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METHODOLOGY Open Access

DNA methylation levels are highly correlated
between pooled samples and averaged
values when analysed using the Infinium
HumanMethylation450 BeadChip array
Cristina Gallego-Fabrega1,2, Caty Carrera3, Elena Muiño1, Joan Montaner3, Jurek Krupinski4,5,
Israel Fernandez-Cadenas1* and On behalf of Spanish Stroke Genetics Consortium

Abstract

Background: DNA methylation is a heritable and stable epigenetic mark implicated in complex human traits.
Epigenome-wide association studies (EWAS) using array-based technology are becoming widely used to identify
differentially methylated sites associated with complex diseases. EWAS studies require large sample sizes to detect
small effects, which increases project costs. In the present study we propose to pool DNA samples in methylation
array studies as an affordable and accurate alternative to individual samples studies, in order to reduce economic
costs or when low amounts of DNA are available. For this study, 20 individual DNA samples and 4 pooled DNA
samples were analysed using the Illumina Infinium HumanMethylation450 BeadChip array to evaluate the efficiency
of the pooling approach in EWAS studies. Statistical power calculations were also performed to discover the
minimum sample size needed for the pooling strategy in EWAS.

Results: A total of 485,577 CpG sites across the whole genome were assessed. Comparison of methylation levels of
all CpG sites between individual samples and their related pooled samples revealed highly significant correlations
(rho > 0.99, p-val < 10−16). These results remained similar when assessing the 101 most differentially methylated CpG
sites (rho > 0.98, p-val < 10−16). Also, it was calculated that n = 43 is the minimum sample size required to achieve a
95 % statistical power and a 10−06 significance level in EWAS, when using a DNA pool strategy.

Conclusions: DNA pooling strategies seems to accurately provide estimations of averaged DNA methylation state
using array based EWAS studies. This type of approach can be applied to the assessment of disease phenotypes,
reducing the amount of DNA required and the cost of large-scale epigenetic analyses.

Background
Epigenetics refers to the stable, heritable and reversible
modifications in DNA expression associated with
transcriptional regulation without alterations in the nu-
cleotide sequence [1]. Epigenetic processes such as DNA
methylation (DNAm), histone acetylation/deacetylation,
non-coding mRNA expression and chromatin conform-
ational changes [2] are essential for normal cellular de-
velopment and differentiation. They have also been

linked to some monogenic and complex human diseases
[3, 4]. Nowadays DNA methylation is one of the most
studied epigenetic modifications [5, 6] and alterations in
methylation have been linked with some disease pro-
cesses such as different types of cancer [4, 7, 8], as well
as with aging and exposure to tobacco smoke [9–12].
Some of the most important technologies used to de-

tect DNA methylation are: deep sequencing, high-
throughput deep sequencing and array-based genome-
wide studies such as Epigenome Wide Association
(EWAS) [13].
In the “omics” era, Genome-wide Association Studies

(GWAS) have been widely used to discover the genetic
polymorphisms associated with human diseases. These
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studies have been more successful in finding genes associ-
ated with complex diseases, compared to classical candidate
genes studies. However, GWAS needs higher sample sizes
and specific arrays that increase project costs. Several pa-
pers have observed that the use of pooling strategies de-
creases the cost of GWAS, while providing similar results
to individual sample analysis [14].
Pearson and colleagues reported that pooling-based

GWAS was theoretically effective in identifying genetic
associations in different types of disease [15]. Applying
these methods to experimental case–control data, they
also demonstrated the successful identification of previ-
ously published susceptible loci for a rare monogenic
disease, a rare complex disease and a common complex
disease. In addition, Gaj et al. confirmed previously re-
ported loci for colorectal cancer and prostate cancer in a
Polish population, with a pooled-based strategy using
GWAS [16].
Epigenome-wide association studies (EWAS) use the

same strategy as GWAS, but for epigenetics. EWAS use
array-based genotyping technology to detect the methy-
lation levels at CpG sites across the genome. EWAS
of human diseases are becoming increasingly common
[4, 7, 17, 18]. Like GWAS, the EWAS are hypothesis-
free approaches to finding differentially methylated sites
instead of different allele frequencies. Nevertheless,
pooled DNA strategies might be an affordable alternative
that reduces study costs in array-based EWAS.
No current studies have analysed the accuracy of DNA

pooling strategies in array-based EWAS. Our aim is thus
to analyse the pooling strategies in EWAS studies in order
to determine the effectiveness of these approaches in
studying DNA methylation patterns in human samples.
In the present study, data from 20 individual DNA

samples and 4 pooled DNA samples, analysed with the
Illumina Infinium HumanMethylation450 BeadChip,
were used to estimate the feasibility of the pooling ap-
proach, comparing the results of the individual samples
to the results of the DNA pools of the same samples.

Results and discussion
Quality control
A total of 485,577 CpG sites across the whole genome
were assessed using the Illumnia HumanMethylation450
BeadChip, in 20 individual samples and 4 DNA pools.
First, the distribution of methylation level was evaluated
for all samples, with DNA pools showing the same be-
haviour as individual samples (Fig. 1). Before the quan-
tile normalization, 33,301 CpG sites and no samples
were removed due to QC issues.

Correlations
Data revealed highly significant correlations (p-value < 10−16,
Spearman’s test) after comparing the data generated from

the pooled DNA samples with the averaged results of the
individual samples. Group A and group B samples were
studied separately with their respective pools, the obtained
correlations were rho = 0.9922 (p-values < 10−16) for group
B and rho = 0.9914 (p-value < 10−16) for group A. (Fig. 2).
In addition, a second confirmation test was performed

to assess the potential to estimate accurate β-values in
the most significant differentially methylated CpGs when
using a DNA pool strategy in EWAS. A comparison
between all CpGs between group A and group B was
performed and the most significant CpG sites (n = 101),
p-val < 10−05, were selected. Highly significant correla-
tions (p-val < 10−16) were also observed when analysing
the 101 selected CpGs between group A and their
pooled samples and between group B and their pooled
samples (Group A: rho = 0.9808, p-value < 10−16; Group
B: rho = 0.9872, p-value < 10−16) (Fig. 3).

Sample size
Using values from the most significant DMC of pooled
samples in the EWAS study, the optimum sample size to
reach a 95 % statistical power and a 10−6 significance
level, should be from 43 to 100 pooled samples per con-
dition, considering Cohen’s d effect sizes of 1.5 to 0.95
respectively.
The accuracy and reproducibility of DNA pools for

methylation array, using the Illumina Infinium Human-
Methylation450 BeadChip array, was investigated by
comparing data obtained from individual samples and
the same samples after they had been pooled.
Our data indicate that the DNA methylation profile

(β-values of CpG sites) from the pooled DNA samples
using array technology are highly consistent with
those obtained from the individual samples, even when
evaluating the most significant DMCs separately (Group
A: rho = 0.9808, p-value < 10−16; Group B: rho = 0.9872,
p-value < 10−16).
A previous study analysing pooling strategies in methy-

lation studies demonstrated that pools could be an alter-
native technique when small amounts of DNA are
available or when a reduction in cost is necessary to
undertake the experiments. In the study, Docherty et al.
showed a correlation between 89 individual samples and 4
pool samples in 205 CpG sites spanning 9 genomic re-
gions using Sequenom EpiTYPER [19]. The overall correla-
tion value in the study was 0.95 with a p-value < 2.210−16,
similar to the results that we observed. However, in our
study we found that pooling strategies can be also per-
formed assessing whole genomes in array-based EWAS ex-
periments, analysing more than 450,000 CpG sites. This
finding expands the possibilities of Genome Wide
studies in epigenetics. In a pooling-based GWAS study,
Pearson et al. demonstrated successful identification of
published genetic susceptibility loci for some human
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diseases: APOE-ε4 in Alzheimer disease, MAPT in progres-
sive supranuclear palsy and TSPYL in sudden infant death
with dysgenesis of the testes syndrome (SIDDT) [15]. In
EWAS we have yet to confirm whether previously reported
genes can be found using pooling strategies. However, the
higher correlation of the methylation levels between pools
and individual samples indicates that the pooling strategies

in EWAS are an accurate and interesting strategy to reduce
time costs and DNA amount in such experiments.
Even though a DNA pooling strategy has important

advantages, there are several drawbacks that have to be
considered in the study design. Pool construction has to
be really precise. DNA quantities have to be really accur-
ate to assure that each sample in the pool provides equal

Fig. 1 Density distribution of β-values. a Density distribution of β-values across all the 485,577 CpG sites of the 20 samples and the four pools.
b Distribution of five samples of group A and their respective pool. c Distribution of five samples of group B and their respective pool. The black
lines represent the distribution of pools and the grey lines represent the distribution of samples. The X-axis represents the average methylation
β-value and the Y-axis the density
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quantities of DNA in order to minimize technical errors
that may alter the estimated methylation levels [14, 20].
Only mean methylation levels, and not individual methy-
lation data, can be obtained from pooled samples. In
addition, adjusting for covariates is almost impossible,
unless pooled samples are very homogeneous. Popula-
tion stratification needs to be excluded. Furthermore,

the error rate tends to be higher in pooled samples com-
pared to individual ones [21]. It is also important in the
study design for EWAS with pooled samples to take into
account the sample size needed to compute DMCs
with confidence. According to the results obtained
in our study, we suggest analysis of at least n = 43 pooled
samples per condition in order to achieve a 10−06

Fig. 2 Correlations for 450 k CpG sites. Correlations between averaged β-values of individual samples and averaged β-values of pools. a Correlations
for group A samples and their pools. b Correlation for group B samples and their pools. The X-axis represents the average methylation β-value for
individual samples; the Y-axis represents the average methylation β-value for pools

Fig. 3 Correlations for 101 DMCs. Correlations between averaged β-values of individual samples and averaged β-values of Pools, for the 101 most
significant DMCs. a Correlations of 101 CpGs for group A samples and their pools. b Correlations of 101 CpGs for group B samples and their
pools. The X-axis represents the average methylation β-value for individual samples; the Y-axis represents the average methylation β-value
for pools
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significance level and 95 % statistical power, considering
a Cohen’s d effect size =1.5. However, this number may
vary depending on a study’s characteristics.
In summary, this is the first study that analyses a pool-

ing strategy in EWAS approaches, it found that this strat-
egy is an acceptable alternative to regular individual
EWAS analysis, mainly in specific situations such as when
lower quantities of DNA are available, or in studies with a
limited budget.

Conclusions
The analysis of the data generated by 450,000 CpG sites
across the whole genome in 20 individual samples dem-
onstrates that DNA pooling strategies can be used to
provide estimations of averaged DNA methylation state
using the Illumina Infinium HumanMethylation450
BeadChip array. This approach may be useful to high-
light genome regions to be studied in further epigenetic
analysis, reducing the costs and the amount of DNA
required.

Methods
Sample selection and pool construction
A total of 20 subjects from our biobank were selected.
Of these 20 subjects, 10 were ischemic stroke patients
with vascular recurrence (this selection was performed
randomly from the patients with vascular recurrence)
(group A). These patients were then matched one-to-
one with 10 ischemic stroke patients without vascular
recurrence (group B). The matching categories were age
(±7 years), sex, TOAST classification [19] and recruit-
ment hospital. Next, two pooled samples were con-
structed with samples from group A (PoolA1 and
PoolA2), and two pooled samples were constructed with
samples from group B (PoolB1 and PoolB2), as described
in Fig. 4. PoolB1 included the matched samples of
PoolA1 and correspondingly PoolB2 included the
matched samples of PoolA2. All individuals were

Caucasian, while 16 were males and 4 were females,
mean age was 71 ± 8 years (Table 1).

DNA purification and sample pooling
Total genomic DNA was extracted from whole blood
samples using the Gentra Puregene Blood Kit (Quiagen,
Hilden, Germany) following the manufacturer’s instruc-
tions. The samples were maintained at −20 °C until the
EWAS analysis.
DNA concentrations for each subject were determined

individually, by measuring ultraviolet (UV) light absorp-
tion at 260 nm, with NanoDrop 2000 UV–vis Spectro-
photometer (Thermo Scientific, Redwood City, CA,
USA). Adapting the instructions of previous DNA pooling
protocols [14, 15], each sample was diluted to 40 ng/ul,
and their DNA concentration was measured again to ver-
ify that all samples provide the same amount of DNA to
the pools. Samples with DNA concentration variations
higher than 40 ng/μl ±4 were discarded and diluted again.
Individual DNA samples were then added to their respect-
ive pool (4 μl at 40 ng/μl of each sample). Once each pool
was generated, the DNA concentrations were re-
quantified twice with NanoDrop to assure that the final
concentration of the pool was as expected (40 ng/μl). If
any discrepancy was found (> ± 4 ng/μl), the pool was

Table 1 Population characteristics

Total Group A Group B

Gender N 20 10(50 %) 10 (50 %)

Age 72,25 ± 8.4 72,5 ± 8.4 72 ± 8.7

Male 16 (80 %) 8 (40 %) 8 (40 %)

Female 4 (20 %) 2 (10 %) 2 (10 %)

TOASTa Atherothrombotic 8 (40 %) 4 (20 %) 4 (20 %)

Undetermined 4 (20 %) 2 (10 %) 2 (10 %)

Unknown 2 (10 %) 1 (5 %) 1 (5 %)

Lacunar 6 (30 %) 3 (15 %) 3 (15 %)

Demographic and clinical variables of the studied population
aTOAST classification of ischemic stroke

Fig. 4 Study design. A total of 20 subjects from the biobank study were selected for this study, 10 of them form group A and 10 form group B.
Two pools were created from group A, with 5 samples in each one (PoolA1 and PoolA2), and two more pools of 5 samples were created from
group B (PoolB1 and PoolB2)
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generated again repeating all steps from sample DNA
measures. Only when the final pool concentration was
40 ng/μl ±4 ng/μl and the total volume was 20 μl as
expected was the EWAS analysis started. A graphical
description of the procedure can be found in Fig. 5.

