelial and cardiovascular biomarkers such as eNOS,
VEGF, and Ang-2, would be extremely informative.
4) Laminar blood flow in arteries exposes endothelial cells and platelets to high amounts
of shear stress. An evaluation of platelet aggregation under flow conditions, such as
with the Bioflux System171, would be more consistent with in vivo thrombus
formation and endothelial dysfunction than static assays. Further, complex models
can be tested, such as the evaluation of endothelial-leukocyte and endothelial-platelet
interactions under a variety of conditions.
5) While genomic studies provide excellent insight into the heritable variation that
contributes to DAPT response, the causal gene or causal pathway is often not clear, as
observed in the GWAS of clopidogrel active metabolite. Gene expression profiling,
such as by RNAseq, can offer substantial insight into the mechanisms by which
genes, and potentially genetic variants, interfere with antiplatelet response.
6) In this study, we investigated PEAR1 function through several ex vivo and in vitro
evaluations of human platelets, endothelial cells, and blood and urine biomarkers.
Though we gained valuable new insights, additional studies with animal models
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would complement our findings. For instance, Vandenbriele et al. generated a
knockout mouse for PEAR1, and described reduced wound healing and neoangiogenesis in PEAR1 knockout animals108. Further characterization of the knockout
mouse, such as in the presence of aspirin treatment, would be quite informative. In
addition, knock-in of PEAR1 rs12041331 with CRISPR/CAS9 in a mouse model
would provide new opportunity to evaluate the impact of this mutation on
cardiovascular risk.

Potential Impact
The global health burden of coronary heart disease is significant, with more than
7.4 million deaths each year due to ischemic events16. Coronary heart disease also carries
a substantial economic burden, costing billions of dollars each year in healthcare
payments and lost productivity176. DAPT with clopidogrel and aspirin is the most widely
used antiplatelet regimen prescribed for the secondary prevention of ischemic events.
However, up to 40% of individuals are estimated to have some degree of clopidogrel
resistance, with heritability of clopidogrel responsiveness estimated at 63% via ex vivo
platelet aggregation109,110. Further, aspirin resistance, though not clearly defined, ranges
anywhere from 5% to 60% in the general population14, with up to 77% of this variation
estimated to be due to genetic variation 101. Therefore, the development of novel
therapeutics or better treatment strategies is desperately needed to improve the future
outlook of cardiovascular care.
The evaluation of ex vivo platelet reactivity has facilitated the identification of a
number of bona fide clopidogrel response candidate variants, such as CYP2C19*2, CES1
G143E, and ABCB1 C3435T7,91,111. However, much of the estimated heritable variation
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remains unaccounted for and new methods are required to clarify the mechanisms that
impact clopidogrel response. By utilizing serum clopidogrel active metabolite
concentration, a proximal measure of clopidogrel pharmacokinetics, we were able to
identify several novel variants in genes such as RNF2, ASIC2, and ATP2B2 that
potentially influence clopidogrel metabolism that otherwise would not have been
identified solely by evaluation of ex vivo platelet aggregation. In the Amish cohort, 10%
of the heritable variation in clopidogrel active metabolite concentration is explained by
CYP2C19*2. Inclusion of rs80343429 and rs111985173, the two most strongly associated
variants in our study, increased the variance explained to 21%. This demonstrates the
utility of serum clopidogrel active metabolite concentration for the discovery of novel
clopidogrel response variants, and refinement of the clopidogrel pharmacokinetic
phenotype is likely to improve novel variant discovery even further. Although an
independent replication is necessary, this investigation significantly contributes to the
clarification of the clopidogrel pharmacokinetic pathway, which has potential to inform
next-generation drug development and clinical decision making.
PEAR1 is a type 1 transmembrane protein highly expressed in endothelial cells
and platelets 105. While a number of retrospective studies have found an intronic variant
in PEAR1, rs12041331, to significantly influence platelet reactivity both in drug-naïve
and on-aspirin individuals8,61,104,147, no prospective evaluation had yet been conducted.
Further, prior to this study it was unknown how different therapeutic doses of aspirin
might influence platelet reactivity by rs12041331 genotype. This is significant, as
ischemic event risk in aspirin-treated patients appears to be modified by rs12041331
genotype8. By utilizing genotype-directed recruitment in our prospective evaluation of
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rs12041331, we are able to specifically assess association with a number of phenotypes in
a controlled setting. We noted a clear difference in response by rs12041331 in the nonCOX1 dependent platelet aggregation pathways, whereas no differences were noted by
PEAR1 genotype for the COX1-dependent pathway, highlighting the importance of
testing multiple pathways for the evaluation of anti-thrombotic response to aspirin.
Further, our results clearly demonstrate no difference in benefit for platelet reactivity
with differing therapeutic doses of aspirin. While an evaluation of ischemic event risk in
carriers of rs12041331 stratified by aspirin dose would be informative, it appears that
higher doses of aspirin would not be beneficial, conforming to recommendations by the
American Heart Association and American College of Cardiology Foundation153.
As previously mentioned, in addition to lowering on-aspirin platelet aggregation,
the A-allele of rs12041331 has also paradoxically been correlated with increasing risk of
on-aspirin cardiovascular events. While one potential avenue by which alterations in
PEAR1 function might cause this increased ischemic risk is via unstable thrombus
formation, the differences might also be due to the non-platelet functions of PEAR1 (e.g.
the endothelium). Recent functional investigations in endothelium cells predict PEAR1 to
have a role in angiogenesis and wound healing, processes critical to normal maintenance
of endothelial health and patient recovery after ischemic events or percutaneous coronary
intervention. In our in vitro study, we not only evaluated the impact of PEAR1
knockdown of endothelial function, but also evaluated the impact of PEAR1 rs12041331
genotype status on endothelial function, which enabled us to clarify the mechanisms by
which rs12041331 might influence endothelial function and therefore ischemic event
risk. Our PEAR1 knockdown results indeed suggest a role for PEAR1 in endothelial cell
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migration, adhesion, and proliferation, although functional assessment of rs12041331 and
evaluation of clinical biomarkers for endothelial adhesive capacity and angiogenesis were
inconclusive. It merits note, however, that we did not observe a significant difference in
PEAR1 expression in A-allele HUVECs in our study, while Faraday et al. previously
reported decreased PEAR1 expression in platelets of rs12041331 A-allele carriers.
However, given that different cell types were assessed it is possible that rs12041331, an
intronic variant, may have different regulatory effects on PEAR1 expression. Our results
also contradict the reports of Vandenbriele et al, who demonstrated increased HUVEC
migration and proliferation with PEAR1 knockdown, though the different experimental
conditions or different genetic backgrounds of the primary HUVECs utilized in our
respective studies (our samples were collected in Baltimore, while Vandenbriele et al
collected samples in Belgium) may have contributed to this difference. Further work is
required to define the exact role of PEAR1 in endothelial function.
Overall, in addition to novel biological insight, which can be exploited for nextgeneration drug design, our results broaden our knowledge of the effects of clopidogrel
and aspirin non-responsiveness. While confirmation and characterization of the novel
variants identified would be required, increasing our understanding of variation in
response to antiplatelet therapy could impact genotype-directed clinical programs. In
addition, the characterization of PEAR1 in endothelial cells with and without aspirin
therapy and the clinical measures of aspirin response strongly contribute to our collective
understanding of the complexity of cardiovascular disease pharmacogenomics, though it
remains to be seen whether PEAR1 may serve as a plausible drug target. Ultimately,
these developments provide groundwork for future investigations and may hold promise

160

for contributing to improved healthcare and a reduction in recurrent cardiovascular event
rates in patients in the future.
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