
ARTICLE

A Platelet Function Modulator of Thrombin
Activation Is Causally Linked to Cardiovascular
Disease and Affects PAR4 Receptor Signaling

Benjamin A.T. Rodriguez,1,14 Arunoday Bhan,2,14 Andrew Beswick,3 Peter C. Elwood,4

Teemu J. Niiranen,5,6 Veikko Salomaa,5 FinnGen Study, David-Alexandre Trégouët,7

Pierre-Emmanuel Morange,8,9,10 Mete Civelek,11,12 Yoav Ben-Shlomo,13 Thorsten Schlaeger,2

Ming-Huei Chen,1 and Andrew D. Johnson1,*

Dual antiplatelet therapy reduces ischemic events in cardiovascular disease, but it increases bleeding risk. Thrombin receptors PAR1 and

PAR4 are drug targets, but the role of thrombin in platelet aggregation remains largely unexplored in large populations. We performed a

genome-wide association study (GWAS) of platelet aggregation in response to full-length thrombin, followed by clinical association an-

alyses, Mendelian randomization, and functional characterization including iPSC-derived megakaryocyte and platelet experiments. We

identified a single sentinel variant in the GRK5 locus (rs10886430-G, p ¼ 3.0 3 10�42) associated with increased thrombin-induced

platelet aggregation (b ¼ 0.70, SE ¼ 0.05). We show that disruption of platelet GRK5 expression by rs10886430-G is associated with

enhanced platelet reactivity. The proposedmechanism of a GATA1-driven megakaryocyte enhancer is confirmed in allele-specific exper-

iments. Utilizing further data, we demonstrate that the allelic effect is highly platelet- and thrombin-specific and not likely due to effects

on thrombin levels. The variant is associated with increased risk of cardiovascular disease outcomes in UK BioBank, most strongly with

pulmonary embolism. The variant associates with increased risk of stroke in theMEGASTROKE, UK BioBank, and FinnGen studies. Men-

delian randomization analyses in independent samples support a causal role for rs10886430-G in increasing risk for stroke, pulmonary

embolism, and venous thromboembolism through its effect on thrombin-induced platelet reactivity. We demonstrate that G protein-

coupled receptor kinase 5 (GRK5) promotes platelet activation specifically via PAR4 receptor signaling. GRK5 inhibitors in development

for the treatment of heart failure and cancer could have platelet off-target deleterious effects. Common variants in GRK5 may modify

clinical outcomes with PAR4 inhibitors, and upregulation of GRK5 activity or signaling in platelets may have therapeutic benefits.
Introduction

Activated platelets provide the link between inflammation,

thrombosis, and atherosclerotic cardiovascular disease.1

Platelet reactivity is highly heritable,2,3 but the limited

number of previously identified loci explain only a small

portion of the estimated heritability.4 Despite thrombin

being the principal enzyme of hemostasis and viewed as

the strongest platelet agonist,5 the genetics of thrombin-

induced platelet reactivity is not well understood and here-

tofore has not been investigated on a genome-wide scale.

Many of thrombin’s cellular effects are initiated by prote-

ase-activated receptors (PARs) which are G protein-coupled

receptors (GPCRs).6 PAR1 (MIM: 187930) and PAR4 (MIM:

602779) are the receptors primarily responsible for medi-

ating the effects of thrombin in human platelets.5

Dual antiplatelet therapy (DAPT) reduces the occur-

rence of both stent-related and spontaneous myocardial

infarction (MI) after acute coronary syndrome (ACS), but
1National Heart, Lung, and Blood Institute, Division of Intramural Research, Po

01702, USA; 2Boston Children’s Hospital, Boston, MA 02644, USA; 3School o

Population Medicine, Cardiff University, Cardiff, CF14 4YS UK; 5Finnish Institu

icine, Turku University Hospital and University of Turku, Turku, 20521 Finland

versity of Bordeaux, 333076 Bordeaux, France; 8Laboratory of Haematology, L

Nutrition Research, Aix-Marseille Université , INSERM, INRA, 13885Marseille,
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with concomitant increase in bleeding risk.7 Thus, there

is a need for milder DAPT targets in order to maintain or

increase efficacy while reducing bleeding, given the

narrow therapeutic window of most antiplatelet treat-

ments.8 Development of more effective strategies could

potentially expand anti-platelet therapy into primary pre-

vention where, due to bleeding risks, it generally is not

recommended. Given their role in platelet biology, PAR1

and PAR4 have both been the focus of antithrombotic

drug development. Targeting PAR1, the high-affinity

thrombin receptor, led to vorapaxar, approved for pre-

venting thrombotic events in patients with MI when

used in combination with standard-of-care DAPT.9 Of

limited clinical utility, vorapaxar is associated with

increased risk of major bleeding events,9 where the mor-

tality risk due to bleeding can be comparable to or greater

than that due to MI.10 Compared to targeting PAR1, there

is evidence that targeting PAR4 is associated with a lower

bleeding risk and can achieve an effective antithrombotic
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profile, though large trials of PAR4 inhibition are still

lacking.11–13

While prospective studies have demonstrated the associ-

ation of platelet function with cardiovascular disease

(CVD) events in patients with established CVD, there is

less existing evidence that platelet function predicts CVD

or CVD outcomes in the healthy population.14 Clinical tri-

als have demonstrated a relationship between high on-

treatment platelet reactivity and adverse clinical ischemic

events, but tailoring therapy based on platelet reactivity re-

mains uncertain.15 Platelet function traits remain rela-

tively unexplored in large populations, in particular for

thrombin and PAR1/PAR4 platelet activation. In order to

address this broad knowledge gap—to discover genes that

may mediate CVD or bleeding risk, classify treatment sub-

populations or suggest new therapeutic targets—we per-

formed the first genome-wide association study (GWAS)

of thrombin-induced platelet aggregation.
Subjects and Methods

Participants and Genome-wide Analyses
We conducted and present analyses from the following methodo-

logical approaches: (1) a GWAS of platelet thrombin activation, (2)

platelet and other cell and tissue expression quantitative trait loci

(eQTL) analyses, including Mendelian randomization (MR), for

our lead locus, and signal co-localization analyses, (3) two-sample

MR for CVD outcomes from multiple consortia and biobanks, (4)

integration of megakaryocyte and other epigenetic data at our lead

locus, (5) site-directed mutagenesis and regulatory enhancer as-

says in three cell backgrounds, and (6) induced pluripotent stem

cell (iPSC)-derived megakaryocyte, and platelet, small interfering

RNA (siRNA) and chemical inhibitor experiments to dissect func-

tional effects on platelets. The samples and resources utilized are

described in Table S1. The demographic characteristics of the

GWAS sample are shown in Table S2.

The Caerphilly Prospective Study assessed platelet aggregation

induced by full-length thrombin (0.056 units/mL, Sigma Aldrich)

in middle-aged males through the use of light transmission ag-

gregometry (LTA).16 All participants provided written informed

consent. Genotyping of 1,248 samples was performed with the

Affymetrix UK BioBank Axiom array. Following sample and gen-

otyping quality control, imputation was done on 1,184 samples

through the use of the Haplotype Reference Consortium (HRC)

1.1 panel. We conducted a GWAS using a linear mixed model ad-

justing for age and medication usage. A significance threshold of

p < 7 3 10�9 was adopted to account for all variants tested. Con-

ditional analyses adjusting for the strongest peak SNP in GRK5

(MIM: 600870), rs10886430, were conducted by adding

SNP dosage as a covariate to the base model. Our methods for

platelet aggregation, genotyping, quality control procedures,

imputation, and GWAS are further described in the Supplemental

Information.
Causal Analysis and Multi-trait Colocalization for GRK5

Locus
Testing for causal association with eQTL was conducted with the

use of the platelet RNA and expression 1 (PRAX1) platelet eQTL da-

taset.17 We investigated whether thrombin-induced aggregation
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and platelet cell traits share a common association signal at the

GRK5 locus by performing a co-localization analysis with quanti-

tative traits derived from multiple blood cell lineages: platelets

(mean platelet volume [MPV], platelet count [PLT], and platelet

distribution width [PDW]), red blood cell count (RBC), and white

blood cell count (WBC).18 Furthermore, we conducted similar ge-

netic colocalization analyses for theGRK5 locus through the use of

genome-wide study data for thrombin generation potential;19

platelet aggregation to ADP, collagen, and epinephrine;4,20 eQTLs

from 44 cells and tissues from the Genotype-Tissue Expression

(GTEx) Project version 7; five white blood cell types and platelets

from the CEDAR project;21 and aortic endothelial cells.22 Two-

sample MR analysis was conducted using the rs10886430-G allele

as the genetic instrument and thrombin-induced platelet aggrega-

tion as exposure in separate analyses for nine pulmonary, stroke,

or heart disease outcomes from the UK BioBank,23 four stroke out-

comes from the MEGASTROKE consortium,24 and CVD codes in

the FinnGen Biobank (version 4).25 Only this SNP was used in

MR analyses because in conditional analyses of chromosome 10,

this was the only independently significant SNP associated with

thrombin reactivity or platelet GRK5 expression levels. Details

regarding these analyses are given in the Supplemental

Information.
Regulatory Function
We integrated epigenetic regulatory maps of chromatin accessi-

bility, enhancer RNA (eRNA), histone marks, enhancer elements,

and DNA-binding proteins assessed in megakaryocyte-erythroid

lineage models (ENCODE)26,27 and cultured primary megakaryo-

cytes (BLUEPRINT) to annotate potential functional impacts of

the intronic GRK5 rs10886430 variant.28,29 Protein network anal-

ysis of transcriptional regulators that bind the rs10886430 variant

was performed with STRING 10.5. We used site-directed mutagen-

esis to investigate the impact of the rs10886430 variant on

enhancer activity in vitro in GATA1- (MIM: 305371) and GATA2-

(MIM: 137295) overexpressing HEK293 cells, as well as HUVEC

and K562 cells. Details regarding the data integration, network

analysis, enhancer reporter luciferase assays, and conditional over-

expression ofGATA1 andGATA2 are provided in the Supplemental

Information.
Platelet Function siRNA and Inhibitor Experiments
The role of G protein-coupled receptor kinase 5 (GRK5) in platelet

function was assessed through the use of siRNA as well as pharma-

cologic inhibition of G protein-coupled receptor kinase (GRK)

activity. Immortalized megakaryocyte progenitor cell lines

(imMKCLs) were generated from human induced pluripotent

stem cells andmaintained as previously described.30 For siRNA ex-

periments, imMKCLs were transfected with GRK5 or control EGFP

siRNA for 48 h, then analyzed using qRT-PCR and in vitro flow cy-

tometric analysis of platelet function (via P-selectin and PAC-1)

following stimulation with either 20 mM ADP plus 20 mM

thrombin receptor-activating peptide 6 (TRAP-6 that activates

platelets via PAR1) or control. Pharmacologic inhibition of

GRK activity was investigated with the pan-GRK inhibitor

CCG215022 (MedChemExpress) which exhibits nanomolar IC50

values against both GRK2 as well as GRK5 and selectivity against

PKA.31 Platelet-rich plasma (PRP) samples obtained from healthy

donors (n ¼ 3) were treated with 0.78 mM CCG215022 or DMSO

vehicle for 45 min prior to stimulation with increasing concentra-

tions of one of three platelet agonists: PAR4 Activating Peptide
6, 2020
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Figure 1. Regional and SNP Associations of GRK5 with
Thrombin-Induced Platelet Aggregation
(A) Locus Zoom plot of the lead SNP (rs10886430) from genome-
wide association analysis of thrombin-induced platelet aggrega-
tion in Caerphilly Prospective study (n ¼ 1,184). The plot depicts
the 600-kb window flanking the rs10886430 (purple) variant
which is located in the first intron of GRK5.
(B) Boxplot of the effect of rs10886430-G variant dosage on
thrombin-induced platelet aggregation (0.056 U/mL). Data points
are plotted as red circles. The bold horizontal line represents the
median. The upper and lower hinges indicate the 25th and 75th

percentiles, respectively. The whiskers extending from the hinges
represent the values no further than 1.5 * interquartile range.
(PAR4-AP, 1, 20, 50 mM), TRAP-6 (1, 10, 20 mM), ADP (1, 10, 20 mM)

or vehicle control followed by flow cytometric analysis of platelet

function (via P-selectin and PAC-1). Details regarding the siRNA

experiments in imMKCL, GRK inhibition in PRP samples, and

platelet function assessment by flow cytometry are provided in

the Supplemental Information.
Results

We performed a GWAS of thrombin-induced platelet ag-

gregation in the Caerphilly Prospective Study including
The Americ
>7.75 million common and low-frequency (minor allele

frequency [MAF] > 0.01) SNPs imputed via the HRC panel.

There was no evidence for inflation of test statistics (l ¼
1.005) (Figure S1A). We observed 17 variants that sur-

passed the genome-wide significance threshold (p < 7 3

10�9) for association with thrombin-induced aggregation,

all localized to 10q26.11 (Figure 1A). Conditional analysis

identified no additional signals independent of the

sentinel variant located in the first intron of the GRK5 lo-

cus (GRK5, rs10886430, p ¼ 3.0 3 10�42) �43-kb down-

stream of the transcription start site (TSS) within

consensus intron 1 (Figure S1B, Table S3). The minor G

allele (MAF 0.136) of the GRK5 SNP was associated with

increased platelet reactivity to thrombin (b ¼ 0.70, SE ¼
0.05; with other covariates fixed, this is �3.9% per allele

increase in thrombin reactivity) (Figure 1B). Variance

component analysis indicates that this single variant ex-

plained 18.3% of variation in the thrombin phenotype.

