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Chapter 1

GENERAL INTRODUCTION

Venous thrombosis (VT), the occlusion of the venous system by a blood clot, is a
multicausal disorder affecting 1-2 per 1000 individuals annually.*? The most common
manifestations are deep vein thrombosis (DVT) of the lower extremities and pulmonary
embolism (PE). Mortality and morbidity after a thrombotic event are considerable:
PE has a case-fatality rate of about 10% within the first month,** whereas 20 to 60%
of the DVT patients develop the post-thrombotic syndrome.>” In addition, VT recurs
in 20 to 30% of the patients within five years of the first event.>® The risk of VT and
its complications is not equal for all individuals. For example, the incidence of first
events increases exponentially with age and men have approximately a twofold
higher risk of recurrence than women.*!! The established risk factors for VT are often
present concurrently and include recent immobilization, surgery, cancer, pregnancy or
postpartum period, and hormone use (see Table for a short overview).}?'* Most, if not
all, risk factors relate to hypercoagulability, vascular endothelial injury, or stasis, also

known as Virchow’s triad, and trigger a shift in the hemostatic balance towards clotting.

Table. Main risk factors for venous thrombosis

Factor Relation with venous thrombosis*
Increasing age Weak to strong
Male sex Weak

Genetic factors Weak to strong
Active cancer Strong

Surgery, trauma, immobilization Strong

Long-haul (air) travel Moderately strong
Oral contraceptive use Moderately strong
Hormone replacement therapy Moderately strong
Pregnancy and postpartum period Moderately strong
Overweight or obesity Moderately strong

*Strong denotes a relative risk >5; moderately strong: relative risk 2-5; weak: relative risk <2
For an extensive review on risk factors for venous thrombosis see Lijfering et al.*°

Many individuals who develop VT do not have any of the established risk factors,?
which suggests that as yet unrecognized factors must play a role in VT pathophysiology.

This is also in line with the observation that patients whose first thrombotic event
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is not provoked by any of the established risk factors have a 2- to 3-fold increased
recurrence risk.>®41 Furthermore, (prophylactic) treatment of VT by anticoagulant
use is not without risks, as all currently available anticoagulants are associated with
bleeding complications.?” In order to have better prevention and treatment strategies,
we need to advance our knowledge on risk factors for VT and their underlying biological

mechanisms.

In addition to clinical or acquired risk factors, genetic variation contributes to the
risk of VT. Individuals with a positive family history of VT have an increased risk of
developing VT compared with individuals with a negative family history,*® with the
risk being proportional to the degree of relatedness to the affected family member.*®
Overall, VT has a strong genetic basis with heritability estimates between 50 and 60%
based on family and twin studies.?°?? To identify genes and specific genetic variants
contributing to VT pathophysiology, different strategies have been employed including
linkage analysis, candidate gene studies, genome-wide association studies, and (next-
generation) DNA sequencing. Variants in seventeen genes have so far been identified

as well-established genetic risk factors for VT.2

Among the first identified genetic risk factors for VT are the deficiencies in the natural
anticoagulant proteins, i.e., antithrombin, protein C, and protein S (encoded by
SERPINC1, PROC, and PROSI, respectively).?*?¢ These deficiencies are mainly caused
by rare or even family-specific variants and have a large effect on VT risk. Other major
genetic risk variants for VT include factor V (FV) Leiden (in F5, rs6025) and prothrombin
(PT) G20210A (in F2, rs1799963), which reach an average population frequency of 5%
and 2% in Northwest Europe, respectively.?®?”?8 FV Leiden was identified in individuals
with activated protein C (APC) resistance, as the missense variant demolishes one of the
APC cleavage sites in activated FV.?"?° The absence of this cleavage site also hampers
the cofactor function of FV in degrading activated factor VIl by APC and protein S.2° As
a result, FV Leiden carriers have a 3-fold increased risk of VT,2>?” which can be further
increased in combination with other risk factors such as oral contraception use.*° The
2-fold increased VT risk observed in carriers of PT G20210A is due to a substitution in
the 3’ untranslated region of F2, which affects the post-transcriptional regulation of PT
MRNA and thereby increases PT plasma levels.?*?%3! The remaining established genetic
risk factors are common variants associated with modest effects on VT risk. Similar

to FV Leiden and PT G20210A, most risk variants are located in or near genes coding
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for proteins involved in hemostasis.?* However, for some of the identified genetic loci,
such as the locus in TSPAN15,*2 the causal variant and biological mechanism remain
unknown. In addition, the established genetic risk factors explain around 5% of the
phenotypic variance,®® suggesting that there exist genetic risk factors for VT that have

not yet been identified.

For recurrence, previous studies have mainly focussed on genetic variants associated
with a first thrombotic event. For most variants no association with recurrence or
much smaller effect sizes have been observed.?**” For example, carriers of FV Leiden
have a 1.4-fold increased risk of recurrent VT compared with non-carriers, whereas
PT G20210A is associated with a risk increase of recurrence of around 20 to 70 %.343°
In part, these findings can be explained by the difference in absolute risks of first and
recurrent VT, resulting in incomparability of effects on a relative risk scale.*® 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.® This
all assumes that the risk factors and underlying biological mechanisms for a first and
recurrent VT are the same, whereas different genetic mechanisms may be involved in
recurrence. For example, genetic variants that control the response to damaged vessels
and valves after a thrombotic event could play a role in recurrence pathophysiology,

but few studies have investigated recurrence-specific variants.

The main aim of the research conducted for this thesis was to identify novel genetic
risk factors for a first and recurrent VT. This will not only advance our understanding
of the genetic architecture of (recurrent) VT, but also aid in unravelling the biological
mechanisms, improve risk stratification, and help to identify potential drug targets.
In addition, we aim to show potential applications of genetic risk variants in risk

stratification and causal inference.

OUTLINE

In chapter 2, we aim to identify novel genetic risk factors for a first VT by studying
common and rare genetic variants in mainly coding regions of over 700 genes involved
in hemostasis and related pathways using targeted next-sequencing. A more agnostic

approach is used in chapter 3, where we conduct a genome-wide association study to

10
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uncover common genetic variants associated with recurrent VT. To explore whether
the difference in (recurrent) VT risk between men and women can be explained by
variations on the Y chromosome, we study in chapter 4 the association between
common European Y haplogroups and the association with the risk of a first and
recurrent VT. In chapter 5, our aim is to validate the synergistic effect of variation
in CADM1 and protein C deficiency which was previously observed in a family with
thrombophilia. For this, we study the joint effects on VT risk of over 300 common
variants in CADM1 and abnormalities in the protein C pathway. The discriminative value
of a risk score based on genetic risk factors for a first VT is assessed and compared with
a clinical risk model in chapter 6. In addition, in chapter 7, we discuss the basic concepts

of Mendelian randomisation analyses and their use in causal inference.
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Chapter 2

ABSTRACT

Background
Although several genetic risk factors for deep vein thrombosis (DVT) are known, almost

all related to hemostasis, a large genetic component remains unexplained.

Objectives

We aimed to identify novel genetic determinants using targeted DNA sequencing.

Patients/Methods

We included 899 DVT patients and 599 controls from three case-control studies (DVT-
Milan, MEGA, and THE-VTE) for sequencing of the coding regions of 734 genes involved
in hemostasis or related pathways. We performed single-variant association tests for
common variants (minor allele frequency [MAF]>1%) and gene-based tests for rare

variants (MAF<1%), accounting for multiple testing by the false discovery rate (FDR).

Results

Sixty-two out of 3,617 common variants were associated with DVT risk (FDR<0.10). Most
of these mapped to F5, ABO, FGA-FGG, and CYP4V2-KLKB1-F11. Lead variant at F5 was
rs6672595 (odds ratio [OR] 1.58, 95% confidence interval [CI] 1.29-1.92), in moderate
linkage with known variant rs4524. Reciprocal conditional analyses suggested that
intronic variation might drive this association. We also observed a secondary association
at the F11 region: missense KLKB1 variant rs3733402 remained associated conditional
on known variants rs2039614 and rs2289252 (OR 1.36, 95% Cl 1.10-1.69). Two novel
variant associations were observed, in CBS and MASP1, but these did not replicate in
the meta-analysis data from the INVENT consortium. There was no support for a burden

of rare variants contributing to DVT risk (FDR>0.2).

Conclusions
We confirmed associations between DVT and common variants in F5, ABO, FGA-FGG,
and CYP4V2-KLKB1-F11 and observed secondary signals in F5 and CYP4V2-KLKB1-F11

that warrant replication and fine-mapping in larger studies.
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INTRODUCTION

The hemostatic system ensures the delicate balance between clotting and bleeding.
Disturbance of this balance towards clotting may lead to venous thrombosis (VT), mainly
manifested as pulmonary embolism (PE) or deep vein thrombosis (DVT).%? Abnormal
levels of both fibrinolytic and coagulation factors have been associated with VT risk.3*®
The role of platelets as risk factor is less well studied, with conflicting results being
reported for associations between VT and several platelet markers.”® In addition,
genetic variants predominantly in genes encoding proteins of the hemostatic system
have been linked to VT risk.® Deficiencies of the natural anticoagulants, antithrombin,
protein C and protein S, were among the first identified genetic causes of VT, and by now
hundreds of (mainly rare) mutations have been reported.’ Two recent meta-analyses
of genome-wide association studies (GWAS), each including over 6000 patients and a
multifold of controls, confirmed the association of six loci and identified three novel
loci.’? The established loci all map to genes related to hemostasis, specifically: F5,
FGG, F11, ABO, F2, and PROCR.**? Two of the novel loci (TSPAN15 and SLC44A2), and
potentially a third locus at HIVEP1 identified in an earlier GWAS?? but not confirmed in
the latest meta-analyses,'? are the only replicated loci not directly connected to the
hemostatic system. This suggests that genes regulating (components of) the hemostatic

system are the main genetic contributors to VT risk.

While VT has a strong genetic basis, with heritability estimates of 50-60%,**¢ the
established genetic risk factors only explain a small proportion of the phenotypic
variance.” In addition, the genetic component remains unknown in 30% of families
with multiple family members affected by VT.® GWAS efforts have had limited success
in identifying novel genetic risk factors, which were mainly common variants in
hemostatic-related genes conferring small effects on VT risk. Therefore, a focus on
rare and low-frequency variants in coding regions of the genome, may help to discover
novel determinants of VT. As such, we have previously shown that a burden of rare
coding ADAMTS13 variants is associated with a 4.8-fold increased DVT risk.*®

To extend the GWAS efforts, we performed targeted DNA sequencing of the coding
regions of 734 genes that were or could be related to the hemostatic system in 899 DVT
patients and 599 controls. We subsequently sought replication for associated variants
using meta-analysis data from the International Network against Thrombosis (INVENT)

collaboration.**
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PATIENTS AND METHODS

Study population

We set up the Milan Leiden Sequencing study (MILES), in which we included patients
with a first VT and controls without a history of VT from three population-based case-
control studies: DVT-Milan, Multiple Environmental and Genetic Assessment of risk
factors for venous thrombosis (MEGA), and the Thrombophilia, Hypercoagulability and
Environmental Risks in Venous Thromboembolism (THE-VTE) study. All studies have
been previously described in detail.?*2* Briefly, DVT-Milan recruited 2,139 consecutive
patients with a first DVT at the Angelo Bianchi Bonomi Hemophilia and Thrombosis
Center in Milan (Italy) between 1995 and 2010.*° As controls served non-consanguineous
relatives, partners or friends who accompanied patients to center visits. In MEGA, 4,956
consecutive patients with a first DVT or PE were recruited at six anticoagulation clinics
in the Netherlands between 1999 and 2004.2° Partners of patients were invited to
participate as a control subject. Additional controls were recruited from the general
population using random digit dialling. Patients and controls were invited to provide
a blood sample until 2002, after which we switched, for logistical reasons, to buccal
swabs. THE-VTE is a two-center case-control study, with a similar design as MEGA, in
which 796 consecutive patients with a first DVT or PE and 531 controls were enrolled in
Leiden (the Netherlands) and Cambridge (United Kingdom) between 2003 and 2008.%

Again, partners of eligible patients were invited to participate as control subject.

From each study we included patients and controls based on the following criteria: high-
quality DNA sample available from blood, European ancestry as defined by self-reported
country of birth of the parents, no major surgery or cancer diagnosis related to the index
date, and no deficiency of the natural anticoagulant proteins defined as having normal
levels of protein C, protein S, and antithrombin. To eliminate two major genetic causes
of VT, we included patients and controls who did not carry factor V (FV) Leiden (rs6025)
or prothrombin (PT) G20210A (rs1799963). In addition, we oversampled patients who
had a recurrence during the follow-up studies of MEGA and THE-VTE (N=241), as these
are more likely to carry genetic risk factors for VT. To ensure a sufficient sample size,
we allowed recurrent VT patients to carry FV Leiden or PT G20210A (N=94). In total,
899 DVT patients and 599 controls were selected for sequencing. An overview of the

participants per study is presented in Supplemental Table 1.
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All participants provided written informed consent. DVT-Milan was approved by the
Institutional Review Board of the Fondazione IRCCS Ca’ Granda—Ospedale Maggiore
Policlinico, whereas MEGA and THE-VTE were approved by the Medical Ethics
Committee of the Leiden University Medical Center. THE-VTE was also approved by
the NHS Research Ethics Committee in Cambridge.

Targeted DNA sequencing

We selected pathways involved in thrombosis and hemostasis, including the coagulation
system, fibrinolysis, platelet function, inflammation, and the complement system.
Using literature and gene ontology databases, we extracted genes belonging to these
pathways. From the ThromboGenomics database,?? we included additional genes that
have been linked to inherited clotting, platelets or bleeding disorders. In total, we
included 734 genes, of which we sequenced the coding regions plus 10 base pairs
flanking the exons to cover the splice junctions. For a subset of 48 genes, we additionally
sequenced the 3’ and 5’ untranslated regions (UTR). In addition, we performed whole
gene sequencing including 10 kilo base pairs promoter area of three genes, that is F5,
VWEF, and F8, which are of particular interest for VT. F5 harbours the strongest genetic
risk factor for VT, that is FV Leiden, in the general population. Von Willebrand factor
and factor VIII, encoded by VWF and F8, are tightly interconnected proteins of which
levels are strongly associated with first and recurrent VT risk.>?* We also targeted 179
single nucleotide variants, consisting of 28 variants previously associated with VT and
151 ancestry-informative markers. To facilitate the capture, we allowed some 200 base
pairs of target region surrounding each variant. A list of the targeted genes and variants

can be found in Supplemental Table 2.

The target area was designed with the Reference Sequence (RefSeq) Database using tools
in the UCSC Genome Browser?* and sent to NimbleGen (Roche NimbleGen, Madison, W],
USA) for probe design. Next-generation DNA sequencing was subsequently performed
at the Human Genome Sequencing Center (HGSC), Baylor College of Medicine (Houston,
USA). A complete sequencing protocol can be accessed on the HGSC website (https://
www.hgsc.bcm.edu/content/protocols-sequencing-library-construction). Briefly, DNA
samples were constructed into Illumina paired-end pre-capture libraries according to
the manufacturer’s protocol (Illumina Multiplexing_SamplePrep_Guide_1005361_D)

with some minor modifications. We multiplexed 24 samples per capture and included
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two capture pools per HiSeq lane. Enriched samples were sequenced using the HiSeq
2000 platform (lllumina, San Diego, CA, USA).

Sequence analysis was performed using the Mercury analysis pipeline.?® In short,
sequence reads and base-call confidence values were generated for de-multiplexed
pools using the vendor’s primary analysis software (CASAVA). Next, reads and qualities
were mapped to reference genome hg19 using the Burrows-Wheeler aligner,? resulting
in BAM files per sample.?” Realignment around insertions and deletions (indels), and
recalibration of quality scores was performed with the Genome Analysis Toolkit.?®
Variant calling was conducted using the Atlas2suite,* followed by variant annotation
as implemented in the Cassandra annotation suite. Individual variant files were
subsequently merged into a project-level file to generate a genotype matrix of all

identified variants.

Initial exclusion criteria for variant calls were as follows: variant posterior probability
<0.95, number of variant reads <3, variant read ratio <0.1, variant reads in a single
strand direction, total coverage <6 or >1024 reads. Called variants that passed quality
control in at least one individual were included in the project-level variant file. In total,
31,540 variants were identified in 1495 individuals with sequencing data available (897
DVT patients and 598 controls). We subsequently performed additional filtering using
VCFtools®*® to identify high-quality variants, requiring a sequencing depth >10 reads, call
rate 280%, Phred score >30, and Hardy-Weinberg equilibrium P>1.0x10*in the controls
separately per study. A total of 20,054 variants passed quality control.

Statistical analysis

We conducted single-variant association analyses for 3,617 low-frequency and common
variants, defined as a minor allele frequency (MAF) 21%, using logistic regression
as implemented in PLINK.3! We calculated effect estimates as odds ratios (OR) with
corresponding 95% confidence intervals (95% Cl) per risk allele copy and adjusted
for sex, age, (study) origin, carriership of FV Leiden per allele copy, and carriership of
PT G20210A. We assumed that X-chromosomal loci undergo complete inactivation.
Linkage disequilibrium (LD) between variants was assessed in Europeans from the
1000 Genomes Project. To identify secondary associations, we performed conditional
analyses by adjusting for the lead variant at a locus (defined as region within 1 Mb of

the lead variant). The Bonferroni threshold for significance was set at 1.38 x10° (0.05
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divided by 3,617 variants) to account for multiple testing. We additionally calculated
false discovery rates (FDR) and variants with a FDR <0.10 were carried forward for

replication.

Rare variants (MAF <1%) were collapsed per gene and analysed with the T1 burden test
and the Sequence Kernel Association Test (SKAT),* the latter allowing differential effect
directions. In total, we analysed 16,188 variants in 647 genes with a cumulative minor
allele count (cMAC) >5. Analyses were adjusted for sex, age, (study) origin, carriership
of FV Leiden, and PT G20210A. In the burden test, we used adaptive permutations to
calculate empirical P-values, which were stratified by Northwest versus South European
origin. We calculated FDRs to take multiple testing into account. To identify which rare
variant contributed to an association signal, we excluded one variant at a time and
repeated the analyses. The gene-based association tests were performed with the
PLINK/SEQ suite.

Replication

Novel associations between common and low-frequency variants and DVT (FDR <0.10)
were examined in meta-analysis data from INVENT. Details on the meta-analysis and
the included studies are provided elsewhere.!* In short, GWAS data from 12 studies,
totalling 7,507 VT patients and 52,632 controls, were meta-analysed using an inverse-
variance weighting fixed-effects model. Of note, there was a small amount of overlap
in VT patients (N=384) between the discovery and the replication analyses, as some

patients were also included in the meta-analysis of INVENT.

RESULTS

Targeted DNA sequencing was successfully performed in 897 DVT patients and 598
controls. The study population characteristics are presented in Table 1. In total, 20,054
high-quality variants were identified, of which 11,268 were singletons (median of 7
singletons per person, interquartile range 4-10). An overview of the functional classes
and the MAF distribution is shown in Supplemental Figure 1. The majority of the variants
was rare and mapped to protein-coding sequence (N=10,131), including several stop-
loss and -gain variants. We also observed 168 indels and 530 splice variants. In addition,

we identified a total of 5,210 variants which had not been reported in any database.
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Table 1. Study population characteristics

DVT patients Controls
N 897 598
Age in years, mean (SD) 48.1(13.7) 47.1 (13.3)
male sex, N (%) 449 (50.1) 277 (46.3)
North-west European origin, N (%) 599 (67.8) 300 (50.2)
DVT only, N (%) 755 (84.2) NA
*Carriers PT, N (%) 15 (1.67) NA
*Carriers FVL, N (%) 75 (8.36) NA

DVT deep vein thrombosis; SD standard deviation; FVL factor V Leiden; PT prothrombin G20210A; NA not
applicable

* These were part of a subgroup of 241 DVT patients who had a recurrence during follow-up in MEGA and
THE-VTE (prevalence of FVL and PT in that subgroup of 31.1% and 6.2%, respectively).

Single variant association analyses

We tested 3,617 low-frequency and common variants for an association with DVT risk.
The quantile-quantile plot of the observed P-values versus the expected distribution is
shown in Supplemental Figure 2. Statistically significant associations at the Bonferroni
threshold were observed for 12 variants in four loci: ABO, FGA-FGG, CYP4V2-
KLKB1-F11, and F5 (Table 2). All four loci harbour established genetic risk factors for
VT. Interestingly, only three of the 12 variants mapped to coding sequence. Exclusion
of recurrent VT patients in a sensitivity analysis resulted in similar associations with
DVT risk (Supplemental Table 3). Lead variant in ABO was the well-known risk variant
rs8176719 (frameshift variant, risk allele frequency (RAF) 45%), encoding non-O blood
groups. C-carriers had a 1.9-fold (95% Cl 1.61-2.24) increased DVT risk per allele copy.
The intronic ABO variant rs4962040 also reached statistical significance (RAF 59%, OR
1.53, 95% Cl 1.28-1.83), though this association was diminished upon conditioning
on rs8176719 (OR 1.12, 95% Cl 0.88-1.41). Likewise, none of the other 22 ABO
variants were associated with DVT risk conditional on rs8176719 (Supplemental Table
4). In CYP4V2-KLKB1-F11, lead variant was intronic F11 variant rs2036914 (RAF 60%,
OR 1.65, 95% CI 1.38-1.97), which has been linked to increased FXI levels and VT.343°

Three additional variants were associated with DVT risk at the Bonferroni threshold, of

adjusted

which one remained associated upon conditioning on rs2036914 (rs3733402 in KLKB1,
OR 1.33, 95% Cl 1.08-1.64). Conditioning on a second known F11 risk variant

adjusted
(rs2289252), did not materially change this association (OR 1.36,95% Cl 1.10-1.69).

adjusted
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The KLKB1 missense variant (p.Ser143Asn) leads to reduced binding of prekallikrein to
its cofactor high-molecular weight kininogen,®® affecting the initiation of the intrinsic
coagulation cascade. In the FGA-FGG locus, the association with DVT was driven by
missense FGA variant rs6050 (RAF 39%, OR 1.66, 95% Cl 1.37-2.02) and downstream
FGG variant rs2066865 (RAF 35%, OR 1.60, 95% Cl 1.33-1.92), which have both been
linked to increased y’ fibrinogen levels and VT risk.3”% rs6050 and rs2066865 were
in high LD (r* 0.90) and reciprocal conditional analysis showed that they represented
the same association signal (Supplemental Table 5). We did not identify additional
associations after conditioning on the lead variants (Supplemental Table 4). Four intronic
F5 variants were associated with DVT risk at the Bonferroni threshold, which were in
almost complete LD (lowest r* between any pair was 0.90) and represented the same
association signal. Carriers of the lead variant (rs6672595, RAF 76%) had a 1.6-fold
increased DVT risk (95% Cl 1.29-1.92) per risk allele. The variants were also in high LD (r?
0.77) with F5 missense variant rs4524, for which an association with VT independent of
FV Leiden has been reported.® In our study, carriers of rs4524 (RAF 73%) had a 1.3-fold
higher DVT risk (95% Cl 1.11-1.60) per allele copy, which attenuated with adjustment
for lead variant rs6672595 (ORadjusted 1.10, 95% ClI 0.74-1.63). On the other hand, the
association between rs6672595 (and its proxies) and DVT risk remained, albeit with
wider confidence intervals, with adjustment for rs4524 (Supplemental Table 6). No

secondary association signals were observed in the F5 region (Supplemental Figure 3).
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In addition, we observed 50 variants that did not exceed the Bonferroni threshold
for statistical significance, but did have low FDR (<0.10). Almost all of these mapped
to the four main loci and did not represent new association signals (Supplemental
Table 7). We additionally identified two novel, suggestive variant associations with
DVT risk (Table 3). In MASP1, we observed an association with DVT for 3’ UTR variant
rs72549167 (RAF 1.6%, FDR 9%). Carriers of the risk allele had a 3.5-fold increased DVT
risk (95% Cl 1.62-7.67) per allele copy. The MASP1 gene encodes mannan-binding lecture
serine peptidase 1, which is involved in the lectin pathway of complement activation
and has crosslinks with the clotting cascade.*®*! In particular, activated by thrombin
and activated platelets,*> MASP1 can cleave several coagulation factors, including
prothrombin, thrombin-activatable fibrinolysis inhibitor, and factor XIIl.** Of the other
16 MASP1 variants, one was also associated with DVT risk (Supplemental Table 8), which
was in complete LD with rs72549167. The other novel variant association mapped to a
synonymous variant in CBS, encoding cystathionine beta-synthase, associated with DVT
risk with an allelic OR of 1.31 (95% Cl 1.11-1.55, FDR 9%). Cystathionine beta-synthase
catalyses the conversion of homocysteine to cystathionine and specific genetic defects
in CBS lead to homocystinuria, a disorder which has been linked to increased VT risk.**
We observed two additional common variants in CBS, all not associated with rs1801181,
and none of these were associated with DVT risk (Supplemental Table 9). We next
aimed to replicate the two novel variant associations using the meta-analysis data from
INVENT, which included 7,507 VT patients and 52,632 controls (Table 3). There was no
clear evidence for an association of DVT with rs72549167 in MASP1 (OR 1.21, 95% ClI
0.96-1.52), nor with rs1801181 in CBS (OR 1.00, 95% Cl 0.96-1.05).
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Gene-based association analyses

The impact of 16,188 rare variants mapping to 647 genes (cMAC >5) on DVT risk was
assessed with aggregation tests. The results from the SKAT-based joint analyses of all
rare variants per gene did not provide support for an association between rare variants
and DVT risk. The most suggestive association signal was observed for F2RL2 (P 0.0013,
FDR 60%), encoding proteinase-activated receptor-3 (PAR-3). The burden tests identified
one gene suggestive of an association with DVT risk. DVT patients had a burden of
rare variants in KLK5 (P 0.0003, FDR 21%), which encodes a serine protease named
kallikrein related peptidase 5 and is involved in inflammatory responses through the
PAR-2 system.** Of the 10 rare variants identified in KLK5, including five singletons, 26
variant alleles were observed in DVT patients compared with three alleles in controls.
All 10 variants mapped to protein-coding sequence. None of the variants was solely

driving the association signal (data not shown).

