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CHAPTER 3

Genome-wide association study identifies a novel 
genetic risk factor for recurrent venous thrombosis

de Haan HG, van Hylckama Vlieg A, Germain M, Baglin TP, Deleuze JF, 
Trégouët DA, Rosendaal FR.
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ABSTRACT

Background

Genetic risk factors for a first venous thrombosis (VT) seem to have little effect on 

recurrence risk. Therefore, we aimed specifically to identify novel genetic determinants 

of recurrent VT. So far, genome-wide association studies are lacking.

Methods and Results

We performed a genome-wide association scan in 1279 patients from the MEGA 

follow-up study; 832 patients with a first VT only and 447 recurrent VT patients. We 

analysed genotype probabilities of about 8.6 million variants, imputed to the Genome 

of the Netherlands project reference panel, with a minor allele frequency ≥ 1% for an 

association with recurrent VT. One region exceeded genome-wide significance (P-value 

≤ 5x10-8), mapping to the well-known FV Leiden locus. Conditional association analyses 

on FV Leiden did not yield any secondary association signals. We also identified 52 

suggestive association signals (P-value < 1x10−5) at 17 additional loci. None of these loci 

were previously implicated in VT risk. Replication analyses for 17 lead variants were 

performed in 350 recurrent VT patients and 1866 patients with a single VT event from 

the MEGA follow-up study, THE-VTE study, and LETS study. We observed an association 

with recurrence for an intergenic variant at 18q22.1 with an odds ratio of 1.7 (95% CI 

1.2-2.6) per copy of the minor allele.

Conclusions

We confirmed the association of FV Leiden and identified a novel risk locus at 18q22.1 

in the first large genetic study on recurrent VT.
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INTRODUCTION

Approximately 20 to 30% of patients with a first venous thrombosis (VT) develop a 

recurrence within five years of the first event,1,2 and therefore predicting and preventing 

recurrence is of crucial importance. However, risk factors for a first event do no predict 

recurrence well and hence risk profiling is difficult.3-6 Recurrence risk is the highest 

amongst patients whose thrombotic event was not provoked by transient risk factors 

such as surgery and immobilization.1,2,7-9 In particular, previous studies have shown 

that patients with a first unprovoked event have a two to three-fold increased risk of 

recurrence compared with patients with a first provoked event.7-9 This suggests that 

patients with recurrent VT are enriched for genetic risk factors. The minor effects of 

determinants of first events on recurrence on the relative risk scale can be explained 

by the difference in absolute risks of first and recurrent VT, and index event bias.10,11

In addition, different genetic variants may play a role in recurrence than in first 

thrombosis, for example factors that affect clot lysis or the recanalization of the vein 

after a thrombotic event. So far, few studies have focused on recurrence-specific genetic 

risk factors. Zee and colleagues studied a panel of 86 variants in 56 candidate genes 

and observed suggestive associations with recurrent VT for four variants.12 In addition, 

homozygosity of Ser128Arg in the E-selectin gene and length of a GT-dinucleotide 

repeat in the promoter of the gene encoding heme oxygenase 1 have been linked to 

recurrent VT in an Austrian study.13,14 However, none of these findings have sofar been 

confirmed in large independent studies.

In order to identify novel genetic determinants of recurrent VT, we performed the first 

genome-wide association study (GWAS) on recurrence in 447 patients with recurrent 

VT and a sample of 832 patients who remained recurrence-free in the Multiple 

Environmental and Genetic Assessment of risk factors for venous thrombosis (MEGA) 

follow-up study.15 To validate our findings, we additionally performed a replication study 

of the newly identified risk variants among 350 recurrent VT patients and a sample of 

1866 patients with a single event only from three cohort studies.

