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Abstract

Background: Venous Thrombosis (VT) is a common multifactorial disease associated with a major public health burden.
Genetics factors are known to contribute to the susceptibility of the disease but how many genes are involved and their
contribution to VT risk still remain obscure. We aimed to identify genetic variants associated with VT risk.

Methodology/Principal Findings: We conducted a genome-wide association study (GWAS) based on 551,141 SNPs
genotyped in 1,542 cases and 1,110 controls. Twelve SNPs reached the genome-wide significance level of 2.0x10~% and
encompassed four known VT-associated loci, ABO, F5, F11 and FGG. By means of haplotype analyses, we also provided novel
arguments in favor of a role of HIVEP1, PROCR and STAB2, three loci recently hypothesized to participate in the susceptibility
to VT. However, no novel VT-associated loci came out of our GWAS. Using a recently proposed statistical methodology, we
also showed that common variants could explain about 35% of the genetic variance underlying VT susceptibility among
which 3% could be attributable to the main identified VT loci. This analysis additionally suggested that the common variants
left to be identified are not uniformly distributed across the genome and that chromosome 20, itself, could contribute to
~7% of the total genetic variance.

Conclusions/Significance: This study might also provide a valuable source of information to expand our understanding of
biological mechanisms regulating quantitative biomarkers for VT.
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Introduction years following a VT event in about 25% of patients [2]. It has
been reported that 25,000 individuals die from the consequences

Venous thrombosis (V) is a common multifactorial disease of VT each year in England [3] and that the disease has a
affecting two individuals out of one thousand a year and associated substantial economic costs [4,5]. Despite these striking elements,
with a mortality rate of 10% [1]. Recurrence risk of VT is about venous thrombosis can be considered as the Cinderella of genetic
6% a year, and post-thrombotic disease occurs within the next 5 rescarch on thrombotic disorders compared to arterial and
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cerebral thrombosis. Even though genetic factors are estimated to
explain up to 60% of the VT heritability [6,7], VT genetics has
not benefit a lot from the genome wide association study (GWAS)
revolution. While several GWAS and meta-analysis of GWAS
have been conducted for arterial and cerebral thrombosis on
thousands of individuals [8-14], only one GWAS on VT has been
reported so far [15], and on a rather small sample of 419 cases and
1,228 controls. Before this GWAS was carried out, well-established
susceptibility genes for VI were SERPINCI, PROC, PROSI, FII,
FGG, FV and ABO [16]. The latter two loci were the only genomic
regions that reached genome-wide statistical significance in the VT
GWAS. Nevertheless, using additional strategies to assess the most
promising associations generated by this GWAS, other VT-
associated loci were robustly identified, HIVEPI [17], C4BPA [18],
and TC2N [19]. Two additional VT-associated loci, GP6 and F11
[20], were also robustly identified through another large-scale
association study, focusing mainly on non-synonymous polymor-
phisms.

In our quest to identify novel susceptibility genes for VI beyond
those already known (Figure 1), we report the results of a second
GWAS based on a larger sample size (1,542 cases and 1,110
controls) and exploring a larger number of single nucleotide
polymorphisms (SNPs) (551,141 vs 317,139 in the previous GWAS
[15]). The overall sequential procedure of this work was
summarized in Figure 2. A standard GWAS comparing VT
patients participating in the MARTHA project [21] to healthy
individuals from the Three-City Study (3C) [22] was first
performed to identify genome-wide significant associations of
SNPs with VT risk (stage I). Second, results from this GWAS were
combined to those of our previously published GWAS on VT
(referred to as “in silico GWAS” in the rest of the document) [15]
to detect novel associations that would not have been declared
significant at stage 1. At this stage (stage II), both raw and imputed
genotyped data analyses were carried out. In addition to this
standard GWAS, we performed a candidate gene association
analysis using less stringent statistical thresholds. SNPs demon-
strating suggestive evidence of association with the disease were
then planned to be further tested for replication in independent
case-controls studies. A new estimate of the genetic variance
associated with VT susceptibility was also derived using a novel
methodology for GWAS data.

/ Well-established \/

Emerging \

VT-associated genes susceptibility loci
ABO CABPA/CABPB
F2 F11
F5 GP6
FGG HIVEP1
PROC KNG1
PROS STXBP5
SERPINC1 TC2N

\ T

Figure 1. Known candidate loci for VT.
doi:10.1371/journal.pone.0025581.g001
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Results

Genome Wide Association analysis

Stage I. A quantile-quantile (Q-Q) plot representation of the
whole set of association results was compatible with what was
expected under the assumption of no genetic association (Figure 3)
and the corresponding genomic control (GC) value was 1.04.
Among the 491,258 tested SNPs at this stage, twelve were
significant at the fixed genome-wide threshold of p<<2.0x107*
(Table 1). These SNPs were located within ABO, FGG, F), and F11
loci, four well-established VT-associated genes. The F5 and ABO
hit SNPs included those already identified in our previous GWAS
[15] while the FGG VT-associated SNP was the rs2066865,
located in the 3"UTR region of the gene and known to influence
both fibrinogen v’ levels and VT risk [15,23,24]. The F11 hit SNP
was the rs10029715. According to the SNAP software [25] based
on HapMap 3 (release 2), this SNP is in modest linkage
disequilibrium (LD) with two FII SNPs recently found to
independently affect VT risk [20,26], rs2036914 and rs2289252
(r?=0.094, D' =+0.66, and r>=0.076; D' =+0.75, respectively).
However, these two SNPs were not available in our genotyping
array. Several other FI/I SNPs showed suggestive statistical
associations with VT at p<10~* (Table S1) and their haplotype
analysis showed that the F7/ association signal was driven by two
common yin/yang haplotypes (Table 2). We then used the
HapMap data to infer the /77 haplotypic structure derived from
the two 152036914 and rs2289252 SNPs and those found
associated with VT in our sample. It is interesting to note that
the yin-yang pattern described above is still present when the
rs2036914 and rs2289252 are included in the analysis (Table S2).

