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Summary

Background Hepatocellular carcinoma (HCC) is frequently the consequence of alcohol-related
liver disease (ALD) with variable incidence among heavy drinkers. We performed a genome-
wide association study (GWAS) to identify common genetic variants for alcohol-related HCC
(ALD-HCC).

Methods We conducted a two-stage case-control GWAS in a discovery cohort of 2107
unrelated European ALD patients aged 20-92 years recruited between October 22, 1993 and
March 12, 2017. Cases were ALD patients with HCC diagnosed by imaging or histology.
Controls were ALD patients without HCC. We used an additive logistic regression model
adjusted for the first ten principal components to assess genetic variants associated with ALD-
HCC. We performed another analysis with adjustment for age, sex and liver fibrosis. New
candidate associations (p<1x10°®) and variants previously associated with ALD-HCC were
evaluated in a validation cohort of 1933 ALD patients aged 29-92 years recruited between
July 21, 1995 and May 2, 2019. A meta-analysis of the two case—control cohorts was
performed.

Findings The discovery cohort included 775 cases and 1332 controls. Of 7962325 variants
assessed, we identified WNT3A-WNT9A (rs708113; p=1-11x10%) and confirmed previously
reported regions associated with ALD-HCC risk at TM6SF2 (rs58542926; p=6-02x1019),
PNPLA3 (rs738409; p=9-29x107) and HSD17B13 (rs72613567; p=2-49x104). The validation
cohort gathered 874 cases and 1059 controls and three variants were replicated: WNT3A-
WNTIA (rs708113; p=1-17x1073), TM6SF2 (rs58542926; p=4-06x10~>) and PNPLA3 (rs738409;
p=1-17x107%). All three variants reached GWAS significance in the meta-analysis: WNT3A-
WNT9A (odds ratio [OR]=0-73; 95%CI=0-66-0-81; p=3-93x1071%); TM6SF2 (OR=1-77;
95%Cl=1-52-2-07; p=3-84x107%3), PNPLA3 (OR=1-34; 95%Cl=1-22-1-47; p=7-30x1010).
Adjustment for clinical covariates yielded similar results. WNT3A-WNT9A rs708113 was not
associated with liver fibrosis, an additive effect with other at-risk alleles, on ALD-HCC risk, was
observed.

Interpretation WNT3A-WNT9A is a susceptibility locus for ALD-HCC, enlightening the early
role of the Wnt—f-catenin pathway in ALD-HCC carcinogenesis.

Funding Ligue contre le Cancer, Bpifrance, Inserm.



Research in context

Evidence before this study

Only a minority of long-term alcohol misusers will develop alcohol-related hepatocellular
carcinoma and a familial clustering has been reported. We searched all peer-reviewed journal
publications in English to identify studies assessing the association of common genetic
variations with alcohol-related hepatocellular carcinoma using PubMed and Google Scholar,
published between Jan 1%, 1990, and March 1%, 2021. Search terms included “hepatocellular
carcinoma”, “liver cancer”, “alcohol”, “candidate gene”, “single nucleotide polymorphism”,
and “genome-wide association study”. Only candidate gene studies have been published to
date and only three common variants in PNPLA3, TM6SF2 and HSD17B13 - also predisposing
to alcohol-related liver disease and alcohol-related cirrhosis - have been previously associated
with alcohol-related hepatocellular carcinoma. Functional exploration of these variants has
strongly contributed to a better understanding of the pathobiology of fatty liver disease,
however, their precise role in the development of alcohol-related hepatocellular carcinoma
remains unknown. Nearly half of alcohol-related HCCs harbor mutations in CTNNB1 and
activation of the Wnt—B-catenin signaling pathway, promoting an immune-excluded
phenotype. No inherited genetic variations have currently been linked to these somatic
alterations in alcohol-related HCC. Therefore, a genome-wide association study (GWAS) may
allow a more complete evaluation of the genetic architecture of alcohol-related HCC and
signaling pathways driving alcohol-related hepatocarcinogenesis.

Added value of this study

To our knowledge, our study is the first GWAS of alcohol-related hepatocellular carcinoma.
We identified a risk locus on chromosome 1 spanning the WNT3A and WNT9A genes both
involved in the Wnt—B-catenin pathway. The WNT3A-WNT9A rs708113[T] minor allele
mitigated the risk of developing alcohol-related hepatocellular carcinoma in patients of
European ancestry. We also confirmed the association with PNPLA3 and TM6SF2 at the
genome-wide level.

The protective WNT3A-WNT9A rs708113[T] allele was also associated with STAT3 activation
genes in non-tumor liver tissue from alcohol-related HCC. Finally, rs708113[T] was also
associated with an increased prevalence of immune cells and a lower proportion of CTNNB1
somatic mutations in patients with alcohol-related HCC.

