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Abstract

Thrombosis after liver transplantation substantially impairs graft- and patient survival. 
Inevitably, heritable disorders of coagulation originating in the donor liver are transmitted 
by transplantation. We hypothesized that genetic variants in donor thrombophilia genes 
are associated with increased risk of post-transplant thrombosis. We genotyped 775 donors 
for adult recipients and 310 donors for pediatric recipients transplanted between 1993-
2018. We determined the association between known donor thrombophilia gene variants 
and recipient post-transplant thrombosis. In addition, we performed a genome-wide 
association study (GWAS) and meta-analyzed 1085 liver transplantations. In our donor 
cohort, known thrombosis risk loci were not associated with post-transplant thrombosis, 
suggesting that it is unnecessary to exclude liver donors based on thrombosis-susceptible 
polymorphisms. By performing a meta-GWAS from children and adults, we identified 280 
variants in 55 loci at suggestive genetic significance threshold. Downstream prioritization 
strategies identified biologically plausible candidate genes, amongst which were AK4 
(rs11208611-T, p=4.22x10-05) which encodes a protein that regulates cellular ATP levels and 
concurrent activation of AMPK and mTOR, and RGS5 (rs10917696-C, p=2.62x10-05) which is 
involved in vascular development. We provide evidence that common genetic variants in 
the donor, but not previously known thrombophilia-related variants, are associated with 
increased risk of thrombosis after liver transplantation.

Introduction 

Post-transplant thrombosis is a potentially life-threatening complication for orthotopic 
liver transplantation (OLT) recipients, which may substantially reduce graft- and patient 
survival.1 Studies in both pediatric and adult cohorts estimate an incidence of thrombotic 
events in up to 26% of cases.2 Approximately 16% of graft failures are due to thrombotic 
complications, including hepatic artery thrombosis (HAT) and portal vein thrombosis 
(PVT).3–5

Clinical risk factors for post-transplant thrombosis have been identified, however, 
potential genetic donor risk factors are less explored.4,5 A consequence of OLT is that the 
recipient is potentially transplanted with inherited disorders of the coagulation pathway 
that originate in the donor liver. Recipient hypercoagulability in end-stage liver disease in 
combination with an acquired additional genetic thrombosis risk from the donor graft may 
lead to an increased risk for post-transplant thrombosis.6,7

Genetic variants have been associated with an increased risk of venous thromboembolism 
(VTE) through genome wide association studies (GWAS).8,9 These studies have consistently 
identified associations with single nucleotide polymorphisms (SNPs) in the genes 
encoding Factor V Leiden (F5), ABO, F11, FGG, F2, protein C (PROC), PROS1, SERPINC1, STAB2, 
ZFPM2, TSPAN15, SLC44A2, PROCR, STXBP5 and FVIII 8–14, which raises interest in the role of 
genetics in the development of thrombosis after OLT. There is, however, a lack of studies 
taking a genome wide approach in an OLT cohort, resulting in limited knowledge on the 
true effect of donor genetics on the development of thrombosis after OLT.

In this study, we first evaluated the influence of known variants in thrombophilia genes 
in the donors on the development of post-transplant thrombosis. We hypothesized that 
genetic variants in the donor liver are associated with an increased risk of post-transplant 
thromboembolic disease. To investigate this, we have tested common genetic variants in 
donors using a chip with a genome wide coverage for association with early thrombosis 
after liver transplantation. We have then integrated publicly available data on tissue 
specific expression, co-expression, and disease association on the identified candidate 
genes to gain insight into the possible mechanisms underlying these genetic associations. 
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Materials and methods

2.1 Study Design and Patients
All consecutive OLT procedures performed in the University Medical Center Groningen 
between January 1993 and May 2018 were included. Characteristics of donor and recipient 
pairs were collected. Follow-up data for graft failure and patient mortality were collected 
from patient records. All postoperative transplant care, including immunosuppression 
regimes (Supplementary Table 1), were standardized according to local protocol. Low-dose 
(≤100 mg/day) acetylsalicylic acid (aspirin) was only administered after complex arterial 
reconstructions. The recipient cohort was registered in the Netherlands Trial Register 
(www.trialregister.nl – Trial NL6334) and was conducted within the TransplantLines cohort 
study15, which was approved by the institutional research board (METc 2014/077). The study 
protocol adhered to the declaration of Helsinki and is in concordance with the principles 
of the Declaration of Istanbul on Organ Trafficking and Transplant Tourism. STREGA 
guidelines for reporting genetic association studies were adhered to.16

2.2 Outcome definitions
Post-transplant thrombosis was defined as any thrombotic event which developed 
within 90 days after transplantation (not present during surgery but found during post 
transplantation check-ups, thereby excluding thrombosis which was most likely surgically 
related). The events were confirmed through either protocolized Doppler-ultrasound 
imaging on day 1, 4 and 7 in adults and daily during the first week in children, computed 
tomography, or through surgery (relaparotomy). Thrombotic events included HAT, PVT 
and other postoperative vascular complications such as pulmonary embolism (PE), deep 
vein thrombosis (DVT), cardiac or cerebral infarction, and thrombosis of other veins. 
Graft failure was defined as the lack of function of the implanted liver that required re-
transplantation or resulted in patient death. Primary non-function (PNF) was defined 
as liver failure requiring retransplantation or leading to death within seven days after 
transplantation without any identifiable cause.

2.3 Genotyping and Imputation Procedure
A glossary of important methodological terminology can be found in Supplementary 
Table 2. Details on sample DNA collection and genotyping are provided in the appendix. 
In short, genotyping was performed using the Infinium Global Screening Array-24 v1.0 
(Illumina, Inc., San Diego, CA, USA). Markers with a low call rate (<99% of samples), 
a minor allele frequency (MAF) below 5%, a failed Hardy Weinberg equilibrium test 
(p>1x10-06), and a significantly different call rate between cases and controls (p<0.05) 
were removed. Samples with a low call rate (<99% of markers) or with outlying 
heterozygosity rate and with a discordant sex were removed (Supplementary Figure 1). 
Quality control was performed and outliers were identified and removed (Supplementary 

Figure 2). Imputation was performed using 1KG phase 3 European reference panels.  
After imputation was completed, post-imputation quality control was performed using a 
publicly available pipeline17. After post-imputation and quality control, 5,393,447 variants 
were retained for the final analyses.

