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Chapter 1

Venous thromboembolism, risk factors and
prophylaxis

Venous thrombosis, encompassing the clinical spectrum of deep vein thrombosis
(DVT) and pulmonary embolism (PE), poses a significant clinical and economic
burden on Western societies. It occurs annually in 1 to 2 per 1000 inhabitants,
and has a steep age gradient, with an incidence of up to 1 per 100 in individuals
older than 80 years. !. Individuals with venous thrombosis constitute 0.64% of all
hospital admissions 2, and two-thirds have DVT as their primary manifestation,
while the remaining one-third has PE. The overall mortality rate within 30 days of
an event is nearly 6%. > A recurrence occurs in 7 to 14% of patients within the first
year after the initial event. * The recurrence rate is even as high as 30% in the first
10 years, and remains high lifelong. * Other long-term complications include post-
thrombotic syndrome in nearly one-third to half of DVT patients?, and pulmonary
hypertension, which has been reported to occur in nearly 4% of patients within the
first two years after the first PE.® These epidemiological characteristics of DVT
and PE underline the importance of understanding the etiology of these events, as
such understanding would promote our ability to predict and prevent risk.
Venous thrombosis is a multi-factorial disease that is influenced by genetic
determinants as well as acquired risk factors such as major trauma, prolonged
immobilization, surgery, oral contraceptive use, hormone replacement therapy,
pregnancy and puerperium. Thrombophilia, a term coined by Nygaard and
Brown’, is used to describe the inherited tendency toward venous thrombosis.
Mutations underlying thrombophilia vary from rare ‘loss-of-function’ mutations
in natural anticoagulants to common ‘gain-of-function’ mutations such as factor
V Leiden and prothrombin G20210A. ® Twenty-five to 35% of individuals
experiencing a first episode of DVT or PE are heterozygous or homozygous for at
least one of these mutations. Classifying the risk factors as ‘genetic’ or ‘acquired’
is not always straightforward. Examples are elevated factor VIII levels and
hyperhomocysteinemia that are known to increase the risk of both venous and
arterial thrombosis, and that are genetically and environmentally determined. °
The risk factors underlying thrombophilia have a varying clinical penetrance,
and the presence of a thrombophilic defect per se does not always result in a
thrombosis. Moreover, it is well documented that individuals carrying more than



General introduction and outline of the thesis

one thrombophilic defect are at higher risk than those with a single inherited risk
factor. ' However, approximately one-third of familial venous thromboembolic
events remain unexplained."

Appropriate prophylaxis can significantly reduce venous thrombosis related
mortality and morbidity.!> Without prophylaxis, the incidence of hospital-
acquired DVT is 10 to 40% among medical or general surgical patients and 40
to 60% following major orthopedic surgery.'*!'* Certain issues remain unresolved
surrounding appropriate prophylaxis, including optimal dosing in specific
patient populations with respect to efficacy, safety and patient compliance. '* For
instance, the presumed lower risk of significant bleeding by low dose prophylaxis
with low-molecular-weight heparin during pregnancy may be outweighed by an
unacceptable high risk of venous thrombosis recurrence. '%!”

Arterial and venous thrombosis association

Arterial thrombotic events, i.e. myocardial infarction, stroke and peripheral artery
disease have long been considered an entity separate from venous thrombosis.
This distinction was supported by differences in the blood clot composition,
underlying risk factors, and prophylactic as well as therapeutic measures. More
recent evidence indicates that these two types of thrombosis might share at least
some common risk factors '*!, and experiencing one type of thrombotic event
appears to predispose to the development of the other.’ For example, a consistent
finding in several cohort studies '3 was that patients with a previous venous
thrombotic episode had an about 50% higher risk to develop arterial thrombotic
events in subsequent years than individuals without prior venous thrombosis.
However, the underlying mechanisms, particularly the role of multiple
thrombophilic defects and classical cardiovascular risk factors in this association
have not been elucidated.

In this thesis, we address several unresolved questions. First, can we identify new
hereditary thrombophilic defects in a large family with an unexplained thrombotic
tendency? What are the potential clinical implications of thrombophilia testing?
Is our strategy of thrombosis prophylaxis in pregnant women with thrombophilia
adequate? Second, are there common risk factors that may explain the association
of arterial and venous thrombosis?
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Study populations

The investigations described in this thesis were performed in three previously
described studies with exception of those in chapter 5 and 8. The earlier studies
were the Beethoven study (chapter 6 and 9), the GENES study (chapter 2 and 3)
and the Leiden Thrombophilia Study (LETS) (chapter 7, 2 and 3).

The Beethoven study

The Beethoven study consists of three prospective cohorts of thrombophilic
families which were identified by probands with documented DVT, PE, or
premature arterial cardiovascular diseases (any arterial thrombotic event before
50 years of age), and either hyperhomocysteinemia, prothrombin G20210A,
or persistently elevated levels of factor VIII. Subjects were recruited between
August 1997 and May 2004 from three academic hospitals: Academic Medical
Center, Amsterdam, University Medical Center, Groningen and Academic
Hospital Maastricht. Details of these studies have been published previously. 242
Various other thrombophilic defects were tested in all participants. Information on
previous episodes of venous thrombosis, arterial cardiovascular disease, exposure
to exogenous risk factors for thrombosis, anticoagulant treatment, and the
presence of cardiovascular risk factors was collected by validated questionnaire
and by reviewing medical records at baseline. Also, every 6 months until April
2006, all participants provided a detailed questionnaire focusing on new episodes
of venous thrombosis, arterial cardiovascular diseases, exposure to risk factors,

and medication use.

The GENES study

The pedigree studied for this thesis was drawn from the GENES study 2’ in which
Dutch thrombophilic families were included with the purpose of discovering
new genetic risk factors of venous thrombosis. The probands had at least one
first-degree or two second-degree family members with the same diagnosis
and did not carry one of the known thrombophilic defects, i.e. factor V Leiden,
prothrombin G20210A and deficiencies of antithrombin, protein C and protein S.
One pedigree was selected for further investigation because it showed the highest
heritability of ‘endogenous thrombin potential’ (ETP) levels (68%). Subsequently,

10
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a genome wide linkage analysis was performed in the selected pedigree for
several coagulation factor levels and global coagulation determinants using the
‘Sequential Oligogenic Linkage Analysis Routines’ (SOLAR) program.

The Leiden Thrombophilia Study (LETS)

LETS is a population based case-control study, originally meant to investigate
new risk factors of venous thrombosis. Between January 1988 and December
1992, 474 patients younger than 70 years from anticoagulation clinics in Leiden,
Amsterdam and Rotterdam with a first DVT of the leg or arm were included in
LETS. An unrelated control for each case was selected matched on age and sex.
Participants did not have overt malignancy. All participants filled out a standard
questionnaire regarding risk factors of venous thrombosis.

The follow-up part of the LETS was performed to investigate the risk factors
for recurrent venous thrombosis. Cases were followed as described previously
28 after anticoagulation cessation until January 2000. Information during follow-
up on the occurrence of risk situations, use of anticoagulation treatment, and
recurrent events was collected by repeated mailed questionnaires. Patients were
interviewed by telephone when they responded positively to any item of the
questionnaire or when they did not return it.

Outline of the thesis

The studies presented in this thesis follow two objectives, each presented in a
separate section. The first section focuses on investigations performed in a selected
pedigree from GENES that were aimed at discovering a genetic explanation for
the significant quantitative trait loci that were found in a genome wide linkage
study. In the other section, we examined the implications of thrombophilia testing,
and safety of high doses of low-molecular-weight heparins as prophylaxis during
pregnancy.

Part I

Chapter 2: We studied the linkage observed in the selected pedigree on
chromosome 20 for the levels of protein C by evaluating the association
between protein C levels and polymorphisms of three candidate genes encoding

11
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thrombomodulin, endothelial protein C receptor and forkhead-box A2. In
addition we assessed the association of the levels of protein C with the levels of
soluble endothelial protein C receptor. To investigate the external validity of our
observations, we confirmed the results in the control population of LETS.
Chapter 3: We scrutinized the linkage signals for the levels of factor (F) V and
prothrombin on chromosome 16 by studying the association of haplotypes of
NQOI (candidate gene) with the levels of FV and prothrombin in the pedigree
from GENES. We performed similar analyses in the control population of the
LETS. Furthermore, the associated risk of venous thrombosis with each NOO1
haplotype was calculated in the LETS. In chapter 4, we studied the risk of
venous thrombosis and the levels of vitamin K dependent coagulation factors for
different haplotypes of the enzymes (VKORCI, GGCX and NQOI) involved in
the vitamine K cycle.

Chapter 5: The current knowledge of hereditary and acquired thrombophilic
defects and the associated risk of venous thrombosis are reviewed in this chapter
and the clinical implications for thrombophilia testing are addressed.

Chapter 6: We discussed the risk of major bleeding around the delivery, known as
post-partum hemorrhage, in women who received high doses of low-molecular-
weight heparin to prevent venous thrombosis.

Part II of this thesis deals with the association between arterial and venous
thrombosis.

Chapter 7: We intended to confirm the increased risk of arterial cardiovascular
diseases after an episode of venous thrombosis in the Beethoven study. More
importantly, we investigated whether the presence of multiple cardiovascular risk
factors and thrombophilic defects could explain this increased risk.

Chapter 8: In this chapter the risk of venous thrombosis recurrence, in the LETS
follow-up study, in patients with low and elevated levels of cytokines as compared
with patients with undetectable levels of cytokines, are presented. In addition, we
investigated the influence of high D-dimer (>250 ng/ml) and CRP (>3 mg/L) on
recurrence risk of venous thrombosis.

Chapter 9: Here we report the role of established thrombophilic defects,
fibrinolysis markers, and polymorphisms in genes encoding platelet receptors

in the pathogenesis of idiopathic retinal vein thrombosis (RVO) by studying a

12



General introduction and outline of the thesis

large number of patients without known risk factors for RVO and a sex and age
matched control group.

Chapter 10: The risk of arterial thrombosis in double heterozygous or
homozygous carriers of factor V Leiden or prothrombin G20210A is compared
with single heterozygous carriers of one of these mutations. This analysis was
done in the relatives on the Beethoven study and was recalculated by excluding
all relatives who had another co-inherited thrombophilic defect.

13




Chapter 1

References

10.

14

Engbers MJ, van H, V, Rosendaal FR. Venous thrombosis in the elderly:

incidence, risk factors, and risk groups. J Thromb Haemost 2010.

Spyropoulos AC, Lin J. Direct medical costs of venous thromboembolism and
subsequent hospital readmission rates: an administrative claims analysis from

30 managed care organizations. ] Manag Care Pharm 2007;13:475-486.

Naess 1A, Christiansen SC, Romundstad P, Cannegieter SC, Rosendaal FR,
Hammerstrom J. Incidence and mortality of venous thrombosis: a population-
based study. J Thromb Haemost 2007;5:692-699.

Hansson PO, Sorbo J, Eriksson H. Recurrent venous thromboembolism after
deep vein thrombosis: incidence and risk factors. Arch Intern Med 2000;160:769-
774.

Tick LW, Kramer MH, Rosendaal FR, Faber WR, Doggen CJ. Risk factors for
post-thrombotic syndrome in patients with a first deep venous thrombosis. J
Thromb Haemost 2008;6:2075-2081.

Pengo V, Lensing AW, Prins MH et al. Incidence of chronic thromboembolic
pulmonary hypertension after pulmonary embolism. N Engl J Med
2004;350:2257-2264.

Nygaard KK, Brown GE. Essential thrombophilia: report van five cases. Arch
Intern Med 1937;59:82-106.

Middeldorp S, Levi M. Thrombophilia: an update. Semin Thromb Hemost
2007;33:563-572.

Cohn DM, Roshani S, Middeldorp S. Thrombophilia and venous
thromboembolism: implications for testing. Semin Thromb Hemost2007;33:573-
581.

Lijfering WM, Rosendaal FR, Cannegieter SC. Risk factors for venous
thrombosis - current understanding from an epidemiological point of view. Br J
Haematol 2010;149:824-833.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

General introduction and outline of the thesis

Reitsma PH, Rosendaal FR. Past and future of genetic research in thrombosis. J
Thromb Haemost 2007;5 Suppl 1:264-269.

Geerts WH, Bergqvist D, Pineo GF et al. Prevention of venous thromboembolism:
American College of Chest Physicians Evidence-Based Clinical Practice
Guidelines (8th Edition). Chest 2008;133:381S-453S.