There was no significant population structure in Caer-

philly, which consists overwhelmingly of participants of

European ancestry, based on principal components clus-

tering with multi-ethnic samples in the UK BioBank

(Figure S2). Likewise, we found little relatedness in Caer-

philly: only n¼ 303 had any first-, second-, or third-degree

relations. Inclusion of the genetic relatedness matrix in

the GWAS accounted for this. Nonetheless, we conducted

a sensitivity analysis removing the n ¼ 303 individuals

and analyzing chromosome 10, and rs10886430 remained

highly significant (p ¼ 2.01 3 10�31), indicating that the

results are population associations rather than strong fam-

ily effects.

We next asked whether thrombin-induced aggregation

and platelet, red cell, and white cell count traits share a

common association signal at the GRK5 locus. We per-

formed a Bayesian test for co-localization between the

Caerphilly thrombin GWAS and multiple blood cell line-

age traits from the UK BioBank/INTERVAL study meta-

analysis,18 interrogating shared variants in an �1.8 Mb

independent linkage disequilibrium block containing the

GRK5 lead SNP. We observed strong evidence for co-locali-

zation (posterior probability >0.99) between thrombin

reactivity and platelet cell traits (MPV, PLT, and PDW)

but not WBC or RBC; this result supports the hypothesis

that a single variant affects these traits in platelets

(Figure 2A). The GRK5 lead SNP (rs10886430) was identi-

fied as the shared, potentially causal variant in each case

(Table S4). With the association limited to platelets, we

next asked whether the rs10886430 variant affects platelet

reactivity mediated by other agonists. We conducted a

GWAS on aggregation to ADP and collagen in Caerphilly

participants, and we performed colocalization analyses

with the thrombin GWAS. No evidence of colocalization

was observed between thrombin reactivity and either

agonist (Table S5). Further, no colocalization was observed

with aggregation to ADP, collagen, or epinephrine in the

largest such GWAS published to date in independent co-

horts4 (Table S6). We next asked whether the effect on
an Journal of Human Genetics 107, 211–221, August 6, 2020 213
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Figure 2. GRK5 rs10886430-G Is Linked to Platelet Traits and
Causally Effects Platelet GRK5 Expression and Multiple CVD Out-
comes
The rs10886430 variant regulates platelet cell traits and GRK5
platelet gene expression, as well as both cardiovascular and cere-
brovascular disease pathologies.
(A) Heatmap of posterior probabilities from Bayesian colocaliza-
tion analyses of thrombin reactivity and five blood cell traits in
the 1.8 Mb LD block containing the rs10886430 variant
(10q26.11). Shared SNP—probability of one shared SNP associated
with both traits; Independent SNPs—probability of two indepen-
dent SNPs associated with each trait; Trait 2 Only—probability
of association with the blood cell trait and not with thrombin-
induced aggregation; Thrombin Only—probability of association
with thrombin-induced aggregation and not with the blood cell
trait; No Association—probability of no association with either
trait.
(B) Manhattan plot depicting summary data-based Mendelian
Randomization (SMR) analysis of association between platelet
gene expression and platelet reactivity to thrombin (0.056 U/mL).
(C) Mendelian Randomization analysis of thrombin reactivity
(rs10886430G instrument) and cardiopulmonary phenotypes in
UK BioBank (Outcomes). Plotted are the OR of the causal estimates
(circles) and associated 95% confidence intervals (error bars), color
of circle indicates -log transformed p value of estimate. Further
description of medical outcomes codes and statistics is found in
the Supplemental Information and Table S12.
thrombin reactivity was limited to platelet activation or

was also observed in thrombin generation potential traits,

as this could indicate an effect mediated via thrombin

levels. No colocalization was observed between platelet
214 The American Journal of Human Genetics 107, 211–221, August
reactivity to thrombin and three phenotypic markers of

thrombin generation19 (Table S7).

To determine potential regulatory impacts of the

rs10886430 variant, we first examined its association

with functional expression changes cataloged in the

platelet-specific PRAX1 study eQTL dataset.17,32 We uti-

lized summary-data-based Mendelian Randomization

(SMR) analysis with the PRAX1 eQTL dataset to test for as-

sociation between platelet gene expression and platelet

reactivity to thrombin. We identified GRK5 as the only

gene at a genome-wide significance level (bSMR ¼ �1.54,

SESMR ¼ 0.20, PSMR ¼ 3.67 3 10�14) (Figure 2B, Table S8).

Finding no evidence to suggest that the SMR association

could be due to genetic linkage (PHEIDI ¼ 0.16), we

concluded that expression of GRK5 is associated with

platelet reactivity driven by the rs10886430 variant. As

predicted by our SMR analysis, the minor rs10886430-G

allele is a strong cis-eQTL for decreased platelet GRK5

expression (beQTL ¼ �0.456, PeQTL ¼ 8.27 3 10�20) in the

PRAX1 study.17 We further replicated this strong GRK5

eQTL in the independent CEDAR platelet dataset21

(beQTL ¼ �0.429, PeQTL ¼ 1.11 3 10�20). To investigate

the tissue specificity of the genetic effect of rs10886430-

G on GRK5 expression, we conducted co-localization ana-

lyses between the Caerphilly thrombin GWAS in the GRK5

locus and 51 tissue or cell types. We observed no evidence

of co-localization between thrombin reactivity and GRK5

expression among 44 tissues profiled by the GTEx Project

(Table S9), five other white blood cell types21 (Table S10),

or vascular endothelial cells22 (Table S11).

Having observed the strong association of rs10886430-G

with lower GRK5 expression exclusively in platelets, we

asked whether the genetic effect of the variant on platelet

reactivity was further associated with relevant cardiovascu-

lar or cerebrovascular disease pathology. We utilized GWAS

statistics for nine pulmonary, stroke, or heart disease diag-

noses in the UK BioBank cohort. There was evidence for an

association of rs10886430-G with several diagnoses, most

strongly with pulmonary embolism (PE) (odds ratio [OR]

¼ 1.25, SE ¼ 1.03, p ¼ 8.1 3 10�13) (Table S12). We per-

formed two-sample MR to test for a causal relationship be-

tween thrombin reactivity (exposure) and disease outcome

for the nine UK BioBank diagnoses. We observed strong,

positive association between thrombin-induced platelet

reactivity at the GRK5 locus and multiple disease out-

comes, most significantly with diagnosis of PE (ORMR ¼
1.38 [1.26 – 1.52], PMR¼ 2.403 10�11), also with diagnoses

of cerebral infarction (ORMR ¼ 1.19 [1.08 – 1.32], PMR ¼
7.43 3 10�4) and acute MI (ORMR ¼ 1.14 [1.07 – 1.21],

PMR ¼ 6.67 3 10�5), but not with heart failure (ORMR ¼
1.04 [0.96 – 1.12], PMR ¼ 0.39) (Figure 2C, Table S12).

Next, we investigated the rs10886430-G variant in stroke

subtypes from MEGASTROKE,24 the cohorts of which are

independent of UK BioBank. There was evidence for a

stronger association in cardioembolic stroke (OR ¼ 18.42,

SE ¼ 2.96, p ¼ 6.16 3 10�4) than ischemic stroke (OR ¼
1.61, SE ¼ 1.15, p ¼ 2.29 3 10�4), and no association for
6, 2020
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Figure 3. GRK5 rs10886430 Overlaps an Active Meta-erythroid
Lineage Enhancer Bound by Interconnected Factors
The rs10886430 variant resides in a megakaryocyte enhancer
element.
(A) Epigenetic regulatory maps of primary-derived MK and K562
cells.
(B) STRING Protein Network Analysis of DNA binding factors re-
cruited to the rs10886430 variant in ENCODE mega-erythroid
cell models. Proteins are represented as circles. Colors indicate
network cluster membership. Solid lines indicate interactions
within a network cluster. Dotted lines indicate interactions be-
tween proteins in different clusters. Line colors indicate type of ev-
idence: cyan—known interaction from curated database;
magenta—known interaction experimentally determined; yel-
low-green—text mining; black—co-expression.
large-artery stroke (OR ¼ 4.32, SE ¼ 5.09, p ¼ 0.39) (Table

S13). In MR analyses, we observed strong, positive associa-

tion between thrombin-induced platelet reactivity at the

rs10886430-G variant and cardioembolic stroke (ORMR ¼
64.36 [3.09 – 1340.44], PMR ¼ 7.18 3 10�3), all stroke

(ORMR ¼ 1.79 [1.19 – 1.27], PMR ¼ 7.69 3 10�4), and

ischemic stroke (ORMR ¼ 1.97 [1.22 – 1.33], PMR ¼ 7.17 3

10�4), but not large artery stroke (ORMR ¼ 10.24 [0.08 –

773.88], PMR ¼ 0.37) (Table S13). Finally, the G allele was

again associated with increased risk of multiple CVD out-

comes in the FinnGen study—deep venous thrombosis

(DVT) of lower extremities (ORMR ¼ 1.25 [1.11– 1.41],

PMR ¼ 2.28 3 10�4), ischemic stroke (ORMR ¼ 1.15 [1.06

– 1.25], PMR ¼ 5.75 3 10�4), portal vein thrombosis
The Americ
(ORMR ¼ 2.51 [1.30-4.85], PMR ¼ 6.313 10�3), right bundle

branch block (ORMR ¼ 1.68 [1.14 – 2.48], PMR ¼ 8.51 3

10�3), MI (ORMR ¼ 1.12 [1.03 – 1.22], PMR ¼ 1.09 3 10�2

), atrioventricular block (ORMR ¼ 1.24 [1.04– 1.47], PMR ¼
1.64 3 10�2)—and with reduced risk for hypertension

(ORMR ¼ 0.94 [0.89 – 0.98], PMR ¼ 7.493 10�3) and cardio-

myopathies (ORMR¼ 0.79 [0.68 – 0.91], PMR¼ 1.853 10�3)

(Table S14).

A GRK5 gain-of-function coding variant (p.Gln41Leu)

leading to enhanced b-adrenergic receptor (bAR) desensiti-

zation of excessive catecholamine signaling has been pro-

posed to provide a ‘‘genetic b-blockade’’ that improves sur-

vival in African Americans with heart failure.33 Functional

studies have also shown b2-ARs can inhibit platelet aggre-

gation and adhesion.34 In our study, this variant was not

associated with thrombin reactivity (p ¼ 0.51, data not

shown). Having observed associations with multiple path-

ologic cardiopulmonary traits, we asked whether the GRK5

variant’s effect on platelet reactivity was modified by phar-

macological b-blockade. A small subset of Caerphilly par-

ticipants were taking cardiac-specific, b1-AR selective

(5.1%) or non-selective drugs (3.1%) at the time platelet

reactivity was measured. Fitting linear models with specific

and non-specific beta-blockers as additional covariates, we

observed a negative interaction effect on platelet reactivity

between the GRK5 variant and b1-AR selective drugs (b ¼
�0.60, SE ¼ 0.24, p ¼ 0.01) (Figure S3).

To study the regulatory function of the GRK5 variant, we

next integrated cell-type-specific epigenome maps derived

from primary megakaryocyte cells.28,29 The variant local-

izes to a region of open chromatin (DNase hypersensitivity

peak site) in a predicted enhancer region characterized by

broad enrichment of active marks H3K27Ac and

H3K4me1 (Figure 3A). Active enhancers are often charac-

terized by short, unstable bi-directional transcripts termed

‘‘enhancer RNAs (eRNAs).’’ Integrating nascent transcrip-

tionmaps in K562 cells, we observed that theGRK5 variant

localizes to the predicted TSS region of an eRNA27

(Figure S4). Having observed multiple lines of evidence

that the variant is in an enhancer element, we asked

whether the position was occupied by transcriptional reg-

ulators in vivo, as this could provide a clear testable mech-

anism of action in a non-coding DNA context. To this end,

we scanned transcription factor (TF) binding datasets from

mega-erythroid cell models generated by the ENCODE

consortium.26 The variant position was bound by 27 fac-

tors, including the master hematopoietic TF GATA1 in pe-

ripheral blood erythroblasts and the histone acetyltransfer-

ase p300 (MIM: 602700) in K562 cells (Table S15).

We verified that binding of the GRK5 variant by GATA1

is also observed in primary megakaryocyte (MK) cells35

and in hematopoietic stem and/or progenitor-derived

erythroid precursors.36 The GATA1 binding motif is highly

enriched at active eRNA in K562 cells.37 We next consid-

ered whether there was functional connectivity or associa-

tion between the factors binding the GRK5 variant locus.