3
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MATERIAL AND METHODS

GWAS analysis

Study population

We included patients from the MEGA follow-up study, a large population-based 

cohort study on risk factors for recurrent VT. Details of this study have been described 

elsewhere.15 In short, 4956 patients with a first deep vein thrombosis (DVT) of the 

leg or pulmonary embolism (PE), who were enrolled in the MEGA case-control study 

between 1999 and 200416, were invited to participate. Follow-up started at the date 

of the first event. Between 2008 and 2009, questionnaires related to recurrent VT 

were sent to the patients. Occurrence of recurrent VT was determined by information 

from patients, anticoagulation clinics, and treating physicians according to a decision 

rule.15 Follow-up ended when a recurrent VT occurred, the patient died or migrated, 

or when the questionnaire was returned, whichever occurred first. For the patients 

who died, information on the cause of death was retrieved from the national registry 

of death certificates. If no questionnaire was returned, patients were considered lost 

to follow-up.

For the GWAS analysis, 1499 patients were selected according to the following process 

(Flow diagram is shown in Supplemental Figure 1). First, patients who had not provided 

a high-quality blood sample or buccal swap for DNA analysis were excluded (667 out of 

4956 eligible patients). In addition, we excluded all patients who had been diagnosed 

with cancer (N=457). We then selected all patients for whom a recurrent VT event was 

reported at time of sample selection for the current analysis (N=542). Of these, 16 

recurrences were classified as uncertain recurrences according to the decision rule,15 

and these patients were subsequently analyzed as recurrence-free patients. In addition, 

we randomly sampled 957 patients, totaling 973 patients who remained without a 

recurrent event during a median period of 7.1 years (interquartile range [IQR] 5.5-8.4). 

Follow-up was incomplete for 19.5% of these patients, as some died without recurrence 

(N=11), whereas others were last seen at the anticoagulation clinic (N=77) or at time 

of blood sampling for the MEGA case-control study (N=102). Patients with incomplete 

follow-up were followed for a median period of 312 days (range 60 days to 9.7 years). 

As these patients did not or no longer visit the anticoagulation clinic, which monitor 

anticoagulant treatment, it is unlikely that these patients suffered from a recurrent 
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VT and, therefore, these patients were considered as recurrence-free patients in the 

GWAS analysis. We performed a sensitivity analysis for the top GWAS findings in which 

we excluded patients with incomplete follow-up and patients who had an uncertain 

recurrent event.

This study was approved by the Medial Ethics Committee of the Leiden University 

Medical Center, and all participants gave written informed consent.

GWAS quality-control and imputation

Genome-wide genotyping was performed with the Illumina Human660-Quad v.1 

BeadChip (Illumina Inc., San Diego, USA) at Centre National de Génotypage (Institut de 

Génomique, Evry, France). Genotyping was successfully completed for 1461 patients, 

of whom 1426 had a call rate of at least 98%. Additional exclusions at the individual 

level included discrepancy between self-reported and genotypic sex, abnormal level 

of autosomal heterozygosity (false discovery rate <1%), and ethnic outliers based on 

multidimensional scaling analysis of the identity-by-state matrix. Furthermore, 32 

patients withdrew their consent for the MEGA follow-up study, leaving a total of 1279 

patients for imputation and association analyses (447 patients with a recurrence during 

follow-up and 832 recurrence-free patients). The following exclusions were applied 

to identify a final set of 497,563 high-quality variants: minor allele frequency (MAF) 

below 1%, genotyping call rate below 98%, significant deviation from Hardy-Weinberg 

equilibrium (P-value <1x10-6) in patients with a first event only. All quality-control 

procedures were performed with the R-package GenABEL.17

Following the conversion of the genomic positions from hg18 to hg19 using the UCSC 

Genome Browser LiftOver tool, imputation of 19.6 million autosomal variants was 

performed using IMPUTE2 software18 according to the Genome of the Netherlands 

reference panel (GoNL release 4).19 Prior to the association analyses, we excluded 

variants with a MAF below 1% or an imputation quality score I below 0.5.

