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Abstract The objective of this study was to use genome-
wide association approach and pooled DNA strategy to
search for new genomic loci associated with inter-individual
differences in platelet reactivity in the diabetic patients
during acetylsalicylic acid (ASA) treatment. Study cohort
consisted of 297 diabetic patients who had been taking ASA
(75 mg daily) for at least 3 months. We tested association of
single nucleotide polymorphisms (SNPs) genotyped using
high density microarray platform with several platelet
reactivity assays, followed by individual genotyping of most
significant SNPs identified in the microarray genomic scan.
The highest statistical significance (p value of 0.0001-0.008
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in individual genotyping) was observed for SNP located
within the regulatory G-protein signaling (RGS) 7 gene
(rs2502448) using recessive genetic model. The diabetic
patients on ASA treatment and homozygotes for its minor
allele were characterized by increased odds ratio of at 3.45
(confidence interval: 1.82-6.53) for high on ASA platelet
reactivity (i.e. impaired ASA response) when compared with
homozygotes for wild-type allele. The genome-wide
approach might provide an opportunity to identify novel
candidate genes and pathways related to platelet activation in
diabetic patients.
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Introduction

Acetylsalicylic acid (ASA) remains the primary antiplatelet
drug used in patients at high risk for cardiovascular disease,
in particular in type 2 diabetes mellitus (T2DM). Despite
advances in the antiplatelet therapy, patients with T2DM
continue to experience a higher risk of ischemic events than
non-diabetic patients. Moreover, it was reported that T2DM
patients display high platelet reactivity, elevated levels of
platelet thromboxane, and that ASA therapy was associated
with higher platelet reactivity in this group of patients [1].
ASA is an effective inhibitor of platelet thromboxane A,
(TXA,) synthesis by cyclooxygenase type 1 (COX1), nev-
ertheless it is often considered a relatively weak platelet
inhibitor because of its limited effects on aggregation in the
presence of high concentrations of other agonists such as
adenosine diphosphate (ADP) or collagen. This may
account for some of the inter-individual variability in
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response to these stimulants, which activate platelets
through both TXA,-dependent and -independent pathways
[2]. Several single nucleotide polymorphisms (SNPs) could
be responsible for at least some apparent inter-individual
differences in platelet reactivity in diabetic population
treated with ASA. The results from our own recent study
using targeted multiplexing of previously recognized
genomic loci associated with altered platelet reactivity
suggest that 4 genomic loci (TXBA2R, ADRAZ2A,
PLA2G7, 9p21.3) may contribute to platelet reactivity (as
measured by PFA-100 assay) in this population [3]. As an
economically feasible alternative of individual genome
wide association study (GWAS) approach for discovery of
new genomic markers of variable ASA response in T2DM,
we used the previously established DNA pooling strategy.
Pooling allows for equal amounts of DNA to be combined
to form sample pools from patients with different platelet
reactivity during ASA treatment, which are then genotyped
to estimate allele frequency differences for each SNP. This
information is then used for confirmatory association
studies for a limited number of identified candidate SNPs.
Thus, the main goal of this study was to use GWAS and
pooled DNA samples strategy to search for new loci asso-
ciated with the altered platelet reactivity [selected on the
basis of the inter-individual differences in the collagen/
epinephrine (CEPI)-closure time (CT) measurement of the
platelets reactivity] in the population of exclusively T2DM
patients.

Methods
Patient population and study design

The study was approved by the ethics committee of the
Medical University of Warsaw and conducted in accordance
with the current version of the Declaration of Helsinki. The
genotyping part of the study was reviewed and approved by
the Institutional Review Board of Penn State Hershey
Medical Center (Hershey, PA, USA). The study subjects
were recruited consecutively from patients with T2DM
(participating in a multi-center, prospective, randomized,
and open-label AVOCADO [Aspirin vs/or Clopidogrel in
Aspirin-resistant diabetics inflammation outcomes| study
presenting to the outpatient clinic of the Central Teaching
Hospital of the Medical University of Warsaw. The full
characterization of the study population, including the
inclusion and exclusion criteria were published previously
[3]. Briefly, the Caucasian subjects with T2DM were
recruited who, at the time of enrollment, had been taking
ASA tablets at the dose of 75 mg per day for at least
3 months for primary or secondary prevention of myocardial
infarction (MI). No clopidogrel or antiplatelet drugs other
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than ASA were used in any of the investigated patients. All
patients had been taking oral antidiabetic agents and/or
insulin for at least 6 months; diet-controlled diabetic
patients were not included. Compliance to ASA therapy at
the study entry was determined based upon the patient’s
own statement and serum thromboxane B, (S-TXB,) level
measurement.