Using the STRING algorithm, we constructed a highly
an Journal of Human Genetics 107, 211–221, August 6, 2020 215



Figure 4. Mutagenesis Causing Deletion or rs10886430 A to G
Transition Disrupts Enhancer Activity in Multiple Cell Back-
grounds
The rs10886430 variantmodulates megakaryocyte enhancer activ-
ity. Top, diagram of GRK5 enhancer constructs: row 1, WT allele;
row 2, four-base deletion including allele position; row 3, substitu-
tion with ‘‘G’’ effect allele. Bottom, normalized luciferase activity
in mega-erythroid K562 cells and endothelial HUVEC. Results
are the mean of three independent experiments performed in
quadruplicate (n total ¼ 12), error bars represent SEM. *p < 1 3
10�4, **p < 5 3 10�5.
connected network model incorporating 24 of 26 mappa-

ble transcriptional regulators (protein-protein interaction

enrichment p value: < 1.0 3 10�16) (Figure 3B). Clustering

of the network revealed several properties: SWI/SNF chro-

matin remodeling complex clustering with GATA1 (red

cluster), transcriptional repressors (including one cluster

of polycomb-related proteins) (green cluster), cAMP

responsive factors (blue cluster), p300 and lineage factor

IKZF1 (MIM: 603023) (khaki cluster), and NF-E2 (MIM:

601490) complex (light green cluster). These included

p45 and MAFK (MIM: 600197), subunits of the heterodi-

meric NF-E2 complex required for megakaryocyte matura-

tion and platelet production in vivo.38 Collectively, these

results suggest that the GRK5 non-coding variant affects

platelet reactivity by modulating a functional megakaryo-

cyte lineage enhancer, leading to platelet populations

with altered GRK5 expression and function.

Using luciferase reporter assay, we confirmed that the lo-

cus drives enhancer activity in vitro through binding of

GATA1 and not through binding of GATA2 (Figure S5A–

S5C). Enhancer activity in endogenous GATA1-expressing

cells is largely abolished upon deletion of the GATA1 core

binding motif (GATA1del; Figure S5B). Given its close prox-

imity to the GATA1 motif, we hypothesized that the

rs10886430-G could reduce the regulatory potential of

the enhancer by interfering with binding of GATA1.

Thus, we investigated the impact of the GRK5 variant on

enhancer activity, both by targeted four-base deletion as
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well as by single-base substitution of the minor ‘‘G’’ allele

(Figure 4). In K562 cells, introduction of the GRK5 variant

effect allele (AtoGmut) repressed enhancer activity 1.5-fold

(p < 0.001). Targeted deletion of the base position

(AGTGdel) produced nearly identical results. Endothelial

HUVEC cells, which express lower levels of GATA1

(confirmed using qRT-PCR, data not shown), exhibited

weak enhancer activity and a diminished capacity for the

GRK5 variant effect allele to repress enhancer activity

(1.3-fold, p < 0.05) (Figure 4).

Having established a potential mechanism by which the

DNA variant regulates GRK5 expression, we next investi-

gated the role of GRK5 in platelet physiology. To this

end, we utilized iPSC-derived imMKCLs which produce

functional platelets expressing cell markers CD42b (MIM:

606672) and VWF (MIM: 613160).30 We first assessed the

impact of reducing GRK5 expression in imMKCL through

the use of siRNA testing, achieving a knockdown efficiency

of �75% (Figure S6A). We performed platelet function

testing of GRK5-depleted and control platelet progeny cells

stimulated with agonists ADP/TRAP-6 via flow cytometry,

measuring platelet surface activated GPIIb-IIIa (PAC1 anti-

body) and platelet surface P-Selectin (CD62P). Transient

knockdown of GRK5 increased the percentages of platelets

that were positive for P-Selectin 1.6-fold (p < 0.05) and

activated GPIIb-IIIa 1.2-fold (p < 0.05) (Figure 5A). The

amounts of P-Selectin and activated GPIIb-IIIa exposed

on the surface of each platelet, as judged by the geometric

mean fluorescence intensity (MFI), were largely un-

changed (Figure 5A).

We next investigated the effect of repressing GRK activ-

ity on platelet function in the specific context of PAR1- or

PAR4-activated signaling ex vivo via CCG215022, a pan-

specific small-molecule inhibitor exhibiting nanomolar

IC50 values against both GRK2 (MIM: 109635) and GRK5.

To this end, we performed platelet function testing on

treated and control PRP stimulated with either TRAP-6

(PAR1 activator) or PAR4-AP via flow cytometry. Treatment

with the GRK inhibitor increased the percentages of plate-

lets positive for P-Selectin up to 2.3-fold in the presence of

PAR4-AP but not in the presence of TRAP-6 (Figure S6B).

Given that we observed activation in siRNA experiments

upon ADP/TRAP-6 co-stimulation, the absence of an effect

by PAR1 signaling alone in healthy donor PRP treated with

GRK inhibitor led us to consider whether stimulation with

ADP alone would have an effect. We performed additional

platelet function testing with a range of concentrations of

TRAP-6, PAR4-AP, or ADP following GRK inhibition

(Figure 5B, Figure S7). Significant increases in P-Selectin-

positive cells were again observed for PAR4-AP (20uM:

2.7-fold, p < 0.01) and to a lesser extent for ADP (1 uM:

1.2-fold, p < 0.05) but not TRAP-6 (Figure 5B, Figure S7).

Because TRAP-6 activation may have been saturated at

doses between 1 uM to 20 uM, we ran independent exper-

iments at lower doses of TRAP-6 in donor PRP (0.001 uM,

0.01 uM, and 0.10 uM), and again we found no effect of

GRK inhibition on platelet activation (Figure S8). Together,
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Figure 5. Disrupting Platelet GRK5 via siRNA or Chemical Inhib-
itor Causes Increased Thrombin Activation via a PAR4 Receptor
Signaling Process
GRK5 perturbation promotes platelet activation.
(A) Change in platelet activation markers P-Selectin and activated
GPIIb-IIIa (PAC1) in response to 20 mM ADP/TRAP6 stimulation
(compared to untreated) following siRNA knockdown of GRK5
expression (or Green Fluorescent Protein [GFP] siRNA negative
control) in imMKCL cells. Data represent mean 5 SEM of four in-
dependent experiments. Differences assessed via Student’s T-Test. *
p < 0.05, **p < 0.01.
(B) Change in P-Selectin in response to specific activation of either
ADP, PAR1 (TRAP-6), or PAR4 (PAR4-AP) signaling (compared to
untreated) following pharmacologic inhibition of GRK activity
with 0.78 mM CCG215022 (GRKi) or vehicle control (Con) in
PRP samples from healthy donors. Plotted data represent mean
5 SEM (n ¼ 3) difference in percentages of marker-positive plate-
lets following treatment with the indicated concentrations of
agonist. Differences between PRP treated with GRK inhibitor
versus control assessed via Student’s T-Test. *p < 0.05, **p < 0.01.

The Americ
these results suggest that inhibition of platelet GRK5 pro-

motes PAR4-mediated platelet activation and to a lesser

extent ADP-mediated activation, but not PAR1-mediated

platelet activation.
Discussion

In a GWAS of thrombin-induced platelet aggregation, we

identify a GRK5 non-coding variant (rs10886430-G)

strongly associated with increased reactivity to thrombin.

We observed that thrombin-induced aggregation shares

a common association signal at the GRK5 locus with

three platelet cell indices (MPV, PLT, and PDW), the

rs10886430 SNP being the shared causal variant in each

case. Interestingly, the SNP had previously been identified

as a sentinel variant positively associated with two indices:

MPV and PDW,18 which are suggested by some as partial

surrogates for platelet activation. Our study suggests a

direct role for GRK5 in platelet activation, with an overall

mechanism outlined in Figure 6.

To determine the regulatory potential of the rs10886430

variant, we first applied SMR to test for association be-

tween platelet gene expression and reactivity to thrombin.

The analysis supported a model whereby decreased GRK5

expression is associated with increased platelet reactivity

through disruption by the rs10886430-G variant. The

strong rs10886430-G eQTL for GRK5 replicated in two in-

dependent platelet datasets17,21 but none of the other 44

tissues in GTEx, five white blood cell subtypes, or aortic

endothelial cells; these results indicate significant platelet

specificity. Utilizing megakaryocyte and erythroid epige-

netic datasets, we found evidence for an active cell lineage

enhancer at the SNP site bound by master hematopoietic

TF GATA1. GATA1 plays a critical role in megakaryocyte

maturation and platelet formation in vivo.39 We supported

the disruption ofGRK5 expression throughmultiple exper-

iments. We further investigated the role of GRK5 in

platelet function through the use of an iPSC-derived mega-

karyocyte and platelet production model. Knockdown of

GRK5 by siRNA increased functional markers of platelet

activation in agonist-stimulated cells, including a-granule

release (surface P-Selectin) and inside-out activation of

the platelet integrin complex GPIIb-IIIa. These results indi-

cate that GRK5 plays an important functional role in nega-

tively regulating thrombin-induced platelet reactivity.

Thrombin is the most potent endogenous platelet acti-

vator, and it plays an important role in clot promotion

and inhibition, and cell signaling, as well as additional pro-

cesses that influence fibrinolysis and inflammation. The

role of GRK5 could be mediated through several mecha-

nisms: first, through canonical GRK GPCR desensitization

of signal initiators PAR1 or PAR4,6 and second, GPCR

desensitization of numerous downstream effectors of PAR

signaling such as b2-AR (MIM: 107941),34,40 Akt (MIM:

164730), or the SRC family kinases.41 To further determine

whether GRK5 affects PAR1 or PAR4 signaling, we
an Journal of Human Genetics 107, 211–221, August 6, 2020 217



Figure 6. Suggested Mechanism of GRK5
Regulatory Variant in Influencing PAR4
Platelet Activation and Thrombosis Risk
Schematic depicting the platelet-specific ef-
fects of GRK5 variant rs10886430 via a
GATA1 enhancer and modified suppression
of platelet PAR4 signaling on thrombin acti-
vation. PAR4 has been studied as a drug
target (BMS-986120). The model is sup-
ported by thrombin platelet reactivity asso-
ciation in PRP, a strong platelet eQTL in two
independent samples, a lack of eQTL
co-localization in other cells and tissues,
mutagenesis and enhancer assays, siRNA
and inhibitor (CCG215022) experiments
in iPSC-derived megakaryocytes and plate-
lets, and multiple population genetic
studies for CVD outcomes (UK BioBank,
MEGASTROKE, FinnGen, INVENT, MVP).
conducted experiments that showed GRK5 inhibitory ef-

fects are mediated via inhibition of PAR4-driven platelet

activation.

PAR4 is involved in sustained platelet activation, and it

invokes sustained intracellular calcium response in plate-

lets, phosphyltidylserine exposure, thrombin generation,

and fibrin deposition.13 Thus, PAR4 has been suggested

as a novel anti-platelet therapeutic target, with primate

models and other studies indicating that PAR4 inhibition

could provide superior inhibition with reduced bleeding

diatheses.11,12 Our results suggest that a significant genet-

ically determinable fraction of the population could poten-

tially receive greater benefit from PAR4 inhibition. Interest-

ingly, a missense variant, p.Ala120Thr, in PAR4 has been

described as affecting activation.42 However, this variant

was not associated with full thrombin reactivity in our

study (p ¼ 0.07, data not shown), and responses to a

monoclonal antibody directed at PAR4 did not vary by ge-

notype in another study.43 Taken together, this suggests

that GRK5 variant rs10886430 may have stronger implica-

tions for thrombin-based platelet activation than does the

previously reported PAR4 coding variant. Our study does

have some limitations. Given the modest sample size, false

negatives are expected. Because there are no other reported

thrombin, PAR1, or PAR4 platelet reactivity GWASs, we

cannot yet assess replication of those findings.

Given the importance of thrombin in clot formation, we

used two-sample MR to determine whether the genetic ef-

fect of the variant on platelet reactivity may play a puta-

tively causal role in cardiovascular or cerebrovascular dis-

ease pathology. Whereas the role of platelets in arterial

thrombosis is well established, our MR analysis utilizing

the strong GRK5 instrumental variable also suggests that

thrombin-driven platelet reactivity contributes to the tra-

jectory of venous thromboembolism (VTE), both in DVT

and in PE. Recently, the variant was independently tied

to increased VTE risk in the INVENT Consortium and

this was replicated in the Million Veteran’s Project.44 Crit-

ical for DVT propagation in vivo, platelets are recruited to

developing venous thrombi where they support leukocyte
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accumulation and promote formation of procoagulant

neutrophil extracellular traps.45 Markers of platelet activa-

tion are elevated in acute PE, correlate with the severity of

right ventricular dysfunction, and can persist for several

months.46 The contributing role of platelets in VTE is

further supported by the observation that aspirin therapy

reduces the risk of DVT and PE in patients undergoing or-

thopedic surgery.47 Thrombosis and excess platelet activa-

tion are common pathological features of pulmonary arte-

rial hypertension,48 another cause of pulmonary heart

disease. While the etiologic heterogeneity characterizing

ischemic stroke makes it difficult to assign a causative

role for platelet reactivity to any given subtype, the platelet

content of embolized thrombi is twice that of in situ

thrombi,49 suggesting that the platelet aggregate increases

propensity for embolization. The importance of platelets

in pathogenesis of acute MI is supported by both clinical

and in vivo animal studies which show that the initial

thrombus (following endothelial injury) is primarily

composed of activated platelets.50

In our investigation of the rs10886430-G variant among

stroke subtypes available in MEGASTROKE, we observed a

markedly strong effect in the prevalence of cardioembolic

stroke, though not of large vessel or small vessel disease.

Compared to cardioembolic stroke, the large artery athero-

sclerosis and small vessel occlusion subtypes have vastly

different etiologies.24 MR analysis supported a causal role

for thrombin-driven platelet reactivity specifically in the

cardioembolic subtype. Causal associations with PE and

cardioembolic stroke suggest that the rs10886430-G

variant is particularly enriched in emboli forming distally

to the site of vascular occlusion. More broadly, our results

underline the importance of thrombin-driven platelet

reactivity in both venous and arterial disease. It remains

to be seen whether rs10886430-G is an important variant

to segment populations at risk relative to treatment for

either venous or arterial disease.