2.4 Targeted Gene Check
We summarized the reported associated polymorphisms based on previous VTE genetic 
studies in the general population (Supplementary Table 3). In order to clarify the 
correlation between thrombosis genetic risk factors and the increased risk of thrombosis 
after OLT, we reported odd ratios (ORs) and the statistical value of the selected risk variants, 
or the proxy variants with high level of linkage disequilibrium (LD), in our OLT cohort. 
We also performed 12 gene-based tests to study the effect of known thrombosis related 
genes on the risk of post-OLT thrombosis. Based on literature, we tested the following 
thrombosis-related genes: ABO, F5, F2, FGG, F11, PROC, STAB2, ZFPM2, TSPAN15, SLC44A2, 
PROCR and STXBP5, which have been reported by two or more previous VTE genetic studies 
(Supplementary Table 4).8,9,21–24,10–14,18–20 We used all variants in and within 100 kb of each 
gene, and analyzed whether these variants were associated with post-OLT thrombosis 
after clumping. P-values of logistic regression were used to evaluate the included variants. 

2.5 Genome-wide Association Analysis
A genome-wide association (GWA) analysis was performed between post-transplant 
thrombosis and paired donor genotypes. The cohort was stratified into two sub-cohorts 
by recipient age (<18 years and >=18 years) to separately examine the donor SNP effects 
in adult and pediatric recipients. After exclusion of two cases due to a lack of phenotype 
data, these sub-cohorts included 310 donors in the pediatric group, and 775 donors in the 
adult group. GWA analysis was performed using PLINK25. Briefly, for each SNP a logistic 
regression model was fit to model postoperative thrombosis with genotyped or imputed 
SNPs, with adjustments for recipient age, recipient sex, donor age, donor sex, transplant 
era and the first three PCs of the donor genetics data to account for residual population 
structure. This GWA analysis was performed separately for each cohort and was followed by 
a meta-analysis using PLINK to combine the results of the two cohorts. Detailed description 
of PLINK analysis can be found in the appendix. A Manhattan plot was used to show meta-
analyzed GWA result and a QQ plot was used to show the genomic inflation factor.

2.6 Locus Definition and Annotation
Our study effect-size estimates are oriented to the positive strand of the National Center 
for Biotechnology Information (NCBI) Build 37/UCSC hg19 reference sequence of the 
human genome. To get more robust variants and to narrow down the candidate loci, we 
filtered out the variants with p-values above 0.05 in both the pediatric and the adult 
cohort. We annotated all index variants with the web version of Variant Effect Predictor 
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(VEP) based on Ensembl database (GRCh37 release 98).26 The details of annotated genes 
for the identified variants are shown in the appendix. Presence of cis-eQTL (cis-expression 
quantitative trait locus) was derived using the Genotype-Tissue Expression (GTEx) dataset. 
The biotype is an indicator of the biological significance of a gene. Combined Annotation 
Dependent Depletion (CADD) was used to predict the pathogenicity of protein-altering 
index variants.27

2.7 Functional Annotation and Prioritization of Genetic Variants 
For functional gene selection, we carried variants with an eQTL effect in GTEx to further 
analysis. We adapted the scoring scheme designed by Fritsche et al. to highlight candidate 
genes for which there is biological plausibility for a role in thrombotic traits.28 The 
results of GWA analyses were annotated based on the following criteria: (1) location in a 
functional region of each gene from the University of California Santa Cruz (UCSC) Known 
Gene database, (2) evidence of eQTL from FUMA analysis or the GTEx dataset, (3) evidence 
of expression in the liver or blood vessel tissues from Atlas29, (4) presence of thrombotic 
phenotype in humans from Human Phenotype Ontology (HPO) or presence in any 
thromboembolism GWAS from GWAS Catalog, (5) gene with a significant enrichment in 
the tissue (liver/blood vessel) or in the gene priority analysis of Data-driven Expression-
Prioritized Integration for Complex Traits (DEPICT), (6) presence of the gene in the 
canonical pathway analysis of the pathway database Reactome, (7) potential as a drug 
target from ChEMBL30, and (8) candidate variants with a MAF>0.2.

2.8 Polygenic Risk Scores Analyses
To analyze the genetic variance in thrombosis risk, we calculated polygenic risk scores 
(PRS) based on SNPs from a previously published GWAS11, using PRSice-231 to calculate 
post-OLT thrombosis PRS in our donor cohort. For a genetic explanation of post-
transplant thrombosis, we estimated the proportion of variation in post-transplant 
thrombosis explained by the significantly associated loci through GCTA software.32 To test 
genetic overlap with thrombosis subgroups (HAT/PVT), we calculated PRS based on our 
thrombosis association result and compared PRS within HAT/PVT subgroups. To identify 
the relationship between with and without graft failure in the first three months, we 
calculated PRS based on our thrombosis association result and compared PRS in the 90-
day graft functional group with PRS in the 90-day graft failure group. 

2.9 Statistical Analysis
P-values for differences in the study phenotype were calculated using Mann-Whitney U 
test for continuous variables and chi-square test for categorical variables. For the genetic 
association analyses, we used PLINK software, in which p-value and 95% confidence 
intervals for ORs were obtained in the association test. For the meta-analysis, we used 
a random-effects bivariate meta-analysis, combining adult and pediatric association 
statistics, with the standard errors of the beta-coefficient. Genetic association 

analysis used 5×10-05 as suggestive significant threshold for further candidate gene 
selection, and additionally clinical statistical tests considered a p-value less than 0.05 as 
significant.

