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Abstract

Background
Contradictory results have been published on the effects of T13254C (rs1613662), 
which distinguishes the two major isoforms of GP6, the gene encoding the platelet 
receptor glycoprotein VI, on platelet function and the risk of cardiovascular disease.

Methods
We performed a population-based case-control study, the Study of Myocardial 
Infarctions in LEiden (SMILE), among 547 male patients with a first myocardial infarction 
(MI) and 646 control subjects, as well as a prospective cohort study in which the same 
MI patients were followed for recurrent events (fatal and non-fatal MI and unstable 
angina) and mortality (median follow-up 12 years). P-selectin expression by platelets 
induced by crosslinked collagen-related peptide (CRP-XL) was measured by whole 
blood flow cytometry in 274 MI patients. 

Results
T13254C was not associated with a first MI, but seemed to be associated with a reduced 
incidence of recurrent events (per allele hazard ratio 0.77, 95% confidence interval (CI) 
0.56 to 1.06) and mortality (hazard ratio 0.57, 95%CI 0.37 to 0.89). Pooling with the 
Heart and Estrogen/progestin Replacement Study (HERS) revealed hazard ratios of 
0.81 (95%CI 0.66 to 0.99) and 0.73 (95%CI 0.55 to 0.96). The minor C-allele was also 
strongly associated with a reduced percentage of P-selectin expressing platelets. The 
reduction per C-allele was 23% (95%CI 18 to 28%). In an independent study of 219 
healthy volunteers, the per-allele reduction of CRP-XL-induced aggregation was 10% 
(95%CI 2 to 18%). 

Conclusion
The minor allele of GP6 T13254C that reduced platelet activation and aggregation 
also seemed to be associated with a reduced incidence of recurrent cardiovascular 
events and mortality, but was not associated with first MI. 
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Introduction

Platelets play an essential role in the development of cardiovascular disease. Clinically, 
the importance of platelet function has been established by large trials, which have 
shown the efficacy of antiplatelet therapy in the prevention of ischemic heart disease.1 
Moreover, studies have shown that variation in platelet function is an important 
determinant of atherothrombotic events.2-5 Platelets can be activated by multiple agonists 
via specific receptors located on the platelet membrane. The receptor glycoprotein (GP) 
VI has a major role in collagen-induced platelet signaling.6 Therefore, variations in GP6, 
the gene encoding GPVI, may influence platelet reactivity toward collagen and hence 
influence platelet function and the risk of cardiovascular disease.

Studies have shown that GP6 contains two common haplotypes with relative 
frequencies of 85.1 and 15.9 percent (GP6a and GP6b); the remaining haplotypes are 
rare.7,8 Another study identified 18 single nucleotide polymorphisms (SNPs) in GP6 
and confirmed the existence of two common isoforms in Caucasians.9 It has been 
consistently shown that the minor isoform is associated with decreased collagen-
induced platelet function, most likely caused by impaired signal transduction.8,10-13 
Equivocal results were obtained when platelet function was quantified with the 
Platelet Function Analyzer-100.10,14,15 Studies on the effect of variation in GP6 on the 
risk of cardiovascular disease provided conflicting results, which might be the result 
of heterogeneity with respect to study populations and endpoints.7,16-22 In contrast to 
the inconclusive results in the field of arterial thrombosis, presence of the minor allele 
has been consistently associated with a decreased risk of venous thrombosis in large, 
genome-wide association studies.23,24

Given this inconclusive evidence, we set out to study the association between 
polymorphic variation in GP6 and the risk of a first myocardial infarction (MI), recurrent 
cardiovascular events and mortality. Furthermore, we studied the association with 
crosslinked collagen-related peptide (CRP-XL)-induced platelet function. As a marker 
of variation in GP6, we studied the effects of the GP6 T13254C polymorphism (rs 
1613662). This polymorphism predicts a Ser219  Pro substitution and identifies the 
aforementioned two common haplotypes in GP6 (GP6a and GP6b).7,9-12

Methods

The Study of Myocardial Infarctions in LEiden (SMILE)–Platelets project comprised 
three studies within a single study population to assess the association between 
T13254C and (1) first MI, (2) recurrent cardiovascular events and mortality, and (3) 
platelet function. The relation with recurrent events and mortality was also studied in 
the Heart and Estrogen/progestin Replacement Study (HERS). The relation with platelet 
function was also studied among healthy volunteers. All studies were approved by the 
Medical Ethics Committees of the participating centers, and performed in accordance 
with the Declaration of Helsinki. All subjects gave written informed consent before 
participation in the studies.
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First myocardial infarction
We examined the association between GP6 and first MI in the SMILE case-control 
study. Details of the study design have been published previously.25 Briefly, cases 
were 560 consecutive male patients who presented at the Leiden University Medical 
Center and the Diaconessen Hospital Leiden, the Netherlands, with a first MI between 
1990 and 1996. Thirteen patients were excluded because their presumed first event 
appeared to be a recurrent event, leaving 547 eligible cases. Control subjects 
consisted of 646 men without a history of MI who had undergone a minor orthopedic 
intervention between 1990 and 1996 and were identified in the records of the Leiden 
Anticoagulation Clinic. All subjects completed a questionnaire concerning presence 
of cardiovascular risk factors and medication use.

