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Thrombosis after liver transplantation substantially impairs graft-  and patient survival. 
Inevitably, heritable disorders of coagulation originating in the donor liver are trans-
mitted by transplantation. We hypothesized that genetic variants in donor throm-
bophilia genes are associated with increased risk of posttransplant thrombosis. We 
genotyped 775 donors for adult recipients and 310 donors for pediatric recipients 
transplanted between 1993 and 2018. We determined the association between 
known donor thrombophilia gene variants and recipient posttransplant 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 posttransplant 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 sug-
gestive genetic significance threshold. Downstream prioritization strategies identi-
fied biologically plausible candidate genes, among which were AK4 (rs11208611- T, 
p = 4.22 × 10−05) which encodes a protein that regulates cellular ATP levels and con-
current activation of AMPK and mTOR, and RGS5 (rs10917696- C, p = 2.62 × 10−05) 
which is involved in vascular development. We provide evidence that common genetic 
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1  |  INTRODUC TION

Posttransplant thrombosis is a potentially life- threatening complica-
tion for orthotopic liver transplantation (OLT) recipients, which may 
substantially reduce graft-  and patient survival.1 Studies in both pe-
diatric 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 posttransplant thrombosis have been 
identified, however, potential genetic donor risk factors are less ex-
plored.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 ge-
netic thrombosis risk from the donor graft may lead to an increased 
risk for posttransplant thrombosis.6,7

Genetic variants have been associated with an increased risk of 
venous thromboembolism (VTE) through genome- wide association 
studies (GWASs).8,9 These studies have consistently identified asso-
ciations 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, result-
ing 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 vari-
ants in thrombophilia genes in the donors on the development 
of posttransplant thrombosis. We hypothesized that genetic 
variants in the donor liver are associated with an increased risk 
of posttransplant 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 throm-
bosis after liver transplantation. We have then integrated pub-
licly 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.

2  |  MATERIAL S 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 in-
cluded. 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 im-
munosuppression regimes (Table S1), were standardized according 
to local protocol. Low- dose (≤100 mg/day) acetylsalicylic acid (as-
pirin) was only administered after complex arterial reconstructions. 
The recipient cohort was registered in the Netherlands Trial Register 
(www.trial regis ter.nl –  Trial NL6334) and was conducted within the 
TransplantLines cohort study,15 which was approved by the insti-
tutional research board (METc 2014/077). The study protocol ad-
hered 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 asso-
ciation studies were adhered to.16

2.2  |  Outcome definitions

Posttransplant 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 re-
lated). The events were confirmed through either protocolized 
Doppler- ultrasound imaging on days 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 em-
bolism (PE), deep vein thrombosis (DVT), cardiac or cerebral infarc-
tion, and thrombosis of other veins. Graft failure was defined as the 
lack of function of the implanted liver that required retransplanta-
tion or resulted in patient death. Primary nonfunction (PNF) was de-
fined as liver failure requiring retransplantation or leading to death 
within 7 days after transplantation without any identifiable cause.

variants in the donor, but not previously known thrombophilia- related variants, are 
associated with increased risk of thrombosis after liver transplantation.

K E Y W O R D S
translational research/science, genetics, liver transplantation/hepatology, vascularized 
composite and reconstructive transplantation, genetics, thrombosis and thromboembolism, 
donors and donation, liver disease, microarray/gene array
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2.3  |  Genotyping and imputation procedure

