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Abstract

Background: Venous thromboembolism (VTE) is a multi-causal disease in which 
interaction of genetic, acquired and environmental factors determine the development 
of disease. Although genetic variation contributes a substantial part of the variability in 
the development of the disease, only a limited number of genetic risk factors are known. 
Objectives: The GENES study, consisting of families with unexplained thrombophilia, 
was initiated with the objective to identify novel genetic risk factors for VTE. Methods: 
Genome-wide (variance components) linkage analysis for symptomatic VTE and for 
several coagulation variables in 22 families (304 individuals), including one large 
family (128 individuals) that had a high heritability estimate for the endogenous 
thrombin potential (ETP). Results: Suggestive linkage peaks (LOD-score 2.0, 1.9 and 
2.5) were found on 11q23, 20q13 and 1q23 for VTE, ETP and APC-sensitivity ratios, 
respectively. Linkage analysis in the family of 128 individuals revealed significant 
(LOD > 3.3) linkage peaks on 16q22, 16q23, 17q22 and 20q11 for factor II, factor V, 
prothrombin time and protein C, respectively. A suggestive linkage peak (LOD-score 
2.6) was found on 20q11for ETP. Conclusion: For VTE, we confirmed a previously 
reported locus at 11q23. The majority of the coagulation variables studied was highly 
heritable and QTL have been found for several traits. To identify the gene(s) in these 
quantitative trait loci, follow-up studies are needed.
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Introduction

Venous thromboembolism (VTE) is a multi-causal disease in which genetic, acquired 
and environmental factors interact 1. Previous studies showed that for VTE the 
proportion of the variance attributable to genetic effects was as high as 55 - 60% 2-4. 
Despite an increase in knowledge of genetic risk factors over the past decades, there 
still are unidentified hereditary defects that contribute to the risk for VTE 5.
We studied families with unexplained thrombophilia (the GENES study), with the 
objective to identify novel hereditary risk factors for VTE. Recently, in a search for 
relevant intermediate phenotypes for VTE, we showed that the endogenous thrombin 
potential (ETP) could discriminate between VTE affected and non-affected family 
members 6. The estimated heritability of ETP in the families was 32 ± 10%, which 
was mainly determined by the high heritability of 68% in one particular large family 
(family 8). We measured additional coagulation factor levels in this family to examine 
their possible relationship with ETP. Multiple regression analysis revealed that levels of 
antithrombin and clotting factors VII, VIII and IX were correlated with ETP. However, 
these factors only explained 35% of the variation observed in ETP in this family 6,7.
We carried out a genome-wide linkage scan in all GENES families. Furthermore, in 
family 8 with the high heritability estimate for ETP, we included additional coagulation 
and fibrinolysis variables in the genome-wide linkage scan.

Material and Methods

Families
Probands with a personal and strong family history of VTE (defined as at least 
one first degree or two second degree relatives with VTE) but without one of the 
known thrombophilic defects and their extended family including spouses were 
included. Individuals with a personal history of VTE were tested for factor V Leiden, 
the prothrombin G20210A mutation and deficiencies of protein C, protein S and 
antithrombin. For analysis of VTE, all available individuals in the 22 families were 
included and an analysis was carried out for definite and probable cases combined. 
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For the quantitative traits (i.e. coagulation and fibrinolysis variables), individuals who 
were using vitamin K antagonists at the time of blood sampling were excluded.
The GENES study was approved by the Central Committee on Research Involving 
Human Subjects (CCMO) and all probands and family members provided informed 
consent.

Blood and plasma collection
Blood was collected at least 3 months after an acute venous thrombotic event after 
overnight fasting and 12 hours cessation of smoking. For plasma collection blood was 
collected in tubes containing 0.106 mol L-1 trisodium citrate. Plasma was prepared by 
centrifugation at 2000 g for 10 min at room temperature and stored at -70°C in suitable 
aliquots. Blood used for DNA isolation was collected in tubes containing EDTA. DNA 
was isolated from blood using the Gentra Puregene method (Gentra systems, Inc., 
Minneapolis, MN, USA).