Stage II. The results of the new GWAS were combined to
those obtained on the previous i silico GWAS [15] through a
meta-analysis totaling 1,961 VT cases and 2,238 controls. Using
either the 253,355 genotyped SNPs common to both GWAS
studies or 2,475,305 observed or imputed SNPs, no novel
association was detected (Figure 4). In the imputation analysis,
only 99 SNPs reached genome-wide significance and they were all
located within the 4BO, F5, FGG, or FI1 loci (Table S3). Detailed
regional association plots for these four loci are shown in Figure 5.

Candidate Gene association analysis

We then further explored the association results obtained in the
discovery GWAS by focusing on SNPs located within candidate
genes as it is now well-admitted that genuine association may be
hidden in the heap of non genome-wide significant associations.
Forty-nine genes were selected as candidates because they were
either known to participate to the coagulation/fibrinolysis cascade,
were already shown to be associated with VT, or had recently
been identified through GWAS as modulating the variability of
quantitative traits known/hypothesized to be associated with VT
risk (Table S1).

In addition to the genome-wide significant loci discussed above,
four candidate loci were found to harbor SNPs showing suggesting
evidence of association with VT at p<<10~> (Table SI). These
SNPs were rs169715 and rs2228220 in HIVEPI, rs6060278 and
rs6088735 in PROCR, rs4981021 in STAB2 and rs8074026 in
SERPINF?.

The two HIVEPI SNPs, rs169715 and rs2228220, were in
modest LD with cach other (?=0.09, D’=+0.45). Their
haplotype analysis suggested that the observed effects would be
additive (Table 3), the rs169715-G allele being associated with an
adjusted OR of 1.57 [1.17-2.09] (p=2.60 1077 and the
rs2228220-G allele with an OR of 1.35 [1.10-1.66] (p=3.98
10~%). In addition, this haplotype analysis suggested that the effect
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doi:10.1371/journal.pone.0025581.g002

on VT risk of the previously identified HIVEPI rs169713 [17] was
due to its LD with the rs169713 (r>=0.01, D’ = 1) and rs2228220
(r?=0.06, D' = —0.50) HIVEPI hit SNPs (Table 3).

The two PROCR SNPs, rs6060278 and rs6088735, were in
complete association (r? = 1) and were also in strong negative LD
?=0.03, D'=—1) with the rs867186 variant, also known as
Ser219Gly. The role of the latter in VT risk is still a matter of
debate [15] and its association with V'T' was borderline in our
discovery GWAS (Table S1). Nevertheless, a haplotype analysis of
the rs6088735 and rs867186 suggested that both SNPs could act
additively on the risk of disease (Table 4). When adjusted for
rs6088735, the rs867186-G allele was associated with an OR for
VT of 1.33 [1.11-1.60] (p=2.34 107%) whereas , adjusted for
rs867816, the rs6088735-T allele was associated with an OR of
1.35 [1.19-1.54] (p = 5.47 10 %) (Table 4). Interestingly, according
to the SNAP database [25], the rs6088735 is in complete
association (1 =1) with the EDEM2 rs6120849 that was recently
found associated with protein C levels in the ARIC study [27].
The rs6088735-T allele associated with increased risk of VT
corresponds to the rs6120849-T allele that was associated with
decreased protein C levels, an observation consistent with the
known association of decreased PROC levels and VT risk [28].

The STAB2 rs4981021-T allele was associated with increased
risk of VT 1.29 [1.14-1.46] (p=3.17 10~ * but this association did
not reach significance (OR=1.10, p=0.251) in the “in silico
GWAS?”. Conversely, the most significant STAB2 SNP in the latter
study was the rs1593812 already discussed in [29]. Haplotype
analysis of these two SNPs suggested that they define at least one
common at-risk haplotype for VI in both GWAS datasets
(OR=2.18 [1.66-2.87] (p=2.16 10~ % (Table 5). Note that the
rs4981021-T is a good proxy (r* =0.88) for the rs12229292-T not
typed in our GWAS array but recently found associated with
increased Factor VIII levels [30].

@ PLoS ONE | www.plosone.org

Figure 2. Main outlines of the adopted sequential GWAS strategy.

The association observed at SERPINF2? was novel, the
rs8074026-T allele being more frequent in MARTHA cases than
in 3C healthy controls (0.29 vs 0.24, p=6.87 10, This SNP was
not typed in our previous GWAS in patients with early age of
onset of VT but a similar trend was observed using imputation
data (0.22 vs 0.19, p=0.289). This SNP was therefore further
explored in the FARIVE study, but the association was not
confirmed as the rs8074026-T allele tended, conversely, to be less
frequent in cases than in controls (0.23 vs 0.25, p=0.520). This
polymorphism was then not further studied.

Genetic variance analysis

The next step of our analysis consisted in getting an overall
estimate of the genetic variance (h? of VT as well as an estimate of
the contribution of the main susceptibility loci discussed above.
The application of the GCTA software [31] to the discovery
GWAS led to an estimate of 0.357%0.049. This estimate was
obtained using an assumed prevalence of 0.001 for the disease
according to [1]. This estimate was strongly dependent on the
value of the assumed prevalence (Table 6). When the GCTA
analysis was applied to the first GWAS data set with an assumed
prevalence of 0.001, the genetic variance estimate was 0.223 with
a larger standard error, 0.108, an estimate that was nevertheless
consistent with that observed in the discovery GWAS.

The relative contribution of each chromosome is summarized in
Figure 6 for a prevalence of 0.001. While /5 and ABO explained
~1%, each, of the genetic variance, and the /GG and FI ! together
only 1.2%, we note that the chromosome most contributing to the
estimate (6.9% % 1.2) was chromosome 20. This observation hold
whatever the assumed value for the prevalence of VT (Table 6).
We then turned back to the original GWAS results and focused on
chromosome 20 SNPs. Only eleven chromosome 20 SNPs
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Figure 3. Quantile-Quantile plot representation of the GWAS results obtained from 491,258 studied SNPs. Q-Q plot derived from all
SNP p-values is illustrated by + . The exclusion of 878 SNPs located within =500 kb of the ABO, F5, FGG and FXI loci, the four main well-established VT-
associated loci, lead to the Q-Q plot symbolized by O with its 95% confidence interval in shaded area.

doi:10.1371/journal.pone.0025581.g003

Table 1. Stage | - Minor allele frequencies distribution of SNPs demonstrating association with VT at prgenstrar<<2.0 10 % in a
GWAS sample of 1,542 VT cases and 1,110 controls.