Recurrent cardiovascular events and mortality	
The MI patients were prospectively followed until September 2004 after their inclusion 
in SMILE, to assess the occurrence of recurrent cardiovascular events and mortality.26 
Five of the 547 patients did not consent to participate in the follow-up study, so our 
study population consisted of 542 male patients who survived a first MI. The median 
follow-up was 12 years (5th to 95th percentile 9 to 14 years). Only four patients were lost 
to follow-up. They were censored at the last date on which they were known to have 
not reached one of the study endpoints.

Our primary study endpoints were recurrent cardiovascular events (defined as fatal 
and non-fatal MI and unstable angina requiring hospitalization) and all-cause mortality. 
For further analysis of effects on mortality, death certificates were requested from the 
Central Bureau of Statistics for all deceased patients to obtain causes of death. Details 
regarding data collection and endpoint classification have been published before.26

To obtain more robust effect estimates of the effect of T13254C on recurrent 
cardiovascular events and mortality, we pooled the findings from SMILE and the 
placebo-group of HERS, a randomized trial among postmenopausal women (median 
follow-up 7 years).22,27,28 To our knowledge, HERS is the only other study evaluating 
long-term outcome associated with T13254C among patients with established 
cardiovascular disease. We did not include women allocated to hormone therapy, 
because of potential interaction between treatment and GP6. 

Platelet function
We invited all living MI patients who participated in SMILE to come for a single visit 
to our centre between May 2008 and March 2009, because fresh blood samples 
were required for the platelet function tests. Two hundred and seventy-four patients 
provided a blood sample and completed an additional questionnaire on the presence 
of cardiovascular risk factors and medication use at time of blood sampling. Platelet 
activation was quantified by flow cytometric measurement of CRP-XL-induced 
P-selectin expression.

To further characterize functional variation in GP6, we recruited 219 healthy 
volunteers who did not use any drugs known to affect platelet function. Platelet 



131

Functional








 and



 clinical





 effects




 of
 G

P6 T13254C

8

function was studied using CRP-XL-induced light-transmittance aggregometry in 
platelet-rich plasma. Details about the study population and the platelet function tests 
have been published previously.29,30 

Laboratory analyses in SMILE
DNA was extracted from blood samples collected at baseline as described previously.25 
The status of the GP6 T13254C polymorphism (rs1613662) was determined with 
5’-exonuclease (Taqman) technology, using a commercially available assay (Applied 
Biosystems, Carlsbad, CA, USA; C_8717873_10). Genotyping was successful in more 
than 99.5% of patients, control subjects and patients who underwent platelet function 
testing. The very few subjects with missing genotype data (respectively two, three and 
one), the absence of which was assumed to be completely random, were excluded 
from the analyses.

P-selectin expression was measured in citrated whole blood using flow cytometry, 
according to previously described methods.11,31 Briefly, within 15 minutes of blood 
sampling, hirudin was added to 500 μL of citrated whole blood (final concentration 
10 U/mL). After 5 minutes of incubation, 5 μL blood was added to 50 μL of HEPES-
buffered saline containing apyrase (4 U/mL) and co-incubated for 20 minutes at room 
temperature with either cross-linked collagen-related peptide (CRP-XL) (0.1, 1, 10 
μg/mL) or no agonist, and both FITC-anti-CD62P (anti-P-selectin) and PE-anti-CD61 
(anti-GPIIIa). CRP-XL is a specific GPVI agonist, and was kindly provided by Dr R.W. 
Farndale (University of Cambridge, Cambridge, UK). A single batch of CRP-XL was 
used for all experiments. Corresponding isotypes were used as negative controls. We 
stopped incubation by a 100-fold dilution of the samples using formyl saline (0.2% 
formaldehyde in 0.9% NaCl). 

Flow cytometric analysis was performed using a Beckman Coulter® EPICS® 
XL-MCL flow cytometer (Beckman Coulter, Miami, FL, USA). The platelet population 
was identified using a forward and side scatter gate, which was verified with the anti-
CD61 antibody. 

Statistical analyses
We used logistic regression to estimate odds ratios (OR) and 95%CIs for the relation 
between the GP6 variant and the risk of a first MI. We calculated hazard ratios (HR) 
for the relation with recurrent events and mortality using Cox proportional hazards 
regression. As some cardiovascular risk factors seemed to be not equally distributed 
over the three genotypes in the MI patients (Online appendix S1, available from http://
bit.ly/hfKwzX), we also performed multivariable Cox regression models to adjust 
for those potentially confounding factors, including age (as a continuous variable), 
smoking, obesity (defined as a BMI higher than 30 kg/m2), and use of glucose-
lowering drugs, lipid-lowering drugs, antihypertensive drugs, aspirin, and vitamin K 
antagonists. Analyses regarding potential interaction between T13254C and use of 
aspirin were also adjusted for those factors. In HERS, multivariable models included 
age, race, presence of hypertension and diabetes, creatinine clearance, waist-hip 
ratio, and use of aspirin and statins.22,27,28 We pooled the findings from SMILE and 
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HERS using conventional meta-analysis in which overall results of studies are pooled. 
We used fixed effects models as there was no evidence of statistical heterogeneity 
among the two studies.