A glossary of important methodological terminology can be found in 
Table S2. Details on sample DNA collection and genotyping are pro-
vided in the appendix. In short, genotyping was performed using the 
Infinium Global Screening Array- 24 v1.0 (Illumina, Inc). Markers with a 
low call rate (<99% of samples), a minor allele frequency (MAF) below 
5%, a failed Hardy- Weinberg equilibrium test (p > 1 × 10−06), and a 
significantly different call rate between cases and controls (p < .05) 
were removed. Samples with a low call rate (<99% of markers) or with 
outlying heterozygosity rate and with a discordant sex were removed 
(Figure S1). Quality control was performed and outliers were identi-
fied and removed (Figure S2). Imputation was performed using 1 KG 
phase 3 European reference panels. After imputation was completed, 
post- imputation quality control was performed using a publicly avail-
able pipeline.17 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 (Table S3). 
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 (Table S4).8- 14,18- 24 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 
posttransplant thrombosis and paired donor genotypes. The co-
hort was stratified into two sub- cohorts by recipient age (<18 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 PLINK.25 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 vari-
ants with p- values above .05 in both the pediatric and the adult cohort. 
We annotated all index variants with the web version of Variant Effect 
Predictor (VEP) based on Ensembl database (GRCh37 release 98).26 The 
details of annotated genes for the identified variants are shown in the 
appendix. The presence of cis- eQTL (cis- expression quantitative trait 
locus) was derived using the Genotype- Tissue Expression (GTEx) data-
set. The biotype is an indicator of the biological significance of a gene. 
Combined Annotation Dependent Depletion (CADD) was used to pre-
dict 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 ef-
fect in GTEx to further analysis. We adapted the scoring scheme de-
signed 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 Atlas,29 (4) pres-
ence 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 
ChEMBL,30 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 poly-
genic risk scores (PRS) based on SNPs from a previously published 
GWAS,11 using PRSice- 231 to calculate post- OLT thrombosis PRS in our 
donor cohort. For a genetic explanation of posttransplant thrombosis, 
we estimated the proportion of variation in posttransplant thrombosis 
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TA B L E  1  Comparison of baseline clinical characteristics in OLT procedures

Total

Adult Pediatric

With 
thrombosis 
(n = 64)

Without 
thrombosis 
(n = 711) p

With 
thrombosis 
(n = 42)

Without 
thrombosis 
(n = 268) p

Donor

Age, years 44 (28– 54) 49 (37– 59) 47 (36– 56) .504 22 (6– 41) 32 (13– 48) .014

Sex (male) 548 (50.5%) 36 (56.2%) 369 (51.9%) .504 19 (45.2%) 124 (46.3%) .901

BMI, kg/m2 23.8 (21.7– 25.8) 24.5 (22.5– 25.7) 24.5 
(22.5– 26.2)

.482 22.5 (17.7– 24.3) 22.4 (19.4– 24.4) .796

Type of donor

DBD 810 (84.3%) 54 (87.1%) 581 (83.7%) .310 20 (83.3%) 155 (85.6%) .840

DCD 122 (12.7%) 7 (11.3%) 110 (15.9%) 1 (4.2%) 4 (2.2%)

Living donor 29 (3.0%) 1 (1.6%) 3 (0.4%) 3 (12.5%) 22 (12.2%)

Cause of death

Cerebrovascular disease 685 (65.7%) 39 (61.9%) 482 (69.4%) .459 19 (48.7%) 145 (59.2%) .465

External cause 321 (30.9%) 22 (34.9%) 192 (27.6%) 18 (46.2%) 89 (36.3%)

Others 36 (3.5%) 2 (3.2%) 21 (3.0%) 2 (5.1%) 11 (4.5%)

Rhesus pos 222 (25.1%) 6 (10.2%) 91 (13.4%) .483 8 (100.0%) 117 (85.4%) .599

CMV pos 483 (45.8%) 34 (54.8%) 306 (44.4%) .114 21 (51.2%) 122 (46.2%) .550

Smoker 378 (43.6%) 36 (69.2%) 276 (48.3%) .004 4 (12.5%) 62 (29.4%) .054

Hypertension 186 (22.2%) 10 (19.6%) 144 (25.7%) .340 4 (12.1%) 28 (10.4%) 1.000

Recipient

Follow- up, years 9 (4– 16) 8 (4– 15) 9 (4– 15) — 3 (0– 14) 8 (3– 16) — 

Time since OLT, years 13 (7– 19) 13 (7– 17) 13 (7– 19) .345 16 (7– 19) 12 (6– 18) .267