Blood sample and assay procedures

Blood samples were taken in the morning 2-3 h after the
last ASA dose. Regular laboratory testing was performed
using standard laboratory techniques. The concentration of
functional epitope of the von Willebrand factor (vWF)
molecule (VWF: Ag) was measured in citrate plasma
samples using an enzyme immunoassay kit according to
the manufacturer’s instructions (VWF Activity Kit, Amer-
ican Diagnostica Inc., USA). S-TXB, was measured also
with an enzyme immunoassay kit according to the manu-
facturer’s instructions (Cayman Chemicals, Ann Arbor,
MI, USA). The compliance with ASA treatment was
defined by the S-TXB, levels below 7.2 ng/mL [1].

Platelet function analysis

VerifyNow-Aspirin Assay (Accumetrics, San Diego, CA,
USA) is a turbidimetric-based optical detection system,
which measures platelet-induced agglutination as the
increase in light transmittance in response to arachidonic
acid, and converts luminosity transmittance units into
aspirin reaction units (ARU) for VerifyNow. According to
the manufacturer, ARU > 550 indicates no effect of ASA
on platelet aggregation, whereas ARU < 550 indicates
platelet dysfunction due to inhibition of the COXI-
dependent pathway [4].

PFA-100-assay (Dade-Behring International, Inc.,
Newark, DE, USA) is based on the aspiration of the cit-
rated whole blood at a high shear rate through a small
aperture cut in a membrane, coated with 2 pg of type I
collagen and either 10 pg epinephrine (EPI) bitartrate or
50 pg adenosine diphosphate (ADP). The instrument
records the time necessary for occlusion of the aperture,
defined as CT, which is indicative of platelet reactivity in
the whole blood sample. Based on our own and other
previous reports, we applied three different cut-off values
for high platelet reactivity in the CEPI-CT assay, but we
did not specify such a point for collagen/adenosine
diphosphate (CADP)-CT. In the first approach, adequate
platelet inhibition with ASA was defined as CEPI-
CT > 165 s, and in the second as CEPI-CT > 193 s (the
manufacturer’s suggested lower limit of the normal range
for aspirin-free healthy controls) [5]. The maximum
CT given for PFA-100 is 300 s and is equivalent to
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non-occlusion [6]. Thus, patients with CEPI-CT val-
ues > 300 s were defined as an alternative population with
adequate platelet inhibition [7].

DNA extraction and quantification

DNA was extracted from whole blood samples by using the
membrane ultrafiltration method with Fuji MiniGene 80
extractor (FujiFilm Life Sciences distributed by Autogene,
Holliston, MA, USA). Two DNA pools were constructed
(high on ASA platelet activity patients defined by PFA-100
CEPI-CT < 193 s, and patients with not high on ASA
platelet activity defined as PFA-100 CEPI-CT > 193 s) by
combining equimolar amounts of DNA from each indi-
vidual. The final pools were concentrated to at least 200 ng
using Microcon YM-100 Centrifugal Filter Units (Milli-
pore Corporation, MA). The final DNA concentrations in
case and control pools was confirmed with the PicoGreen
method (PicoGreen dsDNA Quantitation Reagent Kit,
Molecular Probes Inc., Eugene, OR, USA).

Microarray genotyping

Genome-wide genotyping was performed using Illumina
HumanOmni2.5-Quad microarrays (Illumina Inc., San
Diego, CA, USA) using Infinium LCG® protocol and
according to the manufacturer’s recommendations.
Microarrays were scanned using Illumina HiScan system
by Beckman Coulter Genomics (Morrisville, NC, USA)
and raw data were extracted for statistical analysis with
Illumina GenomeStudio v.2010.3 software (Illumina Inc.,
San Diego, CA, USA). Approximation of allele frequencies
for each marker was produced on the basis of raw data by
the Illumina GenomeStudio software and based on the
internal calibration and normalization procedures [8].
Generation of minor and major allele frequencies was
performed using the self-normalization algorithm of the
genotyping module of the GenomeStudio software.

