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Chapter 8

DISCUSSION

The aim of the research conducted for this thesis was to identify novel genetic risk 

factors for a first and recurrent venous thrombosis. In addition, we investigated whether 

previously identified genetic risk variants can be used to improve risk stratification for 

venous thrombosis and we discussed the potential value of using genetic variation to aid 

causal inferences in observational research. In this chapter, we discuss the main findings 

and some methodological considerations, and we provide directions for biological and 

clinical interpretations.

Main findings

So far, variation in seventeen genes, almost all encoding proteins related to hemostasis, 

have consistently been identified as genetic risk factors for a first VT.1,2 Evidence from 

previous GWAS and family studies suggests that additional genetic risk variants are 

yet to be discovered.3-6 In addition, the extent to which the identified risk variants 

contribute to recurrence risk is not clear, nor whether different genetic risk factors play 

a role in recurrence pathophysiology than those involved in a first event.7-10 In chapters 2 

to 5, we used various strategies to identify variants across the allele frequency spectrum 

that are associated with the risk of a first or recurrent VT.

In chapter 2, we studied the association between a first DVT and genetic variation in the 

coding regions of 734 genes related to hemostasis. More than 3,500 common variants, 

identified by next-generation DNA sequencing, were assessed in approximately 900 DVT 

patients and 600 controls. We confirmed, as expected, the association between DVT 

and variation in the F11 region, FGA-FGG, ABO, and F5, which are all established risk 

loci for VT. At F5 and the F11 region we also found evidence for secondary association 

signals, suggesting that these risk loci contain multiple conditionally independent risk 

factors for DVT. Remarkably, we found only two suggestive association signals mapping 

to genes not previously implicated in VT pathophysiology, although these were not 

replicated in data from the INVENT consortium. In addition, an assessment of over 

16,000 rare variants mapping to 647 genes did not reveal a burden of rare variants in 

DVT patients compared with controls. However, it is possible that associations of both 

common and rare variants conferring small effects on DVT risk were missed, as our 

study did not include sufficient patients and controls to identify such variants.
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Instead of focusing on variation in candidate genes, we followed an agnostic approach 

in chapter 3, as for recurrence it is unknown whether the same or different genetic 

risk factors than those identified for a first VT play a role. We conducted a GWAS 

in which we studied the association between about 8 million common autosomal 

variants and recurrent VT, followed by a replication study. In addition to confirming 

the association between FV Leiden and recurrence risk, we identified a novel risk locus 

at 18q22.1, which was associated with recurrent VT with an odds ratio of 1.7 per minor 

allele copy in the replication analysis. This intergenic locus may affect recurrence risk 

by influencing the expression of nearby or distant genes, though further research is 

needed to unravel the underlying molecular mechanism. We found limited support for 

previously identified variant associations with recurrence, emphasizing the importance 

of replication in genetic association analyses.

A first investigation of variation in the Y chromosome and its effect on first and recurrent 

VT risk was reported in chapter 4. As men have an intrinsically higher risk of VT than 

women11-16, we postulated that variation in the Y chromosome may increase the risk of 

VT in subgroups of men. We therefore explored the association between 13 common 

European Y chromosome haplogroups and the risk of a first and recurrent VT in over 

3,700 men. Compared with the most common haplogroup R1b, none of the haplogroups 

were associated with the risk of a first VT. Specifically, no evidence for an association 

between haplogroup I, which was previously identified as a risk factor for coronary 

artery disease17, and VT risk was observed, even though the analysis was powered to 

detect a similar association. In addition, we observed some suggestive evidence that 

carriers of haplogroup R1a had a decreased risk of recurrence compared with R1b-

carriers. However, this cannot explain the difference in risk between men and women, 

as we observed a higher recurrence rate for R1a-carriers than for women.

We used a candidate gene approach in chapter 5 to study common variation in CADM1 

and the association with the risk of a first VT. An earlier study in a protein C deficient 

family identified CADM1, encoding a cell adhesion molecule involved in endothelial cell 

migration, as a risk gene for VT.18,19 To assess whether a joint effect of CADM1 variation 

and protein C on VT risk also exists in the general population, we studied the association 

between over 300 variants in CADM1 and VT risk in 962 individuals with an abnormality 

in the protein C pathway and 4004 controls. For six variants we observed a large joint 

effect on VT risk, of which one variant also showed evidence of an association with 
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VT in the overall study population of 3496 VT patients and 4004 controls. Due to the 

high number of statistical tests and low number of individuals with protein C pathway 

abnormalities, caution is needed when interpreting these results.