Beta-blockers are a common preventative therapy

following MI and a mainstay for the management of heart

failure.33 Functional studies have shown b2-ARs to inhibit
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platelet aggregation and adhesion through activation of

platelet nitric oxide synthase.34 Given the role of GRK5

in desensitizing b-AR signaling, we investigated whether

the GRK5 variant’s effect on platelet reactivity was modi-

fied by beta-blocker therapy in a subset of Caerphilly par-

ticipants. We observed a negative interaction effect on

platelet reactivity between the GRK5 variant and b1-AR se-

lective drugs, and we saw no effect with non-selective

drugs. The absence of an appreciable effect with the latter

may in part be explained by low sample sizes in the model

(selective n ¼ 56, non-selective n ¼ 34) as well as by differ-

ences in chemistry which may affect platelet uptake.51

Future work could potentially examine the genotypic ef-

fect of the GRK5 variant on multiple drug classes in larger

samples including direct thrombin inhibitors, beta-adren-

ergic blockers, and other anticoagulant and anti-platelet

therapies. Overexpression of cardiac GRK5 leads to early

heart failure after pressure overload in mouse models.52

Also upregulated in human heart failure, GRK5 is being

investigated as a therapeutic target with selective small-

molecule inhibitors under development.53 Our work high-

lights the potential for significant platelet-driven off-target

effects with this or other strategies seeking to inhibit

GRK5. Notably, in platelet RNA-sequencing data, GRK5 is

by far the most expressed member of the GRK family.

The next highest-expressed GRK family members are

GRK6 (MIM: 600869) (�18% expression level of GRK5)

and GRK4 (MIM: 137026) (�2% expression level of

GRK5), suggesting that GRK5 is likely to be the critical pro-

tein family member active in platelets.54 Given the role of

GRK5 in controlling PAR4-mediated platelet activation

and the association of the rs10886430-G genetic effect

on platelet reactivity with cardiovascular and cerebrovas-

cular embolic events, we suggest that finding a mechanism

to maintain GRK5 activity in platelets could prove benefi-

cial in preventing venous and arterial CVD.
Data and Code Availability

Caerphilly genotypes and phenotypes are available

by request to the study steward at the University

of Bristol: https://www.bristol.ac.uk/population-health-

sciences/projects/caerphilly/. Other code and data are

either freely available at the websites listed in the Web Re-

sources or in the Supplemental Information, or by request

to the corresponding author.
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Supplementary Figures and Legends 1 

 2 

 3 
Figure S1. Manhattan and Quantile-Quantile (QQ) plots from genome-wide association analysis of 4 

Thrombin-induced platelet aggregation in the Caerphilly Prospective Study. A, initial analysis of 5 

Caerphilly participants (n = 1184). B, analysis conditioning on GRK5 peak SNP rs10886430. On Manhattan 6 

plots, negative log10-transformed P-values are plotted according to physical genomic locations by chromosome. 7 

The red horizontal line indicates P-value threshold of 7 × 10−9, corresponding to genome-wide significance. 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 



 

 25 
Figure S2. Principal components analysis of Caerphilly with UK BioBank samples reveals that the 26 

Caerphilly sample is overwhelmingly European ancestry. Caerphilly samples are indicated by orange circles 27 

and UK BioBank British/European ancestry samples by green circles.  28 



 

 29 
Figure S3. Scatterplot of the effect of rs10886430-G variant dosage on thrombin-induced platelet 30 

aggregation in Caerphilly participants not taking Beta Blockers (left), taking Non-Selective Beta Blockers 31 

(middle), and taking Selective Beta Blockers (right) with linear fit and 95% confidence interval. Platelet 32 

aggregation values were square root transformed prior to modeling and plotting. Beta, standard error (SE), and 33 

P value for interaction effects with rs10886430-G dosage are given for Non-Selective (B) and Selective (C) 34 

Beta Blockers. 35 

  36 



 

 37 
Figure S4. Genome browser plot of K562 cell GROCAP-seq (+ strand red, - strand blue) signal density 38 

and Hidden Markov Model bidirectional promoter prediction. The yellow line indicates the position of the 39 

rs10886430 variant in the bidirectional eRNA promoter. 40 

 41 
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 45 
Figure S5. The GRK5 SNP locus is a functional enhancer driven by GATA1 but not GATA2. A, diagram 46 

of GRK5 enhancer constructs. B, normalized luciferase activity in K562 and HUVEC cells.  C, normalized 47 

luciferase activity in GATA1- or GATA2-transduced HEK293 cells. B – C, Results are the mean of 3 48 

independent experiments performed in quadruplicate (n total=12), error bars represent SEM. 49 

  50 



 

 51 

 52 

Figure S6. siRNA treatment in megakaryocytic cells (imMKCLs) significantly reduces GRK5 expression, 53 

and GRK Inhibition by CCG215022 significantly increased platelet activation via PAR4 but not PAR1 54 

(TRAP-6), supporting Figure 5. A, qRT-PCR analyses of GRK5 siRNA knockdown in Day 6 imMKCLs (4 55 

biological replicates assayed in triplicate). Fold change in GRK5 expression calculated by the ∆∆𝐶𝑡 method 56 

using ACTB as reference gene. Error bars represent SEM (n=4). B, Change in P-Selectin in response to specific 57 

activation of either PAR1 (20 M TRAP6) or PAR4 (50 M PAR4-AP) signaling (compared to untreated) 58 

following pharmacologic inhibition of GRK activity with increasing concentrations of CCG215022 in PRP 59 

samples from healthy donors (n=3). Top, difference in percentages of marker-positive platelets (agonist-treated 60 

compared to no agonist). Bottom, difference in marker platelet surface density (as measured by geometric MFI). 61 

Error bars represent SEM (n=3). 62 

63 



 

 64 

 65 

 66 

Figure S7. Utilizing different doses of ADP, PAR4AP and TRAP-6 in platelet rich plasma from healthy 67 

donors, GRK inhibition by CCG215022 significantly increases platelet activation via moderate doses of 68 

PAR4 and to a lesser extent ADP, but not TRAP-6, supporting Figure 5. Changes in P-Selectin or PAC1 in 69 

response to specific activation by increasing concentrations of either PAR4 (A, PAR4-AP), PAR1 (B, TRAP6) 70 

or ADP (C) signaling (compared to untreated) following pharmacologic inhibition of GRK activity with 0.78 71 

M CCG215022 (GRKi, orange points on plot) in PRP samples from healthy donors (n=3). Top row of each 72 

facet indicates the platelet function marker, P-Selectin (PSel) or PAC1. Second row of each facet represents the 73 

FACS analysis metric, Percent Positive Platelets (Perc) or Cell Surface Mean Fluorescent Intensity (MFI). 74 

Differences between PRP treated with GRK inhibitor versus control assessed by Student’s T Test **, p < 0.01; 75 

*, p < 0.05. 76 



 

 77 

 78 

 79 

Figure S8. Inhibition of platelet GRK by CCG215022 does not affect PAR1 (TRAP-6) mediated platelet 80 

activation at submaximal TRAP-6 doses (0.001 uM, 0.01 uM, 0.10 uM). This is an extension of Figures 5 81 

and S6 utilizing independent PRP donors (n=3). Changes in P-Selectin or PAC1 in response to specific 82 

activation by increasing concentrations of PAR1 (TRAP6: 0.001 uM, 0.01 uM, 0.10 uM) following 83 

pharmacologic inhibition of GRK activity with 0.78 M CCG215022 (GRKi, red points on plot), or vehicle 84 

control (blue points), in PRP samples from healthy donors (n=3). The FACS analyses shown are: top left (% 85 

double-positive platelets for P-selectin (CD62P+)/CD42b+), bottom left (Cell Surface Mean Fluorescent 86 

Intensity (MFI) for CD62P+/CD42b+ platelets), top right (% double-positive platelets for fibrinogen binding 87 

(PAC1+)/CD42b+), bottom right (Cell Surface MFI for PAC1+/CD42b+ platelets).  88 



 

Supplementary Tables. 

 

Dataset Phenotype, Sample Size / Ancestry Figure/Table PubMed ID 

Caerphilly GWAS sample LTA in PRP for Thrombin (n = 1184) / EA 

Figures 1, S1, 

S2, S3,  Tables 

S2, S3 

this study 

UK BioBank+Interval PLT (n=166066), MPV (n=164454), PDW (n=164433), RBC (n=172952), WBC (n=172435) / EA 
Figure 2A, S2, 

Table S4 
27863252 

Caerphilly LTA in PRP: ADP (n=1184), Collagen (n=811) / EA Table S5 this study 

FHS / GeneStar 
LTA in PRP: ADP (n = 4 trait concentration meta-analyses, n=3024-3857), Epinephrine (n = 4 trait 

concentration meta-analyses, n=2452-3596), Collagen lag time (3467) / EA 
Table S6 20526338 

MARTHA / 3C Thrombin generation potential: ETP (n=1941), Peak (n=1950), Lag (n=1967) / EA Table S7 24357727 

PRAX1 
Platelet gene expression QTLs (Affymetrix Human ST Gene 1.0 microarray) and 1000 Genomes 

Project imputation / n=80 EA / n=74 AA 

Figure 2B, 

Table S8 
27132591 

GTEx eQTL version 7 Gene expression QTLs in 44 tissues, sample size range (n=70-361) Table S9 29022597 

CEDAR 
Gene expression QTLs (Illumina HT12) in blood cell subtypes: CD4+ (n=303), CD8+ (n=294), 

CD19+ (n=282), CD14+ (n=286), CD15+ (n=289), Platelets (n=251) / EA 
Table S10 29930244 

Aortic endothelial cells Gene expression QTLs (n = 147) / Trans-ethnic, primarily EA > AA Table S11 23667179 

Platelet RNA-seq Expression levels of GRK family members from RNA-seq data (n=32) / EA Discussion 26367242 

iPSC-derived megakaryocytes and 

platelets 

iPS line derived from fibroblast male donor with healthy karyotype, with derived imMKCLs used 

in experiments all n  3 
Figure S6, S8 24529595 

Donor PRP Healthy donor PRP at Boston Children’s Hospital (all n  3 independent donors) Figure S7 this study 

UK BioBank (GeneAtlas)  9 disease outcomes, cases (n=3502-11636), total study (n=452264) / EA 
Figure 2C, 

Table S12 
30349118 

MEGASTROKE 4 disease outcomes, cases (n=688-67162), controls (n=454450) / Trans-ethnic Table S13 29531354 

FinnGen 16 disease outcomes, cases (n=3271-43576), controls (n=97214- 170880) / EA Table S14 32273609 

Associated Table refers to the table where we report results using the indicated dataset(s). LTA, light transmission aggregometry; PRP, platelet rich plasma; EA, European ancestry; MPV, 

mean platelet volume; PLT, platelet count; PDW, platelet distribution width; WBC, white blood cell; RBC, red blood cell; FHS, Framingham Heart Study; 3C, 3 City Study; ETP, 

endogenous thrombin potential; PRAX1, Platelet RNA and Expression; AA, African ancestry; TBD, to be determined. NA, not applicable. 

Table S1. Sample sizes, ancestry and sources of datasets used in this publication. 



 

 

 

 

 

 

 

 

 

 

 

 

Phenotype Mean (SD), or Number Yes (%) 

Age (years) 56.8 (4.5) 

Body mass index (kg/m2) 26.7 (3.6) 

Fasting glucose (mg/dL) 96.3 (22.3) 

HDL cholesterol (mg/dL) 39.5 (9.6) 

LDL cholesterol (mg/dL) 143.5 (35.7) 

Triglycerides (mg/dL) 168.4 (97.3) 

Systolic blood pressure (mmHg) 151.1 (23.3) 

Diastolic blood pressure (mmHg) 89.2 (12.3) 

Smoker (current; yes/no) 484 (40.9%) 

Thrombin LTA in PRP (percent aggregation) 10.5 (5.7) 

ADP LTA in PRP (percent aggregation) 22.3 (17.9) 

Collagen LTA in PRP (percent aggregation) 9.8 (8.4) 

Taking antiplatelet medication (current; yes/no) 126 (10.6%) 

HDL, high density lipoprotein; LDL, low density lipoprotein; LTA, light transmission aggregometry; PRP, platelet rich plasma. 

Table S2. Summary demographics and phenotype values for the Caerphilly GWAS study sample (n=1184). 