Age, years 42 (13– 55) 51 (36– 58) 51 (39– 59) .576 3 (1– 8) 5 (1– 11) .064

Sex (male) 596 (54.8%) 41 (64.1%) 407 (57.2%) .290 21 (50.0%) 127 (47.4%) .753

BMI, kg/m2 23.6 (19.7– 26.6) 25.5 (22.7– 27.3) 24.7 
(22.4– 27.8)

.850 17.2 (15.9– 19.0) 17.4 (16.1– 19.5) .497

Transplant indications

Acute hepatic failure 43 (4.0%) — 7 (1.0%) .641 3 (7.3%) 33 (12.6%) .106

Alcoholic liver disease 89 (8.4%) 7 (11.1%) 79 (11.4%) 2 (4.9%) 1 (0.4%)

Biliary cirrhosis/PSC 302 (27.3%) 20 (31.7%) 244 (35.1%) 4 (9.8%) 34 (13.0%)

Congenital biliary 
disease

153 (14.4%) — — 22 (75.6%) 131 (50.0%)

Metabolic 175 (16.1%) 14 (22.2%) 116 (16.7%) 8 (19.5%) 37 (14.1%)

NASH/NALFD 44 (4.1%) 3 (4.8%) 41 (5.9%) — — 

Viral hepatitis 113 (10.7%) 6 (9.5%) 104 (15.0%) 0 (0.0%) 3 (1.1%)

Other 143 (13.5%) 13 (20.6%) 105 (15.1%) 2 (4.9%) 23 (8.7%)

BSA, m2 1.8 (1.3– 2.0) 1.9 (1.6– 2.1) 1.9 (1.8– 2.1) .460 0.7 (0.4– 1.1) 0.7 (0.4– 1.2) .849

CMV pos 241 (50.2%) 17 (65.4%) 194 (71.3%) .525 4 (16.0%) 26 (16.6%) 1.000

HBV pos 46 (5.2%) 2 (3.2%) 42 (6.1%) .571 — 2 (1.7%) — 

HCV pos 67 (7.5%) 4 (6.3%) 62 (9.0%) .643 — 1 (0.8%) — 

Malignancy 58 (5.5%) 6 (9.5%) 39 (5.6%) .212 0 (0.0%) 13 (5.0%) .227

Retransplantation 165 (15.2%) 12 (18.8%) 95 (13.4%) .231 6 (14.3%) 52 (19.4%) .429

Smoker 116 (26.0%) 9 (30.0%) 107 (26.0%) .628 — — — 

Lab MELD score 16 (11– 25) 16 (11– 23) 15 (11– 23) .661 28 (28– 28) 30 (28– 33) .893

CP- score 9 (7– 11) 9 (6– 11) 9 (7– 11) .450 10 (7– 12) 9 (7– 12) .687

(Continues)
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explained by the significantly associated loci through GCTA software.32 
To test genetic overlap with thrombosis subgroups (HAT/PVT), we cal-
culated 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 3 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 addi-
tionally clinical statistical tests considered a p < .05 as significant.

3  |  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 va-
riety of indications. Clinical characteristics of donor and recipient 

Total

Adult Pediatric

With 
thrombosis 
(n = 64)

Without 
thrombosis 
(n = 711) p

With 
thrombosis 
(n = 42)

Without 
thrombosis 
(n = 268) p

Thrombosis history 133 (15.0%) 9 (15.3%) 110 (16.0%) .875 — 14 (10.7%) — 

Karnofsky score 60 (30– 80) 65 (40– 80) 70 (40– 80) .995 — — — 

Transplantation

Graft type

Full size 824 (80.6%) 59 (93.7%) 675 (97.3%) .116 10 (27.0%) 80 (35.1%) .337

Partial 198 (19.4%) 4 (6.3%) 19 (2.7%) 27 (73.0%) 148 (64.9%)