In the two remaining chapters, we discussed two of the main applications of genetic 

risk factors in research, that is risk stratification and Mendelian randomization. Using 

a panel of 31 previously reported VT risk variants, we constructed genetic risk scores 

and compared the discriminative values with a model based on clinical risk factors and 

a combined model (chapter 6). We showed that a score containing five risk variants 

(FV Leiden, PT G20210A, ABO non-O, FGG-rs2066865, and F11-rs2036914) added 

significant discriminative power to a clinical risk model for venous thrombosis in the 

general population. As genetic risk profiling is not (yet) cost-effective in the general 

population, we also explored risk discrimination in clinically relevant subgroups. Except 

among cancer patients, the genetic risk score performed similarly in the subgroups as 

in the general population. Replication of our findings in an independent study showed 

the robustness of our genetic risk score, although the genetic risk score may perform 

less well in populations with a different ethnic background.

In chapter 7, we discussed the possibilities of using genetic variation as an instrument 

for an exposure of interest to aid causal inference in observational studies. In this 

educational chapter, we explained that, if none of the Mendelian randomization (MR) 

assumptions are violated, a genetic instrument can be used to estimate the causal effect 

of the exposure on the outcome of interest, while minimizing confounding and reverse 

causation. Although not all assumptions are falsifiable, and a large study population 

is required, MR studies are increasingly successful applied in observational research, 

especially when randomized trials are not possible. Outside the scope of this chapter, 

where we merely described the concepts of MR in general, are the different analytical 

methods that have recently been developed, including those dealing with pleiotropy.20

Methodological considerations

Venous thrombosis is a common complex trait, driven by a multitude of genetic and 

environmental factors. The first genetic risk factor for VT was suspected over 60 years 

ago21, and ever since, studies have aimed to unravel the genetic architecture underlying 

VT. At first, studies used linkage analyses in families and candidate gene approaches to 

identify risk genes as the genetic component of common complex traits was thought 
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to be based on a single gene or few genes each following Mendel’s law of inheritance. 

Technological advances and large collaboratives such as the Human Genome Project22 

paved the way for systematic analysis of millions of (common) variants across the 

genome. These GWASs fitted the then popular ‘common disease – common variant’ 

hypothesis, which claimed that common traits such as VT would be the result of common 

variants each having a low penetrance.23,24 Although GWASs identified many risk loci 

for common complex traits, including several for VT4,25,26, these loci only explained part 

of the heritability of each trait.27,28 For venous thrombosis, Germain et al.3, estimated 

that common variants could explain around 35% of the genetic variance, of which only 

3% could be attributed to the four most well-known risk variants (in F5, ABO, FGG, and 

F11). These observations fueled the ‘common disease – rare variant’ hypothesis, which 

argued that rare variants with high penetrance contribute substantially to complex trait 

genetics.28,29 The advent of high-throughput exome and whole genome sequencing now 

allows large-scale investigations of rare and even ‘private’ variants using single-variant 

and aggregate association tests, though the effect sizes conferred by rare variants seem 

to be smaller than initially thought.30-32 For VT risk, most studies have so far focused 

on rare variants associated with thrombophilia. Lotta et al.33, observed a burden of 

rare coding variants in ADAMTS13 associated with a 4.8-fold increased risk of DVT, 

but we did not replicate this finding in our sequencing data (chapter 2). Based on 

recent genetic studies on other common complex traits, the genetic architecture of 

VT is most likely characterized by a polygenic signature of common and rare variants 

conferring modest-to-small effects on disease risk.28,30,34,35 The causal variants map 

most likely to both coding and noncoding sequence across the genome.36-38 This has 

several important methodological consequences for studies aiming to identify novel 

risk factors for (recurrent) VT, which are discussed below.