Individual SNP genotyping

Genotyping for selected markers (see Supplemental
Table 1) in individual DNA samples was performed at
Children’s Hospital Boston using a custom Sequenom
iPLEX assay in conjunction with the Mass ARRAY plat-
form (Sequenom Inc., La Jolla, CA, USA). One panel of
SNP markers was designed using Sequenom Assay Design
3.2 software (Sequenom Inc., La Jolla, CA, USA).

Analyses of the pooling experiment

The analysis of the pooled frequency data was performed
in 3 stages: (1) filtering of the raw allele frequency data for

all SNPs on the microarray, (2) SNP ranking by statistical
significance, and (3) final ranking by a versatile gene-based
test for GWAS (VEGAS). The test statistic for the
remaining allele differences was based on p-values esti-
mated using the modified Chi’® statistics (Tcomb test)
which combines experimental and sampling errors, a gen-
eral description of which has been extensively validated
previously [9]. VEGAS approach incorporates information
from a full set of markers within a gene boundaries and
accounts for linkage disequilibrium (LD) between markers
by using simulations from the multivariate normal distri-
bution [10]. This test, which only requires the uploading of
markers with their association p-values, was performed
remotely by the VEGAS software available through
Internet in Genetics and Population Health Division,
Queensland Institute of Medical Research, Brisbane, Aus-
tralia (http://genepi.qimr.edu.au/general/softwaretools.cgi).

Statistical analysis of the individual genotyping results
Power analysis

The calculations of the approximate power statistics and
sample size for pooling studies were performed using
CaTS—power calculator for two stage association studies
[11]. Based on the population incidence of high on ASA
platelet activity in diabetic population (30 %), we calcu-
lated that the power to detect an association at p < 107’
(genetic risk of at least 2.0 for an allele with frequency
50 %, with the minimum of 240 enrolled subjects). Results
from Power and Sample Size Calculator v.03.14 provided a
secondary power assessment, as described previously [12].
For the power analysis in the individual genotyping, we
calculated that for the expected change in the minor allele
frequency of variant allele in subjects with high on ASA
platelet activity by 60 % (when compared to patients with
the low on ASA platelet activity), we had to study 88 and
176 subjects, respectively, to be able to reject the null
hypothesis that the minor allele frequency for subjects with
high and low on ASA platelet activity are equal with
probability (power) 0.85. The Type I error probability
associated with this test of this null hypothesis is 0.002
(nominal alpha level 0.05 corrected by Bonferroni method
for 23 simultaneously analyzed polymorphisms). The
recorded clinical data, when normally distributed in the
analyzed group of patients, are presented as mean and SD,
and non-normally distributed data are presented as medians
and interquatrile (IQR) range. The extent to which
observed genotype frequencies for each SNP deviated from
the expected, under the Hardy—Weinberg equilibrium, was
assessed with a Fisher exact test (p < 0.001 threshold for
deviation). Individual SNP associations with high on ASA
platelet activity were estimated using logistic regression for
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additive, recessive and dominant genetic models. Corre-
sponding odds ratios (OR) and 95 % confidence intervals
(CI) were subsequently calculated for each SNP according
to the role of the SNP’s minor allele in each genetic model.
All statistical analyses were performed using IBM-SPSS
ver. 19 and Stata (Stata Corporation, College Station, TX)
software.

Results

From the initially enrolled 304 patients, complete clinical
data and blood samples finally became available for 297
patients. Subsequently, 8 patients were eliminated from
further analysis based on the suspected ASA non-compli-
ance (i.e., S-TXB, concentrations >7.2 ng/ml). The
remaining 289 patients were divided into 2 groups, one
group (N = 202) with not high platelet reactivity on ASA
based on CEPI-CT > 193 s and second group (N = 87)
with high platelet reactivity based on CEPI-CT < 193 s.
Demographic characteristics, clinical data, and results of
platelet activation and aggregation studies for the study
groups are summarized in Table 1. The statistically sig-
nificant differences between the study groups were recor-
ded for all platelet reactivity studies (i.e., CEPI-CT,
CADP-CT and ARU for VerifyNow Aspirin Assay),
plasma von Willebrand factor (vWF) level, as well as for
the frequency of coronary artery disease (CAD) and pre-
vious MIs occurrence (all higher in the CEPI-CT < 193 s
group).