Statistical analysis

Imputed genotypes of 8.6 million variants were tested for an association with recurrent 

VT using SNPTEST version 220 by means of logistic regression with the missing data 

likelihood score test, which takes the uncertainty of the imputed genotypes into 

account. All analyses were adjusted for age and sex. We assumed an additive mode of 

3
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inheritance. The level of genome-wide significance was set at P-value <5x10−8, whereas 

the threshold for highly suggestive association signals was set at P-value <1x10−5. In 

order to identify independent secondary association signals at a locus, we performed 

conditional analyses on the lead variant or the previously reported VT risk variant. In 

addition, we grouped associated variants in clumps based on linkage disequilibrium (LD) 

and genomic distance according to standard settings in PLINK.21 Regional association 

plots were created with LocusZoom22 and functional annotation of the variants was 

performed with AnnoVar.23

The quantile-quantile plot of the genome-wide test statistics against the expected null 

distribution showed no appreciable evidence of inflation due to population stratification 

or genotyping artefacts (Supplemental Figure 2). Likewise, the genomic inflation factor 

(lambda24) before and after imputation was 1.033 and 1.001, respectively. None of the 

first four principal components were associated with recurrent VT, and these were 

therefore not included as covariates in the association analyses.

Look-up of previously reported risk variants

In order to validate previously reported genetic associations with (recurrent) venous 

thrombosis that may not have attained genome-wide significance in our study, we 

specifically explored the association results for 17 variants. Selected variants were 

either previously shown to be associated with recurrence only12-14,25 or reached genome-

wide significance in one of the two recent GWAS studies on first VT.26,27 Effects were 

calculated per copy of the risk allele based on the reporting in the original studies. 

Additional information on the selected variants is provided in Supplemental Table 1. 

Two variants (rs3025058 and rs3074372) could not be studied due to the absence of 

(tagging) variants in the GWAS, one variant (rs114209171) could not be studied as it 

was located on the X chromosome.

Replication analysis

Study population

The replication analysis was conducted in 350 patients with recurrent VT and a 

sample of 1866 patients with a single event only. These individuals were included 

from three European studies into VT risk, that is the MEGA follow-up study, the Leiden 

Thrombophilia Study (LETS) study4, and the Thrombophilia, Hypercoagulability and 
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Environmental Risks in Venous Thromboembolism (THE-VTE) study28. From the MEGA 

follow-up study, we included 155 recurrent VT patients who had not been included in 

the original GWAS or who were excluded during the quality-control procedures of the 

GWAS. In addition, we randomly sampled 929 patients with a single VT event only, of 

whom 72.9% had complete follow-up.

LETS and THE-VTE study are both population-based case-control studies into risk 

factors for VT with subsequent follow-up of the VT patients. The study designs are 

similar to that of the MEGA study and have been described in detail previously.4,28 

In LETS, 474 consecutive patients with a first DVT in the leg or arm were recruited at 

three anticoagulation clinics in or near Leiden. Patients were subsequently followed for 

recurrence until 2000 using repeated questionnaires. Follow-up started 90 days after 

the date of the first event and ended at the date of recurrence, date of death, date of 

emigration, or the end of the study, whichever occurred first.4 A total of 471 patients had 

a DNA sample available for genotyping. Of these, 90 patients developed a recurrence 

during a median follow-up of 8.0 years (IQR 6.8-9.0). Follow-up was complete for 88.2% 

of the recurrence-free patients. THE-VTE is a two-center case-control study, in which 

796 consecutive patients with a first VT were enrolled in Leiden and Cambridge (UK).28 

Patients were subsequently followed for recurrence starting at the date of the first 

event. In Leiden, follow-up ended when a recurrent event occurred, when a patient 

died or migrated, or when patients were untraceable, whichever occurred first. For 

patients included in Cambridge, recurrence status was checked on 1 July 2013 using 

hospital records. In the absence of recurrence or death, this date was registered as the 

end of follow-up. For the current analysis, we excluded patients who did not have a DNA 

sample available (N=135). During a median follow-up of 5.4 years (IQR 4.2-6.6), 105 of 

the 661 patients experienced a recurrent VT event. Follow-up was complete for 88.5% 

of the patients with a single VT event only. In both LETS and THE-VTE, individuals with 

a recent cancer diagnosis were not enrolled.