CHR Position Gene SNP Alleles™ Cases Controls p2 p®

1 167401751 NME7 rs16861990 C/A 0.134 0.058 5.53x10~%° 2.75%107"°
1 167695568 SLC19A2 rs1208134 @) 0.133 0.056 4.06x10~2' 3.29x107'°
1 167758179 F5 rs2420371 G/A 0.151 0.066 3.24x10° % 844x10"°
4 155744726 FGG 152066865 A/G 0.280 0.209 3.44x107° 1.17x107'°
4 155720638 FGA rs6825454 @) 0.299 0.228 1.39x10°8 132x107°
4 187459594 F11 rs10029715 T 0.115 0.172 1.09%x107° 3.20x107°
9 135126961 ABO rs2073828 A/G 0321 0.406 1.91x10'° 3.57x107°
9 135129086 ABO r$657152 C/A 0.494 0.383 5.55x10~%° 1.10x107 '8
9 135138468 ABO rs500498 T/C 0332 0.432 3.54x10~ " 1.03x10™ "2
9 135139050 ABO rs505922 aT 0.489 0.350 1.53x107% 1.06x10%
9 135139543 ABO rs630014 A/G 0.381 0.485 9.26x10™ "° 4.40x10 "
9 135144688 ABO rs495828 T/G 0.357 0.264 8.82x107 "2 1.78x10° "
MCommon/minor alleles.

@p_value of the Cochran-Armitage Trend test.

G)association test p-value corrected for principal components (EIGENSTRAT program).

doi:10.1371/journal.pone.0025581.t001
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Table 2. Haplotype association analysis of F11 hit SNPs with
VT risk in a sample of 1,542 VT cases and 1,110 controls.

Haplotype

Polymorphisms Frequencies

rs925451 rs10029715 rs1008728 rs13133050 Controls Cases

n=1110 n=1542

A T T C 0.338 0.403
A T C A 0.033 0.027
A C C C 0.016 0.011
G T T C 0.257 0.248
G T C A 0.196 0.201
G C C C 0.043 0.041
G C C A 0.106 0.051

F11 haplotypes were more strongly associated with VT (p=1.05 10™'?) than
single SNP alone (best p-value =1.09 10°) and the association was likely due to
two common haplotypes, ATTC and GCCA, differing at all studied sites (“yin-
yang” haplotypes), the former being associated with increased risk of VT, the
latter with decreased risk. Compared to the GTTC haplotype, the ATTC
haplotype was associated with an increased risk of VT (OR=1.218 [1.048-1.416],
p=0.0099 while the GCCA haplotype was associated with a decreased risk of
the disease (OR=0.493 [0.391-0.623], p=3.39 1079).
doi:10.1371/journal.pone.0025581.t002

corresponding to four different loci RSPO4, C2001f23/SNRPB2,
MVYLE? and PREXI, showed association at p<<10~* with VT
(Table 7). We further investigated whether these four loci, in
addition to the PROCR locus mentioned above that was also
located on chromosome 20, could substantially contribute to
explain the genetic variance contribution of chromosome 20. After
discarding the genetic influence of these five loci, the remaining
estimate associated with chromosome 20 SNPs was 5.5%*1.2.
Further analyses also suggested that ~80% of the chromosome
20’s contribution came from SNPs located in its 20p arm (Table 6).

Genetics of Venous Thrombosis

Discussion

In this work we reported the results of a second GWAS on VT
that, when added to the previous one, gathered a total sample of
1,961 cases and 2,338 controls, all of French origin. With such a
sample size, our study had a power of 80% at the genome-wide
significance level of ~2x10™" to detect the allelic effect of any
SNP associated with an OR of 1.40 provided that its minor allele
frequency is greater than 0.20 [32]. These values perfectly
matched those observed at the four loci (F5, FGG, F11 and ABO)
that reached genome-wide significant in this report (Table S3),
these four loci being now well-established susceptibility genes to
VT [15,16,26]. The contribution of F5 and ABO in VT
susceptibility has been extensively discussed and the functional
role of FGG rs2066865 has already been established [3,23,24].
Conversely, the identification of the functional F71 variant(s)
hypothesized to be tagged by the ying/yang haplotype structure
discussed above deserves additional work.

In order to achieve a 80% power for detecting ORs of
magnitude 1.30, 1.25 and 1.20, the statistical stringency would
have to be lessened to 3x107°, 6x107% and 9x1072
respectively, at the risk of increasing false positive rates. In an
attempt to increase the power of our analysis while limiting for
false positives, we therefore focused on all SNPs located within
~fifty candidate genes and demonstrating suggestive statistical
evidence (p<10™* for association with VT using raw genotype
data. Suggestive associations were observed for the HIVEPI,
PROCR, STABZ2 and SERPINF? loci (Table S1). Associations with
VT have already been reported for the first three genes [15,17,29]
and disentangling their exact genetic contribution to VT
susceptibility would warrant additional extensive works. The latest
suggestive association was observed for the SERPINF2 rs8074026.
SERPINF? is an obvious candidate for VT as it codes for a serpine
protease inhibitor that acts as a inhibitor of plasmin. However, no
trend for association was observed in the replication study.

Following the findings of a GWAS on aPTT levels [33], a
candidate biomarker for VT, we have recently suggested that the

~logu (P}
0 —
26 = s
$
0 - ‘
i
1% =
+
FGG
0 = Fi1
$
5
0 =
T T T T T T
1 2 3 4 5 B

T T T T T T T T T T T T T 7

g ] 10 n 12 1% 14 135 % 17 1% 19 20 1 2

Chromosome

Figure 4. Manhattan plot of the association results from the combined analysis of two imputed GWAS data sets for 2,475,305 SNPs.

doi:10.1371/journal.pone.0025581.9g004

@ PLoS ONE | www.plosone.org

September 2011 | Volume 6 | Issue 9 | e25581



wT659024 (p=2.4110"%) - 80
m = = ’
24
-
- 60
18 - z
- 2
e ¢ §
= o - 40 S
g o ]
T 12 A g
El
5
F20 2
6 oroog gogy o é
e oo e =
oo
oo o8 %0,
0 Fo
SLC19A2 SELF
F5
T T T T T
166193 166221 166250 166278 166307
Choammsome 1 postuen(kb)
12 - 80
3756008 (p=5.4610") !
a
-
9 el T qmon - 60
a
2 o a r2 é
g 6 43
5 @o o g
S
[N < %
34 2z
2
g
0 oo
KLKEI1
Fl1
T T T T T
187544 187550 187575 187580 187606
Clwomasame 4 position (kb)