Implications of all the available evidence

The results of our study underline the importance of the WNT3A-WNT9A locus and more
generally the Wnt—B-catenin signaling pathway in the risk of alcohol-related hepatocellular
carcinoma. Future research into the functional significance of this region will help to gain
further insights into alcohol-related liver carcinogenesis and may guide the development of
genetically-informed drug targets.



Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy and the third
most common cause of cancer-related death.! Alcohol-related liver disease (ALD) contributes
to nearly a third of HCC cases worldwide and is the main driver of liver carcinogenesis in North
America and many Western countries.! Several clinical features have been identified in cohort
studies as risk factors for alcohol-related HCC and include older age, male sex, and liver
fibrosis with most cases developing at cirrhosis stage.! However, many long-term harmful
drinkers with these environmental factors never develop HCC and both case—control and
cancer databases have highlighted a significant familial clustering.?3

A limited number of genome-wide association studies (GWAS) have specifically evaluated
common variants associated with HCC occurrence, solely in the context of viral-related liver
disease in individuals of Asian ancestry.* In parallel, candidate gene studies have only
identified a few single nucleotide polymorphisms (SNPs) associated with alcohol-related HCC
in individuals of European ancestry. The most robustly replicated are two missense variations
rs738409(C>G) in PNPLA3 and rs58542926(C>T) in TM6SF2. Carriage of rs738409[G] and
rs58542926[T] increases the risk of alcohol-related HCC.>® Of note, both variants were initially
identified by independent GWAS in the settings of the presence of nonalcoholic fatty liver
disease (NAFLD)”2 and alcohol-related cirrhosis.® Functional exploration of PNPLA3
rs738409(C>G) and TM6SF2 rs58542926(C>T) - both involved in lipid turnover - has markedly
contributed to a better understanding of fatty liver disease pathobiology.'® Nevertheless,
their precise roles in the accumulation of liver fibrosis and, particularly, alcohol-related
hepatocarcinogenesis - through potential direct oncogenic mechanisms - remain unknown.©
More recently, an association between a variant, rs72613567(T>TA) in HSD17B13, and
steatosis/cirrhosis in ALD and NAFLD was identified by another GWAS.! Follow-up candidate
gene studies reported that rs72613567[TA] decreased the risk of alcohol-related HCC but the
effect appears to be much milder than variations in PNPLA3 and TM6SF2*2.

Nearly half of alcohol-related HCCs harbor mutations in CTNNB1 and activation of the Wnt—
B-catenin signaling pathway,® that correlates with low tumor immune infiltration.* No
inherited genetic variations have yet been linked to these somatic alterations in alcohol-
related HCC.

Here, we performed a GWAS in patients with ALD to better delineate the contribution of
common genetic variations to the risk of alcohol-related HCC and signaling pathways driving
alcohol-related hepatocarcinogenesis.

Methods

Study design and participants

In this two-stage case-control GWAS, in patients with ALD, all selected patients were initially
referred to tertiary referral centers in France and Belgium for chronic liver disease and/or HCC
management. The discovery cohort included 837 patients with HCC (cases) and 1472 without
(controls) recruited between October 22, 1993 and March 12, 2017; the validation cohort



included 908 cases and 1077 controls recruited between July 21, 1995 and May 2, 2019
(appendix p7) To allow comparison with other chronic liver disease insults, we also included
a total of 1,530 patients with chronic hepatitis C (765 cases and 765 controls), 451 with
chronic hepatitis B (220 cases and 231 controls), 1001 with NAFLD (367 cases and 634
controls) between March 9, 1990 and January 16, 2019 (appendix pp 4,7).

All clinical databases were retrospectively reviewed by senior hepatologists. ALD was defined
as a history of excessive alcohol consumption of at least 60 g/d for more than 10 years
together with increased alanine aminotransferase and aspartate aminotransferase or
suspected/confirmed alcoholic cirrhosis.'® The majority of ALD patients were active drinkers
at the moment of inclusion. The presence of concomitant viral hepatitis was excluded in all
patients by testing for hepatitis B surface antigen and anti—hepatitis B core antibody and by
screening for antibody to hepatitis C. Cirrhosis was diagnosed as a result of liver biopsy using
the METAVIR scoring system'®, and/or at least two of the following criteria in agreement with
guidelines from the European Association for the Study of the Liver®: 1) unequivocal
biological profile (presence of abnormal coagulation, serum albumin concentration, serum
bilirubin concentration and platelet count), 2) cirrhosis-related clinical complications
including ascites or hepatic encephalopathy 3) typical imaging findings suggestive of cirrhosis
on ultrasound and/or computed tomography scan and/or magnetic resonance imaging
(dysmorphic liver, ascites or splenomegaly) and 4) presence of esophageal varices on upper
gastrointestinal endoscopy. In case of the absence of cirrhosis, liver fibrosis was staged using
the METAVIR scoring system?®, and/or liver stiffness measurement by transient elastography.
All HCC cases were identified through multidisciplinary boards registries dedicated to the
management of primary liver tumors in each center. Diagnosis of HCC was based on
histological analysis or non-invasive criteria in patients with cirrhosis, according to
international recommendations!’. Written informed consent was obtained from all
individuals, and the study was approved by the Institutional Review Board of the French
Institute of Medical Research and Health (ref:IRBO0003888) in France and the Ethics
evaluation committee of CUB Hépital Erasme, Université Libre de Bruxelles (ref:P2016/183,
A2020/030) in Belgium.