All participants gave written informed consent. The THE-VTE and LETS study were both 

approved by the Medical Ethics Committee of the Leiden University Medical Center. 

In addition, THE-VTE was also approved by the NHS Research Ethics Committee in 

Cambridge, UK.

3



66

Chapter 3

Genotyping

For each novel locus that showed a highly significant association with recurrent VT in the 

discovery GWAS, we selected the lead variant or the variant with the largest functional 

impact. These variants were genotyped with predesigned or custom-made TaqMan 

assays (Life Technologies, Thermo Fisher Scientific, USA) according to manufacturer’s 

specifications. Primer design failed for three variants (rs9834479 in ROBO1, rs61504683 

in LPPR3, and rs111750150 in TSPEAR), which were subsequently replaced by variants 

in high LD (r2>0.8) in our GWAS study population or based on the CEU 1000 Genomes 

population using SNAP software29.

Statistical analysis

Association with recurrent VT was assessed using logistic regression analyses adjusting 

for age, sex, study, and study center in case of THE-VTE. Patients who were lost to 

follow-up were analyzed as recurrence-free. These patients remained without a 

recurrent event during a median follow-up period of 1.2 years (IQR 0.7-3.4). To account 

for multiple hypothesis testing, the threshold for statistical significance was set at 0.05 

divided by the number of variants tested in the replication analyses. We also calculated 

the false discover rate (FDR). In addition, we performed a sub-analysis including only 

the patients from LETS and THE-VTE in a Cox regression model to calculate hazard ratios 

with 95% confidence intervals (95% CI). In this analysis, patients who were lost to follow-

up were censored at the last date known to be recurrence-free. To ensure comparability 

of follow-up time between the LETS and THE-VTE study in the Cox regression analysis, 

we recalculated the follow-up time in THE-VTE to start 90 days after the date of the 

first event.

For the variant that replicated, we performed a meta-analysis of the results obtained 

in the replication cohorts and in the original GWAS in order to obtain the most robust 

estimate of its effect size. For this, we used a fixed-effects model based on inverse-

variance weighting as implemented in the METAL software.30 Heterogeneity was 

assessed by the Cochran’s Q statistic and the I2 index.

Discriminative value

To explore the potential clinical value of the two identified and validated genetic risk 

loci, we assessed the discriminative accuracy of two prediction models: a clinical model 
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and a combined model to which we added dosages of two genetic variants (rs6025 

and rs9946608). The clinical model included sex, age, event type (DVT only versus PE 

with or without a DVT), and provoking status (recent surgery, trauma, immobilization, 

hormone use, pregnancy, and travel). We fitted both models in the GWAS population, 

which had complete clinical information for 1260 individuals (443 recurrence patients 

and 817 patients with a first VT only). Areas under the receiver-operating characteristic 

curves (AUC) were constructed using the predicted risks derived from logistic regression 

models. We calculated and compared the AUCs of the two prediction models using 

DeLong’s test for correlated ROC curves as implemented in R package “pROC”.31

RESULTS

GWAS analysis

Population characteristics

After quality-control assessments, 447 patients with a recurrent VT and 832 patients 

with a single VT event were included in the genome-wide association analyses. 

Overall, these patients had been followed for a median period of 6.1 years (IQR 2.2-

7.9). Seventeen percent of the recurrence-free patients did not complete follow-up, 

as some died without recurrence (N=9) or had an uncertain recurrent event (N=10), 

whereas others were last seen at the anticoagulation clinic (N=46) or at time of blood 

sampling for the MEGA case-control study (N=75). The mean age at time of the first 

event was 48.1 years (standard deviation [sd] 12.9) and 49% of the patients was a man. 

Sixty-one percent of the patients had a first DVT of the leg, whereas 29% had a PE and 

10% of the patients were diagnosed with both. Compared with patients with a single 

VT event, patients who experienced a recurrence were more often men and had more 

often a first unprovoked event (Table 1).