  



 

 

rsID Beta SE P Ref Alt 
Alt 

Freq 
MAF Rsq Chr Pos Cond Beta SE P val 

rs10886430 0.700 0.051 2.97E-42 A G 0.136 0.136 0.908 10 121010256   n/a n/a n/a 

rs10886437 0.532 0.045 6.57E-33 C T 0.181 0.181 0.982 10 121037154 > 0.111 0.080 0.1649 

rs10886443 0.354 0.039 5.94E-20 A G 0.294 0.294 0.968 10 121054613 > 0.075 0.047 0.1058 

rs56095167 0.301 0.040 3.39E-14 G A 0.324 0.324 0.923 10 121004561 > 0.022 0.045 0.6337 

rs928670 -0.229 0.036 2.58E-10 C T 0.531 0.469 0.997 10 121031659 > 0.056 0.037 0.1325 

rs10886436 -0.228 0.036 2.84E-10 T G 0.533 0.467 0.997 10 121032130 > 0.055 0.037 0.1379 

rs7076992 -0.227 0.036 3.22E-10 C T 0.530 0.470 1.000 10 121028387 > 0.053 0.037 0.1480 

rs7077224 -0.227 0.036 3.23E-10 G T 0.530 0.470 1.000 10 121028390 > 0.053 0.037 0.1482 

rs7071131 -0.227 0.036 3.52E-10 A G 0.469 0.469 0.995 10 121026712 > -0.052 0.037 0.1607 

rs7090417 -0.226 0.036 3.83E-10 C G 0.529 0.471 0.997 10 121030668 > 0.054 0.037 0.1388 

rs10510056 -0.224 0.036 5.95E-10 C T 0.533 0.467 0.994 10 121041733 > 0.052 0.037 0.1591 

rs1889743 -0.218 0.036 1.24E-09 T C 0.517 0.483 0.997 10 121059347 > 0.059 0.036 0.1055 

rs4752274 -0.220 0.036 1.32E-09 G T 0.534 0.466 0.994 10 121047585 > 0.050 0.037 0.1735 

rs11198861 -0.221 0.036 1.42E-09 G A 0.534 0.466 0.990 10 121049819 > 0.049 0.037 0.1815 

rs10886444 -0.217 0.036 1.52E-09 G A 0.517 0.483 0.999 10 121058459 > 0.057 0.036 0.1134 

rs77984972 0.670 0.111 1.60E-09 G C 0.032 0.032 0.887 10 120976563 > 0.080 0.115 0.4865 

rs4752282 -0.217 0.036 1.64E-09 A G 0.517 0.483 0.994 10 121057333 > 0.057 0.036 0.1196 

GWAS, genome-wide association study; SE, standard error; Ref, reference allele; Alt, alternative allele; Freq, frequency; MAF, minor allele frequency; Rsq, imputation score; Chr, 

chromosome; Pos, position; Cond, GWAS results conditioned on rs10886430. 

 

Table S3. Genome-wide significant (P < 7E-9) variants from GWAS of thrombin-induced platelet aggregation in Caerphilly participants and 

conditioned on lead SNP rs10886430.



 

  
H0: No causal 

variant 

H1: Causal 

variant for 

trait 1 only 

H2: Causal 

variant for 

trait 2 only 

H3: Two 

distinct causal 

variants 

H4: One 

common 

causal 

variant 

     

Number of 

SNPs 

tested  

Posterior 

Probability 

H0 

Posterior 

Probability 

H1 

Posterior 

Probability 

H2 

Posterior 

Probability 

H3 

Posterior 

Probability 

H4 

Trait 2 Lead SNP log Approx 

Bayes Factor 

Trait 1 

log Approx Bayes 

Factor Trait 2 

SNP Posterior 

Probability H4 

4548 5.18E-45 2.13E-14 2.44E-34 1.47E-11 1 MPV rs10886430 79.700 33.783 1 

4548 2.21E-34 9.08E-04 2.56E-34 5.31E-05 0.999 PLT rs10886430 79.700 9.306 1 

4548 4.26E-41 1.75E-10 2.44E-34 1.59E-11 1 PDW rs10886430 79.700 24.770 1 

4548 1.74E-31 0.715 5.95E-32 0.244 0.040 WBC rs10886430 79.700 -0.573 1 

4548 2.32E-31 0.951 1.08E-32 0.044 0.004 RBC rs10886430 79.700 -3.085 1 

GWAS, genome-wide association study; LD, linkage disequilibrium; H, hypothesis; Approx, approximate; MPV, mean platelet volume; PLT, platelet count; PDW, platelet distribution 

width; WBC, white blood cell count; RBC, red blood cell count. 

Table S4. Colocalization analysis of thrombin-induced platelet aggregation GWAS signals of Caerphilly participants in the rs10886430-G 

containing LD haplotype block with quantitative blood cell traits (WBC, PLT, PDW, MPV, RBC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
H0: No causal variant H1: Causal variant 

for trait 1 only 

H2: Causal variant 

for trait 2 only 

H3: Two distinct 

causal variants 

H4: One common 

causal variant 

Trait 2 Number of SNPs tested Posterior 

Probability H0 

Posterior 

Probability H1 

Posterior 

Probability H2 

Posterior 

Probability H3 

Posterior 

Probability H4 

ADP (0.725uM) 5427 1.54E-31 0.633 7.88E-32 0.323 0.044 

Collagen (42.7ug/mL) 5427 1.64E-31 0.675 6.96E-32 0.286 0.040 

 

Table S5. Colocalization analysis of thrombin-induced platelet aggregation GWAS signals of Caerphilly participants in the rs10886430-G 

containing LD haplotype block with Caerphilly participants ADP- and Collagen-induced aggregation signals.  



 

 

   
H0: No causal 

variant 

H1: Causal variant 

for trait 1 only 

H2: Causal variant 

for trait 2 only 

H3: Two distinct 

causal variants 

H4: One common 

causal variant 

Trait 2 Number of 

SNPs tested  

Posterior 

Probability H0 

Posterior Probability 

H1 

Posterior 

Probability H2 

Posterior 

Probability H3 

Posterior 

Probability H4 

ADP 3um 2um 1469 2.19E-31 0.901 1.41E-32 0.058 0.041 

ADP 5um 10um 1469 2.19E-31 0.899 1.46E-32 0.060 0.041 

ADP EC50 10um 1469 2.25E-31 0.923 1.27E-32 0.052 0.025 

ADP EC50 2um 1469 2.24E-31 0.918 1.44E-32 0.059 0.023 

Collagen lag time 1469 2.17E-31 0.893 2.23E-32 0.092 0.016 

Epi 1uM 2uM 1469 2.24E-31 0.920 1.54E-32 0.063 0.017 

Epi 3uM 10uM 1469 2.16E-31 0.885 1.95E-32 0.080 0.035 

Epi EC50 10uM 1469 2.22E-31 0.910 1.83E-32 0.075 0.015 

Epi EC50 2uM 1469 2.21E-31 0.906 1.96E-32 0.080 0.014 
Trait 2 platelet agonist GWAS were published in Nature Genetics 42: 608. Trait names represent best matched platelet phenotypes between two cohorts used for meta-analyses. 

Table S6. Colocalization analysis of thrombin-induced platelet aggregation GWAS signals of Caerphilly participants in the rs10886430-G 

containing LD haplotype block with published aggregation GWAS signals for ADP, Collagen, and Epinephrine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
H0: No causal 

variant 

H1: Causal variant 

for trait 1 only 

H2: Causal variant 

for trait 2 only 

H3: Two distinct 

causal variants 

H4: One common 

causal variant 

Trait 2 Number of 

SNPs tested  

Posterior 

Probability H0 

Posterior Probability 

H1 

Posterior 

Probability H2 

Posterior 

Probability H3 

Posterior 

Probability H4 

Peak 1659 2.03E-31 0.835 2.74E-32 0.112 0.053 

Lag time 1649 2.13E-31 0.873 2.43E-32 0.100 0.027 

ETP 1575 2.11E-31 0.868 2.49E-32 0.102 0.030 
Trait 2 thrombin generation phenotypes were published in Blood 123(5): 777-785. ETP, endogenous thrombin potential. 

Table S7. Colocalization analysis of thrombin-induced platelet aggregation GWAS signals of Caerphilly participants in the rs10886430-G 

containing LD haplotype block with GWAS signals for thrombin generation potential (peak, lag time, endogenous thrombin potential). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
Gene 

Chr 

Gene Gene TSS Top SNP SNP 

Chr 

SNP Position Effec

t 

Allele 

Ref 

Allele 

Beta SE SMR P value HEIDI P value 

10 GRK5 120967196 rs10886430 10 121010256 G A -1.536 0.203 3.67E-14 1.61E-01 

1 PGM1 64058946 rs855300 1 64078224 A G -0.536 0.165 1.19E-03 6.32E-01 

9 HEMGN 100700675 rs7861658 9 100679954 G A -0.322 0.110 3.35E-03 6.13E-01 

9 HABP4 99212436 rs10990651 9 99105420 A G -0.160 0.056 4.25E-03 5.47E-01 

16 NUDT21 56485261 rs28793026 16 56415786 T C 0.563 0.207 6.58E-03 1.18E-02 

11 LAMTOR1 71814433 rs58417942 11 71840047 G A -1.690 0.632 7.54E-03 NA1 

16 ZDHHC7 85045141 rs59109628 16 85059628 C A -0.541 0.208 9.23E-03 NA1 

SMR, summary-based mendelian randomization analysis; GWAS, genome-wide association study; PRAX1, platelet RNA and expression 1; Chr, chromosome; TSS, transcriptional start 

site; SE, standard error; HEIDI, heterogeneity in dependent instruments. 1, insufficient number of SNPs to perform HEIDI test. 

Table S8. SMR analysis of GWAS of thrombin-induced platelet aggregation of Caerphilly participants and PRAX1 study platelet eQTL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
H0: No 

causal 

variant 

H1: Causal 

variant for trait 1 

only 

H2: Causal 

variant for trait 2 

only 

H3: Two distinct 

causal variants 

H4: One common 

causal variant 

Trait 2 Number 

of SNPs 

tested  

Posterior 

Probability 

H0 

Posterior 

Probability H1 

Posterior 

Probability H2 

Posterior 

Probability H3 

Posterior 

Probability H4 

Adipose Subcutaneous 5837 1.39E-31 0.569 9.67E-32 0.397 0.034 

Adipose Visceral Omentum 5837 1.58E-31 0.649 7.67E-32 0.315 0.036 

Adrenal Gland 5836 1.52E-31 0.625 7.83E-32 0.321 0.054 

Artery Aorta 5836 1.72E-31 0.706 6.31E-32 0.259 0.035 

Artery Coronary 5833 1.51E-31 0.619 8.05E-32 0.330 0.051 

Artery Tibial 5837 1.53E-32 0.063 2.28E-31 0.935 0.003 

Brain Anterior cingulate cortex BA24 5814 1.48E-31 0.607 8.50E-32 0.349 0.044 

Brain Caudate basal ganglia 5833 1.21E-31 0.495 1.14E-31 0.466 0.038 

Brain Cerebellar Hemisphere 5825 1.45E-31 0.594 8.75E-32 0.359 0.046 

Brain Cerebellum 5830 1.50E-31 0.616 8.29E-32 0.340 0.044 

Brain Cortex 5830 1.07E-31 0.438 1.30E-31 0.535 0.027 

Brain Frontal Cortex BA9 5826 1.41E-31 0.581 9.07E-32 0.372 0.047 

Brain Hippocampus 5823 1.29E-31 0.528 1.05E-31 0.433 0.039 

Brain Hypothalamus 5826 1.46E-31 0.598 8.41E-32 0.345 0.057 

Brain Nucleus accumbens basal ganglia 5831 1.15E-31 0.473 7.26E-32 0.298 0.229 

Brain Putamen basal ganglia 5829 1.45E-31 0.595 8.40E-32 0.345 0.060 

Breast Mammary Tissue 5837 1.69E-31 0.692 6.75E-32 0.277 0.030 

Cells EBV-transformed lymphocytes 5823 1.38E-31 0.567 9.54E-32 0.392 0.041 

Cells Transformed fibroblasts 5837 1.29E-31 0.530 1.09E-31 0.447 0.023 

Colon Sigmoid 5837 1.52E-31 0.623 8.23E-32 0.338 0.039 

Colon Transverse 5837 1.60E-31 0.656 7.76E-32 0.318 0.025 

Esophagus Gastroesophageal Junction 5837 1.47E-31 0.603 8.23E-32 0.338 0.059 

Esophagus Mucosa 5837 1.54E-31 0.630 8.24E-32 0.338 0.031 

Esophagus Muscularis 5837 1.54E-31 0.632 8.23E-32 0.338 0.030 

Heart Atrial Appendage 5837 1.30E-31 0.536 1.07E-31 0.439 0.025 

Heart Left Ventricle 5837 1.31E-31 0.539 1.01E-31 0.417 0.045 



 

Liver 5833 1.43E-31 0.588 8.92E-32 0.366 0.045 

Lung 5837 2.65E-33 0.011 2.41E-31 0.989 0.001 

Muscle Skeletal 5837 1.41E-31 0.578 9.75E-32 0.400 0.022 

Nerve Tibial 5837 1.33E-31 0.544 1.06E-31 0.434 0.021 

Ovary 5821 1.44E-31 0.590 8.37E-32 0.343 0.066 

Pancreas 5836 1.48E-31 0.608 8.47E-32 0.348 0.044 

Pituitary 5829 1.50E-31 0.617 8.46E-32 0.347 0.035 

Prostate 5830 1.50E-31 0.615 8.49E-32 0.349 0.037 

Skin Not Sun Exposed Suprapubic 5837 1.73E-31 0.711 6.51E-32 0.267 0.022 

Skin Sun Exposed Lower leg 5837 1.17E-31 0.482 9.25E-32 0.380 0.138 

Small Intestine Terminal Ileum 5825 1.25E-31 0.513 1.09E-31 0.448 0.039 

Spleen 5828 1.46E-31 0.600 8.51E-32 0.349 0.051 

Stomach 5836 1.35E-31 0.552 1.01E-31 0.416 0.032 

Testis 5837 1.43E-31 0.586 8.16E-32 0.335 0.079 

Thyroid 5837 4.15E-41 1.70E-10 2.44E-31 1.000 7.41E-12 

Uterus 5807 1.42E-31 0.582 9.33E-32 0.383 0.035 

Vagina 5823 1.50E-31 0.617 8.32E-32 0.342 0.042 

Whole Blood 5837 7.43E-32 0.305 1.55E-31 0.634 0.061 

Variants tested for tissue GRK5 cis eQTL in GTEx version 7. All variants in the region spanning up to 1-MB upstream and downstream of the GRK5 TSS and TTS, respectively (hg19 

chr10:119967083-122219257). TSS, transcriptional start site; TTS, transcriptional termination site. 