First, sample size is of utmost importance when conducting large genetic association 

studies due to the small effect sizes that need to be detected with precision and the 

large number of statistical tests performed thereby requiring a stringent threshold to 

attain statistical significance. The number of tests conducted depends on the approach 

taken: a few to 500 (tagging) variants in a candidate gene study compared with several 

millions in a GWAS study imputed to a dense reference panel. As evidenced from the 

two largest GWAS studies on VT so far, the effects conveyed by low-frequency and 

common variants (MAF ≥ 1%) on VT risk are generally small, with odds ratios ranging 

between 1.1 and 1.8.25,26 Exceptions are FV Leiden (MAF 3.0% in Europeans) and PT 
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G20210A (MAF 1.0% in Europeans) which are associated with a 3.5-fold and 2-fold 

increased risk of a first VT per copy of the minor allele, respectively.25,39,40 As part of 

the INVENT consortium, we have previously meta-analyzed GWAS data from 7,507 VT 

patients and 52,632 controls, resulting in sufficient statistical power to detect odds ratios 

of >1.2 for common, but not low-frequency, variants.25 We expect that with increasing 

sample sizes more genetic risk factors for VT will be identified, as has been the case for 

other common complex traits such as height and obesity.41,42 Recent estimates suggest 

that for common complex traits sample sizes ranging from a few hundred thousand to 

multiple millions are required to identify variants that explain most heritability found in 

GWASs.35,41 Sequencing studies focusing on rare variants across the exome or the entire 

genome require an even larger sample size to discover novel risk variants. Achieving 

these large sample sizes is a major bottleneck, as venous thrombosis occurs in only 1-2 

per 1000 persons per year.43,44 As such, several analyses conducted for this thesis were 

underpowered, and we may have missed relevant associations with venous thrombosis. 

To maximize statistical power, alternative strategies can be employed, such as we did 

in the sequencing study (chapter 2), where we specifically focused on DVT risk instead 

of DVT or PE in order to study a homogenous phenotype. In addition, we excluded 

individuals with major clinical risk factors for VT in order to study a population which is 

more likely to carry genetic risk variants. Further strategies to maximize power include 

studying population isolates, conducting transethnic analyses, or by using advanced 

statistical models such as Bayesian models that do not require Bonferroni correction 

for multiple testing.45-47 Of note, sample size is not just critical for discovery analyses, 

but also for replication analyses in which the top candidates per locus, usually the 

variants with the lowest P-values, are tested in an independent sample. This P-value 

driven selection can lead to the so-called ‘winner’s curse’, which is a bias away from the 

null similar to regression-to-the-mean.48,49 Genetic variants passing the threshold for 

statistical significance are more likely to have overestimated effect sizes in the discovery 

sample due to chance. Therefore, if possible, replication analyses should be powered to 

detect effect sizes smaller than those reported in the initial discovery analysis.

Second, the genetic ancestry of the study population should be considered before and 

during genetic analyses. Genetic association studies in admixed populations may be 

hampered by confounding due to population structure.50 As both allele frequencies and 

the incidence of VT vary according to genetic ancestry, the independence assumption is 

violated in studies of admixed populations resulting in potentially spurious associations. 
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To avoid this, studies should appropriately account for population structure. Therefore, 

most of our analyses, were limited to individuals of self-reported European origin. In 

the GWAS discussed in chapter 3, we used principal component analysis51 to control for 

population structure and calculated the genomic inflation factor52 to assess the presence 

of any remaining population substructure. Recent studies suggest that confounding 

by population structure may be more of a concern when studying rare variants, as 

these may show different stratification patterns compared with common variants due 

to selection pressure, founder effects, and as these are more likely to have arisen 

recently.53,54 Of note, the downside of studying genetic risk variants in an ethnically 

homogenous population is that the results are only generalizable to that population. For 

example, the genetic risk score in chapter 6 was constructed and validated in individuals 

of European origin and, therefore, performs less well in individuals of non-European 

ancestry as the included variants are less informative in non-European populations. For 

example, FV Leiden reaches a MAF of 3% in Europeans but is virtually absent in Africans 

and East Asians, thereby limiting its discriminative power in those populations.55 While 

it has been shown that our genetic risk score has limited predictive value in African 

Americans,56 another study reported some generalizability of VT risk variants identified 

in Europeans to other ancestries in a study on chronic venous disease.57 As few and 

only small studies on genetic risk factors for VT have been performed in populations 

of non-European ancestry,58-62 it is currently difficult to assess the generalizability of 

our findings.