Epigenome wide association analysis
Genome-wide DNA methylation was assessed using the
Infinium HumanMethylation450 BeadChip (Illumina
Inc., San Diego, Ca). This chip-based study quantitatively
measures more than 450,000 CpG sites at single nucleo-
tide resolution with a 99 % coverage of RefSeq Genes.
A Quality Control (QC) of all samples was performed

as a first step to check DNA integrity using Invitrogen
E-Gel 1 % Agarose Gels. The DNA samples showed no
fragmentation or poor quality.
Genomic DNA from the 20 samples and the 4 pools

was bisulphite converted using the Zymo EZ DNA
MethylationTM Kit (Zymo Research, Orange, Ca) following

the manufacturer’s instructions, but with alternative incu-
bation conditions suggested for the Illumina Infinium
Methylation Assay. All samples were processed in a single
working batch using the Illumina Infinium MSA4 protocol,
which includes amplification, fragmentation, hybridization
and BeadChip scanning.
For QC, the fluorescence data generated for each CpG

locus was analysed with the Illumina GenomeStudio
software package. Samples and CpG sites with fluores-
cence detection p-values > 0.05 were removed [22]. This
p-vaule is the detection p-value that represents the con-
fidence that a given methylation level on a CpG site can
be considered to have been detected.

Quality control and normalization
All pre-processing, correction and normalization steps
were implemented using the R computing environment
(versions 2.15.1 and 3.0.1) with Bioconductor packages.
Plots were produced using R functions. The pipeline was

Fig. 5 Protocol for performing DNA Pools. First, DNA concentrations of individual samples were measured three times by ultraviolet (UV) light
absorption (Nanodrop spectrophotometer). When readings differ less than 4 ng/μl, samples were diluted to 40 ng/μl. Next, the pools were
prepared using 5ul of DNA from each of the 5 samples that would form part of the pool. The final concentration of every pool should be 25 μl
at 40 ng/μl, with DNA concentration checked by UV light absorption (Nanodrop spectrophotometer) again. Finally, if readings were 40 ng/μl
±4 ng/μl, pools were analysed with the EWAS arrays. If readings differed, the pools were created again from the first step
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a sequence of R scripts adapted from the methylumi
[23] (version 2.6.1), lumi [24] (version 2.12.0), water-
melon [25] (version 1.0.3) and minfi [22] (version 1.6.0)
packages. The instructions that were used are shown in
Table 2.
Prior to the identification of differentially methylated

CpG sites, data was pre-processed using a non-specific
filter step. This step consists of removing CpG sites with
detection p-value ≥ 0.05 in more than 1 % of the sam-
ples. Samples with detection p-value ≥ 0.05 in more than
1 % of the CpG sites, and CpG sites with beadCount < 3
in 5 % of samples [16]. CpG sites containing docu-
mented single nucleotide polymorphisms (SNPs) were
also removed [26]. Multidimensional scaling (MDS)
plots were used to evaluate gender outliers based on
chromosome X data, where males and females were sep-
arated into two distinct clusters. An MDS plot was also
used to check for unknown population structures, inside
the sample. Then, CpG sites on the X and Y chromo-
somes were removed [8]. Finally, a subset quantile
normalization was performed using a background ad-
justment between-array normalization and a dye bias
correction, following previous recommendations [27, 28].

Statistical analysis
All statistical analysis was also performed using R (version
3.0.1). The accuracy of DNA methylation level estimations
from pooled DNA was assessed with a Spearman’s correl-
ation, for non-parametric samples, between the β-values
of each pool and the averaged β-values of the individual
samples included in each pool [19].
We also performed a Spearman’s correlation between

the β-values of the 101 most differentially methylated
CpGs (DMCs) found in individual samples (Group A vs.
Group B) and the β-values of the same CpG sites in
pools. Differentially methylated CpG sites were deter-
mined by the Mann–Whitney U-test for non-parametric

samples using the β-values, p-val < 10−06 adapted from
Rakyan VK el al. [4]. The DMCs analysis was performed
comparing group A samples (n = 10) against group B
samples (n = 10).
Minimum sample size needed for pool analysis in

EWAS was calculated using the pwr package [29] with im-
plemented power analysis as outlined by J. Cohen, 1988.
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Patients with Ischemic stroke are at high risk of having a 
new stroke or developing other vascular diseases such as 

acute myocardial infarction, or vascular death, known as vas-
cular recurrence. A study in the South London Stroke Register 
described a cumulative risk of vascular recurrence after a first 
stroke of 8.0% at 1 year and 16.6% at 5 years.1 To reduce vas-
cular recurrence, the most prescribed treatment for secondary 
prevention of stroke is antiplatelet agents,2 most widely used 
are acetylsalicylic acid, clopidogrel, or a combination of both. 

However 10% to 20% of patients treated with antiplatelet 
drugs have a new vascular event3; in addition, serious vascular 
events are reduced only by <25% compared with placebo.4

Pharmacogenetic studies have evaluated the relationship 
between genetic variants and high on-treatment platelet reac-
tivity usually assessing platelet aggregation.5 Mega et al5 
found an association between the CYP2C19 reduced-function 
allele and lower levels of the clopidogrel active metabolite, 
diminished platelet inhibition, and higher rates of major 

Background and Purpose—Clopidogrel is one of the most used antiplatelet drugs in patients with cardiovascular disease. 
However, 16% to 50% of patients have a high on-clopidogrel platelet reactivity and an increased risk of ischemic events. 
The pathogenesis of high on-treatment platelet reactivity in patients with stroke is only partially explained by genetic 
variations. This study aims to find differentially methylated sites across the genome associated with vascular recurrence 
in ischemic stroke patients treated with clopidogrel.

Methods—From a cohort of 1900 patients with ischemic stroke, we selected 42 patients treated with clopidogrel, including 
21 with a recurrent vascular event and 21 without vascular recurrence during the first year of follow-up. Over 480 000 
DNA methylation sites were analyzed across the genome. Differentially methylated CpG sites were identified by 
nonparametric testing using R. Replication analysis was performed in a new cohort of 191 subjects and results were 
correlated with platelet reactivity in a subset of 90 subjects using light transmission aggregometry.

Results—A total of 73 differentially methylated CpG sites (P<1×10−05) were identified; 3 of them were selected for 
further replication: cg03548645 (P=1.42×10−05, TRAF3), cg09533145 (P=7.81×10−06, ADAMTS2), and cg15107336 
(P=1.89×10−05, XRCC1). The cg03548645 CpG remained significant in the replication study (P=0.034), a deep analysis of 
this region revealed another methylation site associated with vascular recurrence, P=0.037. Lower cg03548645 (TRAF3) 
DNA methylation levels were correlated with an increased platelet aggregation (ρ=−0.29, P=0.0075).

Conclusions—This study suggests for the first time that epigenetics may significantly contribute to the variability of 
clopidogrel response and recurrence of ischemic events in patients with stroke.    (Stroke. 2016;47:1180-1186. DOI: 
10.1161/STROKEAHA.115.012237.)

Key Words: aspirin ◼ clopidogrel ◼ methylation ◼ stroke ◼ vascular resistance

TRAF3 Epigenetic Regulation Is Associated With Vascular 
Recurrence in Patients With Ischemic Stroke

Cristina Gallego-Fabrega, MSc; Caty Carrera, MD, MSc; Jean-Luc Reny, MD, PhD;  
Pierre Fontana, MD, PhD; Agnieszka Slowik, MD, PhD; Joanna Pera, MD, PhD;  
Alessandro Pezzini, MD; Gemma Serrano-Heras, PhD; Tomás Segura, MD, PhD;  

Joan Martí-Fàbregas, MD, PhD; Elena Muiño, MD; Natalia Cullell, MSc;  
Joan Montaner, MD, PhD; Jerzy Krupinski, MD, PhD; Israel Fernandez-Cadenas, PhD

Received November 25, 2015; final revision received February 29, 2016; accepted March 1, 2016.
From the Neuroscience Department, Stroke Pharmacogenomics and Genetics, Fundació Docència i Recerca Mutua Terrassa, Hospital Universitari 

Mútua de Terrassa, Terrassa (Barcelona), Spain (C.G.-F., J.M.-F., E.M., N.C., I.F.-C.); School of Medicine, University of Barcelona, Barcelona, Spain 
(C.G.-F.); Neurology Department, Neurovascular Research Laboratory, Vall d’Hebron Institute of Research (VHIR), Universitat Autònoma de Barcelona, 
Hospital Vall d’Hebron, Barcelona, Spain (C.C., J.M.); Division of Internal Medicine, and Rehabilitation, Trois-Chêne Hospital, University Hospitals of 
Geneva, Switzerland (J.-L.R.); Geneva Platelet Group, Faculty of Medicine, Geneva, Switzerland (J.-L.R., P.F.); Division of Angiology and Haemostasis, 
University Hospitals of Geneva, Geneva, Switzerland (P.F.); Department of Neurology, Jagiellonian University Medical College, Krakow, Poland 
(A.S., J.P.); Department of Clinical and Experimental Science, Neurological Clinic, Università degli Studi di Brescia, Brescia, Italy (A.P.); Neurology 
Department, Albacete Hospital, Albacete, Spain (G.S.-H., T.S.); Department of Neurology, Hospital de la Santa Creu i Sant Pau, IIB-Sant Pau, Barcelona, 
Spain (J.M.-F.); Neurology Service, Hospital Universitari Mútua Terrassa, Terrasa, (Barcelona), Spain (J.K.); and Neuroscience Department, School of 
Healthcare Science, Manchester Metropolitan University, Manchester, United Kingdom (J.K.).

The online-only Data Supplement is available with this article at http://stroke.ahajournals.org/lookup/suppl/doi:10.1161/STROKEAHA.115. 
012237/-/DC1.

Correspondence to Israel Fernandez-Cadenas, PhD, Stroke Pharmacogenomics and Genetics, Fundació Docència i Recerca Mutua Terrassa, C/ Sant 
Antoni 19, 08221 Terrassa, Spain. E-mail israelcadenas@yahoo.es

© 2016 American Heart Association, Inc.

Stroke is available at http://stroke.ahajournals.org	 DOI: 10.1161/STROKEAHA.115.012237

 by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from  by guest on May 2, 2016http://stroke.ahajournals.org/Downloaded from 

mailto:israelcadenas@yahoo.es
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/


Gallego-Fabrega et al    Epigenetic Regulation of TRAF3    1181

adverse cardiovascular events. Shuldiner et al6 also found the 
CYP2C19*2 allele to be associated with diminished platelet 
response to clopidogrel treatment and poorer cardiovascular 
outcomes. Furthermore, Holmes et al7 found an association 
between the CYP2C19 genotype and clopidogrel responsive-
ness, although there was no significant association of geno-
type with cardiovascular events.

Pharmacogenetic studies have found single-nucleotide poly-
morphisms associated with platelet aggregation in clopidogrel-
treated patients; however, they have failed to find a genetic 
predisposition associated with new vascular events. Therefore 
new approaches, such as epigenetic studies, may contribute 
to finding the underlying cause of the occurrence of new vas-
cular events after clopidogrel treatment. Epigenetics refers to 
DNA modifications affecting gene expression and chromatin 
structure without altering the nucleotide sequence. Epigenetic 
modifications are stable, reversible, and heritable and can be 
modulated by many factors including physiological and path-
ological conditions and by the environment. Epigenetic pro-
cesses are involved in numerous cellular processes, and also 
related to some monogenic and complex human diseases.8

Recent studies have observed epigenetic mechanisms 
involved in the pathogenesis of atherosclerosis.9,10 Su et al11 
observed that lower P2Y12 gene promoter DNA methylation 
(DNAm) was associated with an increased risk of clopidogrel 
high on-treatment platelet reactivity in patients with albumin 
≤35 g/L, currently smoking, or abusing alcohol, suggesting 
a potential role for epigenetics in clopidogrel high on-treat-
ment platelet reactivity and vascular events after clopidogrel 
treatment.

The aim of this study is to analyze the whole epigenome 
of ischemic stroke patients treated with clopidogrel with an 
Epigenome-Wide Association Study (EWAS) to find altered 
methylation sites associated with new ischemic events (vascu-
lar recurrence) after first ischemic stroke.