Anderson FA, Jr., Wheeler HB, Goldberg RJ et al. A population-based
perspective of the hospital incidence and case-fatality rates of deep vein
thrombosis and pulmonary embolism. The Worcester DVT Study. Arch Intern
Med 1991;151:933-938.

Geerts WH, Heit JA, Clagett GP et al. Prevention of venous thromboembolism.
Chest 2001;119:132S-175S.

Huo MH, Spyropoulos AC. The eighth American college of chest physicians
guidelines on venous thromboembolism prevention: implications for hospital

prophylaxis strategies. J Thromb Thrombolysis 2010.

Sanson BJ, Lensing AW, Prins MH et al. Safety of low-molecular-weight heparin
in pregnancy: a systematic review. Thromb Haemost 1999;81:668-672.

Roeters van Lennep JE, Meijer E, Klumper FICM, Middeldorp JM, Bloemenkamp
KWM, Middeldorp S. Prophylaxis with low-dose low-molecular-heparin during
pregnancy and postpartum: is it effective? Submitted to JTH.

Ageno W, Becattini C, Brighton T, Selby R, Kamphuisen PW. Cardiovascular
risk factors and venous thromboembolism: a meta-analysis. Circulation
2008;117:93-102.

Smith A, Patterson C, Yarnell J, Rumley A, Ben-Shlomo Y, Lowe G. Which
hemostatic markers add to the predictive value of conventional risk factors for
coronary heart disease and ischemic stroke? The Caerphilly Study. Circulation
2005;112:3080-3087.

Prandoni P, Bilora F, Marchiori A et al. An association between atherosclerosis
and venous thrombosis. N Engl J Med 2003;348:1435-1441.

15




Chapter 1

21.

22.

23.

24,

25.

26.

27.

28.

16

Bova C, Marchiori A, Noto A et al. Incidence of arterial cardiovascular events in
patients with idiopathic venous thromboembolism. A retrospective cohort study.
Thromb Haemost 2006;96:132-136.

Klok FA, Mos IC, Broek L et al. Risk of arterial cardiovascular events in patients
after pulmonary embolism. Blood 2009;114:1484-1488.

Sorensen HT, Horvath-Puho E, Pedersen L, Baron JA, Prandoni P. Venous
thromboembolism and subsequent hospitalisation due to acute arterial
cardiovascular events: a 20-year cohort study. Lancet 2007;370:1773-1779.

Lijfering WM, Coppens M, van de Poel MH et al. The risk of venous and
arterial thrombosis in hyperhomocysteinaemia is low and mainly depends on
concomitant thrombophilic defects. Thromb Haemost 2007;98:457-463.

Coppens M, van de Poel MH, Bank I et al. A prospective cohort study on the
absolute incidence of venous thromboembolism and arterial cardiovascular
disease in asymptomatic carriers of the prothrombin 20210A mutation. Blood
2006;108:2604-2607.

Bank I, van de Poel MH, Coppens M et al. Absolute annual incidences of first
events of venous thromboembolism and arterial vascular events in individuals
with elevated FVIIl:c. A prospective family cohort study. Thromb Haemost
2007;98:1040-1044.

Wichers IM, Tanck MW, Meijers JC et al. Assessment of coagulation and
fibrinolysis in families with unexplained thrombophilia. Thromb Haemost
2009;101:465-470.

Christiansen SC, Cannegieter SC, Koster T, Vandenbroucke JP, Rosendaal FR.
Thrombophilia, clinical factors, and recurrent venous thrombotic events. JAMA
2005;293:2352-2361.



Part 1

17






High levels of protein C are determined by
PROCR haplotype 3

Sara Roshani, Maria Carolina Pintao, Marieke C.H. de Visser, Chris
Tieken, Michael W.T. Tanck, Iris M. Wichers, Joost C.M. Meijers, Frits R.
Rosendaal, Saskia Middeldorp and Pieter H. Reitsma

J Thromb Haemost. 2011

19



Chapter 2

Abstract

Background

Genetic determinants of plasma levels of protein C (PC) are poorly understood.
Recently, we identified a locus on chromosome 20 determining high PC levels in
a large Dutch pedigree with unexplained thrombophilia. Candidate genes in the
LOD-1 support interval included FOXA2, THBD and PROCR.

Objectives

To examine these candidate genes and their influence on plasma levels of PC.
Patients/Methods

Exons, promoter and 3’UTR of the candidate genes were sequenced in twelve
family members with normal to high PC levels. Four haplotypes of PROCR,
common in the European population, were examined in the family, and critical
SNPs encountered during resequencing were genotyped in the family and in a large
group of healthy individuals (the Leiden Thrombophilia Study (LETS) controls).
Soluble endothelial protein C receptor (sSEPCR) and soluble thrombomodulin
(sTM) plasma levels were measured in the family.

Results

PROCR haplotype 3 (H3) and FOXA2 rs1055080 were associated with PC levels
in the family but only PROCR H3 was also associated with plasma levels in the
healthy individuals. Carriers of both variants had higher PC levels than carriers
of only PROCR H3 in the family but not in healthy individuals, suggesting that a
second determinant is present between FOXA2 and PROCR. Plasma levels of PC
and sEPCR were associated in both studies, contrasting to sTM which was not
associated with variations of THBD or with PC levels.

Conclusion

Chromosome 20 harbors a locus influencing PC and sEPCR plasma levels
and a detailed analysis of candidate genes suggests that PROCR H3 is
responsible.

20
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Introduction

Protein C (PC) is a vitamin K-dependent plasma glycoprotein that circulates
at a concentration of ~40-80 nM and plays a major role in the control of the
coagulation cascade. Upon activation by the thrombin-thrombomodulin complex,
activated PC (APC) inactivates FVa and FVIIIa, consequently reducing thrombin
formation'. Binding of PC to the endothelial protein C receptor (EPCR) increases
the activation rate of PC 20-fold 2. Individuals with abnormalities in components
of the PC pathway (such as PC or protein S deficiency) have an increased risk of
venous thrombosis®.

Determinants of variation in PC levels are poorly known but, given the high
heritability of about 50%, genetic determinants are likely to be important *3. The
PC gene (PROC) is located on chromosome 2 and around 6% of the variability
in PC levels has been attributed to polymorphisms in the promoter region of
the gene 7. The GAIT (Genetic Analysis of Idiopathic Thrombosis) study
estimated that additive effects of genes outside of the PROC structural locus
cause approximately half of the phenotypic variation in PC levels *. The authors
identified a major quantitative trait locus (QTL) for PC levels on chromosome 16,
where NQOI, a gene encoding a quinone reductase involved in the metabolism of
vitamin K, is located. Subsequently they found that variations in this gene were
associated with PC levels °.

Variations in the PROCR gene (encoding the EPCR) were associated with a
moderate increase in levels of PC in the Leiden Thrombophilia Study (LETS)
8 and in the Cardiovascular Health Study (CHS) °. While this work was in
progress, a genome-wide association scan (GWAS) in the Atherosclerosis Risk
in Communities (ARIC) study claimed four loci associated with PC levels, that
included PROC, PROCR and three other genes (EDEM2, GCKR and BAZIB) '°.
The GENES study was designed to search for novel hereditary risk factors for
venous thrombosis in families with unexplained thrombophilia . Previously, a
genome-wide linkage analysis was performed. In one particular family, a QTL
influencing PC levels was found on chromosome 20 (chr 20), with a log-odds
(LOD) score of 4.8 at 51cM '2. In the 1-LOD support interval (38-64cM), three
candidate genes encoding components potentially influencing PC levels are

21
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present, namely forkhead box A2 (FOXA2, previously known as hepatic nuclear
factor 38), thrombomodulin (7THBD), and the endothelial protein C receptor
(PROCR).

FOXA?2 is part of the forkhead box family and encodes a transcription factor
(FOXA2) for a large number of genes, including PROC. Two binding sites for
FOXA2 in the promoter region of PROC have been described and mutations in
this region were associated with type I PC deficiency .

THBD encodes thrombomodulin (TM), a transmembrane protein that, in complex
with thrombin, enhances thrombin-mediated PC activation by more than 1000-
fold '.

PROCR encodes the already mentioned EPCR. Besides the membrane-anchored
form, asoluble form of EPCR (sEPCR) lacking the transmembrane and cytoplasmic
domain is present in human plasma. Like EPCR, sEPCR binds PC and APC with
similar affinity . Binding of sEPCR to APC inhibits its anticoagulant activity
by impairing the inactivation of FVa, and binding to PC prevents PC activation
by thrombin-TM complexes '*. Four haplotypes of PROCR are present in the
European population 8. Haplotype 3 (H3) is tagged by a missense variation that
leads to the Ser219Gly variant (rs867186). The Gly219 variant is associated with
increased levels of SEPCR which can be explained by an increased sensitivity
of the protein to sheddases such as metalloprotease ADAMI17 16 and by the
expression of an alternatively spliced mRNA that lacks the sequence encoding
the transmembrane domain "’.

In this study, we investigated whether genetic variations in the three candidate
genes on chr 20 influence the plasma level of PC.

Patients and methods

Subjects
GENES. The pedigree analyzed in the present study is one of the 22 families
originally included in GENES, a study of Dutch families with unexplained

11

thrombophilia '". Probands with personal and/or family history of venous
thrombosis (defined as at least one first degree or two second degree relatives with
venous thrombosis) but with none of the known inherited thrombophilic defects

(i.e. PC-, protein S-, antithrombin deficiency, factor V Leiden or prothrombin

22



High levels of protein C are determined by PROCR haplotype 3

G20210A variation) were recruited together with their extended pedigree,
including spouses. A standardized history was taken and for most individuals,
plasma and DNA samples were obtained for coagulation tests and genotyping
12, This analysis focuses on the largest pedigree in GENES, consisting of 185
individuals distributed over five generations. In this family, four individuals
had a history of thrombosis of whom two had experienced more than one event.
Detailed information about these individuals is given in table 1.

Leiden Thrombophilia Study (LETS). For replication of the results obtained in the
family, relevant DNA variations were genotyped in healthy (i.e., non-thrombotic)
individuals, who were the controls in a population-based case-control study for
venous thrombosis (LETS). The design of this study has been described before
18, Briefly, 474 consecutive patients with a first episode of deep vein thrombosis
and 474 sex- and age-matched healthy controls were included. All patients were
younger than 70 years and had no overt malignancy. Controls were healthy
acquaintances and partners brought by the patients, accordingly to pre-established
criteria. Mean age for patients and controls was 45 years (range 15-69 for patients
and 15-72 for controls). Standardized questionnaire, DNA and plasma samples
were obtained from all the participants. GENES and LETS were approved by
the Central Committee on Research Involving Human Subjects (CCMO) and all
participants have provided informed consent.

Table 1. Characteristics of family members with venous thrombosis.

First episode of VT Second episode of VT PC  PROCR  FOXA2
Age . Age .
Sex Type ) Risk factor Type ©) Risk factor (%)  genotype rs1055080
y y
Female PE 32 Pregnancy - - - - H1H2 CC
Male DVT 41 Trauma - - - 82 H2H2 CC

Male DVT 4 Trauma DVT 28 Idiopathic 114  H2H3 CT
Female DVT 40 Idiopathic DVT 44 Idiopathic 178  H3H3 CT

Abbreviations - VT: venous thrombosis; PE: pulmonary embolism; DVT: deep vein thrombosis.
PC levels are presented as percentage of reference pooled plasma. FOXA2 rs1055080:
NM_021784.4:c.*50C>T or NM_153675.2:¢.*50C>T.

Resequencing of candidate genes

Three genes in the linkage region (LOD-1 support interval) on chr 20 were
selected for further analysis.
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FOXA?2 has two known mRNA splicing variants. The first variant (NM_021784)
contains 2 exons and covers 2422 bases. Alternative splicing at the 5’-end results
in a second mRNA variant (NM_153675) in which translation initiation starts 6
amino acids later than in variant 1. Variant 2 also has an additional (untranslated)
5’-exon, leading to a total mRNA length of 2410 bases. THBD is transcribed from
an intron-less gene as a 4109 bases long mRNA (NM_000361). PROCR has four
exons with transcription length of 1449 bases (NM_006404).

To investigate genetic variations associated with PC levels in the family, we
selected twelve family members based on their PC levels: (a) three with normal
levels (72, 75 and 82%); (b) three with intermediate high levels (114, 116 and
128%); and (c) six with the highest levels (range: 166 — 212%). Three out of four
patients with thrombosis were included in this panel (table 2). PC plasma level
was not available for the fourth individual.