Last but not least, linkage disequilibrium (LD), the non-random association of alleles at 

closely linked loci in a population, requires attention when conducting and interpreting 

genetic analyses. Specifically, LD may affect genetic association studies and Mendelian 

randomization studies, as associated variants may not be causal variants, but rather 

be in linkage with these. LD, amongst others determined by recombination rate and 

demographic aspects of a population, may extend for several megabases along a 

chromosome while sometimes interspersed with blocks of no or little LD.63-65 As a 

result, causal variants may even map to different genes than the associated variants, 

complicating the interpretation of an association signal. Of the VT risk loci, LD blocks 

spanning multiple genes are, for example, observed at the F11 locus and FGA-FGG 

locus.66-68 We were therefore unable to disentangle the association between DVT 

and genetic variants FGA-rs6050 and FGG-rs2066865 (chapter 2), which have both 

previously been associated with VT risk68,69 and are almost in complete LD (r2 0.90 in 

8
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Europeans). In addition, a GWAS association signal at 11p11.2 has previously almost 

been misinterpreted as a novel risk locus for VT before it was tracked down to PT 

G20210A using LD and haplotype analyses.70 Since LD patterns differ between genetic 

ancestries,64,71 transethnic analyses could aid fine-mapping at regions with strong 

LD in Europeans.72 Of note, even in regions with considerable LD, it is possible that 

multiple conditionally independent associations exist, either because there are multiple 

causal variants or the associated variants are all in moderate LD with the unmeasured 

causal variant(s). We and others have reported evidence for secondary associations 

at several of the known VT risk loci, including ABO, CADM1, F2, F5, and the F11 locus 

(chapters 2 and 5).4,25,58,66,67,73,74 Enlarging the sample size and extension to non-European 

populations will help to unravel the genetic structure at these loci.

Biological interpretation

Most of the established genetic risk factors for VT can be linked to the hemostatic 

system.1,2 For some risk loci, the causal variant and the underlying biological mechanism 

have largely been elucidated. For example, a missense variant FV Leiden leads to loss 

of a cleavage site for activated protein C (APC), resulting in both APC resistance and 

decreased degradation of activated FVIII by APC and protein S.39,75 PT G20210A results 

in increased PT plasma levels due to differential post-transcriptional regulation of PT 

mRNA,40,76 whereas the FGG-haplotype containing rs2066865 yields lower levels of the 

γ’-fibrinogen and reduction of the γ′/γ ratio.68 In addition, clearance of vWF is affected 

by the presence of A and B antigens of ABO on the surface of vWF.77 The biological 

interpretation of other VT risk loci is more complex. VT risk variants in F11 and KNG1 are 

associated with increased FXI plasma and/or activity levels and with prolonged activated 

partial thromboplastin time.25,66,67,78,79 However, it is suggested that their association 

with venous thrombosis cannot be completely explained by their effect on FXI levels.79,80 

Near F11, and part of the same LD block, lie KLKB1 and CYP4V2, encoding prekallikrein 

and a cytochrome P450 family member, respectively. Several studies (including our 

sequencing study in chapter 2) have reported multiple conditionally independent 

associations between VT and variants in KLKB1, CYP4V2, and F1125,66,67, but the exact 

causal mechanism has not been elucidated due to the extensive LD at this locus. Data 

from the Genotype-Tissue Expression Project81 are also inconclusive: F11-rs2036914 is, 

for example, an expression quantitative trait locus (eQTL) for F11 in lung tissue, whereas 

F11-rs1593 is an eQTL for KLKB1 and CYP4V2, but not F11, in multiple tissues.
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Furthermore, the link to venous thrombosis is unclear for the recently identified GWAS 

loci near TSPAN15 and SLC44A2, which showed no evidence of an association with 

any of 25 hemostasis-related biomarkers.25 It should be noted that the causal variant 

at these loci may also target a different gene, as many GWAS loci associated with 

common complex traits have shown not to impact the most nearby gene.82,83 GWASs 

typically identify associations in noncoding sequence, which cannot be explained by 

linkage to coding variants, and are thought to impact a complex trait by affecting gene 

regulation, both transcriptionally and post-transcriptionally.27,36-38,83 In order to elucidate 

the functional impact of such variants, integration with multiple genomics data, such as 

generated by ENCODE84 and GTEx81, is necessary. For example, colocalization analyses 

of GWAS hits with overlapping eQTL associations in relevant tissues can be used to 

pinpoint plausible causal variants and genes.85,86 Further integration with methylation 

and epigenomic annotation data can help to dissect potential regulatory mechanisms, 

whereas chromatin interaction methods can detect long-range chromosomal 

interactions between variants in potential enhancers and their target genes.87-89 These 

methods should also be applied to identify the causal variant and gene for the intergenic 

locus at 18q22.1, which was associated with recurrent VT (chapter 3). In addition, 

leveraging from data on endophenotypes, such as plasma coagulation factor levels, or 

metabolomics can help to dissect the biological link between the identified variants 

and the pathophysiology of VT.