Genetics of Venous Thrombosis

wT659024 (p=193 10 - 80
bl | " aa
12 4 " .
.
- 60
9 z
o 8
) ¢ El
H 40 3
g oas H
T 6 @ g
S
oo -] %
3 TuE
H
o oo 2
o o @ a
0 P a O o o Cmon Lo
FGA )
FGG
T T T T T
155865 155877 155868 155000 155911
Clwemosame 4 positicn (kb)
505922 (p=1.39 107 [ 80
s =
32
=@ ] ~ 60
24 2
e & / ]
5 = Fa0 S
g
T 16 3
S
e =
o 0 o %
5 o O - 20 2
- ot . H
=] 0o a
\ AT LT
AED
T T T T T
133142 133156 133170 133184 133199
Clwomasome 9 position (kb)

Figure 5. Regional association plots at the four genome-wide significant loci using imputed SNPs. Four genome-wide significant loci
were F5 (top left), FGG (top right), F11 (bottom left) and ABO (bottom right). These plots were drawn from the SNAP software [25].

doi:10.1371/journal.pone.0025581.g005

KNGI 1le581Thr variant (rs710446) could also be a risk factor for
VT using data from our discovery GWAS and the FARIVE
studies. This variant only reached a significance of p=1.17 107*
in the discovery GWAS (Table S1) highlighting the need for
exploring in more details the list of less significant p-values, in
particular by use of external information on candidate quantitative
risk factors. Two other SNPs have recently been suggested to
influence VT-risk, STXBP5 rs1039084 and VIWF rs1063856 [34].
These were not available in the “in silico” GWAS, but using QC
imputed data in the whole set of 1,961 cases and 2,338 controls,
the rare allele of the VIWF rs1063856 was marginally associated
with the risk of VI (OR=1.10 [1.00-1.21], p=0.042) , an
association consistent with that previously reported [34]. Con-
versely, we did not observe any trend of association for the
STXBP5 rs1039084 rare allele (OR =0.97 [0.89-1.06]; p=0.55),
even if this OR was of similar amplitude with that observed in the
MEGA study (OR=0.91 [0.86-0.97]) [34]. These two associa-
tions were previously observed in a meta-analysis of studies
gathering about 5,000 cases and 5,000 controls, underlying the
low power of our study to detect modest genetic effect as already

@ PLoS ONE | www.plosone.org

discussed above. Large GWAS samples gathering at least ~20,000
patients would be required in order to detect genome-wide
significant ORs of ~1.10 and, for the moment, we are far from
reaching such sample size by contrast to international consortia on
coronary artery disease [35] . Another limitation of this work could
be related to the selection of the GWAS subjects. Controls were
part of a national GWAS sample of French healthy individuals
that were not matched to VT cases, in particular for gender and
sex. Nevertheless, all known or suspected V'T-associated loci were
identified in our work suggesting a rather modest influence of
imperfect matching between cases and controls. Conversely, VT
patients homozygous for the 'V Leiden or FII 20210A mutation
or with anti-thrombin, protein C or protein S deficiencies were not
included in this work. It is very unlikely that the selection on FV
Leiden homozygosity had affected our results as the F5 gene is
among the four loci that reached genome-wide significance in our
study. Note that the FII 20210 mutation (rs1799963) was not
available in the imputed reference datasets. However, one cannot
exclude that the other exclusion criteria may have affect our power
to identify novel VT-associated variants, in particular through a
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Table 3. Haplotype analysis of HIVEPT haplotypes derived
from rs169713, rs169715 and rs2228220 in a sample of 1,542
cases and 1,110 controls.

Polymorphisms Haplotype Frequencies

rs169713 rs169715  rs2228220  Controls Cases
n=1,110  n=1,542
C A A 0.198 0.206
C A G 0.042 0.054
T A A 0.698 0.643
T A G 0.026 0.037
T G A 0.018 0.027
T G G 0.017 0.031

HIVEPT haplotypes were strongly associated with VT risk (3 =30.22 with 5df,
p=133107").

All haplotypes carrying the rs169715-G or the rs2228220-G alleles tended to be
more frequent in cases than in controls, suggesting that both alleles could act
additively to influence VT risk. This hypothesis were then tested and was not
rejected (x*>=0.75 with 2 df, p=0.686). After adjusting for rs2228220, the OR
associated with the rs169715-G allele was 1.57 [1.17-2.09] (p =2.60 1073 and
the OR associated with rs2228220-G adjusted for rs169715 was 1.35 [1.10-1.66]
(p=3.98 103). After adjusting for these two SNPs, the rs169713-C allele was
not significant (OR=1.11 [0.97-1.26], p=0.129).
doi:10.1371/journal.pone.0025581.t003

modulation of anti-thrombiin, protein C or protein S levels. It is
nevertheless worthy of note that the PROCR locus that was found
influencing the most protein C levels in the ARIC GWAS [27],
was among the top 8 most significant VT-associated loci in our
GWAS.

The second original aspect of our work is the application of a
novel statistical methodology to get an estimate of the genetic
variance of VT. This approach requires several assumptions
including a fixed value for the disease prevalence, additive genetic
effects and the existence of an underlying liability characterized by
a threshold above which the disease status is called. Using the
latest known estimate of the VT prevalence [1], we showed that
the genetic variance could be ~35%, an estimate slightly lower
than those obtained from families studies [6,7]. While the four
main VT-linked loci, FV, ABO, FGG and FII, altogether
contributed to about ~3% of the total genetic variance it was
striking to observe that chromosome 20 was the chromosome
contributing the most to the total genetic variance with about

Table 4. Haplotype analysis of PROCR haplotypes derived
from rs6088735 and rs867186 in a sample of 1,542 cases and
1,110 controls.