3
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Table 1. Characteristics of GWAS study population

Patients with a first VT only Patients with a recurrent VT

N=832 N=447

Age at first event, mean years 
(SD) 47.0 (12.8) 50.2 (12.7)

Male sex, N (%) 339 (40.7) 287 (64.2)

Body mass index, kg/m2 26.8 (4.7) 27.1 (4.5)

Smoking, N (%) 297 (35.7) 144 (32.9)

First event was unprovoked*, 
N (%) 248 (29.8) 220 (49.2)

Duration of anticoagulant 
therapy, median days (IQR)

183 (110-213) 185 (111-212)

Type of first event:

 DVT, N (%) 497 (59.7) 283 (63.3)

 PE, N (%) 265 (31.9) 102 (22.8)

 DVT and PE, N (%) 70 (8.4) 61 (13.8)

VT venous thrombosis, DVT deep vein thrombosis, PE pulmonary embolism, SD standard deviation, IQR 
interquartile range

*Provoking factors: recent surgery, immobilization (plaster cast, bedridden at home, hospitalization), 
hormone use, pregnancy or post-partum, and travel.

Association analyses

We assessed the association between 8.6 million variants and recurrent VT. The 

Manhattan plot of the GWAS results is shown in Supplemental Figure 3. Nineteen 

variants, all mapping to the F5 region, were associated with recurrent VT at genome-

wide significance (Supplemental Table 2). The lead variant mapped to a non-coding 

sequence in F5 (rs2213868, MAF 14%, P-value 2.67x10-9). The F5 locus also included 

the established VT-associated variant FV Leiden (rs6025, MAF 9.6%, P-value 1.28x10-8), 

of which the T-allele was associated with a 2.4-fold increased risk of recurrent VT (95% 

CI 1.75-3.15). Conditional analyses on rs6025 did not reveal any secondary association 

signals at the locus (Supplemental Figure 4). Of the genome-wide significant variants, 

the lowest remaining P-value was 0.02 for rs2213868 (Supplemental Table 2).

We additionally identified 52 variants that showed suggestive evidence of an association 

(P-value <1.0x10-5) with recurrent VT (Supplemental Table 3). Of these, nine variants 
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were part of the F5 locus and were no longer associated with recurrent VT when 

conditioning on FV Leiden. The other 43 variants mapped to 17 loci, mainly at non-

coding sequence. None of the variants or gene regions have previously been implicated 

in the risk of recurrent or a first VT. We did not identify independent association 

signals at any of these loci when conditioning on the lead variant of each locus (data 

not shown). The effect estimates of the lead variants did not materially change in a 

sensitivity analysis excluding patients who were lost to follow-up, although confidence 

intervals became wider due to the smaller sample size (Supplemental Table 4). Likewise, 

all lead variants remained associated with recurrence risk, with similar effect sizes, in a 

sensitivity analysis adjusting for provoking status (Supplemental Table 5).

Furthermore, we aimed to replicate previous genetic associations with recurrent VT 

and to explore associations for variants recently reported in GWAS analyses on first 

VT. Results are reported in Table 2. We assessed the association of eight variants that 

reached genome-wide significance in two recent GWAS studies. Besides the association 

with FV Leiden, we observed a nominal association with recurrent VT for FGG rs2066865 

(OR 1.30, 95% CI 1.09-1.56) and F5 rs4524 (OR 1.25, 95% CI 1.02-1.54). The recently 

identified risk variants in SCL44A2 and TSPAN15 showed no evidence of an association 

with the risk of recurrence (rs2288904, OR 1.14, 95% CI 0.90-1.44 and rs78707713, OR 

1.14, 95% CI 0.85-1.54, respectively). In addition, five variants that have previously been 

linked to recurrent VT risk were not associated with recurrence in the present GWAS 

analysis (Table 2).
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Replication analyses

To eliminate false-positive findings, we next performed a replication study in 350 

patients with recurrent VT and 1866 patients with a single event only from three 

population-based cohorts. Overall, patients were followed for recurrence for a median 

period of 6.1 years (IQR 3.8-7.8), albeit follow-up started at different moments in time 

(see Material and Methods). Follow-up was complete for 83.7 percent of the patients.