Materials and Methods

Clinical Protocol
From a cohort of 1900 patients with stroke from Vall d’Hebron 
University Hospital (Barcelona, Spain), 42 subjects were selected. 
First, 21 subjects with ischemic stroke, who were treated with clopi-
dogrel after the first stroke and had a new vascular event (defined 
as new ischemic stroke, myocardial infarction, peripheral vascu-
lar disease, or cardiovascular death), were selected. The remaining 
21 subjects were selectively matched one-by-one with the first 21 
subjects (ischemic stroke patients treated with clopidogrel after the 
ischemic stroke event and without a new vascular event). Matching 
variables were age (±7 years), sex, Trial of Org 10172 in Acute Stroke 
Treatment (TOAST)12 classification, and clopidogrel administration 
(Table 1). Ethical committee approved the study (PR(AG) 03/2007). 
All patients were provided with oral and written information about 
the project, and signed the informed consent.

The study cases were defined as being patients with ischemic stroke 
who started clopidogrel treatment after stroke and who had a vascular 
recurrence in the first year of follow-up with a good adherence to the 
treatment as measured by the Morisky–Green test.13 Controls were 
defined as patients with ischemic stroke who started clopidogrel treat-
ment after stroke with a good adherence to the treatment but without 
vascular recurrence during the first year of follow-up. Vascular recur-
rence was described as new ischemic stroke, myocardial infarction, 
peripheral vascular disease, or cardiovascular death and was detected 
through telephone calls every 3 months or direct clinical visit.

Replication analysis was performed on 191 new samples from 
3 cohorts, 2 ischemic stroke patients’ cohorts and 1 cardiovascular 
disease patients’ cohort, for further information about sample selec-
tion and cohorts see Table I in the online-only Data Supplement. The 
replication cohort included 29 patients with cardiovascular disease 
(ischemic stroke and myocardial infarction) treated with clopidogrel 
with a new vascular event and 162 patients with cardiovascular dis-
ease treated with clopidogrel without a new vascular event during the 
first year of follow-up (Table 1).

DNA Preparation and Bisulfite Conversion
Total genomic DNA was extracted from whole blood samples 
obtained during the first 24 hours after stroke onset before clopidogrel 
initial administration using the Gentra Puregene Blood Kid (Quiagen, 
Hilden, Germany) following the manufacturer’s instructions.

Infinium HumanMethylation450 
BeadChip Discovery Assay
Genome-wide DNAm was assessed using the Infinium 
HumanMethylation450 BeadChip (Illumina Inc, San Diego, CA). All 
samples were processed in a single working batch.

All preprocessing, correction, normalization steps, and plots 
were implemented using the R statistical computing environment 
(3.1.3 version) with Bioconductor packages (Table II in the online-
only Data Supplement). Quality control metrics were examined to 
determine the success of the bisulfite conversion and subsequent 
array hybridization. Fluorescence intensities were imported from 
GenomeStudio, then probe filtering was performed to remove 
probes that have failed to hybridize (detection P>0.05) and that are 
not represented by a minimum of 3 beads on the array, as described 
elsewere.14,15 CpG sites containing documented single-nucleotide 
polymorphisms were also excluded.16 Multidimensional scaling 
plots were used to evaluate sex outliers based on chromosome X 
data. Multidimensional scaling and principal components were also 
used to check unknown population structures. Probes mapping to sex 
chromosomes were removed. We also checked the white cell count 
(neutrophils, lymphocytes, and monocytes) as a possible confound-
ing factor. Finally, a subset quantile normalization was performed 
using a background adjustment between-array normalization and a 
dye bias correction, following previous recommendations.15

The methylation level of each cytosine was expressed as a β-value, 
which ranged between 0 and 1, unmethylated to completely meth-
ylated, respectively. Differentially methylated CpG (DMCs) sites 
were analyzed using the nonparametric Mann–Whitney U test for 
independent samples, P values<10−06 were selected as statistically 
significant17 and P values<10−05 as nominal association. Multivariable 
generalized linear analyses adjusting for Principal Components and 
DNAm potential covariates (age, sex, and current smoking) were also 
used.

MassARRAY EpiTYPER, Replication Assay
Quantitative DNAm analysis was performed using the MassARRAY 
EpiTYPER (Sequenom, San Diego, CA) on 3 selected CpGs from the 
450-k array discovery study. Selection criteria: have at least a nom-
inal association with vascular recurrence (P<10−05), be in a region 
suitable for MassARRAY EpiTYPER analysis (not all CpGs could 
be analyzed), and map on a gene previously related to inflammatory 
processes or cardiovascular events in the literature (bibliographic 
research performed in PubMed [http://www.ncbi.nlm.nih.gov/
pubmed], using the keywords clopidogrel, atherosclerosis, ischemic 
and vascular). Target-specific primers were designed using the online 
software Epidesigner [http://www.epidesigner.com], list of primers 
in the Table III in the online-only Data Supplement). The quantita-
tive methylation data obtained for each CpG site, or aggregates of 
multiple CpG sites, were analyzed with the EpiTYPER software 
(Sequenom). Statistical analyses were performed using R (3.1.3 ver-
sion). P values <0.05 were considered as statistically significant, after 
the Mann–Whitney U test.
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CYP2C19*2 Analysis
We checked the CYP2C19*2 polymorphism (rs4244285) that has 
been strongly associated with clopidogrel responsivenes6,7 to know 
whether it could be a confounding factor in the EWAS analysis (com-
plete Methods in the online-only Data Supplement).

Platelet Aggregation Assay
Spearman rank correlation was used to estimate the correlation between 
methylation levels of replicated CpGs and platelet aggregation. Values 
from a subgroup of 90 subjects from the replication study were used. 
Platelet aggregation values were obtained using Light Transmission 
Aggregometry with ADP as the agonist at a concentration of 5 μmol/L.18

TRAF3 in Aspirin-Treated Patients
A group of patients with stroke treated only with aspirin (n=38) were 
selected from the Vall d’Hebron University Hospital’s cohort follow-
ing the same inclusion and exclusion criteria used for clopidogrel-
treated patients. Of these, 19 patients presented a new vascular event 
during the first year of follow-up and 19 patients, matched for age, 
sex, and TOAST, did not present a vascular recurrence. Methylation 
levels of 37 CpGs located in tumor necrosis factor receptor–associ-
ated factor 3 (TRAF3) gene were analyzed in this group. See online-
only Data Supplement.

Statistical Analysis
A sample size of 21 subjects per condition was needed to achieve 
a 10−05 significance level and 80% statistical power, considering a 
Cohen effect size=1.8. Sample size calculation was performed using 
the pwr package (version: 1.1–2) from Bioconductor (http://www.
bioconductor.org).

Continuous variables were compared using the Mann–Whitney U 
test, multivariable generalized linear analysis, or Spearman correla-
tion test for nonparametric samples, using the R software (http://www.
cran.r-project.org).

Results
Epigenome-Wide Analysis
Epigenome-wide analysis of the 485 577 CpG sites was 
assessed using the Illumina 450-k BeadChip across the whole 
genome in each of the 42 individual samples. After prepro-
cessing and QC analysis, 34 059 CpG sites and 1 sample were 
removed from further analysis: 1848 CpGs with detection P 
>0.05, 20 935 CpGs that overlap with single-nucleotide poly-
morphisms, and 11 276 CpGs located on sexual chromosomes, 
and 1 sample with sex discrepancies.

Table 1.  Descriptive Characteristics of the Study Population

Vascular 
Recurrence

Nonvascular 
Recurrence

Vascular 
Recurrence

Nonvascular 
Recurrence

Discovery cohort (n=42) Replication cohort (n=191)

n 21 (50%) 21 (50%) 29 (15%) 162 (85%)

Age, y 70.25±8.7 71.68±8.3 69±10 66±10

Male 18 (85.7%) 18 (85.7%) 16 (55.2%) 140 (86.8%)

Female 3 (14.3%) 3 (14.3%) 13 (44.9%) 42 (26%)

TOAST

 ��� Aterothrombotic 11 (52.4%) 11 (52.4.2%) 3 (10.4%) 21 (13%)

 ��� Lacunar 5 (23.8%) 5 (23.8%) 1 (3.5%) 10 (6.2%)

 ��� Undetermined 4 (19%) 4 (19%) 3 (10.4%) 35 (21.7%)

 ��� Other 1 (4.8%) 1 (4.8%) 13 (44.9%) 12 (7.4%)

Presence of dyslipidemia 12 (57.1%) 8 (38.1%) 5 (17.3%) 52 (32.2%)

Presence of diabetes mellitus 8 (38.1%) 8 (38.1%) 6 (20.4%) 33 (20.5%)

Presence of hypertension 13 (29.9%) 17 (39.1%) 22 (75.9%) 102 (63.2%)

Current smoker 15 (71.4%) 18 (85.7%) 3 (10.4%) 23 (14.3%)

Alcohol 11 (52.4%) 19 (90.4%) … …

Previous myocardial infarction 2 (9.5%) 1 (4.76%) 4 (13.8%) 98 (60.8%)

Previous coronary intervention … … 5 (17.3%) 28 (17.4%)

Previous angina 2 (9.5%) … 2 (6.9%) 8 (5%)

Previous tumor 2 (9.5%) 1 (4.76%) 5 (17.3%) 5 (3.1%)

Statin 11 (52.4%) 14 (66.6%) 13 (44.9%) 88 (54.6%)

 ��� Atrovastatine 8 (38.1%) 7 (33.3%) 3 (10.4%) 35 (21.7%)

 ��� Provastatine … … 1 (3.45%) 17 (10.5%)

 ��� Rosuvastatine … … … 13 (8.1%)

 ��� Sinvastatine 3 (14.3%) 4 (19%) 4 (2.1%) 8 (5%)

 ��� Unknown … 3 (14.3%) 5 (17.3%) 13 (8.1%)

Discovery cohort n=42, replication cohort n=191. TOAST indicates Trial of Org 10172 in Acute Stroke Treatment.
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The methylation intensities showed bimodal distribution 
when displayed across all probes (Figure IA in the online-
only Data Supplement), but approximately normal distribu-
tion for most CpGs when they were considered individually 
(Figure IB in the online-only Data Supplement). The −log10 
(P value) values from DMCs site analysis were plotted for 
451 518 CpGs across the genome (Figure 1). Seventy-three 
candidate DMCs were associated with vascular recurrence in 
stroke patients treated with clopidogrel with nominal associa-
tions P values (P<10−05; Table 2).17 Figure 2 shows a hierarchi-
cal cluster analysis for a panel of the top 73 significant DMC 
sites (P<10−05), this is able to distinguish vascular recurrence 

patients from nonvascular patients (with only 1 sample mis-
classified). A heatmap of the 73 DMCs is shown in the Figure 
II in the online-only Data Supplement. Among the 73 DMCs, 
48 had higher and 25 had lower DNAm levels in patients with 
a recurrent vascular event compared with patients with non-
recurrence (Figure III in the online-only Data Supplement).

Replication Analysis
The replication analysis of 3 CpG sites was performed for 191 
new samples by MassARRAY EpiTyper. The selected CpGs 
mapped to 3 genes known to be involved in atherosclerosis and 
vascular processes and could be analyzed by MassARRAY 

Figure 1. Epigenome-wide association between vascular recurrence patients and nonvascular recurrence patients of 451 518 CpGs. Sev-
enty-three CpGs reached statistical significance, trend (P<10–5), represented by the horizontal line. x-axis indicates chromosome position, 
and y-axis indicates −log10 of P values for each CpG site.

Table 2.  Differentially Methylated CpG (DMC) Sites Associated With Vascular 
Recurrence in Patients With Stroke Treated With Clopidogrel

CpG ID Chr Position Gene Mapping to Gene P Value

cg06726262 17 15602873 ZNF286A TSS200 1.29E-06

cg09332091 19 3180708 4.18E-06

cg09533145 5* 178563145* ADAMTS2* Body* 7.81E-06*

cg18002896 8 144465845 RHPN1 3’UTR 7.81E-06

cg07925064 16 90114301 LOC100130015 TSS200; TSS1500 1.06E-05

cg14630099 6 32975702 HLA-DOA Body 1.06E-05

cg01348374 3 181313591 1.23E-05

ch,18,400468R 18 20395250 1.23E-05

cg03548645 14* 103369816 TRAF3* Body* 1.42E-05*

cg10318528 4 154702461 SFRP2 3’UTR 1.89E-05

cg15107336 19* 44079778* XRCC1* TSS200* 1.89E-05*

cg27093242 3 32927448 TRIM71 Body 1.89E-05

cg16126516 19 46850186 PPP5C TSS200 2.51E-05

cg18997433 4 24585879 DHX15 Body 2.51E-05

cg22849543 20 46997755 LOC284749 Body 2.51E-05

Top 15 most significant CpGs (P<10–5), see Table V in the online-only Data Supplement for full 73 DMCs.
*Selected CpGs for replications.
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EpiTyper (ADAMTS2 cg09533145, P=7.81×10−06; XRCC1 
cg15107336, P=1.89×10−05; and TRAF3 cg03548645, 
P=1.42×10−05). Three 400-pb regions containing each one of 
the 3 selected CpG sites, including other CpG sites and aggre-
gates, were sequenced. For all analyzed regions, the averaged 
directions of methylation changes were consistent with the 
methylation changes observed in the 450-k BeadChip array.