 

Table S9. Colocalization analysis of thrombin-induced platelet aggregation GWAS signals of Caerphilly participants in the GRK5 locus with 

44 GTEx tissue eQTL signals. 

 

 

 

 

 

 

 

 

 

 

 



 

  
H0: No causal variant H1: Causal variant for 

trait 1 only 

H2: Causal variant 

for trait 2 only 

H3: Two distinct 

causal variants 

H4: One common 

causal variant 

Trait 2 Number of 

SNPs tested  

Posterior Probability 

H0 

Posterior Probability 

H1 

Posterior Probability 

H2 

Posterior Probability 

H3 

Posterior Probability 

H4 

CD4+ T cells 4099 3.00E-34 0.001 2.43E-31 0.997 0.002 

CD8+ T cells 4099 2.63E-33 0.011 2.40E-31 0.987 0.002 

CD19+ B cells 4099 1.60E-31 0.657 6.54E-32 0.268 0.074 

CD14+ monocytes 4099 1.64E-31 0.672 6.91E-32 0.284 0.044 

CD15+ granulocytes 4099 1.96E-32 0.080 2.23E-31 0.914 0.005 

Platelets 4099 4.41E-44 0.000 2.44E-34 0.000 1.000 

All variants in the region spanning up to 1-MB upstream and downstream of the GRK5 TSS and TTS, respectively (hg19 chr10:119967083-122219257). 

Table S10. Colocalization analysis of thrombin-induced platelet aggregation GWAS signals of Caerphilly participants in the GRK5 locus 

with 6 blood cell type eQTL from the CEDAR cohort. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
H0: No causal 

variant 

H1: Causal 

variant for 

trait 1 only 

H2: Causal 

variant for 

trait 2 only 

H3: Two 

distinct causal 

variants 

H4: One 

common 

causal variant 

Trait 2 Number of 

SNPs tested  

Posterior 

Probability H0 

Posterior 

Probability H1 

Posterior 

Probability H2 

Posterior 

Probability H3 

Posterior 

Probability H4 

Aortic endothelial cells 6294 1.39E-31 0.572 9.74E-32 0.400 0.029 

All variants in the region spanning up to 1-MB upstream and downstream of the GRK5 TSS and TTS, respectively (hg19 chr10:119967083-122219257). 

 Table S11. Colocalization analysis of thrombin-induced platelet aggregation GWAS signals of Caerphilly participants in the GRK5 locus 

with endothelial cell eQTL.  



 

 

 

Outcome1 

GWAS 

OR 

GWAS 

SE 

GWAS       

P value  Cases 

OR of MR 

Estimate 

MR 

SE 

MR CI 

Lower 

MR CI 

Upper MR P value 

I26 Pulmonary embolism 
http://geneatlas.roslin.ed.ac.uk/trait/?trait=401 

1.25 1.03 8.05E-13 3952 1.382 1.050 1.257 1.520 2.40E-11 

I26-I28 Pulmonary heart disease and diseases of 

pulmonary circulation 
http://geneatlas.roslin.ed.ac.uk/trait/?trait=297 

1.22 1.03 1.42E-11 4800 1.324 1.045 1.214 1.443 1.97E-10 

1083 Cerebrovascular disease self-reported 
http://geneatlas.roslin.ed.ac.uk/trait/?trait=88 

1.12 1.02 8.57E-07 8385 1.173 1.034 1.099 1.253 1.85E-06 

1098 Stroke, self-reported 
http://geneatlas.roslin.ed.ac.uk/trait/?trait=308 

1.13 1.03 2.35E-06 6465 1.190 1.039 1.104 1.282 5.05E-06 

1085 Venous thromboembolic disease, self-reported 
http://geneatlas.roslin.ed.ac.uk/trait/?trait=497 

1.09 1.02 3.90E-06 11636 1.136 1.029 1.075 1.201 6.63E-06 

1112 Deep venous thrombosis (DVT), self-reported 
http://geneatlas.roslin.ed.ac.uk/trait/?trait=262 

1.09 1.02 3.73E-05 9059 1.138 1.033 1.068 1.212 5.69E-05 

I21 Acute myocardial infarction, clinical 
http://geneatlas.roslin.ed.ac.uk/trait/?trait=397 

1.09 1.02 4.41E-05 8764 1.138 1.033 1.068 1.212 6.67E-05 

I63 Cerebral infarction, clinical 
http://geneatlas.roslin.ed.ac.uk/trait/?trait=526 

1.13 1.04 5.01E-04 3502 1.190 1.053 1.076 1.316 7.43E-04 

I50 Heart Failure   http://geneatlas.roslin.ed.ac.uk/trait/?trait=56 1.02 1.03 3.92E-01 5901 1.035 1.040 0.957 1.118 0.392 

MR, mendelian randomization; GWAS, genome-wide association study; UK, United Kingdom; OR, odds ratio; SE, standard error; CI, 95% confidence interval.  1, given are the full labels 

of outcomes as cataloged in the Gene ATLAS database and the corresponding URL. Outcomes with prefix “I” are derived from ICD9 and / or ICD10 codes. 

 

Table S12. MR analysis of rs10886430-G thrombin-induced platelet aggregation GWAS signal in Caerphilly participants and 

cardiovascular, cardiopulmonary outcomes in the UK BioBank cohort, in support of Figure 2C.



 

 

Outcome1 

GWAS 

OR 

GWAS 

SE 

GWAS   

P value  Cases 

OR of MR 

Estimate MR SE 

MR CI 

Lower 

MR CI 

Upper 

MR P 

value 

Cardioembolic Stroke 18.42 2.96 6.16E-04 9006 64.36 4.71 3.09 1340.44 7.18E-03 

Any Stroke 1.50 1.13 2.83E-04 67162 1.79 1.19 1.27 2.51 7.69E-04 

Any Ischemic Stroke 1.61 1.15 2.29E-04 60341 1.97 1.22 1.33 2.92 7.17E-04 

Large Artery Stroke 4.32 5.09 3.85E-01 6688 8.10 10.24 0.08 773.88 3.69E-01 

MR, mendelian randomization; GWAS, genome-wide association study; OR, odds ratio; SE, standard error; CI, 95% confidence interval.  1, GWAS of stroke outcomes correspond to the 

trans-ethnic analyses published in Nature Genetics 50, 524-537 (2018). The rs10886430 variant did not pass QC in Small Vessel Stroke subtype trans-ethnic analysis, thus this subtype was 

not included in our analysis; however, there was no evidence of association in the European Only analysis (P = 0.82) 

 

Table S13. MR analysis of rs10886430-G thrombin-induced platelet aggregation GWAS signal in Caerphilly participants and stroke 

outcomes in the MEGASTROKE consortium.



 

 
Outcome pheWAS 

OR 
pheWAS 

SE 
pheWAS P 

value 
Cases Controls OR of MR 

Estimate 
MR SE MR CI Lower MR CI 

Upper 
MR P 
value 

Deep vein thrombosis (DVT) of lower extremities 1.17 1.04 2.32E-04 3592 153951 1.25 1.06 1.11 1.41 2.28E-04 

Ischemic Stroke, excluding all hemorrhages 1.11 1.03 5.78E-04 8046 164286 1.15 1.04 1.06 1.25 5.75E-04 

DVT of lower extremities and pulmonary embolism 1.11 1.03 1.22E-03 6019 170880 1.17 1.05 1.06 1.28 1.22E-03 

Cardiomyopathy 0.84 1.06 1.84E-03 2342 129908 0.79 1.08 0.68 0.91 1.85E-03 

Stroke, excluding subarachnoid hemorrhage (SAH) 1.08 1.03 3.50E-03 8877 163535 1.12 1.04 1.04 1.21 3.57E-03 

Portal vein thrombosis 1.90 1.27 6.30E-03 110 153951 2.51 1.40 1.30 4.85 6.31E-03 

Cardiomyopathies, Primary/intrinsic 0.84 1.07 6.52E-03 1678 129908 0.78 1.10 0.65 0.93 6.53E-03 

Hypertension 0.96 1.02 7.65E-03 43545 133323 0.94 1.02 0.89 0.98 7.49E-03 

Hypertensive diseases 0.96 1.02 7.82E-03 43576 133323 0.94 1.02 0.89 0.98 7.80E-03 

Stroke, including SAH 1.07 1.03 8.32E-03 9592 162861 1.11 1.04 1.03 1.19 8.25E-03 

Right bundle-branch block 1.44 1.15 8.54E-03 314 129908 1.68 1.22 1.14 2.48 8.51E-03 

Venous thromboembolism (VTE) 1.08 1.03 1.00E-02 6913 169986 1.12 1.05 1.03 1.22 9.97E-03 

Myocardial infarction 1.08 1.03 1.09E-02 10003 152621 1.12 1.04 1.03 1.22 1.09E-02 

Myocardial infarction, strict 1.08 1.03 1.25E-02 9145 152621 1.12 1.05 1.02 1.22 1.24E-02 

Cerebrovascular diseases 1.06 1.02 1.27E-02 11859 165040 1.09 1.04 1.02 1.17 1.26E-02 

Other arterial embolism and thrombosis 1.45 1.17 1.61E-02 256 167843 1.70 1.25 1.10 2.61 1.62E-02 

Atrioventricular (AV) block 1.16 1.06 1.63E-02 1727 129908 1.24 1.09 1.04 1.47 1.64E-02 

Diseases of veins, lymphatic vessels and lymph 
nodes, not elsewhere classified 

1.04 1.02 3.64E-02 22948 153951 1.06 1.03 1.00 1.12 3.69E-02 

Cerebrovascular diseases (FINNGEN) 1.07 1.03 3.65E-02 10367 97214 1.09 1.04 1.01 1.19 3.63E-02 

Conduction disorders 1.10 1.05 4.12E-02 3271 129908 1.14 1.07 1.01 1.29 4.13E-02 

Sequelae of cerebrovascular disease 1.09 1.04 4.42E-02 3520 165040 1.13 1.06 1.00 1.28 4.45E-02 

1MR, mendelian randomization; OR, odds ratio; SE, standard error; CI, 95% confidence interval.  DVT, deep venous thrombosis; SAH, Subarachnoid hemorrhage. 

Table S14. MR analysis of rs10886430-G thrombin-induced platelet aggregation GWAS signal in Caerphilly participants and 

circulatory system disease outcomes in the FinnGen study



 

 

Protein Cell model Chrom Start Stop 
Signal 
value Q value 

Experiment 
Name File Name 

GATA1 PBDE chr10 121010043 121010647 31.7 4.90 ENCSR000EXP ENCFF957CWW 

JUND K562 chr10 121010130 121010410 56.5 4.92 ENCSR000EGN ENCFF337DKJ 

CBFA2T3 K562 chr10 121010119 121010523 110.9 4.77 ENCSR697YLJ ENCFF993GXU 

NFE2 K562 chr10 121010182 121010343 108.3 4.75 ENCSR000FCC ENCFF495MHZ 

C11orf30 K562 chr10 121010068 121010419 331.9 4.74 ENCSR350XWY ENCFF996ZGL 

MAFF K562 chr10 121010123 121010399 56.9 4.44 ENCSR000EGI ENCFF308IXJ 

ZNF316 K562 chr10 121010091 121010400 370.8 4.37 ENCSR167KBO ENCFF788EBS 

IKZF1 K562 chr10 121010059 121010362 178.8 4.32 ENCSR948VFL ENCFF886VSU 

L3MBTL2 K562 chr10 121010154 121010754 56.8 4.26 ENCSR530XQI ENCFF314ULQ 

DPF2 K562 chr10 121010087 121010385 110.3 4.22 ENCSR715CCR ENCFF823SYE 

SMARCE1 K562 chr10 121009987 121010503 58.9 4.05 ENCSR157TCS ENCFF622RBW 

ARID1B K562 chr10 121010142 121010437 234.3 4.03 ENCSR822CCM ENCFF225MPC 

CREM K562 chr10 121010129 121010429 19.7 4.00 ENCSR077DKV ENCFF948TXN 

CTBP1 K562 chr10 121010073 121010613 56.6 3.88 ENCSR201NQZ ENCFF152VMJ 

ATF3 K562 chr10 121010038 121010538 99.4 3.81 ENCSR028UIU ENCFF958KNK 

SMARCA4 K562 chr10 121010175 121010403 106.3 3.71 ENCSR587OQL ENCFF883TOD 

EP300 K562 chr10 121010096 121010412 71.5 3.68 ENCSR000EGE ENCFF549TYR 

MAFK K562 chr10 121010091 121010371 95.7 3.21 ENCSR000EGX ENCFF812QPN 

ZNF592 K562 chr10 121010196 121010556 109.2 3.06 ENCSR249BHQ ENCFF273TYA 

ZEB2 K562 chr10 121010140 121010590 41.9 2.81 ENCSR322CFO ENCFF407AOX 

SMARCC2 K562 chr10 121010093 121010583 50.9 2.70 ENCSR519WMW ENCFF114PTZ 

MGA K562 chr10 121010171 121010735 140.5 2.64 ENCSR710WLO ENCFF670ZCR 

RNF2 K562 chr10 121009997 121010597 112.3 2.61 ENCSR608XTF ENCFF644WLI 

ARNT K562 chr10 121010132 121010608 40.5 2.53 ENCSR613NUC ENCFF471ZTZ 

NCOR1 K562 chr10 121010073 121010483 101.0 2.40 ENCSR910JAI ENCFF165BCW 

CBFA2T2 K562 chr10 121010085 121010455 41.7 1.88 ENCSR699PVC ENCFF642BNC 

EP400 K562 chr10 121010101 121010811 51.3 1.67 ENCSR817QKV ENCFF925ANU 

ENCODE, Encyclopedia of DNA Elements; PBDE, peripheral blood derived erythroblasts; Chr, chromosome; Overlapping peak signal and Q value are extracted from file indicated by 

ENCODE File Name. Experiment Name is the ENCODE record for the experiment which produced the given file corresponding to File Name.  