Polymorphisms Haplotype Frequencies

rs6088735 rs867186 Controls Cases
n=1,110 n=1,542
0673 0.603
0.095 0.115
0232 0.282

PROCR haplotypes were strongly associated with VT risk (3> =26.51 with 2 df,
p=1.75 10~°). Compared to the most frequent CA haplotype, the CG and TA
haplotypes were associated with an increased OR for VT of 1.33 [1.11-1.60]
(p=23410"7) and 1.35 [1.19-1.54] (p=5.47 10°).
doi:10.1371/journal.pone.0025581.t004
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Table 5. Haplotype analysis of STAB2 haplotypes derived
from rs1593812 and rs4981021 in two GWAS data sets.

Polymorphisms Haplotype Frequencies

“in silico GWAS"’ Discovery GWAS

rs1593812 rs4981021 Controls Cases Control Cases
n=1,228 n=419 n=1,110 n=1,542

A C 0.629 0.573 0.646 0.587

A T 0.248 0.240 0.219 0.246

G C 0.091 0.114 0.104 0.111

G T 0.032 0.073 0.031 0.056

Compared to the most frequent AC haplotype, the GT haplotype was
associated with an increased risk of 2.43 [1.60-3.71] (p=3.0 10"°) and 2.01
[1.40-2.88] (p=1.48 10~%) in the “In silico” and discovery GWAS respectively.
The combined Mantel-Haenszel OR associated with the GT haplotype compared
to the AC haplotype was then 2.18 [1.66-2.87] (p=2.16 10”5).
doi:10.1371/journal.pone.0025581.t005

~7% of the total genetic variance. Further analyses including
chromosome-wide haplotype and homozygosity mapping analyses
are ongoing to further investigate the chromosome 20 genetic
architecture in relation to VT risk.

In conclusion, this work provided new information about the
genetic susceptibility to VT and strongly suggested that chromo-
some 20 genes warrant specific attentions. It generated a wealth of
valuable genetic information to those showing interest in
disentangling the genetic architecture of V'T.

Materials and Methods

Ethics Statement

Each individual study was approved by its institutional ethics
committee and informed written consent was obtained in
accordance with the Declaration of Helsinki. All subjects were of
European origin. All subjects were of European origin.

Ethics approval were obtained :

e for MARTHA, from the “Departement santé de la direction
générale de la recherche et de I'imnovation du ministére”
(Projects DC: 2008-880 & 09.576).

e for FARIVE, from the “Comité consultatif de protection des
personnes dans la recherche biomedicale” (Project n® 2002-
034)

e for the 3C study, from the institutional ethics committees of the
Kremlin-Bicetre Hospital.

Studies

Stage I - Discovery GWAS. MARTHA patients (n=1,592)
are unrelated VT patients, mainly of French origin, consecutively
recruited at the Thrombophilia center of La Timone hospital
(Marseille, France) between January 1994 and October 2005. All
patients had a history of a first VI' event documented by
venography,  Doppler  ultrasound, angiography and/or
ventilation/perfusion lung scan. They were all free of any
chronic conditions and free of any well characterized genetic
risk factors including anti-thrombin, protein C or protein S
deficiency, homozygosity for I'V Leiden or FII 20210A, and lupus
anticoagulant. A more detailed description of these patients can be
found in [21]. These VT patients were compared to healthy
individuals from the 3C study.
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Table 6. Relative contribution of each chromosome on the
total genetic variance of VT according to the assumed
prevalence of the disease.

prevalence

0.001 0.005 0.01 0.05

Total Genetic 0.357 0.480 0.561 0.860

Variance = SE 10047 0067  *0.078  +0.120

chromosome

1 0.016 0.033 0.038 0.036

2 0.015 0.020 0.023 0.036

3 0.019 0.026 0.031 0.045

4 0.041 0.052 0.060 0.094

5 0.013 0.017 0.020 0.029

6 0.006 0.012 0.014 0.016

7 0.011 0.012 0.014 0.027

8 0.004 0.021 0.025 0.010

9 0.039 0.049 0.058 0.089

10 0.040 0.042 0.049 0.094

11 0.007 0.000 0.002 0.013

12 0.020 0.018 0.022 0.047

13 0.008 0.009 0.010 0.019

14 0.002 0.017 0.019 0.003

15 0.017 0.021 0.024 0.039

16 0.007 0.010 0.012 0.016

17 0.006 0.004 0.005 0.015

18 0.008 0.008 0.010 0.017

19 0.001 0.017 0.020 0.037

20 0.069? 0.081 0.094 0.159

21 0.008 0.009 0.011 0.019

22 0.000 0.000 0.000 0.000

Estimates were obtained from the discovery GWAS data and adjusted for

gender and principal components.

@When chromosome 20 SNP data were split into two parts, one including 6,769
SNPs on the shortest 20p arm and the other 7,170 SNPs on the longest 20q
arm, their relative contribution on the genetic variance were 0.056+0.013 and
0.013+0.007.

doi:10.1371/journal.pone.0025581.t006

The 3C Study is a population-based, prospective (4-years
follow-up) study, initially set-up to investigate the relationship
between vascular factors and dementia. It has been carried out in
three French cities: Bordeaux (southwest France), Montpellier
(southeast France) and Dijon (central eastern France). A sample of
non-institutionalised subjects aged over 65 was randomly selected
from the electoral rolls of each city. Between January 1999 and
March 2001, 9,686 subjects meeting the inclusion criteria agreed
to participate. Following recruitment, 392 subjects withdrew from
the study. Thus, 9,294 subjects were finally included in the study
(2,104 in Bordeaux, 4,931 in Dijon and 2,259 in Montpellier). At
the baseline clinical examination, blood samples were obtained
from 8,707 individuals. For the present study, a random sample of
1,140 subjects free of any chronic diseases was selected to serve as
controls.

Stage II - In silico GWAS study. In a previously published
GWAS on VT [15], 419 early age of onset (<50 years) VT cases
were compared to 1,228 healthy controls at 291,872 SNPs. Cases

@ PLoS ONE | www.plosone.org
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were patients from four different French medical centers
(Grenoble, Marseille, Montpellier, Paris) selected according to
the same criteria as the MARTHA patients, except with the
restriction on age of onset. Controls were French subjects selected
from the SUVIMAX population [36].

Stage III - Replication studies. For the replication of the
GWAS findings, the FARIVE study [15], a multicenter case-
control study for first episode of VI composed of 607 cases and
607 healthy individuals, all of French origin, was used.