Results

3.1 Patient Characteristics 
A total of 922 OLT recipients were included, who were from European-ancestry and 
underwent 1085 OLT procedures for a variety of indications. Clinical characteristics of donor 
and recipient pairs are described in Table 1. Thrombotic cases included 60 recipients with 
HAT (5.5%), 25 recipients with PVT (2.3%) and 27 recipients with other thrombosis (2.5%), 
which occurred after a median of 7 days (IQR 4-22). During a median follow-up period of 9 
years, 282 of 922 (30.6%) recipients experienced graft loss and 143 recipients underwent 
re-transplantation. We compared post-transplant thrombosis and non-thrombosis groups 
in both the adult and pediatric cohort (Table 1). Donor smoking, previously reported as 
a risk factor for post-transplant thrombosis3 in adults was not associated with recipient 
thrombosis risk in our meta-analysis cohort (OR 1.194, 95%CI 0.761-1.875, p=0.441). The 
same pattern was seen for arterial (OR 1.552, 95%CI 0.828-2.911, p=0.170) and venous 
(OR 1.822, 95%CI 0.518-6.408, p=0.350) reconstruction, which were not associated with 
recipient thrombosis in the overall cohort. 

Graft loss and patient mortality were high in patients with post-transplant thrombosis. After 
a median follow up period of 5.7 years a total of 44 (41.5%) patients with post-transplant 
thrombosis were deceased and 66 (62.3%) experienced graft loss following post-transplant 
thrombosis. Supplementary Figure 3 depicts survival curves for OLT recipients with and 
without post-transplant thrombosis. Recipients with post-transplant thrombosis experienced 
the poorest graft survival during the first 90 days, as well as after 10 years (p<0.001).

3.2 Known Thrombosis Risk Gene Replication
Looking at the influence of candidate variants identified by the available VTE genetic 
studies on increased post-transplant thrombosis risk (Supplementary Table 3),  
we detected 163 associated variants or proxy (high LD - r2 > 0.8) variants in our OLT  
cohort. Among the candidate loci, one of the variants (rs1336472-G) surpassed the 
Bonferroni correction of 3.1×10-04 with a SNP x SNP interaction. After Bonferroni correction, 
none of the independent variants showed significant association with post-transplant 
thrombosis risk.
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Figure 1. Manhattan plot of known associated gene-sets 
replication. Association signals for 12 identified genes 
with a known role in thrombotic disease (ABO, F5, F2, FGG, 
F11, PROC, STAB2, ZFPM2, TSPAN15, SLC44A2, PROCR and 
STXBP5). All variants in or within 100 kb of each gene are 
marked in dark red. The red line indicates the Bonferroni 
correction threshold of p-value.

To evaluate the prevalence and the effect of previously reported thrombosis risk genes in 
our OLT cohort, we investigated the loci harboring 12 established thrombosis associated 
genes (ABO, F5, F2, FGG, F11, PROC, STAB2, ZFPM2, TSPAN15, SLC44A2, PROCR and STXBP5) 
in our donor cohort (Figure 1; Supplementary Table 4). In total, 65 loci were detected 
within the region of thrombosis risk genes. Among them, none of the variants surpassed 
the Bonferroni correction of 7.7×10-04, which suggests that variants in these thrombosis-
related genes cannot be used as a substantial genetic risk marker for developing post-
transplant thrombosis in our OLT cohort. 

To explore the effect of established VTE risk variants in the OLT cohort, we conducted 
PRS analyses on our donor cohort. After clumping the summary statistics of a venous 
thrombosis GWAS by Hinds et al. 11, 50 variants remained above the suggestive significant 
threshold (5×10-05), which were compared between the post-transplant thrombosis and 
non-thrombosis group. However, as shown in Supplementary Figure 4A, there was no 
significant difference between them using the PRS of VTE (adjusted p=0.71).

3.3 Genome-wide Associations with Post-transplant Thrombosis
We performed a GWA meta-analysis of pediatric and adult recipient cohorts using their 
donor genotype, encompassing 106 cases and 979 controls. The analyses were based on 5 
million genetic variants which were genotyped or imputed using the 1KG reference panel, 
and which passed extensive quality control. Analyses were conducted in three stages: 
stage 1- pediatric OLT cohort (42 cases vs. 268 controls); stage 2- adult OLT cohort (64 cases 
vs. 711 controls); stage 3- joint meta-analysis. 

In our primary meta GWA, we identified 280 genetic variants exceeding suggestive 
significance, which were clustered in 55 loci (Supplementary Table 5). The genomic 
inflation factor λGC in stage 3 was 0.988 (Supplementary Figure 5). After filtering of 
variants which were significantly different between the pediatric and adult GWA results, 
40 loci were considered to be consistent between cohorts (with p<0.05 in both pediatric 
and adult cohort, Table 2; Figure 2A). These 40 genetic risk variants for post-transplant 
thrombosis explain 29% of thrombotic variance with the standard error of 0.05 in our donor 
cohort (GCTA heritability estimate calculation). Correction for donor smoking and vascular 
reconstruction did not change the results of this analysis (Supplementary Table 6).

3.4 Gene Annotation of Susceptibility Loci
From our identified risk variants, we checked the GTEx dataset and identified 15 variants 
that have expression quantitative trait loci (eQTLs) among the 40 genetic variants. Table 3 
lists the above mentioned genetic variants by using the UCSC gene annotation database to 
present a detailed description. Of the identified variants, 27% are either intragenic or less 
than 50 kb from the 5′ or 3′ end of the transcription start site. The most significant identified 
genetic variant (rs10421769, p=6.32×10-06) is an exonic variant, which is found in the GPATCH1 
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4

Figure 2. Association thrombosis signals of meta-analyses results. (A) Manhattan plot. -log10 p-values of 
the quantified SNPs were plotted against their genomic positions. Green colors indicate the 40 candidate 
donor risk loci. Gene labels are annotated as the nearest genes to the associated SNPs. The dashed line 
indicates the suggestive significant threshold (5×10-05). (B) Chr.1 AK4 locus, (C) Chr.1 RGS5 locus, (D) Chr.1 
ETFA locus. In each, the top panel reflects the meta-analysis results. The LD estimates are color coded as 
a heatmap from dark blue (0≥r2>0.2) to red (0.8≥r2>1.0). The bottom panel shows the genes and their 
orientation for each region. P-values are from meta-analysis of logistic regression p-values. Reference 
genome: hg19/1000 Genomes Nov 2014 EUR.