Genotyping and Imputation

We extracted DNA samples, either from frozen blood or nontumor liver samples, with the
Maxwell tissue DNA purification kit (Promega). Genotyping in the discovery cohort was
performed with the Global Screening Array, version 1.0 (lllumina), which contains 618,564
variants before quality control. Samples in the discovery cohort that had genetic sex
discordance, genotype call rates <95% or outlying heterozygosity for autosomal
chromosomes (i.e. £3 standard deviation away from the sample mean), had an estimated
identity by descent value of >0.1875 were excluded. Ancestry was identified by principal
component analysis, individuals from non-European ancestry were excluded due to their
small number (appendix pp 4,17). The resultant 775 cases and 1332 controls were retained
for analysis (appendix p 18). SNPs with a genotype call rate lower than 95%, a minor allele



frequency (MAF)<0.1%, different missing genotype rates in cases and controls (p<10~), and
failed to meet Hardy-Weinberg equilibrium p<10=®in controls were filtered. Further details
are provided in the appendix p 4.

To maximize genetic coverage, SNP imputation was carried out with the Sanger Imputation
Service on genome build GRCh37 using the Haplotype Reference Consortium (HRC) panel,*®
augmented by the Phase 3 1000 Genomes Project panel®® for variants not present in the HRC
panel. Genotyping in the validation cohort was performed using coverage sequencing and
analysis of quantitative allele ratios. (appendix p 5).

Expression and somatic mutation analyses

We assessed gene expression levels by quantitative reverse-transcription polymerase chain
reaction in a total of 171 tumor and 94 non-tumor liver tissue samples from patients with
alcohol-related HCC. We also evaluated 301 tumors from patients with non-alcohol-related
HCC. Total RNA was extracted and reverse transcribed using the High-Capacity Transcription
Kit (Life Technologies). Gene expression was assessed using Fluidigm technology and specific
TagMan predesigned assays. Data were normalized with the RNA ribosomal 18S as the
calibrator and changes in mRNA expression levels were determined using a comparative CT
method. G1-G6 transcriptomic classification was performed for tumor samples as previously
described.?°

Estimation of the relative infiltration by diverse immune cell types and endothelial cells was
assessed through microenvironment cell population (MCP) scores computed with the MCP-
counter Method, adapted to gPCR data after filtering out genes expressed in hepatocytes as
previously described.?!

Tumor samples from the 171 patients with alcohol-related HCC were screened for CTNNB1
mutations by Sanger sequencing as previously described.??

Statistical analysis

Association with HCC was assessed using logistic regression, assuming additive allelic effects.
In the discovery cohort, a total of 7,962,325 SNPs were tested, we used allele dosages rather
than best-guess genotypes to account for imputation uncertainty with PLINK version 1.9
(https://www.cog-genomics.org/plink2). The genome-wide additive regression model was
adjusted for the first ten principal components to account for potential population
stratification (main analysis). We also tested another model including as covariates the first
ten principal components, age, sex, and fibrosis stage. We used a threshold of p<1x107®in the
discovery cohort for suggestive genome-wide association?3, to select candidate SNPs for
validation follow-up. More specifically, in each independent region (required to be separated
from other loci by at least 500 kb of genomic distance) harboring such variants, the SNP with
the strongest signal (i.e. lowest p value) was selected unless the causal SNP was already
known. These SNPs were assessed for association with HCC before and after adjustment for
age, sex, and fibrosis stage in the validation cohort.