The total of 200,251 SNPs was finally obtained from the
microarray genomic scan (Fig. 1, see also On-line Supple-
ment for details of the selection process). The subsequent
VEGAS analysis resulted in the ranking list of the selected
SNPs according to the test probability in the total of 16917
genes. We have chosen for further verification 25 genes
(Supplemental Table 1) and their corresponding SNPs with
most significant results based on their relative ranking
number, probability of being involved in the coagulation or
platelet adhesion mechanisms, as well as having at least 4
SNPs analyzed within the gene boundaries. The results of
individual genotyping verification are presented in Sup-
plemental Table 1. The individual genotyping resulted in
the data for 23 SNPs. Two SNPs (rs7824350, rs7331142)
failed genotyping threshold because they were genotyped in
<85 % of study participants. The most statistically signif-
icant results corrected for the multiple comparison with
Bonferroni  correction (p < 0.05/23 ~ 0.0021) were
obtained for the intronic SNP rs2502448 located within the
gene RGS7 on chromosome 1 (Fig. 2). Six other SNPs in
various genes including DPP6 (rs1387180, p = 0.003),
GSR (153779647, p = 0.006), CACNAIA (rs8103699,
p = 0.007), ERBB4 (1510195573, p = 0.017), ANK3
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(rs2393602, p = 0.023), and AKS (rs4949803, p = 0.044)
showed nominal statically significant differences (p < 0.05
uncorrected for multiple-comparison testing) in allelic fre-
quency between two investigated groups.

In order to further characterize the character of interac-
tions between investigated SNPs genotypes and platelet
reactivity we performed multiple additional statistical tests
listed in Supplemental Table 2. Logistic regression statistics
was used to determine which genetic model (recessive vs
dominant vs additive) would describe best the individual
genotyping data. This analysis was performed for three pre-
determined cut-off points of CEPI-CT assay: 165, 193 and
300 s. Normal platelet reactivity on ASA therapy was
defined at several predetermined cut-off thresholds (i.e.,
CT = 300, 193, 165 s for CEPI-CT) and high on ASA
reactivity defined as any CEPI-CT PFA-100 lower than
the predefined cut-off value. The highest statistical signifi-
cance (p value between 0.0001-0.008) was again observed
(at all three analyzed cut-off times in CEPI-CT) for RGS7
(rs2502448) using recessive genetic model. The statistical
significance using logistic regression statistics for DPP6
(rs1387180) was also observed in CEPI-CT assay for 193 s
(p = 0.001, additive model) and 165 s (p = 0.0001, domi-
nant) cut-off CTs. Another SNP, GRS (rs3779647) was also
found significant in this analysis (p = 0.002, dominant
model) for single CEPI-CT of 193 s. Moreover several other
SNPs displayed nominal statistical significance in this model
including FOSL1, CACNA1A, PLA2G4E, AKS5, KCNV2,
ANK3, MMP16, ERBB4 and HS6ST1 (Supplemental
Table 2).

By creating the binary outcome (normal and high on
ASA platelet reactivity), both OR and CI were also cal-
culated by logistic regression for top three most significant
SNPs. The results of these calculations are shown in
Table 2. In the most statistically significant recessive
model, carriers of both variant (minor) alleles of RGS7
(rs2502448) were characterized by increased OR of 3.45
(CI: 1.82-6.53) (for CEPI-CT < 193 threshold for high on
ASA platelet reactivity when compared with carriers of at
least one major wild-type).

Because of the CEPI-CT data were censored (i.e. max-
imum CT set at 300 s) we used censored regression (Tobit)
analysis to investigate the relation between SNP genotypes
and CEPI-CT data. The obtained results (Supplemental
Table 2) indicate that the highest statistical significance in
this model was observed for RGS7 (rs2502448, p = 0.001)
and ANK3 (rs2393602, p = 0.002). In addition, several
other SNPs displayed nominal statistical significance
(p < 0.05, uncorrected for multiple comparisons), e.g.
DPP6, MMP16, ERBB4, DPP6, KCNV2, AKS5, GRS,
CACNALIA, and HS6ST1. The censored regression model
was also used to adjust the statistically significant results
obtained in the previous stage for confounding due to
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Table 1 Demographic and clinical characteristics of the study
patients

