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ABSTRACT
BACKGROUND & AIMS

Little is known about genetic factors that affeevedlopment of alcohol-related cirrhosis. We
performed a genome-wide association study (GWASgaiples from the United Kingdom Biobank
(UKB) to identify polymorphisms associated withkrisf alcohol-related liver disease.

METHODS

We performed a GWAS of 35,839 participants in th&BUvith high intake of alcohol against
markers of hepatic fibrosis (FIB-4, APRI and Foimdex scores) and hepatocellular injury (levels of
aminotransferases). Loci identified in the discgvamnalysis were tested for their association with
alcohol-related cirrhosis in 3 separate Europedioits (phase 1 validation cohort; n=2545). Variants
associated with alcohol-related cirrhosis in thiededion at a false-discovery rate of less than 20%
were then directly genotyped in 2 additional Eusopealidation cohorts (phase 2 validation,
n=2068).

RESULTS

In the GWAS of the discovery cohort, we identifte@ independent risk loci with genome-wide
significance P<5 x 10°). Nine of these loci were significantly associatéth alcohol-related

cirrhosis in the phase 1 validation cohort; 6 @&sth 9 loci were significantly associated with atileh
related cirrhosis in phase 2 validation cohorg &dlse discovery rate below 5%. The loci included
variants in the mitochondrial amidoxime reducingyponent 1 gend{ARC1) and the heterogeneous
nuclear ribonucleoprotein U like 1 gertdNRNPUL1). After we adjusted for age, sex, body mass
index, and type-2 diabetes in the phase 2 validatohort, the minor A allele dIARC1:rs2642438

was associated with reduced risk of alcohol-relatetiosis (adjusted odds ratio, 0.5.0027);
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conversely the minor C allele BENRNPUL1:rs15052 was associated with an increased risk of
alcohol-related cirrhosis (adjusted odds ratioQ;1F3-.020).

CONCLUSIONS

In a GWAS of samples from the UKB, we identifiedlaralidated (in 5 European cohorts) single-
nucleotide polymorphisms that affect risk of alcletedated cirrhosis in opposite directions: the amin
A allele InMARC1:rs2642438 decreases risk whereas the minor @ aliéINRNPUL1:rs15052

increases risk.

KEYWORDS

biomarker, prognostic factor, SNP, hepatic fibrczgs
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INTRODUCTION

Alcohol-related cirrhosis causes an estimated &0¢@aths every year from chronic liver failure[1]
and is a major risk factor for hepatocellular cancha, the § leading cause of cancer mortality
worldwide.[2] Current therapies to prevent or rdtprogression to alcohol-related cirrhosis are
limited, and center around reducing alcohol intaiher through behavioral or pharmacological
interventions.[3] The transition from a healthyelito alcohol-related cirrhosis occurs gradually,
alongside years of sustained heavy alcohol useamcbmitant chronic liver injury. Total volume of
alcohol consumed and alcohol drinking patternssamngly associated with risk of alcohol-related
cirrhosis,[4,5] but they do not fully explain whgrae drinkers develop this outcome (<10%) whereas
others do not.[6] Twin studies suggest that thee ieritable component to alcohol-related liver
disease,[7,8] yet genome-wide association stu@®¢AS) undertaken to date have identified only a
handful of specific risk variants, includiffNPLA3:rs738409TM6S-2:rs58542926;

MBOAT7:rs641738 antHSD17B13:rs72613567.[9-12]

Two factors are likely to have limited the yield®@WAS studies for alcohol-related cirrhosis (and
chronic liver disease in general).[9-11] Firstlye tack of statistical power, and secondly, thetéch
range of endophenotypes employed in discovery aaalylhe development of alcohol-related
cirrhosis is strongly underpinned by fibrogeneaiprocess that causes substitution of the liver
parenchyma with non-functional mesenchymal scau¢i§13,14] Thiele et al. recently showed that
combinations of routine liver blood tests — suciABRI, FIB-4, and Forns index — can differentiate
individuals with high alcohol intake and advancixdsis from individuals with high alcohol intake
without relevant fibrosis with acceptable accuréaga under the curve of 0.80-0.86).[15] These

endophenotypes of alcohol-related cirrhosis havdeen leveraged by GWAS studies thus far.
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The United Kingdom Biobank (UKB) study integrateshgenetic, health behavior, hospital
admission records, mortality, and biochemistry data cohort of half a million people in the UK
aged 40-69 years,[16] and thus provides an unpeeted opportunity to extend existing GWAS data
by incorporating a broader set of surrogate phgreotiata. Data on fibrosis markers and markers of

hepatocellular damage are available for a highgntam of participants.