Aberrant artery 90 (9.4%) 8 (14.3%) 63 (10.1%) .322 4 (9.8%) 15 (6.2%) .404

Arterial conduit 79 (8.2%) 6 (10.5%) 49 (7.8%) .462 1 (2.4%) 23 (9.5%) .132

Arterial reconstruction 92 (9.6%) 11 (19.6%) 66 (10.5%) .039 2 (4.9%) 13 (5.4%) .892

Venous reconstruction 18 (1.9%) 3 (5.3%) 10 (1.6%) .049 0 (0.0%) 5 (2.1%) .352

Biliary anastomoses

D- D 829 (89.1%) 40 (83.3%) 493 (85.9%) .627 42 (100.0%) 254 (95.1%) .228

Roux- Y 102 (10.9%) 8 (16.7%) 81 (14.1%) 0 (0.0%) 13 (4.9%)

Estimated blood loss, ml/kg 59.4 
(29.7– 116.7)

57.9 
(23.3– 105.5)

52.6 
(26.8– 97.3)

.852 99.1 
(37.2– 176.6)

84.7 (43.3– 166.7) .932

CIT, min 492 (406– 613) 489 (407– 638) 482 (405– 606) .814 535 (405– 607) 523 (407– 631) .947

WIT, min 47 (29– 57) 50 (40– 60) 47 (39– 58) .282 47 (40– 58) 46 (38– 56) .474

Operation time, min 575 (495– 679) 573 (510– 690) 575 (498– 672) .781 569 (499– 798) 573 (475– 680) .531

Implantation (piggyback) 624 (70.1%) 41 (73.2%) 406 (68.5%) .463 25 (78.1%) 152 (72.7%) .520

Postoperative results

Acute rejection 235 (26.5%) 12 (20.0%) 217 (31.6%) .061 — 6 (4.5%) — 

Biliary complication 234 (22.1%) 16 (25.8%) 164 (23.8%) .728 6 (14.3%) 48 (18.0%) .558

Primary nonfunction 29 (2.7%) 0 (0) 11 (1.6%) .313 5 (11.9%) 13 (4.9%) .069

Hospitalization, day 29 (20– 44) 37 (22– 50) 28 (19– 43) .019 40 (27– 51) 29 (21– 42) .172

ICU stay, day 4 (2– 9) 4 (3– 9) 3 (2– 6) .006 13 (8– 22) 7 (4– 13) .002

Note: Data are presented as frequency (%) or median (IQR). Chi square and Mann- Whitney U test were used in categorical and numeric variables. 
Fisher's exact test was used when the case number is <5.
Abbreviations: BMI, body mass index; BSA, body surface area; CIT, cold ischemia time; CMV, cytomegalovirus; CP score, Child- Pugh score; DBD, 
donation after brain death; DCD, donation after circulatory death; HBV/HCV, hepatitis B virus or hepatitis C virus infection; MELD, model for end- 
stage liver disease; PNF, primary nonfunction; WIT, warm ischemia time.

TABLE 1 (Continued)
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pairs are described in Table 1. Thrombotic cases included 60 recipi-
ents with HAT (5.5%), 25 recipients with PVT (2.3%), and 27 recipi-
ents 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 retransplantation. We compared posttransplant throm-
bosis and non- thrombosis groups in both the adult and pediatric co-
hort (Table 1). Donor smoking, previously reported as a risk factor 
for posttransplant 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 = .441). The same pattern was seen for arterial (OR 
1.552, 95% CI 0.828– 2.911, p = .170) and venous (OR 1.822, 95% CI 
0.518– 6.408, p = .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 posttransplant thrombosis were 
deceased and 66 (62.3%) experienced graft loss following posttrans-
plant thrombosis. Figure S3 depicts survival curves for OLT recipi-
ents with and without posttransplant thrombosis. Recipients with 
posttransplant thrombosis experienced the poorest graft survival 
during the first 90 days, as well as after 10 years (p < .001).