DISCUSSION

To identify novel genetic risk factors for DVT which have been missed by GWAS, we
sequenced the coding regions of 734 genes related to hemostasis in 899 DVT patients
and 599 controls. Our targeted sequencing approach confirmed several established
risk loci. Specifically, lead variants at ABO, FGA-FGG, and CYP4V2-KLKB1-F11 have all
previously been implicated in VT risk, both directly or via proxy variants.11131934-36 The
effect sizes observed in our study were slightly higher than in earlier reports, which may
in part be explained by our selection of individuals without a cancer diagnosis or recent
surgery. Differences in genetic effects on PE versus DVT could also have played a role,
in line with the so-called ‘FV Leiden paradox’.* Although we did not discover novel risk
loci, the secondary risk loci identified at F5 and CYP4V2-KLKB1-F11 may provide leads

for a better understanding of the biological mechanism underlying these loci.

Interestingly, almost all associated variants mapped to non-coding sequence, while
our sequencing design mainly targeted coding variation. In F5 and CYP4V2-KLKB1-F11,
there was little evidence that the (lead) associations could be explained by linkage to
common, coding variants. This may point to non-coding variation as causal risk factor,
potentially influencing DVT risk by affecting gene regulation. Four co-inherited intronic

variants in F5 were associated with DVT risk at the Bonferroni threshold, which have
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not been implicated in VT risk. Missense F5 variant rs4524, an established risk variant
independent of FV Leiden® and in moderate LD with the associated F5 variants, did
not attain a high level of statistical significance in our study. Furthermore, its effect on
DVT risk was strongly diminished when adjusting for our lead F5 variant (rs6672595).
Both variants are part of a large, strongly-linked cluster of variants, which spans across
several introns and exons of F5. Additional fine-mapping in a large study is necessary
to uncover the most likely causal variant. Another notable finding was the suggestive,
secondary association signal at CYP4V2-KLKB1-F11, missense KLKB1 variant rs3733402,
which remained associated with DVT risk with an allelic odds ratio of 1.4 upon adjusting
for rs2036914 and rs2289252. We are not the first to report an association signal at
CYP4V2-KLKB1-F11 secondary to rs2289252 and rs2036914,*34 although the previously
reported variants are not in LD with rs3733402, suggesting that this locus may indeed
harbour multiple causal variants. In addition, we were unable to disentangle the effects
of FGA-rs6050 and FGG-rs2068865 on DVT risk due to their strong, though imperfect,
linkage. However, a previously reported haplotype analysis did not show an independent

association with VT for the haplotype carrying FGA-rs6050.3¢

In addition to the associations at the known loci, we identified two variants, which
have not been linked to VT risk, with low FDR but association tests that did not pass
the Bonferroni threshold. These were a synonymous variant in CBS and a 3’ UTR variant
in MASP1. Both variants did, however, not replicate in the meta-analysis data from
INVENT. Imputation quality was sufficient and there was no evidence of statistical
heterogeneity. We cannot rule out that differences in the discovery and the replication
study populations, for example due to the inclusion of DVT patients versus patients with
any VT event, could have explained the lack of replication. Alternatively, the associations
in the discovery analysis might have been chance findings, taking into account the FDR

of 9% for both variants.

The gene-based analyses did not support the hypothesis of a burden of rare, mainly
coding variants in hemostasis-related genes contributing to DVT risk. We observed a
potential association for a burden of rare variants in KLK5 with 26 alleles observed in
DVT patients compared with 3 alleles in controls, though the FDR was relatively high
(21%). The lack of significant gene associations may be explained by our limited sample
size. Gene-based analyses for complex diseases generally require large study sizes

given the likely modest effect sizes and the expected proportion of causal variants.*®
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Therefore, we might have missed associations between genes with rare variants and
DVT risk. We also did not distinguish between rare variants with or without a predicted
deleterious consequence, as advocated by some,***’ since this would have further
increased the multiple testing burden and lowered cMAC counts. As the effects of VT
on fitness are limited, we also did not expect strong purifying selection on deleterious
variants. In addition, our group has previously reported an association between DVT
and a burden of rare coding variants in ADAMTS13 (17 alleles in DVT patients compared
with 4 alleles in controls, N=192 individuals).’® In the present study, we observed a
nominal association for a burden of rare variants in ADAMTS13 with DVT risk (P 0.048,
84 alleles in DVT patients compared with 42 alleles in controls). Although the majority
of studied rare ADAMTS13 variants mapped to coding sequence (75%), the inclusion
of noncoding variants may explain the difference in the results of the burden analyses.
However, when only focusing on rare coding variation in ADAMTS13, we observed a
similar association with DVT risk (P 0.066, 55 alleles in DVT patients compared with 27
alleles in controls). Larger studies are needed to elucidate the role of rare coding and
noncoding variants in ADAMTS13 on DVT risk.

The major limitation of our study is its limited sample size, which did not allow us to
detect associations across the entire allele frequency spectrum. Given the multicausal
nature of DVT, genetic effect estimates on DVT risk are expected to be modest, requiring
an even larger sample size. We attempted to maximize our statistical power by studying
genetic variation in biologically plausible genes in a well-characterized study population.
Specifically, we selected genetically enriched DVT patients, without some of the major
clinical risk factors. In addition, we oversampled VT patients who had developed a
recurrence and are therefore more likely to carry genetic risk variants. Except for a small
number of patients with recurrent VT, we selected individuals not carrying FV Leiden
and PT G20210A, and, therefore, we could not study these variants or those in strong
LD. Another limitation is the lack of generalizability of our findings to non-European
populations. In addition, by design, our targeted sequencing approach did not allow us
to study variation in regulatory regions outside our target area nor variation in genes
not previously linked to the hemostatic system. Therefore, we were unable to identify
variants in untargeted regions of the candidate genes, novel DVT-associating genes
outside the hemostatic system, and to assess variation in the recently identified risk
loci SLC44A2 and TSPAN15.1
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In conclusion, our targeted sequencing approach confirmed the association of several
of the established VT risk loci. The secondary loci identified at F5 and CYP4V2-KLKB1-F11
suggest that the underlying biological mechanism might be more complex than initially
thought. In addition, we did not find evidence of a burden of rare variants in hemostasis-

related genes affecting DVT risk.
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Targeted sequencing for deep venous thrombosis
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Supplemental Figure 2. Quantile-Quantile plot of the single variant association analyses
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Genome-wide association study identifies a novel
genetic risk factor for recurrent venous thrombosis
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Chapter 3

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°%), 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°) 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 18922.1 with an odds ratio of 1.7 (95% ClI

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 18g22.1

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,? 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.>® Recurrence risk is the highest
amongst patients whose thrombotic event was not provoked by transient risk factors
such as surgery and immobilization.»?>7° 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.””® 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.'*!

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.!? 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.’®'*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.’ 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.
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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.” 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 2004'¢, 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.’® 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,*®
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 (lllumina 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°®) in patients with a first event only. All quality-control

procedures were performed with the R-package GenABEL."

Following the conversion of the genomic positions from hgl8 to hgl9 using the UCSC
Genome Browser LiftOver tool, imputation of 19.6 million autosomal variants was
performed using IMPUTE2 software'® according to the Genome of the Netherlands
reference panel (GoNL release 4).*° Prior to the association analyses, we excluded

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

Statistical analysis

Imputed genotypes of 8.6 million variants were tested for an association with recurrent
VT using SNPTEST version 2?° 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
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inheritance. The level of genome-wide significance was set at P-value <5x107%, whereas
the threshold for highly suggestive association signals was set at P-value <1x107. 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.?* Regional association
plots were created with LocusZoom?? and functional annotation of the variants was

performed with AnnoVar.?®

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
(lambda?*) 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 only*?*?>or reached genome-
wide significance in one of the two recent GWAS studies on first VT.26?7 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) study*, and the Thrombophilia, Hypercoagulability and
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Environmental Risks in Venous Thromboembolism (THE-VTE) study?®. 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.*?®
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.* 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).?®
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.
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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 TagMan
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 (r*>0.8) in our GWAS study population or based on the CEU 1000 Genomes

population using SNAP software?.

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% Cl). 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.** Heterogeneity was

assessed by the Cochran’s Q statistic and the I 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

66



GWAS on recurrent venous thrombosis

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”.3!

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).
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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/m? 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)
?huerfat::n:;?:nczzssI(TgtR) 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°). The F5 locus also included
the established VT-associated variant FV Leiden (rs6025, MAF 9.6%, P-value 1.28x10°),
of which the T-allele was associated with a 2.4-fold increased risk of recurrent VT (95%
Cl 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 <1.0x107°) 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% Cl 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% Cl 0.90-1.44 and rs78707713, OR
1.14, 95% ClI 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
18g22.1 and was associated with a 1.7-fold (95% Cl 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% Cl 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% Cl 1.62-2.98, P-value 4.83x107). There was no evidence for heterogeneity
across the three replication cohorts (Q-statistic 1.12, 1> 0.00, P-value 0.57), nor across
the replication cohorts and the discovery GWAS (Q-statistic 3.66, 1> 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 GTEx*?for rs9946608 or any of the linked variants (r>>0.8).
We used RegulomeDB??, which integrates information from the ENCODE?** and Roadmap
Epigenomic® 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.3®

Table 4. Association results of rs9946608 in three replication cohorts

T TC cc MAF OR (95% Cl)
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, Cl 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 I index. Across the three replication cohorts
the heterogeneity measures were as follows: Q 1.12, 12 0.00, P-value 0.57. For the three replication studies
and the discovery GWAS, we observed a Q of 3.66, 12 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% ClI 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% Cl 0.65-0.71).

73



Chapter 3

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 18g22.1.

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,®* albeit still lower than the risk estimates observed for a first VT.26?” 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,?®*” 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 <1.0x107°). 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 18qg22.1
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*°
However, the characteristics and function of the majority of these RNAs are currently
not known. Interrogation of several publicly available databases, such as GTEx3? 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,*® 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 significance?®?” 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-¢ 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.!! 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.'® 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.>®

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
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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.>*° 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 18¢22.1 and confirmed the role of FV Leiden in recurrent VT

pathophysiology.

76



GWAS on recurrent venous thrombosis

REFERENCES

10.

11.

12.

13.

Prandoni P, Lensing AW, Cogo A, Cuppini S, Villalta S, Carta M, et al. The long-term clinical
course of acute deep venous thrombosis. Ann Intern Med. 1996;125(1):1-7.

Hansson PO, Sorbo J, Eriksson H. Recurrent venous thromboembolism after deep vein
thrombosis: incidence and risk factors. Arch Intern Med. 2000;160(6):769-74.

Ho WK, Hankey GJ, Quinlan DJ, Eikelboom JW. Risk of recurrent venous thromboembolism in
patients with common thrombophilia: a systematic review. Arch Intern Med. 2006;166(7):729-
36.

Marchiori A, Mosena L, Prins MH, Prandoni P. The risk of recurrent venous thromboembolism
among heterozygous carriers of factor V Leiden or prothrombin G20210A mutation. A
systematic review of prospective studies. Haematologica. 2007;92(8):1107-14.

van Hylckama Vlieg A, Flinterman LE, Bare LA, Cannegieter SC, Reitsma PH, Arellano AR, et
al. Genetic variations associated with recurrent venous thrombosis. Circ Cardiovasc Genet.
2014;7(6):806-13.

Bruzelius M, Ljungqvist M, Bottai M, Bergendal A, Strawbridge RJ, Holmstrom M, et al. F11
is associated with recurrent VTE in women. A prospective cohort study. Thromb Haemost.
2016;115(2):406-14.

Baglin T, Luddington R, Brown K, Baglin C. Incidence of recurrent venous thromboembolism
in relation to clinical and thrombophilic risk factors: prospective cohort study. Lancet.
2003;362(9383):523-6.

Christiansen SC, Cannegieter SC, Koster T, Vandenbroucke JP, Rosendaal FR. Thrombophilia,
clinical factors, and recurrent venous thrombotic events. JAMA. 2005;293(19):2352-61.
Prandoni P, Noventa F, Ghirarduzzi A, Pengo V, Bernardi E, Pesavento R, et al. The risk of
recurrent venous thromboembolism after discontinuing anticoagulation in patients with
acute proximal deep vein thrombosis or pulmonary embolism. A prospective cohort study
in 1,626 patients. Haematologica. 2007;92(2):199-205.

Dahabreh 1J, Kent DM. Index event bias as an explanation for the paradoxes of recurrence
risk research. JAMA. 2011;305(8):822-3.

Cannegieter SC, van Hylckama Vlieg A. Venous thrombosis: understanding the paradoxes of
recurrence. J Thromb Haemost. 2013;11 Suppl 1:161-9.

Zee RY, Bubes V, Shrivastava S, Ridker PM, Glynn RJ. Genetic risk factors in recurrent venous
thromboembolism: A multilocus, population-based, prospective approach. Clin Chim Acta.
2009;402(1-2):189-92.

Jilma B, Kovar FM, Hron G, Endler G, Marsik CL, Eichinger S, et al. Homozygosity in the single
nucleotide polymorphism Ser128Arg in the E-selectin gene associated with recurrent venous

thromboembolism. Arch Intern Med. 2006;166(15):1655-9.

77



Chapter 3

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

78

Mustafa S, Weltermann A, Fritsche R, Marsik C, Wagner O, Kyrle PA, et al. Genetic variation
in heme oxygenase 1 (HMOX1) and the risk of recurrent venous thromboembolism. J Vasc
Surg. 2008;47(3):566-70.

Timp JF, Lijfering WM, Flinterman LE, van Hylckama Vlieg A, le Cessie S, Rosendaal FR, et al.
Predictive value of factor VIIl levels for recurrent venous thrombosis: results from the MEGA
follow-up study. J Thromb Haemost. 2015;13(10):1823-32.

Blom JW, Doggen CJ, Osanto S, Rosendaal FR. Malignancies, prothrombotic mutations, and
the risk of venous thrombosis. JAMA. 2005;293(6):715-22.

Aulchenko YS, Ripke S, Isaacs A, van Duijn CM. GenABEL: a R library for genome-wide
association analysis. Bioinformatics. 2007 23(10):1294-6.

Howie BN, Donnelly P, Marchini J. A flexible and accurate genotype imputation method for
the next generation of genome-wide association studies. PLoS Genet. 2009;5(6):e1000529.
Genome of the Netherlands Consortium. Whole-genome sequence variation, population
structure and demographic history of the Dutch population. Nat Genet. 2014;46(8):818-25.
Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method for genome-
wide association studies by imputation of genotypes. Nat Genet. 2007;39(7):906-13.
Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. PLINK: a tool set
for whole-genome association and population-based linkage analyses. Am J Hum Genet.
2007;81(3):559-75.

Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP, et al. LocusZoom: regional
visualization of genome-wide association scan results. Bioinformatics. 2010;26(18):2336-7.
Wang K, Li M, Hakonarson H. ANNOVAR: Functional annotation of genetic variants from
high-throughput sequencing data. Nucleic Acids Res. 2010;38(16):e164.

Devlin B, Roeder K. Genomic control for association studies. Biometrics. 1999;55(4):997-1004.
Ahmad A, Sundquist K, Zéller B, Dahlback B, Svensson PJ, Sundquist J, et al. Identification of
polymorphisms in Apolipoprotein M gene and their relationship with risk of recurrent venous
thromboembolism. Thromb Haemost. 2016;116(3):432-41.

Germain M, Chasman DI, de Haan H, Tang W, Lindstrom S, Weng LC, et al. Meta-analysis
of 65,734 individuals identifies TSPAN15 and SLC44A2 as two susceptibility loci for venous
thromboembolism. Am J Hum Genet. 2015 Apr 2;96(4):532-42.

Hinds DA, Buil A, Ziemek D, Martinez-Perez A, Malik R, Folkersen L, et al. Genome-wide
association analysis of self-reported events in 6135 individuals and 252 827 controls identifies
8 loci associated with thrombosis. Hum Mol Genet. 2016;25(9):1867-74.

van Hylckama Vlieg A, Baglin CA, Luddington R, MacDonald S, Rosendaal FR, Baglin TP.
The risk of a first and a recurrent venous thrombosis associated with an elevated D-dimer
level and an elevated thrombin potential: results of the THE-VTE study. J Thromb Haemost.

2015;13(9):1642-52.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

GWAS on recurrent venous thrombosis

Johnson AD, Handsaker RE, Pulit S, Nizzari MM, O’Donnell CJ, de Bakker P I. SNAP: A web-
based tool for identification and annotation of proxy SNPs using HapMap. Bioinformatics.
2008;24(24):2938-9.

Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of genomewide
association scans. Bioinformatics. 2010;26:2190-1.

Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, et al. pROC: an open-source
package for R and S+ to analyze and compare ROC curves. BMC Bioinformatics. 2011;12:77.
GTEx Consortium. Human genomics. The Genotype-Tissue Expression (GTEx) pilot analysis:
multitissue gene regulation in humans. Science. 2015;348(6235):648-60.

Boyle AP, Hong EL, Hariharan M, Cheng Y, Schaub MA, Kasowski M, et al. Annotation of
functional variation in personal genomes using RegulomeDB. Genome Res. 2012;22(9):1790-7.
ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human
genome. Nature. 2012;489(7414):57-74.

Bernstein BE, Stamatoyannopoulos JA, Costello JF, Ren B, Milosavljevic A, Meissner A, et al.
The NIH Roadmap Epigenomics Mapping Consortium. Nat Biotechnol. 2010;28(10):1045-8.
Holbrook LM, Watkins NA, Simmonds AD, Jones Cl, Ouwehand WH, Gibbins JM. Platelets
release novel thiol isomerase enzymes which are recruited to the cell surface following
activation. BrJ Haematol. 2010;148(4):627-37.

Smith NL, Hindorff LA, Heckbert SR, Lemaitre RN, Marciante KD, Rice K, et al. Association
of genetic variations with nonfatal venous thrombosis in postmenopausal women. JAMA.
2007;297: 489-98.

Esteller M. Non-coding RNAs in human disease. Nat Rev Genet. 2011;12(12):861-74.
Uchida S, Dimmeler S. Long noncoding RNAs in cardiovascular diseases. Circ Res.
2015;116(4):737-50.

de Haan HG, Bezemer ID, Doggen CJ, Le Cessie S, Reitsma PH, Arellano AR, et al. Multiple
SNP testing improves risk prediction of first venous thrombosis. Blood. 2012;120(3):656-63.

79



Chapter 3

SUPPLEMENTAL FIGURES AND TABLES

Supplemental Table 1. Previously reported associations with first or recurrent VT
Supplemental Table 2. GWAS associations with recurrent VT at genome-wide
significance

Supplemental Table 3. GWAS associations with recurrent VT at significance threshold
of P<1x10°®

Supplemental Table 4. Association results for lead variants in sensitivity analysis

excluding patients who were lost to follow-up

Supplemental Table 5. Association results for lead variants in sensitivity analysis

adjusting on provoking status

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
Supplemental Figure 3. Manhattan plot of the GWAS association results

Supplemental Figure 4. Regional association plots at the F5 locus before and after

conditioning on FV Leiden

80



GWAS on recurrent venous thrombosis

uo|3aJ pale|sueJluUN YN ‘|eAIDIUI DOUBPYUOD |D ‘OLeJ paezey YH ‘O[9||e 12949 ¢V ‘@wosowoly) 4y)

0 19 BjEISNIA T00°0 (re-v'1)Te  snodAzosslay 8uo yeoday 41n.s  IXOWH 88BILLSE [44 CLEVLOESS

-19 £889L/5¢€
‘P 32 937 700  (86'0-0%°0) €9°0 oAnIppe v v/ weasisdn dl3d 9€7S6699 9T S//008Ts4

. . . . . 676STLC0T
/D 12 997 ST0°0 (6v'2-0T'T) 99°T oAnIppe V9 Vv9/VS weassdn EdNWIN -8Y65T/20T T 850G¢0¢€s4
b 12 997 €200 (S6'7-80°T)6L'T aAnIppe ) J/L 8susssiw INOd  9¥vLE6V6 L 799s.
b 12 pewyy 8€0°0 (88'T-€0T)ZLT  udW ‘@Anippe v V/D  odonul NOdY  909779TE 9 16750854
b 12 937 ¥10'0  (8¥'€-ST'T)00°C aAnippe v v/9  3susssjw z¥20  80T66£9Y € ¥9866/TS
‘b 33 ewi|if 100 (¥'11-ST) Ty snodAzowoy D] D/L  dsuassiw 73S 090T0L69T T T9€Gsd
Apms anjen-d (1D %S6) 4H sishjeuy v S9PR|IV 33 auap uonisod 4Yyd aiss

Ajjeay1oads | A 3US44nd3J YyM suole|dosse pajJodad Ajsnoinald *g
84 Jeau, UOI3aJ paje|SULIIUN Y1 N ‘|BAIDIUI DIUSPLUOD [) ‘OL1BI SPPO YO ‘D3]] 19942 TV ‘DWosowolyd 4y

‘1P 33 SPUlH e-0TX0L (0T'T-IT'T) ST'T aAnIppe 1 J/L JluonUl - »ZdONN4  L6L8LTPST X TLT60CPTITS4
‘o 39 Ulewian g-0TXS9'T (TT1-0T'T)ST'T SALIppe J 2/9 dluoJyul 4J04d  TT9LLLEE (014 §89/80954
b 32 Ulewsn c0TXL0'T (92°1-2T'1)6TT oALIppe 5 v/9 @susssiw 44481 0LT¢vLOT 61 70688¢¢sd
/b 32 ulewJsn c0TXEL'T (66'-SL'T) 6T oAnIppe v v/9 dluonul 4 SS0T9L9Y 1T €9666LT54
/b 32 ulewsn 1w-0TXvL'S (6€°1-6T'T)8C'T aAnippe 1 J/L dluonul - SINVASL 9LTSYITL ot €TLL0LBLSH
‘o 32 Ulewlian s OTXEC'Y (€9'T-8¥'T) SS'T sALIppe J J/L dluoJyul 0ogv  00S6vT9ET 6 G9S6¢SS4
‘0 32 UlewlIan e OTXTC'T (ve'1-teT) LTt oALIppe ) J/L dluonul IT4 S0066T.8T 14 LTVESTYSS
‘b 19 Ulewlia or-0TXEO'T (te'T-8T'T) VT'T oAnIppe v v/9 4in.e 954 9/£¢SesssT 14 §98990¢s4
1o 32 ulewsn 96-0TX0T'T (¥9°€-16'C) ST'E oAlIppe 1 1/3  8suassiw 54 670619691 T §¢09s4
‘o 39 Ulewlian 1-0TX59°C (9 T-v1'1) 02T sALIppe 1 J/L @susssiw 64 GQSLTTS69T T eSS
Apms anjen-d (12 %S6) ¥O sishjeuy v SIPPIV 19943 dusp uonisod Yo al s

1A 3544 yum suoperdosse Jueayludis apim awouasd parsodal Ajsnoinaid 'y
1/\ JUS44Nd3J 4O 3SJY Y}IM suoneldosse pariodad Ajsnoinaid 1 ajqel |eauawajddng

—
0



Chapter 3

*(G20954) uapla] A4 UO SIsAjeue [euolipuod e pawJojiad am ‘Ajjuanbasgns *aauelliayul Jo spow aAlIppe ue ujwnsse ‘xas pue a3e 1oy pajsnipe aiam sasAjeue SYAMD
aJinseaw ojul Ajljenb uoneindwi ojul ‘jeuolipuod
puod ‘a|gedijdde j0ou N ‘UoI3au paje|suLIIUN Y1 N ‘|BAIDIUI DIUSPLUOD | ‘O1e4 SPPO YO ‘Adusnbauy aa||e Joulw 4y A ‘D|9]|e Joulw Y ‘9]9]|e Jolew Ty ‘@wosowouy) 4yd