Exons and their flanking regions, 5’ and 3’ UTRs, and 1000 bp upstream to the
initiation codon were resequenced. For FOXA2, the DNA sequence covering both
splicing variants and 1000 bp upstream to exon 1 of both isoforms was analyzed.
Primers and PCR conditions are available on request.

After amplification, the PCR product was sequenced using an ABI Prism® 3730
DNA Analyzer (Applied Biosystems, Carlsbad, California, USA). The results
were analyzed using vector NTI® software version 10 (Invitrogen, Paisle,
UK). Potentially interesting variations found by sequencing were investigated
in all family members and in the healthy individuals using single nucleotide
polymorphism (SNP) genotyping assays.

SNP genotyping assays

All SNPs were determined using TagMan SNP genotyping assays (Applied
Biosystems, California, USA). PCR reactions were performed in 384-well plates
using the GeneAmp PCR System 9700 (Applied Biosystems, California, USA)
and fluorescent endpoints were read on a 7900 HT Real-Time PCR System
(Applied Biosystems, California, USA).

Common haplotypes of PROCR were tested in all family members with DNA
available. Three haplotype tagging SNPs were chosen: rs2069952 (H1, pre-
designed assay), rs867186 (H3, pre-designed assay) and rs2069951 (H4, custom
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assay). The presence of the rare allele determines the mentioned haplotype and
the presence of three common genotypes determines H2 &,

Two common variations in FOXA2 (rs1055080 and rs2277764) that were
identified during sequencing analysis in individuals with high levels of PC were
investigated in all family members and/or in healthy individuals using a custom
TagMan genotyping SNP assay.

Plasma assays

Protein C. In both the family and healthy individuals, blood was collected in tubes
containing 0.106 mol L' trisodium citrate. Plasma was prepared by centrifugation
at 2000 g for 10 min at room temperature and stored at -70°C 218, PC levels
were determined using a chromogenic assay (Chromogenix, Mdlndal, Sweden).
Levels were expressed as percentage of the level in a reference pooled plasma.
Measurements in GENES and LETS were performed in different laboratories,
several years apart, using different reference pooled plasmas.

Plasma soluble EPCR (sEPCR) levels were determined in the family using the
Asserachrom sEPCR ELISA kit (Diagnostica Stago, Asniéres, France) according
to the manufacturer’s instructions. Samples were tested in duplicate and plasmas
were diluted 1/26 prior to the assay.

Plasma soluble TM (sTM) levels were measured in the family using the CD141
ELISA kit (Diaclone, Besangon, France) according to the manufacturer’s

instructions. Samples were tested in triplicate in non-diluted plasmas.

Linkage analysis

To assess the influence of the investigated genetic variations and plasma
measurements of SEPCR and sTM on the QTL on chr 20 for PC levels, linkage
analyses were performed using SOLAR '2. The effects of the genetic variations
were assessed by adding them to the marker set or by adding them as covariate
to the linkage model (conditional analyses). Effects of sSEPCR and sTM levels
were assessed by adding them as covariates to the linkage model. In addition,
LOD scores for sEPCR and sTM levels were determined on chromosome 20.
Following Lander and Kruglyak '°, and correcting for two phenotypes, we used
thresholds of 3.6 for genome wide significance and 2.2 for suggestive linkage.
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Statistical analysis

Mean and 95% confidence interval (CI95) were used to compare continuous
variables with normal distribution (i.e., PC and sEPCR). Patients using vitamin
K antagonists at the time of venapuncture were excluded. Median and range were
used to describe sTM because of the skewed distribution in the family. Linear
regression analysis was used to analyze the correlation between sEPCR and
PC levels. All calculations were performed using PASW Statistics 17.0 (IBM
Corporation, Somers, USA).

Results

Genetic analysis of candidate genes PROCR, FOXA2 and THBD

Resequencing of candidate genes yielded five variations in FOXA2, four variations
in THBD and five variations in PROCR. All non-synonymous variations are
summarized in table 2. For PROCR, variations were within the expected for the
haplotypes and only the haplotypes are shown. All SNPs have been previously
reported. One variation in PROCR (rs867186, a tagging SNP for H3) and two
variations in FOXA2 (rs1055080, in the 3’- UTR and rs2277764, in the 5’-UTR)
were associated with higher levels of PC. Other SNPs found in FOXA2 were
rs1800847, rs1203910 and rs1212275, all leading to synonymous amino acid
substitutions (not shown). Relevant variations found in THBD were: 151042579
(p.Vald73Ala), rs1042580, rs3176123 and rs1962 (last three in the 3°’-UTR) but
none of these was associated with PC plasma levels. This excludes THBD as a
likely determinant of PC levels.

The co-inheritance of the rare variations of PROCR (rs817186) and FOXA2
(rs1055080 and rs2277764) in individuals with high PC plasma levels suggests
that PROCR and FOXA2 SNPs are inherited as a single haplotype in these
individuals. In an attempt to distinguish which gene is actually responsible,
we genotyped all members of the family for FOXA2 rs1055080 and for the
tagging SNPs of common PROCR haplotypes (table 3). Genotyping of PROCR
showed 52 heterozygotes and two homozygotes for rs817186 minor allele,
whereas for FOXA2 rs1055080, thirty four individuals were heterozygotes and
no homozygote for the minor allele was present. Except for two individuals, all
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Table 2. Polymorphisms detected in twelve family members with normal,
intermediate and high PC levels. Only non-synonymous variations are shown in
the table.

PROCR  FOXA2 THBD
Sample PC (%) haplotype rs1055080 1s2277764 1s1962 1s3176123 rs1042580 rs1042579

36049 72 H2H4 1 1 1 1 3 1
29640 75 H1H2 1 1 2 2 1 2
29448 82 H2H2 1 1 1 1 2 1
29494 114 H2H3 2 2 1 1 1 1
29599 116 HI1H3 1 1 2 2 1 2
29495 128 H2H3 2 2 1 1 1 1
29600 166 H2H3 2 2 1 2 1 2
29680 166 HI1H3 2 2 2 1 1 1
29552 169 H3H3 2 2 1 2 1 2
29678 170 HI1H3 2 2 2 1 1 1
29529 178 H3H3 2 2 1 2 1 2
29687 212 H2H3 2 2 2 1 1 1

“individuals with thrombosis; 1 homozygous for the common allele, 2 heterozygous and 3
homozygous for the rare allele. PC levels are presented as percentages of the reference pooled
plasma.

carriers of the FOXA2 rs1055080 minor allele were also carriers of PROCR H3,
again suggesting co-inheritance in the family.

To answer the question whether PROCR H3 or FOXA2 rs1055080 is responsible
for PC levels variation, we investigated these SNPs in LETS controls. FOXA2
rs1055080 was determined in 465 healthy individuals, out of whom thirty seven
carried the minor allele, two in homozygous state (table 3). Only eight carriers of
the minor FOXA2 rs1055080 allele also carried PROCR H3, which suggests that,
in this population-based study, PROCR and FOXA2 are not inherited together,
reinforcing the idea that the co-inheritance of the rare variations is particular to
this family.

FOXA2 rs2277764 was also determined in LETS controls but because of its tight
linkage with FOXA2 rs1055080 (r>=0.98), this variation was not analyzed further.
PROCR H3 is associated with high levels of PC in the family and in healthy
individuals
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Table 3 shows the mean plasma levels of PC and 95% confidence intervals (CI95)
for the different genotype groups. Levels of PC cannot be compared directly
between the family and healthy individuals because different pooled plasmas were
used as a reference. In the healthy individuals, levels of PC were systematically
lower than the levels in the family. In the family, mean PC level was higher in
PROCR H3 carriers (mean: 131%; CI95: 123-138), than in non-carriers (mean:
106%; CI95: 102-110). In two individuals from the family who were homozygous
for H3, PC levels were 169% and 178%. In healthy individuals, mean PC level
was higher in H3 heterozygotes (mean: 113%; CI95: 110-117) than in non-carriers
of H3 (mean: 99%; CI95: 97-100). Mean PC level in homozygotes for H3 was
127% (CI95: 109-144) which is somewhat higher than the levels in heterozygote
carriers, but the confidence intervals overlap.

Carriers of the FOXA2 rs1055080 minor allele in the family had increased levels
of PC (mean: 139%; CI95: 128-150) in comparison with non-carriers (mean:
109%; CI95: 105-113). This was not seen for heterozygous carriers and non-
carriers in the healthy individuals (mean: 100% (CI95: 93-106) and 103% (CI95:
101-104), respectively). Two individuals were homozygous for the minor allele
and PC levels were 92 and 123%. This indicates that the minor allele of FOXA42
rs1055080 is not associated with plasma level of PC in the population.

We further examined whether family members carrying both rare variants in
PROCR and FOXA?2 had increased levels of PC in comparison to carriers of only
one rare variant (table 3). Mean level of PC was higher in carriers of both PROCR
H3 and FOXA2 rs1055080 rare variants (mean: 142%; CI95: 131-153) than in
carriers of PROCR H3 only (mean: 120%; CI95: 111-129). This indicates that,
in this family, a second gene variation (other than PROCR H3) may determine
protein C levels. Since in the healthy individuals no effect of FOXA42 rs1055080
on PC levels was found, this second gene variation is not FOXA2 rs1055080.

PROCR H3 is associated with elevated sEPCR levels in the family and in the
healthy individuals

In the family, sSEPCR was increased in carriers of PROCR H3 (mean: 261 ng/
ml; CI95: 240-281) in comparison to non-carriers (mean: 103 ng/ml; CI95: 97-
108). Carriers of the FOXA2 rs1055080 minor allele also had increased sEPCR
in the family but not in healthy individuals (table 3). No difference in the level
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of sEPCR was observed between carriers of the rare allele for both variations
and carriers of PROCR H3 only, either in the family or in the health individuals.
sEPCR and PC levels were correlated in both the family (1>=0.18) and healthy
individuals (r*=0.15).

sTM concentration is not different between PROCR H3 carriers and non-carriers
Median sTM plasma level was 1.2 ng/ml (range: 0.1 to 4.0) in the family. Median
levels were not different between PROCR H3 carriers (median: 1.3 ng/ml; range:
0.3 to 4.0) and non-carriers (median: 1.2 ng/ml; range: 0.1 to 4.0). sTM was not
measured in LETS.

Linkage analysis

Finally, we (re)examined linkage between PC, sEPCR and sTM levels and genetic
markers on chr 20, now including PROCR H3 and FOXA2 rs1055080. For PC
levels, the addition of new genetic markers did not change the LOD-score (Fig.
la). When the analysis was performed conditional on PROCR H3 and FOXA2,
the LOD score for PC went down to <2.0, suggesting that most of the variation of
PC levels can be attributed to these genetic markers (Fig. 1b).

For sEPCR, the linkage analysis performed with the initial genetic markers
yielded a LOD score of 6.2. Adding FOXA2 rs1055080 to the analysis increased
the LOD score to 7.7 and addition of PROCR H3 increased it further to 9.3,
reinforcing the idea that this haplotype is largely responsible for sSEPCR plasma
level variation (Fig. 1c). For sTM, the LOD score remained <1.0 for any model
(Fig. 1d).
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Table 3. PC and sEPCR plasma levels for PROCR H3 and FOXA2 rs1055080
carriers and non-carriers in the family and in the healthy individuals from LETS.

Protein C Soluble EPCR
Genotype Family (n) LETS (n) Family (n) Mean (CI95) LETS (n) Mean (CI95)  Family (n) Mean (CI95) LETS (n) Mean (CI95)
PROCR H3
HxHx 106 360 85 106 (102-110) 360 99 (97-100) 96 103 (97-108) 360 94 (91-96)
H3Hx 52 100 47 131 (123-138) 100 113 (110-117) 47 261 (240-281) 99 258 (248-269)
H3H3 2 10 2 169; 178* 10 127 (109-144) 1 337% 10 439 (399-478)
Total 160 470 134 - 470 - 144 469 -
FOXA2
cc 126 428 104 109 (105-113) 428 103 (101-104) 114 131 (118-144) 427 138 (129-146)
CT 34 35 30 139 (128-150) 35 100 (93-106) 30 249 (216-282) 35 117 (96-139)
TT - 2 - - 2 92;123% - - 2 54;176%
Total 160 465 134 - 465 - 144 - 464
PROCR H3 + FOXA2
HxHx +CC 104 326 83 106 (102-110) 326 99 (97-100) 94 103 (98-109) 326 94 (92-96)
HxHx +CT/TT 2 29 2 87;117* 29 97 (90-104) 2 66:81* 29 90 (81-98)
H3Hx/H3H3+CC 22 102 21 120 (111-129) 102 115 (111-119) 20 263 (235-291) 101 279 (265-294)
H3Hx/H3H3+CT/TT 32 8 28 142 (131-153) 8 111 (101-121) 28 262(232-292) 8 217 (168-265)
Total 160 465 134 - 465 - 144 - 464 -

Abbreviations - (n): number of individuals per group; PC levels are presented as percentages
of the reference pooled plasma and sEPCR as ng/ml. *only one or two measurements were
available and therefore, mean and CI95 were not calculated. Genotype for FOXA2 rs1055080
(NM_021784.4:¢.*50C>T or NM_153675.2:¢.*50C>T) was performed in 465 controls from LETS
with DNA available. PC measurement was not available for 26 individuals from the family and
sEPCR measurement was not available for 16 individuals from the family and for 1 control from
LETS.
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Discussion

In this study, we provide evidence for the association of a common haplotype
(H3) of PROCR with high plasma levels of PC. Resequencing of PROCR did
not provide proof for additional determinants of plasma PC levels. Furthermore,
we excluded that two other genes involved in the PC anticoagulant pathway, i.e.
FOXA2 and THBD, both located on chr 20 close to the PROCR gene, determined
the plasma level of PC, both at the level of common variations as well as on the
level of rare sequence variations. Finally, variations in THBD did not influence
the levels of sTM (data not shown) nor were these levels associated with the
level of PC. This contrasted with the clear relationship between levels of PC and
sEPCR.