The CpG site mapped to TRAF3 gene cg03548645 was asso-
ciated with vascular recurrence (P=0.034), in the replication 
cohort. In addition, 3 new aggregated CpGs were associated 
with vascular recurrence de novo (Table 3). The cg03548645 
CpG site was independently analyzed for each individual 
cohort from the validation stage (Spanish, P=0.83; Italian, 
P=0.2; and Swiss, P=0.15) and showed the same methyla-
tion pattern in each one of them (Figure IV in the online-only 
Data Supplement). Lower methylation levels were associated 
with vascular recurrence. These results were consistent with 
the ones observed when we analyzed the 3 cohorts together, 
which reaches statistical significance because of the increased 
statistical power as a result of the larger sample size.

Cardiovascular risk factors (age, sex, and current smok-
ing) were analyzed as possible confounding factors in the 
discovery cohort, TRAF3 was independently associated 
with vascular recurrence (P=1.33×10−3). In addition, TRAF3 
methylation levels were not influenced by cell-type propor-
tions. When excluding patients with previous tumors, as pos-
sible confounding factor because of an increased activation 
of the inflammation pathway, TRAF3 was still associated 
with vascular recurrence (P<3.33×10−05). The frequency dis-
tribution of the CYP2C19*2 (rs4244285) polymorphism, 

previously associated with clopidogrel responsiveness,6,7 was 
also checked. The risk allele was equally distributed between 
patients (n=5) and controls (n=5), P=0.87. We also checked 
the methylated status of 5 CpGs of CYP2C19 gene, none of 
them presented statistically significant results (Table IV in the 
online-only Data Supplement).

In addition, an inverse statistically significant correla-
tion (ρ=−0.29, P=0.0075) was observed between DNAm 
levels (cg03548645 and TRAF3) and platelet aggregation 
(Figure  3), indicating that TRAF3 methylation was associ-
ated with a biochemical resistance to clopidogrel activity. 
Moreover, we observed that the methylation differences in 
cg03548645 were not stroke subtype dependent because we 
observed the same differences between recurrent and non-
recurrent stroke patients within the group of atherothrom-
botic strokes (P=0.011), and between the group of patients 
with nonatherothrombotic stroke (P=0.007; Figure V in the 
online-only Data Supplement). When the 37 CpG sites of 
TRAF3 were assessed in aspirin-treated patients, no asso-
ciation was found between cg03548645 and vascular recur-
rence (P=0.48). However, TRAF3 cg03548645 methylation 
was lower in patients with vascular recurrence. Importantly, 
a different CpG site was associated with vascular recurrence 
(cg14008679, P=5.41×10−4). Patients treated with aspirin 
showed the same methylation pattern that clopidogrel-treated 
patients for these 2 CpG sites, with lower TRAF3 methylation 
levels associated with vascular recurrence (Figure VI in the 
online-only Data Supplement).

Discussion
We performed the first genome-wide DNAm profiling of vas-
cular recurrence in clopidogrel-treated patients with stroke. 
High-throughput DNAm array-based profiling covering 
>450 000 CpG sites of the human genome was complemented 
by MassArray replication of the most physiopathologically 
relevant results. Quantitative DNAm identified DMCs sites 
mapped to atherosclerosis and vascular process–related genes.

The EWAS revealed 73 DMCs associated with vascu-
lar recurrence in clopidogrel-treated stroke patients. After 
EpiTYPET analysis, the association with the cg03548645, 

Figure 2. Hierarchical cluster analysis of most significant DMC associated with vascular recurrence in clopidogrel patients. Notice the 
nearly perfect segregation between the vascular recurrence samples (CA) and the nonvascular recurrence samples (CO).

Table 3.  Differentially Methylated CpG Sites Identified De 
Novo, and the One Replicated in the MassARRAY Replication 
Study

CpG ID Identification Chr Gene P Value

TRAF3_1,2 Replicated 14 TRAF3 0.03441

TRAF3_6,7,8 De novo 14 TRAF3 0.04089

XRCC1_19,20 De novo 19 XRCC1 0.04195

XRCC1_36 De novo 19 XRCC1 0.04261
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mapping to TRAF3, was replicated. The results of the valida-
tion stage were not affected by the heterogeneity of the sam-
ple. There were no differences between patients with ischemic 
stroke and patients with cardiovascular disease. Furthermore, 
the methylation pattern of the TRAF3 was similar in the 3 
cohorts tested, being consistently lower in the patients with 
vascular recurrence. The combined analysis of the 3 cohorts 
reached sufficient statistical power to detect significant 
associations.

As further support of our findings, cg03548645 platelet 
aggregation levels were correlated with the DNAm levels. The 
differences between cases and controls were independent of 
stroke subtype. Furthermore, the CYP2C19*2 polymorphism 
was not a confounding factor because it was equally distrib-
uted between our groups (P=0.872). Furthermore, CYP2C19 
was not differentially methylated between recurrent and non-
recurrent patients.

The TRAF3 encodes a protein member of the TRAF family. 
These proteins participate in the signal transduction of CD40 
and tumor necrosis factor receptor, important to immune 
response activation. It has been shown that patients having 
cardiovascular disease exhibit increased levels of circulating 
and soluble CD40 ligand (DC40L).19,20 Song et al21 described 
association between TRAF3 gene expression and CD40 levels 
in arterial injury, also Pluvinet et al22 highlight the anti-inflam-
matory potential of RNAi-mediated CD40 inhibition, and the 
relevance of CD40 signaling for therapeutic intervention. del 
Río-Espínola et al23 also found an association between CD40 
polymorphisms and reocclusion risk after fibrinolysis during 
the acute phase of ischemic stroke.

Zirlik et al24 investigated TRAF expression in murine and 
human atherosclerotic plaques. They found increased expres-
sion levels of TRAF2 and TRAF3 protein in atherosclerotic 
tissues compared with nondiseased tissue. The results also 

establish the functional relevance of these TRAF families 
for proinflammatory signaling events in endothelial cells, 
and hence in inflammatory vascular diseases such as athero-
sclerosis. A recent study has also found TRAF3 upregulation 
associated with hypertrophied mice hearts and failing human 
hearts. Transgenic mice overexpressing TRAF3 in the heart 
developed exaggerated cardiac hypertrophy.25

Our results indicate significantly lower DNAm levels of 
CpG cg03548645 in patients who had vascular recurrence 
during clopidogrel treatment, compared with those who did 
not have vascular recurrence during the first year of follow-
up. These results were not influenced by common cardio-
vascular risk factors (P=1.33×10−03) or previous presence of 
tumors (P=3.33×10−05). A replication study was conducted 
on randomly selected samples from 3 international cohorts. 
cg03548645 remained significantly associated (P=0.034) and 
a new CpG aggregate, located ≈150-bp downstream from 
the main site, was also significantly associated with vascu-
lar recurrence (P=0.040). All results were consistent in the 
discovery and the replication study; in both studies, recur-
rent patients show lower methylation levels than nonrecurrent 
patients. When cg03548645 DNAm levels were analyzed on 
aspirin-treated patients, no association with vascular recur-
rence was found. However, lower cg03548645 methylation 
levels were observed in vascular recurrent patients, this trend 
was the same observed in clopidogrel-treated patients. In 
addition, a second TRAF3 CpG site (cg14008679) was found 
associated with vascular recurrence during aspirin treatment, 
with recurrent patients showing lower methylation levels in 
comparison wth nonrecurrent patients. We hypothesize that 
TRAF3 lower methylation may be directly related to vascu-
lar recurrence regardless aspirin or clopidogrel administra-
tion. However, the sample size for aspirin-treated patients is 
too small to validate this hypothesis. This hypothesis should 
be further investigated in future studies with patients on other 
antiplatelet or anticoagulants drugs.

The cg03548645 CpG is located in the TRAF3 gene body. 
Lower DNAm levels in gene bodies have been associated with 
higher levels of gene expression.26 Therefore, we hypothesize 
that TRAF3 expression may be higher in the vascular recurrence 
patients, which might increase the CD40 ligand signal transduc-
tion, thereby enhancing platelet–platelet interactions, secretion, 
and thrombus growth under artherogenic conditions.27

In addition to the association with vascular recurrence in 
on-clopidogrel treatment patients, we also found that lower 
cg03548645 DNAm levels were correlated with higher platelet 
aggregation (ADP-induced platelet aggregation; P=0.0075). 
This association indicates that epigenetics might be involved 
in the vascular recurrence of stroke and in the pharmacody-
namics of clopidogrel. Further studies will be needed to dis-
cern if the TRAF3 (cg03548645) association with vascular 
recurrence in stroke is because of an increased risk of ath-
erosclerosis, to the inhibition of clopidogrel activity or to a 
combination of both processes.

The next steps will include the analyses of TRAF3 transcrip-
tional levels in patients treated with clopidogrel and, it could 
also be interesting to study these findings in animal models to 
determine the role of TRAF3 and the reason of the association 

Figure 3. Correlation between cg03548645 DNAm values and 
platelet aggregation (ρ=−0.29, P=0.0075). x-axis indicates 
β-values for CpG 1.2 from EpiTYPER analysis, and y-axis indi-
cates ADP 5 µmol/L aggregation percentage by light transmission 
aggregometry (LTA).
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with vascular recurrence. Prospective studies analyzing the 
methylation levels previous to secondary prevention treatment 
and post recurrence will also be helpful to determine whether 
TRAF3 methylation levels can act as a predictive tool in the 
clinical practice. In summary, the measurement of methyla-
tion levels could be, in the future, useful to predict a higher 
risk of recurrent stroke in patients treated with clopidogrel and 
to pave the way for an improved personalized management.

Limitations
Analysis of mRNA expression levels was not possible in our 
study cohorts. Further analysis are needed to confirm the bio-
logical meaning of the results. Sample size of discovery phase 
(clopidogrel and aspirin) was relatively small, although the 
study had enough statistical power to reach epigenome-wide 
significance.
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Supplemental Data  

Supplemental methods. 

CYP2C19*2 analysis:  

 OmniQuadHuman 1M (Illumina). was used to genotype the samples. Data was 

analyzed following WTCC recommendation and the specific methodological guidelines 

from the Broad Institute and Harvard University. Quality controls (QC) were perform 

before the analyses.: Missings (-0.3) and checksex QCs were perform for each individual. 

Only individuals with Caucasian ethnicity were included. We also tested for population 

stratifications by analyzing the individual IBS, performing MDS plots and adjusting for 

principal components (PCs). Hardy-Weinberg (p-value>10-08), missingness (0.01), Mishap 

(p-value>10-09), were analyzed for each SNP.  

 After QC process, the genotypic results were analyzed by Plink, Haploview, 

STATA, SNPtest and GTOOL software solutions.  

Replication cohorts 

 The Italian and Spanish cohorts consist of consecutively recruited patients that 

started clopidogrel treatment after the first ischemic stroke. Vascular recurrence 

information was available from all patients. 

 The Geneva cohort consists of consecutively recruited patients with symptomatic 

documented ischemic atherothrombotic disease (coronary artery disease [CAD], ischemic 

cerebrovascular disease and/or peripheral artery disease) treated with aspirin and/or 

clopidogrel for < 5 years. Information about clinical ischemic events over an ongoing 3-

years follow-up was available from all patients. Only clopidogrel treated patients were 

selected from this cohort.  

 All samples with enough DNA concentration for Sequenom EpiTYPER analysis 

available, were selected from each cohort (Supplemental Table I). 

TRAF3 in aspirin treated patients assay: 

 Thirty eight subjects from a cohort of 1.900 ischemic stroke patients recruited 

prospectively at Vall d'Hebron Hospital (Barcelona, Spain), who started aspirin treatment 

after the first ischemic stroke were analyzed. Nineteen participants presented a new 

vascular event during the first year of follow up, and were matched one-to-one with 19 

participants without a new vascular event. Ethical approval was obtained from the ethical 
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committee of the Vall d’Hebron Hospital (PR(AG) 03/2007). Each participant signed the 

informed consent for the study. 

 Total genomic DNA was extracted from whole blood samples using Gentra 

Puregen Blood Kid (Quiagen, Hilden, Germany) following the manufacturer's instructions. 

Samples were obtained during the first 24h after stroke onset, before aspirin initial 

administration. Quality control (QC) of all samples was performed to check the DNA 

integrity before bisulfite conversion. 

 Genome-wide DNA methylation was assessed using the Infinium 

HumanMethylation450 BeadChip (Illumina Inc., San Diego Ca) that analyze methylation 

levels of 485.577 CpGs sites. All samples were processed in a single working batch. All 

pre-processing, correction and normalization steps as well as plots, were implemented 

using the computing environment R (3.1.3 version) with Bioconductor packages. QC and 

pre-processing steps were the same as described in the main manuscript for the 

clopidogrel analysis. Differentially methylated CpG sites (DMC) between vascular 

recurrent patients and non vascular recurrent patients were analyzed using the non 

parametric Mann-Whitney U-test for independent samples, only in 37 CpG sites located in 

the TRAF3 genes. 
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Supplemental Table I: Descriptive characteristics of the 3 replication cohorts. 