8700  (89°TOT'T)TLT  &0TX/9T (SLCT-L9T)vT'C €60 8ET'0 9H/V 54 dluosul  €SSTZS69T T 898ETTTS
VN VN  50TX8T'T (ST'€-SLT)SET +v60 9600 L/D [ asuassiw  6v06TS69T T §Z09s4
¥20'0  (0S'TLOT)E9'T  OTXPEY  (¥9°C-C¢9'T)L0C 860 OVT'0 V/9 [ dluosul  900¥TS69T T £Z88TOTS
LL00  (6T°C-96°0)8Y'T  oOTXEV'T (LS'C-8S'T)T0C 660 8ET'0 I/V [ dluosul  06S00S69T T L6TLTYISI
GL00  (62°7-96°0)8Y'T  SOTXLE'T (LS'C-8S°T)C0C 660 8ET'0 1/D [ Jluonul  ¥E88EYEIT T 600954
G000  (62°C-96°0)8Y'T  oOTXLE'T (LS'C-8S°T)20C 660 8ET0 V/9 [ Jluosul  95086%¥69T T TLEOTHTSS
9900  (Z€'TL6'0)0ST  ¢OIX9T'T (6ST-6S'T)€E0T 660 8ET'0 9H/V §4 dluosul  SSSTEYE9T T TLEOTHTSS
8500  (LE'T66'0)€ST  0TXS06 (29T-09'T)SO'C 660  LETO L/ 54 Jlonul  TOV06¥69T T 6/T7899S4
8500  (LE'T-66'0)EST  &0IXS0'6 (29'C-09'T)SO'T 660  LET'O 9/D 54 dluosul  Z6E06Y69T T 0LEOTHTSS
¥S00  (6€°T660)¥ST  +0TXYZ'8 (¢9TT9T)S0C 860  LET'O 9/ 54 dluoul Ty998¥69T T 999TEE6S!
7500 (0V'Z-00T)SS'T  &0TXC6L (€9°CT-I9T)90C 860  LET'O J/D §4 4N, € €TTI8Y69T T  96TLTY9SI
7500  (0¥'Z-00T)SS'T  «0TXC6L (€9°TT9T)90°C 860  LETO V/L G4 weansumop  9/TT8¥69T T  S6TLIHIS!
7S00  (0V'Z-00T)SS'T  &0TXC6L (€9°T-T9T)90C 860  LETO L/V G4 weasnsumop TZTTI8Y69T T v6TLIHIS!
7S00  (0V'T-00T)SST  OTXT6Z (€9°T-T9T)90°C 860  LETO D/L [ olusdIaul  ¥/66/¥69T T OPLOL6SS
1500  (0¥'T-00°T)SS'T  0TX08Z (€9°C-19°'T)90C 860  LETO V/D [ oludguaul  ¥/S//¥69T T €T8/899SJ
0500  (IV'T-00'T)SST  0TX9SZ  (€9'C-T9°'T)90°C 860  LET'O V/9 [ oluadIaul  ZS09LV69T T LPSLELOTS
8700  (¢r'c-00'T)9ST  0TX66'9  (¥9'Z-T9T)LO'T 860  LETO V/9 54 dluadiaul  668TL¥69T T 8%80.L99S4
Y00 (WYTTIOT)LST  +0TX8E'9  (S9°CT-C¢9°T)L0C 860  LET'O L/D §4 olusdiaul  8¥/0/¥69T T SEOY9TYSS
6VE'0  (LVT-6€0)6€T O0TX8T'T (0T€-9LT)8ET €60 ¥600 9/V ZV6IDIS dluadiaul  $S9/9%¥69T T T69768TS
*“anjen-g (1D%s6) 40 anjeaq (ID%S6) HO ojul [jesano gy auap Pay3  uowsod Iy aiss
dVIN /IV (3s3sean)

2ouedyIuSIS OpIM-2WOUDS 1B | A JUSLINIAJ YHM SUOLIBID0SSE SYAND °¢ d]qel [eyuawajddng

N
0



GWAS on recurrent venous thrombosis

o-0TXTC'S (T18-0€727) CEY 080 [440N0) 1/9 493 dluoaul §9046€8ST S 6898EV6/S4
o-0TXLE'E (989-61'7) £8'€E 650 9€0°0 J/L £Jd¥1 d1uagsaul 9/00T/LSET S 18¢796L/54
9-0TXL0"C (STL-8T'T) 907 850 9€0°0 v/9 £Jd¥1 dluoaul CEVLEISET S 6SEVSYIYTSS
o-0TXSG°L (T'91-£6'7) 16'9 0£0 100 12 SHYNG dluosul SEL6SLET S SOTL6VYTITSA
o-0TX0T'€ (96'T-2€'T) 19T €40 Tiv'0 v/L rogoy dluoaul 79048961 € 6/v17€8654
+-0TX06°8 (66'T-1€'T) 19T 160 S0¢0 iV} CacvNIvO dluoul ¥S15¢S0S € L7966V1YS4
9-0TX8Y°C (L6'T-LS°T) 9T S6°0 1800 o/v 2qadlv dluagianul C¢OTTLSOT € STE6COVESS
- OTXVT'Y (8'6T-€€7€) TT'8 090 STO00 o/v NOI4 d1uassaul 0L156¢V9T ¢ 6ESBYYYISI
-0TX08°6 (8T z-zr'1) 08T L6°0 LvT°0 v/9 CY61D1S dluagianul 9¢/09169T T LT7969954
OTXEV'T (96'C-¥9'1) TC'C 960 1600 J/L cV61J1S din € LC0SEVEIT T 99T18.9¢s4
OTXCV'T (z6'7-€9°T)8T'C L6°0 7600 10 ZIAWN dluoaul €6/VCE69T T TE€L60CTSA
+0TXL0°C (06'2-79'T)9T'C 960 ¥60°0 2/9 LIANWN dluoaul 81¢9¢e69T T ¥¢8¢699s4
+-0TX8S°¢C (£8'T-19°T)ST'C L6°0 €600 2/9 ZIANWN dluoul CTv9TC69T T Syv0ov0cs4
+0TXEO’E (T6'2-19'T) 9T'C 960 160°0 o/L LIANWN dluoaul 6/180¢69T T 9veLeeesd
+0TX¢L'C (£8'7-09°'T)ST'C L6°0 €600 10 ZIANWN dluosul 857091691 T LYVLELVYTSI
9-0TXL6°8 (S€'C-6€T) 18T 96°0 61T0 o/L LINWN dluoaul CC0STT69T T €9E6L6L/54
+0TX8E"¢C (S6'z-€9'T) 6T°C S6°0 1600 J/L I91d1v dluoaul 87/06069T T PSreEITSPIsd
o-0TXLE'E (9°9T-90°€) 269 860 11700 o/v EETTOONIT dluoaul 7€90766ST T C80CLCTTITSA
o-0TX9€"€ (9'51-90°€) 06'9 860 1700 15 EETTOONIT dluoaul €8VEEH6ST T  0¢66vECTTSS
o-0TXL0°S (T'81-81°€) 6L 80 1100 v/9 64591  snowAuouAs SEEC066ST T OVC8EVITISI

anjen-d4 (1D%S6) ¥O ojul llesdno JYIN - TV/TV auap (1saseaN) 1343 uopisod 4y ais4

<.OTXT>d 4O p|oysay1 aouedyiusis 1e | A JUS4INI3J Y1IM SUOLRIDOSSE SYAND “€ 3|qel [euswsa|ddng

83



Chapter 3

o-0TXEB'9 (rSv-18°T) £L8°C L6°0 9€0°0 v/L ['E18€9-TTdY dluagialul S000T8S9 81 E€CCYB9LLS4
+-0TX¢8'9 (SS'v-18°T) £L8°C L6°0 9€0°0 o/v ['E18€9-TTdYd d1uagiaul 9760859 8T  /888S8VITS/
o-0TXT6'9 (rSv-18°T) £L8°C L6°0 9€0°0 1/9 ['E18€9-TTdY d1uagiaul 71970859 8T  €8¥99€0STs/
+-0TXT6'9 (rS'v-18'T) £8°C L6°0 9€0°0 o/v L'E18€9-TTdY dluagiaul €0v770859 8T SS086TSTTSS
o-0TXS8°9 (rSv-18°T) £8°C L6°0 9€0'0 1/2 ['E18€9-TTdY dluagiaul STPT08S9 81 £€69€98S5S4
o-0TX¢8'9 (vSv-18'T) £L8°C L6°0 9€0°0 o/L ['E18€9-TTdY dluagiaul £6666£59 8T  O07O00EEOTTs/
o-0TX¥8°9 (rSv-18°T) £8°C L6°0 9€0°0 o/v ['E18€9-TTdY dluagiaul 0¢046£59 81 0STr898/54
o-0TX¢8'9 (rSv-18'T) £L8'C L6°0 9€0°0 o/v ['E18€9-TTdY d1uagiaul 1951659 8T €96€¢88SS4
o-0TXSL'8 (85°€-¥9'T) tr'e L6°0 LS00 1/2 IINd1d dluagiaul S/¥9/0€TT [4s 98699/154
9-0TXS8'8 (65°€-¥9°T) €V'C S8°0 LS00 v/9 IINd1d d1uagialul 9LL6V0ETT [4 €TLEETS]
9-0TX6C°6 (19:0-82°0) ¢v'0 1.0 1070 J/V EdVYNIND dluoaul TT¢8ST6E 6 LEOTIESTTS
o-0TXTT9 (09°0-82°0) T¥'0 69°0 .00 J/L EJVNIND dluonul 04T9S5T6€ 6 8150¢LeyTsd
o-0IXCT'6 (€9'0-0€°0) €¥°0 090 S60°0 2/9 EdVNIND dluoaul VeTovTee 6  CT009%STTS4
o-0TX96°L (19°0-82°0) Tv°0 040 T.0°0 J/L EdVNIND dluoaul 0T6SV16€ 6 6.6C69TS4
o-0TXVL'6 (19°0-82°0) T¥°0 ¢L0 6900 o/V EJVNIND dluoaul €0L0€ET6E 6  €STSSTOSTS4
o-0TX09°6 (T19°0-82°0) Tv°0 £9°0 €400 v/2 EAVNIND Jluoaul €96€TT6E 6 LYyTY/60TS4
+-0TX98°6 (89°0-£€°0) 0S50 560 S80°0 1/2 vZ1LLIN dluoaul 0T/9T90TT 9 LT6SE6CLSS
o-0TXL0°L (89°0-£€0) 0S50 860 S80°0 o/v ANEI) dluoaul SL/6/S0TT 9 8T65€6¢/S/
9-0TX98°L (89'0-££'0) 050 L6°0 7800 v/9 vZ1LLIN asuassiw 607/9S0TT 9 Teeveeess
o-0TXT0'9 (9°81-81°€) 69°L €9°0 ¥10°0 1/2 I'9IDovIE-TIdY dluagiaul £€86588 9 0¥796908/54

anjena-4 (10%s6) 4o ojul llesdno JYIN- 2V/TV auap (1sasean) 1943 uopisod 1Y) ais4

panunuo) °g ajqu] [pudwa|ddns

84



*SN20| G4 9y3 03 paddew zZy6TI7S 10 ZJNN ‘TIIJLY JedU JO Ul SJUBLIBA "9JUBIIYUI JO SpOW dALIPPE Ue Sulwnsse ‘Xas pue age Joj paisn[pe a1am sasAjeue SYMO
uoiSaJ pale|suUBIIUN Y1 ‘|BAIDIUI DOUBPLUOD |D ‘Olled SPPO YO ‘Aduanbaly a|3j|e Joujw 4N ‘D|3||e Joulw ZY ‘B3||e Jolew Ty ‘@wosowoly) 1yd

85

GWAS on recurrent venous thrombosis

+0TX9t'8 (T'61-95°€) 5T'8 750 0200 V) dv3dsi d1uo.u 08809657  T¢  OSTOSLITTS
5-0TX88'6 (€6'€-0L'T) 8S°C 660 o0 v/L IXNNY dluos3ul 06€LL£9€ 1T 0TPTLS8LS
5-0TX97'S (L6'T-TET) 9T ¥6'0 LETO 9/L 202410022 d1uasiau 99/Z6TT 0T 1SS€0TS4
5-0TX98°S (96'1-0€°T) 09'T S6°0 8€T'0 o/L 202410020 d1uagialul OVTIT6TT (014 7799¢Tsd
o-0TXSt'L (z6'T-62°T) LS'T 00T LETO 1/2 202410022 d1uasiaiu 7806/IT 0T 65769¢/S
5-0TX08'€E (#£°0-8%°0) 09°0 850 89%°0 1/2 £4dd1 d1uoJul 6T69T8 61 €897051954
o-0TXTCL (€8'7-58'T) 66°C 880 LEO0 J/L [°€18€9-TTdY d1uasiaul 78157859 8T  6769€08TTIS
o-0TXTTL (€8'7-S8'T) 66°C 880 LEOO o/L ['€18€9-TTdY d1uagiaul 99152859 8T  [9¥TLLSHTSI
-0TX9L'S (T9'v-€8°T) 16°C ¥6°0 LEO0 J/L [°€18€9-TTdY SIVEEIEMT] 182/1859 8T 8099¥6654
5-0TXSS'9 (95°7-78'1) 88°¢C 960 9€0°0 o/v ['€18€9-TTdY SINEEIET] 1601859 8T 78687CLS4
5-0TXLS9 (95°v-28'1) 88°¢C 960 9€0°0 9/ [°€18€9-TTdY SIVEEIEMT] [86£1859 8T 8978€ETLLSI
-0TXZ8'9 (SS-T18°T) £L8'C 160 9€0°0 J/L ['€18€9-TTdY d1uasiau 9/¥01859 8T 8LTEVYYLS)

anjea-d (1D%S6) 4O ojul [le49n0 JVIN  TV/TV  3udD (1sa4eaN) P3Y3 uonisod  y) aiss

panunuo) ‘g ajqn] [puadwa|ddns



'9JUB}lIaYUI JO dpow dALIppE Ue Sujwnsse ‘Xas pue a8e 1oy paisn[pe a1am sasAjeue SYMO
|EAIDIUI DOUBPLUOI | ‘Oled SPPO YO ‘Aduanbaly a|a||e Jouiw Jy|A ‘9[3||e Joulw gV ‘9[3||e Jofew Ty ‘@uosowoyd 4yd

0TX00'S  (S'TZ-¥8°€) 606 0200 /2 4Y3dS1 d1uo.u 088096S¥ 1C 0STOSZTTTS
<OTXTZ'T  (FO'¥-0L'T) 29T €700 v/L IXNNY dluo3ul 06€LL€9€ ¢ 0TPTLS8LS
o-0TXLT'8 (ooz1€T) 9T 6€T°0 9/1 202410022 d1uadiazul 99/T6TT (014 TSS€E0TS
+0TX80'T (S£'0-8%°0) 09°0 ¥9v°0 12 £Y4dd1 dluosul 616918 6T €89705T9s4
s0TXL6'T (b v-vLT)8LC 8€0°0 J/L [°€18€9-TTdY d1uasiau T87/1859 81 8099¥6654
<-0TXTS'8 (Lze-ev'T)0TC 0900 12 TINdLld d1uagialul GLV9LOETT 4 98699/
s0TXy8'T  (95°0-GT°0) LEO €00 J/L EJYNIND d1uoJul 0/T9ST6E 6 815S0CLTYTSd
+OTXP0'T  (€£°0-8€°0) €50 600 o/v i4TNE[]] dluou G/16/S0TT 9 8165€67/S
s-0TX0L'C (T'91-6£'7) 599 ST00 1/2 [°9IDYTE-TTdY SIVEEIEMT] L€86588 9 0%96908/54
o-0TX0L'T (6¥'6-L5°C) ¥6'7 7200 1/9 1493 dluou G90/6€8ST S 68S8EV6/S]
+-0TXS9'6  (29'9-L0°T7) TL'E LEO0 v/9 £2d¥1 d1uoJul TEVLEISET S 6SEVSYTYTS
<OTXv0L  (P'TT-G€'C) 6€°S ST00 1/2 SHYNQ dluou GEL6SLET S SOTL6TTS
;-0TX¢86  (S6'T-6C°T)6S'T 9T¥°0 v/L 10904 d1uoJ3ul 790£896. € 6L77€865)
<0TXS0'€E (L6'T-8T'T) 65T 602°0 1/2 ZazvyNIvd dluo.u ¥S1S2S0S € LY966VTYS
5-0TX99°L (¢6'T-s1)0T'C ¥80°0 o/v zdzdly SIVEEIEMI] 70TTLSOT € STE6TOVES!
sOTXLT'T (zot-6L27) ¥L°9 9100 o/v NOI4 d1uasiaiu 0/TS67Y9T [4 6EST8Y YIS
s0TXL0'V  (99°C-65°T) SO°C EVT0 o/v [ d1uoJul €GGTTS69T 1 898€TCTSI
-0TXLY'y  (0°9T1-S0°€) 66°9 1100 /2 EETTODNIT d1uoJul €87EE665T 1 0T66VECTTSI

anjen-d (1D %S6) YO l1e4an0 JYIN v/TvV auap (1saJeaN) 19y3 uonisod Elle) airs4

Chapter 3

dn-moj|0} 03 350| a1am oym siuared Suipn|axa sisAjeue ALALISUSS Ul SJUBLIEA PED| JOJ S}NSDJ UOLEBID0SSY *p 3|gel |eyudwajddng



GWAS on recurrent venous thrombosis

‘|]9AeJy pue ‘wniied-1sod 4o Adueudaud ‘asn

auowuJoy ‘(uonezijeyidsoy ‘@woy 1e uspplipaq ‘1sed Jaise|d) uonezijigowwi ‘Aiadans JuadaJ :s10310.4 SUIMO||0) BY} Aq pauyap SEM JUDAS 1S4 dY3 JO dwl} 1B sniels Suonold
*90ue}IIaYul JOo dpow aAnIppe ue Sulwnsse ‘snieis Supjonoud pue ‘xas ‘@8e Joj paisnipe auam sasAjeue SYMMD

|EAJD1UI BDUBPYUOD |D ‘Oles SPPO YO ‘Aduanbauy a|9|e Joulw JY|A ‘9]3]|e Joulw gy ‘©|9||e Jolew Ty ‘@wosowoly) 4yd)

OTXVT'T  (8°0C-¥9°€)0L'8 6100 1/ HV3dSL dluosyul 08809651 1C 0STOSZITTS4
<0TX08'C  (8L'€-T9'T) L¥'T €v0°0 v/L IXNNY dluoJu 06€//€9€ 1T 0TYTLS8LS]
<OTXEV'T  (¥6'T-8T'T)8S'T 9€T°0 9/1 202440022 d1uaguaul 99/T6TT (014 1SS€0Cs
5-0TXZ6'CT  (LL°0-L¥'0) 650 691°0 1/2 £Y4dd1 dluoJu 616918 6T €89t705T9s4
o0TXCE'S  (S9'v-¥8'T) €6'C LEO0 o/L ['€18€9-TTdY dluagiaiul 182/1859 81 809916654
5-0TX68'8  (19°€-S9°'T) ¥¥'C 850°0 1/2 TINd.ld RJVELIEMTT] S/¥9/0€TT 4" 98699/
o-0TXSZT'E  (85°0-LT°0) O¥°0 v£0°0 J/L EdYNIND dluou 0/T9ST6E 6 81S0CLTYTSd
o-0TXET'9  (£9°0-9€°0) 6¥°0 ¥80°0 o/v pZ111In dluoJu G/16/S0TT 9 8T6SE6CLS
SOTXYS'T  (SLT-¥6'7) LT'L ¥10°0 1/2 ['9IDtIE-TTdY o1uagiaul £€86588 9 0%96908.54
o-0TX€6'E  (9¥'8-LE'T) 8’V 7200 1/9 1483 dluosyul G90/6€8ST S 6858€EY6/S
o-0TXST'CT  (VT'LLTT) SOV 9€0°0 v/9 £2dY1 dluoJu TEVLEISET S 6SEVSPTYTS
5-0TXG8'€  (T'8T-TC'€) ¢9'L ¥10°0 /2 SHYNG dluoJu GEL6GLET S SOTL6VTTS
,-0TX6%'6  (€6'T-67'T) 8S'T €T7°0 v/L T040Y dluoJu 790/896/ € 6L11€8654
<0IXvZ'C  (96'T-8T°T) 8S'T 90Z°0 1/ zZdazvNIv2 dluoJu ¥STSTS0S € LY966¥TYS]
o-0TXS0'T  (0T'€-29'T) ¥T'C 1800 o/v zdzd1v RJVELIEMTT] T0TT/S0T € STE6TOYES]
o-0TX02'T  (¥'12-95°€) 2L'8 ST00 o/v NOI4 dluagiaul 04156291 14 6EST8YIITS
¢0TXL9'E  (9£°T-99°T) ¥T'C 6€T0 o/v 54 dluoJu €GGTTS69T 1 898€TTTSI
,-0TX68'8  (T'ST-£8'7) 659 1100 1/2 EETIOONIT dluou €8YVEE66ST 1 0T66¥ECTTSI

anjeA-d (1D %S6) 4O  l1etano 4V IN v/v auap (3sa4e3N) FRETTE uonisod ) aiss

sniels Supjonoad uo unsnlpe sisAjeue AJALRISUSS Ul SJUBLIBA PED| JOJ S} NS UOLRID0SSY *G 3|qe] |ejudwa|ddng

87



Chapter 3

Eligible for
MEGA FU study
N=4956

A low-quality or no DNA sample available
(N=66T)

DNA sample available
N=4289

A current. previous. or missing cancer
diagnosis (N=457)

Eligible for GWAS
N=3832

Patients with a known recurrence at time
of sampling (N=542) and a random —‘
sample recurrence-free patients (N=957)

Sampled for GWAS
N=1499

Failed quality control GWAS (N=188) or
withdrawn informed consent (N=32)

Included in final analyses
N=1279

Supplemental Figure 1. Flow diagram of patients included and excluded from GWAS
analyses
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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
—log,,(P-values).
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Supplemental Figure 3. Manhattan plot of the GWAS association results

Manhattan plot of —log, (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°® represents the genome-wide significance threshold,
whereas the lower line at 1x10®° 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 —log, (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.
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ABSTRACT

Background
Recurrence risk of venous thrombosis (VT) is higher in men than in women. When
excluding reproductive risk factors, this sex difference is also apparent for first VT.

Current explanations for this difference are insufficient.

Objectives
We aimed to study the association between chromosome Y haplogroups and the risk

of first and recurrent VT.

Methods

Y chromosomes of 3742 men (1729 patients; 2013 controls) from the MEGA case-
control study were tracked into haplogroups according to the phylogenetic tree. We
calculated the risk of first VT by comparing the major haplogroups with the most
frequent haplogroup. For recurrence risk, 1645 patients were followed for a mean of
five years, during which 350 developed a recurrence (21%, MEGA follow-up study).
We calculated recurrence rates for the major haplogroups and compared groups by

calculating hazard ratios.

Results

We observed 13 haplogroups, of which R1b was the most frequent (59%). The major
haplogroups were not associated with first VT with odds ratios ranging from 1.01 to
1.15. Haplogroup E-carriers had the highest recurrence rate (53.5 per 1000 person-
years, 95% confidence interval (Cl) 33.3-86.1), whereas Rla-carriers had the lowest
recurrence rate (24.3 per 1000 person-years, 95% Cl 12.6-46.6). Compared with R1b-

carriers, both haplogroups were not significantly associated with recurrence risk.

Conclusions
In contrast to a study on coronary artery disease, our results do not show a clear
predisposing effect of Y haplogroups on first and recurrent VT risk in men. It is therefore

unlikely that Y variation can explain the sex difference in VT risk.
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INTRODUCTION

Venous thrombosis (VT), a common and complex disease, recurs in 20-30% of patients
within five years of the first episode.'? Interestingly, the risk of recurrence differs
between men and women. Kyrle and colleagues observed a 5-year cumulative incidence
of recurrence of 30.7% among men compared with 8.5% among women.® Overall,
previous studies have reported a 1.5- to 3.6-fold higher recurrence risk in men than
in women.37 Our group was the first to suggest that the disparity by sex may not only
concern recurrence risk, as we showed that men had a two-fold increased risk of a
first thrombotic event compared with women when controlling for reproductive risk

factors.®

Several explanations for the sex difference in VT risk have been proposed and, so far,
only body height could explain a modest proportion.”® However, almost all research
has focused on recurrence risk and environmental factors. Analyses in biological
and adoptive families from a nationwide Swedish registry showed stronger familial
clustering in men than in women.'%** Similarly, the Danish twin registry reported high
heritability of VT among male twins but not among female twins, providing evidence
for a potential role for Y- or X-linked genetic factors.!? Plausible candidates would be
the X-chromosomal F8 and F9 genes, which encode coagulation factors VIII and IX.
However, no sex difference in the heritability of either factor has been observed.®® In
addition, women have higher factor VIII levels than men do,***> whereas factor IX levels
are similar.’® Recently, Roach et al. did not observe a difference in risk of recurrence

between carriers and non-carriers of F9 Malmo in four pooled European cohorts.?