Our results regarding the role of chr 20 in determining PC levels are in agreement
with previous reports ¥1%%. Most notably, a recent study by Tang et al. that was
published while this work was in progress, came to very similar findings using a
radically different approach '°. In that study, two neighboring genes, i.e. PROCR
and EDEM?2, were found as determinants of variations in PC levels. In the family,
carriers of PROCR H3 who also carried the rare allele of FOXA2 rs1055080 had
higher PC levels than carriers of H3 alone. The fact that this effect was absent in
the healthy individuals from LETS indicates that a second determinant is present
between the FOXA2 and PROCR genes, which could well be EDEM?.

When we genotyped the family and the healthy individuals from LETS for
EDEM?2 156120846 and rs3746429 and analyzed the association to PC plasma
levels, PC levels were lower in carriers of one or two minor alleles in both the
family and healthy controls (unpublished observations), which is in accordance
with the data from Tang et al '°. In addition, we observed that SEPCR levels were
also lower in carriers of the minor alleles of EDEM?2 which suggests that, also in
this case, PC levels are influenced through EPCR. This is supported by the fact
that we could not see any relationship between the minor alleles and levels of
other coagulation proteins (FII, FV, FVII, FVIII, FIX, FX or FXI).

The precise mechanisms underlying the association of PROCR and PC levels are
not known, and there might be an important role for sSEPCR. It is known that PC
(and APC) has a comparable affinity (Kd[J30nM) for membrane bound EPCR
and sSEPCR . Therefore, complex formation between PC and SEPCR in plasma
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is to be expected and thus, high levels of SEPCR might drive high levels of PC.
The problem with this explanation is that, in general, PC levels are much higher
than sEPCR levels, even in the presence of PROCR H3. PC levels in carriers
of H3 in the family is estimated to range from 63 to 163 nM whereas sEPCR
levels in the same individuals is estimated to range from 4 to 18 nM. Based on
these estimations it is difficult to simply explain the relationship between PC
and sEPCR levels. Perhaps, higher sEPCR levels are associated with low levels
of EPCR on the endothelial membrane, thus leading to a redistribution of PC
between the membrane-bound compartment and a soluble compartment. There
is indeed evidence that the H3 haplotype associated Gly219 involves increased
EPCR shedding from the endothelium ', but evidence that this leads to lower
density on the endothelial membrane is not available. In preliminary studies we
have analyzed blood-originated endothelial cells (BOECs) from carriers and non-
carriers of PROCR H3 (three individuals of each) by flow cytometry, but the data
suggests that the expression of EPCR on the membrane is not different between
the groups (unpublished data). It has also been hypothesized that the local
concentration of SEPCR at the endothelial surface is higher than the concentrations
measured in the plasma, possibly exceeding the Kd of PC interaction %, but this
also does not readily explain the increased plasma PC levels. Future research
might solve this problem.

There are claims that H3 not only influences PC levels but also the level of other
coagulation proteins, e.g. FVII 222, In the present GENES study or in the healthy
individuals from LETS, this association was not confirmed (data not shown),
neither was H3 associated with levels of FII, FV, FVIII, FIX or FXI 8.

Since low levels of PC, as in individuals with inherited PC deficiency, are a risk
factor for venous thrombosis, it is tempting to assume that high levels of PC
are protective, but there is no evidence that the latter is indeed the case. Thus,
it is also reasonable to assume that the H3 haplotype, from the perspective of
PC levels, would protect against venous thrombosis. This does not seem to
be the case: in the family, two of the H3 carriers who had high levels of PC
experienced recurrent venous thrombosis, but this family study obviously does
not have sufficient power to determine the relationship between H3 and venous
thrombosis. Population-based case-control studies have not been conclusive.

Some authors report increased risk of venous ?*** and arterial thrombosis * in H3
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carriers, and others claim no association 3°2°26, It seems fair to conclude though,
that the markedly elevated levels of PC associated with H3 do not protect against
thrombotic disease.

In conclusion, our data provide new evidence for the association of PROCR H3
and sEPCR with plasma levels of PC and suggest that FOXA2 and THBD, two
other genes on chr 20, are not involved. Further studies are necessary to elucidate

the mechanisms underlying this association.

Figure 1. LOD-scores for Protein C levels using additional markers (a) or
additional covariates (b), and for sSEPCR (c) and sTM (d) levels using additional
markers. The horizontal line indicates the genome-wide significance threshold.
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Abstract

Background

Earlier genome-wide linkage analyses of coagulation factor levels in a large Dutch
pedigree (GENES Family 8) yielded suggestive linkage signals on chromosome
(chr) 16 for Factor (F) V (LOD score: 3.9 at 110 cM) and FII levels (LOD score:
3.4 at 97 cM).

Objectives

NQOI, which encodes an enzyme involved in vitamin K metabolism, is a
candidate gene in the LOD-1 region of the linkage signals on chr16 and therefore
we evaluated the influence of five NOO! haplotypes on coagulation factor
levels (i.e. protein C, protein S, FII, FV, FVII, FVIII and FIX) in the pedigree
and in controls of a population-based case-control study on venous thrombosis,
the Leiden Thrombophilia Study (LETS). We also assessed the risk of venous
thrombosis for each haplotype in the LETS.

Results

NQOI haplotype 4 (H4) carriers in Family 8 had lower FV levels than non-
carriers while H4 had no effect on FV levels in the LETS controls. Each H4 copy
was associated with 11.8 U/dl decrease in FV level (95% CI: -21.4, -2.3) in the
family. In the LETS controls, H4 was associated with lower levels of vitamin
K-dependent coagulation factors. The strongest association was observed with
the levels of FII (-2.6; 95% CI: -5.2, -0.1) and total protein S (-4.3; 95% CI: -7.6,
-1.0). We did not observe a similar pattern in the Family 8. NQO1 haplotypes do
not influence the risk of thrombosis in the LETS.

Conclusions

Haplotype 4 carriers of NQOI have lower levels of vitamin K-dependent
coagulation factors especially lower FII and total protein S. None of the haplotypes
affect the risk of venous thrombosis.
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Introduction

The levels of many coagulation factors are in part genetically determined '.
However, the genes influencing the levels are not all known.

Previously, we conducted genome-wide linkage analyses of coagulation factor
levels and of the outcome of global coagulation assays in a large Dutch pedigree
(Family 8) from the GENES study 2. Four statistically significant linkage signals
were observed: on chromosome (chr) 20 for protein C levels (LOD score: 4.8), on
chr 17 for prothrombin time (LOD score: 3.8) and on chr 16 for factor (F) V (LOD
score: 3.9) and FII (LOD score: 3.4) levels. The protein C linkage signal and the
signal on chr 17 will be presented elsewhere (in preparation). In the current study,
we set out to explore explanations for the positive linkage signal for factor V and
prothrombin (FII) on chr 16 (figure 1).

Candidate genes were searched in the LOD-1 region using Biomart (www.
biomart.org). Only one gene, NQOI, was identified with a plausible role in blood
coagulation factor synthesis. NQOI is a cytosolic enzyme, which is expressed in
the liver and converts vitamin K to hydroquinone vitamin K, the co-enzyme of
gamma-glutamyl carboxylase (GGCX) (figure 2). Gamma-carboxyl modification
enables proteins such as blood coagulation factors (i.e. protein C, S and Z, FII,
FVII, FIX and FX), proteins involved in calcium homeostasis (osteocalcin and
matrix Gla protein), cell growth (Gas6) and signal transduction (RPGP1 and
RPGP2) to bind to calcium and thereby to be physiologically active *. Although
factor V is not itself carboxylated, one can not exclude an indirect influence of
NQOI1. The precedent for this, is protein S that influences the level of tissue
factor pathway inhibitor and the level of C4BP *°.

In the present study we investigated the association between haplotypes of NOO!
and the levels of FV and FII and various other factors in GENES Family 8. To
verify our findings we performed similar analyses in the control population of the
Leiden Thrombophilia Study (LETS), a population based case-control study on
venous thrombosis. Furthermore, we evaluated the risk of venous thrombosis for
each NQO! haplotype in the LETS.
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Figure 1: linkage results for FV and FII on chromosome 16
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Figure 2: vitamin K cycle: NQO1 converts vitamin K to hydroquinone vitamin
K, the co-enzyme of gamma-glutamyl carboxylase (GGCX). After gamma
carboxylation vitamin K transforms to vitamin K epoxide which then by vitamin
K epoxide reductase complex subunit 1 (VKORC1), the rate limiting enzyme in
the vitamin K cycle, is reduced to vitamin K

NAD(P)H NAD(P)
Vitamin K
Vitamin K > hydroquinone
Quinone
oxidoreductase 1
(NQO1)
Vitamin K y-glutamyl Protein
.1tam1n carboxylase
epoxide reductase (GGCX)
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Vitamin K
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Subjects and methods

Family 8 and the GENES study

Family 8 is one of the thrombophilic families included in a larger study called
the GENES study. GENES is described in a previous publication 2. In short, 43
families which were ascertained through probands with venous thromboembolism
(VTE) and a strong family history of VTE participated in this study. Family
history of VTE was defined as at least one first degree or two second degree
family members affected by VTE. As the purpose of GENES was to identify
new genetic risk factors for VTE, none of the probands should have any of the
known thrombophilic defects: factor V Leiden (FVL), prothrombin G20210A
or deficiencies of antithrombin, protein C and protein S. The diagnosis of VTE
was established based on a standardized questionnaire or on documented medical
records. Blood and DNA samples were available for the participants of GENES.
The GENES study was approved by the Central Committee on Research Involving
Human Subjects (CCMO) and all subjects provided an informed consent.

Leiden Thrombophilia Study

Details of the Leiden Thrombophilia Study (LETS) have been published
previously ¢. Briefly, 474 patients younger than 70 years of age with a first deep
vein thrombosis were recruited from anticoagulation clinics in Leiden, Amsterdam
and Rotterdam (the Netherlands) between January 1988 and December 1992.
None of the participants had overt malignancy. As controls, partners or friends
of the patients who did not have venous thrombosis were included. Levels of FII
T FV 8, FVIL?, FIX ' FVIII !, protein C and protein S !> have been determined
before and were expressed in U/dl.

Linkage analysis in Family 8

Using the Sequential Oligogenic Linkage Analysis Routines (SOLAR) program
probability of identity by descent and variance components linkage analysis in
Family 8 members were previously performed for several intermediate phenotypes
such as prothrombin FI1+2, thrombin generation time, endogenous thrombin
potential, clot lysis time, activated protein C sensitivity ratio, prothrombin time,
activated partial thromboplastin time, activity of FII, FVII, FVIII, FIX, FXI and
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antithrombin, and antigen concentrations of total and free protein S, protein
C, FV and tissue factor pathway inhibitor 2. Genotyping was conducted by the
NHLBI Mammalian Genotyping Service at the Marshfield Medical Foundation
(Marshfield, WI, USA, Weber and Broman, 2001) using the 10 ¢cM spaced short
tandem repeat polymorphism screening set 16 2. In the current study, linkage
analyses for FV and FII levels were performed adjusted for NOO! haplotypes
to investigate whether these haplotypes influenced the linkage signals on chr 16.