A

-log10 (p-value) 26 4

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

17
18

19
20

21
22

C
hr

om
os

om
e

AK4

KRT8P21

RGS5

MYADML
CDC42EP3

TBL1XR1

CCDC80

SNORD112

PALLD

PCDH7
RPS23P3

NUDT12

MAT2B

FUT9
METTL24

ARID1B

GPR37
TSPAN33

FZD3

ATP6V1C1

TMEM2
EPB41L4B

MVB12B
PITRM1

NRBF2

JAKMIP3
GVINP1

LINC00550

HHIPL1
FAM189A1

SCAPER
RCN2

NOL4
RAB31

GPATCH1

D21S2088E
DSCAM
LARGE

CARD10

Fi
gu

re
 22

C
B

0246810

−log10(p−value)

02040608010
0

Recombination rate (cM/Mb)

●
●●●

●● ●

●

● ● ●● ●
● ●●

●
●●

●●● ● ●●
●● ●

●● ● ●
●● ●● ●● ● ●
●●● ●●● ●● ●● ●●● ● ●● ●

● ● ●●● ●●
●● ●● ●● ●●● ●●● ●●●●● ●● ●●● ●●●●● ●●

● ●●●● ●● ●● ●● ● ●●●●●● ● ●●
●● ● ●●●
●●
●●●●● ● ● ● ●● ● ●● ●● ●●●●

●● ●●●●

●●●● ●
●●●●● ● ●●●● ●
●●
● ●●●●● ●● ●●●
● ●●●●● ●● ●● ●●●● ● ●●●● ●●●●● ●●● ●●●● ●●● ●●●● ●

●●●● ● ●●
●● ●●● ●● ●● ●●● ●●● ●● ●● ●

● ●● ● ●● ● ●●

● ● ●
●● ● ●● ●●
●●●●
● ●●● ●● ●● ● ● ● ●●
● ●●● ●● ●
●●● ●● ●●●● ●●

●●●●
●● ●●●
●● ● ●

● ● ●●●● ●●● ●● ● ●● ● ● ●●
●● ●● ●● ● ●●●●

●● ●● ● ●● ● ●
●● ●●● ●

● ●●● ●● ●● ●● ●●●●● ●
●●● ● ● ●●● ●● ●● ●
● ●●●●●● ●

●● ●●●
●● ●● ●●●
●●●●
● ●●● ● ●
●●● ●● ● ●●●

●●●
●●●●●●●●●●●
●●●● ●●●● ●●●●● ●●
●● ● ●● ●●●●●●

●● ●
● ●●

● ● ●
●● ●●

●
●●
● ●●
●
● ●● ●

●

●●●

●

●●●● ●● ●●●●

● ●
●● ●
●●
● ●●● ●●●
●● ●●●

● ●●●
●
●● ●●
● ●
● ●
● ●● ●● ●
●●

●● ●●●

●● ● ●● ● ●
●● ●●●

●● ●● ●
●● ●●
●●●

●
●●●
●
●●
●●
● ● ●

● ●

● ●
● ●●●

●● ●●

●● ●

●
● ●●
●
●●●

●●●●
●●

●

●
●
● ●
●● ●●●
●●
●●
●
●●●
●●●

●●●
●

●
●
● ●

●
●

●
●
●
● ●●
●
●●●● ●
●●
●●●

●●●
●●●
●●●●●
●● ●●
● ●●●
●●●● ●
●●●
●●●
● ●●
●●●●
●●●●
●●
●● ●
●

●●
●
●
●●
●●
● ●
● ●●
●●● ●

●●●●
●●●●
●●●●●●●●
● ● ●
●●

● ●
●
●●

●●

●
rs

19
65

49
2

0.
2

0.
4

0.
6

0.
8

r2 ET
FA

TY
R

O
3P

IS
L2

SC
AP

ER

76
.6

76
.7

76
.8

76
.9

77

Po
si

tio
n 

on
 c

hr
15

 (M
b)

Pl
ot

te
d 

SN
Ps

D

locus with MAF of 0.35 in Europeans. Also, within the protein coding region, in total 10 
identified risk variants have been detected with liver or aorta artery eQTLs based on GTEX 
database (Supplementary Table 7).

3.5 Prioritization and Functional Annotation of Risk Variants 
The 10 genetic variants with an eQTL effect related to a total of 23 genes (Supplementary 
Table 7). Figure 3 shows the prioritized rank of the identified eQTL genes based on an 
established scoring scheme28, including annotation from reported literatures, gene 
expression in different tissues, biological function, pathway annotation and drug target 
detection. Out of the 23 eQTL genes, 11 associations are observed in liver or blood vessel 
tissue. One is annotated in the exonic region and one was located in the 3′ or 5′ untranslated 
region (UTR). 13 genes are relevant in the development of thrombosis in humans with the 
searching items of ‘abnormal thrombosis (HP:0001977), venous thrombosis (HP:0004936), 
splanchnic vein thrombosis (HP:0030247) and arterial thrombosis (HP:0004420) by 
HPO33; 14 genes are both expressed in human liver and blood vessel by GTEX; 15 genes are 
identified by DEPICT gene prioritization analysis at p<5×10-05 (Supplementary Table 8) and 
11 genes contributed to the most significant Reactome pathway annotation. We use DEPICT 
to test for expression of associated genes across tissues, and found 9 genes enriched in 
liver or blood vessel systems (marked in red in Supplementary Table 9). 6 out of 10 loci 
have an allele frequency larger than 0.2 in the European population, which is important 
when considering implementing the use of genetic testing. Notably, when we cross-check 
our list of identified genes with a public drug database30, we find that 17 of the associated 
genes are currently being used as drug targets. 