3.2  |  Known thrombosis risk gene replication

Looking at the influence of candidate variants identified by the avail-
able VTE genetic studies on increased posttransplant thrombosis 
risk (Table S3), we detected 163 associated variants or proxy (high 
LD –  r2 > .8) variants in our OLT cohort. Among the candidate loci, 
one of the variants (rs1336472- G) surpassed the Bonferroni correc-
tion of 3.1 × 10−04 with a SNP x SNP interaction. After Bonferroni 
correction, none of the independent variants showed significant as-
sociation with posttransplant thrombosis risk.

To evaluate the prevalence and the effect of previously re-
ported 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; Table S4). 
In total, 65 loci were detected within the region of thrombo-
sis 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 posttransplant 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 posttrans-
plant thrombosis and non- thrombosis group. However, as shown in 
Figure S4A, there was no significant difference between them using 
the PRS of VTE (adjusted p = .71).

3.3  |  Genome- wide associations with 
posttransplant 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 1 KG reference panel, 
and which passed extensive quality control. Analyses were con-
ducted in three stages: stage 1— pediatric OLT cohort (42 cases vs. 
268 controls); stage 2— adult OLT cohort (64 cases vs. 711 controls); 
and stage 3— joint meta- analysis.

In our primary meta GWA, we identified 280 genetic variants 
exceeding suggestive significance, which were clustered in 55 loci 
(Table S5). The genomic inflation factor (λGC) in stage 3 was 0.988 
(Figure S5). After filtering of variants which were significantly dif-
ferent between the pediatric and adult GWA results, 40 loci were 
considered to be consistent between cohorts (with p < .05 in both 
pediatric and adult cohort, Table 2; Figure 2A). These 40 genetic risk 
variants for posttransplant thrombosis explain 29% of thrombotic 

F I G U R E  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 [Color figure can be viewed at 
wileyonlinelibrary.com]
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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 
(Table S6).

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 ge-
netic variants by using the UCSC gene annotation database to present 
a detailed description. Of the identified variants, 27% are either in-
tragenic 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 
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 (Table S7).

3.5  |  Prioritization and functional annotation of 
risk variants

The 10 genetic variants with an eQTL effect related to a total of 23 
genes (Table S7). Figure 3 shows the prioritized rank of the identi-
fied eQTL genes based on an established scoring scheme,28 includ-
ing annotation from reported literatures, gene expression in different 
tissues, biological function, pathway annotation, and drug target de-
tection. 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). Thirteen 
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 (Table S8); and 11 genes contributed to the most sig-
nificant Reactome pathway annotation. We use DEPICT to test for 
expression of associated genes across tissues, and found nine genes 
enriched in liver or blood vessel systems (marked in red in Table S9). 
Six 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 iden-
tified genes with a public drug database,30 we find that 17 of the as-
sociated genes are currently being used as drug targets.

After the combined evaluation, the genes with highest bi-
ological plausibility are AK4 (rs11208611- T, p = 4.22 × 10−05), 
RGS5 (rs10917696- C, p = 2.63 × 10−05), and ETFA (rs1965492- C, 
p = 8.89 × 10−06), 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 (Figure S6). Figure 2B shows a SN
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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 posttransplant thrombosis (p < .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 = .691, p < .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 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, en-
coding a catalyst of the mitochondrial fatty acid beta- oxidation.

3.6  |  Genetic association in posttransplant 
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 as-
sociation analysis on thrombosis subgroups, including HAT, PVT, and 
other thrombosis, and subsequently performed a meta- analysis of 
the three thrombosis subgroups (Table S10). We compared the asso-
ciation results of rs11208611, rs10917696, and rs1965492 from each 
thrombosis subgroup, and found that rs10917696 is mostly driven by 
HAT (p = 1.54 × 10−04) and other thrombosis (p = 2.68 × 10−03).

