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Abstract
Objective

The association between impaired kidney function and venous thrombosis has been
previously reported but supportive data are still sparse. We here wish to strengthen this
association by investigating, by use of a genetic risk score approach, whether single
nucleotide polymorphisms (SNPs) known to decrease the estimated glomerular filtration rate
(eGFR), a surrogate marker for renal dysfunction, are associated with increased risk of venous
thrombosis.

Approach and results

Fifty-one polymorphisms selected from the literature to robustly associate with eGFR were
first tested for association with venous thrombosis in a French case-control collection of 1953
patients and 2338 healthy individuals. This led to the identification of a genetic risk score
based on 9 polymorphisms that strongly associated with increased risk (odds ratio

(OR) = 1.09 [1.06-1.15], p = 1.44 - 10" 7). This genetic score association replicated
(OR=1.18[1.11-1.26], p = 8.86 - 10 ®) in an independent sample of 1289 patients and 1049
healthy controls part of the Dutch MEGA study. We then categorized the genetic score
distribution observed in the combined samples into quintiles. Compared with the lowest
quintile, the OR for increased risk of disease associated with the second, third, fourth and fifth
quintiles were 1.13 [0.94-1.16], 1.47 [1.22-1.77], 1.52 [1.26-1.82] and 1.70 [1.41-2.05],
respectively.

Conclusions

Using a genetic risk score analysis, our study provides new elements supporting the
association between impaired renal function and the risk of venous thrombosis.

1. Introduction

Venous thrombosis (VT), that encompasses both deep vein thrombosis and pulmonary
embolism, is the second most common cardiovascular disease and the third in terms of
mortality. Its incidence is estimated to be ~ 200 per 100,000 person-years in Europe [1] and
its recurrence rate within 10 years is close to 30%. The disease also represents a significant
spending in health care [2], it is for example associated with a total annual cost ranging from
€1.5 to 13.2€ billion for the EU [3]. The nature of the complex pathophysiological
mechanisms that lead to VT is not fully characterized. Disturbances of the coagulation and
fibrinolysis cascade leading to hypercoagulable states are clearly the most important
contributor to VT etiology. Obesity-related mechanisms, inflammation [4], platelets [5] and
complement cascade [6] are additional biological systems that contribute to the development
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of the disease. However, despite these results of intensive research efforts, there are so far
limited prognosis tools that help clinicians to predict which individuals are at risk fora VT
event. More investigations are thus needed to better disentangle the etiological architecture
underlying VT.

A meta-analysis of 5 community-based cohorts has shown that decreased estimated
glomerular filtration rate (eGFR) was associated with increased VT risk [7]. It was further
hypothesized that this association was partially mediated by elevated levels of coagulation
Factor VIII and von Willebrand factor [8]. Inflammation and coagulation biomarkers are
associated with decreasing kidney function in ambulatory adults without established
cardiovascular disease or chronic kidney disease. Investigations in the ARIC study [9]
demonstrated that increased levels of factor Vlllic, fibrinogen, and von Willebrand Factor
were significantly associated with increased risk of incident chronic kidney disease, of which
decreased eGFR is a surrogate marker, in European Americans. The pathophysiology
underlying the association of hemostatic factors to kidney function decline is unclear,
although triggers of hemostatic activation, including vascular injury, endothelial dysfunction,
and inflammation, have been proposed as potential mechanisms.

To provide additional support to this hypothesis, we here propose the first genetic risk score
approach addressing where genetic polymorphisms that have been robustly associated with
eGFR, a marker for renal function, associate with VT risk.

Main outlines of the workflow are summarized in Fig. 1. In a first step, we sought the
literature for single nucleotide polymorphisms (SNPs) robustly associated with eGFR. These
SNPs were then tested for association with VT risk in 1953 VT patients and 2338 healthy
individuals from a French case control study (MARTHA/EQOVT) [10]. We derived a genetic
risk score (GRS) based on the VT-associated SNPs and tested it for replication in an
independent sample of 1289 VT patients and 1049 controls from a Dutch case control study
(MEGA study) [11]. We finally confirmed the association of the derived GRS with eGFR in a
third independent study.