The primary aim of this study was to identify noxisk variants associated with alcohol-related
cirrhosis risk. To this end, we undertook a GWA®JKB participants reporting high alcohol intake
to identify genetic variants associated with suategneasures of liver fibrosis and conventional
markers of hepatocellular injury. Any significandgsociated variants were tested for associatitin wi
alcohol-related cirrhosis across appropriate Elanp®horts with robust liver-specific phenotypes to

validate the findings.

A secondary objective was to assess whether thetigeisk variants identified by this study have/an
value regarding stratification of “at risk” patisnh a community setting. This is highly relevant
because chronic liver disease is frequently najrdiaed until decompensated cirrhosis and/or HCC
emerges, by which point, liver damage is usualisactable and prognosis bleak.[17,18] Early
identification of “at risk” patients is seen asrdical step towards reducing liver mortality; yet
existing risk stratification tools are suboptimaF.[18] Promising Genetic Risk Scores (GRS) have
been developed for a variety of diseases inclutlipg 2 diabetes, coronary artery disease and

inflammatory bowel disease,[19] but the utilityaofiver cirrhosis GRS remains unclear at present.

METHODS

DISCOVERY ANALYSIS

At enrolment, UKB participants were asked to replogir average alcohol intake per week/month in
terms of the number of: glasses of red wine (Aiekl 1568, 4407), glasses of champagne/white wine
(UKB Field IDs: 1578, 4418), pints of beer/cideigld IDs: 1588, 4429), measures of spirits (Field

IDs: 1598, 4440), glasses of fortified wine (Fidls: 1608, 4451), and glasses of “other” types of

8
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alcoholic drinks (Field IDs: 5364, 4462). This wamverted into the average units of alcohol
consumed per week, assuming there are 2 units (EGgjre alcohol in a pint of beer/cider; 1.5 units
(129g) in a glass of red wine, champagne, white winitified wine, and “other” alcoholic drink; arid

unit (8g) in a measure of spirits. These convessame comparable to those used in the Health Survey

for England methods protocol.[20]

The discovery analysis was based on data from #nsidh 3 release of the UKB imputed genetic
dataset (downloaded in May 2019), which providest genetic information for 487,320 participants.
[21] Participants with poor quality genetic datajredicated by extreme levels of heterozygosity or
missing data (see UKB Field 1D:22027) were notudeld in the version 3 imputation file, and thus
did not feature in this study. From the imputedadat, we excluded participants if they were: gtfir
or second-degree relatives of another participéms was inferred via the kinship coefficient,
generated by the UKB core team for all pairs ofipigants. Specifically, a second-degree relation o
greater was defined as a kinship coefficiehitl;[21] or ii) not of Caucasian British ancestdgfined

by UKB according to field ID:22006). However, thaal number of UKB participants with gender-
sex mismatch or aneuploidy (n<1000; <0.2%), wetteewoluded from our analysis due to the low
level of potential bias they may exert. Of thosaa@ing, women who reported alcohol consumption
> 25 units/week (200g) in “an average week”, and mka reported alcohol consumption=#6
units/week (288 g), were included in the discoMBWWAS. These thresholds represent the midpoint

between “hazardous” and “harmful” drinking, as@etin UK Government guidelines.[22]

Individual-level data for approximately 6.2M gewmetariants were available in the version 3 UKB
imputed genetic dataset, after exclusion of vasiavith: a) minor allele frequency <1%; b) gross
deviation from the Hardy Weinberg equilibrium (p&%. 10%); c) imputation information score <0.8:
d) high level missing data (>10%); and e) non-blallor duplicate variants. Using PLINK v1.9, we
determined the association between each of th@sé@ariants, and five distinct surrogate liver
phenotypes. These were: APRI; FIB-4; Forns Ind#hdédined using standard formulas; see
Appendix A); ALT and AST. Phenotypes were loglhsfarmed to achieve approximate normality

and were analysed as continuous variables in arliegression framework assuming an additive
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genetic model (see Supplementary Table 1). In imadisensitivity analyses were undertaken where
we analysed each surrogate phenotype as a ca@ga@ri@able, comparing participants whose
phenotype value was in the top quintile (i.e. t6poQ with participants whose phenotype value was in
the bottom quintile (i.e. bottom 20%) via logistegression. This is tantamount to an “extreme
phenotyping” approach. All discovery analyses vwagisted for age, sex, BMI, diagnosis of
diabetes, current alcohol consumption and theffirstprincipal components of genetic ancestry. The
analyses were performed on the University of Sttgtle’s Archie West High Performance

Computing platform.