Analyzed CEPI-CT > 193 CEPI-CT < 193 P

parameters N =202 N =87

Demographics
Age (years) 67.22 + 8.855 67.47 £ 8.631 0.823
Female 48.8 % 345 % 0.392
BMI 31.6 + 14.1 30.5 £ 4.8 0.490
SBP (mmHg) 1429 £+ 19.8 1389 £ 174 0.087
DBP (mmHg) 80.60 + 12.12 79.37 £+ 10.93 0.393
Dyslipidemia 83.3 % 79.2 % 0.426
Hypertension 94.2 % 89.1 % 0.160
CAD 50.6 % 66.3 % 0.013
Prior MI 255 % 38.6 % 0.023
Prior stroke 8.8 % 6.9 % 0.658
Heart failure 34.8 % 41.5 % 0.309
History of smoking 56.8 % 58.4 % 0.805
Current smoking 10.3 % 9.9 % 0.708

Concurrent medication
Oral hypoglycemic 85.9 % 86.1 % 0.962
Insulin 33.8 % 27.7 % 0.295
Beta-blockers 70.8 % 72.3 % 0.892
ACE inhibitors 65.1 % 67.3 % 0.796
Statins 69.3 % 76.2 % 0.186

Biochemical parameters
HGB 8.56 £+ 0.81 8.75 £ 0.74 0.138
HCT 41.4 £ 3.95 415 £532 0.725
WBC 7.1 £22 73+19 0.381
PLT 2252 £ 574 232.9 + 58.2 0.276
eGFR 69.3 + 194 73.8 £ 22.6 0.08
HbAlc 6.8 £ 1.0 72+ 1.6 0.014
Glucose 7.51 £2.04 7.86 £ 2.37 0.182
hsCRP 41+43 43+75 0.719
Fibrinogen 12.47 £ 3.18 12.68 £ 2.97 0.584
Von Willebrand 136.5 £ 53.5 166.2 £+ 69.9 0.0001

factor (%)

sTXB, 0.45 + 0.38 0.57 £ 0.58 0.072
VerifyNow (ARU) 462.7 + 64 493.6 £ 77.6 0.0001
CEPI-CT (s) 2794 £+ 329 144.6 + 41.8 0.0001
CADP-CT (s) 143.3 + 83.1 94.8 + 524 0.0001

Data are expressed as mean (SD) unless otherwise indicated. Fibrinogen
(pmol/L). glucose (mmol/L)

BMI body mass index (kg/m?), SBP systolic blood pressure, DBP diastolic
blood pressure, CAD coronary artery disease, MI myocardial infarction,
ACE angiotensin-converting enzyme, HGB hemoglobin (mmol/L),
HCT hematocrit (%), WBC white blood cells (10°/L), PLT platelet count
(10°/L), eGFR estimated glomerular filtration rate (ml/min/1.73), HbAlc
glycosylated hemoglobin (%), hsCRP high sensitivity C-reactive protein
(mg/L), sTXB, serum thromboxane B, (ng/ml), ARU aspirin reaction units,
CEPI-CT collagen/epinephrine closure time, CADP-CT collagen/adeno-
sine diphosphate closure time by PFA-100 method

significant factors identified in the demographic analysis of
the cohort. The only significant covariate found in the
censored regression model was the concentration of vWF

(p = 0.001). Because vWF is known to affect the PFA-100
assay [13], this covariate was added to the censored
regression model for each significant SNP identified in the
first stage of statistical analysis. The results indicate that
RGS7 (rs2502448) remained statistically significant, after
correction for single significant confounding factor, as well
as other significant SNPs.

No regression analysis was performed for nominally
significant SNPs associated with VerifyNow Aspirin Assay
and CADP-CT PFA-100 methods because the statistical
significance for these SNPs could not be confirmed after
multiple comparison correction.