We used linear mixed models to quantify the effect of the GP6 polymorphism 
on P-selectin expression. Such models account for the repeated measurements of 
P-selectin expression per subject, because we used various concentrations of CRP-XL 
in each subject. We specified a unique identifier for each subject as random effect, and 
included the GP6 variant and concentration of CRP-XL as fixed effects. Furthermore, 
basal P-selectin expression without using CRP-XL as agonist was added as covariate. 
Effects on aggregation were analyzed similarly. All analyses in the study among healthy 
volunteers, which included men and women from various races, were adjusted for sex 
and race.

Unless otherwise stated, additive models were used for the analyses, indicating the 
effect per copy of the minor allele. The analyses were performed using SAS version 9.1 
(SAS Institute, Cary, NC, USA) or SPSS version 17.0 (SPSS, Chicago, IL, USA).

Results

Characteristics of the study populations
We included 547 male Caucasian MI patients and 646 male Caucasian controls in the 
SMILE case-control study. Five-hundred and forty-two of the patients consented to be 
included in the follow-up study and 274 patients participated in the platelet function 
study. The characteristics of the SMILE participants are summarized in Tables 1 and 
2. At time of blood sampling, the platelet function study population was older, used 
more frequently preventive drugs and smoked less than all MI patients at baseline, 
indicating the progress of time since inclusion in the SMILE study.

As expected, established cardiovascular risk factors were equally distributed 
among control subjects with respect to the three different GP6 genotypes (online 
appendix S1, available from http://bit.ly/hfKwzX). Among MI patients, risk factors 
were not completely equally distributed over the genotypes, which prompted us to 
use multivariable models to adjust for potential confounding. In the SMILE platelet 
function study, characteristics were equally distributed over the three genotypes 
(online appendix S2, http://bit.ly/hfKwzX).

The present analysis of the placebo group of HERS included 1074 women, of 
whom most were Caucasian (approximately 90%).22 The platelet function study among 
healthy volunteers consisted of 219 individuals (54% female) of various races (43% 
Caucasian, 23% African American, 16% Hispanic, 11% Asian-Indian, and 7% Asian).29,30

First myocardial infarction
T13254C was equally distributed among patients with a first MI and control subjects. 
The OR for MI was 1.07 (95%CI 0.86 to 1.32) per copy of the C-allele, indicating no 
effects of T13254C on the risk of a first MI (Table 3).
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Recurrent cardiovascular events and mortality 
During the follow-up of the 542 SMILE MI patients, 149 patients developed recurrent 
cardiovascular disease, while 97 subjects died. Two hundred and seventy-four of the 
1074 women included in HERS deve-
loped recurrent cardiovascular disease, 
while 123 patients died. In both SMILE 
and HERS, presence of the C-allele was 
associated in a dose-dependent manner 
with a decreased incidence of recurrent 
cardiovascular events and mortality 
(Table 4). In SMILE (Figure 1), the HR for 
the association between the C-allele and 
recurrent events was 0.77 (95%CI 0.56 
to 1.06) assuming an additive model. 
Regarding all-cause mortality, the HR was 
0.57 (95%CI 0.37 to -0.89). Adjustment for 
potential confounders did not influence 
effect estimates substantially: adjusted 
HRs were 0.82 (95%CI 0.59 to 1.14) and 
0.61 (95%CI 0.39 to 0.95), respectively. 
In HERS, the HR was 0.84 (95%CI 0.64 to 
1.09) for recurrent cardiovascular events 
and 0.85 (95%CI 0.60 to 1.20) for all-cause 
mortality. Adjusted HRs were 0.86 (95%CI 

Table 1 – Characteristics of participants in the SMILE case-control and cohort study

Patients with first  
myocardial infarction
(n=547)

Control subjects
(n=646)

Age, years 57 (49 to 64) 59 (50 to 66)

Smoking 341 (62%) 206 (32%)

Obesity 93 (17%) 106 (16%)

Glucose-lowering drugs 25 (5%) 22 (3%)

Lipid-lowering drugs 12 (2%) 11 (2%)

Antihypertensive drugs 97 (18%) 107 (17%)

Aspirin use after event 384 (70%)

Clopidogrel use after event 0 (0%)

Oral anticoagulation use after event 128 (23%)

Data are n (%) or medians (interquartile ranges), where appropriate. Data refer to the year before 
inclusion in SMILE, unless otherwise specified. Persons were classified as obese when their body 
mass index was higher than 30 kg/m2. Patients with first myocardial infarction are the cases of the 
SMILE case-control study and are the subjects who were followed-up in the SMILE cohort study. 