 
Switzerland 's Cohort  Italy's Cohort  Spain 's Cohort  

 
Rec Non-Rec Rec Non-Rec Rec Non-Rec 

N 8 (8.9%) 82 (91%) 17 (19%) 72 (80.6%) 4 (33.4%) 8 (66.6%) 

Age (years)  68±10 71±11 70±12 68±14 69±7 65±8 

Male 6 (75%) 69 (84.2%) 7 (41.2%) 45 (62.1%) 3 (75%) 6 (75%) 

Female  2 (25%) 13 (15.9%) 10 (58.8%) 27 (37.3%) 1 (25%) 2 (25%) 

Presence   

Dyslipidemia 
4 (50%) 50 (61%) - - 1 (25%) 2 (25%) 

Presence  

Diabetes Mellitus 
2 (25%) 20 (%) 3 (17.6%) 9 (12.4%) 0 4 (50%) 

Presence  

Hypertension 
7 (87.5%) 54 (24.4%) 11 (64.7%) 44 (60.72%) 4 (100%) 4 (50%) 

Current Smoker  1 (12.5%) 22 (26.8%) 2 (11.8%) - 0 1 (12.5%) 

TOAST 
      

Atherothrombotic  
  

3 (17.6%) 18 (24.4%) 0 3 (37.5%) 

Lacunar  
  

1 (5.9%) 8 (11%) 0 2 (50%) 

Undetermined  
  

1 (5.9%) 35 (48.3%) 3 (75%) 0 

Other  
  

12 (70.6%) 11 (15.2%) 1 (25%) 1 (12.5%) 

Previous Myocardial 

Infarction 
1 (12.5%) 23 (28.1%) 3 (17.6%) 25 34.7(%) - - 

Previous Coronary 

Intervention 
4 (50%) 28 (34.2%) - - 1 (25%) - 

Previous Angina  - 8 (9.8%) 1 (5.9%) - 1 (25%) - 

Previous Tumor  - - 4 (23.52%) 5 (6.9%) 1 (25%) - 

Statin  6 (75%) 71 (86.6%) 3 (17.6%) 11 (15.2%) 4 (100%) 6 (75%) 

Atrovastatine 3 (37.5%) 35 (42.7%) - - - - 

Provastatine 1 (12.5%) 17 (20.7%) - - - - 

Rosuvastatine - 13 (15.9%) - - - - 

Sinvastatine 2 (25%) 8 (9.8%) - - 2 (50%) - 

Unknown - 2 (2.4%) 3 (17.6%) 11 (15.2%) 2 (50%) - 

 

Supplemental Table II:  Bioconductor packages for the processing and analysis of array-

based DNAm data. 

DNAm processing/analysis step  Bioconductor packages  

Methylation data loading  MethyLumi 

Quality control sample/probe  wateRmelon, minfi 

Normalization and background correction  wateRmelon 
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Supplemental Table III:  Sequences of primers used in MassARRAY EpiTYPER 

replication study. 

Gene Primer* Size Sequence 
Product 

Size 

Nº of 

CpGs 
Coverage 

TRAF3 
LP 25 GGGTTAGTAGTGTGTATTTGGGTTT 

327 12 9 
RP 25 ACCAACAAATCCTAACCTCTACCAT 

XRCC1 
LP 25 GTTTGGTTAGAAGGATGAGGTAGAG 

476 37 26 
RP 25 TCCATCCTAAATAAAAAAACAAAACC 

ADAMTS2 
LP 25 GGAGTTTTGATGGTTTTTTTATGTG 

408 13 11 
RP 25 CCTCAACCTCCCAAATATCTAAAAT 

* LP, Left Primer; RP, Right Primer. 

 

Supplemental Table IV:  Differentially methylated analysis of the 5 CpG sites located in 

CYP2C19 gene, present in the Illumina BeadChip array.  

CpG ID Chr  Position  Gene p-value  

cg00051662 10 96521086 CYP2C19 0,672 

cg04189838 10 96523347 CYP2C19 0,901 

cg18564458 10 96522433 CYP2C19 0,901 

cg20031717 10 96523248 CYP2C19 0,126 

cg24857560 10 96521152 CYP2C19 0,369 

 

Supplemental Table V:  Top 73 differentially methilated CpG sites (p-value<10-5), 

associated with vascular recurrence in stroke patients treated with clopidogrel. 

CpG ID Chr  Position  Gene Mapping to gene  p-value  

cg06726262 17 15602873 ZNF286A TSS200 1,29E-06 

cg09332091 19 3180708 
  

4,18E-06 

cg09533145 5 178563145 ADAMTS2 Body  7,81E-06 

cg18002896 8 144465845 RHPN1 3'UTR 7,81E-06 

cg07925064 16 90114301 LOC100130015 TSS200; TSS1500 1,06E-05 

cg14630099 6 32975702 HLA-DOA Body 1,06E-05 

cg01348374 3 181313591 
  

1,23E-05 

ch,18,400468R 18 20395250 
  

1,23E-05 

cg03548645 14 103369816 TRAF3 Body  1,42E-05 

cg10318528 4 154702461 SFRP2 3'UTR 1,89E-05 

cg15107336 19 44079778 XRCC1 TSS200 1,89E-05 

cg27093242 3 32927448 TRIM71 Body 1,89E-05 

cg16126516 19 46850186 PPP5C TSS200 2,51E-05 
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cg18997433 4 24585879 DHX15 Body 2,51E-05 

cg22849543 20 46997755 LOC284749 Body 2,51E-05 

cg00660096 17 81023323 
  

2,88E-05 

cg06419964 17 34965294 MRM1 3'UTR 2,88E-05 

cg18769818 11 72433059 ARAP1 
5'UTR; 1stExon; 

Body 
2,88E-05 

cg03654504 1 37495105 GRIK3 Body 3,31E-05 

cg14258853 12 29935411 TMTC1 5'UTR 3,31E-05 

cg27553667 15 27216083 GABRG3 TSS1500 3,31E-05 

cg05036153 9 140128254 SLC34A3 Body 3,79E-05 

cg12096506 11 134341284 
  

3,79E-05 

cg16149238 2 23608001 KLHL29 TSS1500 3,79E-05 

cg11841562 5 128320387 SLC27A6 Body 4,33E-05 

cg14793406 12 115135906 
  

4,33E-05 

cg17761538 8 145753477 
MGC70857; 

LRRC24 
Body; TSS1500 4,33E-05 

cg20908919 12 42877995 PRICKLE1 
5'UTR; TSS200;  

TSS1500 
4,33E-05 

cg25146814 17 78977970 
  

4,33E-05 

cg07480754 16 88298508 
  

4,94E-05 

cg09131511 2 163089214 FAP Body 4,94E-05 

cg12624825 9 94895189 LOC100128076 Body 4,94E-05 

cg21285198 1 1360970 TMEM88B TSS1500 4,94E-05 

cg24997845 2 191878460 STAT1 5'UTR 4,94E-05 

cg26243551 6 99873348 SFRS18 TSS200 4,94E-05 

cg00169917 10 120514287 C10orf46 1stExon; 5'UTR 5,64E-05 

cg00571292 8 74792031 UBE2W TSS1500 5,64E-05 

cg03331123 5 67511540 
  

5,64E-05 

cg11539992 17 74497631 RHBDF2 TSS200 5,64E-05 

cg25236894 17 5323110 RPAIN; NUP88 
Body; 1stExon; 

5'UTR; TSS200 
5,64E-05 

cg27073311 6 155091036 RBM16 Body 5,64E-05 

cg03523799 13 98913531 FARP1 Body 6,42E-05 

cg05141341 7 44796036 ZMIZ2 Body 6,42E-05 

cg09156140 5 43515218 C5orf34 TSS200 6,42E-05 

cg16575530 2 8118404 LOC339788 TSS1500 6,42E-05 

cg17737641 12 71834466 LGR5 Body 6,42E-05 

cg24951140 8 29156846 
  

6,42E-05 

cg00048178 6 13488257 GFOD1 TSS1500 7,30E-05 

cg10609205 3 112770222 
  

7,30E-05 

cg12389025 6 30028738 ZNRD1; TSS1500; Body 7,30E-05 
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NCRNA00171 

cg13826709 21 46708041 
POFUT2; 

LOC642852 
TSS1500; Body 7,30E-05 

cg26322913 14 50999702 MAP4K5; ATL1 TSS1500; TSS200 7,30E-05 

cg26326806 3 186153174 
  

7,30E-05 

cg01973920 5 980997 
  

8,28E-05 

cg07669969 5 60608527 
  

8,28E-05 

cg12181407 5 54052513 
  

8,28E-05 

cg14487854 17 714866 NXN Body 8,28E-05 

cg15208267 4 119760467 
  

8,28E-05 

cg24087403 10 71078535 HK1 Body; TSS200 8,28E-05 

cg24532669 11 66112147 BRMS1 5'UTR 8,28E-05 

cg25629418 12 1929265 
LRTM2; 

CACNA2D4 
TSS200; Body 8,28E-05 

cg26529771 16 89260650 CDH15 Body 8,28E-05 

cg27513517 1 183439365 
  

8,28E-05 

cg27519622 16 3079877 CCDC64B Body 8,28E-05 

cg00324520 15 41411926 
  

9,39E-05 

cg03460109 4 7427313 SORCS2 Body 9,39E-05 

cg06214007 1 89829308 GBP6 TSS200 9,39E-05 

cg06948111 8 64093405 YTHDF3 Body 9,39E-05 

cg06994282 7 2005347 MAD1L1 Body 9,39E-05 

cg12179554 13 114821832 RASA3 Body 9,39E-05 

cg18322822 5 1119648 
  

9,39E-05 

cg19113641 2 20866242 GDF7 TSS200 9,39E-05 

cg25004071 20 60639474 TAF4 Body 9,39E-05 

 

  



 

Supplemental Figure I: Density plot showing the distribution of normalized methylation 

levels in our data. Bimodal distribution was observed when considering all 451,518 CpG 

sites whereas approximately normal distribution was observed for most individually plotted 

CpG sites. (a) Beta across all CpGs analyzed; (b) Beta for one representative CpG 

(cg03548645). X-axis indicates methylation 
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Density plot showing the distribution of normalized methylation 

levels in our data. Bimodal distribution was observed when considering all 451,518 CpG 

sites whereas approximately normal distribution was observed for most individually plotted 

Beta across all CpGs analyzed; (b) Beta for one representative CpG 

axis indicates methylation β-values and Y-axis frequency.

 

Density plot showing the distribution of normalized methylation 

levels in our data. Bimodal distribution was observed when considering all 451,518 CpG 

sites whereas approximately normal distribution was observed for most individually plotted 

Beta across all CpGs analyzed; (b) Beta for one representative CpG 

axis frequency. 

 



 

Supplemental Figure II : Clustering heatmap of the 73 differentially methylated CpG sites 

identified by 450k analysis. The green/red color bar indicates the sample type according 

to case-control classification in Figure 2. Each column represents a sample and each 

horizontal line represents the methylation levels of a given CpG across samples. 

Methylation levels are expressed as 0

completely methylated, respectively).
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: Clustering heatmap of the 73 differentially methylated CpG sites 

ysis. The green/red color bar indicates the sample type according 

control classification in Figure 2. Each column represents a sample and each 

horizontal line represents the methylation levels of a given CpG across samples. 

xpressed as 0-1 β-values (green and red, unmethylated and 

completely methylated, respectively). 

 

: Clustering heatmap of the 73 differentially methylated CpG sites 

ysis. The green/red color bar indicates the sample type according 

control classification in Figure 2. Each column represents a sample and each 

horizontal line represents the methylation levels of a given CpG across samples. 

values (green and red, unmethylated and 

 



 

Supplemental Figure III : Box plot representation of 73 DMCs. 48 CpG sites show higher 

methylation levels in vascular recurrent patients than in non

above the line. 25 CpG sites show lower methylation levels in vascular recurrent patients 

than in non-vascular recurrent patients, below the line.
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: Box plot representation of 73 DMCs. 48 CpG sites show higher 

methylation levels in vascular recurrent patients than in non-vascular r

above the line. 25 CpG sites show lower methylation levels in vascular recurrent patients 

vascular recurrent patients, below the line. 

 

: Box plot representation of 73 DMCs. 48 CpG sites show higher 

vascular recurrent patients, 

above the line. 25 CpG sites show lower methylation levels in vascular recurrent patients 

 



 

Supplemental Figure IV: Box plot representing the differences between recurrent and 

non-recurrent patients from each independent cohort of the validation study. 

box plots represent recurrent patients, and grey box plots re

patients.  Y-axe: Methylation levels.

Supplemental Figure V : 

differences between recurrent and non

and non-atherothrombotic patients. White box plots represent recurrent patients, and grey 

box plots represent non-recurrent patients. 
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Box plot representing the differences between recurrent and 

from each independent cohort of the validation study. 

box plots represent recurrent patients, and grey box plots represent non

axe: Methylation levels.  

: Box plot representing the cg03548645 methylation levels 

differences between recurrent and non-recurrent stroke patients within atherothrombotic 

atherothrombotic patients. White box plots represent recurrent patients, and grey 

recurrent patients.  