Discussion

The present study identified several novel, putative genomic
targets, which might be associated with observed inter-
individual differences in the platelet reactivity CEPI-CT
phenotype in diabetic patients on ASA therapy. The current
study represents, to our knowledge, first GWAS and DNA
pooling approach in relation to high on ASA platelet reac-
tivity phenotype in the diabetic population during chronic
ASA therapy. The allocation of the patients into one of the
two study groups was decided arbitrary on the basis of their
platelet activation measured by CEPI-CT at 193 s threshold.
This selection was based on the results from our previous
investigations indicating that CEPI-CT method proved to be
most suitable for detecting genomic polymorphism in the
platelet reactivity in T2DM patients during ASA treatment
[3]. Our individual genotyping results show that platelet
reactivity measured with CEPI-CT, but not with CADP-CT
or VerifyNow, was significantly affected by different SNPs
in the diabetic population treated with ASA. This finding
should not be surprising, because the SNPs were selected
from GWAS scan based on the differences in the platelet
reactivity assessed by the CEPI-CT assay. In addition, it has
been previously hypothesized, that by removing variability
in platelet function associated with the thromboxane path-
way, ASA treatment may increase the ability to detect the
relationship between genotype and phenotype related to the
alternative platelet activation pathways [14].

The most significant results were obtained for
rs2502448 located in the intronic part of RGS7 gene on
chromosome 1. This finding may indicate that this partic-
ular polymorphism (or other polymorphisms in LD) may be
associated with the high on ASA platelet reactivity phe-
notype in diabetics. The magnitude of the observed effect
for this polymorphism (as measured by its OR of 3.45 (CI:
1.82-6.53) using recessive genetic model) was significantly
larger than for any variants investigated before using CEPI-
CT method in our previous study using the same cohort of
diabetic patients [3].
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Fig. 1 Manhattan plot of
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RGS proteins serve as guanosine triphosphatase (GTP-
ase)—activating proteins for Go and thus accelerate trans-
membrane signal transmission [15]. Alterations in the
RGS7 gene might potentially produce functional changes
in cell membrane receptors for leukotrienes, prostaglandins,
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Chromosome 1 position (hg18) (kb)

lipoxins, and thromboxane receptors. Other RGS7 genetic
variants have been examined previously for association
with coagulation abnormalities. Among Blacks, another
intronic SNP in RGS7 rs670659 was related to venous
thrombosis [16]. In addition, an association between
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Table 2 Odds ratios (OR) for SNP associated with high on ASA
platelet reactivity (defined as CEPI-CT < 193 s) in 289 patients with
diabetes (calculated using most statistically significant genetic model)

Gene  SNP rs# Genetic model OR and 95 % CI with p value
RGS7 152502448 Recessive® 3.45 (1.82-6.53) p = 0.0001
DPP6 rs1387180 Additive® 0.49 (0.33-0.75) p = 0.0006
GRS 153779647 Dominant® 0.45 0.27-0.75) p = 0.002

4 Estimated OR for carriers of two variant alleles compared to car-
riers of less than two variant alleles

° OR associated with each additional copy of variant allele

¢ Estimated OR for carriers of 1 or more variant allele when com-
pared to those with no copies of variant allele

rs670659 in RGS7 and venous thrombosis in Caucasian
population was also reported [17].

As many as 10 RGS proteins (in particular RGS10 and
18) are expressed in platelets, although many of them
solely at the level of RNA transcripts [6—10, 18-22]. It was
suggested that the role of RGS18 is to limit platelet acti-
vation [20, 23, 24]. In GWAS study conducted by Johnson
et al. [25] in healthy subjects, SNPs in RGS18 were found
to be associated with both epinephrine- and ADP-induced
platelets aggregation. It is important to note that RGS18
has approximately 30—40 % identity to other RGS proteins
[26]. Less data is available for the RGS7 protein, which is
expressed in brain tissue, but also in platelets [21]. It has
been hypothesized that RGS7 could influence physiological
factors associated with platelet function through central
modulation of serotonin 2A (5-HT2A) receptors and o2-
adrenoreceptors [27, 28]. These receptors have been
observed as expressed in the periphery on vascular muscle
cells and platelets among others and their function includes
vasoconstriction and platelet aggregation. It was suggested
that antidepressant olanzapine-induced activation of the
JAK-STAT signaling cascade causes increased expression
of RGS7, which in turn could mediate desensitization of
5-HT,5 receptor signaling caused by olanzapine since
RGS7 binds to Gag protein and accelerates GTP hydrolysis.
This action could in part explain the inhibitory action of
olanzapine on platelet aggregation induced by ADP.