The resultant GWAS summary statistics were thenage#d onto the FUnctional Mapping and
Annotation of GWAS tool (FUMA; version 1.3.5),[2B8] order to identify a set of independent
genomic risk loci for each phenotype. In broad terimdependent genomic risk loci are defined by
three main characteristics: a) association withctireesponding phenotype at genome wide
significance levelP<5.0 x 10°); b) a lower p-value than all other variants ia trearby genomic
region; c) independence from other independentménask loci for that phenotype (at r2<0.1).

More detailed specifics around how these loci veetected by FUMA are outlined in Appendix B.

In total, the base-case discovery analysis gertefavie sets of independent genomic risk loci - one
per phenotype - which were then pooled to produiedcombined set of loci. Duplicate variants

were removed.
PHASE 1 REPLICATION ANALYSES

The associations between each independent genisiocus (identified in our discovery cohort)
and the presence of alcohol-related liver cirrhosas ascertained in three case-control datasets; a

follows:

1) UK cohort from the Buch et al. GWAS [9]: comprises a) 302 cases with alcohol-related csigho
recruited at the Centre for Hepatology, The RoyakRHospital, London; and b) 346 controls with
a history of excess alcohol consumption but wittexidient liver disease. All participants were of

European Caucasian descent. Genotyping was perdangirg the Illumina BeadChip array.

10
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2)

3)

Cirrhosis was defined through clinical evidencenfptications of cirrhosis), imaging results
(ascites, hunched liver surface, elastography >a9kéicating cirrhosis) and/or histology, as
described by Bucht al.[9] Full details of the criteria used to define easnd controls can be
found in appendix C.

German cohort from the Buch et al. GWAS[9]: comprises a) 410 cases diagnosed with alcohol-
related cirrhosis recruited from several Gastraeitgy and Hepatology hospitals in Germany,
Austria and Switzerland; and b) 1080 controls,uied from psychiatric centres in Germany and
Switzerland specialising in addiction medicine, wiaal a history of excess alcohol use, but were
without evident liver diseaggide supra). All cases and controls in this cohort are of Gaismn
ancestry. Genotyping was again performed usindjltimina BeadChip array. Cirrhosis was again
defined according to the diagnostic criteria setiguBuch et al.[9] (see appendix C)

UK Biobank nested case-control study: Cases were defined as UKB participants with &) dw
more hospital admission for alcohol-related ciritdefore or after inclusion in the UKB study
(defined as ICD 10: K70.3 in any diagnostic posifiar b) death from alcohol-related cirrhosis
(defined as ICD10: K703 in any cause-of-death pogit Controls were defined as all participants
who did not indicate that they were lifetime teatgtUKB field IDs: 3731), and who did not have
a hospital admission or death record indicatingrldisease (ICD 10: K70-K77). As per our
discovery analysis, we excluded cases/controlelf tvere: i) first or second degree relative with
another UKB patrticipant (kinship coefficiett. 1); or ii) not of Caucasian British ancestry.
Furthermore, to ensure that our discovery anabssisphase 1 replication were independent (i.e.
non-overlapping), we excluded cases/controls i there also included in our discovery analysis.
In total, 178 cases and 298,248 controls satigfiede criteria, equating to an effective sample siz

of approximately 712.

Odds ratio (OR) associations were ascertainedeithitee cohorts, for each independent genomic

locus identified in our discovery analysis, undetaaditive genetic model. All associations were

adjusted for differences in age, sex and thefiwstprincipal components of genetic ancestry. A

fixed-effect meta-analysis of the OR associatiaws&the three datasets, was then performed. This

11
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was carried out using METAL'’s inverse variance fiimt, which weights each effect size estimate by
its estimated standard error, in order to providewerall p-value and effect size.[24] To remove
residual linkage disequilibrium created by combinihe genomic risk loci of different phenotypes,
we performed a standard clumping procedure usinmg émreshold >0.1, and distance parameter of
100KB. For each genomic region, this resulted tarmgon of the locus with the lowest meta-analysis
p-value. Finally, we applied the Benjamini-Hochbprgcedure to correct for multiple
comparisons.[25] A False Discovery Rate (FDR) ¢%2@as used to select variants for phase 2

replication.