Accumulating evidence suggest that genes on the male-specific region of the Y
chromosome (MSY) are not only involved in sex determination and development but
also in basic cellular processes.®!° Genetic variation on the MSY is highly conserved
due to limited recombination, making traditional analysis of genetic variation almost
impossible. Due to this high conservation, however, Y chromosomes can be grouped
into haplogroups forming a phylogenetic tree.?>?! Phylogenetic analyses have identified
associations between Y haplogroups and several diseases, including atherosclerosis
and AIDS progression.???* Recently, a 50% increased risk of coronary artery disease
was reported in carriers of haplogroup | compared with non-carriers.? The role of the

Y chromosome in VT risk has not been studied before.
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We hypothesized that the sex difference in first and recurrent VT risk could in part be
explained by Y-linked genetic variation. We therefore studied the association between
Y haplogroups and the risk of a first and recurrent VT in men of Northwestern European

origin.

MATERIAL AND METHODS

Study population

We included all men with a DNA sample available from the Multiple Environmental
and Genetic Assessment of risk factors for venous thrombosis (MEGA) study, which is
a large population-based case-control study. Collection and ascertainment of patients
have previously been described in detail.?® Patients with a first episode of deep vein
thrombosis (DVT) or a pulmonary embolism (PE) were identified at six anticoagulation
clinics, which monitor outpatient treatment with vitamin K antagonists, within the
Netherlands between 1999 and 2004. Control subjects were recruited by random-digit

dialling and by invitation of partners of the patients.

Participants provided a blood sample or buccal swap for DNA analysis and several well-
known genetic risk factors for venous thrombosis have previously been genotyped,
including Factor V Leiden (rs6025), prothrombin G20210A (rs1799963) and ABO non-O
blood type (rs8176719).%° Self-reported country of birth of the patients and their parents
was used to determine continental origin of the participants, and the present analyses
were restricted to men of Northwestern European origin. We defined provoked venous
thrombosis as recent (within 3 months before the index date) surgery, minor injury to
the leg,? immobilization (i.e., plaster cast, bedridden at home, hospitalization), travel for
more than 4 hours in 2 months before the index date, and a cancer diagnosis between
5 years before and 6 months after the index date. For the current study, we included

1811 male patients and 2037 male control subjects.

Subsequently, 1655 male patients with a first VT gave their consent to be followed for
recurrence in the MEGA follow-up study. We have reported on the design and methods
in detail elsewhere.? In brief, start of follow-up was defined as the date of the first
event. Between 2007 and 2009, we retrieved the vital status of all patients from the

central Dutch population register and sent questionnaires concerning recurrent VT to
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all patients who were alive. Diagnosis of a recurrent event was verified by information
from patients, anticoagulation clinics and treating physicians. We classified the
reported recurrences into certain and uncertain recurrences according to a decision
rule previously described.?® For the current analyses, only the certain recurrences
(N=350) were used as end point, and patients with an uncertain recurrence (N=80)
were censored at time of their uncertain recurrent event. For the end of follow-up,
we used the date of the recurrence or the date of filling in the questionnaire when no
recurrence had occurred. If patients did not fill in the questionnaire, they were censored
at the last date known to be recurrence free, that is, the last visit to the anticoagulant
clinic (N=109), date of death (N=36) or emigration (N=0), or the last time the patient was

known to be recurrence free from information of the MEGA case-control study (N=117).

In addition, we performed a sensitivity analysis for the incidence rate calculations in
which start of follow-up was defined as the date of stopping anticoagulant therapy.
If patients restarted anticoagulant therapy during follow-up for other reasons than a
recurrent event (for example, atrial fibrillation), we considered them not at risk during
these periods. Out of 1645 patients with a first VT, 176 patients left the study before
stopping anticoagulant therapy, of which 10 patients developed a recurrence in this
period. These patients were excluded in the sensitivity analyses. A total of 136 patients
restarted anticoagulant therapy at some point during follow-up, of which four patients
developed a recurrent event while using anticoagulants. If any patient left the study
before stopping the anticoagulant therapy for a second time, they were censored at

time of restarting the anticoagulant therapy.

Both studies were approved by the Medial Ethics Committee of the Leiden University

Medical Center, and all participants gave written informed consent.

Phylogenetic analysis

To classify all participants into the major clades of the phylogenetic tree (Figure 1), we
determined 26 single nucleotide variants in MSY (i.e., SRY10831, M91, M181, M145,
M174, M96, P143, M213, M201, M69, M170, M304, M9, M20, P256, M214, M231, M175,
M45, M242, M207, M173, M343, M124, P202, and M70) in a multiplex reaction using the
SNaPshot kit (Applied Biosystems, California, USA).%* Sequences of PCR primers used
for amplification of the genomic DNA samples (1.5 ng/ul) are available upon request.

After amplification, samples were treated with shrimp alkaline phosphatase (SAP,
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Affymetrix, Cleveland, USA) and exonuclease | (EXOSAP-IT, Affymetrix) to eliminate
remaining primers and dNTPs. Next, we performed SNaPshot minisequencing, which
is a fluorescent-based primer extension method. Purified extension products were
analyzed using ABI Prism 3100 Genetic Analyzer (Applied Biosystems) and evaluated
with GeneMarker software (Softgenetics, State College, USA). Participants who could
not be classified into one of the major haplogroups due to missing genotype data were
excluded (N=34, 10 patients and 24 control subjects), leaving 1729 patients and 2013
control subjects for association analysis for first VT risk and 1645 patients for association

analysis for recurrent VT risk.

V16N
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Yhaplogroup T S R2 Rib Rla R1* R* Q P* O N NO* M L Kx J I H G Fx C E D DE¥ B A
Percentage 0.5 0.0 0.0 59 4.0 0.0 0.0 03 0.0 0.0 01 00 0.0 0.0 00 38 25 0.0 33 03 0.0 3.6 0.0 00 0.0 0.1

Figure 1. Phylogenetic tree of the Y chromosome and overall haplogroup distribution
in MEGA.

We genotyped 26 variants in MSY to categorize Y chromosomes into lineages of the phylogenetic tree.
Variants are depicted as terminal markers of the haplogroups. * and x define deeper branches unifying
multiple (subclades of) haplogroups.

Statistical analysis

In order to determine the association between Y variation and the risk of a first
thrombotic event, we compared carriers of the most common haplogroup with
carriers of each of the other major haplogroups in the MEGA case-control study. We
calculated odds ratios (OR) and corresponding 95% confidence intervals (Cl) using

logistic regression models, which were adjusted for age. In addition, we performed a
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subanalysis in which patients were stratified on the type of the first venous thrombosis

(deep venous thrombosis of the leg and pulmonary embolism).

Recurrence risk was determined by calculation of cumulative incidences and incidence
rates for each of the major haplogroups in the MEGA follow-up study. For evaluation
of recurrence risk, we calculated hazard ratios (HR) using age-adjusted Cox regression
models with the most common haplogroup as reference group. We verified the
proportional hazard assumption by evaluating the curves of the log-log survivor

function.

For both the risk of a first and the risk of a recurrent event, we performed sensitivity
analyses in which we adjusted for established common genetic risk factors (i.e., FV
Leiden, F2 G20210A, and ABO non-0) and restricted to unprovoked VT. Analyses were
carried out using statistical software packages SPSS (version 20, IBM, Armonk, NY, USA)
and STATA (version 12, StataCorp, Texas, USA).

We performed a power calculation based on the results of the study on coronary artery
disease by Charchar and colleagues.?* Assuming a prevalence of 20% of haplogroup |,
we had a 99.6% power level with an alpha of 0.05 to observe a 50% increased risk of a
first thrombotic event in haplogroup | carriers compared with R1b-carriers. Based on
our sample size, the minimum odds ratio we could have detected with a power level of
80% and an alpha of 0.05 was 1.26.

RESULTS

Y haplogroups and risk of first VT — case-control study

We included 3742 men of Northwestern European ancestry, of whom there were 1729
patients with a first thrombotic event and 2013 control subjects. Patients were slightly
older than control subjects (mean age patients: 53.1 years, standard deviation (SD):
11.4 versus mean age controls: 48.2 years, SD: 12.4). VT diagnoses were as follows:
1020 (59%) patients had a first DVT in the legs only, 464 (27%) patients had a first PE
only, and 245 (14%) patients had both a DVT and a PE. The thrombotic event was not
precipitated by provoking risk factors in 748 (44%) patients.
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For the phylogenetic analysis, we genotyped 26 biallelic Y variants that allow partitioning
into the major European Y haplogroups. We observed 13 Y haplogroups among the 3742
men, of which six groups (i.e., R1b, I, R1a, J, E, and G) accounted for more than 98% of
the Y lineages (Figure 1). R1b and | were the most common haplogroups, which were
carried by 59% and 25% of the participants, respectively. We compared VT risk between
carriers of haplogroup R1b and carriers of each of the other major haplogroups. No clear
associations with VT were observed and the results did not change when restricting to
unprovoked VT risk or when adjusted for the established genetic risk factors (Table 1).
Although not significant, haplogroup E carriers had a weak increase in risk of unprovoked
VT compared with R1b carriers (OR: 1.49, 95% Cl 0.96-2.30). A subanalysis stratifying
on the risk of a DVT only and risk of a PE only, did not identify any associations with the
main Y haplogroups (Supplemental Table 1). If anything, carriers of haplogroup E had a
higher risk of PE compared with R1b carriers (OR: 1.41, 95% Cl 0.83-2.38). However, the

confidence interval was wide due to low number of patients carrying this haplogroup.

Y haplogroups and risk of recurrent VT — follow-up study

A total of 1645 male VT patients gave their consent to be followed for recurrence.
During a mean follow-up of 5 years (SD: 2.93), recurrent VT was confirmed in 350 men,
corresponding to an incidence rate of 41.5 (95% Cl 37.4-46.1) per 1000 person-years
and a 5-year cumulative incidence of 20% (95% Cl 18.2-22.4). Incidence rates and 5-year
cumulative incidences for the six most common haplogroups are reported in Table 2.
Haplogroup E carriers had the highest risk of recurrent VT with an incidence rate of 53.5
(95% Cl 33.3-86.1) per 1000 person-years and a 5-year cumulative incidence of 26.3%
(95% Cl 16.5-40.5). The incidence rate of recurrence for carriers of haplogroup R1a was
lowest at 24.3 (95% Cl 12.6-46.6) per 1000 person-years and the 5-year cumulative
incidence was 14.5% (95% Cl 7.78-26.0) suggesting that these men were at lower risk of
developing a recurrent event. Sensitivity analyses using time of stopping anticoagulant
therapy as start of follow-up resulted in somewhat higher incidence rates, but did not

change the overall results (Supplemental Table 2).
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Chapter 4

We calculated hazard ratios of time to recurrence for carriers of the major Y haplogroups
compared with haplogroup R1b carriers (Table 3). Although not significant, inheritance
of haplogroup R1a reduced the risk of a recurrence on average by 42% whereas carrying
E increased the recurrence risk by 25%. We observed similar results when restricting to
men with a first unprovoked event or when adjusting for the established genetic risk
factors, albeit with wider confidence intervals due to the low number of individuals
(Table 3). When we compared carriers of the haplogroup with the highest recurrence
risk with carriers of the haplogroup with the lowest recurrence risk, we observed that
haplogroup E carriers had a 2.2-fold increased risk of recurrence (95% Cl 0.97-4.90)
compared with men carrying haplogroup R1a, albeit the confidence interval was wide

and crossed unity.
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DISCUSSION

So far, none of the proposed explanations for the sex difference in VT risk have proven
to be sufficient. We hypothesized that male predisposition to venous thrombotic
events may be determined by the Y chromosome. This is the first study to explore the
association between genetic variation in MSY and the risk of a first and recurrent venous
thrombosis. Identification of a male-specific risk factor for venous thrombosis would

aid in risk stratification and unraveling the pathophysiology of VT.

We did not observe a clear association between any of the major European Y
haplogroups and risk of a first VT, as almost all risk estimates were close to unity. For
risk of unprovoked VT, carriers of haplogroup E had a mild increased risk. In contrast,
Charchar and colleagues reported a 1.5-fold increased risk of coronary artery disease in
carriers of haplogroup | compared with non-carriers.? The lack of association between
haplogroup | and VT could be explained by differences in disease mechanism. Although
several links between arterial and venous thrombosis have been described, they are
generally regarded as separate diseases with shared risk factors.?® Our results suggest
that the proposed mechanism of haplogroup |, i.e., down regulation of two MSY genes

(UTY and PRKY) in macrophages,® does not play an important role in venous thrombosis.

For the risk of recurrent VT, we also did not observe a strong association with any of the
major Y haplogroups, although carriers of haplogroup R1a had a somewhat decreased
risk of recurrence. In addition, in line with our findings for risk of first VT, recurrence
risk was highest for carriers of haplogroup E. The recurrence rate was similar to that for
men with a first unprovoked VT event. Both findings were consistent when restricting
to unprovoked VT risk or when adjusting for the established genetic risk factors. This
suggests that our results were not influenced by differences in the major risk factors
for VT. The prevalence of haplogroup R1a and E in our study population were 5.0% and
4.5%, respectively. To confirm that carriers of haplogroups R1a and E have differential
risk of recurrent VT, follow-up in a large and well-characterized study population with
a higher prevalence of these haplogroups would be needed. Rla is a wide-spread Y
haplogroup with branches both in Europe and Asia. The haplogroup is estimated to have
arrived in Europe over 20,000 years ago.*3* Nowadays, the European clade of Rla is
most frequent in East-Europe, with different branches exceeding a frequency of 20% in
the population.®! Haplogroup E is the predominant haplogroup on the African continent.

However, a subclade (E1blb) entered Europe via the Middle East more than 10,000
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years ago during the Neolithization of Europe.3?® This subclade reaches frequencies

up to 25% in Europe with a distinct South to North gradient.3?

Our study has several limitations. Possibly, due to a limited sample size, we may have
missed associations between haplogroups and the risk of venous thrombosis. However,
it is unlikely that we have missed an association between haplogroup | (which was
associated with coronary artery disease?*) and venous thrombosis as our study was
adequately powered to detect a similar association. As the prevalence of the other
haplogroups was much smaller, we can therefore not rule out that we have missed an
association with VT. Sample size was even smaller for the analyses of recurrence risk,
which was reflected by the wide confidence intervals, and, therefore caution is needed

in the interpretation of our findings both regarding an association or the lack thereof.

As Y haplogroups are highly geographically differentiated, a further limitation of our
study is the inability to rule out the presence of population stratification. To limit the
possibility that our data reflects recent admixture, we excluded all men who reported
that their parents were born outside Northwest Europe. We did not observe an
association between the major haplogroups and any of the established genetic risk
factors, which are known to vary in allele frequency between populations of different
origin.** In addition, the haplogroup distribution in the controls was in range with what
has previously been reported for The Netherlands.?*3>%¢ For example, a study of men
with a confirmed paternal ancestor born in the Dutch province Noord-Brabant before
1800, reported the following Y haplogroup distribution: 3.8% E, 3.0% G, 16% |, 7.6% J,
3.0% Rla and 65% R1b.3* Of note, the estimates are often based on small sample sizes

and show spatial and temporal differences.

A potential source of bias could be survival bias, as we included patients who survived
a first venous thrombotic event. However, the impact of survival bias on our results
is probably limited, as it is unlikely that survival differed between the carriers of the Y

haplogroups.

Among the strengths of this study are the long follow-up period and the objectively
confirmed recurrent VT events. Furthermore, this is the first study to explore variation

in the Y chromosome as a male-specific risk factor for VT.
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Even if carriers of haplogroups R1a and E have a slightly different recurrence risk, our
results do not show a clear predisposing effect of variation in MSY on recurrence risk
which can explain the inequity by sex. For comparison, 212 out of 1868 female patients
from the MEGA study developed a recurrence during follow-up, corresponding to an
incidence rate of 18.4 (95% Cl 15.9-20.9) per 1000 person-years. This rate is still lower
than the recurrence rate in haplogroup R1a carriers. However, it is possible that we
missed minor Y-linked contributions to VT risk by rare Y haplogroups or subgroups.
Alternative explanations could be X-linked factors or differential gene expression of
autosomal genes. In conclusion, our data suggest that Y-linked variation plays a limited

role in risk of venous thrombosis.
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Supplemental Table 2. Sensitivity analyses for the incidence rates of recurrent VT.

Haplogroup Men, N Recurrences, N ?::;:i :on:ri::'(;t)e;:su(e%% a)
All men 1469 336 6880 48.8 (43.9-54.4)
1%t provoked VT 814 155 3859 40.2 (34.3-47.0)
1stunprovoked VT 648 178 2993 59.5 (51.3-68.9)
R1b 858 200 4057 49.3 (42.9-56.6)
[ 367 83 1676 49.5 (40.0-61.4)
Rla 63 9 312 28.8 (15.0-55.4)
J 60 13 257 50.6 (29.4-87.1)
53 17 258 66.0 (41.0-106)
G 50 11 256 42.9 (23.8-77.5)

FU, follow-up since the date of stopping anticoagulant therapy; pys, person-years; Cl, confidence interval.
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ABSTRACT

Introduction

In a protein C deficient family, we recently identified a candidate gene, CADM1, which
interacted with protein C deficiency in increasing the risk of venous thrombosis (VT).
This study aimed to determine whether CADM1 variants also interact with protein C

pathway abnormalities in increasing VT risk outside this family.

Materials and methods

We genotyped over 300 CADM1 variants in the population-based MEGA case-control
study. We compared VT risks between cases with low protein C activity (N=194), low
protein S levels (N=23), high factor VIII activity (N=165) or factor V Leiden carriers
(N=580), and all 4004 controls. Positive associations were repeated in all 3496 cases

and 4004 controls.

Results

We found 22 variants which were associated with VT in one of the protein C pathway
risk groups. After mutual adjustment, six variants remained associated with VT. The
strongest evidence was found for rs220842 and rs11608105. For rs220842, the odds
ratio (OR) for VT was 3.2 (95% Cl 1.2-9.0) for cases with high factor VIl activity compared
with controls. In addition, this variant was associated with an increased risk of VT in
the overall study population (OR 1.5, 95% CI 1.0-2.2). The other variant, rs11608105,
was not associated with VT in the overall study population (OR 1.0, 95% CI 0.8-1.1),
but showed a strong effect on VT risk (OR 21, 95% Cl 5.1-88) when combined with low

protein C or S levels.

Conclusions
In a population-based association study, we confirm a role for CADM1 variants in

increasing the risk of VT by interaction with protein C pathway abnormalities.
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INTRODUCTION

We have identified a candidate gene, cell adhesion molecule 1 (CADM1), which appears
to interact with protein C deficiency to increase the risk of venous thrombosis in an
extended French Canadian family with type | protein C deficiency due to a PROC 3363C
insertion (“Vermont family”).! The 300kb CADM1 gene is also known as nectin-like
protein 2 (NECL2), tumor suppressor in lung cancer 1 (TSLCI), synapse cell adhesion
molecule (SynCAM1), spermatogenic immunoglobulin super family (Sg/GSF), and
immunoglobulin super family 4 (IGSF4).2 CADM1, an immunoglobulin cell adhesion
molecule involved in binding interactions supporting intercellular adhesion, has been
best characterized as a constitutive cell-cell adhesion molecule in epithelial cells and

at neuronal synapses.*®

In the Vermont family study, several single nucleotide variants (SNVs) in CADM1 showed
a strong association with venous thrombosis in interaction with protein C deficiency.!
For example, among protein C deficient family members, carriers of the rs6589488
minor allele had a 17-fold increased risk of venous thrombosis (OR 17, 95% ClI 13.5-21.4)
compared with homozygous major allele carriers. Subsequent CADM1 gene expression
assays, using blood outgrowth endothelial cells cultured from family members, showed
a decreased expression compared with controls, lending phenotypic support to the SNV
associations. We also demonstrated CADM1 in endothelial cells, where it appears to
be selectively involved in endothelial cell migration, suggesting a role in maintenance

of endothelial barrier function.*”

Activated Protein C, bound to the endothelial protein C receptor (APC-EPCR) on the
endothelial membrane, mediates endothelial barrier enhancement through activation
of protease activated receptor 1 (PAR-1) and the sphingosine-1-phosphate-receptor-1
(S,P,) pathways.®*> This APC-EPCR mediated activation of PAR-1 and S P, leads to
activation of endothelial Racl and the cytoskeletal rearrangements associated with
endothelial barrier enhancement.’®*!3 The CADM1 pathway,** which is associated
with migration and adhesion in epithelial cells, appears to mediate this epithelial
cell behavior, in part, through regulating small Rho-GTPases including Rac1.>? This
suggests that our observation of a strong interaction between the CADM1 and protein
C genes in increasing thrombosis risk in the Vermont family may be related to a shared
common signalling pathway involving the small Rho-GTPases. Thus, the CADM1 pathway

interaction with the protein C system may represent a novel biological pathway
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conferring increased risk for venous thrombosis at the level of the vessel wall due to

impaired maintenance of endothelial barrier function.

In order to validate the association between CADM1 and thrombosis observed
in the Vermont family study, we investigated CADM1 gene variants in the Multiple
Environmental and Genetic Assessment of risk factors for venous thrombosis (MEGA
study), a case-control study on venous thrombosis including over 4000 patients and
4000 controls. To study the effect of CADM1 variants on thrombosis risk, we primarily
focused on subsets of thrombosis patients with protein C pathway abnormalities (i.e.
low levels of protein C or S, high factor VIII levels, and the factor V Leiden variant) as
CADM!1 variants were found to interact with protein C deficiency in the Vermont family
study.! Protein S interacts closely with protein C in the inactivation of the procoagulant
factors Va and Vllla,'” and synergistic effects of CADM1 with protein C deficiency might
therefore also occur with protein S deficiency, high levels of factor VIII, or activated

protein C resistance due to factor V Leiden (F5, rs6025).

MATERIAL AND METHODS

Study population

The MEGA study is a population-based case-control study.’®° Consecutive patients aged
18 to 70 years with a first venous thrombosis of the leg or arm, or with a pulmonary
embolism were recruited from 6 anticoagulation clinics in the western part of the
Netherlands between 1999 and 2004. Partners of patients, as well as additional
individuals recruited by random digit dialling and frequency-matched on age and sex,
were invited as control subjects. All participants received a standardized questionnaire
about risk factors for venous thrombosis. A blood sample was taken approximately
3 months after discontinuation of anticoagulant therapy (usually 3-12 months after
the diagnosis of venous thrombosis), or after a year when patients continued their
anticoagulant therapy, and from control subjects. Participants who refused to or
were unable to provide a blood sample and patients and their partners included after
June 1, 2002 were offered the option of providing a buccal swab sample for DNA.
Exclusion criteria were previous venous thrombosis (patients and controls), no venous
thrombosis (patients, after checking hospital records), age younger than 18 or older

than 70, severe psychiatric problems, inability to speak Dutch and, for genetic and
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blood sample analysis, poor sample quality. For the present analysis, we only included
individuals from North- or Western European origin (90%), which was assessed by self-
reported country of birth of the parents, in order to avoid population stratification. This
left 1970 patients and 2490 control subjects (N=4460) with a plasma and DNA sample
and another 1526 patients and 1514 control subjects (N=3040) with only a DNA sample

eligible for analysis.

Protein C pathway abnormalities

We selected individuals with protein C pathway abnormalities, i.e., low protein C activity,
low protein S levels, high factor VIII activity levels, or factor V Leiden carriership. The
protein C, protein S and factor VIII abnormalities were not individually diagnosed, but
instead we used clinically relevant cut-off levels to categorize individuals as abnormal.
Low protein C activity was defined by taking the lower limit of normal (67% of normal
in our laboratory) as cut-off point. When individuals were on oral anticoagulant therapy
at time of blood draw, we calculated the expected protein C activity relative to factor
VII activity by linear regression according to a method described by O’Brien et al.?®
The observed levels were classified as “low” when the observed/expected ratio was
below the geometric mean minus 2 standard deviations as calculated among control
subjects. Of 1959 patients and 2471 control subjects with protein C (and factor VII)
measurements, 194 patients (10%; mean protein C activity 43% of normal; range 19-66)
and 28 control subjects (1%; mean protein C activity 42% of normal; range 30-62) had
low protein C activity. Of these 194 patients and 28 control subjects, 178 patients and

21 controls were on oral anticoagulant therapy at the time of the blood draw.