SNP genotyping in Family 8 and LETS

We searched for haplotype tagging (ht) SNPs in NOQO! in the European Hapmap
population (CEU) using the Genome Variation Server (http://gvs.gs.washington.
edu/GVS). A htSNP is a polymorphism whose minor allele is specific to one
haplotype (H). Four htSNPs (rs689453, rs10517, rs1800566 and rs2965753)
were identified, which together tag five haplotypes (figure 3). We used TagMan®
SNP genotyping assays to determine the htSNPs. Fluorescent allele-specific
oligonucleotide probes (Applied Biosystems, CA, USA) were used for PCR
amplification and fluorescence endpoint reading for allelic discrimination was
done on an ABI 7900 HT (Applied Biosystems).

Statistical analysis

We used linear regression analysis in Family 8 as well as in the LETS control
population to investigate the association between the haplotypes of NOO/I and
vitamin K-dependent (protein C and S, FII, FVII and FIX) and independent (FV
and FVIII) coagulation factor levels. The regression coefficient () represents
the mean difference of the levels related to each haplotype copy. Furthermore, to
investigate whether carrying a certain haplotype increases the risk of deep venous
thrombosis, we computed the odds ratios (OR) and 95% confidence intervals
(CI), as an estimate of relative risk of thrombosis for subjects heterozygous or
homozygous for each NQO/! haplotype compared with non-carriers (reference
group). The latter analyses were also performed in the LETS.
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Figure 3: Five haplotypes of NOO! and their frequencies in Family 8 and controls

of the Leiden Thrombophilia Study
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Results

Family 8 characteristics

Family 8 comprises 218 individuals in 5 generations. Plasma and DNA samples
are available for 161 members. The mean (range) age of the members is 46 (15-
87) years and 80 (50%) of them are men. Four members experienced thrombosis
of whom two had a recurrent event. The linkage signals for FV and FII levels
were located at chromosomal regions 16923 (location maximum LOD score: 110
cM; LOD-1 support interval: 98-114 ¢cM) and 1622 (location 97 cM; LOD-1
support interval: 89-113 cM), respectively (figure 1).

NQOI haplotype tagging SNPs

Four htSNPs identified five haplotypes of NOOI (figure 3). Haplotypes could not
be assigned to three members of Family 8 and 14 controls and 15 patients of the
LETS because of missing genotypes due to technical failure in SNP genotyping.
Haplotypes and their frequencies in Family 8 and in LETS controls are shown
in figure 3. Haplotype 5 (HS) was tagged by two SNPs and H2 consisted of the
common alleles of all htSNPs.
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Association of NOOI1 haplotypes with coagulation factor levels in Family 8 and
LETS controls

The regression coefficients (B) for the association of each NOOI haplotype with
coagulation factor levels are summarized in table 1. Members of Family 8 who
inherited H4 had lower FV levels than H4 non-carriers while H4 had no effect
on FV levels in the LETS controls. Each H4 copy was associated with 11.8
U/dl decrease in FV level (95% CI: -21.4, -2.3). No other haplotypes showed
significant association with FV level, neither in Family 8 nor in LETS controls. In
the LETS controls, H4 was consistently associated with lower levels of vitamin
K-dependent coagulation factors. The strongest association of H4 was with the
levels of factor II (95% CI: -5.2, -0.1) and total protein S (95% CI: -7.6, -1.0). We
did not observe similar pattern in the Family §.

Association of NOQOI haplotypes with thrombosis risk

Table 2 shows the thrombosis risks for homozygous and heterozygous carriers of
each NQO! haplotype as compared with non-carriers of that particular haplotype
in the LETS. HI carriers (homozygotes and heterozygotes) had a 30% lower risk
of thrombosis (95% CI: 0.5-1.1) than non-carriers of H1. Contrarily, H4 carriers
(homozygotes and heterozygotes) had a 1.3 times higher thrombosis risk than
non-carriers (95% CI: 0.96-1.7). Other haplotypes of NOOI were not associated
with thrombosis risk.

Linkage analysis with adjustment for NOOI haplotypes

Adjusting the linkage analyses of FV and FII levels for NQOI haplotypes did not
reduce the linkage signal on chrl6 noticeably. The LOD score after adjustment
was reduced mildly.
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Table 1: Association of NOO! haplotypes with levels of coagulation factors in
Family 8 and in controls of the Leiden Thrombophilia Study

NQOI1 FII FvIl FIX FV FVIII PC tPS

haplotype | i1 Family LETS Family LETS Family LETS Family LETS Family LETS Family LETS Family

Hl 05 -29 04 16 43 -19 -18 18 -58 -08 -10 -00 11 -6.7
H2 07 27 22 -13 74 1.1 -12 21 -l6 38 12 -002 19 19
H3 02 29 -39 187 298 85 -46 165 -284 136 -1.1 41 25 -12.7
H4 26 -37 -26 21 -158 09 27 -11.8 61 -3.6 -07 44 43 -1.1
H5 .7 005 -1.1 -32 39 -28 10 45 21 -45 -07 -46 07 29

Regression coefficients f§ are shown. The direction of the regression coefficient represents the effect
of each extra copy of the haplotype (i.e. a positive regression coefficient means that the haplotype
increases phenotype mean).

The bold typed ciphers are statistically significant.
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Table 2: The risk of thrombosis for NOO/1 haplotypes in the Leiden Thrombophilia
Study

Haplotype Patients (%) Controls (%) OR 95% CI
N=459 N=460

H1 (rs689453)

HxHx 399 (87) 382 (83) Iy
H1Hx 55(12) 76 (16) 0.7 0.5-1.0
HI1H1 5(1) 2(0.4) 24 0.5-12.4
H1Hx/ HIH1 60 (13) 78 (17) 0.7 0.5-1.1
Frequency H1 7 9

H2 (all common)
HxHx 61 (13) 68 (15) 1
H2Hx 239 (52) 216 (47) 1.2 0.8-1.8
H2H2 159 (35) 176 (38) 1.0 0.7-1.5
H2Hx/ H2H2 398 (87) 392 (85) 1.1 0.8-1.6
Frequency H2 61 62

H3 (rs10517)
HxHx 447 (97) 447 (97) 1
H3Hx 12 (3) 12 (3) 1.0 0.4-2.3
H3H3 - 1(0.2) 0.9 0.4-2.0
H3Hx/ H3H3 12 (3) 13(3)
Frequency H3 1 2

H4 (rs1800566)
HxHx 293 (64) 318 (69) 1
H4Hx 155 (34) 126 (27) 1.3 1.0-1.8
H4H4 11(2) 16 (4) 0.7 0.3-1.6
H4Hx/ H4H4 166 (36) 142 (31) 1.3 1.0-1.7
Frequency H4 19 17

HS5 (rs10517 and rs2965753)
HxHx 361 (79) 368 (80) 1
H5Hx 89 (19) 84 (18) 1.1 0.8-1.5
H5HS 9(2) 8(2) 1.1 0.4-3.0
H5Hx/ HSHS 98 (21) 92 (20) 1.1 0.8-1.5
Frequency HS 12 11

* Reference category; Hx: all haplotypes but the one given.
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Discussion

We studied the effect of NOOI haplotypes on the levels of several coagulation
factors in a large family and in a population based case-control study on venous
thrombosis, the Leiden Thrombophilia Study. We observed that H4 carriers had
lower levels of FV in the family but were unable to confirm this difference in
LETS controls. In the LETS controls, H4 appears to be associated with lower
levels of vitamin K-dependent coagulation factors. It is worth mentioning that
coagulation factor levels can not easily be compared between Family 8 and LETS
because assays were performed in different laboratories at different time points
and sometimes other assays were used (e.g. for FV levels).

The effect of NQOI polymorphisms on the levels of coagulation factors is
poorly studied and the results remain controversial. Rs1800566, which tags the
haplotype 4, results in a proline to serine substitution. This amino acid change

13

was reported to cause rapid degradation of the enzyme ' and thereby lower

or undetectable enzymatic activity in heterozygous and homozygous carriers

respectively '

This postulates that H4 carriers have lower levels of vitamin
K-dependent coagulation factors. Similar to our observation in the LETS, a
significant correlation between rs1437135 in NOOI (a SNP in complete linkage
disequilibrium with rs1800566) and the levels of protein C, protein S and FII but
not FVII, FIX and FX is reported in a genome-wide linkage study of Spanish
families (Genetic Analysis of Idiopathic Thrombophilia (GAIT)) . However, no
relation was evident between the levels of protein C and S and rs1800566 (the
htSNP of H4) in a study in the Japanese population '¢. Unfortunately, the Spanish
authors did not consider FV levels in their analysis, probably because vitamin K
is not deemed essential for FV biosynthesis. In both genome-wide linkage studies
(GAIT and Family 8), adjusting for NQO!I polymorphisms did not attenuate the
linkage signal suggesting the presence of other genetic variation on chr 16 that
is responsible for the linkage peaks. Since identity by descent probabilities are
already quite accurate in Family 8, the possibility to narrow down the linkage
signal by fine mapping is limited. We assessed the risk of venous thrombosis in
the LETS for each NOO! haplotype. Heterozygous carriers of haplotype 4 were
at almost significantly 30% higher risk of venous thrombosis as compared with
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non-carriers. However, as the effect was not dose-dependent we presume it would
lose its significance by enlarging the sample size.

In conclusion, we observed that haplotype 4 carriers of NOOI gene have lower
levels of vitamin K-dependent coagulation factors especially lower FII and total
protein S, in the control population of the Leiden Thrombophilia Study. None
of the haplotypes seem to affect the risk of venous thrombosis. One NQOI
haplotype was associated with FV levels in Family 8. However, linkage analyses
adjusted for NOOI haplotypes showed that variations in NOO! could not explain
the linkage peaks on chromosome 16 for the levels of FV and FII.
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Dear Sirs,

Vitamin K antagonists, e.g. warfarin, acenocoumarol, and phenprocoumon, are
widely used as treatment for individuals with increased thrombosis risk. The
target of these drugs is the vitamin K epoxide reductase complex subunit 1
(VKORCI), a key enzyme in the vitamin K cycle. A reduced form of vitamin K
(vitamin K hydroquinone) serves as a cofactor for gamma-carboxylase (GGCX)
in the posttranslational carboxylation of vitamin K-dependent proteins, such as
the coagulation proteins factor II, VII, IX and X, protein C, protein S, and protein
Z. This carboxylation of glutamate residues is essential for full activation of these
proteins. During gamma-carboxylation vitamin K epoxide is generated, which
must be rapidly reduced again because of limited availability of reduced vitamin
K. Via VKORCI1 and NAD(P)H dehydrogenase [quinone] 1 (NQOL1), vitamin
K epoxide is recycled to its active form vitamin K hydroquinone. Binding of
vitamin K antagonists to VKORCI inhibits recycling of vitamin K, resulting in
the formation of inactive, non-carboxylated proteins.

Whereas data on NQO1 and GGCX are scarce, genetic variation (single nucleotide
polymorphisms, SNPs) in the VKORC1 gene was repeatedly reported to influence
the individual response of patients to vitamin K antagonists. Carriers of a
specific VKORC haplotype (A), consisting of several SNPs in complete linkage
disequilibrium, were found to require a lower maintenance dose of vitamin K
antagonists compared with haplotype B carriers '.

Elevated plasma levels of vitamin K-dependent coagulation factors II, VII, IX,
and X were previously found to be associated with an increased risk of venous
thrombosis and they seem to have a significant genetic component 2. However,
only a few genetic determinants of these plasma levels have been identified.
Furthermore, clustering of the levels of vitamin K-dependent proteins has been
reported 3, suggesting that a common modifier gene exists. Genetic variation
in VKORCI, NQOI, and GGCX might affect plasma activity levels of vitamin
K-dependent proteins, and thereby thrombosis risk.

Several studies investigated the association between VKORCI variation and
venous thrombosis risk +7, mainly by genotyping a SNP distinguishing haplotypes
A and B. Lacut et al. ’ reported that haplotype A protected against thrombosis,
whereas the other studies did not show any association. In a recent German study
no association between SNPs in VKORCI, NOQOI, and GGCX and activity levels
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of vitamin K-dependent coagulation factors was found ®, whereas a Spanish study
reported an association between an NQO! SNP with protein C levels °.