Genotyping and Quality control

Stage I - Discovery GWAS. A subsample of 1011 VT
patients were typed with the Illumina Human 610-Quad Beadchip
while the remaining 586 VI patients were typed with the Illumina
Human660W-Quad Beadchip. Individuals from the 3C study
were also typed with Illumina Human 610-Quad Beadchip. A set
of 551,141 SNPs including 537,883 autosomal SNPs and 13,258
sex-linked SNPs was common to the three samples.

Individuals with genotyping success lower than 95% (n=18)
were excluded from the analyses as were individuals demonstrat-
ing close relatedness (n =67). This latter was assessed by pairwise
clustering of identity by state distance (IBS) and multi-dimensional
scaling (MDS) using the PLINK software [37]. The Eigenstrat
program [38] was further used to detect individuals of non-
European ancestry. SNPs showing significant (p<<10~") deviation
from Hardy-Weinberg Equilibrium (HWE) in controls, with minor
allele frequency (MAF) less than 1% in the combined cases/
controls samples or genotyping call rate <99% were filtered out.
This lead to the final analysis of 481,002 autosomal and 10,256
sex-linked SNPs in a sample of 1,542 VT patients and 1110
healthy individuals.

Stage II - In silico GWAS study. Individuals participating in
this previous GWAS were genotyped for 317,139 SNPs using the
Ilumina Sentrix HumanHap300 Beadchip among which 291,872
satisfied the quality control criteria previously described [15].
Individuals of non European ancestry had been also excluded
from this analysis [15].

Stage III - Replication studies. In FARIVE, the rs8074026
was genotyped by allele-specific PCR (also referred to as ARMS i.e
amplification refractory mutation system) with success rate of
97.5%.

Statistical Analysis

Genome-wide association study. Genome-wide association
analysis of autosomal SNPs was conducted using the Eigenstrat
program that correct for any uncontrolled population stratification
[38]. The genomic control (GC) inflation factor was also computed
according to the median test statistic [39]. X-linked SNPs
association was tested using the PLINK software [37] while
adjusting for first four principal components.

Haplotype analysis. To handle the linkage disequilibrium
(LD) between SNPs of interest at specific loci, haplotype analysis
was performed by use of the THESIAS program [40].

Imputation. In both GWAS datasets, imputation of
2,557,252 autosomal SNPs was conducted using the MACH
(v1.0.16a) software (http://www.sph.umich.edu/csg/abecasis/
mach/) according to the CEU HapMap 2 release 21 (build 35)
reference dataset. A logistic regression analysis was then conducted
to evaluate the association of each SNP with VT risk in an additive
genetic model, in which allele dosage (0 to 2 copies of the minor
allele) of imputed SNPs was analyzed. Analyses were adjusted for
the first four principal components and were performed using the
mach2dat (v 1.08.18) software (http://genome.sph.umich.edu/
wki/Minimac).
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Figure 6. Distribution of VT genetic variance across chromosomes. In light grey is shown the relative contribution of specific loci.

doi:10.1371/journal.pone.0025581.g006

Meta-Analysis. All SNPs with acceptable imputation quality
(r2=0.3) in both imputed GWAS datasets were entered into a
meta-analysis, leading to 2,475,305 SNPs left for statistical
association analysis. For the meta-analysis, a fixed-effect model
relying on the inverse-variance weighting was used as
implemented in the METAL software (http://www.sph.umich.
edu/csg/abecasis/metal). Homogeneity of associations across the
two GWAS studies was tested using the Mantel-Haenszel method
[41].

For all these GWAS analyses, a statistical threshold of 2.0x10™8
was used to declare genome-wide significance. This value
corresponds to the family-wise error rate of 0.05 corrected for
the number of studied SNPs (2,475,305) according to Bonferroni
correction.

Replication. Association of SNPs tested for replication with
VT was assessed by use of the Cochran-Armitage trend test [42].
Logistic regression analysis was further used to estimate genetic

effects, expressed in terms of Odds Ratio (OR), adjusted for age,
gender, FV leiden and ABO blood group.

Genetic Variance Estimation. The recently proposed
GCTA methodology was used to investigate the genetic variance
of VT [31,43]. Briefly, this method consists in estimating the
genetic relationship between unrelated individuals from genome-
wide SNPs information and in incorporating it into a regression
model to provide an estimate of the genetic variance of a given
phenotype. For a binary phenotype such as VT, it assumes the
existence of an underlying normally distributed liability variable,
with individuals being affected if their liability exceeds a threshold
which may depends on covariates such as gender. We computed
the genetic relationships separately from all SNPs of a given
chromosome and assessed the contribution of each chromosome
on the genetic variance. A similar approach was applied to
estimate the contribution of specific loci of using all SNPs within
*5 Mb of each locus. All analyses were adjusted for gender and

@ PLoS ONE | www.plosone.org

Table 7. Minor allele frequencies distribution of chromosome 20 SNPs demonstrating association with VT at
PeicensTraT<1.00x10~ % in a GWAS sample of 1,542 VT cases and 1,110 controls.

CHR Position Gene SNP Alleles” Cases Controls p2

20 960026 RSPO4 rs11696364 C/A 0.059 0.102 1.53x107°
20 16273269 C200rf23 rs4814475 G/A 0.181 0.228 3.98x107°
20 16312593 C200rf23 rs6034465 C/T 0.158 0.204 6.73x10°°
20 16574082 C200rf23 rs964216 c/T 0.116 0.084 455x107°
20 16575913 C200rf23 rs13038362 A/C 0.114 0.084 741x10°°
20 16580409 SNRPB2 rs6135823 T/C 0.115 0.083 538x107°
20 29886239 MYLK2 rs17340555 T/C 0.110 0.084 453x107°
20 46604745 PREX1 rs1883888 G/A 0.350 0.286 1.11x107°
20 46613060 PREX1 rs878198 A/C 0.354 0.292 3.67x10°°
20 46622891 PREX1 rs4810820 T/C 0.364 0.306 9.95x107°
20 46624742 PREX1 rs6012481 (@4) 0.345 0.287 271x107°
MCommon/minor alleles.

@pssociation test p-value corrected for principal components (EIGENSTRAT program).

doi:10.1371/journal.pone.0025581.t007
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principal components as indicated in the GCTA documentation

[31].