Fig. 1. Main outlines of the adopted research strategy.
2. Material & method
2.1. Studied populations

Informed consent was obtained from all participants in accordance with the Declaration of
Helsinki, and the study met all institutional ethics requirements.

2.1.1. Discovery VT case-control samples

The discovery cohort was composed of 1953 VT patients and 2338 healthy individuals from
two French VTE case-control studies, MARTHA and EOVT that have been extensively
described before [10,12]. Patients were individuals with documented personal VTE history
and lacking strong genetic risk factors (antithrombin, protein C or protein S deficiencies, FV
Leiden homozygosity, FII G20210A homozygosity). Controls were apparently healthy
individuals free of any chronic conditions and of a personal VT history.

2.1.2. Replication VT case-control samples
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The replication stage was based on the same data from the Multiple Environmental and
Genetic Assessment of risk factor for venous thrombosis (MEGA) study [11] as those that
were used in a recent meta-analysis of Genome-Wide Association Study (GWAS) data for VT
[12].1289 Dutch VT patients with no prior event of VT and no cancer were compared with
1049 controls genetically matched for geographical ancestry [[12].].

2.1.3. Additional validation cohorts

The Genesis/Genediab study group was composed of 1370 individuals with Type 1 diabetes
from the French population [13].

Clinical characteristics of this population are provided in Supplementary Table A.
2.2. Genotyping

All individuals used in the work have previously been typed for genome-wide genotype SNPs
using dedicated DNA microarrays and imputed with 1000 Genomes reference. Genotyping,
quality controls and imputation analyses of the genotype data have been previously described
in [12] for the MARTHA, EOVT and MEGA studies and in [14] for Genesis/Genediab.

2.3. SNP selection

Sixty-nine SNPs were identified to robustly associate with eGFR in different GWAS studies
[15-18]. These were selected as they have demonstrated genome-wide significance

(p <5 - 10 8) association with eGFR and replicated in independent studies. From this list of
candidate SNPs, we discarded SNPs from any pair of SNPs in linkage disequilibrium and
excluded SNPs with bad imputation quality (r> < 0.3) in both French GWAS cohorts. This
resulted in 51 candidate SNPs (Supplementary Table B).

2.4, Statistical methods
2.4.1. Derivation of the genetic risk score (GRS)

Each of the 51 selected candidate SNPs was tested for association with VT in the French case-
control samples using logistic regression analysis where the expected number of alleles (often
referred to as imputed dose) at each SNP was used as a covariate in a model adjusting for age,
sex and principal components derived from genotype data. Of note all SNPs had imputation
quality r> > 0.30. From these analyses, we selected only SNPs for which the risk-allele was
the one that was reported in the literature to associate with eGFR decrease, as compatible with
the hypothesized relationship between renal dysfunction and VT risk. Only SNPs
(Supplementary Table B) satisfying this condition were kept for the subsequent GRS analysis.
In order to identify the most parsimonious and information SNP combination with respect to
VT, an Akaike Information Criterion (AIC) [19] strategy was adopted using a backward
logistic regression procedure, while adjusting for sex, principal components and French sub-
study group. SNPs selected by this AIC procedure were then entered into a GRS defined, for
each individual, as the sum of the imputed risk-allele dose at each selected SNP. We
confirmed that selected SNPs were also well imputed in the replication MEGA study.

2.4.2. Association of the GRS with VT risk
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Association of the derived GRS with VT was then tested using logistic regression analysis
using the same covariates as for the AIC strategy, both in the discovery (MARTHA/EOVT)
and replication (MEGA\) studies. Results observed in the discovery and replication studies
were then pooled using fixed effect model (as implemented in the rmeta R package).

2.4.3. Association analysis with eGFR

The association of the proposed GRS was investigated in relation to eGFR in the
Genesis/Genediab study where eGFR was estimated using plasma creatinin and the CKD-EPI
eq. [20] Association was tested using linear regression analyses adjusted for age, sex and
principal components derived from genotype data.

Table 1. Association with VT risk of the nine SNPs defining the identified GRS.
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aAllele frequency in the control population.
bOdds ratio and p-value were adjusted for sex and principal components.