For each of the 17 loci, we genotyped either the lead variant or the variant with 

substantial functional impact, and tested these for an association with recurrent VT 

in the replication cohorts. Results of the replication analyses are presented in Table 

3. For two variants, rs142454359 and rs117161628, we observed only one carrier and, 

therefore, these variants could not be studied in detail. We observed an association with 

recurrent VT for one variant, whereas the remaining variants showed no evidence of an 

association with recurrent VT. Variant rs9946608 is located in an intergenic region at 

18q22.1 and was associated with a 1.7-fold (95% CI 1.16-2.59, P-value 0.008, FDR 0.136) 

increased recurrence risk per copy of the minor allele. Similarly, we observed a hazard 

ratio of 1.69 (95% CI 1.18-2.42) per copy of the minor allele of rs9946608 for recurrence 

risk in a sub-analysis of patients from the LETS and THE-VTE cohorts. When we meta-

analyzed the results obtained in the replication cohorts and the discovery GWAS, the 

minor allele of rs9946608 was associated with a 2.2-fold increased recurrence risk 

(Table 4, 95% CI 1.62-2.98, P-value 4.83x10-7). There was no evidence for heterogeneity 

across the three replication cohorts (Q-statistic 1.12, I2 0.00, P-value 0.57), nor across 

the replication cohorts and the discovery GWAS (Q-statistic 3.66, I2 18.1, P-value 0.30).

We subsequently interrogated several publicly available databases for potential 

mechanistic information on rs9946608. No significant expression quantitative trait 

loci have been reported in GTEx32 for rs9946608 or any of the linked variants (r2>0.8). 

We used RegulomeDB33, which integrates information from the ENCODE34 and Roadmap 

Epigenomic35 projects, to assess whether rs9946608 or linked variants may have a 

regulatory function. There is minimal evidence that several variants at this locus, 

including rs9946608, may affect transcription factor binding affinity. In some cell lines, 

DNase peaks in the chromatin structure have been identified using DNase-sequencing. 

Genes located nearby, which could be potential target genes, are two long intergenic 

non-coding RNA (lincRNA) genes (RPH11-526H11-1 and RP11-638L3.1) and protein-

coding gene TMX3. The latter encodes thioredoxin-related transmembrane protein 
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3 (TMX3), which has been detected in human megakaryocytes, platelets, and at the 

platelet surface of both resting and stimulated platelets.36

Table 4. Association results of rs9946608 in three replication cohorts

TT TC CC MAF OR (95% CI)

MEGA

recurrent VT patients 132 10 0 0.035 1.43 (0.71-2.87)

first VT patients 850 43 1 0.025 reference

LETS

recurrent VT patients 66 10 1 0.078 2.40 (1.17-4.90)

first VT patients 330 25 1 0.038 reference

THE-VTE

recurrent VT patients 95 9 1 0.052 1.61 (0.78-3.29)

first VT patients 519 36 0 0.032 reference

Meta-analysis 1.76 (1.17-2.65)

Combined with GWAS 2.20 (1.62-2.98)

MAF minor allele frequency, OR odds ratio, CI confidence interval, VT venous thrombosis, GWAS genome-
wide association study

Results were meta-analyzed using a fixed-effect meta-analysis model based on inverse-variance weighting. 
Heterogeneity was assessed by the Cochran’s Q statistic and the I2 index. Across the three replication cohorts 
the heterogeneity measures were as follows: Q 1.12, I2 0.00, P-value 0.57. For the three replication studies 
and the discovery GWAS, we observed a Q of 3.66, I2 18.1, P-value 0.30. In the GWAS, the MAF of rs9946608 
was 0.583 in recurrence patients and 0.256 in patients with a first VT only.