Table 2 – Characteristics of participants in 
the SMILE platelet function study

Patients
(n=274)

Age, years 68 (62 to 75)

Smoking 59 (22%)

Obesity 77 (28%)

Glucose-lowering drugs 40 (15%)

Lipid-lowering drugs 241 (88%)

Antihypertensive drugs 232 (85%)

Aspirin 206 (75%)

Clopidogrel 12 (4%)

Oral anticoagulation 36 (21%)

Data are n (%) or medians (interquartile 
ranges), where appropriate. Data refer to 
the time of blood sampling for the platelet 
function study. Persons were classified as 
obese when their body mass index was 
higher than 30 kg/m2. 
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0.69 to 1.09) and 0.84 (95%CI 0.60 to 1.19), respectively. After pooling the results from 
SMILE and HERS, the HR for recurrent cardiovascular events was 0.81 (95%CI 0.66 to 
0.99). The pooled HR for all-cause mortality was 0.73 (95%CI 0.55 to 0.96). Pooling of 
adjusted effect estimates from SMILE and HERS revealed similar HRs and 95%CIs.

To further explore the association with mortality we calculated the associations with 
cardiovascular, non-cardiovascular and cancer mortality (Table 4). Pooled per-allele HRs 
were 0.75 (95%CI 0.50 to 1.12) for cardiovascular mortality, 0.72 (95%CI 0.50 to 1.04) 
for non-cardiovascular mortality and 0.65 (95%CI 0.37 to 1.13) for mortality from cancer. 

Interestingly, the relation between GP6 and clinical endpoints seemed to be 
particularly pronounced in patients using aspirin (Table 5). Regarding recurrent events, 
the pooled HRs were 0.74 (95%CI 0.58 to 0.93) in aspirin users and 1.19 (95%CI 

Table 3 – GP6 T13254C and the risk of a first myocardial infarction

Genotype Cases Controls OR (95%CI)

n (%) n (%)

TT 366 (67%) 446 (70%) 1 [ref]

TC 163 (30%) 176 (27%) 1.13 (0.88 to 1.46)

CC 16 (3%) 21 (3%) 0.93 (0.48 to 1.81)

Additive (18%) (17%) 1.07 (0.87 to 1.32)

In the additive model, the increase in risk per copy of the C allele is calculated. For this model, 
only the (minor) allele frequency is presented, not the count. 
OR: odds ratio; CI: confidence interval. 
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Figure 1: GP6 T13254C and recurrent cardiovascular events and mortality. A: Fatal and non-fatal 
myocardial infarction (MI) and unstable angina (UA) requiring hospitalization. Hazard ratios 
relative to the TT genotype are 0.82 (95%CI 0.57 to 1.18) for the TC and 0.38 (95%CI 0.09 to 
1.53) for the CC genotype. The HR for the effect per copy of the C-allele is 0.77 (95%CI 0.56 to 
1.06). B: All-cause mortality. Hazard ratios relative to the TT genotype are 0.60 (95%CI 0.37 to 
0.97) for the TC and 0.25 (95%CI 0.04 to 1.80) for the CC genotype. The HR for the effect per 
copy of the C-allele is 0.57 (95%CI 0.37 to 0.89).

A B



135

Functional








 and



 clinical





 effects




 of
 G

P6 T13254C

8

Table 4 – GP6 T13254C and the incidence of recurrent cardiovascular events and mortality

Endpoint SMILE (n=542) HERS (n=1074) Pooled (n=1616)

HR (95%CI) HR (95%CI) HR (95%CI)

MI or UA 0.77 (0.56 to 1.06) 0.84 (0.64 to 1.09) 0.81 (0.66 to 0.99)

Mortality

	 All-cause 0.57 (0.37 to 0.89) 0.85 (0.60 to 1.20) 0.73 (0.55 to 0.96)

	 Cardiovascular 0.66 (0.34 to 1.27) 0.81 (0.50 to 1.33) 0.75 (0.50 to 1.12)

	 Non-cardiovascular 0.56 (0.32 to 0.98) 0.88 (0.53 to 1.44) 0.72 (0.50 to 1.04)

	 Cancer 0.65 (0.32 to 1.31) 0.64 (0.26 to 1.62) 0.65 (0.37 to 1.13)

HRs and 95%CIs are calculated with additive models and indicate the decrease in risk per copy 
of the C-allele. 
MI: myocardial infarction; UA: unstable angina; HR: hazard ratio; CI: confidence interval. 

0.85 to 1.66) in non-users (P for interaction 0.03). The effects on mortality were 0.69 
(95%CI 0.50 to 0.97) in aspirin users and 0.96 (95%CI 0.58 to 1.59) in non-users (P for 
interaction 0.30). 

Platelet function
P-selectin expression by platelets increased dose-dependently upon stimulation 
by CRP-XL (Figure 2a). The percentage of P-selectin expression decreased dose-
dependently per copy of the C-allele. Using various concentrations of CRP-XL, the 
overall reduction was 23% (95%CI 18 to 28) per copy of the C-allele. Aspirin neither 
influenced CRP-XL-induced P-selectin expression nor modified the effect of T13254C. 
The association between GP6 and P-selectin expression was the same in patients who 
remained event-free after their first MI and those who experienced recurrent events.