Traits
Venous thromboembolism (VTE): A diagnosis of venous thrombosis or pulmonary 
embolism (VTE) was classified as “definite” if objectively diagnosed (use of compression 
ultrasonography, plethysmography, venography, (spiral) CT scan or ventilation/
perfusion scan) and treated with anticoagulant therapy. A VTE event was defined as 
“probable” if not objectively diagnosed or documentation on diagnostic tests used was 
unavailable. We included cases with probable and definite events in the analysis. 
Coagulation and fibrinolysis assays: The test for prothrombin fragment 1+2 (F1+2) used 
was an ELISA-based assay (Siemens Healthcare Diagnostics, Marburg, Germany). The 
thrombin generation time (TGT) was measured spectrophotometrically. Results were 
expressed as the percentage t1/2max (= time to reach the midpoint of clear to maximal 
turbid density) of a normal t1/2max determined in a pooled plasma of more than 150 
healthy volunteers. A higher percentage TGT correlates with a reduced thrombin 
generation potential. The endogenous thrombin potential (ETP) was performed as 
previously described 8. A higher ETP reflects more thrombin generation potential. 
APC sensitivity ratios (APC-sr) were determined by quantifying the effect of APC on 
thrombin generation 9,10. Increased levels of this ETP-based APC resistance test reflect 
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a reduced sensitivity to APC. The clot lysis time (CLT) was determined as described 
before 11. A higher CLT reflects a reduced fibrinolytic capacity.
In addition to the coagulation assays performed in all families, we measured additional 
coagulation variables in family 8 only to investigate their possible correlations with 
ETP. These were: prothrombin time (PT), activated partial thromboplastin time 
(APTT), activity-based or antigen-based assays for factor II, factor VII, factor VIII, 
factor IX, factor XI, antithrombin (AT), total (PS-tot) and free protein S (PS-free) and 
protein C (PC), factor V and tissue factor pathway inhibitor (TFPI). PT, APTT and 
factors II, V, VII, VIII, IX and XI were determined using an automated coagulation 
analyzer (Behring Coagulation System, BCS) with reagents and protocols from the 
manufacturer (Siemens Healthcare Diagnostics, Marburg, Germany). AT activity 
was determined with Berichrom antithrombin (Siemens Healthcare Diagnostics) 
on a BCS. Protein C was determined using the Coamatic protein C activity kit from 
Chromogenix (Mölndal, Sweden). Total protein S antigen was assayed by ELISA 
using antibodies from DAKO (Glostrup, Denmark). Free protein S was measured by 
precipitating the C4b-binding protein-bound fraction with polyethylene glycol 8000 
and measuring the concentration of free protein S in the supernatant. TFPI activity 
was measured on the BCS according to a method described by Sandset et al 12. Except 
for PT and APTT, all coagulation factor levels are expressed as percentage of the level 
in a pooled plasma sample of more than 150 healthy volunteers.