Meta-analysis of SNPs present in both cohorts was conducted using a fixed-effects model
(inverse variance method) with METAL (https://genome.sph.umich.edu/wiki/METAL)?, and
the standard genome-wide p values threshold of 5x10® was used for statistical significance.
Bayesian fine-mapping analysis was performed in regions harboring variants reaching
genome-wide significance and where causal SNPs are unknown. The population attributable
fraction was calculated against ALD control patients for SNPs reaching GWAS significance in
the meta-analysis (appendix p 5). We also calculated a genotype score for SNPs reaching
genome-wide significance in the meta-analysis. The score was calculated as an unweighted
sum of the number of risk alleles carried by each patient in the in the discovery and validation
cohorts. Comparison of gene expression levels was performed Kruskal-Wallis test. The
association between molecular features and new identified variants was tested using chi-
squared test for trend in proportions. All tests were two-tailed and p<0-05 was considered as
significant.

Role of the funding source
The sponsors of the study had no role in study design, data collection, data curation. data

analysis, data interpretation, or writing of the report. The corresponding author had full
access to all the data in the study and had final responsibility for the decision to submit for
publication.

Results

A total of 775 cases and 1,332 controls were analyzed in the discovery cohort; data regarding
age, sex, and fibrosis stage are summarized in Table 1. The GWAS main analysis showed
minimal genomic control (GC) inflation Acc=1-017 after adjustment for the top 10 principal
components (appendix p 19). The resulting Manhattan plot is shown in Figure 1A. Two loci
were associated with alcohol-related HCC with genome-wide significance (p<5x10%). The
strongest signal was at rs8107974, located in the TM6SF2 region at chromosome 19p13.11
(p=5-05%x107"%) which was in high linkage disequilibrium (r?=0-99) with rs58542926
(p=6-02x10710). A total of 17 additional genome-wide significant SNPs mapped to this locus
(appendix pp 8,10). A second independent association was observed at chromosome 1q42.13
for rs708113 in the WNT3A-WNTIA region (p=1-11x1078) with two additional genome-wide
significant SNPs in the same region (appendix pp 8,10). In addition, rs2294915 in the PNPLA3
locus at chromosome 22q13.31 was also associated with alcohol-related HCC (p=3-71x1077)
and was in high linkage disequilibrium (r?=1) with rs738409 (p=9-29x107). The
rs72613567(T>TA) variant in HSD17B13 was associated with HCC without reaching GWAS
significance (p=2-49x10*). Restricting the analyses to patients with F3-F4 fibrosis stage,
showed similar results (appendix pp 11,20).

A set of 20 SNPs covering the region of WNT3A and WNT9A at 19g42.13 were prioritized by
Bayesian fine-mapping analysis to identify variants most likely to be causal (Figure 1B and



appendix p 5). Calculation of posterior inclusion probability confirmed rs708113 located in
the region spanning WNT3A and WNT9A genes as the lead signal (appendix p 12). Examination
of signal intensity plots of genotyped SNPs showed good discrimination for homozygous and
heterozygous calls (appendix p 21).

We performed replication genotyping in a validation cohort, including 874 ALD-HCC cases and
1,059 ALD controls (Table 1). In independent genomic regions with variants reaching the
selected replication threshold (p<1x10®) in the discovery cohort, we tested the leading SNP
(i.e. rs708113 in WNT3A-WNT9A) or the causal SNP, when it was already known (i.e.
rs58542926 in TM6SF2 and rs738409 in PNPLA3). We also included rs72613567 in HSD17B13
a variant previously associated with a reduced risk of alcohol-related HCC!? (Table 2). The
three selected SNPs in TM6S5F2, WNT3A-WNT9A, and PNPLA3 were individually associated
with alcohol-related HCC in the main analysis and after adjustment for clinical covariates
(Table 2). In the meta-analysis, the three SNPs in TM6SF2, WNT3A-WNT9A and PNPLA3
achieved conventional genome-wide significance in the main analysis (TM6SF2: rs58542926,
odds ratio [OR]=1-77, 95% confidence interval [Cl]=1-52-2-07, p=3-84x10713; WNT3A-WNTI9A:
rs708113, OR=0-73, 95% Cl=0-66-0-81, p=3-93x1071% PNPLA3: rs738409, OR=1-34, 95%
Cl=1-22-1-47, p=7-30x1071%; Table 2), and after adjustment for clinical covariates, (TM6SF2:
rs58542926, OR=1-75, 95% Cl=1-47-2-08, p=1-98x1071%; WNT3A-WNT9A: rs708113, OR=0-72,
95% CI=0-64-0-80, p=2-03x10"%; PNPLA3: rs738409, OR=1-53, 95% Cl=1-37-1-71,
p=3-07x10714; Table 2). The population-attributable fraction are shown in the appendix p
13).

We evaluated the association between the sum of risk alleles of PNPLA3 rs738409[G], TM6SF2
rs58542926[T], WNT3A-WNT9A rs708113[A], and HSD17B13 rs72613567[T] carried by each
patient and alcohol-related HCC in the discovery and validation cohorts. The prevalence of
alcohol-related HCC increased gradually with the number of risk alleles carried by ALD
patients (Figure 2A, appendix p 22). We observed an additive effect of risk alleles on the
presence of alcohol-related HCC (Figure 2B). Additional adjustments for age, sex and fibrosis
showed similar results (Figure 2C).