Discriminative value

In a preliminary analysis, we explored the added discriminative value of FV Leiden and 

rs9946608 to a prediction model with clinical risk factors alone. The AUC of the clinical 

prediction model, which included sex, age, event type, and provoking status, was 0.65 

(95% CI 0.61-0.68). Predictive accuracy of recurrence risk significantly improved when 

adding the two genetic risk variants to the model (AUC 0.68, 95% CI 0.65-0.71).

3
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DISCUSSION

This GWAS is the first large-scale genetic discovery effort for recurrent VT. Previous 

studies were either small or focussed on candidate gene variants, such as FV Leiden 

and prothrombin G20210A. The high recurrence rate of VT, especially in patients with 

a first unprovoked event, and the subsequent lifelong treatment with anticoagulants 

make it important to uncover the genetic and biological architecture of recurrent VT. 

Here, we confirm the association of FV Leiden with recurrence and identify a novel 

potential risk locus at chromosome 18q22.1.

Genome-wide significance was attained by several variants at the F5 locus, which 

included the well-known risk variant FV Leiden. We observed a 2.4-fold increased risk of 

recurrence per copy of the T-allele of FV Leiden, which is slightly higher than previously 

reported,3,4 albeit still lower than the risk estimates observed for a first VT.26,27 There 

were no secondary association signals observed at the F5 locus. Known VT risk variant 

rs4524, which has been shown to affect the risk of a first thrombotic event independent 

of FV Leiden,26,37 was only nominally associated with recurrent VT. This may suggest 

that FV Leiden is the key determinant at the F5 locus of recurrence risk.

We additionally identified 43 variants at 17 novel loci associated with recurrent VT 

at suggestive significance (P-value <1.0x10-5). We sought to replicate these findings 

in independent samples from three studies. Our results suggest that carriers of 

rs9946608-C have a 1.7-fold increased recurrence risk compared with non-carriers. 

We observed little evidence for statistical heterogeneity between the replication studies 

which could explain our findings. Formal replication is needed to confirm the association 

between rs9946608 and recurrent VT, as the meta-analysis of the GWAS and the 

replication studies did not reach genome-wide significance. From a clinical perspective, 

it would also be interesting to evaluate whether this variant has a differential effect on 

recurrent DVT or PE, which was now impossible to study due to low number of patients.

Variant rs9946608 and proxies map to noncoding sequence at chromosome 18q22.1 

and have not been implicated in disease risk before. If the association with recurrence 

risk is true, this intergenic locus has most likely a regulatory function. We observed 

some evidence of transcription factor binding affinity and DNase peaks in the chromatin 

structure of some cell lines. Additional work, including fine-mapping of the GWAS 

signal to identify the functional variant, is needed to unravel the potential underlying 
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mechanism. Candidate genes could be nearby lincRNA genes RPH11-526H11-1 and RP11-

638L3.1. Increasing evidence suggests that lincRNAs may play an important role in 

epigenetic and post-transcriptional regulation in health and (cardiovascular) disease.38,39 

However, the characteristics and function of the majority of these RNAs are currently 

not known. Interrogation of several publicly available databases, such as GTEx32 and 

several long noncoding RNA databases, did not yield additional information. The nearest 

protein-coding gene, TMX3, lies over 500Kb away, but could also be a target given its 

biological function. As TMX3 has been detected at the platelet surface,36 it may play 

a role in platelet functioning, in line with other members of the protein disulphide 

isomerase family. Functional follow-up experiments could help to identify and 

characterize the potential role of these genes in recurrent VT. In addition, long-range 

chromatin interaction analyses using chromosome conformation capture technologies, 

such as 4C and Hi-C, might aid to identify other potential target genes.