Similarly to the selection of individuals with low protein C, we selected low protein S
individuals by selecting total protein S levels below the lower limit of normal (67% of
normal) for individuals not on oral anticoagulant therapy at the time of the blood draw
and calculated protein S levels relative to factor Il for patients using oral anticoagulant
therapy at the time of the blood draw. Of the 1828 patients and 2252 control subjects
with protein S (and factor Il) measurements, 23 patients (1%; mean protein S level 58%
of normal; range 32-66) and 26 controls (1%; mean protein S level 60% of normal; range
45-67) had low protein S levels. Of these 33 patients and 28 controls, 3 patients and

none of the controls were on oral anticoagulant therapy at the time of the blood draw.
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High factor VIII was defined as activity levels higher than the geometric mean plus 2
standard deviations as calculated among control subjects, which was 204 1U/ml. In total,
165 (8%) of 1969 patients and 51 (2%) of 2488 control subjects with factor VIII levels
available had high factor VIII activity levels.

For the factor V Leiden subgroup analysis, we selected 580 (17%) patients and 219 (5%)
control subjects who carried the variant from among 3493 patients and 4000 control

subjects with factor V Leiden genotypes available.

Laboratory analysis

Collection and processing of blood and buccal swab samples, subsequent DNA
isolation and genotyping of factor V Leiden variant have been described previously.:®
Measurements of protein C activity were performed with a chromogenic assay and
factor Il, VII and VIII activity measurements were based on clotting time assays using
immune-depleted plasma, deficient for the factor under study. These measurements
were performed on a STA-R coagulation analyzer following the instructions of the
manufacturer (Diagnostica Stago, Asnieres, France). Total protein S levels were measured
by an enzyme-linked immunosorbent assay (ELISA, Diagnostica Stago, Asnieres, France).
The mean intra- and inter-assay coefficients of variation in our laboratory were 1.4% and
3.5%, respectively, for protein C, 2.7% and 4.2% for factor II, 3.4% and 4.0% for factor
VI, 3.6% and 8.9% for factor VIl and 5.0% and 3.5% for protein S. All measurements

were performed on a single blood draw.

SNV Selection

We selected 364 SNVs throughout CADM1 and 2kb downstream and 10kb upstream
of the gene in order to include conserved elements which may play a regulatory role
(chr11:114,543,000-114,893,000, NCBI B36 assembly). From the CADM1 SNVs that were
genotyped in the European HapMap population, we chose 86 tagging SNVs with minor
allele frequency (MAF)>0.01 by pairwise tagging (r>>0.8) as implemented in Haploview.?!
From the HapMap list we added 42 SNVs from blocks with multiple SNVs for redundancy
and 29 SNVs in regions where the distance between adjacent SNVs was largest. In
addition, we selected 99 SNVs that had not been genotyped by HapMap but were
validated in dbSNP and 108 SNVs that we identified by resequencing the region in the
Vermont family. Of 364 SNVs selected for genotyping, 47 were excluded because of

poor assay performance, 3 SNV assays were excluded because of atypical clustering
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and 30 were not polymorphic in the MEGA study population, which left 284 SNVs for
statistical analysis. Genotyping was performed at the Johns Hopkins University through
the NHLBI Genotyping and Resequencing Service. Genotyping quality was assessed

by establishing the call rate (>99%) and the Hardy-Weinberg equilibrium of each SNV.

Statistical analysis

The primary analysis was to compare allele frequencies between patients with specific
abnormalities in the protein C pathway (i.e. low protein C, low protein S, high factor VIII
or factor V Leiden) and all control subjects. The choice for taking all control subjects as
a reference group was made because few control subjects had low protein C activity

or low protein S levels.

Odds ratios (OR) and 95% confidence intervals (95% Cl) were computed using logistic
regression for an additive genetic model. The reference allele was the most prevalent
(major) allele in the total study population and the OR was calculated per additional
minor allele copy. Variants that were associated with venous thrombosis in the primary
analysis (one of the subgroups of protein C pathway abnormalities versus all controls)
with p-value <0.05 were further studied. Next, linkage disequilibrium (LD) between
SNVs of interest was studied in Haploview.?! Of the variants that were in strong linkage
disequilibrium, defined as r? of 0.7 or higher, we selected the variant with the highest
allele frequency in controls for follow-up. To assess the causal effects of the SNVs, we
mutually adjusted the associations by entering all positive variants into a conditional
logistic regression model. Positive associations were repeated in the overall MEGA study
(3496 cases and 4004 controls) and studied for the joint effects of the variants and the

protein C pathway abnormality under study.

With more than 250 variants tested for association with venous thrombosis in each
subgroup, the chance of false positive findings is substantial. In order to decrease the

chance of false-positive reporting, we calculated an FDR-adjusted g-value.?

RESULTS

Characteristics of the study population are presented in Table 1. We studied 284 variants

in four subgroups of venous thrombosis patients with a protein C pathway abnormality,
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i.e., patients with low protein C activity (N=194), patients with low protein S levels
(N=23), patients with high FVIII activity (N=165) and patients carrying the FV Leiden
polymorphism (N=580), and all controls (N=4004). The subgroups were not mutually

exclusive, i.e., 72 patients (12%) had multiple abnormalities in the protein C pathway.

Table 1. Characteristics of the MEGA study population.

Patients (N=3496) Controls (N=4004)
Men (%) 1633 (46.7) 1892 (47.3)
Mean age (SD) 49.18 (12.81) 48.40 (12.36)
FVL carrier (%) 580 (16.60) 219 (5.48)
Plasma available 1970 2490
Low protein C (%) 194 (9.90) 28 (1.13)
Low protein S (%) 23(1.26) 26 (1.15)
High factor VIII (%) 165 (8.38) 51 (2.05)

SD standard deviation; FVL Factor V Leiden

Low protein C was defined as activity levels below 67% of normal or when on anticoagulant treatment
relative to factor VII (see Methods). Similarly, low protein S was defined as activity levels below 67% of
normal or when on anticoagulant treatment relative to factor Il (see Methods). High factor VIl was defined as
activity levels higher than the geometric mean plus two standard deviations among controls (see Methods).

Associations between CADML1 variants and VT within protein C pathway subgroups
For all 284 variants, allele frequencies among all MEGA study patients and all MEGA
study controls are listed in Supplemental Table 1. Twelve of the 284 variants were
monomorphic among control subjects and eight were monomorphic among patients
of the overall MEGA study. In addition, several variants were monomorphic in one of
the subgroups of patients with a protein C pathway abnormality: 16 variants among
patients with low protein C activity, 46 variants among patients with low protein S
levels, 14 variants among patients with high factor VIII activity and 17 variants among

patients carrying factor V Leiden. These variants could not be studied.

During the first stage of the analysis, we identified 22 CADM1 variants that were
associated with venous thrombosis (p-value<0.05) in one of the subgroups of patients
with a protein C pathway abnormality and all controls (Table 2). One variant was
associated with venous thrombosis in the low protein C subgroup, nine variants in the
low protein S subgroup, six variants in the high factor VIl subgroup, and seven variants

in the factor V Leiden subgroup (Table 2). Only one variant (rs11608105) was associated
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with venous thrombosis in multiple subgroups, i.e. the low protein C subgroup (OR
1.57, 95% Cl 1.05-2.34) and the low protein S subgroup (OR 2.98, 95% Cl 1.27-7.02). To
correct for multiple testing, we calculated FDR-adjusted g-values after which none of

the variants remained associated with venous thrombosis (Table 2).

Table 2. Associations with venous thrombosis in the different subgroups.

Risk allele frequency, % FDR

Patients Controls OR 95% Cl p-value qg-value
Low protein C patients
rs11608105 7.22 4.72 1.57 1.05-2.34 0.026 1
Low protein S patients
rs4938182 32.6 19.8 1.95 1.05-3.63 0.034 0.756
rs4450197 8.70 2.04 495 1.67-147 0.004 0.333
rs10128746 13.0 3.63 440 1.75-11.1 0.002 0.333
rs11215418 10.9 3.62 3.37 1.29-8.83 0.013 0.371
rs45595941 4.35 0.70 6.71 1.54-29.3 0.011 0.371
rs45616036 4.35 0.84 5.03 1.25-20.3 0.023 0.575
rs11608105 13.0 4.72 298 1.27-7.02 0.013 0.371
rs45520832 2.17 0.11 20.1 2.45-166  0.005 0.333
rs45583332 4.35 0.70 6.71 1.54-29.3 0.011 0.371
High factor VIII patients
rs10891823 9.47 6.48 1.48 1.02-2.16 0.040 0.999
rs11215504 7.58 4.35 1.79 1.18-2.73 0.006 0.750
rs11215515 7.10 4.26 1.75 1.14-2.68 0.010 0.833
rs11215458 5.62 3.65 1.61 1.00-2.60 0.050 0.999
rs220842 1.52 0.51 3.02 1.18-7.74 0.022 0.999
rs10891856 9.47 5.75 1.75 1.21-2.55 0.003 0.750
Factor V Leiden patients
rs12577709 15.9 13.6 1.19 1.01-1.42 0.041 0.988
rs45545346 1.73 3.42 0.50 0.32-0.79 0.003 0.741
rs45608938 3.89 5.42 0.71  0.52-0.97 0.032 0.988
rs17443832 3.97 5.38 0.73 0.54-0.99 0.045 0.988
rs45578937 5.10 7.07 0.71 0.54-0.93 0.014 0.865
rs45458294 4.84 6.92 0.68 0.52-0.91 0.008 0.741
rs314497 7.84 5.86 1.37 1.08-1.73 0.009 0.741

OR odds ratio; Cl confidence interval; FDR false discovery rate
In the univariable analysis, 22 variants were associated with venous thrombosis. The risk allele frequency
was calculated in the subgroup of cases in which the variant was identified and in the overall controls.
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Next, we studied linkage disequilibrium between the positive variants. Of the 22
variants, four pairs of variants were in strong linkage disequilibrium (Figure 1; r> > 0.7).
Of each pair of variants, the variant having the highest risk allele frequency among
controls was selected for the remaining analyses. To study the causal effects of the
positive variants on venous thrombosis, we entered all positive variants within each
subgroup in a logistic regression model. In the subgroup of protein S, two variants
remained associated with venous thrombosis, i.e., rs11608105 and rs45520832 (Table 3;
OR 3.54,95% Cl 1.46-8.60 and OR 22.1, 95% Cl 2.35-208, respectively). In addition, two
variants, i.e., rs11215504 and rs220842, remained associated with venous thrombosis
in patients with high factor VIl activity (OR 1.89, 95% Cl 1.24-2.88 and OR 3.23, 95% ClI
1.17-8.97, respectively). In the patients that carried FV Leiden, another two variants,
i.e., rs45608938 and rs45545346, remained associated with a decreased risk of
venous thrombosis (Table 3; OR 0.71, 95% ClI 0.52-0.97 and OR 0.53, 95% CI 0.30-0.93

respectively).

Table 3. Mutually adjusted associations with venous thrombosis in the different
subgroups.

Risk allele frequency, %

Patients Controls OR 95% Cl
Low protein C patients
rs11608105 7.22 4.72 1.57 1.05-2.34
Low protein S patients
rs4938182 32.6 19.8 1.60 0.79-3.22
rs4450197 8.70 2.04 1.22 0.21-7.25
rs10128746 13.0 3.63 3.04 0.72-13.0
rs45616036 4.35 0.84 1.92 0.07-51.9
rs11608105 13.0 4.72 3.54 1.46-8.60
rs45520832 2.17 0.11 221 2.35-208
rs45583332 4.35 0.70 4.27 0.15-124
High factor VIII patients
rs10891823 9.47 6.48 1.13 0.59-2.14
rs11215504 7.58 4.35 1.89 1.24-2.88
rs11215515 7.10 4.26 1.16 0.56-2.40
rs11215458 5.62 3.65 1.03 0.42-2.50
rs220842 1.52 0.51 3.23 1.17-8.97
rs10891856 9.47 5.75 1.60 0.89-2.85
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Table 3. Continued

Risk allele frequency, %

Patients Controls OR 95% Cl
Factor V Leiden patients
rs12577709 15.9 13.6 1.09 0.90-1.32
rs45545346 1.73 3.42 0.53 0.30-0.93
rs45608938 3.89 5.42 0.71 0.52-0.97
rs45578937 5.10 7.07 0.93 0.66-1.30
rs314497 7.84 5.86 1.27 0.98-1.65

OR odds ratio; Cl confidence interval
When including the positive associations per subgroup together in a logistic regression model, six variants
remained associated with venous thrombosis.

Associations to venous thrombosis in overall MEGA study

We further investigated the six variants, which remained associated with venous
thrombosis after mutual adjustment, in the overall MEGA study population in order
to study the effect on venous thrombosis independently of the protein C pathway
abnormalities. We observed a weak association between rs220842 and venous
thrombosis (OR 1.49, 95% Cl1 0.99-2.24) and between rs11215504 and venous thrombosis
(OR 1.14, 95% ClI 0.98-1.33). The other four variants were not associated with venous
thrombosis in the overall MEGA study population (Table 4).

Table 4. Associations with venous thrombosis in MEGA overall study population.

Risk allele frequency, %

CADM1 variants Patients Controls OR 95% Cl

rs11608105 4.57 4.72 0.97 0.83-1.13
rs45520832 0.14 0.11 1.27 0.52-3.13
rs11215504 4.94 4.35 1.14 0.98-1.33
rs220842 0.76 0.51 1.49 0.99-2.24
rs45608938 5.33 5.42 0.98 0.85-1.13
rs45545346 3.13 3.42 0.92 0.77-1.09

OR odds ratio; Cl confidence interval
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Joint effect of CADM1 variants and protein C pathway abnormalities

We studied the joint effect of the thrombosis associated variants and the protein C
pathway abnormalities by using homozygous major allele carriers without the protein
C pathway abnormality under study as a reference for the odds ratio (Table 5). The
combination of carrying variant rs11608105 and having low protein C or protein S levels
was associated with a 21-fold increased risk (95% Cl 5.08-88.8) of venous thrombosis.
Compared with non-carriers having low protein C or S levels, the risk of venous
thrombosis was a 4-fold increased (95% Cl 1.00-18.7) in carriers of the risk allele with

low protein C or S levels.

Similar to findings in the overall MEGA study population, variant rs220842 was
associated with an increased risk of venous thrombosis (OR 1.88, 95% CI 1.07-3.31;
Table 5) in individuals without high factor VIl activity. The joint effect of the variant and
high factor VIII activity could not be studied as only patients and no controls with high
factor VIII activity carried the variant (N=5; Table 5). Furthermore, having high factor
VIl activity and carrying the risk allele of variant rs11215504 was associated with a 6.5-
fold increased risk of venous thrombosis. This exceeded the risk for rs11215504 or the
defect alone (Table 5) albeit with a wide confidence interval due to the small number
of carriers with also a defect (95% Cl 2.48-17.1). For the other positive variants, no clear
joint effect with a protein C pathway abnormality could be calculated (rs45520832) or
was observed (rs45608938, rs45545346) (Table 5).
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Table 5. Combined associations for CADM1 SNVs with protein C pathway abnormalities
and venous thrombosis.

CADM!1 variants Pathway defect Patients, N Controls, N OR 95% CI
rs11608105 No PC/PS No 1503 1996 1(REF)

rs11608105 Yes PC/PS No 123 206 0.79 0.63-1.00
rs11608105 No PC/PS Yes 181 49 491 3.55-6.77
rs11608105 Yes PC/PS Yes 32 2 21.3 5.08-88.8
rs45520832 No PS No 1798 2219 1(REF)

rs45520832 Yes PS No 5 3 2.06 0.49-8.62
rs45520832 No PS Yes 22 26 1.04 0.59-1.85
rs45520832 Yes PS Yes 1 0 NA NA
rs220842 No FVII No 1775 2416 1(REF)

rs220842 Yes FVIII No 29 21 1.88 1.07-3.31
rs220842 No FVIIl  Yes 160 51 4.27 3.10-5.89
rs220842 Yes FVIIl  Yes 5 0 NA NA
rs11215504 No FVII No 1638 2222 1(REF)

rs11215504 Yes FVIII No 166 215 1.05 0.85-1.30
rs11215504 No FVIIl  Yes 141 46 4.16 2.96-5.84
rs11215504 Yes FVIII  Yes 24 5 6.51 2.48-17.1
rs45608938 No FVL No 2591 3379 1(REF)

rs45608938 Yes FVL No 318 397 1.04 0.89-1.22
rs45608938 No FVL Yes 533 198 3.51 2.96-4.17
rs45608938 Yes FVL Yes 45 19 3.09 1.80-5.29
rs45545346 No FVL No 2721 3524 1(REF)

rs45545346 Yes FVL No 192 255 0.98 0.80-1.18
rs45545346 No FVL Yes 559 210 3.45 2.92-4.07
rs45545346 Yes FVL Yes 20 9 2.88 1.31-6.33

OR odds ratio; Cl confidence interval; PC protein C; PS protein S; FVL Factor V Leiden; REF reference.
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DISCUSSION

In this study we aimed to validate the CADM1 gene, encoding cell adhesion molecule
1, as a gene involved in the etiology of venous thrombosis. We identified this gene as
a candidate risk gene in the Vermont family.! The thrombosis association was most
pronounced among individuals in this family with both variation in CADM1 and protein
C deficiency. To confirm the interaction of protein C deficiency and CADM1 variants in
increasing the risk of thrombosis, we studied 284 variants in CADM1 in the population-
based MEGA study. We performed analyses mainly by comparing thrombosis cases with
protein C pathway abnormalities, i.e. low protein C or S levels, high factor VIII activity

or factor V Leiden, with all controls.

For six variants in the CADM1 gene, a consistent association with venous thrombosis
was observed in one of the subgroups of protein C pathway abnormalities. Within
individuals with low protein C or S levels, rs11608105 showed a 21-fold increased risk of
venous thrombosis. Another variant (rs220842) was associated with venous thrombosis
in the overall MEGA population and was only present in patients, and not in control
subjects, with high factor VIl activity. Whether the variants are causal or are in linkage
disequilibrium with unmeasured causal variants is not known. Our results suggest
independent effects for the two variants. Both variants lie in intron 1, which comprises
240 kB of the 300 kB CADM1 gene. There are a number of transcription factor binding
sites and regulatory elements in intron 1. Examination of the 500 bp sequence flanking
the variants revealed the occurrence of conserved elements (across 37 mammals) and
open chromatin regions (DNase | hypersensitivity assay).2® This suggests that epigenetic
control may be the underlying functional mechanism by which these variants exert their

effect on venous thrombosis.

One of the drawbacks of our study is the relatively low number of individuals per
protein C pathway abnormality subgroup, which decreased our power to detect effects
for CADM1 variants. In addition, testing multiple SNVs for association with venous
thrombosis increases the chance of false-positive associations. We therefore calculated
FDR-adjusted g-values, after which we were no longer able to detect an association
between the CADM1 variants and venous thrombosis. We sought support for our
hypothesis through addressing the association between venous thrombosis and CADM1
variants in not only patients with low protein C levels, but also in other subgroups of

patients with protein C pathway abnormalities. Although there was some overlap in
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patients within the protein C pathway subgroups, we observed almost no overlap in
the thrombosis-associated CADM1 variants across the subgroups of protein C pathway
abnormalities. Only one variant (rs11608105) was found to be associated with venous
thrombosis in multiple subgroups, in this case in patients with low protein Cand S levels.
In some cases, the direction of the odds ratio for venous thrombosis risk of the positive
CADM!1 variant differed across the protein C pathway abnormalities (Supplemental Table
2). Taken together, this may suggest that genetic variation in CADM1 interacts only with

single or specific factors within the protein C pathway.

Another drawback of our study is that the protein C and protein S deficiencies were not
individually diagnosed, but we determined levels below clinical cut-offs using a single
test. Therefore, the prevalence of the protein C pathway abnormalities may vary and
some misclassification may have occurred. It is unlikely though to have affected the
comparisons on a group level. In addition, as in all case-control studies, we cannot
rule out that the thrombotic event itself influenced the coagulation factor levels, in
particular the levels of the acute phase reactant factor VIII. However, the median time
between blood draw and thrombotic event was 10 months and we did not observe any
difference between the mean FVIII levels of blood samples drawn less than 6 months
after the thrombotic event and blood samples drawn 6 or more months after the

thrombotic event (mean levels of 134.9 and 132.7 IU/ml, respectively).

We identified several variants of which the risk allele was carried by patients or control
subjects only. These might be involved as risk or protective alleles for venous thrombosis
when co-occurring with a protein C pathway abnormality. However, since these variants
were rare and the number of individuals was low, we are not able to draw conclusions

about these variants.

The variant that was most strongly associated in the French Canadian family study,
rs6589488, was not associated in the overall MEGA study (OR 1.07, 95% CI 0.98-
1.17) nor in one of the subgroups of protein C pathway abnormalities (Supplemental
Table 3). Linkage disequilibrium, as determined by r?, with the variants consistently
associated with venous thrombosis in our analysis (listed in Table 2) was low (<0.15).
One explanation for the lack of a clear effect of rs6589488 in the current study is
that the variants in the family study are rare mutations, private to this family or the

French Canadian population. The results found in the current case-control study for
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a joint thrombophilic effect of CADM1 variants with protein C deficiency, protein S
deficiency, or high factor VIII levels does suggest though that the CADM1 pathway
might play a role in the biology of hemostasis in the general population as well. The
CADM1 pathway links to the actin cytoskeleton and in the cancer literature its oncogenic
effect is due to variants in CADM1 as well as downstream proteins.?*%” Analysis of genes
of downstream members of the CADM1 pathway might identify additional novel risk
factors for venous thrombosis. Another possibility is that mutations in the gene for
protein C (PROC) itself affect the interaction between CADM1 and protein C pathway.
However, this would involve an indirect interaction between the downstream pathways
associated respectively with the Endothelial Cell Protein C receptor and CADM1, as

there is no evidence for a direct interaction of protein C with CADM1.