3. Results

From the 51 independent SNPs reported to robustly associate with eGFR in GWAS studies,
only 27 presented with an eGFR decreasing allele that was also associated with an increased
risk of VT (Supplementary Table B). The AIC based strategy applied to these 27 SNPs further
selected a subset of 9 SNPs (Table 1) as the most parsimonious and informative group of
SNPs to discriminate between patients and controls in the French populations. The minimal p-
value of association of these 9 SNPs with VT in the French study was p = 0.011 for the DDX1
rs807601 and the highest p-value was p = 0.255 for the SLC34A1 rs6420094 (Table 1).
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A GRS variable was then derived from these 9 SNPs for each individual as the expected
number of alleles associated with decreased eGFR levels carried by this individual. The
distribution of the GRS in the French populations was shown in Supplementary Fig. 1A. The
GRS was significantly higher in VT patients than in controls (10.4 + 0.04 vs 10.1 + 0.047,
p=1.03 - 10" ). One unit increase of the GRS was associated with an increased risk for VT
of 1.09 [1.06-1.15] (p = 1.44 - 10 7). In an independent collection of 1289 Dutch patients and
1049 controls, the proposed GRS exhibited a distribution similar to that observed in the
French population (Supplementary Fig. 1B). One unit increase of the GRS was found
associated with an increase in VT risk of 1.18 [1.11-1.26] (p = 8.86 - 10~ 8). The GRS
association did not differ between the two studies (p = 0.06) and the combined odds ratio
(OR) for VT associated with one unit increase of the GRS was 1.12 [1.09-1.16]

(p =3.77 - 10~ 13). When individual data from French and Dutch populations were combined
together, the corresponding OR was 1.10 [1.06-1.14].

Fig. 2 displayed the association of the GRS with VTE according to the quintiles of its
distribution. In the French samples, the association was not completely linear as individuals in
the 3rd, 4th and 5th GRS quintiles were at similar risk of VT, OR = 1.39 [1.12-1.73], 1.32
[1.06-1.64] and 1.54 [1.24-1.92] respectively, compared to individuals in the lowest quintile.
This association was not completely linear in the Dutch population either. When the GRS
distribution observed in the Dutch population was divided according to the same GRS
quintiles as those used in the French studies, individuals in the 4th and 5th highest quintiles
were at increased odds of 2.20 [1.54-3.14] and 2.23 [1.56-3.19], respectively, compared with
individuals in the lowest quintiles.

Fig. 2. Association between quintiles of the eGFR based GRS and the risk of venous
thrombosis in the French (left) and Dutch (right) populations.

In the combined population, compared with lowest quintile, the OR for increased risk of VT
associated with the second, third, fourth and fifth quintiles were 1.13 [0.94-1.36], 1.47 [1.22—
1.77], 1.52 [1.26-1.82] and 1.70 [1.41-2.05], respectively. Based on these observations and
the GRS quintiles distribution, these results can be translated into a 1.42 [1.25-1.61] increased
risk of VTE associated with a GRS > 11 in the combined studied populations. Corresponding
ORs were 1.31 [1.13-1.51] and 1.78 [1.39-2.27] in the French and Dutch samples,
respectively.

Note that one of the SNPs, rs6088580, included in the definition of the GRS, is in moderate
linkage disequilibrium (r> = 0.15; D’ = 1) with the rs867186 known to associate with VT risk
[21]. Nevertheless, the GRS still remained significantly associated with VT risk in the
discovery (OR = 1.10 for one unit increase, p = 6.24 - 10~ ") and replication case-control
studies (OR = 1.17, p = 1.20 - 10 %) after adjustment for the rs867186. The resulting meta-
analyzed OR was 1.12 [1.08-1.15]. In addition, when the rs6088580 was discarded from the
GRS definition, the restricted GRS was still associated with VT in the French (OR = 1.10 for
one unit increase, p = 7.08 - 10~ ) and the Dutch (OR = 1.18, p = 5.48 - 10~ ) populations.
The meta-analyzed OR for VT associated with such restricted GRS was 1.13 [1.09-1.16].