We tested the association between SNPs entering the GWAS validation stage and HCC in 1530
patients with chronic hepatitis C, 451 patients with chronic hepatitis B and 1001 patients with
NAFLD (appendix p14). Overall, WNT3A-WNT9A rs708113 was not associated with HCC
developed on the background of other chronic liver diseases while TM6SF2 rs58542926,
PNPLA3 rs708409, and HSD17B13 rs72613567 were significantly associated with NAFLD-
related HCC (appendix p 15). Of note, WNT3A-WNT9A rs708113 was not associated with age,
sex, and, especially fibrosis (appendix p 23); and subgroup analyses, stratified by clinical risk
factors, showed that ORs were homogeneous (appendix p 24). Moreover, WNT3A-WNT9A
rs708113 was not associated with fibrosis in another GWAS with publicly available summary
statistics for alcohol-related cirrhosis (appendix p 16).°



We investigated WNT3A and WNT9A mRNA expression levels in 94 non-tumor tissue samples
from alcohol-related HCC patients. The expression of WNT3A was not detected, while,
WNT3A-WNT9A rs708113 was not associated with WNT9A expression (appendix p 25).
Nevertheless, WNT3A-WNT9A rs708113[T] protective allele was associated with a
significantly higher expression of inflammatory markers, including Serum Amyloid A2 and C-
reactive protein involved in the IL6/JAK/STAT pathway(p=0-03, p=0-02 respectively); this allele
was also associated with a higher prevalence of NK cells (p=0-02) (Figure 3A).

We assessed the effect of WNT3A-WNT9A rs708113 in 171 alcohol-related and 301 non-
alcohol related HCC. WINT9A expression also correlated with the presence of immune and
endothelial cells infiltration in tumor liver tissue from patients with ALD (Figure 3B). In line
with previous findings'3, we found that alcohol-related HCCs were enriched in CTNNB1 gene
mutations compared to non-alcohol-related tumors (p=0-005, Figure 3C). However, we
observed a significant lower prevalence of CTNNB1 somatic mutations in alcohol-related HCC
patients carrying the WNT3A-WNT9A rs708113[T] protective allele (p=0-05, Figure 3D). This
association was validated at protein level in a subset of alcohol-related HCC patients
(appendix p 26). Accordingly, the proportion of patients in the G5-G6 transcriptomic groups
of HCC was lower among WNT3A-WNT9A rs708113([T] carriers, while the presence of this
allele was associated with low proliferative HCC, belonging to the G4 HCC transcriptomic
group (p=0-02, Figure 3E).2° We also observed a lower prevalence of CTNNB1 somatic
mutations in patients harboring the PNPLA3 rs738409[G] allele, but not in patients with the
TM6SF2 rs58542926(T] allele. However, PNPLA3 rs738409[G] was not associated with a
higher proportion of G4 subgroup (appendix p 27).

Then, we assessed whether the association between the WNT3A-WNT9A rs708113 variant
and the prevalence of CTNNB1 mutations is modulated by alcohol consumption. Thus, we
tested the interaction between WNT3A-WNT9A rs708113 genotypes and CTNNB1 somatic
mutation status in HCC patients with and without ALD. Regression analysis confirmed
significant differences in the effect of WNT3A-WNT9A rs708113 genotype on the occurrence
of CTNNBI1-mutated HCC only in alcohol-related HCC patients (p-interaction
rs708113xAlcohol intake=0-01, Figure 3F, appendix p 28).

Discussion

This GWAS of alcohol-related HCC identified WNT3A-WNT9A as a susceptibility locus and
confirmed the robust association with PNPLA3, TM6SF2 and HSD17B13 (appendix p 29).
Recruitment from expert liver centers led to an unambiguous diagnosis of chronic liver
disease and HCC diagnosis based on routine clinical practice and international
recommendations. Previous candidate gene studies have established rs738409(C>G) in
PNPLA3 and rs58542926(C>T) in TM6SF2 as reproducible risk loci for HCC on the background
of chronic alcohol consumption.>® This study highlights these associations on a genome-wide
level. The functional consequences of these missense variations have already been
thoroughly studied. Both favor liver fat accumulation and contribute to chronic liver damage
in NAFLD and ALD, however, their exact role in liver carcinogenesis remain mostly unknown.°
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The rs72613567(T>TA) variant in HSD17B13 failed to reach genome-wide significance but
showed evidence of an association with alcohol-related HCC in the range of a previous
candidate gene study.?