Until now the association between genetic variation in NQO!I and GGCX and
venous thrombosis risk has not been studied. Furthermore, most previous studies
only studied one SNP per gene, thereby not taking into account all common
haplotypic variation. In the present study we investigated VKORCI, NQOI,
and GGCX haplotypes and their association with activity levels of vitamin
K-dependent coagulation proteins and venous thrombosis risk.
Forourinvestigation we used the Leiden Thrombophilia Study (LETS), a population-
based case-control study on venous thrombosis, including 474 consecutive patients
aged 18-70 years with a first deep-vein thrombosis and 474 age- and sex-matched
healthy controls '°. Venous blood was collected into tubes containing 0.1 volume
0.106 mol/L trisodium citrate. Plasma was prepared by centrifugation for 10
minutes at 2000 g at room temperature and stored at -70°C. High molecular weight
DNA was isolated from leukocytes and stored at 4°C. Measurements of factor IT ',
factor VII 2, and protein C activity '* have been described before.

Haplotype tagging SNPs in the VKORCI (n=4), NOOI (n=4), and GGCX (n=6)
genes were identified in either the Caucasian Seattle PGA panel (NQO1, GGCX)
or the Caucasian (CEU) Hapmap panel (VKORC1) using the Genome Variation
Server (GVS, http://gvs.gs.washington.edu/GVS). Minor allele frequencies
(MAF) were above 3%. All SNPs were genotyped using a 5’-nuclease/TagMan
assay (Applied Biosystems, Foster City, CA, USA). For all fourteen SNPs,
the distribution of genotypes among control subjects was in Hardy-Weinberg
equilibrium (tested using the y-statistic). Tagging SNPs and haplotypes are
shown in Table 1A. For VKORC1 haplotypes, Geisen’s nomenclature was used
14, Analyses were performed with PLINK v1.06 software (http://pngu.mgh.harvard.
edu/purcell/plink/) '°. Haplotypes for the three genes were inferred in subjects
without missing genotypes and haplotype allele frequencies were compared
between patients and controls (Table 1A).

None of the haplotypes of the three genes affected venous thrombosis risk. Our
results on VKORC] are in agreement with most previous findings. We could not
confirm the finding that homozygous carriers of VKORCI haplotype A (tagged
by 1s2359612) are protected against thrombosis °. Individual SNPs were also not
associated with the risk of venous thrombosis.
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Linear regression analysis was used to test for an association between haplotypes
and activity levels of vitamin K-dependent coagulation proteins in the LETS
control population. Table 1B shows the regression coefficients . Only two
regression coefficients were significantly different from zero (p<0.05). NOO!
H4 was associated with reduced factor II activity. Each copy of NOOI H4 was
associated with a reduction in factor II activity of 2.68 % (i.e., linear regression
coefficient = -2.68; p=0.04). This reduction was consistent as also factor VII
and protein C activity were reduced in NOQOI H4 carriers. NOOI H4 is tagged
by rs1800566 (p.Pro187Ser). The proline to serine substitution was found to be
associated with loss of NQO1 protein and NQO1 activity '¢, which may explain
the observed reduction in levels. The rs1800566 SNP is in complete linkage
disequilibrium with rs1437135 (http://www.hapmap.org) which was previously
reported to be associated with protein C levels in the GAIT study °. Individual
analysis of all fourteen SNPs also showed an association between rs1800566
and factor II activity. This finding was the only significant result in the single
SNP analysis. The second significant result in the haplotype analysis was the
association between GGCX H1 and reduced factor II activity (f=-1.90; p=0.048),
but this result may be spurious. The reduction was not consistent as factor VII
activity was not reduced. Rieder et al. previously showed that VKORC haplotype
A (combination of VKORC1*2A and VKORC1#2B) is associated with a reduced
expression of VKORCT in the liver . In LETS controls a trend towards lower
activity of factor II, factor VII and protein C was observed in haplotype A carriers,
which is in accordance with Rieder’s report.

In conclusion, we did not find an association between haplotypes of VKORCI,
NQOI and GGCX and venous thrombosis risk. NOOI H4 does possibly have
a small influence on activity levels of vitamin K-dependent proteins. However,

these changes are too subtle to noticeably change thrombosis risk.
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Table 1A. Haplotypes and tagging SNPs of VKORCI, NOOI and GGCX

Tagging SNPs rs number (SeattleSNPs numbering') Frequency LETS
VKORC haplotypes® (clusters)’ 152884737 1517708472 152359612 157294 Patients Controls
(5808) (6009) (7566) (9041) n=469 n=466
VKORCI1*2A (A) T C T G 132 14.5
VKORCI1*2B (A) G C T G 26.9 263
VKORC1*4 (B) T T C G 22.0 21.7
VKORC1*3 (B) T C C A 36.8 36.2
VKORCI1*1 (B) T C C G 1.2 1.3
NOO!I haplotypes 15689453 182965753 rs1800566 rs10517 4 Patients Controls
(1910) (2898) (9144) n=461 n=462
NQO1 H1 A A C C 7.1 8.7
NQOI1 H2 G A C C 60.7 61.8
NQOI1 H3 G A C T 1.2 1.4
NQO!1 H4 G A T C 19.2 17.1
NQO!1 H5 G G C T 11.9 11.0
GGCX haplotypes 156738645 15699664 1510179904 rs11676382 1517026447 rs2028898  Patients Controls
(7475)° (10067) (10496) (12970) (13031) (13333) n=465 n=461
GGCX H1 A G C G T C 43.6 41.6
GGCX H2 G C C T C 9.8 11.5
GGCX H3 C A C G G C 29 2.7
GGCX H4 C A C G T T 30.6 30.2
GGCX H5 C G T G T C 10.9 10.5
GGCX H6 C G C G T C 22 34

Minor alleles in bold and underlined ! http://pga.mbt.washington.edu/, 2According to Geisen et al
(14), 3According to Rieder et al (1), “Not determined in SeattleSNPs panels, *in Hapmap CEU
population A is minor allele

57



Chapter 4

Table 1B. Association of VKORC1, NOOI and GGCX haplotypes with activity of

vitamin K-dependent coagulation proteins in controls

Factor II (%) Factor VII (%) Protein C (%)

VKORC1 haplotypes

VKORCI1*2A 1.57 0.81 1.60
VKORC1%2B 111 -1.46 -1.17
VKORC1*4 0.02 2.36 -0.96
VKORC1*3 0.07 -0.36 0.98
VKORC1*1 -1.63 -5.67 4.12
VKORCI haplotype A' ~ -0.07 0.73 -0.16

NQOI haplotypes

NQOI1 H1 1.18 1.21 -0.31
NQOI1 H2 0.75 2.28 1.35
NQO1 H3 0.85 -4.31 -2.05
NQO1 H4 -2.68" -2.85 -1.03
NQO1 H5 1.47 -1.21 -0.92
GGCX haplotypes

GGCX H1 -1.90" 0.94 -2.02
GGCX H2 1.76 -2.71 -1.40
GGCX H3 2.32 -0.16 -0.18
GGCX H4 1.21 0.95 2.29
GGCX H5 -0.95 -2.09 -0.59
GGCX H6 -0.70 4.15 2.78

Regression coefficients f are shown. The direction of the regression coefficient represents the effect
of each extra copy of the haplotype (i.e. a positive regression coefficient means that the haplotype
increases phenotype mean). Activity in pooled normal plasma is 100%.

'According to Rieder et al (1)

* p<0.05
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Abstract

In the last decades, the knowledge on the etiology of venous thromboembolism
(VTE) has increased tremendously. In approximately half of patients presenting
with VTE, one or more thrombophilic defects can be identified. This has led to
widespread testing for thrombophilia, despite the fact that, at present, it is unclear
whether this should have therapeutic consequences. Here we review the currently
established hereditary and acquired thrombophilic defects, and focus on the pros
and cons of testing in the setting of VTE. Thrombophilia is defined as a disorder
associated with an increased tendency to venous thromboembolism (VTE).
Thrombophilia can be acquired, such as in patients with cancer, or congenital, in
which case a defect in the coagulation system is hereditary. Egeberg was the first
to use the term thrombophilia in 1965, when he described a Norwegian family
that had a remarkable tendency to VTE, based on a deficiency of antithrombin.'
Since then, various laboratory abnormalities, both hereditary and acquired, have
been discovered that increase the risk of VTE. This article reviews the currently
established thrombophilic abnormalities and discusses the potential usefulness
and implications of testing for thrombophilia.
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Coagulation cascade and regulatory mechanisms

Well-established hereditary thrombophilia can be categorized into abnormalities
of the natural anticoagulant system, elevation of plasma levels of coagulation
factors, abnormalities in the fibrinolytic system, and miscellaneous hereditary
conditions.

Fig. 1 depicts the current, simplified insight into the regulation of the coagulation
system. Coagulation is initiated by a tissue factor (TF)/factor (F) VIla complex
that can activate FIX or FX. At high TF concentrations, FX is activated primarily
by the TF/FVIla complex, whereas at low TF concentrations, the contribution
of the FIXa/FVIIla complex to the activation of FX becomes more pronounced.
Coagulation is maintained through the activation of FXI by thrombin. The
coagulation system is regulated by the protein C pathway. Thrombin activates
protein C. With protein S as a cofactor, activated protein C (APC) inactivates
FVa and FVIlla, which results in a downregulation of thrombin generation and
consequently in an upregulation of the fibrinolytic system. Antithrombin is the
other important natural anticoagulant that inhibits not only thrombin but also FXa
and other coagulation factors by forming irreversible complexes. Furthermore,
tissue factor pathway inhibitor (TFPI) inhibits the initiation of coagulation.
Thrombin-activatable fibrinolysis inhibitor (TAFI) inhibits fibrinolysis, thereby
protecting a formed thrombus from lysis in the presence of large amounts of
thrombin.

Abnormalities of the anticoagulant system

Most defects in the natural anticoagulant systems increase the tendency toward
thrombosis. In the following paragraphs, deficiencies of the well-established
thrombophilic abnormalities (i.e., deficiencies of protein C, protein S, and
antithrombin) are discussed, as well as the evidence on less well-known candidates.
Figure 1. Regulation of blood coagulation. Coagulation is initiated by a tissue
factor (TF)/factor (F) Vlla complex that can activate FIX or FX. At high TF
concentrations, FX is activated primarily by the TF/FVIla complex, whereas at
low tissue factor concentrations the contribution of the FIXa/FVIlla complex

to the activation of FX becomes more pronounced. Coagulation is maintained

63




Chapter 5

Xla

IXa+ Vllla +--------- APC+PS

TF-VIla

Xa+Va— Thrombin/Ila — Fibrin
L

AT
Figure 1. Regulation of blood coagulation. Coagulation is initiated by a tissue
factor (TF)/factor (F) VIla complex that can activate FIX or FX. At high TF
concentrations, FX is activated primarily by the TF/FVIla complex, whereas at
low tissue factor concentrations the contribution of the FIXa/FVIIla complex
to the activation of FX becomes more pronounced. Coagulation is maintained
through the activation by thrombin of FXI. The coagulation system is regulated
by the protein C pathway. Thrombin activates protein C. Together with protein
S (PS), activated protein C (APC) is capable of inactivating FVa and FVIIla,
which results in a downregulation of thrombin generation and consequently in an
upregulation of the fibrinolytic system. The activity of thrombin is controlled by
the inhibitor antithrombin. The solid arrows indicate activation and the dashed

arrows indicate inhibition.

through the activation by thrombin of FXI. The coagulation system is regulated
by the protein C pathway. Thrombin activates protein C. Together with protein
S (PS), activated protein C (APC) is capable of inactivating FVa and FVIlla,
which results in a downregulation of thrombin generation and consequently in an
upregulation of the fibrinolytic system. The activity of thrombin is controlled by
the inhibitor antithrombin. The solid arrows indicate activation and the dashed

arrows indicate inhibition.
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Protein C Deficiency

Protein C deficiency appears to be quite rare, with a prevalence of 0.2% in
the general population and 2.5 to 6% in patients with first VTE.>? Numerous
mutations in the gene coding for protein C lead to several types of protein C
deficiency and are summarized in a published database.* In type I deficiency,
levels of both antigen and activity are reduced, whereas in type Il deficiency,
antigen levels are normal but one or more functional defects lead to a decreased
activity. Abnormalities in type II protein C deficiency can occur on sites of
substrate binding, thrombomodulin interaction, or calcium binding. Most
patients have heterozygous protein C deficiency with a protein C level 50%
of normal. Homozygous protein C—deficient patients who completely lack the
natural anticoagulant protein are extremely rare. These patients will develop a
syndrome characterized by diffuse VTE with accompanying skin necrosis shortly
after birth, known as neonatal purpura fulminans, which is fatal unless protein
C is given in the form of protein C concentrate, fresh frozen plasma,’ or FIX
concentrate (which contains a large amount of protein C and S) together with
heparin.® Homozygous or compound heterozygous patients with mutations
leading to severely reduced but not absent levels of protein C do not have this
clinical syndrome but may present with VTE in adulthood or will develop skin
necrosis when exposed to vitamin K antagonists (VKA). These patients have
protein C levels less than 20% of normal.’