SNPs defining the GRS had been previously reported to individually associate with eGFR but
their joint effect have never been assessed. Therefore, we investigated the impact on eGFR
levels of the proposed GRS in a collection of 1325 patients with Type 1 diabetes. In this
study, the distribution of the GRS was similar to those observed in the discovery and
replication VT studies (Supplementary Fig. 1C). In this study, only one of the 9 assessed
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SNPs, the STC1 rs3758086, showed nominal association with eGFR (p = 0.035), all other
SNPs having association p-value > 0.05 (Supplementary Table C). Nevertheless, one unit
increase of the GRS was associated with a decrease of — 1.19 [~ 1.92 to — 0.39]

(p =3.54 - 10 %) in eGFR levels (Supplementary Table C).

4. Discussion

Employing a two-phase discovery-validation strategy on individual genetic data of two
independent studies, we identified a GRS derived from 9 SNPs that, collectively, strongly
associated with the risk of VT. These 9 SNPs combined altogether define a GRS that
associates with the risk of the disease, individuals with an elevated GRS > 11 being at 1.42
increased risk of VT, whereas individually these SNPs showed very modest associations with
the disease. These SNPs map to loci (DDX1, CPS1, SKIL, SLC34A1, ZNF204P, STC1,
FBXL20, SLC7A9, TP53INP2) that have not been clearly associated with VT in recent large
scale association studies [12,22] and whose associated biology is poorly documented with
respect to VT. Nevertheless, it could be mentioned that genetic variations at the SLC34A1
locus have been found associated with Factor XII antigen levels [23]. In addition, the CPS1
and STC1 genes both play role in the phosphate mechanisms of action and are involved in
vascular angiogenesis [24—26]. These observations could be of particular relevance and open
novel research avenues in light of recent works emphasizing the emerging role of the
polyphosphate / factor XII pathway in thrombosis [27]. Finally, rare mutations in SLC7A9 are
known to cause cystinuria, which could link this gene to VT via some homocysteine
associated mechanisms [28].

The SNPs defining this GRS had been individually associated with eGFR in previous large
meta-analysis of GWAS studies and we here showed that, while these SNPs were mildly
associated with eGFR in a moderate sample size study, the derived GRS was much more
significantly associated with eGFR. However, the GRS impact on eGFR variability was rather
modest, R? = 0.67%, a value that must be compared to the 3.22% of eGFR variability
explained by the 53 SNPs found to significantly associate with eGFR in the recent GWAS
studies [15]. This observation indicates that the influence of the GRS on VTE risk could not
be solely mediated by eGFR that is an imperfect surrogate marker of impaired renal function.

The use of genetic score approach to evidence a causative association between impaired renal
function and VT is appealing as the genetic risk score is fixed at birth for each individual and
should thus be independent from confounders normally affecting eGFR such as age or body
mass index. We did not observe any association between the proposed GRS and BMI, age or
sex (data not shown).

However, several limitations need to be acknowledged. The main one relates to the fact that
we do not have eGFR measurements in the studied case-control samples preventing us from
conducting mediation analysis to assess whether the impact of the GRS on VT risk vanishes
after adjusting for eGFR. Similarly, proteinuria or cardiac biomarkers were not available in
our samples to assess how the proposed GRS associates with CKD. While we obtained strong
evidence that the GRS is associated with VT risk and eGFR, we have so far no evidence of
inflammatory, vascular or hemostatic markers that could be influenced by this GRS. We
investigated its association with several biological traits available in the MARTHA
participants (including D-dimers, endogenous thrombin generation, plasma antigen or activity
levels of fibrinogen, coagulation factors 11, VI1II, and XI, von Willebrand factor, antithrombin,
protein C, protein S, activated partial thromboplastin time, haemoglobin, and white blood cell
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and platelet counts) but without any robust findings (data not shown). Unfortunately, factor
XI1 antigen had not been measured and, according to the point discussed above, its
association with the proposed GRS deserves further investigations. It is important to stress
that the GRS was derived from SNPs that have been found robustly associated with eGFR in
several studies but without any evidence they could be functional. They likely serve as
markers for the underlying functional variants that need to be identified. One could speculate
that once these functional variants are identified, the GRS they define would likely be a more
accurate marker of the risk of VT. All these points deserve further investigations as well as
further validation of the proposed GRS in large prospective cohorts for incidence, but also for
recurrence of the disease.

5. Conclusion

This work provided additional elements supporting the association of impaired renal function
with increased risk of venous thrombosis. However, the mechanisms underlying this
association risk are far to be understood and require further deep investigations.
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