Here, we identified another association between rs708113(A>T), located on chromosome
1942.13 in the WNT3A-WNT9A locus, and alcohol-related HCC. The rs708113[T] allele
mitigated the risk of tumor onset. The effect predominantly concern patients with ALD as this
association was not replicated in patients with other chronic liver diseases. Interestingly, this
variant was not associated with liver fibrosis in our study and in a previous GWAS specifically
designed to capture genetic markers for alcohol-related cirrhosis®. Thus, conversely to
PNPLA3 and TM6SF2 which have been associated with ALD progression, including steatosis
and fibrosis accumulation, the WNT3A-WNT9A region may have a more direct impact on liver
carcinogenesis.

WNT3A and WNT9A encode for ligands of Wnt—B-catenin signaling pathway which plays a
critical role in liver development, metabolism, regeneration and carcinogenesis?®; with a
direct role of WNT3A in promoting hepatocytes differentiation in chronic liver disease?®, and
fostering HCC growth.?” Moreover, increasing evidence suggest that the Wnt/B-catenin
pathway contributes to alcohol-induced hepatic fibrogenesis and hepatocarcinogenesis.?®
Consistent with these findings, we previously observed that alcohol-related HCC tumors were
significantly enriched in CTNNB1 somatic mutations, the gene coding for B-catenin, usually
observed in nearly half of alcohol-related HCC patients.'® In addition, we showed that
products of alcohol metabolism could trigger specific mutational processes that result in
activation of the WNT/B-catenin pathway.?® Interestingly, WNT3A-WNT9A rs708113[T] allele
was associated with tumors with a lower prevalence of CTNNB1 somatic mutations and
belongs to the G5-G6 subgroup, characterized by the Wnt—B-catenin signaling pathway
activation.?° This suggests that the presence of this allele may prevent the formation of Wnt—
B-catenin addicted tumors.

It is well established that Wnt signaling plays a key role in the modulation of the immune
response during inflammation. More specifically, in HCC, several studies reported that -
catenin activation, through CTNNB1 mutations, correlates with T-cell exclusion, promoting
immune escape and resistance to immunotherapy.* Here, we showed that the rs708113[T]
protective allele was associated with an increased expression in genes involved in immune
response in non-tumor liver - mainly the IL6/JAK/STAT signaling pathway - and closely
associated with the abundance of immune cell infiltrations, suggesting a potential role in
maintaining an immune surveillance program. Accordingly, patients with alcohol-related HCC
carrying the protective allele were predominantly of the G4 transcriptomic class, which is
known to share a gene expression profile similar to that of non-tumor liver and characterized
by the overexpression of CRP, a target gene of JAK/STAT signaling, at the mRNA and protein
level. We also observed that the WNT3A-WNT9A rs708113[T] variant was associated with a
decreased prevalence of CTNNB1-mutated HCC specifically in ALD patients. Overall, our
results suggest that gene-alcohol interactions may have a significant impact on the
development of alcohol-related HCC and that the rs708113[T] allele may promote an
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inflammatory environment which prevents the activation of B-catenin to an oncogenic state
that could ultimately mitigates HCC development.

Alcohol-related HCC carries a dismal prognosis!, therefore, this gene may represent an
attractive genetically-informed chemopreventive target. However, whether the rs708113[T]
allele has a direct impact on the expression of WNT9A/WNT3A in tumor cells or act indirectly
on the tumor microenvironment remains to be established. Therefore, further functional
studies are needed to clarify the role of WNT3A-WNT9A in alcohol-related
hepatocarcinogenesis.

Limitations of this study include information bias inherent to the use of retrospective samples
and joined databases with limited phenotypic description of the metabolic syndrome in ALD
patients, the exact amount of alcohol consumption and duration, and whether alcohol
withdrawal could have an impact. In addition, our population was unbalanced towards
patients with advanced fibrosis or cirrhosis and future analyses should further validate these
results in ALD patients without significant liver fibrosis. Future studies should also ideally
evaluate these associations, individually or included in polygenic risk scores, in prospective
cohorts as it allows characterization of exposures and risk factors before disease onset, which
have fewer potential sources of bias and confounding than case-control studies.3®
Furthermore, our analyses were performed in patients of European descent with ALD and we
do not know whether our findings are generalizable to other populations.

In conclusion, WNT3A-WNT9A, PNPLA3, TM6SF2, and HSD17B13 are important risk loci for
alcohol-related HCC. Our data support a role for WNT3A-WNT9A in the promotion of alcohol-
related HCC in association with immune microenvironment modulation yet independently
from the severity of ALD and other clinical risk factors.