Another notable finding is that almost all variants, which have previously been linked to 

a first VT at genome-wide significance26,27 including the novel risk variants at TSPAN15 

and SLC44A2, were not or only nominally associated with the risk of recurrent VT. This is 

in line with previous reports on the risk variants which have been studied for recurrence 

risk.3-6 Several explanations for this discrepancy have been proposed. To some extent, 

this can be explained by the difference in absolute risks for first and recurrent VT, 

resulting in the incomparability of effects on a relative risk scale between first and 

recurrent VT.11 In addition, research into risk factors for recurrence risk may be hindered 

by index event bias, although this could lead to both under- and overestimation of 

the risk estimate.10 Of note, as all candidate risk variants had effects in the expected 

direction and three out of nine variants were associated with recurrence risk at a 

significance level of 0.05, which is more than expected by chance, our results provide 

some evidence that these variants may also impact recurrence risk. In particular, FGG 

rs2066865 might be promising, as earlier studies have also reported some evidence 

of an association.5,6

The main limitation of this study is the small sample size with 447 and 345 recurrent VT 

patients in the discovery GWAS and the combined replication studies, respectively. As a 

result, we may have missed associations between recurrent VT and variants with a small 

effect or a low MAF. The small sample size may also explain why we failed to replicate 

most suggestively associated variants identified in our GWAS. We therefore emphasise 

3
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the need of a large international collaborative effort to substantially increase the sample 

size for recurrent VT analyses. Of note, mainly patients of Northwest-European origin 

were included in our analyses and, therefore, caution is needed in generalizing our 

results to other populations. In addition, the X chromosome was not interrogated in 

the discovery GWAS.

In both the GWAS and the replication analyses, patients who were lost to follow-up 

or who experienced an uncertain recurrent VT were considered to be recurrence-

free. This could have affected our results, as we cannot rule out that these patients 

experienced a recurrent thrombotic event. However, this is unlikely, since these patients 

did not visit the anticoagulation clinics, which monitor anticoagulant treatment. In 

addition, the results of the sensitivity GWAS, in which these patients were excluded, 

did not materially differ from the discovery GWAS. Likewise, we obtained a similar 

effect estimate for rs9946608 in the logistic regression model and the time-to-event 

analysis, in which patients who were lost to follow-up were censored. Together, this 

suggests that the impact of misclassification in our study was probably low.

Our findings could lead to a better understanding of the biological mechanism 

underlying recurrent VT. In addition, we have previously shown the potential clinical 

value of genetic risk factors in the risk stratification of first and recurrent VT.5,40 In a 

preliminary analysis, we showed that adding FV Leiden and rs9946608 to a clinical 

prediction model slightly improved the risk discrimination of recurrence. Identification 

of novel risk variants may further improve risk prediction of recurrent VT. Although 

additional replication and functional analyses are required, we identified a potential 

risk locus at chromosome 18q22.1 and confirmed the role of FV Leiden in recurrent VT 

pathophysiology.
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Supplemental Figure 1. Flow diagram of patients included and excluded from GWAS 
analyses

Supplemental Figure 2. Quantile-quantile plot of the genome-wide test statistics
The test statistics of the GWAS are plotted against the expected null distribution. Results are shown as 
–log10(P-values).
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Supplemental Figure 3. Manhattan plot of the GWAS association results
Manhattan plot of –log10(P-values) for the associations between genotyped and imputed variants with 
recurrent venous thrombosis. We used logistic regression models to calculate the effects per copy of the 
minor allele, adjusted for age and sex. A total of 8.6 million autosomal variants were tested for an association 
with recurrent VT. The upper horizontal line at 5x10-8 represents the genome-wide significance threshold, 
whereas the lower line at 1x10-5 indicates the highly suggestive threshold.
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Supplemental Figure 4. Regional association plots at the F5 locus before and after 
conditioning on FV Leiden.
Results are shown as –log10(P-values) for both genotyped and imputed variants. The most associated variant 
in the discovery GWAS is shown as a triangle (rs2213868, upper panel). The colors of the other variants 
reflect the extent of linkage disequilibrium with the lead variant. The lower panel shows the association plot 
for recurrent VT after conditioning on the well-known FV Leiden variant (rs6025). The plots were generated 
using LocusZoom software.