Table S15. Transcription factors binding the rs10886430 variant in ENCODE mega-erythroid cell models. 



 

 

 

MAF beta power MAF beta power MAF beta power MAF beta power MAF beta power 

0.01 

0.1 0 

0.02 

0.1 0 

0.03 

0.1 0 

0.04 

0.1 0 

0.05 

0.1 0 

0.2 0 0.2 0 0.2 0 0.2 0.0001 0.2 0.0003 

0.3 0 0.3 0.0002 0.3 0.0015 0.3 0.0053 0.3 0.0143 

0.4 0.0002 0.4 0.0034 0.4 0.0211 0.4 0.0709 0.4 0.1636 

0.5 0.0011 0.5 0.0265 0.5 0.1391 0.5 0.3533 0.5 0.5948 

0.6 0.0061 0.6 0.1237 0.6 0.4477 0.6 0.7656 0.6 0.9294 

0.7 0.0254 0.7 0.3537 0.7 0.7962 0.7 0.9668 0.7 0.9967 

0.8 0.0805 0.8 0.6592 0.8 0.9637 0.8 0.9985 0.8 0.9999 

0.9 0.1984 0.9 0.8851 0.9 0.9972 0.9 0.9999 0.9 0.9999 

1 0.3854 1 0.9771 1 0.9999 1 0.9999 1 0.9999 

0.1 

0.1 0 

0.15 

0.1 0.0001 

0.2 

0.1 0.0002 

0.25 

0.1 0.0003 

0.3 

0.1 0.0005 

0.2 0.0064 0.2 0.0317 0.2 0.0839 0.2 0.1558 0.2 0.2327 

0.3 0.2055 0.3 0.5541 0.3 0.8055 0.3 0.9225 0.3 0.968 

0.4 0.8055 0.4 0.9845 0.4 0.9992 0.4 0.9999 0.4 0.9999 

0.5 0.9949 0.5 0.9999 0.5 0.9999 0.5 0.9999 0.5 0.9999 

0.6 0.9999 0.6 0.9999 0.6 0.9999 0.6 0.9999 0.6 0.9999 

0.7 0.9999 0.7 0.9999 0.7 0.9999 0.7 0.9999 0.7 0.9999 

0.8 0.9999 0.8 0.9999 0.8 0.9999 0.8 0.9999 0.8 0.9999 

0.9 0.9999 0.9 0.9999 0.9 0.9999 0.9 0.9999 0.9 0.9999 

1 0.9999 1 0.9999 1 0.9999 1 0.9999 1 0.9999 

 

Table S16. Power analysis results.
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Supplementary Methods 

PARTICIPANTS AND GENOMEWIDE ANALYSES 

Participants and thrombin-induced platelet aggregation: 

The Caerphilly Prospective Study assessed platelet aggregation induced by full-length thrombin (0.056 

unit/mL, Sigma Aldrich), ADP (0.725 µM), and Collagen (42.7 µg/mL) in middle aged males using light 

transmission aggregometry (LTA) 1. All participants provided written informed consent. The maximum optical 

density increase due to platelet aggregation was measured and expressed as a proportion of the difference in 

optical density between platelet-rich plasma (PRP) and autologous platelet-poor plasma (PPP) using a Rubel-

Renaud coaguloaggregometer (Mean=10.54, SD=5.66). 

 

Genotyping, imputation and genetic analyses: 

Genotyping was performed with the Affymetrix UK BioBank Axiom array (n=830115 variants) using 

the Affymetrix Axiom Analysis Suite (AAS) software (https://www.thermofisher.com/us/en/home/life-

science/microarray-analysis/microarray-analysis-instruments-software-services/microarray-analysis-

software/axiom-analysis-suite.html) according to the manufacturer’s recommended instructions. The starting 

sample size was 1248 (including 26 duplicates and reference samples). After sample quality control procedures 

(excluding duplicate/reference samples, samples with genome-wide heterozygosity rate > 6 standard deviations 

from the mean, sample call rate < 0.97, and possible sex mismatches) and genotyping quality control procedures 

(excluding variants with Hardy Weinberg Equilibrium P < 1x10-6, minor allele frequency (MAF) < 0.01, SNP 

call rate < 0.97), the subsequent dataset for genotype imputation consisted of 1184 samples and 646137 

variants. Imputation of the 22 autosomes was performed using the Haplotype Reference Consortium (HRC) 

release 1.1, 2016 reference panel (European ancestry) with the University of Michigan Imputation Server 

(https://imputationserver.sph.umich.edu/index.html)2. Imputation resulted in 7751469 autosomal single-

nucleotide polymorphisms (SNPs) with a MAF > 0.01 and imputation score > 0.3.  

https://www.thermofisher.com/us/en/home/life-science/microarray-analysis/microarray-analysis-instruments-software-services/microarray-analysis-software/axiom-analysis-suite.html
https://www.thermofisher.com/us/en/home/life-science/microarray-analysis/microarray-analysis-instruments-software-services/microarray-analysis-software/axiom-analysis-suite.html
https://www.thermofisher.com/us/en/home/life-science/microarray-analysis/microarray-analysis-instruments-software-services/microarray-analysis-software/axiom-analysis-suite.html
https://imputationserver.sph.umich.edu/index.html


 

To assess any potential population structure, we merged Caerphilly sample data with UK BioBank data 

(n=6,000 European ancestry samples; n=1,500 East Asian ancestry samples; 7,700 South Asian ancestry 

samples; 3,300 African ancestry samples) and computed principal components in PLINK. The plot of PC1 and 

PC2 (Figure S2) indicates that all but n=3 of the Caerphilly samples clustered with the European ancestry 

samples in UK BioBank, indicating little population structure. 

Platelet aggregation values for thrombin were square root transformed, collagen were cube-root 

transformed, and ADP were log-transformed. We performed a genome wide association study (GWAS) using a 

linear mixed model adjusting for age and medication usage (anticoagulant, antiplatelet, antilipid, 

hypoglycemics), accounting for genetic relatedness with a genotype relationship matrix. To further assess 

whether genetic relatedness could contribute to results, we used KING to estimate pairwise kinship coefficients 

for the Caerphilly samples. In total we identified 63, 19 and 126 pairs of 1st, 2nd, and 3rd order relationships, 

respectively, involving a total of n=303 unique samples. While our GWAS analysis accounted for relatedness, 

to further provide a sensitivity analysis of possible family effects, we conducted additional analyses of 

chromosome 10 after removing the n=303 unique samples who had 1st, 2nd, and/or 3rd order relationships. 

We used the Quanto package to estimate statistical power at various combinations of MAF and 

genotypic effect sizes 3. We had 80% power to detect alleles with frequency > 10% conferring an effect size of 

Beta = 0.4. Similarly, we had 99% power to detect > 10% alleles with an effect size of Beta = 0.7. A more 

extended range of power calculations is given in Table S16. There were no missing data in the model covariates 

thus the complete sample size for GWAS was n=1184. The GWAS was performed with EMMAX4. A 

significance threshold of P < 7x10-9 was adopted to account for all variants tested. Conditional analyses 

adjusting for the strongest peak SNP in GRK5, rs10886430, were conducted by adding the SNP dosage as a 

covariate to the base model. Conditional analyses were performed with EMMAX4. EMMAX reports a pseudo-

heritability estimate: the proportion of phenotype variation explained by the marker-based kinship matrix4. By 

comparing the main GWAS heritability estimate (54.36%) with the estimate obtained in the conditional analysis 



 

(35.98%), where the only difference was adjusting for rs10886430, we find this single SNP accounts for 

roughly 18.38% in thrombin phenotype variation. 

  

CAUSAL ANALYSIS OF GRK5 

We integrated our GWAS with the platelet RNA and expression 1 (PRAX1) platelet eQTL dataset 

(Table S1 in 5) utilizing the SMR package 6 which implements a Mendelian randomization approach to test for 

a joint association in GWAS and eQTL data. SMR further measures association profiles of nearby co-inherited 

DNA variants of the input datasets for a heterogeneity in dependent instruments (HEIDI) test. The 1000 

Genomes Project Phase 3 version 5 reference panel 7 was used to calculate linkage disequilibrium (LD) for this 

analysis.  In the case where profiles are dissimilar (a significant HEIDI test), identified GWAS and eQTL 

signals are less likely to be driven by a common variant, and the co-association can be explained by genetic 

linkage where the top cis-eQTL is likely in LD with two distinct causal variants, one affecting the outcome and 

the other affecting gene expression. A significant SMR test cannot directly prove causality, but does support a 

mechanism of pleiotropy 6. We further conducted eQTL lookups for the rs10886430 variant in an independent 

platelet study imputed with UK10K + 1000G Phase 3 haplotype panels 8 as well as 44 tissue types profiled in 

the Genotype-Tissue Expression (GTEx) project version 7 portal (https://gtexportal.org). 

We performed a series of Bayesian co-localization analyses of our thrombin-induced platelet 

aggregation GWAS with different quantitative traits: hematologic, platelet function, thrombin generation 

potential, and eQTL. The datasets comprising the different quantitative traits are listed in Table S1.  First, co-

localization analyses were conducted with multiple blood cell types in the UK BioBank/INTERVAL study 

meta-analysis 9: mean platelet volume (MPV), platelet cell count (PLT), platelet distribution width (PDW), red 

blood cell count (RBC), and white blood cell count (WBC).  Second, analyses were conducted with ADP and 

collagen-stimulated platelet aggregation phenotypes from our Caerphilly cohort. Third, analyses were 

conducted with additional published platelet aggregation traits for agonists ADP, collagen and epinephrine 10. 

https://gtexportal.org/


 

Fourth, analyses were conducted with three traits for thrombin generation potential 11. Fifth, we conducted co-

localization analyses of our thrombin GWAS with three additional eQTL datasets: 44 GTEx tissues (project 

version 7), 6 blood cell types 8, and vascular endothelial cells 12.  The co-localization analyses was performed 

with the coloc package version 3.1 in R (https://github.com/chr1swallace/coloc). For each pair of thrombin and 

blood cell traits, thrombin generation traits, or platelet aggregation traits we tested all shared bi-allelic SNPs 

(MAF > 0.01) in the ~1.8 Mb approximately independent LD block13 containing the GRK5 rs10886430 variant. 

The LD block file used was 1000G phase 1 European hg19 (https://bitbucket.org/nygcresearch/ldetect-

data/src/master/EUR). For colocalization analyses involving eQTL traits, we tested all shared bi-allelic SNPs 

(MAF > 0.01) up to 1-MB upstream or downstream from the GRK5 gene locus. 

The vascular endothelial cell eQTL described above were derived from a new analysis of previously 

published data12. Briefly, human aortic endothelial cells (HAEC) were isolated from aortic explants of 147 heart 

transplant donors in the UCLA transplant program. Gene expression was measured using the Affymetrix HT 

HG-U133A microarray, SNP genotyping was performed using the Affymetrix SNP 6.0 microarray and 

genotypes were imputed using the 1000 genomes reference panel. We calculated the association of SNPs with 

GRK5 expression using FaST-LMM14. Genotype dosages from all autosomal chromosomes and expression data 

were used. For FaST-LMM implementation, to improve power when testing all the variants on chromosome N 

for association, we constructed the kinship matrix by using the variants from all other chromosomes besides N. 

This procedure allowed us to include the variant being tested for association in the regression equation only 

once. 

Mendelian Randomization (MR) analysis was conducted using the rs10886430 G allele as the genetic 

instrument and thrombin-induced platelet aggregation as exposure in separate analyses for: (A) 9 pulmonary, 

stroke, or heart disease outcomes from the UK BioBank, (B) 4 stroke outcomes from MEGASTROKE, and (C) 

13 circulatory system disease outcomes in FinnGen using the MendelianRandomization package version 0.3.0 

(https://cran.r-project.org/web/packages/MendelianRandomization/index.html) in R. We implemented a fixed-

https://github.com/chr1swallace/coloc
https://bitbucket.org/nygcresearch/ldetect-data/src/master/EUR
https://bitbucket.org/nygcresearch/ldetect-data/src/master/EUR
https://cran.r-project.org/web/packages/MendelianRandomization/index.html


 

effect model using the ratio method for a single genetic variant. From Gene ATLAS release version 2 

(http://geneatlas.roslin.ed.ac.uk) we downloaded UK BioBank GWAS summary statistics for the following nine 

outcomes: I26 Pulmonary embolism (clinical), I26-I28 Pulmonary heart disease (clinical), 1083 cerebrovascular 

disease (self-reported), 1098 stroke (self-reported), 1085 venous thromboembolic disease (self-reported), 1112 

deep venous thrombosis (dvt) (self-reported), I21 acute myocardial infarction (clinical), I63 Cerebral infarction 

(clinical), I50 Heart Failure (clinical) 15. Outcomes with prefix “I” are derived from ICD9 and / or ICD10 codes. 