Protein S Deficiency

The prevalence of protein S deficiency in the general population is estimated
between 0.026% and 0.13% in a Scottish study among healthy blood donors,
and at 1 to 2% patients with first VTE episode®® . Protein S, in addition to being
a cofactor to protein C, independently inhibits the prothrombinase and tenase
complexes.!® The pattern of inheritance is autosomal dominant. One third
of patients with protein S deficiencies will have VTE by the age of 60 years.
Homozygosity is associated with neonatal purpura fulminans.® Warfarin skin
necrosis has been reported in protein S—deficient patients.!!
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Antithrombin Deficiency

Antithrombin directly inhibits thrombin and activated FIX, FX, and FXI by
forming a covalent complex, a process that is accelerated 1000-fold by heparin and
endogenous heparin-like substances. Antithrombin deficiency occurs in 0.02%
of the general population and in 0.5 to 7.5% of patients presenting with a first
VTE." Traditionally, antithrombin-deficient patients are considered at higher risk
for thrombosis than patients with other congenital thrombophilic states, although
this observation may be caused by selection of severely thrombophilic families
in the early days of thrombophilia testing, when only antithrombin deficiency
was known. However, the rarity of the deficiency may point to a more severe
clinical expression. The inheritance pattern is autosomal dominant, and almost

all patients are heterozygous.

Activated Protein C Resistance and FV Leiden

FV Leiden (FVL) is responsible for at least 90% of APCresistant conditions.
It is the most prevalent thrombophilic defect that occurs in 5 to 12% of the
general population, with variations throughout the world.”” APC, together
with its cofactor protein S, regulates the coagulation cascade by inactivating
FVa and FVIlla. APC cleaves FVa in three sites, but cleaving the first site at
amino acid position 506 is necessary for better access to the other two sites.
The mutation in the first site is known as FVL, and in the other site is described
as FV Cambridge (at position 306)'* and FV Hong Kong." In carriers of FVL,
FVa is inactivated approximately 10 times more slowly than normal,'® whereas
the implications of the other mutations on APC resistance are not as strong.!”
No mutations at cleavage sites in FVIII were found that cause APC resistance.'®
Recently, through genome-wide scans in family studies, a locus on chromosome
18 was described that appeared to influence normal variation in APC resistance
and FVIII levels, as well as susceptibility to thrombosis.”” However, to date, this
has not been confirmed by other groups. Other mechanisms for APC resistance
are antiphospholipid antibody syndrome (APS),'® high concentration of FVIII,*
and reduced levels of protein S.?!
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Prothrombin G20210A Mutation

The second most prevalent form of thrombophilia is prothrombin G20210A.
This mutation is found in 1% of the population, in 4 to 8% of patients with a
first VTE.? The proposed mechanism for thrombosis is elevation in the levels of
normal prothrombin.? A prothrombin level higher than 115% (90th percentile)
results in a 2.1-fold increased VTE risk also in the absence of the prothrombin
20210A mutation.?*?* However, carriers and noncarriers cannot be distinguished
using the prothrombin level because there is a high degree of overlap between
the groups.?*

Elevated Levels of Coagulation Factors

As is the case for prothrombin (FII), increased levels of coagulation FVIIIL, FIX,
FXI, and fibrinogen increase the risk of VTE.>28 In several studies, elevated
FVIII levels were shown to be quite prothrombotic, with a dose-dependent 5- to
10-fold relative risk increase.?>?%3° For each 10% increase of FVIII, the VTE risk
increases by 10% (95% confidence interval, 0.9 to 21.0),* and this is independent
of an acute-phase role of FVIIL.**! Although the etiology of persistently elevated
FVIII is not clear, it appears to be determined in part genetically in some
patients,’** but not all studies confirm this.>* Elevated FIX was also shown to
increase the risk of VTE 2.5-fold, independent of several potential confounders
and other genetic defects.?® Elevated FXI is associated with a 2-fold risk increase
for VTE.? The likely mechanism for an elevation of FXI is excessive thrombin
generation, which in turn leads to more thrombin deposition and downregulation
of fibrinolysis by activation of TAFL* Finally, fibrinogen levels >500 mg/dL
are associated with approximately a 4-fold risk increase of VTE,?® which was
not explained by acute-phase reactions as measured by C-reactive protein.’!
Elevated levels of FV,** FVIL,* and FX,*° have not shown to increase the risk for

thrombosis.
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Miscellaneous (candidate) Risk Factors

Hyperhomocysteinemia

Severe hyperhomocysteinemia or homocystinuria is a rare condition that is
associated withstrongly elevated levels ofhomocysteine (>100mmol/L), premature
arterial and VTE, mental retardation, and a Marfan-like stature.*’ It is caused by
homozygosity or compound heterozygosity of mutations in cystathionine-b-
synthase, whereas heterozygosity results in mild to moderate homocysteinemia.
More than 90 mutations in this gene are known to cause homocystinuria.*®
The second gene that may be involved is methylenetetrahydrofolate reductase
(MTHFR). Several mutations are known to increase the levels of homocysteine;
homozygosity leading to MTHFR deficiency, however, is rare. Contrary to
homocystinuria, mild hyperhomocysteinemia is common and, depending
on chosen cutoff values, occurs in 5 to 10% of the population. A common
thermolabile C677T polymorphism results in mild hyperhomocysteinemia in
homozygotes who are low in folate, vitamin B12, or vitamin B6.*° It has remained
a matter of debate whether mild homocysteinemia is a cause or consequence of
VTE. The current opinion is that the association is mild; a 5 mmol/L increase in
plasma level increases the risk for VTE by 1.27 in prospective studies, and by
1.60 in retrospective studies.*’ The presence of the homozygous TT677 MTHFR
polymorphism increases the risk 1.20-fold, with no observed effect in studies in
North America. It was hypothesized that this differential effect is explained by
the higher folate intake in this part of the world.

Other natural anticoagulants

TFPI inhibits the coagulation process during its earliest phase. Levels below the
10th percentile of values in control subjects were associated with a 1.7-fold risk
increase for VTE in one study.*!

Fibrinolytic system

Generally, impaired overall fibrinolysis appears to be associated with an increased
risk for VTE, although the role of the individual components is not very clear.*
No relationship has been found between deficiencies of plasminogen, levels of
polymorphisms in the gene, and levels of polymorphisms in the gene coding for
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tissuetype plasminogen activator, whereas increased levels of tissue plasminogen
activator inhibitor type 1 have shown conflicting results.*> High levels of TAFI

have been shown consistently to increase the risk for VTE.#4

Miscellaneous

Although it has been hypothesized that deficiencies in the contact coagulation
pathway, in particular FXII, may increase the risk of thrombosis because of a
reduced fibrinolytic capacity, several studies have indicated that FXII deficiency
does not increase the risk of VTE.*

Acquired Thrombophilia

Antiphospholipid antibody syndrome

APS is an autoimmune disorder defined as venous and/ or arterial thrombosis
or recurrent pregnancy loss in the presence of persistent antibodies against
phospholipids or phospholipid-binding proteins, and is categorized into primary
and secondary status based on presence of autoimmune diseases such as systemic
lupus erythematosus.*® The syndrome is not common in consecutive patients with
VTE, although the prevalence of isolated antiphospholipid antibodies measured
on a single occasion in healthy subjects is not uncommon, and is only a weak
risk factor for VTE.* The presence of lupus anticoagulant, however, is associated
with a 5- to 16- fold increased risk for VTE.*

Implications of testing for thrombophilia

Given that, at present, a thrombophilic defect can be demonstrated in more
than 50% of the patients who present with a VTE, the tendency to test patients
for thrombophilia has increased tremendously. However, the usefulness and
cost effectiveness of testing is a matter of debate.’'>> The (dis)advantages and
implications of thrombophilia testing are discussed in the following section.
Reasons for testing for thrombophilia might be clarification of the cause, the
possibility to adjust therapeutic regimes of VTE in thrombophilic patients for
the optimal prevention of recurrence, and the possibility to track asymptomatic
family members (and subsequently take preventive measures). Conversely, testing
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for thrombophilia might lead to needless expenses, anxiety, and social problems.

Reasons to Test for Thrombophilia

It is often argued that patients and their doctors would like to have an explanation
for the episode of VTE, although this has never been explicitly studied. It should
be realized however, that the existence of a thrombophilic defect does not
exclude other reasons for a prothrombotic state. For example, a 60-year-old male
presenting with an idiopathic deep VTE of the leg might have an occult cancer
as well as a thrombophilic defect. An important argument in favor of testing
for thrombophilia would be the possibility to adjust therapeutic measures for
treatment of a VTE (by means of intensity or duration of treatment). The optimal
therapy for VTE depends on the risk of recurrence, the (dis)- comfort of the
therapy and the risk of side effects, such as (major) bleeding. The estimated risk
of recurrence for VTE, in general, is 5% per year,’>> although idiopathic episodes
tend to recur more frequently (20% in the first 2 years) compared with provoked
episodes.>* Standard therapy for patients with a first VTE includes anticoagulant
treatment with VKAs for 3 to 6 months, with international normalized ratios
between 2 and 3.* This therapy ensues an annual bleeding risk of 0.25% for
fatal bleeding and 1.0% for life-threatening bleeding.’*” A different approach to
thrombophilic patients, compared with nonthrombophilic patients, is only justified
if the former have a different risk of recurrence. Even though thrombophilia has
shown to increase the risk of a first VTE, it is to date still controversial whether
thrombophilia also increases the risk of recurrent VTE. The estimated relative
risk of recurrence in patients with thrombophilia is small, compared with patients
without thrombophilia (Table 1). The estimated odds ratios (ORs) for the natural
anticoagulant deficiencies, as described mainly in retrospective analyses, were
2.5.%%0 In one prospective study, the follow- up of the Leiden Thrombophilia
Study (LETS), the risk of recurrence appeared even more moderate, with an OR
of 1.8.°! Two meta-analyses studied the risks of recurrence in patients with the
common thrombophilias: FVL and the prothrombin G20210A mutation. The risk
of recurrence was found consistently to be 1.3- to 1.4-fold higher in patients
with FVL and 1.4- to 1.7-fold higher in patients with the prothrombin mutation.
6263 For the other thrombophilic defects, less data are available. Three studies

assessed the risk of recurrence in patients with high levels of FVIII coagulant
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activity (FVIII:c) compared with patients with normal levels. One case-control
study showed that elevated levels of FVIII:c above 150% were associated with an
approximate 2-fold increased risk of recurrent VTE, compared with patients with
a single episode.*” In two cohort studies, the estimated relative risk of recurrent
VTE was 6-fold increased in those with FVIII:c levels above the 90th percentile,
corresponding to 234% and 294%, respectively.®*® These results could not be
reproduced in the LETS follow-up study, in which an OR of only 1.3 was found.®!
The data on estimated risk of recurrence for elevated levels of FIX and FXI are
scarce, but their impact on recurrence seems negligible.®’ The attribution of mild
hyperhomocysteinemia in terms of risk of recurrence appears low (1.8 to 2.7),%"
% and treating hyperhomocysteinemia did not show a decrease in the number
of recurrences. ¢ The risk of recurrence in antiphospholipid or anticardiolipin
antibodies was investigated in four studies. ®7? The outcomes regarding relative
risk for recurrence range between 2- and 6-fold. These results are difficult to
interpret, given that in these studies the antiphospholipid and anticardiolipin
antibodies or lupus anticoagulant were not tested repetitively (as suggested by
international guidelines*). Moreover, duration of anticoagulant treatment differed
substantially. Adjustment of anticoagulant treatment in thrombophilic patients
after a first VTE has only been addressed for a difference in intensity. This has
not shown to be beneficial in patients with VTE, regardless of thrombophilia.
Reducing the intensity of VKAs below 2.0 led to an increase of recurrence
risk (1.9 versus 0.6%),”*7* whereas major bleeding complications did not differ
between a low-intensity and regular-intensity treatment (0.96 versus 0.93%).” A
higher intensity of VKA in patients with antiphospholipid antibodies showed no
reduction in the risk of recurrence, but led to an increase in the bleeding risk.”>’¢
Whether clinical outcome of patients with VTE and thrombophilia improves
with prolongation of anticoagulant has never been investigated. Current trials
focus on whether such an intervention outweighs the bleeding risk, given that it
is known that oral anticoagulant medication prevents VTE by more than 90%,
as long as it is used.”” Finally, a potential advantage of testing patients with VTE
for thrombophilia may be the identification of asymptomatic family members.
These individuals have a 2- to 10-fold increased risk for VTE as compared with
noncarriers.”s 8! Regardless of this increased relative risk, the overall absolute risk

remains low (Table 2). It is often argued that asymptomatic family members with
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thrombophilia may benefit from targeted prevention in high-risk situations (e.g.,
pregnancy, puerperium, surgery,immobilization, and trauma), and the avoidance
of acquired risk factors, most notably oral contraceptives. It is clear from Table 2
that bleeding risk associated with continuous anticoagulant treatment outweighs
the risk of VTE. It is notable that the figures considering surgery, trauma, and
immobilization, as shown in Table 2, have been collected for the larger part
in times before standard prophylaxis was routine patient care. For pregnancy,
80% of the episodes occur in the postpartum period. Whether this should lead to
administration of prophylaxis in the postpartum period is a matter of physician
and patient preference, given that the number needed to treat is 25 in case of
a deficiency in the natural anticoagulants and approximately twice as high in
patients with the common thrombophilias. Finally, it is clear from data in Table
2 that the use of oral contraceptives should be weighed against the disadvantages

of other contraceptive methods.