After the combined evaluation, the genes with highest biological plausibility are AK4 
(rs11208611-T, p=4.22x10-05), RGS5 (rs10917696-C, p=2.63x10-05) and ETFA (rs1965492-C, p=8.89 
x10-06), for which the locus of their index variants was verified in LocusZoom34 (Figure 2),  
and their expression in multiple tissues was investigated in the GTEx (Supplementary 
Figure 6). Figure 2B shows a regional association plot for the genomic region 200 kb 
upstream and downstream of the lead SNP rs11208611 in the meta-GWAS stage. Within 
the region, 11 genotyped and 94 imputed SNPs, including rs11208611, are associated with 
post-transplant thrombosis (p value<0.05). The thrombosis-associated genomic interval 
indexed by rs11208611 on 1p31 overlaps with a single known gene, adenylate kinase 4 (AK4), 
while the lead SNP rs11208611, which is highly correlated with a replicated VTE variant 
(rs1336472, R2=0.691, p<0.001), is located in the intron of AK4 gene. Figure 2C shows that 
the region of lead SNP rs10917696 on 1q23 overlaps with a single known gene, encoding a 
member of the regulators of G protein signaling (RGS) family. The lead SNP rs10917696 is 
located in an intron of RGS5 and LOC101928404. Figure 2D shows that the region of lead 
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SNP rs1965492 on 15q24 overlaps with a known gene named SCAPER, but has an eQTL 
effect on the electron transfer flavoprotein subunit alpha (ETFA) gene, encoding a catalyst 
of the mitochondrial fatty acid beta-oxidation. 

3.6 Genetic Association in Post-transplant Thrombosis Subgroups
To clarify the rationality and validity of the composite thrombosis outcome in our 
analyses, we checked whether the three biologically most plausible variants (rs11208611, 
rs10917696 and rs1965492) are driven by all thrombotic subgroups. We performed genetic 
association analysis on thrombosis subgroups, including HAT, PVT and other thrombosis, 
and subsequently performed a meta-analysis of the three thrombosis subgroups 

(Supplementary Table 10). We compared the association results of rs11208611, rs10917696 
and rs1965492 from each thrombosis subgroup, and found that rs10917696 is mostly driven 
by HAT (p=1.54 x10-04) and other thrombosis (p=2.68 x10-03). 

To explore the effect of our polygenic risk scores (PRS) on different post-transplant 
thrombosis subgroups and short-term graft survival, we compared the PRS calculated from 
our meta-GWAS results between HAT and PVT subgroups. The PRS shows no significant 
difference between HAT cases and PVT cases (Supplementary Figure 4B), which indicates 
that donor genetic risk factors will likely contribute to all thrombotic events, and the 
results are not driven by HAT or PVT or an other subgroup of thrombosis. Moreover, 
PRS calculated from thrombotic events are higher in cases with short-term graft failure 
(p=7.8×10−06, Supplementary Figure 4C). 

4. Discussion 
This study aimed to identify the effect of donor genetics on the development of post-
transplant thrombosis after OLT using GWAS. We collected genetic data from 1085 liver 
donors, the largest genotyped OLT donor cohort to date, and stratified these into two 
groups based on the occurrence of post-transplant thrombosis. We show that the presence 
of variants in previously known thrombophilia genes in the donor liver did not significantly 
increase the risk to develop post-transplant thrombosis after OLT in the investigated 
cohort. In addition, this study identified three novel candidate genes that are associated 
with the development of post-transplant thrombosis in OLT recipients (Figure 4). 

Donor thrombophilia screening is routinely performed at some medical centers, and has 
been recommended in the context of living donor liver donation. Previous genetic studies 
have identified multiple risk loci for thromboembolism, including the Factor V Leiden 
(FVL in F5; rs6025) and prothrombin G20210A (in F2; rs1799963) mutations35. We have 
summarized the associated VTE risk variants in Supplementary Table 3. The presence 
of factor V Leiden or factor XIII G100T in the donor liver was previously reported to be 
associated with an increased risk of HAT after OLT36. One study reported a case of HAT in 
one OLT recipient whose native and donor livers were both heterozygous for FVL37. Other 
case reports have described acquired activated protein C resistance after OLT due to FVL 
mutation of the donor liver, leading to thrombotic complications38,39. Our results, however, 
are in line with a previous study which reported that FVL mutation in the donor liver was 
not a risk factor for post-transplant thrombosis and subsequent graft loss in a cohort of 276 
liver transplants40. In another case-report, acquired Protein S deficiency due to a mutation 
of the donor liver was implicated in post-transplant thrombosis41, whereas on the other 
hand a successful case of living donor liver transplantation was reported using a donor with 
asymptomatic protein S deficiency. The potential reason for a non-thrombotic phenotype 
in the latter report could be the compensation by extra-hepatic protein S production in 

Figure 3. Prioritization of candidate genes in risk loci through biological annotation. To prioritize the 
most likely candidate genes within each risk locus, the results of GWAS analyses were further annotated 
and ranked based on following criteria: (1) exact location (selected protein coding genes) through the 
UCSC Known Gene database, (2) evidence of eQTL from FUMA analysis and the GTEx dataset, (3) evidence 
of expression in the liver or blood vessel tissues from Atlas, (4) presence of thrombotic phenotype in humans 
from HPO or presence in any thromboembolism GWAS from GWAS Catalog, (5) gene enrichment in the liver 
or blood vessel tissue or in the gene priority analysis of DEPICT, (6) presence of the gene in the canonical 
pathway analysis of REACTOME, (7) potential as a drug target from ChEMBL, (8) variants with minor allele 
frequency > 0.2 in European population.