To explore the effect of our polygenic risk scores (PRS) on different 
posttransplant 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 (Figure S4B), 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, Figure S4C).

4  |  DISCUSSION

This study aimed to identify the effect of donor genetics on the de-
velopment of posttransplant thrombosis after OLT using GWAS. We 

F I G U R E  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, and (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 >.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 [Color figure can be viewed at 
wileyonlinelibrary.com]
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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 posttransplant 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 ad-
dition, this study identified three novel candidate genes that are 
associated with the development of posttransplant 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 identi-
fied multiple risk loci for thromboembolism, including the Factor 
V Leiden (FVL in F5; rs6025) and prothrombin G20210A (in F2; 
rs1799963) mutations.35 We have summarized the associated VTE 
risk variants in Table S3. The presence of factor V Leiden or factor 
XIII G100T in the donor liver was previously reported to be associ-
ated with an increased risk of HAT after OLT.36 One study reported 

a case of HAT in one OLT recipient whose native and donor livers 
were both heterozygous for FVL.37 Other case reports have de-
scribed acquired activated protein C resistance after OLT due to 
FVL mutation of the donor liver, leading to thrombotic complica-
tions.38,39 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 posttransplant thrombosis and subsequent graft loss in a 
cohort of 276 liver transplants.40 In another case report, acquired 
Protein S deficiency due to a mutation of the donor liver was impli-
cated in posttransplant thrombosis,41 whereas on the other hand a 
successful case of living donor liver transplantation was reported 
using a donor with asymptomatic protein S deficiency. The poten-
tial reason for a non- thrombotic phenotype in the latter report 
could be the compensation by extra- hepatic protein S production 
in the recipient.42 This underscores the difficulty of thrombo-
philia 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 

F I G U R E  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 [Color figure can be viewed at wileyonlinelibrary.com]
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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 complications.43

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 analyzed previously 

reported thrombotic genes such as ABO, F5, F2, FGG, F11, PROC, 
STAB2, ZFPM2, TSPAN15, SLC44A2, PROCR, and STXBP5 (shown in 
Table S4). Within our donor cohort, however, none of these genes 
were significantly associated with thrombosis after OLT. The tar-
geted 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.

F I G U R E  4  Flowchart of genome- wide association analyses in the adult and pediatric OLT cohorts. 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 pediatric cohort, respectively, and meta- analyze their results in a random effects model. 
Biological annotation of meta- GWAS results was done for candidate gene prioritization. eQTL, expression quantitative trait locus; GWAS, 
genome- wide association study; OLT, orthotopic liver transplantation; SNP, single- nucleotide polymorphism [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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From the GWA data, we prioritized three candidate genes for 
increased risk of posttransplant thrombosis. The first of these 
candidate genes was AK4 (rs11208611- T, p = 4.22 × 10−05), a highly 
conserved gene encoding a member of the adenylate kinase fam-
ily 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 activa-
tors. 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 cardio-
vascular functions, but has not yet been reported in any thrombo-
embolism GWAS.

The third identified gene is ETFA, encoding an electron acceptor 
in the mitochondrial fatty acid beta- oxidation. Combining the prior-
itization 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 posttrans-
plant 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 posttransplant throm-
bosis pathophysiology, genetic donor risk factors will likely contrib-
ute 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 (Table S10). In our study cohort, the average 
laboratory MELD score at transplantation was relative low (with me-
dian 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 
posttransplant thrombosis in our cohort. Furthermore, we have 
newly identified three candidate genetic polymorphisms of the 
donor which were associated with posttransplant thrombosis. 
Future investigations are warranted to corroborate our findings 
and to further uncover the mechanisms behind the development 
of posttransplant thrombosis. Improved understanding of the ge-
netic risk associated with posttransplant thrombosis could help in 
preventative or predictive measures and improve risk stratification 
of liver donors.
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