Genotyping and error checking
Genotyping was conducted by the NHLBI Mammalian Genotyping Service at the 
Marshfield Medical Foundation (Marshfield, WI, USA) 13, using the 10 cM spaced 
short tandem repeat polymorphism screening set 16. On the autosomes, 375 markers 
were examined with an average marker spacing of 9.3 cM (range 0 - 19 cM) and an 
average marker heterozygosity of 75% (range 54 - 89%). Genotyping success rate was 
91.5% (SD = 3.7%). The families were checked for Mendelian errors using the software 
Mendel 14 and errors were removed by assigning missing values to the genotypes 
involved.
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Statistical analysis
APC-sr and CLT were right skewed and were transformed with the square root or 
natural logarithm, respectively, to obtain a normal distribution. Age, sex and use of 
oral contraceptives were included as covariates in the linkage analysis.
Estimation of the probability of (multipoint) identity by descent (IBD) and variance 
components linkage analysis were carried out using the SOLAR package 15. Linkage 
was assessed by fitting a polygenic model that did not incorporate genetic marker 
information (i.e. IBD status) and comparing it with models that incorporated 
genotype data across a chromosome (multipoint analysis). The log-of-the-odds (LOD) 
score is the log (base 10) of the ratio of the likelihoods of the polygenic and marker-
specific models. As proposed by Lander and Kruglyak 16, we defined significant 
linkage as statistical evidence expected to occur 0.05 times in a whole genome scan 
(probability 5%; LOD score >3.3) and suggestive linkage as statistical evidence that 
would be expected to occur one time at random in a whole genome scan (LOD score 
between 1.9 and 3.3). The 1-LOD-support interval (≈ 95% confidence interval) was 
determined by the points on the curve defined by dropping the LOD score by one 
unit 17. In case of a LOD score > 2.5, a second genome-wide analysis was performed 
using a model that included this peak. In case of multiple peaks, this second pass 
enables identification of peaks that are (statistically) independent from the locus with 
the highest LOD score. In case of suggestive or significant LOD scores of different 
traits on the same chromosome, a bivariate linkage analysis was performed. Next to 
bivariate LOD scores, an environmental (ρe) and genetic (ρg) correlation are estimated. 
Subsequent testing the observed genetic correlation against the null hypotheses ρg = 0 
and ρg = 1 gives information whether the peaks of the two traits are most likely due to 
co-incident linkage (two QTLs) or pleiotrophy (single QTL influencing both traits) 18. 
All LOD scores reported were corrected for inaccuracy caused by possible non-normal 
trait distribution using the empirical LOD adjustment implemented in SOLAR.
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Results

All families
We included 22 extended families with family sizes ranging from six to 185, with a 
median family size of 28 individuals. In total, 304 individuals (34%) were genotyped 
in these 22 families. The characteristics of these individuals are shown in Table 1. 
The mean/median F1+2, TGT, ETP, APC-sr and CLT are shown in Table 2. In the 
22 families, a total of 57 diagnoses of VTE were made (6%). Of these, 28 (49%) were 
definite VTE cases. The median age of onset was 40 years (range: 18 - 68 years).
The highest LOD scores for the different traits are shown in Table 3. No significant 
linkage peaks were detected. For VTE, ETP and APC-sr, suggestive linkage peaks 
were found on chromosomes 11, 20 and 1, respectively. Apart from these highest LOD 
scores, no other (secondary) multipoint LOD scores > 1.9 were observed for VTE, ETP 
or APC-sr.

Table 1 Characteristics of the GENES study subjects without vitamin K antagonist therapy at 

time of blood sampling
All Families Family 8

(n = 304) (n = 128)
Age (years; mean ± SD) 42 ± 18 47 ± 15
Female (n, (%)) 133 (43.8) 66 (51.6)
Spouses (n, (%)) 42 (13.8) 25 (19.5)
Smoking (n, (%)) 68 (22.4) 27 (21.1)
Alcohol (n, (%)) 236 (77.6) 92 (71.9)
Oral contraceptives (n, (%))* 33 (24.8) 20 (30.3)
Hormone replacement Therapy (n, (%))* 6 (4.5) 0 (0.0)
Pregnancy (n, (%))* 5 (3.8) 2 (3.0)
* of women 13 year and older (n=133and 66, respectively)
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Table 2 Mean ± standard deviation or median (interquartile range) of the coagulation traits 

measured in all families and in family 8 only
Trait All Families Family 8

(n = 304) (n = 128)
Prothrombin Fragment 1+2 (nM)* 0.7 ± 0.2 0.8 ± 0.2†
Thrombin Generation Time (%) 107 ± 19 108 ± 19†
Endogenous Thrombin Potential (%) 100 ± 24 105 ± 23
APC Sensitivity Ratio* 0.7 (1.0) 0.8 (0.9)
Clot Lysis Time (min)* 62 (23) 68 (25)†
Prothrombin Time (s)* − 12 ± 1
Activated Partial Thromboplastin Time (s)* − 30 ± 3
Factor II (%) − 98 ± 16
Factor V (%) − 137 ± 29
Factor VII (%) − 99 ± 22
Factor VIII (%) − 118 ± 24
Factor IX (%) − 103 ± 16
Factor XI (%) − 112 ± 18
Protein C (%) − 115 ± 25
Protein S free (%) − 46 ± 10
Protein S total (%) − 103 ± 18
Tissue Factor Pathway Inhibitor (%) − 94 ± 26
* Normal values for prothrombin fragment 1+2: 0.3 - 1.6 nM, APC sensitivity ratio: 0.65-1.95, Clot Lysis 
Time: 25 - 106 min, Prothrombin time: ≤ 14.7 s, Activated Partial Thromboplastin Time: 28 - 42 s.
† determined in 81 individuals only