Supporting Information

Table S1 Allele frequencies of candidate gene SNPs in
the discovery GWAS sample of 1,542 VT cases and 1,110
controls. " Common/minor alleles. ®Association test p-value
corrected for principal components (EIGENSTRAT program). ¥
P-value of the Cochran-Armitage Trend test corrected for the
genomic control factor. Genes were selected as candidates for VT
because either: - (A): they belong to the coagulation cascade (Blood
2000; 95:1517-1532;Blood 2008; 112: 19-27). - (B): or they belong
to the fibrinolytic cascade (Blood 2000; 95:1517-1532; Semin
Thromb Hemost. 2009;35:468—-77). - (C): or they harbours SNPs
that have been associated with VT risk (Blood 2010; 115:4644—
4650; JAMA 2008; 299:1306-1314; Am J Hum Genet 2010;
86:592-595; ] Thromb Haemost 2010; 8:2671-2679). - (D): or
they mapped loci found through recent GWAS associated with
quantitative biomarkers of VT such as DI1: vWF & FVIII
(Circulation 2010; 121:1382-1392). D2: Platelet volume (Am J
Hum Genet 2009; 84:66-71). D3: Protein C levels (Blood 2010;
116:5032-5036). D4: aPTT (Am J Hum Genet 2010; 86:626—
631). D5: PAI-1 levels (Blood 2010; 116:2160-2163).

(DOC)

Table S2 Haplotype structure derived from VT-associ-
ated FI11 SNPs in the HapMap database. Haplotype
frequencies were estimated using the Haploview software from

References

1. White RH (2003) The epidemiology of venous thromboembolism. Circulation
107: 14-8.

2. Prandoni P, Bernardi E, Marchiori A, Lensing AW, Prins MH, et al. (2004) The
long term clinical course of acute deep vein thrombosis of the arm: prospective
cohort study. Bmj 329: 484-485.

3. Coombes R (2005) Venous thromboembolism caused 25,000 deaths a year, say
MPs. Bmj 330: 559.

4. MacDougall DA, Feliu AL, Boccuzzi SJ, Lin J (2006) Economic burden of deep-
vein thrombosis, pulmonary embolism, and post-thrombotic syndrome.
Am J Health Syst Pharm 63: S5-15.

5. Beckman MG, Hooper WC, Critchley SE, Ortel TL (2010) Venous
thromboembolism: a public health concern. Am J Prev Med 38: S495-501.

6. Larsen TB, Sorensen HT, Skytthe A, Johnsen SP, Vaupel JW, et al. (2003)

Major genetic susceptibility for venous thromboembolism in men: a study of

Danish twins. Epidemiology 14: 328-332.

7. Souto JC, Almasy L, Borrell M, Blanco-Vaca F, Mateo ], et al. (2000) Genetic
susceptibility to thrombosis and its relationship to physiological risk factors: the
GAIT study. Genetic Analysis of Idiopathic Thrombophilia. Am J Hum Genet
67: 1452-1459.

8. lkram MA, Seshadri S, Bis JC, Fornage M, DeStefano AL, et al. (2009)
Genomewide association studies of stroke. N Engl ] Med 360: 1718-1728.

9. Kathiresan S, Voight BF, Purcell S, Musunuru K, Ardissino D, et al. (2009)
Genome-wide association of early-onset myocardial infarction with single
nucleotide polymorphisms and copy number variants. Nat Genet 41: 334-341.

. Helgadottir A, Thorleifsson G, Manolescu A, Gretarsdottir S, Blondal T, et al.
(2007) A common variant on chromosome 9p21 affects the risk of myocardial
infarction. Science 316: 1491-1493.

11. Erdmann J, Willenborg C, Nahrstaedt J, Preuss M, Konig IR, et al. (2010)
Genome-wide association study identifies a new locus for coronary artery disease
on chromosome 10p11.23. Eur Heart J 32: 158-168.

. Erdmann J, Grosshennig A, Braund PS, Konig IR, Hengstenberg C, et al. (2009)
New susceptibility locus for coronary artery disease on chromosome 3¢22.3. Nat
Genet 41: 280-282.

. Tregouet DA, Konig IR, Erdmann J, Munteanu A, Braund PS, et al. (2009)
Genome-wide haplotype association study identifies the SLC22A3-LPAL2-LPA
gene cluster as a risk locus for coronary artery disease. Nat Genet 41: 283-285.

. Samani NJ, Erdmann J, Hall AS, Hengstenberg C, Mangino M, et al. (2007)
Genomewide association analysis of coronary artery disease. N Engl ] Med 357:
443-453.

15. Tregouet DA, Heath S, Saut N, Biron-Andreani C, Schved JF, et al. (2009)
Common susceptibility alleles are unlikely to contribute as strongly as the FV
and ABO loci to VTE risk: results from a GWAS approach. Blood 113:
5298-5303.

@ PLoS ONE | www.plosone.org

10

Genetics of Venous Thrombosis

the HapMap 3 (release 2) data. SNPs identified in the LETS study
(Li Y et al. ] Thromb Haemost 2009;7:1802-1808) are shown in
bold, others were those identified in the current MARTHA
project.

(DOC)

Table S3 Stage II - Genome-wide significant (p<2.01
1078) SNP imputed associations with VT in the com-
bined discovery and in silico GWASes of 1,961 cases and
2,338 controls. ) Common/rare alleles. @ Minor allele
frequency. ® Odds Ratio associated with the minor allele
estimated from the Mach2dat imputation software, after adjusting
for principal components. @ Combined p-values computed using
the inverse-variance model as implemented in METAL software.
All shown imputed SNPs satisfied the imputation quality criteria
(r2.hat>0.3).

DOC)

Acknowledgments

We wish to kindly thank Professor Frits Rosendaal for his fruitful
discussions all through the process of this work.

Author Contributions

Conceived and designed the experiments: D-AT P-EM PA ML. Performed
the experiments: NS CP DZ. Analyzed the data: MG NG TO-M GA
D-AT CD J-CL FC LT. Contributed reagents/materials/analysis tools:
P-EM PA ML LL A-MD MB JE NS M-CA WC. Wrote the paper: MG
D-AT P-EM.