 

Box plot representing the differences between recurrent and 

from each independent cohort of the validation study. X-axe: white 

present non-recurrent 

 

methylation levels 

recurrent stroke patients within atherothrombotic 

atherothrombotic patients. White box plots represent recurrent patients, and grey 
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Supplemental Figure VI: Box plot representing the TRAF3 methylation levels differences 

between recurrent and non-recurrent stroke patients treated with aspirin. White box plots 

represent recurrent patients, and grey box plots represent non-recurrent patients.  
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Resumen
Introducción:  Las  enfermedades  cerebrovasculares  están  entre  las  principales  causas  de  mor-
talidad y  discapacidad  en  los  países  desarrollados.  El  ácido  acetilsalicílico  (AAS)  y  el  clopidogrel
son los  tratamientos  antiagregantes  plaquetarios  más  utilizados  para  la  profilaxis  de  nuevos
eventos tromboembólicos.  Sin  embargo,  se  han  observado  casos  en  los  que  el  tratamiento
antiagregante  no  inhibe  la  actividad  plaquetaria,  un  fenómeno  llamado  resistencia  y  que  posi-
blemente  puede  estar  modulado  a  nivel  genético.
Desarrollo:  Tras  una  búsqueda  bibliográfica  se  realizó  una  revisión  sobre  el  estado  actual  del
tratamiento  antiagregante  plaquetario.  Se  tratan  los  diferentes  tipos  de  resistencia  a  la  terapia
antiagregante,  de  qué  manera  se  mide,  la  problemática  y  limitaciones  actuales,  así  como  los
factores genéticos  que  se  han  asociado  a  esta  resistencia.  Principalmente  se  analizan  los  estu-
dios genéticos  realizados  en  el  campo  de  la  resistencia  a  AAS  y  clopidogrel  mediante  Genome
Wide Association.
Conclusiones:  Parece  existir  una  asociación  entre  diferentes  factores  genéticos  y  la  resis-
tencia a  los  fármacos  antiagregantes  medida  mediante  la  actividad  plaquetaria;  no  obstante,
no hay  una  asociación  evidente  entre  estos  factores  genéticos  y  el  riesgo  de  nuevos  eventos
tromboembólicos.
© 2013  Sociedad  Española  de  Neurología.  Publicado  por  Elsevier  España,  S.L.  Todos  los  derechos
reservados.
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Drug  resistance  and  secondary  treatment  of  ischaemic  stroke:  The  genetic
component  of  the  response  to  acetylsalicylic  acid  and  clopidogrel

Abstract
Introduction:  Cerebrovascular  diseases  are  among  the  leading  causes  of  death  and  disability  in
developed  countries.  Acetylsalicylic  acid  (ASA)  and  clopidogrel  are  the  most  widely-used  anti-
platelet drugs  for  secondary  prevention  of  recurrent  thromboembolic  events.  However,  there
have been  cases  in  which  antiplatelet  drugs  did  not  inhibit  platelet  activity;  this  phenomenon
is called  resistance,  and  it  may  be  modulated  at  the  genetic  level.
Development:  Following  a  literature  search,  we  reviewed  the  current  state  of  antiplatelet
therapy and  covered  the  different  types  of  resistance  to  antiplatelet  therapy,  how  it  is  mea-
sured, current  problems  and  limitations,  and  any  genetic  factors  that  have  been  associated
with resistance.  We  mainly  used  the  Genome  Wide  Association  Studies  in  the  field  of  ASA  and
clopidogrel resistance.
Conclusions:  We  observed  an  association  between  different  genetic  factors  and  antiplate-
let drug  resistance  as  measured  by  platelet  activity.  However,  there  is  no  evident  association
between these  genetic  factors  and  risk  of  new  thromboembolic  events.
© 2013  Sociedad  Española  de  Neurología.  Published  by  Elsevier  España,  S.L.  All  rights  reserved.

Introducción

El  ictus  o  enfermedad  cerebrovascular,  con  6,2  millones  de
defunciones  en  2008,  es  la  segunda  causa  de  mortalidad  en
el  mundo  y  la  primera  causa  de  discapacidad  en  los  países
desarrollados,  con  una  media  de  200  nuevos  casos  por  cada
100.000  habitantes  al  año1.

Tras  un  primer  ictus,  el  riesgo  acumulativo  de  presentar
un  nuevo  evento  vascular  (recurrencia)  es  del  11,1%  el  pri-
mer  año,  el  26,4%  durante  los  siguientes  5  años  y  39,2%  a
los  10  años2.  Por  subtipos,  el  riesgo  de  recurrencia  es  mayor
en  los  ictus  de  origen  aterotrombótico  y  cardioembólico,  y
menor  en  el  lacunar3.  Las  plaquetas  tienen  un  papel  princi-
pal  en  la  formación  de  trombos,  pudiendo  ser  activadas  por
varios  factores,  entre  ellos,  la  serotonina,  la  epinefrina,  la
adenosina  difosfato  (ADP)  y  el  tromboxano  A2.  Los  fármacos
antitrombóticos  y  antiagregantes  plaquetarios  son  uno  de
los  tipos  de  fármacos  utilizados  en  la  prevención  secundaria
del  ictus  isquémico  para  tratar  de  evitar  nuevos  episodios
vasculares4.  El  tratamiento  antiagregante,  sobre  todo  ácido
acetil  salicílico  (AAS)  y  clopidogrel,  es  el  más  recomendado
para  la  prevención  secundaria  del  ictus  isquémico.  La  excep-
ción  es  el  ictus  isquémico  de  tipo  cardioembólico  tratado
con  anticoagulantes  siempre  que  este  tipo  de  pacientes  no
tengan  riesgo  de  presentar  hemorragias3.

A  pesar  de  los  claros  beneficios  demostrados  por  los
tratamientos  antiagregantes,  la  reactividad  plaquetaria  es
variable  y  los  pacientes  no  responden  de  manera  uniforme
a  esta  terapia.  Se  ha  observado  que  la  reducción  del  riesgo
obtenida  con  estos  fármacos  no  es  la  óptima.  Por  ejemplo,
la  mortalidad  de  los  pacientes  se  ve  reducida  únicamente
en  un  18%,  mientras  que  la  discapacidad  se  reduce  en  un
25%.  De  hecho,  entre  un  10-20%5 de  los  pacientes  tratados
con  AAS  o  clopidogrel  experimentan  nuevos  eventos  vascu-
lares.  Este  fenómeno  puede  ser  debido  a  una  resistencia
al  medicamento  por  parte  del  paciente.  Esta  resistencia  se
define  como  una  actividad  plaquetaria  normal  a  pesar  de
un  correcto  tratamiento  antiagregante.  Diferentes  estrate-
gias  se  han  realizado  para  mejorar  los  índices  de  recurrencia

vascular  con  combinaciones  de  fármacos,  sin  los  resultados
esperados6-8.

En  esta  revisión  comentaremos  los  estudios  genéticos  que
se  han  realizado  en  el  campo  de  la  resistencia  a  antiagre-
gantes  y  la  dificultad  y  la  problemática  de  relacionar  la
resistencia  medida  mediante  la  actividad  plaquetaria  con
la  aparición  de  nuevos  eventos  vasculares.

Desarrollo

Realizamos  una  búsqueda  bibliográfica  en  PubMed  y  Google
académico  con  las  palabras  clave:  «stroke»,  «aspirin»,
«clopidogrel»,  «antiplatelet  therapy»,  «resistance»,
«genetics» y  «pharmacogenomics». Se  tuvieron  en  cuenta
solo  artículos  científicos  indexados  en  revistas  científicas;
entre  ellos,  se  seleccionaron  tanto  artículos  originales  como
revisiones,  publicados  en  inglés  o  español.

Las  vías  metabólicas  del  ácido  acetilsalicílico  y
clopidogrel

El  efecto  antiagregante  del  AAS  se  consigue  a  través  de  la
inhibición  permanente  de  la  enzima  ciclooxigenasa  (COX)6.
La  enzima  COX  tiene  2 isoformas  diferentes,  COX-1  enzima
constitutiva  presente  en  la  mayoría  las  células,  y  COX-2,
que  se  expresa  frente  a  estímulos  inflamatorios.  La  AAS
inhibe  de  forma  irreversible  COX-1,  bloqueando  la  conver-
sión  del  ácido  araquidónico  a  tromboxano  A2  (fig.  1);  de
esta  manera,  se  bloquea  el  desencadenante  principal  de  la
activación  plaquetaria6.

En  cambio,  el  clopidogrel  es  un  profármaco  que  nece-
sita  ser  metabolizado  en  el  hígado  para  convertirse  en  un
metabolito  activo  (tiolactona)  con  actividad  antiagregante.
Este  proceso  consta  de  2  pasos  de  oxidación  y  es  mediado  por
varias  enzimas  hepáticas  del  citocromo  P450  (CYP)  (CYP1A2,
CYP2B6,  CYP2C19,  CYP3A4/5).  El  efecto  antitrombótico  del
clopidogrel  se  debe  a  la  unión  irreversible  de  la  tiolactona  al
receptor  de  ADP  (P2Y12) de  la  superficie  plaquetaria7 (fig.  1).
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Figura  1  Relación  entre  antiagregantes  y  agregación  plaquetaria.  Metabolismo  del  clopidogrel:  el  clopidogrel  es  metabolizado  en
el hígado  mediante  2  etapas  de  oxidación  en  las  que  se  ven  envueltas  diversas  encimas  del  CYP.  El  metabolito  activo  inhibe  la  unión
de la  adenina  disulfato  (ADP)  al  receptor  P2Y12 bloqueando  la  agregación  plaquetaria.  Metabolismo  de  la  AAS:  la  AAS  es  absorbida
de forma  gastrointestinal,  en  las  plaquetas  inhibe  a  COX  y  la  generación  de  tromboxano,  bloqueando  la  agregación  plaquetaria.
ADP: adenosín  difosfato;  COX:  ciclooxigenasa;  CYP:  citocromo  P450;  TxA2R:  receptor  de  tromboxano  A2.

La  resistencia  a  ácido  acetilsalicílico  y  clopidogrel

Existe  una  gran  variabilidad  en  la  respuesta  al  tratamiento
antiagregante  por  parte  de  los  pacientes7,9; esta  resisten-
cia  puede  ser  detectada  con  tests  bioquímicos  o  a nivel
clínico  debido  a  la  aparición  de  nuevos  eventos  vasculares
o  recurrencias.  A  pesar  de  ser  conceptos  similares,  exis-
ten  diferencias  entre  ellos.  Hablamos  de  resistencia  a  los
antiagregantes  cuando,  tras  realizar  tests  bioquímicos  fun-
cionales,  se  comprueba  que  la  agregación  plaquetaria  no  ha
sido  inhibida  por  el  tratamiento  antiagregante.  La  actividad
normal  de  las  plaquetas  medida  con  estos  tests  funcionales
es  lo  que  comúnmente  se  define  como  resistencia.  Por  su
parte,  se  define  resistencia  clínica  o  fallo  del  tratamiento
como  la  ocurrencia  de  un  evento  cardiovascular  a  pesar  de
una  correcta  administración  y  una  correcta  adherencia  al
fármaco.  No  existe  una  clara  asociación  entre  la  resistencia
medida  por  test  bioquímico  y  la  aparición  de  nuevos  eventos
vasculares  o  resistencia  clínica.

Los  test  funcionales  para  el  estudio  de  la  resistencia  a
AAS  y  clopidogrel  se  basan  en  estudios,  principalmente  ciné-
ticos,  de  agregación  plaquetaria.  Existen  diversas  técnicas
agregométricas  para  determinar  la  agregación  plaquetaria:
agregometría  óptica,  agregometría  de  impedancia,  produc-
ción  de  tromboxano  A2,  sistema  de  análisis  de  función
plaquetar  (PFA-100),  Uletegra  RPFA-ASA,  sistema  de  mapeo
de  plaquetas  por  tromboelastografía,  vasodilatación  esti-
mulada  por  la  fosforilación  de  fosfoproteína  o  estudio  de
cambios  dependientes  de  la  activación  sobre  la  superficie
de  las  plaquetas9.  Desafortunadamente,  los  resultados  obte-
nidos  con  estas  técnicas  no  se  correlacionan  entre  ellos,

tanto  en  pacientes  tratados  con  AAS  como  con  clopidogrel9,
no  existiendo  hasta  la  fecha  un  consenso  sobre  cuál  es  el
método  bioquímico  adecuado  para  medir  la  resistencia  a
antiagregantes.

Dado  que  después  de  un  ictus  aproximadamente  un  60%
de  los  pacientes  reciben  terapia  con  antiagregantes3,10,
es  de  gran  importancia  reconocer  qué  elementos  son  los
causantes  de  resistencia  para  actuar  en  los  pacientes
resistentes,  variando  la  dosis  o realizando  un  cambio  de
tratamiento.  Por  ello,  en  los  últimos  años,  se  han  iniciado
estudios  genéticos  con  el  objetivo  de  averiguar  si  existe
alguna  relación  entre  el  genotipo  de  los  pacientes  y  la  resis-
tencia  al  tratamiento  con  antiagregantes.