Table 5 – Interaction between GP6 T13254C and aspirin use

Endpoint SMILE (n=542) HERS (n=1074) Pooled (n=1616)

HR (95%CI) P HR (95%CI) P HR (95%CI) P

MI or UA

	 Aspirin 0.67 (0.44 to 1.03)
0.12

0.77 (0.58 to 1.02)
0.10

0.74 (0.58 to 0.93)
0.03

	 No aspirin 1.16 (0.69 to 1.96) 1.21 (0.78 to 1.87) 1.19 (0.85 to 1.66)

Mortality

	 Aspirin 0.50 (0.28 to 0.89)
0.24

0.82 (0.55 to 1.22)
0.67

0.69 (0.50 to 0.97)
0.30

	 No aspirin 0.89 (0.43 to 1.81) 1.05 (0.52 to 2.12) 0.96 (0.58 to 1.59)

HRs and 95%CIs are calculated with additive models and indicate the decrease in risk per copy 
of the C-allele. The P-values are P-values for interaction between T13254C and aspirin use. In 
SMILE, 381 (70%) patients used aspirin, whereas 161 (30%) patients did not use aspirin. In HERS, 
there were 860 (80%) aspirin users and 214 (20%) non-users.
MI: myocardial infarction; UA: unstable angina; HR: hazard ratio; CI: confidence interval. 
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We also measured CRP-XL-induced platelet aggregation in 219 healthy volunteers. 
One hundred and thirty (59%) subjects had the wild-type TT genotype, 52 (24%) subjects 
carried on C-allele, and eight (4%) subjects were homozygous for the C-allele, resulting 
in a minor allele frequency of 16%. Genotype data were missing for the remaining 29 
subjects. The C-allele was associated with diminished platelet aggregation (Figure 
2b): Using various concentrations of CRP-XL, the overall reduction, adjusted for sex 
and race, was 10% (95%CI 2 to 18) per copy of the C-allele. After stratification for race, 
the association seemed to be most pronounced in Caucasians (per C-allele reduction 
12%, 95%CI 4 to 20) and Asian-Indians (22%, 95%CI 10 to 34), whereas there was no 
association or even some suggestion of an inverse association in other races (African 
Americans -4%, 95%CI -12 to 5; Hispanics -7%, 95%CI -20 to 7; Asians -8%, 95%CI 
-30 to 13).

Discussion

The present studies addressed the association between the T13254C polymorphism 
(rs1613662), which identifies two common haplotypes of GP6, and risk of a first MI, 
recurrent cardiovascular events and mortality, together with platelet function. Our main 
findings are that presence of the minor C-allele was not associated with first MI, but 
seemed to be associated with a reduced incidence of recurrent cardiovascular events 

Figure 2: GP6 T13254C and CRP-XL induced platelet activation and aggregation. Data are 
means ± standard errors of the mean. A: P-selectin expression in 274 myocardial infarction 
patients. Averaged over all concentrations of Crosslinked collagen-related peptide (CRP-XL), the 
mean reduction in platelet activation was 21% (95%CI 14 to 27%) for the TC and 56% (95%CI 40 
to 71%) for the CC genotype relative to the TT genotype. The decrease per copy of the C-allele 
was 23% (95%CI 18 to 28%). B: Platelet aggregation in 219 healthy volunteers. Averaged over 
all concentrations of CRP-XL, the mean reduction in platelet aggregation was 6% (95%CI -4 to 
16%) for the TC and 31% (95%CI 9 to 53%) for the CC genotype relative to the TT genotype. 
The decrease per copy of the C-allele was 10% (95%CI 2 to 18%). Note that the concentrations 
of CRP-XL in both figures are dissimilar because different tests of platelet reactivity as well as 
different preparations of CRP-XL were used in the two studies.
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and mortality, both in a dose-dependent fashion. Pooling of the results of both SMILE 
and HERS resulted in more robust reduced risk estimates. The pooled HRs per copy 
of the C-allele for mortality were 0.81 (95%CI 0.66 to 0.99) for recurrent cardiovascular 
events, and 0.73 (95%CI 0.55 to 0.96) for all-cause mortality. Furthermore, the minor 
allele was clearly associated with decreased CRP-XL-induced P-selectin expression 
and, in an independent population, CRP-XL-induced platelet aggregation. 

	We found strong dose-dependent associations between GP6 T13254C and 
CRP-XL-induced P-selectin expression and platelet aggregation in two independent 
studies. Our results regarding CRP-XL-induced platelet activation and aggregation 
are corroborated by previous smaller studies using these methods.10,11 Furthermore, 
the large study by Jones et al. showed that this polymorphism explained almost 
40% of variation in CRP-XL-induced P-selectin expression.12 A recent meta-analysis 
of genome-wide association studies also confirmed that the response to collagen is 
strongly diminished in carriers of the minor allele.8 As demonstrated by Trifiro et al., 
reduced platelet activation associated with the minor C-allele is most likely explained 
by impaired signal transduction.13 