Table 3 Heritability (standard error), highest multipoint LOD score, chromosome, location 

[1-LOD-support interval] and nearest marker for the different traits in all 22 families.
Trait h2 SE LOD Chr. Location* Interval Nearest marker
VTE 76% (13) 2.0 11q23 112 [65 – 125] D11S1998
Prothrombin Fragment 1+2 10% (10) 0.8 − − − −
Thrombin Generation Time 35% (9) 1.3 18q12 55 [30 – 70] D18S877
Endogenous Thrombin Potential 38% (9) 1.9 20q13 73 [30 – 90] AAT269
APC Sensitivity Ratio 54% (14) 2.5 1q23 185 [176 – 197] TATC028
Clot Lysis Time 26% (10) 1.4 10 115 [45 – 145] D10S2470
h2: heritability, SE: standard error, Chr: chromosome
* Location in cM as in Marshfield map
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Family 8
The highest heritability estimate for ETP was found in family 8 [6]. This family consists 
of five generations, and 128 genotyped (69%) individuals (Figure 1). For the overall 
assays F1+2, TGT and CLT information was available of 81 individuals only, whereas 
ETP, APC-sr and the additional coagulation variables were measured in all individuals. 
The characteristics and the results of the coagulation tests of these individuals are 
shown in Tables 1 and 2.

Figure 1 Family 8. Black symbols indicate individuals with a diagnosis of venous 

thromboembolism (VTE).

I
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Of the five overall coagulation and fibrinolysis variables (traits) also measured in the 
other 21 families (F1+2, TGT, ETP, APC-sr and CLT), none showed significant linkage 
in family 8 (Table 4). For ETP and APC-sr suggestive linkage peaks were found. Only 
for APC-sr, a second multipoint linkage pass (with correction for the location with the 
highest LOD score in the first pass) resulted in a second suggestive linkage peak on 
chromosome 2 (LOD 2.2) at 198 cM [190-210] near marker D2S1384. For F1+2, TGT 
and CLT maximum LOD scores were < 1.9.
For the traits measured in family 8 only, the highest LOD score (4.8) was observed for 
PC on chromosome 20q11 (Figure 2 and Table 4). No other (suggestive) linkage peaks 
were found for PC either in the first or second pass. For PC and ETP, a bivariate linkage 
scan on chromosome 20 showed a highest LOD score of 6.8 at 57 cM [43-66] near 
marker D20S478. The environmental (ρe) and genetic (ρg) correlations between ETP 
and PC were 0.333 and -0.080, respectively. The probability that the observed linkage 
peaks were due to coincident linkage (probability under the null hypothesis ρg = 0) 
was 0.735, whereas the probability of a single underlying QTL with a pleiotropic effect 
(probability under the null hypothesis ρg = -1) was <0.0001. Thus the observed peaks 
for ETP and PC on chromosome 20 were most likely due to two independent QTLs.
Further significant linkage peaks were found for PT, factor II and factor V. For PT the 
highest LOD score was observed on chromosome 17q22 (LOD 3.8), with a further 
suggestive linkage peak (LOD 2.4) at 58 cM [35-75] on chromosome 19q12 near 
marker GATA156F11. Running a second pass with correction for the location on 
chromosome 17 resulted in a highest peak with a LOD score of 2.2 at location 91 cM 
[80-110] near marker D5S1501 on 5q14. The LOD score at 19q12 was reduced to 1.5 
in the second pass.
The significant linkage peaks for factor II and factor V were both found on 
chromosome 16q22-23 with LOD scores of 3.4 and 3.9, respectively (Table 4). For 
factor II, no further (suggestive) linkage peaks were found, neither in the first nor in 
the second pass. For factor V, three additional suggestive linkage peaks were found 
in the first pass at 80 cM [65-95] on chromosome 17 (LOD 2.3) and on chromosome 
1 and 19 (both LOD 2.1). After correction for the putative QTL on chromosome 16, 
the locations on chromosome 1q23.3 (175 cM [150-185]) and 19q12 (55 cM [35-80]) 
retained a suggestive LOD score of 2.0 and 2.1, respectively. Bivariate linkage analysis 
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on chromosome 16 for factor II and factor V showed that the highest bivariate LOD 
score of 3.3 was found at 105 cM [86-114] near marker ATACC001. The ρe and ρg were 
0.495 and 0.793, respectively. The probabilities under the null hypotheses ρg = 0 or ρg 
= 1 were 0.023 and 0.053, respectively. These results indicate that a single QTL with an 
effect on both factor II and V cannot be excluded.
For free PS and antithrombin only suggestive linkage peaks were found (Table 4) and 
for CLT, APTT, factor VII, factor VIII, factor IX, factor XI, PS-tot and TFPI maximum 
LOD scores were < 1.9.