Data availability

Summary statistics from the GWAS main analysis in the discovery cohort will be made
available to download with publication from the GWAS catalog https://www.ebi.ac.uk/gwas/.
Summary statistics for appendix p 16 were obtained from http://gengastro.med.tu-
dresden.de/suppl/alc_cirrhosis/.
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Figure legends

Figure 1. Genome-wide association study for alcohol-related HCC in 755 cases and 1,332
controls from the discovery cohort. Panel A shows a Manhattan plot summarizing the results
of the association between single-nucleotide polymorphisms (SNPs) and alcohol-related HCC
in 755 ALD-HCC cases and 1332 ALD controls from the discovery cohort. SNPs are plotted on
the x axis according to their position on each chromosome against the significance of the
association (shown as —log10 p values) on the y axis after adjustment for the first ten principal
components. The red solid line indicates the genome-wide significance threshold of p=5x107%;
SNPs reaching this threshold are colored in red. The blue dashed line indicates the chosen
threshold of p=1x107° for validation follow-up. The nearest gene to the index SNP is indicated
above each association peak. Panel B shows a regional linkage disequilibrium plot of the
WNT3A-WNT9A region at 1g42.13. The —logl0 of p values (left y axis) drawn from the
genome-wide association adjusted for the first ten principal components are plotted against
single-nucleotide polymorphism (SNP) genomic positions using GRCh37 assembly. Imputed
variants are indicated with circles, and genotyped variants are indicated with squares. The
linkage disequilibrium values were calculated based on genotypes after imputation. SNPs are
colored to reflect correlation with the most significant SNP (purple diamond). Estimated
recombination rates shown in centimorgans (cM) per million base pairs (Mb) are plotted in
blue (right y axis). Bayesian fine-mapping analysis prioritized 20 variants with greater than
95% certainty (95% Credible Set). The plot shows the names and locations of the genes; the
transcribed strand is indicated with an arrow. Genes are represented with intronic and exonic
regions.

Figure 2. Association between the number of risk alleles in PNPLA3, TM6SF2, WNT3A-
WNT9A and HSD17B13 and alcohol-related HCC. We assessed the association between the
unweighted sum of risk alleles - including PNPLA3 rs738409[G], TM6SF2 rs58542926[T],
WNT3A-WNT9A rs708113[A], and HSD17B13 rs72613567[T] - carried by each patient in the
discovery and validation cohorts and alcohol-related HCC. Panel A shows the proportion of
patients with alcohol-related HCC plotted against the number of risk alleles. Panel B shows
the risk of alcohol-related HCC by the number of risk allele categories. Data are crude odds
ratios (OR) = 95% confidence intervals (Cl), the 0-2 group was the reference. In the discovery
cohort, the OR for alcohol-related HCC was 1:84; 95% Cl=1-38-2-47 in patients with 3-4 risk
alleles, the corresponding OR in those with 5-8 risk alleles was 3:46; 95% Cl =2-54-4.74,
p=6-06x10"2%). In the validation cohort, the OR for alcohol-related HCC was 1:36; 95% Cl=0-98-
1-89 in patients with 3-4 risk alleles, the corresponding OR in those with 5-8 risk alleles was
2:29; 95%CI=1-61-3-26, p=6-12x102); Panel C shows the risk of HCC by number of risk allele
categories after adjustment for age, sex, and fibrosis stage. In the discovery cohort, the OR
for alcohol-related HCC was 1-82; 95% Cl=1-32-2-52 in patients with 3-4 risk alleles, the
corresponding OR in those with 5-8 risk alleles was 3-44; 95% Cl=2-44-4-59, p=9-57x1078). In
the validation cohort, the OR for alcohol-related HCC was 1:66; 95% Cl = 1-14-2-46 in patients
with 3-4 risk alleles, the corresponding OR in those with 5-8 risk alleles was 3-08; 95% Cl=2-05-
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4-67, p =2-17x1019), Bottom, the table shows the numbers (n) of patients with each risk allele
bin in cases and controls with alcohol-related HCC in both cohorts.