82 83

Chapter 4 | D
onor Genetic Variants as Risk Factors for Throm

bosis after Liver Transplantation

4

the recipient42. This underscores the difficulty of thrombophilia screening, especially in 
the context of live liver donation. In a recent study of 584 potential live liver donors, 33 
of 428 (8%) declined candidates were excluded because of hematological reasons, most 
commonly thrombophilia. Interestingly, in the same study 156 candidates proceeded to 
live liver donation of which 21 (13%) had evidence of possible thrombophilia, and none of 
them incurred hematologic complications43. 

Figure 4. Flowchart of genome wide association analyses in adult and pediatric OLT cohort. Schematic 
diagram of the study design. For each SNP showing a 5% minor allele frequency in the donor cohort, 
association was tested between the presence/absence of postoperative thrombotic events and the donor 
genotype using logistic regression model, with corrections for donor and recipient covariates. GWAS was 
performed in adult and paediatric cohort respectively, and meta-analyze their results in a random effects 
model. Biological annotation of meta-GWAS results was done for candidate gene prioritization.

The novelty of the current study is that we sought to identify robust donor specific loci 
associated with early thrombosis after liver transplantation by testing common genetic 
variants, using a chip with genome wide coverage. We initially analysed previously 
reported thrombotic genes such as ABO, F5, F2, FGG, F11, PROC, STAB2, ZFPM2, TSPAN15, 
SLC44A2, PROCR and STXBP5 (shown in Supplementary Table 4). Within our donor cohort, 
however, none of these genes were significantly associated with thrombosis after OLT.  
The targeted thrombosis-associated gene-sets are shown in the Manhattan plot (Figure 1). 
This information is important, as it suggests that it is not necessary to exclude liver donors 
carrying thrombosis-susceptible polymorphisms such as FVL for liver transplantation.

From the GWA data, we prioritized three candidate genes for increased risk of post-
transplant thrombosis. The first of these candidate genes was AK4 (rs11208611-T, 
p=4.22x10-05), a highly conserved gene encoding a member of the adenylate kinase family 
of enzymes. This enzyme is mainly expressed in tissues rich in mitochondria, such as the 
brain, heart, kidney and liver, and it indirectly modulates the mitochondrial membrane 
permeability via its interaction with ADP/ATP translocase.44 AK4 plays a role in controlling 
cellular ATP levels by regulating phosphorylation and activation of the energy sensor 
protein kinase AMPK.45 AMPKα2 may affect Fyn phosphorylation, which activity plays a key 
role in platelet αIIbβ3 integrin signaling, leading to clot retraction and thrombus stability.46 
Importantly, the identified variant was in high LD with replicated VTE associated variant 
(rs1336472) and AK4 was previously reported as a risk gene for development of VTE in a 
European GWAS.47

The second candidate gene is RGS5, which encodes a member of the regulators of the G 
protein signaling (RGS) family. The RGS proteins are signal transduction molecules which 
are involved in the regulation of heterotrimeric G proteins by acting as GTPase activators. 
Previous studies indicated that RGS5 may play an important role in vascular development.48 
The abundance of regulation by RGS5 was reported as an increase in vascular smooth 
muscle cells (SMCs) of remodeling collateral arterioles.49 It has been identified as a key 
regulator of vascular remodeling and is critical for cardiovascular functions, but has not yet 
been reported in any thromboembolism GWAS. 

The third identified gene is ETFA, encoding an electron acceptor in the mitochondrial fatty 
acid beta-oxidation. Combining the prioritization of DEPICT and HPO results, we found 
ETFA was associated with the given phenotype of “arterial or venous thrombosis” and was 
required for normal mitochondrial fatty acid oxidation and amino acid metabolism.50    

A limitation of this study is that we have a relatively small cohort when compared to 
genetic studies in other traits. In the field of liver transplantation, however, the present 
study represents the largest genotyped donor cohort to date. We have combined all 
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post-transplant thrombosis events as a composite endpoint to gain sufficient statistical 
power. Although we acknowledge that HAT and PVT may have a different mechanism 
when considering post-transplant thrombosis pathophysiology, genetic donor risk factors 
will likely contribute to all thrombotic events. We also demonstrate that most genetic 
association results were not driven by a single subgroup (i.e., HAT or PVT) of thrombosis 
(Supplementary Table 10). In our study cohort, the average laboratory MELD score at 
transplantation was relative low (with median of 16) when compared to other countries, 
such as the Unites States. This could limit the generalizability of our findings to sicker 
recipients with higher laboratory MELD scores. Finally, this study was performed with 
a relatively homogeneous European population, indicating that replication and further 
validation is required to assess donor genetics risk in other, more diverse, non-European 
cohorts. 

In conclusion, in our study we have investigated the impact of donor genetics on thrombosis 
after OLT. Based on our GWAS results, we found that previously reported common 
thrombotic genetic variants were not associated with the development of post-transplant 
thrombosis in our cohort. Furthermore, we have newly identified three candidate genetic 
polymorphisms of the donor which were associated with post-transplant thrombosis. 
Future investigations are warranted to corroborate our findings and to further uncover 
the mechanisms behind the development of post-transplant thrombosis. Improved 
understanding of the genetic risk associated with post-transplant thrombosis could help in 
preventative or predictive measures and improve risk stratification of liver donors.

Acknowledgments
We would like to thank the study nurses, technicians, laboratory staff and clinicians for 
the collaboration. We would like to acknowledge Prof. Cisca Wijmenga, Prof. Alexandra 
Zhernakova, Prof. Jingyuan Fu, Prof. Gerard Dijkstra and Prof. Klaas Nico Faber for their 
scientific guidance. We would like to acknowledge Dr. Serena Sanna, Dr. Arnau Vich Vila, 
Dr. Alexander Kurilshikov and Valerie Collij for their statistical guidance. Yanni Li was 
supported by the China Scholarship Council. The work was supported by a grant from 
Stichting Louise Vehmeijer (Amsterdam).