PHASE 2 REPLICATION ANALYSES

Loci identified in the phase 1 replication analysese then assessed in two separate replication
cohorts, as follows: i) German validation cohonnguising 1,272 cases with alcohol-related cirrhosis
and 775 controls without liver disease (effectiample size: 1,926); and ii) Switzerland validation
cohort comprising 312 individuals with alcohol-rield cirrhosis and 40 individuals without (effective
sample size: 142). Analogous to phase 1 replicatitbparticipants in this cohort had a history of
heavy alcohol use and were recruited from spetiales and addiction clinics. Cirrhosis was define
according to the same diagnostic criteria descrilyeBuch et al.[9] (See appendix C). Genotyping
for selected loci was undertaken using the TagMaaysystem. The OR association between each
locus and case-control status was determined folpadjustment for age and sex in the two phase 2
cohorts separately, under an additive allelic effieadel. We also performed more extensive
adjustment to account for potential differenceBMl and type 2 diabetes, as well as age and sex
(albeit with a reduced sample size). Consistertt plitase 1 replication, we then performed a fixed-
effect meta-analysis of the OR association actusswo phase 2 datasets, using METAL's inverse
variance function.[24] Meta-analysis p-values wealkeulated using a conservative two-tailed test,
making no assumption about the direction of assiociaA stringent FDR threshold of <5% was used

at this final stage to define statistical significa.

FUNCTIONAL CONSEQUENCES OF PHASE 2 LOCI

12
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BIOINFORMATIC DATABASE INTERROGATION

The ANNOVAR annotation database was used to idetii# nearest gene for each locus.[26]
However, the nearest gene may not be causal; pestodies show that a locus can sometimes affect
the expression and function of genes that are dereddly apart on the same chromosome.[27] Thus,
in addition to the nearest gene, a broader sedrdidate genes were identified for each locus using
four approachesz (i) positional mapping was used to identify ahgs within 10KB of each locus,

or within 10KB of variants in linkage disequilibriu(r2>0.60) with each locus; (ii))The Gene-Tissue
Expression (GTEX) database version 8 [28] was tsatkntify any genes whose expression is
associated with the locus, or genes whose splatigrns are associated with the locus (at FDR <1.0
x 10°):; (iii) the HIC(GSE87112) liver tissue dataset waed to identify genes that, although
physically far apart in terms of their chromosonasdspair positions, may nevertheless interact with
the locus — e.g. via chromatin looping (at FDR <4.10°):[29] and (iv) the GeneHancer database
was used to assess whether the locus lies withgmamic enhancer region, and if so, we enumerated

the gene targets of this enhancer.[30]

The Combined Annotation Dependence Depletion (CAB&ye [31] and Regulome DB score [32]
was also determined for each locus. Finally, farsymonymous coding variants, we also determined:
(i) the predicted functional impact on the corresging protein using the Polymorphism Phenotyping
version 2 (PolyPhen-2) HumDiv-trained model.[33]d4ii) if the corresponding amino-acid residue
is conserved in mammalian and hon-mammalian orghuds. Protein sequences for gene orthologues

were obtained from ENSEMBL.org and were alignedgdi-Coffee tool kit.[34]
MRNA EXPRESSION ANALYSIS

One hundred and eleven liver tissue samples, tetlén a previous study,[35] were used to assess
MRNA expression of selected candidate genes intissue, according to identified host genotyping
factors. Liver tissue samples were obtained peneatasly for patients undergoing liver biopsy for
suspected Non-alcoholic Fatty Liver Disease (NAFI(®Y)%, n=63) or intraoperatively during

bariatric surgery for assessment of liver histol¢43%, n=48). mMRNA expression levels were

13
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measured using the Human Gene 1.1 ST Array. Theamametric Kruskal-Wallis test was used to
assess the likelihood of whether differences in rARIpression according to host genotyping factors

were due to sampling error.