Table 4 Heritability (standard error), highest multipoint LOD score, chromosome, location 

[1-LOD-support interval] and nearest marker for the different traits in family 8.
Trait h2 SE LOD Chr. Location* Interval Nearest marker
Prothrombin Fragment 1+2 0% (−) 0.8 − − − −
Thrombin Generation Time 64% (15) 1.1 10p15 5 [0 − 60] D10S1435
Endogenous Thrombin Potential 69% (12) 2.6 20q11 56 [42 − 78] D20S478
APC Sensitivity Ratio 52% (23) 2.8 1q25 192 [180 − 218] D1S1589
Clot Lysis Time 24% (20) 1.2 10 60 [25 − 140] D10S1426

ProthrombinTime 76% (13) 3.8 17q22 76 [65 − 105] 095tc5ZP
Activated Partial Thromboplastin Time 82% (21) 1.5 2 55 [45 − 85] D2S1788
Factor II 45% (19) 3.4 16q22 97 [89 − 113] MFD466-TTA001
Factor V 49% (22) 3.9 16q23 110 [98 − 114] ATACC001
Factor VII 56% (14) 1.3 16 75 [40 − 90] D16S3253
Factor VIII 19% (20) 1.8 17 100 [85 − 105] D17S1301)
Factor IX 39% (21) 1.5 13 55 [45 − 85] D13S800
Factor XI 43% (25) 1.5 13 55 [40 − 85] D13S800
Protein C 60% (14) 4.8 20q11 51 [38 − 64] GATA29F06Z
Protein S free 51% (16) 2.5 3p14 85 [73 − 100] AGAT128
Protein S total 51% (16) 1.6 1 25 [5 − 40] D1S1597
Tissue Factor Pathway Inhibitor 66% (12) 1.6 13 65 [35 − 75] D13S317
Antithrombin 62% (19) 2.6 2p16 78 [67 − 84] D2S1352
h2: heritability, SE: standard error, Chr: chromosome
* Location in cM as in Marshfield map
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Discussion

The linkage regions we found were very broad. With help of the UCSC genome browser 
(http://genome.ucsc.edu/) 19, we scanned the 1-LOD-support intervals for biologically 
plausible candidate genes (e.g. based on results from association studies) that could 
explain the observed linkage peaks.

VTE
For VTE only a single suggestive LOD score (2.0) was observed in the present study 
at 112 cM on chromosome 11q23. A significant LOD score was observed at the same 
position in a genome-wide scan for venous thrombosis in the type I protein C deficient 
Kindred Vermont II 20. The latter study also reported additional loci at chromosome 
18p11.2-q11.2 and 10p12, but the highest LOD scores obtained in the present study for 
these loci were 1.0 and 0.35, respectively.
Candidate genes present in the 1-LOD-support region on chromosome 11 include 
NNMT and PAFAH1B2. The latter encodes the β subunit of platelet-activating factor 
acetylhydrolase gene, and was already pinpointed as an interesting candidate gene by 
Hasstedt et al 20. The nicotinamide N-methyltransferase (NNMT) gene was identified 
as a candidate gene in a genome-wide linkage analysis for QTLs influencing plasma 
homocysteine levels in the GAIT study 21.