Author Contribution
Y.L., E.A.M.F and V.E.M. designed the study, interpreted results, and wrote the manuscript; 
H.B. and L.M.N. helped with the collection of patient data; M.D.V., S.H., and B.H.J. provided 
genotyping and imputation, data quality control, and coding; R.G. provided statistical 
analysis; W.T.U.V., B.G.H., H.J.V., T.L., R.K.W. and R.J.P. guided with the interpretation of the 
results and research design. All authors critically revised the manuscript and approved the 
manuscript for publication.

Declaration of Interests
The authors of this manuscript have no conflicts of interest to disclose as described by the 
American Journal of Transplantation.

Supporting information statement
Additional supporting information may be found online in the Supporting Information 
section at the end of the article.

Supplementary figures:
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fajt.16490&fil
e=ajt16490-sup-0001-FigS1-S6.pdf

Supplementary tables:
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fajt.16490&fil
e=ajt16490-sup-0002-TableS1-S10.xlsx

Supplementary materials:
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fajt.16490&fil
e=ajt16490-sup-0003-Supinfo.docx

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111/ajt.16490&file=ajt16490-sup-0001-FigS1-S6.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111/ajt.16490&file=ajt16490-sup-0001-FigS1-S6.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111/ajt.16490&file=ajt16490-sup-0002-TableS1-S10.xlsx
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111/ajt.16490&file=ajt16490-sup-0002-TableS1-S10.xlsx
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111/ajt.16490&file=ajt16490-sup-0003-Supinfo.docx
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111/ajt.16490&file=ajt16490-sup-0003-Supinfo.docx


86 87

Chapter 4 | D
onor Genetic Variants as Risk Factors for Throm

bosis after Liver Transplantation

4

References

1. 	 Akamatsu N, Sugawara Y, Nakazawa A, et al. Hemostatic status in liver transplantation: Association 
between preoperative procoagulants/anticoagulants and postoperative hemorrhaging/thrombosis. Liver 
Transplant. 2015. 

2. 	 Ayala R, Martínez-López J, Cedena T, et al. Recipient and donor thrombophilia and the risk of portal venous 
thrombosis and hepatic artery thrombosis in liver recipients. BMC Gastroenterol. 2011. 

3. 	 Li Y, Nieuwenhuis LM, Werner MJM, et al. Donor tobacco smoking is associated with postoperative 
thrombosis after primary liver transplantation. J Thromb Haemost. 2020;(July):1-11. 

4. 	 Mourad MM, Liossis C, Gunson BK, et al. Etiology and management of hepatic artery thrombosis after adult 
liver transplantation. Liver Transplant. 2014. 

5. 	 Zanetto A, Rodriguez-Kastro KI, Germani G, et al. Mortality in liver transplant recipients with portal vein 
thrombosis – an updated meta-analysis. Transpl Int. 2018. 

6. 	 Potze W, Porte RJ, Lisman T. Management of coagulation abnormalities in liver disease. Expert Rev 
Gastroenterol Hepatol. 2015. 

7. 	 Nagalla S, Bray PF. Personalized medicine in thrombosis: Back to the future. Blood. 2016. 
8. 	 Trégouët DA, Heath S, Saut N, et al. Common susceptibility alleles are unlikely to contribute as strongly as 

the FV and ABO loci to VTE risk: Results from aGWAS approach. Blood. 2009. 
9. 	 Lindström S, Wang L, Smith EN, et al. Genomic and transcriptomic association studies identify 16 novel 

susceptibility loci for venous thromboembolism. Blood. 2019. 
10. 	 Germain M, Chasman DI, De Haan H, et al. Meta-analysis of 65,734 individuals identifies TSPAN15 and 

SLC44A2 as two susceptibility loci for venous thromboembolism. Am J Hum Genet. 2015. 
11. 	 Hinds DA, Buil A, Ziemek D, et al. Genome-wide association analysis of self-reported events in 6135 

individuals and 252 827 controls identifies 8 loci associated with thrombosis. Hum Mol Genet. 2016. 
12. 	 Klarin D, Emdin CA, Natarajan P, Conrad MF, Kathiresan S. Genetic Analysis of Venous Thromboembolism in 

UK Biobank Identifies the ZFPM2 Locus and Implicates Obesity as a Causal Risk Factor. Circ Cardiovasc Genet. 
2017. 

13. 	 Desch K, Ozel AB, Halvorsen M, et al. Whole exome sequencing identifies rare variants in STAB2 associated 
with venous thromboembolic disease. Blood. 2020. 

14. 	 Klarin D, Busenkell E, Judy R, et al. Genome-wide association analysis of venous thromboembolism 
identifies new risk loci and genetic overlap with arterial vascular disease. Nat Genet. 2019. 

15. 	 O’Brien RP, Phelan PJ, Conroy J, et al. A genome-wide association study of recipient genotype and medium-
term kidney allograft function. Clin Transplant. 2013. 

16. 	 Little J, Higgins JPT, Ioannidis JPA, et al. STrengthening the REporting of genetic association studies 
(STREGA)-an extension of the strobe statement. PLoS Med. 2009. 

17. 	 IC. A post-Imputation data checking program. Affymetrix Web site. Available from: https://www.well.ox.ac.
uk/~wrayner/tools/Post-Imputation.html.