CIRRHOSIS GENETIC RISK SCORE

A cirrhosis GRS was generated based on the gersiants considered in the phase 2 replication

analysis. The GRS was calculated as follows:

Cirrhosis GRS EﬂF:lwiXi , Where k is the number of risk variants jsveffect size (i.e. beta) of each
variant estimated from phase 1 validation stagés ¥he number of risk alleles carried by that

individual for genetic variant i. More detail isgwided in Appendix D.

Conceptually, this score can be thought of as timeher of risk variants each individual carries
weighted by their effect size (that is, weightedliig extent to which each variant increases tlkeofis

cirrhosis).

GRS performance was tested on UKB participantskiof NAFLD. This subgroup is independent of
the discovery analysis, and thus is a non-biasedpgirom which to gauge performance of the
cirrhosis GRS. Risk factors for NAFLD were defireesi a BMI>30 and/or diagnosis of type 2
diabetes, without evidence of any other causevef lilisease including excess alcohol (see Appendix

E and Supplementary Table 2 for full details).

The outcome used to assess GRS performance watotiire hospital admission for cirrhosis. A
hospital admission for cirrhosis was defined acogydo Ratib et al’s validated algorithm
incorporating appropriate ICD discharge codes aR€®&4 hospital procedure codes.[36] We
calculated the association between GRS quintilerskaf incident cirrhosis hospitalisation using
Cox regression in a survival analysis frameworkldvpup time was commenced at the date of UKB
assessment and ended at first date of cirrhosjstabisation (if at all), date of mortality (if atl), or

date of hospital/mortality registry completion. &sll as assessing the association between GRS

14
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quintiles and risk/hazard of incident cirrhosis pitaisation, we also assessed GRS performance in
terms of Harrell's C-statistic. In this contextet@-statistic reflects the probability that an undual
with a higher GRS will has a shorter time to cisischospitalization versus an individual with a ésw
GRS. A GRS with no ability to differentiate individls at high versus low risk of cirrhosis
hospitalisation would have a C-statistic of 0.50n@ersely, a GRS with perfect ability would have a

C-statistic of 1.0.[37]

The base-case GRS included risk variants signifiaasociated with alcohol-related cirrhosis in
phase 1 replication analyses at a FDR<20%. In suiese sensitivity analyses, the number of risk
variants incorporated was varied to see if perforceavas affected using FDRs of <10%, <30%,

<40% and <50%, to see if performance was affected.

RESULTS

DISCOVERY ANALYSIS:

Of the UKB participants, 35,839 participants met iticlusion/exclusion criteria for the discovery
analysis (see Figure 1). The median (interquanditge [IQR]) age was 58 years (51-63), 63% were
male, 3.6% had a diagnosis of type 2 diabetesstthié median BMI was 27.3 (24.7-30.1) (Table 1
& Supplementary Table 3). The discovery analysiniilied 68 unique genomic risk loci across the
five phenotypes (Supplementary Table 4 & Suppleargriigure 1). Detailed information on these
loci are provided in Supplementary Table 5. Mardragilots for each discovery analysis are shown in

Figure 2. The genomic inflation factdr) (varied between 1.03 and 1.05 (see supplemeniguyd-2).

PHASE 1 REPLICATION ANALYSIS:

The 68 loci identified in discovery analysis weeduced to 50 independent risk loci, following the
phase 1 replication meta-analysis and subsequampahg (Supplementary Table 6). Of these 50,
nine loci were significantly associated with alcbredated cirrhosis at a FDR of <20%. Four of these

viz PNPLA3:rs738408 (in complete LD witRNPLA3:rs738409)UGP1:rs10401969 (in strong LD
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with TM6SF2:rs5854926)SERPINAL:rs28929474; anlHSD17B13:rs7694379 - are already known to
modulate the risk for alcohol-related cirrhosisace in strong LD with known loci. The remaining
five loci have not previously been associated aitohol-related liver diseasez
HNF1A:rs11065384ARHGEF3:rs12485738; rs2954038 (near i/ B1 gene);

HNRNPUL1:rs15052; and/MARC1:rs2642438. No additional significant loci werentiBed when

using the extreme phenotyping discovery approach.
PHASE 2 REPLICATION ANALYSES:

In the independent replication cohort, six of tirenvariants identified in the phase 1 replicatizere
associated with cirrhosis at an FDR of <5% (Tabg& Qupplementary Table 7). Of these six, four are
already known, or are in linkage disequilibriumiwitariants known to modulate cirrhosis risk

(rs738408; rs10401969; rs28929474; rs7694379).