In conclusion, this study found some evidence of a joint effect of genetic variation in
CADM1 and protein C pathway abnormalities on the risk of venous thrombosis. This
study aimed to validate a previous genetic study in a large thrombophilic family study,
but could not replicate the specific associations observed in the family. Therefore,
further study of the CADM1 pathway is needed to determine whether abnormalities of

the CADM1 pathway link the risk for venous thrombosis to the vessel wall.
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SUPPLEMENTAL TABLES

Table S1. Minor allele frequencies of CADM1 variants in overall MEGA study population

Minor allele frequency, %

CADM1 variant Position Patients Controls
rs11215392 114543618 2.65 2.75
rs34157656 114544511 44.3 45.0
rs10444329 114544893 18.1 17.0
rs17118020 114545350 1.50 1.33
rs17118023 114546173 18.1 16.9
rs17649730 114546639 15.0 14.1
rs4936321 114546799 47.6 46.2
rs11606837 114548047 49.4 48.4
rs4938182 114548246 21.0 19.8
rs45460594 114548330 3.09 2.75
rs45486791 114548565 0.53 0.44
rs45539744 114548882 0.01 0.02
rs4450197 114549421 2.41 2.04
rs1048932 114550060 43.9 43.0
rs45483591 114551963 0.04 0.03
rs45445298 114554121 0.36 0.45
rs17304149 114554390 48.3 49.1
rs17118046 114554937 3.84 3.80
rs45508098 114555249 16.6 15.8
rs7928746 114556120 2.03 2.36
rs4938183 114556779 4.10 4.09
rs45479795 114557630 4.41 4.27
rs11215400 114557845 27.3 27.4
rs45483594 114558449 16.6 15.9
rs12807135 114558718 49.6 50.4
rs45594631 114559767 0.00 0.02
rs11215403 114563795 25.9 25.8
rs45604639 114565259 0.33 0.28
rs7937380 114565377 26.0 26.0
rs45614835 114565529 16.3 15.6
rs4936322 114566743 45.1 43.8
rs45605138 114567521 1.70 1.78
rs4245160 114567760 0.01 0.00
rs45625839 114568381 0.01 0.01
rs7101437 114568851 49.9 50.4
rs45628237 114569486 0.33 0.26
rs11215406 114570292 27.3 27.3
rs11215407 114570503 6.13 6.38
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Table S1. Continued

Minor allele frequency, %

CADM1 variant Position Patients Controls
rs10891805 114571691 3.61 3.72
rs45456599 114571885 16.3 15.5
rs45617644 114571999 0.01 0.02
rs45574838 114572238 0.04 0.00
rs6589484 114576024 3.69 3.76
rs45529533 114576096 11.0 111
rs45479100 114577512 16.6 15.9
rs12226198 114579444 5.74 5.86
rs10128746 114580646 3.71 3.63
rs11215415 114580742 2.18 2.44
rs45505693 114583362 0.64 0.89
rs3802858 114583702 45.0 44.2
rs3802857 114583828 35.1 35.4
rs11215418 114585104 3.70 3.62
rs7125361 114585252 44.8 43.7
rs9645660 114586773 49.2 48.1
rs11215419 114587020 49.4 50.6
rs45516099 114587093 16.8 15.8
rs7482812 114588382 3.00 2.81
rs6589486 114589507 45.8 46.8
rs12281523 114589876 5.39 5.26
rs45525440 114590677 5.37 5.18
rs45489793 114592265 18.2 17.2
rs11215424 114592631 28.5 28.9
rs4938190 114592960 47.9 47.0
rs7106961 114593510 1.57 1.66
rs7947402 114593630 49.3 48.0
rs45593334 114594650 28.5 28.7
rs45583736 114595117 0.03 0.04
rs4245161 114595636 0.03 0.00
rs7479259 114595925 45.1 45.9
rs45614535 114596076 44.9 45.7
rs11825649 114597503 1.63 1.51
rs45460202 114597825 1.63 1.76
rs1938736 114598207 18.2 17.2
rs11215427 114598648 28.5 29.0
rs12575340 114600534 17.2 16.4
rs11215430 114601206 5.30 5.14
rs10891812 114601641 46.8 46.1
rs6589488 114602166 15.2 14.3
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Table S1. Continued

Minor allele frequency, %

CADM1 variant Position Patients Controls
rs12284489 114602367 5.32 5.20
rs12280033 114603084 7.04 6.83
rs12417740 114603646 45.2 46.0
rs11215431 114604893 0.03 0.00
rs11602686 114605848 45.3 46.2
rs11215433 114606504 7.01 6.89
rs10458967 114608081 5.32 5.18
rs10458969 114608403 16.6 15.5
rs11215437 114609382 24.8 25.0
rs10891814 114609820 38.6 37.8
rs10502200 114610942 3.34 3.52
rs45593037 114612214 4.64 4.36
rs947802 114613194 38.9 38.2
rs12283904 114614312 0.00 0.03
rs2269737 114616515 19.2 19.1
rs11215439 114617425 19.1 18.2
rs12421121 114617518 19.1 19.7
rs17118125 114619942 19.0 19.0
rs11215445 114620383 22.6 22.5
rs9633941 114621837 19.5 18.8
rs12225639 114622453 16.1 15.2
rs45624531 114622551 19.0 19.1
rs10502199 114625825 15.7 15.2
rs1892773 114627836 20.5 20.7
rs7127390 114627937 20.4 20.4
rs4936325 114630329 15.4 15.1
rs17118149 114630440 0.09 0.09
rs45604331 114632418 0.00 0.02
rs45538440 114634182 0.31 0.35
rs45577334 114634631 1.40 1.34
rs6589490 114637110 375 37.2
rs11215455 114639795 20.3 20.8
rs2154690 114640754 38.0 37.7
rs11215456 114640983 17.6 16.9
rs4938193 114641217 20.0 20.7
rs4597099 114641818 37.4 37.2
rs10891818 114642013 35.7 35.5
rs10891819 114642457 18.9 18.0
rs11215458 114645061 3.71 3.65
rs7950069 114645763 15.6 14.8
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Table S1. Continued

Minor allele frequency, %

CADM1 variant Position Patients Controls
rs11215459 114646718 1.62 1.26
rs45539832 114648118 5.51 5.41
rs4938194 114648551 38.1 379
rs10891820 114649664 12.6 13.0
rs12577839 114649744 0.01 0.00
rs45451094 114649852 0.01 0.03
rs17118172 114650309 5.27 5.02
rs12788053 114652701 20.3 21.0
rs10502203 114655447 1.40 1.16
rs17519855 114656695 0.23 0.24
rs7944529 114657017 11.6 11.2
rs7944955 114657247 31.8 31.8
rs7931895 114657509 31.7 31.8
rs11215462 114658528 0.03 0.00
rs17118198 114660163 0.09 0.09
rs45595941 114662359 0.79 0.70
rs11215466 114663198 18.2 17.5
rs10891823 114663444 6.74 6.48
rs2014270 114664443 12.6 13.0
rs17441594 114664964 11.6 11.0
rs7936399 114665469 38.6 38.3
rs17441610 114667144 11.6 11.0
rs4938195 114668875 12.7 13.0
rs7104872 114670321 19.5 19.1
rs7928044 114670523 6.53 6.41
rs11215470 114671854 0.03 0.00
rs45581535 114674341 3.69 3.70
rs45488901 114674457 11.6 11.0
rs11215474 114674839 19.0 18.3
rs7104113 114675467 38.8 38.6
rs45505692 114676989 0.01 0.02
rs10891825 114678381 34.8 33.8
rs2040456 114683727 0.03 0.00
rs2157612 114684281 10.9 10.4
rs7949084 114685949 46.5 47.0
rs12290790 114688338 10.8 10.3
rs45616036 114688640 0.82 0.84
rs17442145 114688855 1.26 1.15
rs17442179 114689108 3.28 3.43
rs45626034 114693674 0.01 0.03
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Table S1. Continued

Minor allele frequency, %

CADM1 variant Position Patients Controls
rs988873 114694438 21.0 21.3
rs11607436 114694623 2.18 2.42
rs2366904 114695046 46.7 46.1
rs12577709 114695169 14.0 13.6
rs17118264 114695758 13.6 133
rs4396320 114696475 46.8 46.3
rs12284145 114696918 0.03 0.00
rs45467696 114699386 0.07 0.03
rs45474291 114701226 11.0 10.6
rs45508698 114701763 0.69 0.96
rs10891829 114703906 46.6 46.0
rs45543336 114707093 10.9 10.4
rs45469396 114707350 0.53 0.55
rs17118279 114707907 0.10 0.12
rs10891832 114710833 43.7 42.6
rs10488710 114712386 33.1 33.3
rs10891833 114712918 38.5 38.5
rs7952231 114713208 38.5 38.6
rs9888216 114714603 44.3 43.4
rs2105976 114715710 44.2 43.2
rs7105871 114717935 20.7 21.3
rs45465296 114718461 12.2 11.8
rs11215504 114718584 4.94 4.35
rs4938201 114723923 40.4 40.7
rs12575143 114726812 2.51 2.39
rs45599536 114727833 0.39 0.49
rs10891836 114728167 44.3 43.1
rs2105982 114729014 44.3 43.1
rs7120311 114729924 22.7 23.4
rs11215512 114732381 44.2 43.1
rs10891839 114733207 33.0 33.3
rs10891840 114734721 44.3 43.1
rs17521934 114735633 12.0 11.7
rs11215515 114738087 4.41 4.26
rs45559239 114738583 0.04 0.03
rs45455497 114740709 0.40 0.49
rs11215517 114742555 10.4 10.1
rs10891842 114744233 39.1 39.1
rs10160742 114744607 7.06 7.06
rs45545346 114745259 3.13 3.42
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Table S1. Continued

Minor allele frequency, %

CADM1 variant Position Patients Controls
rs45580634 114746210 1.66 1.73
rs17118309 114746787 0.97 1.10
rs220850 114753565 49.4 48.8
rs4938202 114754917 39.2 39.1
rs11608105 114756400 4.57 4.72
rs45585234 114761471 0.00 0.03
rs45608938 114761668 5.33 5.42
rs17443832 114762977 5.31 5.38
rs220869 114767246 0.04 0.09
rs45578937 114769761 6.58 7.07
rs45514899 114771373 0.00 0.03
rs220872 114771575 50.5 49.9
rs7114341 114774371 44.5 43.5
rs45555732 114775788 1.02 1.14
rs11215532 114776409 447 43.8
rs4938203 114780571 44.6 43.7
rs220828 114782015 42.9 41.6
rs2366914 114784746 36.6 36.8
rs45559131 114786337 0.00 0.03
rs220842 114787382 0.76 0.51
rs17118328 114787872 1.95 1.82
rs220843 114788745 16.0 16.8
rs220847 114791327 49.3 48.7
rs11215545 114791960 42.9 41.9
rs12273801 114795200 0.01 0.01
rs7106275 114797011 0.26 0.21
rs220860 114799274 16.1 16.7
rs220861 114799402 6.26 6.55
rs45455306 114799791 1.37 1.54
rs220862 114801129 14.1 15.0
rs45458294 114801307 6.51 6.92
rs220864 114801841 14.1 14.6
rs220865 114802160 22.2 23.3
rs10891854 114804638 38.8 39.0
rs220836 114807081 20.5 21.3
rs45522132 114807342 1.37 1.61
rs7122693 114809573 43.4 42.7
rs45587938 114810013 10.8 10.1
rs17444623 114812143 18.8 19.8
rs17451032 114813684 1.02 1.16
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Table S1. Continued

Minor allele frequency, %

CADM1 variant Position Patients Controls
rs45509898 114813930 2.09 2.26
rs45473492 114816541 1.29 1.44
rs45520832 114818047 0.14 0.11
rs45625135 114818415 1.55 1.71
rs220838 114819312 18.9 19.7
rs12801130 114820321 36.7 35.8
rs17118342 114820680 0.07 0.25
rs160604 114823801 0.01 0.00
rs544083 114825691 17.3 18.0
rs220840 114826173 17.3 18.1
rs314474 114826343 17.2 17.9
rs314476 114827516 18.8 19.8
rs10502202 114829700 21.5 22.1
rs10891856 114830116 6.17 5.75
rs1155756 114830467 37.4 36.6
rs7927390 114831701 18.8 19.8
rs10047420 114834362 38.0 37.5
rs45490692 114835734 0.62 0.54
rs314491 114840421 20.2 20.8
rs10891859 114840831 35.8 35.4
rs314494 114841812 20.3 20.9
rs314495 114842583 20.3 20.8
rs314496 114842787 20.2 20.9
rs45474398 114844445 3.52 3.88
rs17451771 114845558 6.55 7.03
rs314497 114847142 6.27 5.86
rs11827474 114848809 0.01 0.00
rs17118360 114849006 0.07 0.16
rs1460909 114851977 0.43 0.36
rs314503 114852071 6.52 7.01
rs314507 114854460 0.01 0.00
rs314512 114858104 6.46 7.03
rs314513 114858508 6.49 7.02
rs314514 114861898 1.74 1.62
rs7924765 114862746 0.00 0.01
rs12281277 114866132 0.00 0.01
rs11215574 114868653 259 25.8
rs17524208 114871498 3.36 3.89
rs973550 114872351 0.27 0.28
rs17524278 114875616 6.49 7.13
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Table S1. Continued

Minor allele frequency, %

CADM1 variant Position Patients Controls
rs314464 114878567 0.01 0.01
rs45583332 114880825 0.80 0.70
rs11215581 114884622 0.49 0.36
rs314469 114885900 7.07 7.54
rs314468 114887234 6.58 7.20
rs7101558 114892659 6.94 7.44
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CADM1 variants and venous thrombosis risk

Table S3. The CADM1 variant found in the Vermont family assessed for associations
with venous thrombosis in overall MEGA population and subgroups.

rs6589488 Risk allele frequency, % OR (95% Cl)
Overall controls 14.3 REF

Overall patients 15.2 1.07 (0.98-1.17)
Low protein C 14.2 0.99 (0.74-1.32)
Low protein S 17.4 1.26 (0.59-2.69)
High factor VIII 15.2 1.07 (0.79-1.45)
FVL carriers 14.5 1.02 (0.85-1.21)
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ABSTRACT

There are no risk models available yet that accurately predict an individual’s risk for
developing venous thrombosis. Our aim was therefore to explore whether inclusion of
established thrombosis-associated SNPs in a venous thrombosis risk model improves
the risk prediction. We calculated genetic risk scores by counting risk-increasing alleles
from 31 venous thrombosis-associated SNPs for subjects of a large case-control study
including 2712 patients and 4634 controls (MEGA). Genetic risk scores based on all
31 SNPs or on the 5 most strongly associated SNPs performed similarly (areas under
receiver-operating characteristic curves (AUCs) of 0.70 and 0.69 respectively). For the
5-SNP risk score, the odds ratios for venous thrombosis ranged from 0.37 (95% Cl 0.25-
0.53) for individuals with O risk alleles to 7.48 (95% Cl 4.49-12.46) for individuals with 26
risk alleles. The AUC of a risk model based on known non-genetic risk factors was 0.77
(95% Cl 0.76-0.78). Combining the non-genetic and genetic risk models improved the
AUC to 0.82 (95% Cl 0.81-0.83), indicating good diagnostic accuracy. In order to become
clinically useful, subgroups of high-risk individuals must be identified in whom genetic

profiling will also be cost-effective.
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INTRODUCTION

Venous thrombosis is the result of innate thrombotic tendency and non-genetic triggers.
Many common genetic variants, mainly single-nucleotide polymorphisms (SNPs), with
modest effects on risk of venous thrombosis have been reported.? Individual SNPs
have little predictive value due to their modest effect on risk, but combinations of gene
variants may improve the predictive ability and could be used to model susceptibility

to venous thrombosis.

Simulation studies have shown that so-called genetic profiling may be useful to
discriminate between individuals with high risk of disease and those with low risk. The
discriminative accuracy of genetic profiling depends on the heritability and incidence

of the disease and on the frequencies of risk alleles.?®

Genetic profiling has become a popular aim in epidemiologic studies of many common
diseases since a large amount of data from genome-wide association studies (GWAS)
has become available.?® For recurrent venous thrombosis, we previously investigated
the potential clinical utility of multiple SNP testing for recurrent events.’ In that study,
individual SNPs were not significantly associated with recurrent venous thrombosis.
However, when the risk alleles of the individual SNPs were combined, the risk estimates
as well as the significance of the association increased. The predictive ability of multiple
SNP analysis has not been studied for first events of venous thrombosis. Genetic
profiling may guide decisions on prophylactic measures in high-risk groups such as
cancer patients, individuals undergoing surgery, requiring a plaster cast or those subject

to prolonged immobilization.

In order to explore to what extent venous-thrombosis associated SNPs can be used
as predictors for a first venous thrombosis in the general population and in high-risk
groups, we investigated 31 SNPs in two large population-based case-control studies,
of which one was used as a validation set. We created genetic risk scores based on
these SNPs and a risk score based on non-genetic risk factors. We also compared and
combined our genetic risk score with the non-genetic risk score to determine whether
genetic profiling with the currently known SNPs will improve the assessment of venous

thrombosis risk.
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METHODS

Study populations

The Multiple Environmental and Genetic Assessment of risk factors for venous
thrombosis (MEGA study) is a population-based case-control study of venous
thrombosis. Collection and ascertainment of events have been described in detail
previously.'®* The MEGA analysis included 2712 consecutive patients with a diagnosis
of a first deep vein thrombosis of the leg or arm (with or without pulmonary embolism)

and 4634 control subjects (partners of patients and random population controls).

The Leiden Thrombophilia Study (LETS), another population-based case-control study of
venous thrombosis, was used to validate the risk scores and included 443 consecutive
patients with a diagnosis of a first deep vein thrombosis of the leg (with or without
pulmonary embolism) and 453 control subjects (acquaintances or partners of patients),
all without a known malignancy. Collection and ascertainment of events have been
described in detail previously.!? Both studies were approved by the Medical Ethics

Committee of the Leiden University Medical Center, Leiden, the Netherlands.

SNP selection

Initially we selected 40 SNPs for the genetic risk score, based on the literature and
our previous work. Eighteen SNPs had been reported and repeatedly confirmed to be
associated with venous thrombosis.** Twelve SNPs were added from the Group Health
study,**!* these SNPs were associated with venous thrombosis in the original study
and replicated in the MEGA study. Nine SNPs were added from a large SNP association
analysis including subsequent fine mapping that we performed recently in LETS and
MEGA.*>1 Another added SNP was recently identified in a follow-up study of a GWAS
and replicated in the FARIVE study and the MEGA study.” Among the 40 SNPs in the
initial selection, we studied linkage disequilibrium and mutually adjusted SNPs within
genes. Four SNPs in PROC (rs1799808, rs1799810, rs2069915 and rs5937) were explained
by rs1799809 in PROC; 4 SNPs in the fibrinogen genes (rs6050 and rs2070006 in FGA,
rs1800788 in FGB and rs2066854 in FGG) were explained by rs2066865 in FGG; and
rs3753305 in F5 was explained by rs6025 (factor V Leiden). Consequently, we excluded
9 SNP associations that were explained by other SNPs. The remaining 31 SNPs (Table

1) were included in the genetic risk score.
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Genetic risk score

We defined a genetic risk score that counts the total number of risk-increasing alleles
in individuals. To take into account the stronger association of some SNPs with venous
thrombosis, we also constructed a weighted risk score assigning weights to the risk
alleles of each SNP corresponding to the logarithm of the average risk estimates found
in literature. In addition to the full genetic model including 31 SNPs, we constructed
a parsimonious model with fewer SNPs. To determine which SNPs should be included
in this model, we added SNPs one-by-one to create the genetic risk score. We started
with the SNP with the highest odds ratio in literature and assessed whether adding SNPs
to the risk score improved the AUC after each SNP addition. The addition of SNPs was
stopped when the AUC of the risk score including the newly added SNP did not differ
from the AUC of the full genetic model.

Non-genetic risk factors

We constructed a non-genetic risk score, which included the following risk factors:
recent (within three months prior to the index date) leg injury, surgery, pregnancy or
postpartum, immobilization (i.e. plaster cast, bedridden at home, hospitalization), travel
for more than four hours in two months prior to the index date, oral contraceptives
(OC) use or hormone replacement therapy (HRT) at the index date, obesity (body mass
index >30kg/m?) and a cancer diagnosis between five years before and six months
after the index date. The index date was defined as date of diagnosis for patients
and their partner controls, and the date of completing the questionnaire for random
controls. We also included family history in the non-genetic risk score. Family history
was defined as positive when a parent or sibling had experienced venous thrombosis
and negative when none of these relatives had experienced venous thrombosis, or when
the participant was not aware of venous thrombosis in the family. We assigned weights
to each non-genetic risk factor corresponding to the logarithm of the risk estimates in
MEGA (Supplemental Table 1) and constructed a simple risk scoring system counting
the weighted risk factors. We also constructed a combined risk score including both

the genetic risk score and the non-genetic risk score using a logistic regression model.

Application of genetic profiling may be most useful in high-risk groups, i.e. individuals
exposed to known non-genetic risk factors. We therefore studied the discriminative
accuracy of our genetic risk score as well as the combined scores in high-risk situations

of surgery, plaster cast, hospitalization, young women (under 50 years) using oral
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contraceptives, women using HRT, pregnancy or postpartum, middle-aged individuals
(above 50 years) and travel. We also studied individuals with a positive family history

and individuals with malignant disorders.

Statistical analyses

Crude and sex-adjusted (in case SNPs were located on the X chromosome) odds ratios
and 95% confidence intervals were calculated by logistic regression for individual SNPs
and the genetic, non-genetic and combined risk scores. When assessing the magnitude
of risk associated with number of risk alleles, we used the median number of risk alleles

among control subjects as the reference group.

To assess how well a score classifies venous thrombosis patients and control subjects,
we calculated the area under the receiver-operating characteristic (ROC) curve (AUC).
The AUC ranges from 0.5 (no discrimination between patients and control subjects) to
1.0 (perfect discrimination). We compared the AUCs of the different genetic and non-
genetic risk models according to the method of Hanley et al.’® Nagelkerke’s pseudo-r?
statistic was used to approximate the proportion of variability explained by the different
risk models. All analyses, including ROC curves and AUC calculation were performed in
SPSS for Windows, 17.0.2 (SPSS Inc, Chicago, Ill).

RESULTS

SNPs associated with venous thrombosis

Table 1 lists all associations between SNPs and venous thrombosis in the MEGA
population and the average estimated effect-size in literature.’371%-26 Not all SNPs
were associated with venous thrombosis in our study populations; nevertheless, we
included all 31 SNPs in the genetic risk score because these SNPs had been associated

with venous thrombosis in other studies.
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Table 1. 31 SNP associations with venous thrombosis in MEGA and literature.1317:19-26

MEGA Literature
Risk allele frequency, % Average

Gene SNP Chr Position Cases Controls OR  95%Cl OR

F5 rs6025 1 167.785.673 10 3 430 (3.70-4.99) 3.79
F2 rs1799963 11 46.717.631 6 2 3.01 (2.36-3.85) 2.78
ABO rs8176719 136.132.908 47 34 1.74 (1.63-1.87) 1.85
FGG rs2066865 4 155.744.726 34 27 1.41 (1.32-1.51) 1.56
F11 rs2036914 4 187.429.475 59 52 1.35 (1.26-1.44) 1.32
PROCR rs2069951 20 33.227.425 7 5 1.32 (1.16-1.51) 1.30
F11 rs2289252 4 187.444.375 48 41 1.36 (1.28-1.45) 1.26
F9 rs4149755 138.451.778 7 6 1.11 (0.99-1.24) 1.24
PROCR rs2069952 20 33.227.612 64 60 1.21 (1.13-1.29) 1.21
SERPINC1 rs2227589 1 172.152.839 11 9 1.27 (1.15-1.41) 1.20
HIVEP1 rs169713 6 11.920.517 22 20 1.10 (1.01-1.19) 1.20
F2 rs3136516 11 46.717.332 52 49 1.12 (1.06-1.20) 1.19
F5 rs1800595 1 167.776.972 6 5 1.18 (1.03-1.36) 1.18
PROC rs1799809 2 127.892.345 47 43 1.17 (1.10-1.25) 1.17
PROCR rs867186 20 33.228.215 14 12 1.18 (1.07-1.29) 1.17
VWF rs1063856 12 6.153.534 37 33 1.18 (1.10-1.26) 1.16
GP6 rs1613662 19 60.228.407 84 82 1.18 (1.09-1.29) 1.15
F2 rs3136520 11 46.699.808 3 2 1.09 (0.89-1.32) 1.13
F8 rs1800291 X 153.811.479 85 83 1.12 (1.05-1.20) 1.13
STXBP5  rs1039084 6 147.635.413 42 45 0.90 (0.84-0.96) 0.90
NAT8B rs2001490 2 73.781.606 40 37 1.13 (1.06-1.20) 1.10
F13B rs6003 1 195.297.644 9 10 1.11 (1.00-1.24) 1.09
RGS7 rs670659 1 239.228.398 67 64 1.14 (1.06-1.22) 1.09
F9 rs6048 X 138.460.946 72 70 1.09 (1.03-1.16) 1.08
F5 rs4524 1 167.778.379 79 74 1.31 (1.22-1.42) 0.92
F13A1 rs5985 6 6.263.794 76 76 1.03 (0.95-1.10) 0.93
F3 1208 indel 1 94.780.000 46 46 1.02 (0.96-1.09) 1.06
TFPI rs8176592 2 188.040.937 69 68 1.04 (0.97-1.11) 1.06
F11 rs3822057 4 187.425.146 55 49 1.31 (1.23-1.39) 1.06
NR1/2 rs1523127 3 120.983.729 41 38 1.15 (1.08-1.23) 1.05
CcPB2 rs3742264 13 45.546.095 69 68 1.04 (0.97-1.11) 1.01

Abbreviations: Chr=chromosome; OR=0dds ratio; Cl=confidence interval
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Figure 1. 31-SNP risk allele distribution in patients with venous thrombosis and control
subjects (upper panel of figure) and corresponding odds ratios (lower panel).

Odds ratios (95% confidence interval) for venous thrombosis were calculated relative to the median number
of risk alleles among control subjects (24 risk alleles). Individuals with 15 or less and 36 or more risk alleles
were combined for the calculation of the odds ratio because of the low numbers of individuals with that

few or many risk alleles.
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Genetic risk score

We first included all 31 SNPs in the genetic risk score. For each individual we counted
the number of risk-increasing alleles. The number of risk alleles ranged from 13 to 38
with a median of 24 among control subjects and 26 among cases (Figure 1). The risk
for venous thrombosis was estimated for each number of risk alleles, relative to the
median number of risk alleles of 24, and ranged from an odds ratio of 0.27 (95% CI 0.13-
0.56) for 16 risk alleles to an odds ratio of 3.23 (95% ClI 1.96-5.30) for 33 risk alleles.
At the more extreme ends of the risk distribution, confidence intervals around risk
estimates became very wide due to small numbers. The average relative risk increase
per risk allele, when treated as an ordinal variable, however, could be estimated with
a high level of precision, and was 1.14 (95% Cl 1.12-1.16). This corresponds to an about
100-fold difference in risk between the lowest and the highest number of risk alleles

in our population.

We also constructed a weighted risk score thereby assigning weight to the risk alleles
according to their risk estimates found in literature (Table 1). A few SNPs have only
been studied in the MEGA population; in that case we used the risk estimate in MEGA
as weight. The ROC curve for the weighted 31-SNP risk score had an AUC of 0.71 (Table
2:95% Cl1 0.69-0.72); i.e., there is a 71% probability that a randomly chosen patient will
have a higher score than a randomly chosen control subject. The weighted 31-SNP risk
score was a better predictor than the non-weighted 31-SNP risk score (AUC 0.64, 95% ClI
0.63-0.65). The average relative risk increase per unit in the risk score, when treated as
an ordinal variable, was 7.89 (95% Cl 6.76-9.21). The proportion of variability explained
by the 31-SNP risk score was 16.1% (Nagelkerke’s pseudo-r?; Table 2).