The number of cases for each outcome is reported in Table S12. The Gene ATLAS release version 2 GWAS 

were conducted on 452264 individuals of European ancestry in the UK Biobank in a Linear Mixed Model 

(LMM) framework including as fixed effects sex, array batch, UK Biobank Assessment Center, age, age2, and 

the leading 20 genomic principal components as computed by UK Biobank. Polygenic effect that captures the 

population structure was fitted as a random effect and corrected for using a leave-one-chromosome-out 

approach 15. Additional MR analyses were performed as described using four stroke outcomes from the 

MEGASTROKE consortium. From MEGASTROKE (http://megastroke.org/index.html) we downloaded fixed-

effects trans-ethnic meta-analyses for any stroke and three stroke subtypes: any ischemic stroke, large artery 

stroke, and cardioembolic stroke 16. The number of cases per stroke outcome is reported in Table S13 and the 

number of controls in the meta-analyses was 454450 16. The number of cases and controls for each outcome in 

FinnGen are reported in Table S14. Prior to conducting MR we transformed the linear mixed-model beta 

estimates from Gene ATLAS and MEGASTROKE to odds ratios (OR) 17. With FinnGen having utilized 

SAIGE for binary outcomes18 , the transformation of beta estimates was exponentiation.  The transformed OR 

and the corresponding standard errors from the Gene ATLAS, MEGASTROKE, FinnGen GWAS are reported 

in Table S12, Table S13 and Table S14, respectively.  For the MR analyses we obtained the OR of the causal 

estimates, associated 95% confidence intervals, standard errors, and p-values for each outcome.  

 

REGULATORY FUNCTION 

http://geneatlas.roslin.ed.ac.uk/
http://megastroke.org/index.html


 

Epigenetic Regulatory Data Integration: 

We obtained relevant epigenetic regulatory maps from multiple sources. We downloaded available 

ChIP-seq datasets produced by the ENCODE processing pipeline 19 for cell models K562 and primary human 

peripheral blood-derived erythroblasts. For inclusion criteria, we considered only those datasets that were 

officially released and audit-compliant (that is, no entries in ENCODE’s “Audit NOT_COMPLIANT” metadata 

field). Specifically, we downloaded the hg19-derived optimal irreproducible discovery rate (IDR) thresholded 

peaks (based on two isogenic replicates) for each dataset meeting the above criteria. We downloaded cultured, 

primary megakaryocyte datasets for chromatin accessibility (Dnase hypersensitivity), histone marks H3K4me1, 

H3K27ac from the BLUEPRINT Epigenome project 20. Files on genome build hg38 were lifted over to hg19. 

We downloaded published megakaryocyte enhancer regions predicted by chromatin segmentation of 

BLUEPRINT ChIP-seq datasets21. To investigate enhancer RNAs (eRNA) we downloaded transcription start 

site (TSS) maps of K562 cells identified by a Hidden Markov Model from global nuclear run-on sequencing 

enriched for 5’-capped (m7G) RNAs (GRO-cap) data22. We intersected this set of regulatory maps with a VCF 

file containing the GRK5 rs10886430 variant and retained overlapping elements for curation and further 

analyses. 

For our Protein Network Analysis we constructed a network of the transcriptional regulators in ENCODE K562 

and primary human peripheral blood-derived erythroblasts that bind the rs10886430 variant site using STRING 

version 10.5 (http://string-db.org/). We applied the Markov Chain Clustering (MCL) algorithm to identify 

potential functional relationships between network members. 

Lentivirus production: 

The following vectors were used in this protocol: pInducer-21 lentiviral vector (Addgene), pMD2.G 

envelope plasmid (Addgene), psPAX2 packaging plasmid (Addgene). 293T-17 cells (ATCC) were maintained 

in a DMEM media supplemented with 5% FBS (Sigma). Cultures were kept in 5% CO2 in a humidified 

environment at 370C and passaged every 1 to 2 days. Lentiviral plasmids GATA1 and GATA2 were cloned into 

https://string-db.org/


 

pInducer-21 lentiviral vector. For lentivirus production, 293T-17 cells (ATCC) were transfected with third 

generation packaging plasmids pMD2.G and psPAX2 (Addgene) and lentiviral plasmids (GATA1 and 

GATA2). Viruses were harvested 48 h post transfections and concentrated by ultracentrifugation at 24,000 rpm 

for 2 h at 4 °C. Viruses were titrated by serial dilution on 293T cells using GFP as an indicator. 

Conditional overexpression of GATA1 and GATA2 in HEK293 cells: 

Lentiviral transductions were carried out in a total volume of 200 μL. The multiplicity of infection 

(MOI) for GATA1 and GATA2 was 5. Virus was concentrated onto the HEK293 cells by centrifugation at 2500 

rpm for 30 min at RT. Infections were carried out for 24 hours. After gene transfer, GATA1 and GATA2 cells 

were cultured in DMEM and 5% FBS (Gemini/Benchmark) for 1 day, followed by addition of Dox (μg/mL) 

(Sigma). Cultures were kept at a density of <1 × 106 cells/mL in 5% CO2 in a humidified environment at 370C 

and passaged every 1 to 2 days. 

Enhancer function reporter assay: 

The following vectors were used in this protocol: pGL4.23[luc2/minP] luciferase reporter (Promega), 

pGL4.74[hRluc/TK] control vector (Promega). A 284-bp non-coding putative GRK5 enhancer region (10q26.11) 

containing a GATA1 transcription factor binding site and the major “A” allele of the rs10886430 variant was 

cloned into the pGL4.23 luciferase vector. We created three modified constructs to assess functionality of the 

locus: deletion of the GATA1 site, deletion of four bases flanking the variant (AGTG), and knock-in of the 

rs10886430 minor “G” allele. The modified constructs were generated with the QuikChange™ Site-Directed 

Mutagenesis Kit (Agilent) according to the manufacturer’s instructions using the mutagenesis primers listed in 

methods section Oligonucleotides. Constructs were sequenced to confirm the expected genotype and to ensure 

no off-target mutations were introduced. Dual luciferase reporter assays were performed as described previously 

with minor modifications 23. Briefly, GATA1- or GATA2-overexpressing HEK293 cells, mega-erythroid K562 

cells, or Human Umbical Vein Endothelial Cells (HUVEC) were co-transfected with one of four pGL4.23 

luciferase vectors described above as well pGL4.74 control according to the manufacturer’s instructions. Firefly 



 

and Renilla luciferase reporter activity of cell extracts were measured using the Dual-Glo Luciferase Assay 

System (Promega) on a microplate reader according to the manufacturer’s instructions. Each treatment was 

performed in duplicate and the experiment was repeated three times. 

 

PLATELET FUNCTION siRNA AND INHIBITOR EXPERIMENTS 

imMKCL culture: 

Immortalized megakaryocyte progenitor cell lines (imMKCLs) were maintained in presence of 5 µg/mL 

doxycycline (DOX) as previously described 24. Removal of DOX results in imMKCL maturation and the 

generation of platelets after six days 24. 

siRNA transfection assay: 

The imMKCLs growing in the differentiation medium (without DOX) on day 4 were seeded in a 24-well plate, 

24 hours prior to transfection. The cells were transfected with 500nM GRK5 or control eGFP siRNA 

oligonucleotides (see methods section Oligonucleotides) using Lipofectamine 2000 (Thermo Fisher Scientific) 

according to the manufacturer’s instructions. 48 hours post-transfection, the cells were harvested for RT-qPCR 

and in vitro flow cytometric analysis of platelets. 

RNA extraction, reverse transcription, and RT-qPCR: 

RNA extraction was performed using an RNAeasy kit (Qiagen). Reverse transcription was performed using 

Superscript III (Invitrogen), using Oligo (dT) 15 primer. Quantitative PCR was performed in triplicate with 

SYBR Green and CFX96 real-time PCR detection system (Bio-rad). Target transcript abundance was calculated 

relative to ACTB (reference gene) using the 2-ΔΔCT method. Gene specific primer pairs are present in methods 

section Oligonucleotides. 

Human blood collection and platelet isolation: 

A written informed consent (in accordance with the Declaration of Helsinki prior to participation in this Boston 

Children’s Hospital IRB-approved study) was obtained from healthy donor volunteers prior to blood draw. 



 

Blood was collected by venipuncture with a 21-gauge butterfly needle into evacuated tubes containing 3.2% 

sodium citrate. Blood was drawn from healthy volunteers who were free from antiplatelet agents and non-

steroidal anti-inflammatory drugs for 10 days prior to the donation. The same phlebotomist performed all the 

blood draws. Complete blood cell counts were determined with a Sysmex XN-1000 Hematology Analyzer. 

Platelet-rich plasma (PRP) was collected after centrifugation at 200xg (15 min, RT). 

Flow cytometric analysis of platelet cell markers: 

Flow cytometric analysis of Day 6 platelets from GRK5 siRNA knockdown experiments was performed on Day 

6 cultures growing in differentiation medium without DOX. Briefly, cell aliquots were incubated for 20 min 

with fluorescently labeled monoclonal antibodies and either 20 M adenosine 5’-diphosphate (ADP) plus 20 

M thrombin receptor-activating peptide 6 (TRAP6) or control HEPES-buffered Tyrode’s solution. The 

antibodies used were: phycoerythrin (PE)-mouse anti-human anti–P-selectin (CD62P) antibody (BD 

Pharmingen; Cat# 555524); fluorescein isothiocyanate (FITC)- mouse anti-human antibody PAC1 (BD 

Pharmingen; Cat# 340507), which only binds to the glycoprotein IIb/IIIa (GPIIb/IIIa) complex of the activated 

platelets or near the platelet fibrinogen receptor; and PE-Cy5–mouse anti-human anti-CD42b (GPIb) 

monoclonal antibody (BD Pharmingen; Cat# 551141). Staining was fixed in 0.5% paraformaldehyde solution. 

Data were collected on a FACSCalibur flow cytometer (BD Biosciences) and analyzed with FlowJo software 

(FlowJo LLC). Mean fluorescence intensity (geometric mean) of PE, FITC and PE-%positive, FITC-%positive 

events were determined. 

For PRP pharmacological inhibition experiments, PRP samples were incubated with varying concentrations 

(0.0098 – 0.781 M) of pan-GRK inhibitor CCG215022 (MedChemExpress) or vehicle for 45 min. To treated 

PRP were then added two fluorescently labeled antibodies described above (PE-conjugated CD62P and APC-

conjugated CD42b) along with either 50 M PAR4 Activating Peptide (PAR4-AP) (amino acid sequence 

AYPGKF, TOCRIS Bioscience), 20 M TRAP-6 (Thrombin Receptor Agonist Peptide, amino acid sequence 

SFLLRN which binds PAR1), or vehicle for 20 minutes. Subsequent PRP pharmacological inhibition 



 

experiments incubated PRP samples with 0.781 M CCG215022 or vehicle for 45 min followed by varying 

concentrations of one of three platelet agonists: PAR4-AP (0, 1, 20, 50 M), TRAP-6 (0, 1, 10, 20 M), ADP 

(0, 1, 10, 20 M), or vehicle for 20 min. Samples were fixed with 1% paraformaldehyde. Data were collected 

on a LSRII flow cytometer (BD Biosciences) and analyzed with FlowJo software (FlowJo LLC). Mean 

fluorescence intensity (geometric mean) of PE and PE-%positive events were determined. 

 Oligonucleotides: 

 Forward Primer (5′-3′) Reverse Primer (5′-3′) 
Amplicon 
size 

qRT-PCR    

GAPDH ACCCACTCCTCCACCTTTGA  CTGTTGCTGTAGCCAAATTCGT  101 

GATA1 CTACACCAGGTGAACCGGC CTTTTCCAGATGCCTTGCGG 76 

GATA2 GCAGAACCGACCACTCATCA AATTTGCACAACAGGTGCCG 74 

GRK5 GAGCTGGAAAACATCGTGGC CTTGCTTTTCCCTTTGCGCT 81 

siRNA    

GRK5 GGAAATTATGACCAAGTACCT   

GRK5 GCAGATCCTCGAGAACGTCAA   

eGFP GCCACAACGTCTATATCAT   

Mutatagenesis 
primers    

A90G 
GTGAACGTTGGAGAAGGTGG
CTTAGTCATG 

CATGACTAAGCCACCTTCTCCA
ACGTTCAC  

AGTG deletion 
GAACGTTGGAGAAGCTTAGTC
ATGAC 

GTCATGACTAAGCTTCTCCAAC
GTTC  

GATA1 motif 
deletion 

GAACAATGCAGTTCTCATCCGT
TGTTGGGTGATATG 

CATATCACCCAACAACGGATGA
GAACTGCATTGTTC  
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