The two variants remaining were:N\JARC1:rs2642438 on chromosome 1; and ii)
HNRNPUL1:rs15052 on chromosome 19. The minor A allele 0842238 was associated with a
reduced risk of cirrhosis in age/sex adjusted (OR;095%Cl:0.65-0.89; p=5.37 x tpand
age/sex/BMl/diabetes adjusted (aOR: 0.76; 95% 64:0.91; p=2.7 x 18) analyses, suggesting a
protective effect. Conversely, the minor C allelesd5052 was associated with an increased risk of
alcohol-related cirrhosis in age/sex adjusted (OR;195% Cl: 1.02-1.52; p=3.2 x Tpand
age/sex/BMl/diabetes adjusted (aOR:1.30; 95%CI:1.62; p=2.0 x 18) analyses, suggesting a
detrimental effect (Figure 3). Regional associaptois forMARC1:rs2642438 and

HNRNPUL1:rs15052 are provided in Supplementary Figures 3-7.
FUNCTIONAL CONSEQUENCES OMARC1 AND HNRNPUL1 LOCI
BIOINFORMATIC DATABASE INTERROGATION:

The rs15052 risk variant lies in the 3’ untrandategion of the Heterogeneous Nuclear
Ribonucleoprotein U Like (HNRNPUL1; chromosome 19), It has a CADD score and Regulome DB
score of 13.94 and 5, respectively (see Supplemeftble 8). The frequency of the minor

rs15052:C allele in the UKB population is 17.8%¢ #ncestral allele is T, which is conserved within
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mammals (see Supplementary Figure 8). Of note DEA Bes within a 16.8KB enhancer region
(GeneHancer ID: GH19J041294) that regulates exjpres$ 27 genes, including the Transforming
Growth Factor Beta (TGFB1) gene GTEXx data indicates that rs15052:C is associatéuinéreased
expression oTGFB1 andCoiled-Coil Domain Containing QCCDC97) in liver and/or adipose
tissue. In addition, chromatin interaction mappimgjcates that rs15052 interacts physically with th

CEA Cell Adhesion Molecule 2(CEACAM21) gene

The rs2642438 variant is a missense variant itMitechondrial Amidoxime Reducing Component 1
(MARC1) gene, resulting in a Alanine [GCC] to Threonin€Cf2] substitution at amino acid position
165 of the MARC1 protein (A165T). The PolyPhen-gaaithm predicts that this substitution has a
deleterious impact on MARC1 protein function withigh score of 0.958 (sensitivity: 0.78;
specificity: 0.95). The frequency of the minor Aetd is 29.7% in the UKB population; the ancestral
allele is G, which is conserved among mammals, @viglclawed frogXenopus laevis)

and also Actinopterygii (clownfistmphiprion percula) - see Supplementary Figure 9. GTEX data
suggest that rs2642438:A is associated with redegpression of uncharacterized Chromosome 1
Open Reading Frame 1{61orf115) gene in cultured fibroblasts cells, and seconiuiy it is
associated with alternative splicing of MARC1 pr&NA in adipose tissue (see Supplementary

Table 8).

MRNA EXPRESSION ANALYSIS

MRNA expression levels were obtained in 113 livgsues samples for: (NGFB1, CEACAM21,
CCDC97, andHNRNPUL1 with respect to rs15052 genotype; andNMIHRC1 andClorfl115 with
respect to rs2642438 genotype. The rs15052:C all@deassociated with increased expression of
TGFBL (p=0.026),CEACAM21 (p=0.012), but noEDC97 (P=0.52) oHNRNPUL1 (p=0.65). The
rs2642438 locus was not associated with eih&RC1 expression (p=0.95) @1lorfll5 (p=0.93);

see Supplementary Figure 10.

GENETIC RISK SCORE PERFORMANCE:
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A total of 107,014 UKB participants met the at-rigkeria for NAFLD. These participants were
followed up for 7.9 years on average, during whiote 562 incident liver cirrhosis hospitalizations
were observed equating to a crude incidence raée3aévents per 10,000 person years of follow-up.
There was a clear dose-response relationship betiheeGRS quintile and the risk of cirrhosis
hospitalization. Participants in the highest risikngjle had more than a 3-fold higher risk versus
individuals in lowest quintile after adjustment foge, gender, BMI, diabetes and alcohol intake (HR:
3.16; 95% CI: 2.38-4.21) (see Figure 4 and TahldB8¢ GRS C-statistic was 0.62 (95% CI: 0.59-
0.64); but increased to 0.68 (0.65-0.70) when coetbivith age and sex. In the sensitivity analyses,
associations by quintile and the C-statistic wayg orodestly affected by the FDR selection (see

Supplementary Table 9).