Table 2. Venous thrombosis prediction using genetic, non-genetic and combined risk
scores. The LETS study was used as a validation set.

MEGA (N=7092) LETS (N=881)
Nagelkerke Nagelkerke
AUC (95% Cl) pseudo r? AUC (95% Cl) pseudo r?
31-SNP risk score 0.71 (0.69-0.72)  0.161 0.69 (0.65-0.72) 0.149
5-SNP risk score 0.69 (0.67-0.70)  0.135 0.67 (0.64-0.71) 0.138
Non-genetic risk score  0.77 (0.76-0.78)  0.288 0.71 (0.68-0.74) 0.200
Combined risk score 0.82(0.81-0.83) 0.378 0.77 (0.74-0.80) 0.292

Abbreviations: AUC=area under the receiver-operating characteristic (ROC) curve; Cl=confidence interval
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In order to construct a genetic risk score using the most parsimonious model, we added
SNPs one-by one to the genetic risk score, starting with the SNP with the highest OR in
literature (Factor V Leiden, rs6025), and calculated the AUC after the addition of each
SNP (Figure 2). The AUC for each single SNP ranged from 0.50 (95% Cl 0.49-0.52) for
rs3136520 in F2 to 0.60 (95% Cl 0.59-0.61) for rs8176719 in ABO. The discriminative
accuracy of the model improved rapidly with the addition of each SNP, until 5 SNPs
were included in the model (Figure 2). These SNPs were rs6025 (F5, factor V Leiden),
rs1799963 (F2, 20210 G>A), rs8176719 (ABO), rs2066865 (FGG 10034 C>T) and rs2036914
(F11). The AUC for this 5-SNP risk score was 0.69 (Table 2, 95% CI 0.67-0.70). Moreover, a
model based on the three most well-known prothrombotic polymorphisms (i.e. rs6025,
rs1799963 and rs8176719; AUC 0.65, 95% Cl 0.64-0.66) performed significantly worse
than the 5-SNP risk score. The average relative risk increase per unit in the risk score,
when treated as an ordinal, was 9.50 (95% Cl 7.92-11.39). The 5-SNP risk score explained
13.5% of the total variability (Nagelkerke’s pseudo-r?; Table 2).
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AUC (95% Cl)

0.554

0.50
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Figure 2. Area under the ROC of genetic risk scores based on increasing numbers of
SNPs.

SNPs were added in order of the odds ratio as found in the literature, starting with rs6025 in the score based
on 1 SNP, and ending with CPB2 included in the score of 31 SNPs (Table 1).
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The number of risk alleles in the 5-SNP risk score ranged from 0 (OR 0.37, 95% Cl 0.26-
0.53) to 8 (OR 7.48, 95% Cl 4.49-12.46 for 26 risk alleles), with a median number of risk
alleles of 2 among control subjects (Figure 3). The relative increase in risk per increase
in number of risk alleles was 1.61 (95% Cl 1.54-1.68), again corresponding to an over
100—fold difference in risk between the lowest and the highest number of risk alleles.
The weighted 5-SNP risk score was a better predictor than a non-weighted model based
on number of risk alleles (AUC 0.66, 95% Cl 0.64-0.67).
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Figure 3. 5-SNP risk allele distribution in patients with venous thrombosis and control
subjects (upper panel of figure) and corresponding odds ratios (lower panel).

Odds ratios (95% confidence interval) for venous thrombosis were calculated relative to the median number
of risk alleles among control subjects (score 2). Individuals with 6 or more risk alleles were combined for the
calculation of the odds ratio because of the low numbers of individuals with that few or many risk alleles.
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No difference between the discriminative accuracy of the 5-SNP risk score in men (AUC
0.69, 95% CI 0.67-0.71) and women (AUC 0.67, 95% CI 0.65-0.69) was found. However,
differences were found when we constructed and compared the 5-SNP genetic risk
score in patients with DVT in the arm, patients with DVT in the leg and patients with
DVT in the leg combined with PE. The AUC of the 5-SNP risk score in patients with DVT
in the arm (AUC 0.62, 95% Cl 0.57-0.67) was significantly lower than in patients with
DVT in the leg (AUC 0.68, 95% CI 0.67-0.70) or for DVT combined with PE (AUC 0.68,
95% Cl 0.67-0.70).

High-risk groups and SNP testing

To explore clinical applications of genetic profiling, we studied groups exposed to known
non-genetic factors in more detail. The discriminative accuracy of the genetic risk
scores in these subgroups was similar to the discriminative accuracy in the overall study
population, except among cancer patients (Table 3). Sub-analysis in cancer patients
according to therapy (chemotherapy, surgery, radiation) or tumor class (solid versus
other) did not improve the discriminative accuracy of the weighted 5-SNP risk score

(data not shown).

To assess whether the genetic risk score performs better than the current clinical
practice of assessing family history, we compared the discriminative accuracy of the
genetic risk score with a risk score with family history alone. The AUC of the 5-SNP risk
score (0.68, 95% CI 0.67-0.70) was significantly higher than the AUC of family history
(0.58, 95% ClI 0.57-0.60), with a similar trend observed among all subgroups of high-risk
individuals (Table 3).
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Combining non-genetic and genetic risk scores

We assessed the discriminative accuracy of a non-genetic risk score based on known
non-genetic risk factors for venous thrombosis (leg injury, surgery, pregnancy, plaster
cast, bedridden at home, hospitalization, travel, OC use, HRT, obesity and malignancy)
and family history. For the individual components the AUC ranged from 0.50 (95% ClI
0.48-0.51) for recent travel to 0.67 (95% Cl 0.65-0.69) for OC use by women. The AUC
for the non-genetic risk score including family history was 0.77 (95% Cl 0.76-0.78). When
we added the genetic risk score to the non-genetic score, the AUC significantly increased
to 0.82 (Figure 4: 95% Cl 0.81-0.83) compared with the non-genetic risk score alone
(p-value <0.0001) using either the 31-SNP or the 5-SNP risk score. In addition, 28.8% of
the total variability in venous disease risk was explained by the non-genetic risk score,
which significantly improved to 37.8% (Nagelkerke pseudo r%; Table 2) when combining
the non-genetic and genetic risk scores. Both the non-genetic and the combined risk
score models performed better in women than in men (non-genetic risk score: AUC 0.81,
95% Cl 0.80-0.83 for women and AUC 0.74, 95% Cl 0.72-0.75 for men; combined risk
score: AUC 0.85, 95% Cl 0.83-0.86 for women and AUC 0.80, 95% CI 0.78-0.81 for men).

We also studied the discriminative accuracy of the combined risk score model in the
high-risk groups. For all subgroups the AUC improved when using the combined risk
score compared with the non-genetic risk score, which was significant for individuals
using oral contraceptives, individuals with a positive family history of venous thrombosis

and individuals over 50 years old (Table 3).
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Figure 4. ROC (AUC) curves of the weighted 5-SNP risk score (light grey line), the non-ge-
netic risk score (dotted grey line) and the combined risk score (black line).

The striped black line represents the reference line (no discrimination).

Validation of the risk scores

In order to validate the genetic, non-genetic and combined risk scores, we studied their
discriminative accuracy in subjects from another population, the LETS population. As
described in the Methods, LETS and MEGA are both population-based case control
studies and are similar with respect to mean age at index of patients (45 years in LETS,
47 years in MEGA) or control subjects (45 years in LETS, 48 years in MEGA) and sex
distribution (43% men in LETS, 47% men in MEGA). Associations between the 31 SNPs
and venous thrombosis in LETS can be found in Supplemental Table 2. The discriminative
accuracy of the weighted 31-SNP and 5-SNP risk scores in LETS were 0.69 (95% Cl 0.65-
0.72) and 0.67 (95% Cl 0.64-0.71) respectively, which are similar to those found in MEGA
(Table 2).
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We also constructed the non-genetic risk score weighted according to the risk estimates
of each risk factor from MEGA, except for malignancies as having cancer was an
exclusion criterion in LETS. In addition, information of some non-genetic risk factors,
i.e. HRT, recent travel, leg injury and plaster cast was not assessed in LETS or not in such
detail as in MEGA. Therefore, these risk factors were excluded from the non-genetic risk
score. The discriminative accuracy of the non-genetic risk score in LETS was 0.71 (95%
Cl 0.68-0.74) and improved to 0.77 (95% Cl 0.74-0.80) when combed with the genetic
risk score. Both risk scores performed slightly better in MEGA than in LETS (Table 2).

DISCUSSION

We calculated a genetic risk score based on SNPs consistently associated with venous
thrombosis and observed a ‘dose-response’ relationship between this score and the
risk of venous thrombosis. The more risk alleles or genotypes present, the higher the
risk of venous thrombosis. A score constructed of the 5 most strongly associated SNPs
appeared to differentiate between patients and control subjects equally as well as the
initial genetic risk score based on 31 SNPs. The discriminative accuracy of both the 5-SNP
and 31-SNP risk score was replicated in another study (LETS) suggesting robustness of

the genetic models.

When preventive measures following a positive test are invasive or can have harmful
side- effects, strict discrimination is required between those at high risk and low risk of
developing a specific disease. In the case of venous thrombosis, indiscrimination may
lead to an increased risk of thrombosis in high-risk individuals receiving insufficient
prophylactic anticoagulant treatment, whereas individuals at low risk receiving
treatment are at an increased risk of major bleeding. We investigated the extent to which
genetic risk scores can improve the accuracy of thrombosis risk assessment by means of
ROC curves. The 5-SNP genetic score performed better than family history assessment,
which is the current clinical practice of risk assessment in individuals exposed to known
non-genetic risk factors. However, the 5-SNP genetic risk score performed worse than
a risk score of non-genetic risk factors. A recent study by Hippisley-Cox and Coupland?’
showed that an algorithm of non-genetic risk factors is able to discriminate between

patients and control subjects with an AUC of 0.75. This is similar to the AUC observed
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with our non-genetic risk score (0.77). However, the AUC may be an overestimation

since we used (the logarithm of) the risk estimates from MEGA as weights.

Here, we showed that addition of the 5-SNP genetic risk score to the non-genetic risk
score model significantly improved the AUC to 0.82, indicating good diagnostic accuracy.
In our validation study, information on the non-genetic risk factors was less complete,
which explains the lower discriminative accuracy of both the non-genetic risk score
(0.71) and the combined risk score (0.77).

Identification of individuals at risk of developing venous thrombosis is most useful
in high-risk populations. This is because the incidence of venous thrombosis in the
general population is too low (1 per 1000 individuals a year?®) to justify genotyping of all
individuals. In all subgroups of high-risk individuals the combined risk score performed
better than the non-genetic score alone, which may indicate the potential clinical value

of genetic profiling in these high-risk individuals.

We defined a basic genetic risk score that counts the total number of risk-increasing
alleles in individuals. To take into account the stronger association of some SNPs
with venous thrombosis, we assigned literature-based weights to each SNP, which
discriminated patients better from controls than a non-weighted genetic risk score.
Although the proportion of variability explained by the 5-SNP risk score is smaller than
by the 31-SNP risk score, we showed that the discriminative accuracy of the 5-SNP
and 31-SNP risk scores was similar. The genetic risk score is still limited though by
its assumption that all SNPs act independently and in an additive manner in venous
thrombosis susceptibility. An additive effect was assumed for the different genotypes,
whereas we cannot exclude a multiplicative effect. Gene-gene interaction and gene-
environment interaction is not taken into account, while in reality many interactions
exist. Examples for venous thrombosis are the synergistic effects between factor V
Leiden (rs6025) and oral contraceptive use?* and between the F13A1 Val34Leu variant
(rs5985) and fibrinogen levels.?® We chose to include SNPs on their contribution to risk
(effect size) and gave weights corresponding to the logarithm of this effect size. This
is the most relevant for an individual who has a certain genotype. One could argue
that on a population level, the prevalence of risk alleles is of relevance. However, this
would not be expected to improve the performance of the risk prediction model, and

indeed a genetic risk model based on the 5 SNPs with the highest risk allele frequency
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in MEGA performed worse than the non-weighted 5-SNP risk score which is based on
the 5 SNPs with the highest effect-size (AUC 0.54, 95% CI 0.53-0.56 and AUC 0.66, 95%
Cl 0.64-0.67, respectively).

In the future, adding newly discovered predictive SNPs to the model may further
improve discrimination. In a simulation study, Janssens et al> showed that the AUC
depends on the number of SNPs included, and their OR and risk allele frequency.
The heritability of a disease determines the maximum obtainable AUC. For venous
thrombosis the heritability is estimated to be about 60%.3*?* The simulation study
indicated that at this level high AUCs (>0.90) can be obtained, given that all genetic
contributors are in the prediction model. Identification of new genetic predictors and
validation of the genetic risk score in other study populations will reveal whether genetic

profiling is useful in venous thrombosis.

In summary, we demonstrated that addition of a 5-SNP risk score to a risk scoring
system based on non-genetic risk factors significantly improved the risk prediction of
venous thrombosis. Although additional predictive markers may be required for a risk
score to be clinically useful in the general population, the 5-SNP risk score may aid the

management of subgroups of high-risk individuals.
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SUPPLEMENTAL TABLES

Table S1. Associations between non-genetic risk factors and venous thrombosis risk
in MEGA.

MEGA

Risk factor frequency, %
Non-genetic risk factors cases Controls OR 95% ClI
Plaster cast 5 1 5.35 (3.21-8.92)
Leg injury 14 3 5.11 (4.01-6.51)
Malignancy 8 2 4.91 (3.64-6.62)
OC use 28 11 3.98 (3.44-4.62)
Surgery 16 3 3.48 (2.66-4.55)
Hospitalization 15 3 2.69 (2.01-3.60)
Family history 32 17 2.68 (2.34-3.06)
Bedridden at home 12 4 2.29 (1.81-2.90)
Pregnancy or postpartum 3 1 2.23 (1.50-3.32)
Obesity 21 14 1.83 (1.57-2.13)
HRT 3 3 1.11 (0.77-1.60)
Travel 18 17 1.05 (0.90-1.22)

OR odds ratio; Cl confidence interval; OC oral contraceptive; HRT hormone replacement therapy
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Table S2. 31 SNP associations with venous thrombosis in LETS

Multiple SNP testing

LETS

Risk allele frequency, %
Gene SNP Chr Position cases Controls OR 95% Cl
F5 rs6025 1 167.785.673 11 2 7.19 (4.05-12.76)
F2 rs1799963 11 46.717.631 3 1 299 (1.43-6.23)
ABO rs8176719 136.132.908 44 36 1.43 (1.18-1.75)
FGG rs2066865 155.744.726 34 26 145 (1.18-1.78)
F11 rs2036914 187.429.475 60 54 1.27 (1.05-1.53)
PROCR rs2069951 20 33.227.425 7 5 1.40 (0.96-2.04)
F11 rs2289252 187.444.375 47 43 1.19 (0.99-1.42)
F9 rs4149755 138.451.778 7 7 0.96 (0.70-1.31)
PROCR rs2069952 20 33.227.612 64 61 1.13  (0.94-1.37)
SERPINC1 rs2227589 1 172.152.839 12 9 1.42 (1.04-1.94)
HIVEP1 rs196713 6 11.920.517 23 20 1.02 (0.88-1.18)
F2 rs3136516 11 46.717332 51 50 1.03 (0.86-1.25)
F5 rs1800595 1 167.776.972 5 4 1.38 (0.89-2.16
PROC rs1799809 2 127.892.345 47 43 1.19 (0.99-1.43)
PROCR rs867186 20 33.228.215 15 13 1.22  (0.94-1.60)
VWF rs1063856 12 6.153.534 35 36 0.96 (0.79-1.17)
GP6 rs1613662 19 60.228.407 85 80 1.36 (1.07-1.74)
F2 rs3136520 11  46.699.808 3 3 1.06 (0.62-1.79)
F8 rs1800291 X 153.811.479 85 82 1.15 (0.93-1.42)
STXBP5 rs1039084 6 147.635.413 44 40 1.19 (0.98-1.43)
NAT8B rs2001490 2 73.781.606 43 38 1.22 (1.01-1.49)
F13B rs6003 1 195.297.644 10 8 1.32  (0.96-1.83)
RGS7 rs670659 1 239.228.398 70 64 1.27 (1.04-1.54)
F9 rs6048 X 138.460.946 73 67 1.21 (1.02-1.44)
F5 rs4524 1 167.778.379 80 74 1.36 (1.09-1.69)
F13A1 rs5985 6 6.263.794 79 76 1.19 (0.95-1.49)
F3 1208 indel 1 94.780.000 43 49 0.78 (0.65-0.94)
TFPI rs8176592 2 188.040.937 67 69 0.89 (0.73-1.10)
F11 rs3822057 4 187.425.146 55 51 1.19 (0.99-1.42)
NR1/2 rs1523127 3 120.983.729 42 33 143 (1.19-1.73)
CcPB2 rs3742264 13 45.546.095 71 67 1.22 (1.00-1.50)

SNP single nucleotide polymorphism; Chr chromosome; OR odds ratio; Cl confidence interval
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ABSTRACT

- Classical observational studies into the causal relationship between a risk factor and
a disease sometimes result in contradictory and spurious findings. This is due to

confounding factors.

- It is not possible to conclude from the results of classical observational studies

whether a specific risk factor may be a suitable target for future treatments.

- A solution is to conduct a Mendelian randomization analysis, which uses genetic

variation as a surrogate marker for the risk factor.

- Mendelian randomisation is based on the idea that characteristics and environmental
factors are proportionately divided into carriers and non-carriers of various genetic

variants.

- Mendelian randomisation can be used only if there is a robust relationship between
the genetic variant and the risk factor, if the genetic variant is not associated with
other factors that confound the relationship between the risk factor and the disease,
and if the genetic variant has an effect on the disease only via the risk factor, i.e. not

via other biological mechanisms.
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Als je een nieuwe behandelstrategie wil ontwikkelen, dan zou je idealiter van tevoren al
willen vaststellen of de risicofactor waar je je strategie op gaat richten, daadwerkelijk
een oorzaak is van het ziekteproces. Als die risicofactor geen oorzaak is, dan zullen

eventuele behandelstrategieén immers weinig effect hebben op het ziekteproces.

Neem bijvoorbeeld het C-reactief proteine (CRP). Enkele jaren geleden vond men in
verschillende observationele onderzoeken een verband tussen de CRP-concentratie
en het risico op cardiovasculaire ziekten: bij een hogere CRP-concentratie was het
risico hoger.? Maar een verband betekent nog geen causaal verband. Uitsluitsel
over het oorzakelijk verband tussen de CRP-concentratie en de verhoogde kans op

cardiovasculaire ziekten was daarom wenselijk.

Om duidelijkheid te krijgen over een oorzaak-gevolgrelatie kan men een methode
genaamd ‘Mendeliaanse randomisatie’ toepassen.>* Deze methode gebruikt genetische
variatie als ‘proxy’ (surrogaatmarker) voor de risicofactor; in termen van ons voorbeeld:
we gebruiken variatie in het CRP-gen als proxy voor CRP-concentraties in bloed.
Hierdoor kan men aan de hand van observationeel onderzoek toch uitspraken doen

over de causaliteit van het verband.

Dit artikel beschrijft wat Mendeliaanse Randomisatie inhoudt, geeft een historisch
voorbeeld en bespreekt wanneer deze methode wel of juist niet te gebruiken is. Voor
alle duidelijkheid: we gaan niet in op de identificatie van genetische risicofactoren als

voorspellers van ziekte.

Problemen in klassieke observationele studies
Het aantonen van een causaal verband is niet altijd mogelijk in klassiek observationeel
onderzoek. ‘Confounding’ en ‘reverse causation’ kunnen namelijk een statistisch

verband tussen de risicofactor en de uitkomst verklaren (Figuur 1).5°

Bij reverse causation zijn oorzaak en gevolg omgedraaid; de ziekte of een subklinische
vorm daarvan veroorzaakt een verandering in de parameter die beschouwd wordt als
risicofactor, in plaats van andersom. In het CRP-voorbeeld dacht men dat verhoogde
CRP-concentraties een oorzaak konden zijn van cardiovasculaire ziekten, bijvoorbeeld
doordat het CRP de hechting van monocyten aan de vaatwand en hun migratie door

de vaatwand zou bevorderen; op die manier zou het CRP indirect plaquevorming zou
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stimuleren.” Aan de andere kant zouden CRP-concentraties ook verhoogd kunnen
zijn door ontsteking van de vaatwand als gevolg van beginnende atherosclerotische
processen. In dat geval is de ziekte de oorzaak en de verhoogde CRP-concentratie het

gevolg.

Bij confounding verstoren andere factoren de onderzochte associatie.® Dat zijn dan
factoren die geassocieerd zijn met zowel de risicofactor als het ziekteproces. Hierdoor
lijkt er -ten onrechte- een verband tussen de risicofactor en het ziekteproces te zijn.
Mogelijke bronnen van confounding in ons CRP-voorbeeld zijn bijvoorbeeld roken en
veroudering. Traditioneel kan men confounding tegengaan door aangepaste analyses
uit te voeren.®> Als je echter niet alle bronnen van confounding volledig meeneemt in

de analyses, blijft de associatie tussen risicofactor en uitkomst verstoord.

Waar klassieke observationele studies een vertekend resultaat kunnen opleveren
door reverse causation en confounding, zijn deze problemen geminimaliseerd bij een

Mendeliaanse randomisatie, zoals geillustreerd met het historisch voorbeeld in de tabel.

Y

risicofactor uitkomst

confounder

Figuur 1. Relatie tussen risicofactor en uitkomst bij het gebruik van klassieke observa-
tionele analyses.

In klassieke observationele analyses wordt de risicofactor (bijvoorbeeld ‘CRP-concentratie’) gerelateerd aan
de uitkomst (‘risico op cardiovasculaire ziekten’). Vaak is het niet mogelijk om vast te stellen of het gevonden
verband ook een oorzakelijke relatie weergeeft. Dit komt doordat er verstorende factoren aanwezig zijn,
zoals ‘confounders’ (bijvoorbeeld ‘leeftijd en BMI’, rode pijlen) en ‘reverse causation’ (blauwe pijl), waarbij
de uitkomst (bijvoorbeeld atherosclerose) de veronderstelde risicofactor beinvloedt (bijvoorbeeld hogere
CRP-concentraties).
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Tabel. Historisch voorbeeld van Mendeliaanse randomisatie

Mendeliaanse randomisatie werd voor het eerst beschreven in de jaren 80, al werd
die methode toen nog niet zo genoemd. In een brief aan The Lancet beschreef Katan
hoe met behulp van variatie in het gen voor apolipoproteine E (apoE) de causale relatie
tussen cholesterolconcentraties en kanker onderzocht kon worden.*® Resultaten van
diverse klassieke observationele studies hadden geleid tot de gedachte dat lagere
serumcholesterolconcentraties mogelijk kanker konden veroorzaken. Hiermee was

cholesterolverlagende medicatie in een kwaad daglicht komen te staan.

Katan motiveerde hoe de resultaten uit observationele studies mogelijk verklaard konden
worden door ‘reverse causation’: de lage serumcholesterolconcentraties bij kankerpatiénten
zijn mogelijk een gevolg van de aanwezigheid van de tumor, zelfs als deze nog in een
subklinisch stadium verkeert. Maar ook confounding speelt een rol: factoren zoals leeftijd
en leefstijl zijn gerelateerd aan zowel de hoogte van de cholesterolconcentratie als aan het

risico op kanker.

Om tot een definitieve uitspraak te komen suggereerde Katan om gebruik te maken van
natuurlijke variaties in het apoE-gen, waarvan bekend was dat dragers hun leven lang
gemiddeld lagere serumcholesterolconcentraties hebben dan niet-dragers, onafhankelijk van
hun leefstijl of andere factoren die cholesterolconcentraties beinvloeden. Katan redeneerde
als volgt: als lage serumcholesterolconcentraties oorzakelijk zijn voor tumorgroei, dan zullen

mensen met deze apoE gen-varianten ook een verhoogd risico op kanker hebben.*?