18. 	 Morange PE, Suchon P, Trégouët DA. Genetics of venous thrombosis: Update in 2015. Thromb Haemost. 2015. 
19. 	 Kupcinskiene K, Murnikovaite M, Varkalaite G, et al. Thrombosis Related ABO, F5, MTHFR, and FGG Gene 

Polymorphisms in Morbidly Obese Patients. Dis Markers. 2016.
20. 	 Gemmati D, Vigliano M, Burini F, et al. Coagulation Factor XIIIA (F13A1): Novel Perspectives in Treatment 

and Pharmacogenetics. Curr Pharm Des. 2016. 
21. 	 Bruzelius M, Bottai M, Sabater-Lleal M, et al. Predicting venous thrombosis in women using a combination 

of genetic markers and clinical risk factors. J Thromb Haemost. 2015. 
22. 	 Germain M, Saut N, Greliche N, et al. Genetics of Venous thrombosis: Insights from a new genome wide 

association study. PLoS One. 2011. 
23. 	 Deguchi H, Shukla M, Hayat M, Torkamani A, Elias DJ, Griffin JH. Novel exomic rare variants associated with 

venous thrombosis. Br J Haematol. 2020. 
24. 	 Tang W, Teichert M, Chasman DI, et al. A Genome-Wide Association Study for Venous Thromboembolism: 

The Extended Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium. 
Genet Epidemiol. 2013. 

25. 	 Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for whole-genome association and population-
based linkage analyses. Am J Hum Genet. 2007. 

26. 	 McLaren W, Pritchard B, Rios D, Chen Y, Flicek P, Cunningham F. Deriving the consequences of genomic 
variants with the Ensembl API and SNP Effect Predictor. Bioinformatics. 2010. 

27. 	 Rentzsch P, Witten D, Cooper GM, Shendure J, Kircher M. CADD: Predicting the deleteriousness of variants 
throughout the human genome. Nucleic Acids Res. 2019. 

28. 	 Fritsche LG, Igl W, Bailey JNC, et al. A large genome-wide association study of age-related macular 
degeneration highlights contributions of rare and common variants. Nat Genet. 2016. 

29. 	 Uhlén M, Fagerberg L, Hallström BM, et al. Tissue-based map of the human proteome. Science (80- ). 2015. 
30. 	 Davies M, Nowotka M, Papadatos G, et al. ChEMBL web services: Streamlining access to drug discovery 

data and utilities. Nucleic Acids Res. 2015. 
31. 	 Choi SW, O’Reilly PF. PRSice-2: Polygenic Risk Score software for biobank-scale data. Gigascience. 2019. 
32. 	 Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: A tool for genome-wide complex trait analysis. Am J Hum 

Genet. 2011. 
33. 	 Köhler S, Carmody L, Vasilevsky N, et al. Expansion of the Human Phenotype Ontology (HPO) knowledge 

base and resources. Nucleic Acids Res. 2019. 
34. 	 Pruim RJ, Welch RP, Sanna S, et al. LocusZoom: Regional visualization of genome-wide association scan 

results. In: Bioinformatics. ; 2011. 
35. 	 Soria JM, Morange PE, Vila J, et al. Multilocus genetic risk scores for venous thromboembolism risk 

assessment. J Am Heart Assoc. 2014. 
36. 	 Pereboom ITA, Adelmeijer J, Van Der Steege G, Van Den Berg AP, Lisman T, Porte RJ. Prothrombotic Gene 

polymorphisms: Possible contributors to hepatic artery thrombosis after orthotopic liver transplantation. 
Transplantation. 2011. 

37. 	 Dunn TB, Linden MA, Vercellotti GM, Gruessner RWG. Factor V Leiden and hepatic artery thrombosis after 
liver transplantation. Clin Transplant. 2006. 

38. 	 Leroy-Matheron C, Duvoux C, Van Nhieu JT, Leroy K, Cherqui D, Gouault-Heilmann M. Activated protein 
C resistance acquired through liver transplantation and associated with recurrent venous thrombosis. J 
Hepatol. 2003. 

39. 	 Gillis S, Lebenthal A, Pogrebijsky G, Levy Y, Eldor A, Ahmed E. Severe thrombotic complications associated 
with activated protein C resistance acquired by orthotopic liver transplantation. Haemostasis. 2000. 

40. 	 Hirshfield G, Collier JD, Brown K, et al. Donor factor V leiden mutation and vascular thrombosis following 
liver transplantation. Liver Transplant Surg. 1998. 

41. 	 Schuetze SM, Linenberger M. Acquired Protein S deficiency with multiple thrombotic complications after 
orthotopic liver transplant. Transplantation. 1999. 

42. 	 Kitchens WH, Yeh H, Van Cott EM, et al. Protein S deficiency in a living liver donor. Transpl Int. 2012. 
43. 	 Leonard Naymagon, Douglas Tremblay, Marcelo Facciuto, Dianne Lapointe Rudow TS. The Utility of 

Thrombophilia and Hematologic Screening in Live Liver Donation. Clin Transpl. 2020;Nov 22(e14159). 
44. 	 Panayiotou C, Solaroli N, Karlsson A. The many isoforms of human adenylate kinases. Int J Biochem Cell Biol. 

2014. 
45. 	 Lanning NJ, Looyenga BD, Kauffman AL, et al. A Mitochondrial RNAi Screen Defines Cellular Bioenergetic 

Determinants and Identifies an Adenylate Kinase as a Key Regulator of ATP Levels. Cell Rep. 2014. 
46. 	 Randriamboavonjy V, Isaak J, Frömel T, et al. AMPK α2 subunit is involved in platelet signaling, clot 

retraction, and thrombus stability. Blood. 2010. 
47. 	 Greliche N, Germain M, Lambert JC, et al. A genome-wide search for common SNP x SNP interactions on 

the risk of venous thrombosis. BMC Med Genet. 2013. 
48. 	 Bondjers C, Kalén M, Hellström M, et al. Transcription profiling of platelet-derived growth factor-B-

deficient mouse embryos identifies RGS5 as a novel marker for pericytes and vascular smooth muscle cells. 
Am J Pathol. 2003. 

49. 	 Arnold C, Feldner A, Pfisterer L, et al.  RGS 5 promotes arterial growth during arteriogenesis . EMBO Mol 
Med. 2014. 

50. 	 Olsen RKJ, Andresen BS, Christensen E, Bross P, Skovby F, Gregersen N. Clear relationship between ETF/
ETFDH genotype and phenotype in patients with multiple acyl-CoA dehydrogenation deficiency. Hum 
Mutat. 2003. 


	Chapter 4