DISCUSSION

It is generally agreed that genetic factors playngportant role in determining an individual's
susceptibility to develop alcohol-related cirrhdsis] Only a small number of associated risk fegto
have been identified to date.[9-12, 38] As a compiait, it is highly likely that additional geneti
modifiers exist.[39] Uncovering these variants collp to identify new therapeutic targets for
treatment, and also improve patient risk stratifoza Against this backdrop, we combined data from
the UKB resource with data from clinical cohortsess Europe, to produce the largest, broadest and
most comprehensive GWAS on alcohol-related cirasidertaken thus far. Our findings confirm
the key roles played by several of the known raskViz PNPLA3:rs738409;TM6S-2:rs58542926;
HSD17B13:rs72613567 an8ERPINAL:rs28929474.[9-12, 38] However, we were not ablealidate
the risk variant rs641738 iIMC4/MBOAT7 which was detected as a risk locus for alcohatitosis

in our previous GWAS.[9] It was not associated vetty of our discovery analysis phenotypes at the
requisite genome-wide significance level, but ityamarrowly missed this level in relation to ALT

and AST withP=8.31 x 10 andP=3.49 x 10, respectively (see supplementary table 10).
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As well as confirming most loci known to-date, wavh also discovered two additional risk variants
for alcohol-related cirrhosi®1ARC1:rs2642438, which has also been identified indepstiglas a
risk factor of cirrhosis regardless of etiologyaimother very recent publication,[40] and
HNRNPUL1:rs15052 which has not been described so far. Thwastoci modify the risk of alcohol-
related cirrhosis in opposite directions. Carriagghe minor A allele oMARC1:rs2642438 is
associated with protection from alcohol-relatedhasis; while carriage of the minor C allele of
HNRNPUL1:rs15052 is associated with an increased risk ahalerelated cirrhosis (see Figure 2).
The identification of these additional loci in theesent study, but not in others,[9-12] is likedybie
due to: (i) high statistical power, gained by conntg large discovery (N=35,839) and replication
(Effective sample size: 4,599) cohorts; and (i@ tiovel inclusion of fibrogenesis endophenotypes in
the discovery analysis. For exampldNRNPUL1:rs15052 would not have been identified in this

study without including APRI or FIB-4 in the disaay analysis.

TheMARC1 gene is predominantly expressed in liver and sialoewous adipose tissue, and the
corresponding MARC1 protein is located in the omt@ochondrial membrane.[41] Mitochondrial
damage is a well-described key feature of alcohatiated hepatocellular injury by increasing
oxidative stress through the respiratory chain,iatetference with beta-oxidation and lipogenesis
leading to liver cell apoptosis and steatosis,eespely.[42] MARCL1 protein plays an important role
in reducing N-hydroxyl compounds, and in this waynvolved in detoxification of xenobiotics. The
crystal structure of human MARCY, its catalytic im&aism, and its ability to reduce a wide range of
N-oxygenated compounds has recently been desddBgeHowever, its function is still incompletely
understood and it is not known whether it may @ayple in the metabolism of acetaldehyde, the toxic
and mutagenic degradation product of alcohol oiddatAcetaldehyde is generated from ethanol by
cytosolic alcohol dehydrogenase and microsomalotytome P450 2E1, and further degraded to
acetate in mitochondria through enzymatic converbpaldehyde dehydrogenase.[44] MARC1 also
plays a role in the regulation of nitric oxide puation [45], a powerful vasodilator that alters
intrahepatic vascular resistance in the liver [4®jus, there are many ways in which altered MARC1

function could contribute to the pathophysiologycwfhosis. At a functional level, the protective
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rs2642438:A allele results in an Alanine to Threeramino-acid substitution at position 165 of the
MARC1 protein, which PolyPhen-2 predicts is delietes to MARC1 protein function. Thus, loss of
MARC1 function appears to be beneficial with respedowering the risk of alcohol-related

cirrhosis. On this basis, therapeutic inhibitiomgeening of MARCL1 function may be an interesting

avenue to explore in future work if the protein tentargeted.