Table 1. Estimated Relative Risk of VTE Recurrence in Patients with
Thrombophilia

Type of Thrombophilia Relative Risk
Natural anticoagulant deficiencies 1.8-2.5%-!1
FVL 1.3-1.49263
Prothrombin 20210A 1.4-1.76263
Elevated FVIII:c 1.3-651:6465
Elevated levels of FIX 1.2
Elevated levels of FXI 0.6%

Mild hyperhomocysteinemia 1.8-2.766-68
Antiphospholipid antibodies 2-6%7

VTE, venous thromboembolism; FVL, factor V Leiden; FVIII:c, factor VIII coagulation activity;
F, factor.
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Table 2. Absolute Risk of VTE in Asymptomatic Carriers of Thrombophilia

Type of Thrombophilia Overall Risk (%/  Surgery, Trauma, Pregnancy (%/ Oral Contraceptive
year) or Immobilization pregnancy)  Use (%/year of use)
(%/episode)

Natural anticoagulant 0.4-4.078871 8178 4,17 4,37

deficiencies

FVL 0.1- 1.8-2.4% 1.9-2.17881 (.5-2.0788!
().7778:80.81,87.90,92,94

Prothrombin 20210A 0.1-0.4%+%7 2.0% 2.8% 0.2%

Elevated FVIII:c 0.3 1.27 1.37 0.6”

Mild hyperhomocysteinemia 0.2 0.9% 0.5% 0.1%

VTE, venous thromboembolism; FVL, factor V Leiden; FVIIl:c, factor VIII coagulant activity;
F,factor.

Reasons Not to Test for Thrombophilia

Disadvantages of testing patients with a VTE for thrombophilia might be the cost
of testing, which is approximately s500.°' Several sophisticated studies focused
on the cost effectiveness of testing for thrombophilia. 33 These studies focused
on selected patient groups, because universal testing was considered less cost
effective. It is of note that the external validity of the results may be distorted
by the fact that the findings were based on a range of various assumptions. One
study, by Marchetti et al,%? assessed the cost effectiveness of testing for double
heterozygosity of FVL and the prothrombin mutation, and subsequently prolonging
anticoagulant therapy in those tested positive for both common thrombophilias.
This strategy was considered cost effective, given that testing all patients with
VTE provided one additional day of life at the cost of $13.624/quality-adjusted
life-years.®? The Thrombosis: Risk and Economic Assessment of Thrombophilia
Screening study assumed that testing for thrombophilia might be efficacious in
high-risk situations.® The cost effectiveness of four different testing scenarios
was calculated: (1) testing all women prior to prescription of oral contraceptives
and restricting prescription only to those tested negative for thrombophilia;
(2) testing all women prior to prescribing hormone replacement therapy and
restricting prescription only to those tested negative for thrombophilia; (3) testing

women at the onset of pregnancy and prescribing prophylaxis to those tested
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positive for thrombophilia; and (4) testing all patients prior to major elective
orthopedic surgery and prescribing extended thromboprophylaxis to those tested
positive for thrombophilia. It was concluded in this study that the second scenario
would be most cost effective, compared with the other scenarios. Nevertheless,
selective screening based on the presence of previous personal or family history
of VTE was considered to be more cost effective than universal testing in the four
different scenarios.

Furthermore, the psychological impact and consequences of knowing that one is
a carrier of a (genetic) thrombophilic defect could be regarded as a drawback of
testing. Most studies that focused on impact of testing for thrombophilia showed
that patients had experienced low psychological distress following thrombophilia
testing. %5 Nevertheless, qualitative studies described several negative effects.
In the study by Bank et al,* it is mentioned that parents were worried that their

[3

children “would be negatively influenced by factor V Leiden” and that some
carriers ““felt stigmatized.” Finally, a disadvantage of testing for thrombophilia
could be its potential social consequences (for instance, problems with health

insurance or life insurance), although little data are available on this issue.

Conclusions

The discovery of newer thrombophilic defects has led to a deeper insight in the
development of VTE during the last decades. However, testing patients with
VTE, with respect to its advantages and disadvantages, has so far no direct
consequences in terms of different treatment strategies. Given the absence of
clear benefits, thrombophilia testing should be performed with restraint.
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Abstract

Background

Low-molecular-weight heparin (LMWH) is the drug of choice to prevent venous
thrombosis in pregnancy, but the optimal dose for prevention while avoiding
bleeding is unclear. We investigated whether therapeutic doses of LMWH
increase the incidence of postpartum hemorrhage in a retrospective controlled
cohort study.

Methods

We identified all pregnant women who received therapeutic doses of LMWH
between 1995 and 2008 in the Academic Medical Center, Amsterdam, The
Netherlands. The controls were women registered for antenatal care in the same
hospital who did not use LMWH during pregnancy, matched by random electronic
selection for age, parity and delivery date to LMWH users. We compared the
incidence of PPH (blood loss> 500 mL), incidence of severe PPH (blood loss>
1000 mL) and the median blood loss in two cohorts of LMWH users and non-
users.

Results

The incidence of PPH was 18% in LMWH users (N=95) and 22% in non-users
(N=524) (RR 0.8; 95%CI 0.5 to 1.4). The incidence of severe PPH was 6% in
both groups (RR 1.2; 0.5 to 2.9). Median amount of blood loss differed only in
normal vaginal deliveries. It was 200 mL in LMWH users and 300 mL in non-
users (difference -100 mL; 95%CI -156 to -44).

Conclusion

We observed that therapeutic doses of LMWH in pregnancy was not associated
with clinically meaningful increase in the incidence of PPH or severe PPH in
women delivered in our hospital although this observation may be confounded
by differential use of strategies to prevent bleeding. A randomized controlled trial
is necessary to provide a definite answer about the optimal dose of LMWH in

pregnancy.
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Introduction

Low-molecular-weight heparin (LMWH) is the drug of choice in pregnant
women requiring prophylaxis or treatment for venous thrombosis. However, the
optimal dose with respect to efficacy and safety is uncertain.' LMWH has the
disadvantage that its anticoagulant effect can only be partially antagonized. This
is of particular importance with respect to its use in high doses and raises concerns
about an increased risk of bleeding, most notably postpartum hemorrhage (PPH),
when used in pregnant women.

PPH is defined by the World Health Organization (WHO) as postpartum blood
loss in excess of 500 mL.2 However, since other definitions have been suggested,?
we classified blood loss more than 1000 mL as severe PPH. PPH has an incidence
of 19% in nulliparous deliveries in the Netherlands.* The diagnosis encompasses
excessive blood loss from uterus, cervix, vagina and perineum. The commonest
cause of primary PPH (PPH < 24 hours following delivery) is uterine atony.’ In
order to limit the risk of PPH, current guidelines recommend discontinuation of
LMWH 12 to 24 hours prior to delivery."® However, as labour can commence
spontaneously, timely discontinuation cannot be guaranteed. The risk of PPH
associated with use of LMWH has been assessed in several studies.*”"* These
studies either included a small or an unknown number of women treated with
therapeutic doses of LMWH *7'° or they lacked a control group of women who
did not use LMWH.”>1:8 Only two studies report the bleeding risk associated
with antepartum therapeutic doses of LMWH: a prospective multicenter survey
in the UK and Ireland and a systematic review of studies about LMWH use in
pregnancy.'* Blood loss more than 500 mL was observed in 6/126 (4.8%) and
3/174 (1.7%) of women who were treated with therapeutic doses of LMWH in
these two studies respectively. On the other hand, significant failure rates have
been observed despite prophylaxis with low-dose LMWH in pregnancy.'*'¢ In our
hospital, pregnant women whom we judge to require anticoagulant prophylaxis
are treated with therapeutic doses of LMWH. This protocol was based on a
systematic review that we performed in 1998.' In this review of several cohorts
of women, recurrent venous thromboembolism (VTE) occurred in 2.0% (3/149)
of pregnant women, all of whom were treated with prophylactic or intermediate
doses of LMWH. Similar findings were reported in another large cohort study in
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which 7 of 8 recurrent episodes of VTE occurred in women on prophylactic or
intermediate doses of enoxaparin.'

We performed a controlled cohort study in our hospital to assess the risk of PPH
associated with therapeutic doses of LMWH in pregnant women.

Material and methods

Identification of study cohorts

By hospital protocol, anti-Xa levels were measured at one-month intervals in
women who were treated with therapeutic doses of LMWH or heparinoid during
pregnancy. Thus, our study cohort was identified by collection of hospital ID
numbers in whom anti-Xa measurements were performed between mid-August
1995 and mid-February 2008. We reviewed charts to assess whether the anti-
Xa measurements were performed during pregnancy. Inclusion criteria were:
therapeutic doses of LMWH, pregnancy duration of at least 25 weeks gestation,
and delivery in the Academic Medical Center (AMC).

The control cohort consisted of women who had been registered for antenatal
care in the AMC before 24 weeks gestational age, delivered in the AMC and
did not use LMWH during their pregnancy. Women treated with LMWH and
controls were matched by random electronic selection for age (+2 years), parity
(nulliparous or multiparous) and date of delivery (£1 year) in a 1:6 ratio. This
study was approved by the Medical Ethics Committee of the Academic Medical

Center in Amsterdam.

Intervention

The hospital protocol was to base LMWH doses on body weight prior to
pregnancy, in which the therapeutic dose of LMWH was prescribed according to
the manufacturer (Table 1).

All women were seen at the outpatient clinic of the Department of Vascular
Medicine with regular intervals in which measurements of anti-Xa levels
were performed. Dose-adjustments were only done if peak anti-Xa activity
was lower than 0.4 or higher than 1.2 anti-Xa units on repeated occasions. A
multidisciplinary team of obstetricians and vascular medicine experts discussed
patients at regular intervals. Women were advised to discontinue LMWH as soon
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as either contractions started, membranes ruptured or administer the last injection
the morning prior to the day that induction of labour or a cesarean section was
planned. Also women were informed that epidural or spinal anesthesia was
contraindicated within 24 hours after the last dose of LMWH. Management of
postpartum hemorrhage was performed at the attending obstetrician’s discretion.

Table 1. Types of LMWH administered and the median and range of the doses

per day

LMWH type N Median* Range Weight range
Enoxaparin, mg 16 120 60 to 200 53to 116
Dalteparin, IU anti-Xa 9 15000 10000 to 20000 64 to 115

Nadroparin, IU anti-Xa 64

<75kg 33 11400 11400 to 15200 48 to 74

>75 kg 31 15200 11400 to 20900 75to 117
Danaparoid, IU anti-Xa 3 4000 3000 to 4500 5510 66
Tinzaparin, U anti-Xa 3 18000 14000 to 28000 75 to 82

* Doses are presented in mg for enoxaparin and IU for other LMWHs

Outcomes

The primary outcomes were PPH and severe PPH defined as the amount of blood
loss estimated by the attending obstetrician or midwife of more than 500 mL
and more than 1000 mL respectively, within 24 hours of delivery. Secondary
outcomes were the estimated amount of blood loss in mL, blood transfusions in
the first week postpartum, and recurrent VTE.

Statistical analysis

We calculated the incidence of PPH and severe PPH for LMWH users and non-
users. Relative risks (RR) of PPH and severe PPH and their 95%CI in pregnant
women treated with therapeutic doses of LMWH compared to non-users
were calculated. Non-normally distributed data are prese