Figure 3. WNT3A-WNT9A rs708113 genotype-phenotype analyses in liver tissue from
patients with alcohol-related HCC. Panel A shows the association between WNT3A-WNT9A
rs708113 and inflammatory genes and NK cells in non-tumor liver tissue. The presence of the
rs708113[T] allele was associated with a higher expression of Serum Amyloid A2 (SAA2), C-
reactive protein (CRP) involved in the involved in the IL6/JAK/STAT pathway (p=0-03, p=0-02,
respectively), and a higher prevalence of NK cells (p=0:02). Panel B shows the association
between WNT3A-WNT9A rs708113 and the relative infiltration by diverse immune and
endothelial cells of the non-tumor counterpart of patients with alcohol-related HCC. The
abundance of immune cells and endothelial cells was significantly higher in carriers of the
rs708113[T] allele (p=0-02 and p=0-008 respectively). Panel C shows the enrichment in
CTNNB1 somatic mutations in alcohol-related HCC compared to HCC from other etiologies
(p=0-005). Panel D shows the association between WNT3A-WNT9A rs708113 genotype and
the presence of CTNNB1 somatic mutations in tumor liver tissue from patients with alcohol-
related HCC. A significantly lower prevalence of CTNNB1 somatic mutations was observed in
patients harboring the rs708113[T] protective allele (p=0-05). Panel E shows the proportion
of each transcriptomic groups according to the WNT3A-WNT9A rs708113 genotype. The
rs708113[T] protective allele was associated with a low prevalence of G5-G6 and a high
prevalence of G4, respectively (p=0-02). Panel F shows the effect of WNT3A-WNT9A rs708113
genotype and alcohol intake in the development of HCC carrying the CTNNB1 gene mutations
(p-interaction rs708113xAlcohol intake=0-01).
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Table

Tables

Table 1. Study population characteristics

Discovery Validation
Characteristic n Cases Controls n Cases Controls
(n=775) (n=1332) P (n=874) (n=1059)
Age, years:

Mean (s.d.) 2107 65(9) 56 (10) <0-0001 1932 67 (8) 59 (10)  <0-0001

Sex: n (%) 2107 <0-0001 1933 <0-0001
F 77(99) 370 (28) 70 (80)  281(27)

M 698 (90) 962 (72) 804 (92) 778 (73)

Fibrosis: n (%) 2096 <0-0001 1915 <0-0001
FO-F2 154 (20) 80 (6-0) 145 (17)  39(37)

F3-F4 618 (80) 1244 (94) 717 (83) 1014 (96)

s.d. standard deviation.

Statistical tests performed: Student's t-test for continuous outcomes and chi-square test of
independence for categorical outcomes



Table 2. Association results with alcohol-related HCC for the lead or known causal SNPs of the regions entering the validation stage of the GWAS

Discovery Validation Meta-analysis
SNP Chr. N:::ZSt I;/:::I(: Analysis ; Allele OR ; Allele OR OR
requenc requenc
case(;cont::)I (95% C1) P caseq/ contZoI (95% C1) P (95% C1) P
2:01 1-57 1-77
Main? 0-13/0-08 6-02x1010 0-14/0-09 4-06x10°5 3-84x10-13
(1-61-2-50) (1-27-1-95) (1-52-2:07)
58542926 19p13.11 TMG6SF2 T
" P Adjusted for 2:03 1-51 1-75
clinical 0-13/0-08 1:27x10°8 0-14/0-09 9:78x10* 1-98x10-10
AR (1-59-2-58) (1-18-1-93) (1-47-2-08)
0-66 0-80 0-73
Main? 0:33/0-41 1-11x1078 0-33/0-38 1-17x1073 3-93x10710
WNT3A- (0:57-0-76) (0-70-0-92) (0-66-0-81)
rs708113 1g42.13 T .
WNT9A Adjusted for 0-68 0-75 072
clinical 0:33/0-41 2:67x107° 0-32/0-38 1-39x104 2:03x107°
covariates? (0-58-0-80) (0-64-0-87) (0-64-0-80)
1-41 1-29 1-34
Main? 0:43/0-33 9:29x1077 0-43/0-37 1-17x104 7:30x10710
(1-23-1-62) (1-13-1-46) (1-22-1-47)
rs738409 22q13.31 PNPLA3 G Adjusted for 157 149 153
clinical 0:43/0-33 9:45x107° 0:43/0-36 8:78x1078 3-07x10714
covariates? (1-35-1-84) (129-1-73) (1-37-1-71)
0:72 0-87 0-80
Main? 0-17/0-22 2:49x10™ 0-20/0-22 0-08 1-77x104
(0-61-0-86) (0-75-1-02) (0-72-0-90)
rs72613567 4922.1 HSD17B13 TA Adjusted for 074 081 078
clinical 0-17/0-22 1-85x1073 0-20/0-22 0-02 1:22x104
e (0-61-0-89) (0°69-0-97) (0-69-0-89)

Chr. Chromosome. 'adjusted for the first ten principal components in the discovery cohort. 2adjusted for the first ten principal components in the discovery cohort and,

age, sex and liver fibrosis stage in both cohort



Figure 1. Genome-wide association study for alcohol-related HCC in 755 cases and 1,332 controls from the discovery cohort.
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Figure 2. Association between the number of risk alleles in PNPLA3, TM6SF2, WNT3A-WNT9A and HSD17B13 and alcohol-related HCC
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Figure 3. WNT3A-WNT9A rs708113 genotype-phenotype analyses in liver tissue from patients with
alcohol-related HCC
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