La  clasificación  de  pacientes  entre
metabolizadores  rápidos  o  lentos

Tal  y  como  se  ha  comentado  anteriormente,  el  clopidogrel
requiere  ser  transformado  en  un  metabolito  activo  mediante
las  enzimas  del  CYP,  para  conseguir  el  efecto  antiplaque-
tario.  Los  genes  que  codifican  las  enzimas  del  CYP  son
polimórficas,  con  varios  alelos  que  confieren  una  función
alterada11.  En  función  del  genotipo  CYP2C19,  los  individuos
pueden  ser  clasificados  según  su  fenotipo,  dando  lugar  a
metabolizadores  extensivos  (ME),  intermedios  (MI)  o  pobres
(MP)  y  en  el  caso  del  alelo  CYP2C19*17  en  metabolizado-
res  ultrarrápidos  (MU).  Ser  MU  para  clopidogrel  provoca  un
incremento  en  la  inhibición  plaquetaria  y,  por  tanto,  una
disminución  de  la  agregación  plaquetaria  residual  (el  alelo
CYP2C19*17  puede  estar  asociado  a  un  aumento  del  riesgo

Documento descargado de http://zl.elsevier.es el 27/03/2014. Copia para uso personal, se prohíbe la transmisión de este documento por cualquier medio o formato.

dx.doi.org/10.1016/j.nrl.2013.11.003


Cómo  citar  este  artículo:  Gallego-Fabrega  C,  et  al.  La  resistencia  en  el  tratamiento  secundario  del  ictus  isquémico,  el  com-
ponente  genético  en  la  respuesta  a  ácido  acetilsalicílico  y  clopidogrel.  Neurología.  2014.  doi:10.1016/j.nrl.2013.11.003

ARTICLE IN PRESS+Model
NRL-600; No. of Pages 8

4  C.  Gallego-Fabrega  et  al

Tabla  1  Resultados  clínicos  indicados  según  genotipo  de  CYP2C19

Dosis  estándar  Terapia  alternativa

MU  ME  MI  MP
(*1/*17) (*17/*17) (*1/*1)  (*1/*2)  (*1/*3)  (*2/*2)  (*2/*3)

Se  transforma  más
clopidogrel  de  lo  esperado  en
metabolito  activo

Se  transforma  la  cantidad
esperada  de  clopidogrel  a
metabolito  activo

Parte  del  clopidogrel,  pero  no
el suficiente  es  transformado
a metabolito  activo

Muy  poco  o  nada  de
clopidogrel  es  transformado
en  metabolito  activo

El gen CYP2C19 es altamente polimórfico, los polimorfismos funcionales más comunes son *2, *3, * y 17, siendo CYP2C19*1 la variante
normal. El resultado de la actividad enzimática, según el genotipo, es muy variable, influyendo en la capacidad de un individuo para
activar el clopidogrel.
ME: metabolizadores extensivos; MI: metabolizadores intensivos; MP: metabolizadores pobres; MU: metabolizadores ultra-rápidos.

de  sangrado).  Los  ME  son  aquellos  con  una  inhibición  plaque-
taria  normal  y  una  agregación  plaquetaria  residual  también
normal.  Para  los  MI  existe  una  inhibición  plaquetaria  redu-
cida,  un  aumento  de  la  agregación  plaquetaria  residual  y
posiblemente,  un  aumento  del  riesgo  de  eventos  cardiovas-
culares  adversos.  Los  MP  se  caracterizan  por  una  inhibición
plaquetaria  significativamente  reducida  y,  por  tanto,  posi-
blemente  se  deberían  asociar  con  un  aumento  del  riesgo  de
eventos  cardiovasculares  adversos12 (tabla  1).

Para  la  AAS,  al  tratarse  de  un  fármaco  ya  activo,  la
clasificación  de  los  diferentes  tipos  de  metabolizadores  es
diferente  de  la  que  se  utiliza  para  el  clopidogrel.  En  este
caso,  los  MU  que  tienen  una  actividad  enzimática  meta-
bolizadora  superior  a  lo  normal,  presentan  unos  niveles
plasmáticos  de  AAS  inferiores  a  lo  habitual  y,  por  tanto,
la  acción  de  la  AAS  inhibiendo  la  agregación  plaquetaria  es
deficiente.  Este  tipo  de  pacientes  se  clasificarían  como  suje-
tos  con  resistencia  al  tratamiento  antiagregante.  En  los  MI
y  MP  la  actividad  enzimática  metabolizadora  es  inferior  a  lo
esperado,  haciendo  que  el  fármaco  se  acumule  en  la  sangre
pudiendo  generar  toxicidad.  Por  tanto,  solo  los  ME  reciben
las  dosis  adecuadas  de  medicamento  (fig.  2).

Estudios  genéticos  mediante  la  estrategia  de  genes
candidato  en  relación  con  la  resistencia  a
antiagregantes

La  farmacogenética  es  el  área  de  la  genética  que  analiza  las
variaciones  genéticas  que  pueden  modificar  la  respuesta  a
un  tratamiento  farmacológico.

En  el  área  de  farmacogenética  mediante  la  aproximación
de  genes-candidato,  se  han  encontrado  polimorfismos  rela-
cionados  con  la  resistencia  a  AAS  y  clopidogrel.  La  estrategia
de  genes  candidato  se  basa  en  la  selección  de  genes  y  poli-
morfismos  que,  debido  a  su  función,  se  postula  que  pueden
estar  asociados  a  la  patología  de  estudio.  Los  polimorfis-
mos  son  variantes  alélicas  de  una  misma  población,  cada
una  de  las  cuales  se  presenta  en  más  del  1%  de  la  población
y  que  pueden  asociarse  a  características  fenotípicas  diferen-
tes,  como  por  ejemplo  una  diferente  respuesta  a  fármacos.
La  estrategia  de  estudiar  genes  candidato  es  una  estrate-
gia  sesgada  porque  se  analizan  solo  un  grupo  reducido  de
polimorfismos  de  unos  genes  seleccionados;  no  obstante,  ha
resultado  ser  útil  para  algunas  enfermedades  y  para  algunos
estudios  de  farmacogenética.  En  relación  con  la  resisten-
cia  a  AAS,  diversos  estudios  han  identificado  polimorfismos

de  un  solo  nucleótido  (SNPs)  en  los  genes  COX-1,  COX-2,
GPIa,  GPIb˛, GPIIIa,  GPIV,  FXIII,  P2Y1,  P2Y1213,  asociados  a  la
resistencia  a  AAS.  No  obstante,  ninguno  de  estos  estudios  se
realizó  con  tamaños  muestrales  suficientes  o  con  replicacio-
nes  en  cohortes  independientes  para  demostrar  realmente
la  asociación  de  estos  genes  con  la  resistencia  a  AAS.

En  el  caso  de  clopidogrel,  los  primeros  estudios  que  se
realizaron  mediante  la  estrategia  de  gen-candidato  encon-
traron  polimorfismos  en  los  genes  del  CYP,  principalmente
en  la  subclase  2C19  (CYP2C19)  pero  también  en  CYP2C9,
CYP2B6,  CYP3A4,  CYP3A5  y  CYP1A2  asociados  a  la  resistencia

Dosis
recomendada

Metabolizador
intensivo

Metabolizador
pobre

Metabolizador
extensivo

Metabolizador
ultra-rápido

Figura  2  Dosis  específica  de  fármaco  según  tipo  de  metabo-
lizador  para  AAS:  los  metabolizadores  ultrarrápidos  necesitan
más dosis  de  la  habitual  (son  los  sujetos  resistentes),  los  meta-
bolizadores  extensivos  necesitan  la  dosis  estándar,  para  los
metabolizadores  intensivos  y  pobres  es  recomendable  dismi-
nuir la  cantidad  de  fármaco  o  cambiarlo.  Píldora  gris:  fármaco
administrado;  píldora  blanca:  fármaco  no  administrado.
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a  clopidogrel.  Otros  genes  con  SNPs  que  se  han  relacio-
nado  con  la  resistencia  a  clopidogrel  son  el  P2RY12,  ABCB1
o  PON111,14,  aunque  estos  últimos  no  han  sido  validados  pos-
teriormente.

Genome  Wide  Association  y  estudios  de  resistencia
a antiagregantes

Una  de  las  herramientas  en  relación  a  los  estudios  genéticos
más  empleada  hoy  en  día  son  los  Genome  Wide  Associa-
tion  Studies  (GWAS).  Los  GWAS  son  habitualmente  estudios
caso-control  a  gran  escala  en  los  que  se  analiza  un  número
elevado  de  polimorfismos,  generalmente  SNPs  (10.000  a
2.000.000  polimorfismos).  Con  ello  se  pretende  averiguar
qué  SNPs  están  asociados  a  un  fenotipo  concreto.  Estos  estu-
dios  permiten  una  aproximación  libre  de  hipótesis  previas  y
no  sesgada  para  el  estudio  de  las  enfermedades  complejas15.

Gracias  a  los  GWAS  se  han  encontrado  genes  asociados
a  diferentes  enfermedades  complejas  que  presentaban  un
componente  genético  que  no  se  había  descubierto  hasta  ese
momento.  En  el  caso  del  ictus,  se  han  encontrado  2  loci  (gen
PITX2  y  gen  ZFHX3)  asociados  a  ictus  isquémico  de  tipo  car-
dioembólico.  También  se  han  encontrado  SNPs  en  los  genes
CDK2MA  y  CDK2MB  del  cromosoma  9  (locus  9p21)16 y  el  gen
HDAC9  del  cromosoma  7  (locus  7p21.1)17 relacionados  con
ictus  aterotrombótico.

En  relación  con  la  resistencia  a  clopidogrel,  se  ha  reali-
zado  un  único  GWAS  en  el  cual18 se  administró  clopidogrel
durante  7  días  a  429  personas  sanas  de  origen  amish.  La
respuesta  al  tratamiento  fue  medida  por  agregometría
plaquetaria  exvivo.  Se  observó  que  la  respuesta  plaquetaria
a  clopidogrel  tenía  un  alto  componente  hereditario  (h2 =
0,73;  p  <  0,001)  y  se  identificaron  13  SNPs  en  el  cromosoma
10  (locus  10q42)  que  conformaban  el  cluster  CYP2C18,
CYP2C9,  CYP2C19,  CYP2C8,  asociados  a  la  disminución  de  la
respuesta  a  clopidogrel.  El  polimorfismo  rs12777823  fue  el
que  presentó  un  resultado  estadísticamente  más  significa-
tivo  (p  =  1,5  ×  10—3)  en  relación  con  la  actividad  plaquetaria.
El  SNP  rs12777823  estaba  en  desequilibrio  de  ligamento  con
la  variante  CYP2C19*2  (r2 =  0,87),  uno  de  los  polimorfismos
que  previamente  ya  se  había  encontrado  asociado  a la
resistencia  a  clopidogrel  mediante  los  estudios  con  genes-
candidato19 (tabla  2).  En  el  estudio  de  Shuldiner  et  al.19,
la  replicación  del  GWAS  se  realizó  en  una  nueva  cohorte
de  pacientes.  En  esta  replicación  se  analizó  la  variante
CYP2C19*C  del  CYP  en  desequilibrio  de  ligamiento  con
rs12777823,  en  227  pacientes  sometidos  a  una  intervención
coronaria.  Los  pacientes  con  la  variante  de  riesgo  CYP2C19*C
presentaron  un  mayor  número  de  eventos  vasculares  durante
el  primer  año  después  de  la  intervención  coronaria.

Este  y  otros  estudios  han  provocado  que  la  American
Food  and  Drugs  Administration  haya  recomendado  recien-
temente  genotipificar  el  polimorfismo  CYP2C19*17  antes
de  prescribir  clopidogrel20 (tabla  2).  Esta  recomendación
ha  generado  bastante  controversia,  puesto  que  la  Ameri-
can  Heart  Asociation  y  el  American  College  of  Cardiologist
defienden  que  no  hay  suficiente  información  para  justificar
que  se  hagan  ese  tipo  de  estudios  de  forma  rutinaria21.  En  la
última  actualización  sobre  este  tema,  realizada  por  el  Cli-
nical  Pharmacogenetics  Implementation  Consortium  (CPIC),
en  mayo  del  201322,  proponen  genotipificar  el  CYP2C19  antes

de  iniciar  el  tratamiento  antiplaquetario.  Esta  actuación
se  recomienda,  sobre  todo,  para  pacientes  con  síndrome
coronario  agudo  sometidos  a  una  intervención  coronaria  per-
cutánea.  Esta  recomendación  es  debida  a  que  el  mayor
número  de  acontecimientos  recurrentes  y  potencialmente
previsibles  se  producen  al  principio  del  tratamiento,  por
tanto,  mediante  la  genotipificación  de  CYP2C19  se  adapta-
ría  el  tratamiento  a  las  características  del  paciente  evitando
nuevas  recurrencias.

Respecto  a la  resistencia  a  AAS,  se  ha  realizado  un  único
GWAS  en  2  cohortes:  una  formada  por  2.753  sujetos  pertene-
cientes  al  Framingham  Heart  Study  y  otra  por  1.238  sujetos
del  Genetic  Study  of  Atherosclerosis  Risk  tratados  con  AAS.
En  este  estudio  se  midió  por  test  bioquímico  la  resistencia  a
AAS  y  se  encontraron  7  loci  con  polimorfismos  asociados  a  la
agregación  plaquetaria;  los  resultados  con  p  <  0,05  se  repli-
caron  en  una  cohorte  de  840  pacientes  del  Genetic  Study
of  Atherosclerosis  Risk.  Entre  los  genes  más  interesantes,  se
encontró  PEAR1  (rs12566888,  p  =  3,4  ×  10−12)  confirmando
resultados  previos  respecto  la  asociación  de  este  gen  con  la
resistencia  a  AAS23 (tabla  2).