Notwithstanding the clear effect of GP6 T13254C on platelet activation, 
several studies suggested no association with or even an increased risk of a first 
atherothrombotic event.7,16-20 Our study also indicates that this polymorphism has no 
bearing on the risk of a first MI, although the 95%CI is compatible with ORs ranging 
from 0.86 to 1.32. Our results are in line with a large genome-wide association study 
that found no association between variation in GP6 and the risk of a first MI.32 In 
contrast to what was found for first MI, we found dose-dependently decreased risks 
of recurrent cardiovascular events and mortality in subjects carrying the C-allele. 
Our findings suggest that polymorphic variation in GP6 may be of less importance 
with respect to first atherothrombotic events than for recurrent events. Development 
of atherosclerosis and underlying classical cardiovascular risk factors are the major 
determinants of first coronary artery events. Regarding recurrent events, factors 
influencing thrombus development may be more important when progressive 
atherosclerosis and stenosis is already present. Interestingly, two of the studies that 
found an association between T13254C and first MI suggested that the effect was 
particularly present in women.7,20 As we could only study the association with first 
MI in men, we cannot exclude a potential effect in women. The observation that the 
association with recurrent events seemed to be particularly present in subjects using 
aspirin, both in SMILE and HERS, might potentially also explain the difference in 
findings between first and recurrent events. As thromboxane A2 pathway inhibition is 
known to influence the platelet response to collagen, we can hypothesize that aspirin 
treatment and reduced platelet activation observed in carriers of the 13254C allele 
act synergistically to reduce the thrombosis risk. However, given the relatively small 
number of patients not using aspirin (n=161, 30% in SMILE; n=214, 20% in HERS), 
caution is warranted in the interpretation of this potential interaction. Future studies 
are needed to replicate our findings.

The association between T13254C and recurrent cardiovascular events and 
mortality has also been studied in HERS, which provided effect estimates in the 
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same direction as the results of SMILE, corroborating the validity of our study. SMILE 
and HERS are both prospective cohort studies including subjects with manifest 
cardiovascular disease. SMILE included 542 men who were followed for 12 years 
(median), whereas HERS included 1074 women who were followed for 7 years 
(median), extending the applicability of our results to women. Because the results of 
both studies were very consistent, we considered pooling to be justified. Pooling of 
the results of HERS and SMILE revealed more robust effect estimates, indicating a 20% 
reduction of cardiovascular events and a 30% reduction of all-cause mortality per copy 
of the C-allele.

Surprisingly, there was some suggestion that the association between the GP6 
polymorphism and all-cause mortality is not completely attributable to a decrease in 
cardiovascular mortality, but the small numbers of cause-specific deaths preclude any 
firm conclusions. Furthermore, because data about causes of death were obtained 
from routine registry data, misclassification could be present. However, because 
potential misclassification is assumed to be independent of the GP6 genotype, this 
would only have led to underestimation of the real effects. Interestingly, results from 
both SMILE and HERS tended to suggest that the survival benefit associated with 
the C-allele might be partly attributable to a decrease of mortality resulting from 
cancer, although the confidence intervals were very broad. Given the aforementioned 
limitations, this finding should be interpreted as hypothesis-generating only. 
Nevertheless, this observation is consistent with accumulating evidence supporting 
a role for platelets and platelet activation in cancer progression.33 Ex vivo platelet 
stimulation by collagen and other agonists has been demonstrated to result in release 
of proangiogenic factors, which might have important bearing on tumor progression 
and metastasis.34,35 Moreover, it has recently been shown in a mouse model that 
GPVI facilitates metastasis.36 Furthermore, high platelet count has been associated 
with mortality due to cancer.37 Therefore, potential effects of GP6 on cancer warrant 
replication and elaboration in future studies.

A potential limitation of our study is that we measured platelet function in a subset 
of MI patients many years after inclusion in SMILE, which is reflected by changed patient 
characteristics and a higher minor allele frequency. Nevertheless, we could still validly 
assess platelet function per genotype, since it is unlikely that the effect of T13254C 
on platelet function is modified by the changed characteristics. Moreover, there were 
no differences in the association between GP6 and platelet function between patients 
who experienced one MI or also recurrent cardiovascular events, arguing against 
selection bias as an explanation of our findings. Furthermore, we found similar results 
in an independent study population of healthy volunteers, supporting our results. The 
major strength of our project is that we were able to assess effects of T13254C both on 
clinical outcomes and platelet activation, which renders our results biologically highly 
plausible. Future studies are warranted to address the potential clinical applicability 
of our findings.

In conclusion, the minor allele of GP6 T13254C seems to be associated with a 
reduced risk of recurrent cardiovascular events and mortality, without affecting the 
incidence of first MI. The reduced risk of recurrent cardiovascular events and mortality 
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is consistent with decreased GPVI-mediated platelet activation in subjects with the 
minor C-allele, most likely through impaired signal transduction. Our results provide 
new data about the functional and clinical consequences of polymorphic variation in 
GP6, and demonstrate the relevance of the GPVI receptor in platelet function and 
cardiovascular disease.