Our lack of understanding of the biological underpinnings of GWAS loci also hampers 

the clinical translation of these genetic risk factors. Much effort is currently spent to 

increase our understanding of the role of regulatory variation in the genome. As this 

research field is evolving fast, with new methods and data becoming available on a 

regular basis, we expect that the biological mechanism underlying GWAS variants and 

other VT risk variants can be unraveled in the near future.

Clinical relevance

The ultimate goal of genetic association studies is to bring the genetic discoveries to 

the clinic, assuming that a better understanding of the biology underlying a disease 

leads to better treatments and preventive strategies. Specifically, elucidating risk 

genes and pathways may provide novel drug targets, for example, those that reduce 

thrombosis risk without (substantially) increasing the bleeding risk. Although the 

effect sizes of individual risk variants are small, their effect on molecular phenotypes 
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and the resulting drug effects can be large. A well-known example is the field of 

pharmacogenetics, which investigates genetic variation in metabolic pathways affecting 

individual responses to drugs. Variation in the vitamin K epoxide reductase (VKORC1) 

and hepatic drug-metabolizing enzyme cytochrome P450 2C9 (CYP2C9) genes largely 

determine the dose variability of coumarin anticoagulants.90,91 As a result, patients 

taking these anticoagulants to prevent or treat thrombotic events have, depending on 

their genotypes, an increased risk of major bleeding due to over-anticoagulation. So 

far, several trials have investigated the use of genotype-guided dosing to reduce the 

number of adverse events during anticoagulant treatment, albeit with inconsistent 

results.92-95 Besides guiding therapy, genetic variation may be informative in personalized 

risk prediction, i.e. identifying those who are at increased risk of developing VT and 

those who are not. In chapter 6, we showed that a genetic risk score of five well-known 

VT risk variants improved risk stratification in the general population and in clinically 

relevant subgroups. Our genetic risk score has been validated and extended in other 

studies of individuals of European ancestry, but showed limited discriminative power in 

African Americans.56, 96-99 Identification of additional genetic variants, especially variants 

that increase VT risk in individuals of non-European ancestry, may further improve the 

discriminative power of such genetic risk scores. As the costs of genotyping continue 

to drop, the implementation of genetic risk factors into clinical prediction models may 

also become cost-effective. This may be most relevant for recurrence risk, as patients 

with a recurrent VT currently receive lifelong treatment with anticoagulants, which are 

associated with an increased risk of bleeding.

Two other clinically relevant applications of genetic findings are Mendelian 

randomization studies and studies focusing on the genetic correlation between traits. 

Specifically, GWAS results have shown that the same genetic variants can be associated 

with multiple traits, suggesting that some of the underlying causal mechanisms are 

shared.100,101 This pleiotropic nature can also be exploited to quantify the genetic overlap 

between traits and diseases using methods such as cross-trait LD score regression.100 

As large-scale GWAS summary statistics for VT are not publicly available, a systematic 

analysis of genetic correlation between VT and other traits has not (yet) been published. 

A first study by Klarin et al., based on a genetic risk score consisting of 10 VT risk 

variants, showed a statistically significant genetic overlap between VT and coronary 

artery disease risk, but not with 37 other disorders tested in data from the UK Biobank.4 

MR studies, on the other hand, can aid in unravelling the causal relationship between 
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clinical factors and VT risk (as explained in chapter 7). So far, MR studies on VT have 

shown that obesity and height, but not lipoprotein(a) and YKL-40, are causal risk factors 

for VT.4,102-105 As more genetic variants are being identified and the analytical methods 

are being improved, we expect that both MR and genetic correlation analyses will 

become standard tools in genetic studies on VT and other common complex traits, 

ultimately advancing personalized medicine.

8
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