. Rosendaal FR, Reitsma PH (2009) Genetics of venous thrombosis. J Thromb
Haemost 7 Suppl 1: 301-304.

. Morange PE, Bezemer I, Saut N, Bare L, Burgos G, et al. (2010) A follow-up
study of a genome-wide association scan identifies a susceptibility locus for
venous thrombosis on chromosome 6p24.1. Am J Hum Genet 86: 592-595.

. Buil A, Tregouet DA, Souto JC, Saut N, Germain M, et al. (2010) C4BPB/
C4BPA is a new susceptibility locus for venous thrombosis with unknown protein
S-independent mechanism: results from genome-wide association and gene
expression analyses followed by case-control studies. Blood 115: 4644-4650.

. Morange PE, Saut N, Antoni G, Emmerich J, Tregouet DA (2011) Impact on

venous thrombosis risk of newly discovered gene variants associated with FVIII

and VWF plasma levels. ] Thromb Haemost 9: 229-231.

Bezemer ID, Bare LA, Doggen CJ, Arellano AR, Tong C, et al. (2008) Gene

variants associated with deep vein thrombosis. Jama 299: 1306-1314.

Morange PE, Oudot-Mellakh T, Cohen W, Germain M, Saut N, et al. (2011)

KNG1 Ile581Thr and susceptibility to venous thrombosis. Blood 117:

3692-3694.

3C Study Group (2003) Vascular factors and risk of dementia: design of the

Three-City Study and baseline characteristics of the study population.

Neuroepidemiology 22: 316-325.

Uitte de Willige S, de Visser MC, Houwing-Duistermaat JJ, Rosendaal IR,

Vos HL, et al. (2005) Genetic variation in the fibrinogen gamma gene increases

the risk for deep venous thrombosis by reducing plasma fibrinogen gamma’

levels. Blood 106: 4176-4183.

. Uitte de Willige S, Pyle ME, Vos HL, de Visser MC, Lally C, et al. (2009)
Fibrinogen gamma gene 3'-end polymorphisms and risk of venous thrombo-
embolism in the African-American and Caucasian population. Thromb
Haemost 101: 1078-1084.

. Johnson AD, Handsaker RE, Pulit SL, Nizzari MM, O’Donnell CJ, et al. (2008)

SNAP: a web-based tool for identification and annotation of proxy SNPs using

HapMap. Bioinformatics 24: 2938-2939.

LiY, Bezemer ID, Rowland CM, Tong CH, Arellano AR, et al. (2009) Genetic

variants associated with deep vein thrombosis: the F11 locus. J Thromb

Haemost 7: 1802-1808.

Tang W, Basu S, Kong X, Pankow JS, Aleksic N, et al. (2010) Genome-wide

association study identifies novel loci for plasma levels of protein C: the ARIC

study. Blood 116: 5032-5036.

Folsom AR, Aleksic N, Wang L, Cushman M, Wu KK, et al. (2002) Protein C,

antithrombin, and venous thromboembolism incidence: a prospective popula-

tion-based study. Arterioscler Thromb Vasc Biol 22: 1018-1022.

. Antoni G, Morange PE, Luo Y, Saut N, Burgos G, et al. (2010) A multi-stage
multi-design strategy provides strong evidence that the BAI3 locus is associated
with early-onset venous thromboembolism. J Thromb Haemost 8: 2671-2679.

20.

21.
22.

23.

26.
27.

28.

September 2011 | Volume 6 | Issue 9 | e25581



30.

31.

32.

33.

34.

Smith NL, Chen MH, Dehghan A, Strachan DP, Basu S, et al. (2010) Novel
associations of multiple genetic loci with plasma levels of factor VII, factor VIII,
and von Willebrand factor: The CHARGE (Cohorts for Heart and Aging
Research in Genome Epidemiology) Consortium. Circulation 121: 1382-1392.
Yang J, Lee SH, Goddard ME, Visscher PM (2011) GCTA: a tool for genome-
wide complex trait analysis. Am ] Hum Genet 88: 76-82.

Skol AD, Scott LJ, Abecasis GR, Boehnke M (2006) Joint analysis is more
efficient than replication-based analysis for two-stage genome-wide association
studies. Nat Genet 38: 209-213.

Houlihan LM, Davies G, Tenesa A, Harris SE, Luciano M, et al. (2010)
Common variants of large effect in F12, KNG1, and HRG are associated with
activated partial thromboplastin time. Am J Hum Genet 86: 626-631.

Smith NL, Rice KM, Bovill EG, Cushman M, Bis JC, et al. (2011) Genetic
variation associated with plasma von Willebrand factor levels and the risk of
incident venous thrombosis. Blood 117: 6007-6011.

. Coronary Artery Disease (C4D) Genetics Consortium (2011) A genome-wide

association study in Europeans and South Asians identifies five new loci for
coronary artery disease. Nat Genet 43: 339-344.

5. Hercberg S, Galan P, Preziosi P, Bertrais S, Mennen L, et al. (2004) The

SU.VLMAX Study: a randomized, placebo-controlled trial of the health effects
of antioxidant vitamins and minerals. Arch Intern Med 164: 2335-2342.

@ PLoS ONE | www.plosone.org

1

37.

38.

39.

40.

41.

42.

Genetics of Venous Thrombosis

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, et al. (2007)
PLINK: a tool set for whole-genome association and population-based linkage
analyses. Am J] Hum Genet 81: 559-575.

Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, et al. (2006)
Principal components analysis corrects for stratification in genome-wide
association studies. Nat Genet 38: 904-909.

Devlin B, Roeder K (1999) Genomic control for association studies. Biometrics
55: 997-1004.

Tregouet DA, Garelle V (2007) A new JAVA interface implementation of
THESIAS: testing haplotype effects in association studies. Bioinformatics 23:
1038-1039.

Mantel N, Haenszel W (1959) Statistical aspects of the analysis of data from
retrospective studies of disease. J Natl Cancer Inst 22: 719-748.

Sasieni PD (1997) From genotypes to genes: doubling the sample size. Biometrics
53: 1253-1261.

. Yang J, Benyamin B, McEvoy BP, Gordon S, Henders AK, et al. (2010)

Common SNPs explain a large proportion of the heritability for human height.
Nat Genet 42: 565-569.

September 2011 | Volume 6 | Issue 9 | e25581