Acknowledgements

We are grateful to Carine J.M. Doggen, PhD and Marieke D. van der Krabben, MD for 
their contributions to the SMILE study. We thank Liesbeth Willems of Brilman and the 
nursing staff from the section of Hemapheresis of the department of Immunohematology 
and Blood Transfusion for their support as research nurses, and Petra J. Noordijk, Lejla 
Mahic and Rosemiek M.J. Cupers for their laboratory assistance. Furthermore, we are 
indebted to Richard W. Farndale, PhD (University of Cambridge, Cambridge, UK) for 
providing CRP-XL and Georgia Saylor (Wake Forest University School of Medicine, 
Winston-Salem, NC, USA) for statistical analysis of the HERS data presented in this 
manuscript.

Funding sources

This work was supported by the Netherlands Heart Foundation (grant no. 2003B248 
and grant no. 92.345). Mr. Snoep was supported by a grant from the Leducq 
Foundation, Paris, France for the development of Transatlantic Networks of Excellence 
in Cardiovascular Research (grant 04 CVD 02).

References

1.	 Antithrombotic Trialists’ Collabora-
tion. Collaborative meta-analysis of 
randomised trials of antiplatelet therapy 
for prevention of death, myocardial infarc-
tion, and stroke in high risk patients. BMJ. 
2002;324:71-86.

2.	 Breet NJ, Van Werkum JW, Bouman HJ et 
al. Comparison of platelet function tests 
in predicting clinical outcome in patients 
undergoing coronary stent implantation. 
JAMA. 2010;303:754-762.

3.	 Snoep JD, Hovens MMC, Eikenboom 
JCJ, van der Bom JG, Huisman MV. 
Association of laboratory-defined aspirin 
resistance with a higher risk of recur-
rent cardiovascular events: A systematic 
review and meta-analysis. Arch Intern 
Med. 2007;167:1593-1599.

4.	 Snoep JD, Hovens MMC, Eikenboom JCJ, 
van der Bom JG, Jukema JW, Huisman 
MV. Clopidogrel nonresponsiveness in 
patients undergoing percutaneous coro-
nary intervention with stenting: A system-
atic review and meta-analysis. Am Heart J. 
2007;154:221-231.

5.	 Snoep JD, Roest M, Barendrecht AD, de 
Groot PG, Rosendaal FR, van der Bom 
JG. High platelet reactivity is associated 
with myocardial infarction in premeno-
pausal women: a population-based 
case-control study. J Thromb Haemost. 
2010;8:906-913.

6.	 Heemskerk JW, Siljander PR, Bevers EM, 
Farndale RW, Lindhout T. Receptors and 
signalling mechanisms in the proco-
agulant response of platelets. Platelets. 
2000;11:301-306.



140

Functional








 and



 clinical





 effects




 of
 G

P6 T13254C

8

7.	 Croft SA, Samani NJ, Teare MD et al. Novel 
platelet membrane glycoprotein VI dimor-
phism is a risk factor for myocardial infarc-
tion. Circulation. 2001;104:1459-1463.

8.	 Johnson AD, Yanek LR, Chen MH et al. 
Genome-wide meta-analyses identi-
fies seven loci associated with platelet 
aggregation in response to agonists. Nat 
Genet. 2010;42:608-613.

9.	 Watkins NA, O’Connor MN, Rankin A 
et al. Definition of novel GP6 polymor-
phisms and major difference in haplotype 
frequencies between populations by 
a combination of in-depth exon rese-
quencing and genotyping with tag single 
nucleotide polymorphisms. J Thromb 
Haemost. 2006;4:1197-1205.

10.	 Joutsi-Korhonen L, Smethurst PA, Rankin 
A et al. The low-frequency allele of the 
platelet collagen signaling receptor glyc-
oprotein VI is associated with reduced 
functional responses and expression. 
Blood. 2003;101:4372-4379.

11.	 Jones CI, Garner SF, Angenent W et al. 
Mapping the platelet profile for functional 
genomic studies and demonstration of 
the effect size of the GP6 locus. J Thromb 
Haemost. 2007;5:1756-1765.

12.	 Jones CI, Bray S, Garner SF et al. A 
functional genomics approach reveals 
novel quantitative trait loci associated 
with platelet signaling pathways. Blood. 
2009;114:1405-1416.

13.	 Trifiro E, Williams SA, Cheli Y et al. The 
low frequency isoform of platelet GPVI 
(GPVIb) attenuates ligand-mediated 
signal transduction but not receptor 
expression or ligand binding. Blood. 
2009;114:1893-1899.

14.	 Kunicki TJ, Williams SA, Nugent DJ et 
al. Lack of association between aspirin 
responsiveness and seven candidate 
gene haplotypes in patients with sympto-
matic vascular disease. Thromb Haemost. 
2009;101:123-133.

15.	 Lepantalo A, Mikkelsson J, Resendiz JC 
et al. Polymorphisms of COX-1 and GPVI 
associate with the antiplatelet effect of 
aspirin in coronary artery disease patients. 
Thromb Haemost. 2006;95:253-259.

16.	 Ollikainen E, Mikkelsson J, Perola M, Pent-
tila A, Karhunen PJ. Platelet membrane 
collagen receptor glycoprotein VI poly-
morphism is associated with coronary 
thrombosis and fatal myocardial infarc-
tion in middle-aged men. Atherosclerosis. 
2004;176:95-99.