The RGS7 SNP (rs2502448) is located within currently
assumed noncoding, intronic sequence. There are several
potential mechanisms that could explain its association
with the platelet response and warrant further study. For
example, this SNP may be in LD with promoter SNPs that
have not yet been identified or that were not genotyped in
this study. Furthermore, this intronic SNP may potentially
affect receptor function through alternative splicing
mechanisms. In addition to the association with RGS7 SNP
(rs2502448), we also found an association of CEPI-CT
assay with intronic SNP (rs1387180) in the DDP6 gene that
encodes dipeptidyl aminopeptidase X (DPPX). Product of

this gene binds specific voltage-gated potassium channels and
alters their expression and biophysical properties [29]. We
also found another significant intronic SNP (rs3779647) in the
GSR gene. This gene codes for the glutathione reductase,
which is involved in preventing the accumulation of hydro-
peroxides and plays a role in formation of arachidonic
acid metabolites [30]. In addition, we identified eight other
SNPs: (CACNA1A-rs8103699, ERBB4-1s10195573, ANK3-
1s2393602, AKS5-rs494803, MMP16-1s2664369, KCNV2-
rs1006698, HS6ST1-rs6711447, FOSL1-rs10791830) that
were potentially associated with inter-individual differences
in the platelet activation measured with PFA-100 assay in the
cohort of diabetic patients on ASA treatment. All of them had
not been studied previously, and all association signals were
novel.

To date small numbers of human GWAS studies have
been conducted for platelet function. In most of these
studies platelet reactivity was measured using both epi-
nephrine- and/or ADP-induced aggregation in platelet-rich
plasma (PRP). Mathias et al. identified several potential
loci associated with platelet aggregation (e.g., MME-
membrane metalloendopeptidase, on chromosome 3q21-
27, associated with ASA response to collagen induced
aggregation in PRP [14]. In addition, Johnson et al. iden-
tified other genomic regions strongly associated with
PRP ?tul?> ADP (PEARI1, MRVI1, SHH), PRP epineph-
rine (ADRA2A, PEARI1, PIK3CG, JMID1C) and collagen
(GP6) responses in two European ancestry cohorts with
replication in one African ancestry cohort [25]. Guerrero
et al. [31] in a GWAS study on 75 children found a relation
between increased platelet reactivity determined by light
aggregation and LPAR1 and MYOS5B genes that was
subsequently confirmed in the replication samples. These
data, along with our results, suggest that relatively large
number of genetic polymorphisms may have functional
effect on platelet reactivity, and its detection may depend
on studied population and methods used for determination
of platelet reactivity.

Study limitations

The results obtained in this GWAS should be interpreted
with caution because of the lack of control group without
diabetes, which would allow to directly assessing the
impact of diabetes and ASA treatment on measured phe-
notype (i.e. platelet reactivity) and its association with new
SNPs. Another limitation is related to the choice of tests for
measurement of platelet activation. Light transmission
aggregometry is considered to be the gold standard for
platelet function test but is poorly standardized, requires a
specialist laboratory, and is unlikely to be used widely in
routine clinical practice [32]. Thus, in our study we
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assessed platelet reactivity by using three point-of-care
tests (CEPI-CT and CADP-CT by PFA-100, and ARU by
VerifyNow Aspirin Assay) that are being used in multiple
centers instead of the “gold standard” LTA. Other weak-
nesses of our study include limited sample size for linkage
and the lack of external replication in independent cohort
of diabetic patients. Lastly, most of our associations might
be either random or associated with the particular patient
population (e.g. diabetes), and this question could not be
answered in this study. Replication studies are needed to
determine if any of the results we report are indicative of
true associations.

Conclusions

In summary, the untargeted genome-wide approach to
detect genetic associations of platelet reactivity during
ASA treatment in diabetic patients provides an opportunity
to identify putative, novel biologic pathways related to
platelet activation in the diabetic population and to direct
future studies of candidate genes that hold the most
promise for relevance to platelet activation. Enhancing our
understanding of the mechanisms responsible for platelet
activation in diabetic patients may in turn identify novel
strategies for antiplatelet therapy in this specific popula-
tion. We believe that the polymorphisms in these genes
may be of clinical importance. Further studies in larger
diabetic and non-diabetic populations are needed to con-
firm and extend the results we observed in this relatively
small, but ethnically homogenous, cohort.
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