Protein C
The highest LOD score for Protein C (PC) was found on chromosome 20q11. 
Interestingly, the highest LOD score for ETP was also found in this region. Bivariate 
linkage analyses showed that both the environmental (ρe) and genetic correlation (ρg) 
were low. Coincident linkage could not be excluded, whereas pleiotrophy was most 
unlikely. Therefore, the region on chromosome 20q11 most likely harbors two QTLs 
influencing either PC or ETP in family 8.
Several candidate genes are present within the region spanning from 38 - 78 cM on 
chromosome 20. These include THBD (thrombomodulin), FOXA2 (Forkhead Box 
A2, formerly known as HNF3-β) and PROCR (protein C receptor). Thrombomodulin 
is a transmembrane protein that is constitutively expressed on the luminal surface 
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of vascular endothelial cells 22. The anticoagulant function of thrombomodulin is 
mediated by interaction with thrombin and PC. Endothelial membrane-bound 
thrombomodulin forms a high affinity complex with thrombin and inhibits thrombin 
interaction with fibrinogen and protease-activated receptor-1. In contrast, the 
thrombin-thrombomodulin complex is a potent activator of PC, and thrombomodulin 
enhances thrombin-dependent PC activation. In addition, thrombomodulin plays an 
role in activation of thrombin-activatable fibrinolysis inhibitor (TAFI) activation, 
whereas the lectin domain of thrombomodulin acts anti-inflammatory by inhibition 
of leucocyte adhesion, complement activation and cytokine production.
The liver-enriched transcription factor FOXA2 also is a candidate gene. Although the 
effect of FOXA2 expression on ETP is yet unknown, changes in FOXA2 expression 
have been shown to change the level of expression of their target genes, including the 
Protein C gene 23.
An obvious candidate gene, especially for PC is the gene for the (endothelial) Protein 
C receptor (PROCR) [24]. The PROC gene itself is not a likely candidate in the present 
family given the absence of a linkage signal on chromosome 2.
For QTLs influencing PC, a genome-wide scan has been performed previously in the 
GAIT study 25. No relevant LOD score on chromosome 20 was observed there. Instead, 
a significant LOD score was observed on chromosome 16q23 and suggestive LOD 
scores on chromosome 9q and 10q. However, in our study these results could not be 
confirmed, with maximum LOD scores for PC on these chromosomes of 0.6, 0.2 and 
0.3, respectively (Figure 2).

PT
For prothrombin time (PT) a putative QTL was found in family 8 on chromosomes 
17q22 (LOD 3.8). However, running a second pass revealed suggestive linkage on 
chromosome 5q14, whereas the peak on chromosome 19 dropped below the 1.9 LOD 
threshold. The 65-105 cM region on chromosome 17q22 harbors multiple genes, but 
except for the ACE gene, none have been related to VTE or PT based on association 
studies.
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FII and FV
Levels of coagulation factors II and V both showed significant linkage at 16q in family 
8. Based on the bivariate analyses, the hypothesis of coincident linkage could be 
rejected. Given the high genetic correlation (ρg = 0.8), a single QTL regulating both 
factors seems most likely. The 1-LOD-support interval of the bivariate analysis ranged 
from 86 to 114 cM. This region is similar to that reported by Buil et al for Protein C 
25. They found a positional candidate gene in their linkage signal region at position 
16q22.1, the NAD(P)H: dehydrogenase quinone 1 (NQO1) gene, which codes for a 
quinone reductase involved in the metabolism of vitamin K.

In summary, the GENES study is a valuable resource for genetic analysis of 
thrombophilia. For VTE, we confirmed a previously reported locus at 11q23. The 
majority of the coagulation variables studied was highly heritable and QTL have been 
found for several traits. To identify the gene(s) in these QTLs, follow-up studies are 
needed.
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