17.	 Takagi S, Iwai N, Baba S et al. A GPVI poly-
morphism is a risk factor for myocardial 

infarction in Japanese. Atherosclerosis. 
2002;165:397-398.

18.	 Cole VJ, Staton JM, Eikelboom JW et 
al. Collagen platelet receptor polymor-
phisms integrin alpha2beta1 C807T and 
GPVI Q317L and risk of ischemic stroke. J 
Thromb Haemost. 2003;1:963-970.

19.	 Qin Q, Zhao BR, Mao YM et al. Asso-
ciation of matrix metalloproteinase-9 
and platelet membrane glycoprotein 
VI polymorphisms with acute coronary 
syndrome. Zhonghua Xin Xue Guan Bing 
Za Zhi. 2005;33:622-626.

20.	 Motovska Z, Kvasnicka J, Widimsky P et al. 
Platelet glycoprotein GP VI 13254C allele 
is an independent risk factor of prema-
ture myocardial infarction. Thrombosis 
Research. 2010;125:e61-e64.

21.	 Boettiger C, Koch W, Mehilli J, Schoemig 
A, Kastrati A. Glycoprotein VI polymor-
phisms and outcome after percutaneous 
coronary interventions. Thromb Haemost. 
2007;97:673-674.

22.	 Bray PF, Howard TD, Vittinghoff E, Sane 
DC, Herrington DM. Effect of genetic 
variations in platelet glycoproteins 
Ibalpha and VI on the risk for coronary 
heart disease events in postmenopausal 
women taking hormone therapy. Blood. 
2007;109:1862-1869.

23.	 Bezemer ID, Bare LA, Doggen CJ et al. 
Gene variants associated with deep vein 
thrombosis. JAMA. 2008;299:1306-
1314.

24.	 Tregouet DA, Heath S, Saut N et al. 
Common susceptibility alleles are unlikely 
to contribute as strongly as the FV and 
ABO loci to VTE risk: results from a GWAS 
approach. Blood. 2009;113:5298-5303.

25.	 Doggen CJM, Manger Cats V, Bertina 
RM, Rosendaal FR. Interaction of coagu-
lation defects and cardiovascular risk 
factors: Increased risk of myocardial 
infarction associated with factor V Leiden 
or prothrombin 20210A. Circulation. 
1998;97:1037-1041.

26.	 Van der Krabben MD, Rosendaal FR, van 
der Bom JG, Doggen CJM. Polymor-
phisms in coagulation factors and the 
risk of recurrent cardiovascular events in 
men after a first myocardial infarction. J 
Thromb Haemost. 2008;6:720-725.

27.	 Hulley S, Grady D, Bush T et al. Rand-
omized trial of estrogen plus progestin for 
secondary prevention of coronary heart 
disease in postmenopausal women. Heart 
and Estrogen/progestin Replacement 
Study (HERS) Research Group. JAMA. 
1998;280:605-613.



141

Functional








 and



 clinical





 effects




 of
 G

P6 T13254C

8

28.	 Grady D, Herrington D, Bittner V et 
al. Cardiovascular disease outcomes 
during 6.8 years of hormone therapy: 
Heart and Estrogen/progestin Replace-
ment Study follow-up (HERS II). JAMA. 
2002;288:49-57.

29.	 Yee DL, Sun CW, Bergeron AL, Dong Jf, 
Bray PF. Aggregometry detects platelet 
hyperreactivity in healthy individuals. 
Blood. 2005;106:2723-2729.

30.	 Yee DL, Bergeron AL, Sun CW, Dong JF, 
Bray PF. Platelet hyperreactivity general-
izes to multiple forms of stimulation. J 
Thromb Haemost. 2006;4:2043-2050.

31.	 Goodall AH, Appleby J. Flow-cytometric 
analysis of platelet-membrane glyco-
protein expression and platelet activa-
tion. Methods Mol Biol. 2004;272:225-
253.

32.	 Samani NJ, Erdmann J, Hall AS et al. 
Genomewide association analysis of 

coronary artery disease. N Engl J Med. 
2007;357:443-453.

33.	 Nash GF, Turner LF, Scully MF, Kakkar 
AK. Platelets and cancer. Lancet Oncol. 
2002;3:425-430.

34.	 Sierko E, Wojtukiewicz MZ. Platelets 
and angiogenesis in malignancy. Semin 
Thromb Hemost. 2004;30:95-108.

35.	 Holmes CE, Levis JE, Ornstein DL. Acti-
vated platelets enhance ovarian cancer 
cell invasion in a cellular model of metas-
tasis. Clin Exp Metastasis. 2009.

36.	 Jain S, Russell S, Ware J. Platelet glyco-
protein VI facilitates experimental lung 
metastasis in syngenic mouse models. J 
Thromb Haemost. 2009;7:1713-1717.

37.	 Van der Bom JG, Heckbert SR, Lumley T 
et al. Platelet count and the risk for throm-
bosis and death in the elderly. J Thromb 
Haemost. 2009;7:399-405.