PEAR1,  o  receptor  endotelial  de  la  agregación  plaqueta-
ria  1,  codifica  una  proteína  transmembrana  en  plaquetas,
que  es  activada  al  ponerse  en  contacto  con  otras  plaquetas.
En  un  estudio  previo  de  Herrera-Galeano  et  al.24 en  el  que
se  genotipificaron  10  SNPs  del  gen  PEAR1  en  1.486  individuos
sanos,  se  observó  que  el  polimorfismo  rs2768759  se  asociaba
a  una  mayor  agregación  plaquetaria  después  del  tratamiento
con  AAS  (tabla  2).

Más  recientemente,  Lewis  et  al.25 realizaron  un  GWAS
en  el  que  también  se  medía  la  agregación  plaquetaria,
en  565  pacientes  procedentes  del  estudio  Pharmacogeno-
mics  of  Anti-Platelet  Intervention  (PAPI)  antes  y  después  del
tratamiento  con  AAS.  Los  resultados  revelaron  una  fuerte
asociación  entre  SNPs  del  cromosoma  1q23.1  y  la  respuesta
a  AAS.  Los  hallazgos  más  significativos  fueron  genotipifica-
dos  en  2  nuevas  cohortes,  una  formada  por  227  pacientes
con  intervención  coronaria  y  otra  con  1.000  pacientes  pro-
cedentes  del  International  Verapamil  SR/Trandolapril  Study
(INVEST)  subestudio  genético  (INVEST-GENES).  Tras  estas
replicaciones  en  cohortes  independientes,  se  observó  que  el
SNP  rs12041331  del  gen  PEAR1  mostraba  la  mayor  asociación
(p  =  7,66  ×  10—9)  con  la  respuesta  a  la  terapia  antiagregante.
Estos  resultados  fueron  confirmados  por  el  estudio  de  Kim
et  al.26,  en  el  que  se  realizó  la  secuenciación  exónica  de
PEAR1  en  104  sujetos  con  hipo  o  hiperagregación  plaquetaria
y  se  observó  que  el  mismo  polimorfismo  (rs12041331)  tenía
la  asociación  más  significativa  (p  =  4,02  ×  10—4)  respecto  a
la  respuesta  a  la  agregación  plaquetaria.

La  problemática  entre  la  resistencia  medida  por
test bioquímico  y  la  recurrencia  vascular  o
resistencia clínica

A  pesar  de  los  esfuerzos  dedicados  a  encontrar  los  factores
genéticos  causantes  de  la  resistencia  a los  fármacos  antia-
gregantes  y  la  recurrencia  vascular,  no  se  han  obtenido  datos
del  todo  esclarecedores.  Por  el  momento,  no  se  ha  visto
una  asociación  clara  entre  la  actividad  plaquetaria  medida
por  las  diferentes  técnicas  comentadas  y  la  recurrencia
vascular27-29 o  resistencia  clínica.  Consecuentemente,  los
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Tabla  2  Principales  polimorfismos  identificados  con  relación  a  la  agregación  plaquetaria

Fármaco  Gen  SNP  Efecto  Referencia

AAS  PEAR1  rs12041331  Aumento  de  la  agregación  plaquetaria 24

rs12566888  Aumento  de  la  agregación  plaquetaria 21

rs2644604  Aumento  de  la  agregación  plaquetaria 23

rs2768759  Aumento  de  la  agregación  plaquetaria 23

Clopidogrel  CYP2C19*2  rs4244285  Pérdida  de  función,  reducción  del
metabolito  activo

11,19

rs12777823  Pérdida  de  función,  reducción  del
metabolito  activo

19

CYP2C19*3  rs4986893  Pérdida  de  función,  reducción  del
metabolito  activo

11,12

CYP2C19*17  rs12248560  Aumento  de  función,  potenciador  de  la
inhibición  de  la  agregación  plaquetaria

11,12

polimorfismos  que  se  han  visto  asociados  con  la  actividad
plaquetaria  tampoco  presentan  una  asociación  clara  con
la  recurrencia  vascular27,29.  Por  ejemplo,  en  el  subestudio
genético  del  estudio  Clopidogrel  for  High  Atherothromen
(CHARISMA),  en  el  que  se  genotipificaron  4.819  pacientes
(que  habían  presentado  un  ictus  o  un  infarto  de  miocardio)
estables  tratados  con  clopidogrel  y  se  analizó  el  efecto
de  los  polimorfismos  rs11188078  y  rs12248560  del  alelo
CYP2C19*17,  finalmente  se  observó  que  no  afectaban  a
nuevos  eventos  isquémicos  o  de  sangrado30.

En  un  reciente  metaanálisis  de  32  estudios  que  incluía
el  análisis  de  42.016  pacientes  tratados  con  clopidogrel  con
3.545  eventos  cardiovasculares,  siendo  uno  de  los  estudios
más  importantes  en  el  campo  de  la  farmacogénetica  de
la  resistencia  a  clopidogrel,  se  observó  que  los  alelos  de
CYP2C19  se  asociaron  a  recurrencia  vascular;  no  obstante,
cuando  los  análisis  se  restringían  a  estudios  con  al  menos
200  sujetos  con  recurrencia  vascular  la  asociación  de  los
polimorfismos  de  CYP2C19  no  era  significativa,  concluyendo
que  no  existía  una  clara  evidencia  entre  la  asociación  de
CYP2C19  con  nuevos  eventos  cardiovasculares30.

Existen  varias  explicaciones  para  justificar  esta  falta
de  asociación  que  debería  encontrarse  entre  actividad
plaquetaria  (resistencia)  y  recurrencia  vascular  y  entre  poli-
morfismos  asociados  a  actividad  plaquetaria  y  recurrencia
vascular.

Por  un  lado,  están  los  problemas  de  seguimiento  a  los
pacientes  incluidos  en  los  estudios.  Uno  de  los  problemas
más  habituales  es  la  falta  de  adherencia  al  tratamiento  por
parte  del  paciente,  pero  también  se  han  relatado  casos  en
los  que  existe  un  cambio  en  la  medicación  antiagregante
durante  el  seguimiento,  creando  en  ambos  casos  sesgos  en
el  estudio  y,  por  tanto,  reduciendo  el  poder  estadístico  del
estudio.  Estos  sesgos  pueden  causar  que  los  SNPs  asociados
a  la  resistencia  a  los  fármacos  antiagregantes  no  se  asocien
a  la  aparición  de  nuevos  eventos  vasculares.

A  nivel  genético,  existen  diversas  posibilidades  que  expli-
quen  esta  falta  de  asociación  entre  los  polimorfismos  asocia-
dos  a  la  resistencia  a  antiagregantes  y  su  falta  de  asociación
a  la  recurrencia  vascular.  Por  ejemplo,  que  aunque  la  activi-
dad  plaquetaria  influya  en  la  recurrencia  vascular,  esta  sea
una  asociación  de  un  grado  mucho  menor  a  lo  esperado,  por
tanto,  los  polimorfismos  asociados  a  la  actividad  plaquetaria
no  se  asociarán  significativamente  a  la  recurrencia  vascular.

Para  resolver  estas  dudas  se  necesitan,  primero,  estudios
con  mayores  tamaños  poblacionales,  con  un  mejor  diseño  y
con  un  mejor  seguimiento  y,  segundo,  estudios  realizados
directamente  en  pacientes  con  resistencia  clínica  o  fallo  en
el  tratamiento,  es  decir,  realizar  estudios  directamente  en
pacientes  que  a  pesar  del  correcto  tratamiento  antiagre-
gante  han  presentado  una  recurrencia  vascular.

Por  otro  lado,  nos  podemos  encontrar  con  que  otros  fac-
tores  genéticos,  no  analizados  hasta  el  momento,  estén
relacionados  con  la  resistencia  medida  mediante  la  activi-
dad  plaquetaria  y  con  la  aparición  de  recurrencia  vascular.
Puede  ser  el  caso  de  variaciones  raras,  factores  epigenéti-
cos  o  variaciones  en  el  número  de  copias  que  por  problemas
como  un  reducido  tamaño muestral  o  por  no  utilizar  las
herramientas  adecuadas  no  hayan  sido  detectadas.

Futuro

Los  resultados  obtenidos  a  partir  de  los  estudios  realizados
hasta  el  momento  no  han  aportado  toda  la  información  espe-
rada  para  determinar  el  componente  genético  asociado  a  la
resistencia  a  antiagregantes,  así  pues  son  necesarios  nuevos
estudios  y  nuevas  aproximaciones  en  este  campo.  En  los  pró-
ximos  años  probablemente  tendremos  estudios  epigenéticos
y  de  secuenciación  de  nueva  generación  en  el  campo  de  la
farmacogenética  de  la  resistencia  a  antiagregantes31.

La  secuenciación  de  nueva  generación  supone  una  gran
mejora,  mucho  más  rápida  y  económica,  respecto  a  la
secuenciación  tradicional  por  Sanger30.  Estas  técnicas  se
están  empezando  a  utilizar  para  confirmar  loci  encontrados
mediante  GWAS  y  para  identificar  variaciones  estructurales
en  el  genoma.  También  los  análisis  epigenéticos  permitirán
estudiar  los  mecanismos  de  expresión  genética  independien-
tes  de  la  secuencia  de  ADN  en  pacientes  resistentes  a  los
fármacos  antiagregantes32.

El  desarrollo  de  herramientas  bioinformáticas  para  ana-
lizar  las  enormes  cantidades  de  información  generada  por
estas  técnicas  también  será  crucial  para  un  rápido  avance
en  este  campo32. Otro  punto  crucial  para  el  estudio  de
la  farmacogenética  en  enfermedades  complejas  pasa  por
la  creación  de  consorcios  con  el  fin  disponer  de  mayores
tamaños  muestrales  y  conseguir  fenotipos  mejor  defini-
dos.  Con  ello  no  solo  se  aumentará  el  poder  estadístico
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de  los  estudios,  también  se  podrán  detectar  nuevos  SNPs
no  encontrados  hasta  la  fecha.  Algunos  de  los  consorcios
que  están  trabajando  en  este  campo  son:  International
Clopidogrel  Pharmacogenomics  Consortium  con  el  obje-
tivo  de  incrementar  el  número  de  sujetos  y  realizar
estudios  genéticos  en  sujetos  con  un  mejor  seguimiento
clínico,  el  CPIC  (),http://www.pharmgkb.org/page/cpic),el
International  Stroke  Genetics  Consortium  (http://www.
strokegenetics.org/)  y  el  Consorcio  Español de  Genética
del  Ictus  (GeneStroke)  (http://www.genestroke.com/)  son
otros  ejemplos  de  grandes  consorcios  que  estudian  la  resis-
tencia  al  tratamiento  antiagregante.  En  el  marco  de  la
cantidad  de  datos  que  se  genera  con  estas  nuevas  técnicas,
también  toman  gran  importancia  los  repositorios  online  y
diferentes  bases  de  datos.  Algunas  de  las  más  importantes  en
este  área  son  «pharmGKB» (http://www.pharmgkb.org/),
donde  se  puede  encontrar  información  sobre  el  impacto  de
las  variaciones  genéticas  en  respuesta  a  los  fármacos,  dbSNP
(http://www.ncbi.nlm.nih.gov/SNP/),  un  archivo  público
sobre  las  variaciones  genéticas  en  diferentes  especies,  o
dbGaP  (http://www.ncbi.nlm.nih.gov/gap),  base  de  datos
con  información  sobre  fenotipos  y  genotipos.  Para  los  estu-
dios  GWAS  es  de  gran  utilidad  Genetic  Association  Database
(http://geneticassociationdb.nih.gov/),  donde  se  pueden
encontrar  datos  de  GWAS  publicados  en  diferentes  estudios.

Conclusiones

Aumentar  nuestro  conocimiento  sobre  el  funcionamiento
de  los  fármacos  en  la  prevención  de  nuevos  eventos  vas-
culares  promete  tener  un  impacto  global  en  la  promoción
de  la  salud.  En  el  campo  de  la  genética  será  necesario
la  utilización  de  las  nuevas  técnicas  genómicas  puestas  a
nuestro  alcance  y  la  organización  de  estudios  dentro  de
consorcios  internacionales  para  mejorar  el  fenotipo  de  los
pacientes  y  el  tamaño muestral  de  los  estudios  con  el
objetivo  de  generar  grandes  proyectos  en  este  campo  que
puedan  aclarar  las  dudas  existentes  hasta  el  momento.  Por
el  momento,  los  estudios  realizados  no  han  demostrado
una  asociación  definitiva  entre  los  polimorfismos  asociados
a  la  resistencia  clínica  y  la  recurrencia  vascular.  Ensa-
yos  clínicos  prospectivos  serían  necesarios  para  demostrar
claramente  esta  asociación  y  utilizar  el  genotipificado  de
estos  genes  como  una  herramienta  estándar  en  la  prác-
tica  clínica.  No  obstante,  en  el  caso  de  la  resistencia  a
clopidogrel,  en  los  estudios  realizados,  aunque  no  son  defini-
tivos,  sí  que  parece  existir  una  relación  entre  determinados
polimorfismos  y  la  actividad  plaquetaria.  Por  tanto,  los
pacientes  susceptibles  a  tener  una  resistencia  al  tratamiento
debido  a  la  presencia  de  polimorfismos  de  riesgo  en  la  fami-
lia  del  CYP450  podrían  ser  tratados  con  otro  antiagregante
concretamente  con  un  tratamiento  con  AAS  y  clopidogrel  en
el  caso  del  ictus.
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