De voorgestelde Mendeliaanse-randomisatie-analyse werd jaren later uitgevoerd in een
studie waarin DNA-materiaal, cholesterolbepalingen en gegevens over kankerincidentie van
bijna 3000 individuen beschikbaar waren. Uit deze analyse bleek dat lagere cholesterol- en
LDL-concentraties weliswaar geassocieerd waren met een hoger risico op kanker, maar dat
variatie in het apoE2-gen niet geassocieerd was met kankerincidentie en kankermortaliteit.'*
Hieruit kan geconcludeerd worden dat lage LDL- en cholesterolconcentraties geen oorzaak
zijn van kanker. De eerder gevonden associaties in de klassieke epidemiologische analyses

waren dus het gevolg van confounding of reverse causation.
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Principes van Mendeliaanse randomisatie

Zoals gezegd ligt het principe van Mendeliaanse randomisatie in het gebruik van
genetische variatie als proxy (of ‘instrument’) voor de variatie in de risicofactor
waarvan men graag wil vaststellen of deze daadwerkelijk een oorzaak is van de ziekte.
En daarmee is Mendeliaanse randomisatie een bijzondere vorm van een zogenoemde
instrumentele-variabele-analyse (zie uitlegkader).® In theorie kan men genetische
variatie gebruiken als proxy voor allerlei risicofactoren, van eiwitten in het bloed tot
leefstijl en psychologische factoren.’ Terug naar ons voorbeeld: als er een causale relatie
bestaat tussen CRP-concentraties en cardiovasculaire ziekten, dan is het aannemelijk dat
variaties in het CRP-gen -die samenhangen met de CRP concentraties in het bloed- ook
een oorzaak zijn van cardiovasculaire ziekten. Anders geformuleerd: doordat dragers
van een bepaalde variant in het CRP-gen levenslang licht verhoogde CRP-concentraties
hebben, zouden deze dragers een verhoogd risico op cardiovasculaire ziekten moeten

hebben als het CRP daadwerkelijk een oorzaak is.

Het minimaliseren van confounding en reverse causation bij analyses met Mendeliaanse
randomisatie voert terug op de tweede wet van overerving van Gregor Mendel. Deze
wet stelt dat genen, maar ook genetische variatie, onafhankelijk van elkaar van ouders
op kind overerven. Analoog hieraan zijn niet alleen alle genetische eigenschappen,
maar ook omgevingsfactoren evenredig verdeeld over de dragers van de verschillende
genetische varianten van het CRP-gen. Zo zal het percentage rokers even groot zijn onder
dragers en niet-dragers van een variant in het CRP-gen. Hierdoor wordt confounding
geminimaliseerd. Maar ook reverse causation wordt geélimineerd, aangezien de
genetische variatie van een individu wordt vastgelegd bij de conceptie en dus niet

wordt beinvloed door ziekte.

Voorwaarden voor Mendeliaanse randomisatie

Mendeliaanse-randomisatie-analyses zijn gebaseerd op een aantal aannames (Figuur
2). Men kan nagaan of deze geldig zijn, maar de geldigheid is vaak niet te garanderen.®°
De juiste interpretatie van analyse met Mendeliaanse randomisatie hangt hier echter
wel van af. Hier bespreken we kort deze voorwaarden en manieren om de validiteit van

een Mendeliaanse-randomisatie-analyse te controleren.
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Figuur 2. Voorwaarden waaronder Mendeliaanse randomisatie toegepast mag worden.

genotype

confounder

Allereerst dient er een sterke associatie te zijn tussen het genotype (bijvoorbeeld een bepaalde variant in
CRP gen) en de risicofactor (in dit voorbeeld: CRP-concentratie) (pijl 1). De tweede voorwaarde houdt in dat
het genotype niet geassocieerd mag zijn met een andere risicofactor (bijvoorbeeld etniciteit) die gerelateerd
is aan de uitkomst (in dit geval: cardiovasculaire ziekte); anders zou confounding ontstaan (pijl 2). Tot slot
mag het genotype niet geassocieerd zijn met de uitkomst via een ander mechanisme (pleiotropie; pijl 3).

Robuust verband met de risicofactor

Allereerst dient er een robuust verband te zijn tussen de genetische variant en de
risicofactor. In ons voorbeeld houdt dit in dat variaties in het CRP-gen een voldoende
groot effect moet hebben op de CR-concentraties. Dat is niet altijd het geval, aangezien
vaak vele genetische varianten, in één of zelfs meerdere genen, bijdragen aan de variatie
in de risicofactor. Zo worden de CRP-concentraties ook beinvloed door variaties in

andere genen, bijvoorbeeld in HNF1a en LEPR™.

Het gebruik van een genetische variant die een zeer zwakke associatie heeft met de
risicofactor kan leiden tot bias.* Dit kun je voorkomen door de verschillende genetische
varianten in één risicoscore te combineren. Verder is het mogelijk dat de veronderstelde
associatie tussen genotype en risicofactor ‘fout-positief’ is. Bij het gebruik van
zo’n genetische variant in de Mendeliaanse-randomisatie-analyse zal, wellicht ten
onterechte, geconcludeerd worden dat de risicofactor géén oorzaak is van de ziekte.
Dit kun je voorkomen door alleen genetische varianten te gebruiken die in meerdere,

onafhankelijke studies geassocieerd zijn met de risicofactor.

Geen associatie met andere confounders

De tweede voorwaarde is dat de genetische variant niet geassocieerd mag zijn met
andere factoren die het verband tussen de risicofactor en de ziekte vertekenen. Dit
zou namelijk weer leiden tot confounding. Variaties in het CRP-gen mogen dus niet

vaker gepaard gaan met andere factoren die het risico op cardiovasculaire ziekten
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beinvloeden dan men op basis van toeval zou verwachten. De frequentste voorbeelden
hiervan zijn genetische varianten die tegelijk overerven met de genetische variant die
in de Mendeliaanse randomisatie onderzocht wordt; er is dan sprake van ‘linkage
disequilibrium’. Dit gebeurt wanneer de varianten in dezelfde regio op hetzelfde
chromosoom liggen. Dat is met behulp van publieke databases en biologische kennis

redelijk goed te bestuderen.

Een andere bron van confounding kan optreden wanneer men een Mendeliaanse-
randomisatie-analyse uitvoert bij een onderzoekspopulatie met mensen van
verschillende etnische achtergronden, elk met hun eigen genetische variaties en eigen
basisrisico op ziekte. Deze vorm van confounding -ook wel ‘populatiestratificatie’
genoemd- kan men voorkomen door aanpassingen in de onderzoeksopzet of door
correcties in de data-analyse. Dit is natuurlijk alleen mogelijk als de verschillende
etnische achtergronden binnen de onderzoekspopulatie voldoende nauwkeurig

vastgesteld kunnen worden.

Geen andere biologische mechanismen

Als derde en laatste voorwaarde dient de genetische variant alleen via de
tussenliggende risicofactor geassocieerd te zijn met de ziekte, en dus niet via andere
biologische mechanismen. Dit betekent dat variaties in het CRP-gen niet mogen
leiden tot veranderingen in het serumcholesterolconcentraties of andere factoren die
geassocieerd zijn met cardiovasculaire ziekten. Als dat wél het geval is, dan is er sprake
van ‘pleiotropie’ en is het niet langer duidelijk voor welke risicofactor de genetische
variatie nu als proxy functioneert. De aanwezigheid van pleiotropie is soms bekend uit
de literatuur en kan, soms worden vastgesteld aan de hand van eigen data, maar men

kan dit fenomeen nooit uitsluiten.

Een ander fenomeen dat het verband tussen het genotype en de uitkomstmaat
kan vertekenen is ‘kanalisatie’. Dit houdt in dat er biologische, epigenetische
aanpassingsmechanismen in werking komen, bijvoorbeeld verhoging van de
concentratie van IL-10 -een cytokine met anti-atherosclerotisch effect-, die de effecten
van de genetische variatie in CRP te compenseren. Het is moeilijk in te schatten in
hoeverre kanalisatie plaatsvindt en in hoeverre dit ook daadwerkelijk het verband

tussen genotype en uitkomstmaat vertekent.
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Voor- en nadelen van Mendeliaanse randomisatie

Het grootste voordeel van Mendeliaanse randomisatie is het minimaliseren van bekende
en onbekende confounding en reverse causation. Daarnaast kan men het effect van
een levenslange blootstelling bepalen, iets wat in klassiek observationeel onderzoek

vaak niet mogelijk is.

Om meer duidelijkheid te krijgen over de causale relatie tussen risicofactor
en ziekteproces kan men ook kiezen voor een zogenaamde gerandomiseerde,
gecontroleerde trial (RCT), waarbij de onderzoeker de blootstelling aan de risicofactor
direct beinvloedt. Door de randomisatie worden alle mogelijke verstorende factoren
in principe gelijk verdeeld over de behandelgroepen en daardoor is confounding
geminimaliseerd. Deze onderzoeksopzet is echter niet altijd mogelijk vanwege ethische
en praktische overwegingen. Bovendien is de generaliseerbaarheid van een RCT
doorgaans beperkt door strenge in- en exclusiecriteria en relatief gezonde deelnemers.
In observationele studies daarentegen is het mogelijk om een representatieve steekproef
van de algemene bevolking te includeren om daarmee de klinische toepasbaarheid van

de resultaten te vergroten.

De methode van Mendeliaanse randomisatie kent ook beperkingen.?>*° Zo moet de
onderzoekspopulatie vaak erg groot zijn om met enige zekerheid de associaties - zowel
tussen proxy en risicofactor als tussen proxy en ziekte- te kunnen bepalen. En zoals we
al hebben aangegeven, steunt Mendeliaanse randomisatie op een aantal voorwaarden.
Als aan deze voorwaarden niet voldaan wordt, kan de methode vertekende resultaten
opleveren. Het is aan de onderzoeker om de lezer ervan te overtuigen dat aan alle

voorwaarden zo goed als mogelijk is voldaan.

Conclusie

Klassieke observationele studies naar de causale relatie tussen een risicofactor en een
ziekte resulteren soms in tegenstrijdige en foutieve bevindingen door de aanwezigheid
van verstorende factoren (bias en confounding) of reverse causation. Hierdoor blijft het
onduidelijk of de risicofactor een geschikt aangrijpingspunt kan zijn voor toekomstige
behandelingen. In die situaties worden steeds vaker analyses op basis van Mendeliaanse
randomisatie toegepast. Bij Mendeliaanse-randomisatie-analyse worden de associaties
tussen genotype en risicofactor en tussen genotype en ziekte gebruikt om het causale

verband tussen de risicofactor en de ziekte te herleiden. Doordat deze methode
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uitgaat van onafhankelijke overerving van genen, zijn problemen als confounding en
reverse causation geminimaliseerd. Mendeliaanse randomisatie vereist echter grote
studiepopulaties, steunt op enkele cruciale aannames en kan vertekende resultaten
opleveren als niet aan de voorwaarden is voldaan. Het is niet mogelijk te garanderen
dat aan alle voorwaarden is voldaan, maar als er voldoende biologische kennis is over
de risicofactor en het ziektemechanisme kan men op basis van analyses van eigen
onderzoeksgegevens een goed beoordelen in hoeverre aan de voorwaarden voor

Mendeliaanse randomisatie is voldaan.
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Uitlegkader.

‘Reverse causation’
Omdraaiing van oorzaak en gevolg: de ziekte beinvloedt de risicofactor en niet andersom.
Dit fenomeen kan optreden bij een klassieke observationele studie. Hierdoor kunnen

onderzoeksresultaten vertekend zijn.

Confounding
Verstoring van het verband tussen risicofactor en ziekte door andere factoren die zowel
gerelateerd zijn aan de risicofactor als aan de ziekte. Dit komt vaak voor bij klassieke

observationele studies en kan vertekende onderzoeksresultaten opleveren.

Instrumentele-variabele-analyse

Instrumentele-variabele-analyse is een onderzoeksmethode in observationeel onderzoek
waarbij een proxy (‘instrument’) voor een risicofactor gebruikt wordt om te bestuderen in
hoeverre er een causale relatie tussen risicofactor en ziekte is. Mendeliaanse randomisatie

is hier een bijzondere vorm van.

Mendeliaanse randomisatie

Observationele onderzoeksmethode waarbij genetische variatie wordt gebruikt als proxy
voor een risicofactor. Omdat reverse causation en confounding minder snel de resultaten
van deze methode verstoren is het mogelijk om de causale relatie tussen risicofactor en

ziekte te bestuderen.

Pleiotropie
Situatie waarin een genetische variant via meerdere en verschillende mechanismen een effect

heeft op het lichaam. Als er sprake is van pleiotropie, dan is het niet mogelijk om een uitspraak

te doen over de precieze causale mechanismen die leiden tot de ziekte.

Kanalisatie
Biologische aanpassingsmechanismen die in werking treden bij bepaalde genetische varianten

en die de effecten van genetische variate compenseren.
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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.>2 Evidence from
previous GWAS and family studies suggests that additional genetic risk variants are
yet to be discovered.>® In addition, the extent to which the identified risk variants
contribute to recurrence risk is not clear, nor whether different genetic risk factors play
arolein recurrence pathophysiology than those involved in a first event.”*° 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 18922.1, 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.

Afirst 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
women!1¢ 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 |, which was previously identified as a risk factor for coronary
artery disease'’, 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 R1la 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.*®%° 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-0, 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.?°

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
ago?, 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 Project?
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.?*** Although GWASs identified many risk loci
for common complex traits, including several for VT#?>2¢ these loci only explained part
of the heritability of each trait.?”?® For venous thrombosis, Germain et al.?, 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.?®?° 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.3°32 For VT risk, most studies have so far focused
on rare variants associated with thrombophilia. Lotta et al.*3, 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.2%3%343 The causal variants map
most likely to both coding and noncoding sequence across the genome.?¢- 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.%>% 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.?>394° 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.?®* 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.**? 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.3>% 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.**** 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.**” 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.*®*° 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.*® 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 analysis® to control for
population structure and calculated the genomic inflation factor® 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.>>>* 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.> While
it has been shown that our genetic risk score has limited predictive value in African
Americans,® another study reported some generalizability of VT risk variants identified
in Europeans to other ancestries in a study on chronic venous disease.”” As few and
only small studies on genetic risk factors for VT have been performed in populations
of non-European ancestry,*®% 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.%*% 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.®5%® 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 risk®®® and are almost in complete LD (r? 0.90 in
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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.” Since LD patterns differ between genetic
ancestries,®*’! transethnic analyses could aid fine-mapping at regions with strong
LD in Europeans.” 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).425586667.7374 En|arging 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.>? 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.3°7* PT G20210A results
in increased PT plasma levels due to differential post-transcriptional regulation of PT
MRNA,*%7¢ whereas the FGG-haplotype containing rs2066865 yields lower levels of the
y’-fibrinogen and reduction of the y'/y ratio.®® In addition, clearance of vWF is affected
by the presence of A and B antigens of ABO on the surface of vVWF.”” 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.?>5677879 However, it is suggested that their association
with venous thrombosis cannot be completely explained by their effect on FXI levels.”*#
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 F11?>%¢%7 but the exact
causal mechanism has not been elucidated due to the extensive LD at this locus. Data
from the Genotype-Tissue Expression Project®! 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.? 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.®*8 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.?”-?¢-3823 |n order to elucidate
the functional impact of such variants, integration with multiple genomics data, such as
generated by ENCODE®* and GTEx®, 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.®>#® 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.®’-%° These
methods should also be applied to identify the causal variant and gene for the intergenic
locus at 18g22.1, 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.®®®* 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.®*%> 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.®®°¢° |dentification 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.1°%1%1 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.!®
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.*

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.#102105 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.
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Chapter 9

NEDERLANDSE SAMENVATTING

Bij veneuze trombose wordt de doorstroming in een veneus bloedvat belemmerd door
een bloedstolsel. De aandoening presenteert zich voornamelijk als een diep veneuze
trombose in het been of als een longembolie. Per jaar komt het bij 1 tot 2 per 1000
personen voor. Ongeveer 25% van de patiénten met een eerste veneuze trombose
krijgt binnen vijf jaar een recidief. Het risico op veneuze trombose is niet voor iedereen
hetzelfde. Verschillende klinische en leefstijlfactoren spelen een rol, zoals leeftijd,
immobilisatie, hormonale factoren en kanker. Ook genetische factoren dragen bij aan
het ontstaan van veneuze trombose. De genetische component van veneuze trombose
wordt op basis van onderzoek in families en tweelingen tussen de 50 en 60% geschat.
We weten tot nu toe van 17 genen dat bepaalde varianten in deze genen het risico op
veneuze trombose beinvloeden, hiervan is de variant Factor V Leiden in het gen voor
stollingsfactor V het meest bekend. De bekende genetische risicofactoren verklaren
maar een klein deel van de genetische component van veneuze trombose; de overige
genetische factoren zijn nog niet goed in kaart gebracht. Ook weten we nog weinig van

de genetische risicofactoren voor een recidief veneuze trombose.

Het doel van het in dit proefschrift beschreven onderzoek was om nieuwe genetische
risicofactoren te identificeren voor een eerste en een recidief veneuze trombose.
Daarnaast hebben we onderzocht of de bekende genetische risicofactoren kunnen
bijdragen aan de risicostratificatie voor veneuze trombose. Ook hebben we beschreven
hoe genetische variatie gebruikt kan worden voor het doen van causale uitspraken in

observationeel onderzoek.

Identificatie van genetische risicofactoren voor een eerste veneuze trombose

We hebben in hoofdstuk 2 tot en met 5 diverse strategieén gebruikt om genetische
varianten te identificeren die geassocieerd zijn met het risico op een eerste veneuze
trombose of een recidief. In hoofdstuk 2 bestudeerden we met DNA sequencing de
variatie in voornamelijk de coderende delen van 734 genen die betrokken zijn bij
hemostase. Meer dan 3500 veelvoorkomende varianten werden onderzocht in ongeveer
900 patiénten met een eerste diep veneuze trombose en 600 controlepersonen. We
bevestigden eerder gerapporteerde associaties tussen diep veneuze trombose en
variatie in de F11 locus, FGA-FGG, ABO, en F5. Dit was geen verrassing, want in deze

gengebieden liggen bekende risicofactoren voor veneuze trombose. In F5 en de F11
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locus vonden we aanwijzingen voor secundaire associatiesignalen, wat suggereert dat
deze genen meerdere onafhankelijke risicofactoren voor veneuze trombose dragen.
Opmerkelijk genoeg vonden we slechts twee suggestieve assocatiesignalen in genen
die nog niet eerder in verband gebracht waren met de pathofysiologie van veneuze
trombose. We konden deze associaties echter niet repliceren in data van het INVENT-
consortium. In een analyse van meer dan 16000 zeldzamen varianten in 647 genen werd
daarnaast geen opeenstapeling van zeldzame varianten gevonden in patiénten met
een eerste diep veneuze trombose in vergelijking tot controlepersonen. Het is echter
mogelijk dat we associaties van zowel veelvoorkomende als zeldzame varianten met
diep veneuze trombose gemist hebben omdat onze studie onvoldoende groot was om

varianten met een gering effect op trombose te identificeren.

In plaats van een focus op variatie in kandidaatgenen hadden we in hoofdstuk 3 voor een
agnostische aanpak gekozen. Het is voor een recidief trombose namelijk niet duidelijk in
welke mate de bekende genetische risicofactoren een rol spelen en of andere genetische
varianten ook van belang zijn. We hebben een genoombrede associatiestudie, ook wel
een ‘GWAS’ genoemd, uitgevoerd waarbij we de associatie tussen ongeveer 8 miljoen
veelvoorkomende varianten en recidief veneuze trombose hebben bestudeerd. Onze
resultaten bevestigden de associatie tussen FV Leiden en het risico op een recidief.
Daarnaast hebben we een nieuwe risicolocus gevonden op 18q22.1, welke in de
replicatie analyse geassocieerd was met het risico op recidief veneuze trombose met
een odds ratio van 1.7 per kopie van het minor allel. Mogelijk beinvloedt deze intergene
locus het risico op recidief door het moduleren van de expressie van genen die dichtbij
of juist verder weg op het chromosoom liggen. Er is echter meer onderzoek nodig om
het onderliggende moleculaire mechanisme te ontrafelen. We vonden beperkt bewijs
voor een aantal eerder gerapporteerde associaties tussen varianten en recidiefrisico,

wat het belang van replicatie in genetische associatiestudies nogmaals benadrukt.

Een eerste onderzoek naar het effect van variatie in het Y-chromosoom op het risico
op een eerste en recidief veneuze trombose beschreven we in hoofdstuk 4. Eerdere
studies hebben aangetoond dat mannen een intrinsiek hoger risico op veneuze
trombose hebben dan vrouwen. Daarom hadden we de hypothese dat variatie in het
Y-chromosoom het risico op veneuze trombose in bepaalde subgroepen van mannen zou
kunnen verhogen. We onderzochten hiervoor de associatie tussen 13 veelvoorkomende

haplogroepen in het Y-chromosoom en het risico op een eerste en recidief veneuze
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trombose in ruim 3700 mannen van Europese afkomst. Geen van de haplogroepen
was geassocieerd met het risico op een eerste veneuze trombose ten opzichte van
de meest voorkomende haplogroep R1b. We vonden met name geen aanwijzingen
voor een associatie tussen haplogroep | en het risico op veneuze trombose, terwijl
onze analyse wel voldoende statistische power had om een vergelijkbaar effect te
vinden zoals dat eerder gerapporteerd is voor haplogroep | en het risico op coronaire
hartziekte. Daarnaast vonden we aanwijzingen dat dragers van haplogroep Rla een
verlaagd risico op recidief veneuze trombose hebben in vergelijking tot dragers van
R1b. Deze bevinding kan echter niet het verschil in tromboserisico tussen mannen
en vrouwen verklaren aangezien we voor dragers van haplogroep Rla een hoger

recidiefrisico vonden dan voor vrouwen.

In hoofdstuk 5 hadden we een kandidaatgen-aanpak: we bestudeerden de associatie
tussen veelvoorkomende variatie in het CADM1 gen en het risico op een eerste veneuze
trombose. Een eerdere studie in een familie met proteine C deficiéntie had laten zien
dat CADM1, wat codeert voor een celadhesiemolecuul betrokken bij celmigratie in het
endotheel, een risicogen voor veneuze trombose is. In onze studie wilden we bekijken
of er ook in de algemene bevolking een gecombineerd effect van variatie in CADM1 en
proteine C op het risico op veneuze trombose bestaat. We bestudeerden hiervoor de
associatie tussen ruim 300 varianten in CADM1 en het risico op veneuze trombose in
962 patiénten met een afwijking in het proteine C systeem en 4004 controlepersonen.
We zagen voor zes varianten een groot gecombineerd effect op het risico op veneuze
trombose. Voor een van deze zes varianten vonden we ook aanwijzingen voor een
associatie met het risico op veneuze trombose in de gehele studiepopulatie van 3496
trombosepatiénten en 4004 controlepersonen. Voorzichtigheid is geboden bij de
interpretatie van onze resultaten vanwege het grote aantal statistische toetsen en het

kleine aantal patiénten met een afwijking in het proteine C systeem.

Toepassingen van genetische risicofactoren voor veneuze trombose

In hoofdstuk 6 en 7 hebben we twee van de hoofdtoepassingen van genetische
risicofactoren in wetenschappelijk onderzoek beschreven, namelijk risicostratificatie
en Mendeliaanse randomisatie. Op basis van een set van 31 eerder gerapporteerde
risicovarianten voor veneuze trombose hebben we genetische risicoscores gebouwd.
Zoals beschreven in hoofdstuk 6 hebben we het onderscheidend vermogen van deze

scores vergeleken met een predictiemodel gebaseerd op klinische risicofactoren en met
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een gecombineerd model. We lieten zien dat het onderscheidend vermogen van een
klinisch predictiemodel voor veneuze trombose in de algemene bevolking significant
verbeterde door het toevoegen van een genetische risicoscore bestaande uit vijf
varianten (FV Leiden, PT G20210A, ABO non-0, FGG-rs2066865, en F11-rs2036914). Om
de klinische toepasbaarheid van de risicoscores nader te onderzoeken, hebben we ook
het onderscheidend vermogen van de verschillende risicoscores bekeken in relevante
risicogroepen. Met uitzondering van kankerpatiénten was de voorspellende waarde
van de genetische score hetzelfde in de risicogroepen als in de gehele studiepopulatie.
Replicatie van onze bevindingen in een onafhankelijk studie laten de robuustheid
van de onze genetische risicoscore zien, al kan het zo zijn dat de score minder goed

functioneert in populaties met een andere etnische achtergrond.

In hoofdstuk 7 hebben we beschreven hoe genetische variatie gebruikt kan worden
voor het doen van causale uitspraken in observationeel onderzoek. Bij Mendeliaanse
randomisatie wordt genetische variatie gebruikt als een instrument voor een
blootstelling van interesse. In dit educatieve hoofdstuk hebben we uitgelegd dat indien
geen van de assumpties voor Mendeliaans randomisatie geschonden wordt, dat dan een
genetisch instrument gebruikt kan worden om het causale effect van de blootstelling op
de uitkomst te schatten. Door het gebruik van de genetische variatie zijn confounding
en reverse causation geminimaliseerd. Alhoewel niet alle assumpties te testen zijn
en er ook een grote studiepopulatie nodig is, worden Mendeliaanse randomisatie
analyses steeds vaker succesvol toegepast in observationeel onderzoek, met name
als gerandomiseerd onderzoek niet mogelijk is. In dit hoofdstuk werden voornamelijk
de concepten van Mendeliaanse randomisatie besproken en gingen we niet in op
de verschillende analytische modellen die recent ontwikkeld zijn, zoals bijvoorbeeld

methodes waarbij rekening gehouden wordt met pleiotropie.
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