HNRNPULL1 protein has dual DNA and mRNA binding @fjland thus can regulate DNA
transcription as well as pre-mRNA processing. Irirgaship with Bromodomain-containing protein
7, HNRNPUL1 can bind to the DNA glucocorticoid regpe element (GRE), and activate
transcription.[47] The GRE is present in the proenoégion of multiple genes that regulate
inflammation, and its activation may be among tleehanisms through which corticoid treatments
for alcohol hepatitis reduce liver inflammation.J48ata from GTEXx as well as our mRNA expression
analysis, demonstrate that rs15052:C is assoadtadncreased expression ©GFBL in liver tissue.
TGFBL1 is a potent profibrogenic cytokine produced by emefiymal hepatic stellate cells and portal
myofibroblasts, the main effector cells involvediie production of extracellular matrix components
including collagens.[49] Increased hepatic exporssf TGFBL in vivo leads to the emergence of
prominent liver fibrosis.[50] The presence of a GREhe promoter region GfGFB1 may suggest
that HNRNPULL1 can regulafEGFBL1 directly.[51] However, the functional basis foethssociation
between rs15052 anidsFB1 expression most probably relates to rs15052’gipaswithin a 16.8 Kb
enhancer genomic region (enhancer ID: GH19J0412%3.enhancer interacts with 27 distinct
genes, includingGFBL1, and contains binding sites for a wide panel afdcaiption factors, some of

which — e.g. the Aryl Hydrocarbon Receptor — areviim regulators oTGFB1 expression.[52]

We were not able to validate the rs641738 riskardrin TMC4/MBOAT7 due to it narrowly missing
the required genome-wide significance level indiscovery analysis (see supplementary table 10).
Thus, although this study represents the largastast comprehensive GWAS for alcohol cirrhosis
to-date, the possibility of “false negative” resulievertheless remains. On this basis, it is likedy
some common variants that influence risk of alcabtdted cirrhosis still remain undiscovered. On a

related note, some variants identified in our pHaseplication stage that did not replicate in ghas
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may still warrant further investigation becausertfalure to replicate may only reflect inadequate
statistical power (i.e. a type 2 error) as oppdeegltrue null association. This includes rs104@1i96
hepatocyte nuclear factor 1 homeobox A (HNF1A) and the rs2954038 variant near thibbles
homolog 1 (TRIB1) gene. The samERIB1 region was identified in a recent GWAS of NAFLD,

lending further credibility to the relevance ofgtocus.[53].

As well as providing insight into the pathobiologfyalcohol-related cirrhosis, a deeper understandin
of the underlying genetics could, in time, helmidians differentiate the minority of liver disease
patients at high risk of serious liver morbiditgiin the low risk majority. In principle thereforenst
genetic data may help to increase earlier detedfiahronic liver disease in high risk patienthug
addressing the issue of frequently delayed diagrafsihronic liver disease.[17,18] A cirrhosis GRS
was, therefore, developed based on variants ideshiii our phase 1 analysis. To test this score
objectively, we were mindful of the need to asstssperformance in an independent set of patients
(i.e. a different set of participants from thosedito develop the score in first place).[37] Td #nad,
we examined how good this score performed at piiadifirst-time hospitalization for cirrhosis
among UKB participants with risk factors for NAFLB disease that shows great overlap and
multiple similarities (including the underlying hiagenetics) with alcohol-related liver disease.[54]
Although individuals with a risk score in the topiwtile had more than 3 times the risk of cirrhosis
versus individuals in the lowest quintile, the @tssttic indicated that by itself, this score isikely to
offer adequate discrimination for effective clifidacision making. Further validation in an

independent population of heavy drinkers is cleadyranted.

In summary, in addition to confirming several knoganetic risk factors for alcohol-related cirrhgsis
this GWAS, the largest and broadest to date, heatifted two further risk loci: rs2642438 MARC1

and rs15052 iINRNPUL1. These variants, amongst others, warrant fundtiomastigation.
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Table 1. Summary of the data sources and subgrmgusin this study
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Table 2. Summary of the discovery analysis andeha? replication results.

Table 3. Association between quintiles of genesk score and incident cirrhosis hospitalisation in

UK biobank participants with risk factors for nole@holic fatty liver disease.
FIGURE LEGENDS
Figure 1. Derivation of discovery GWAS cohort

Figure 2. Discovery analysis Manhattan Plots. lidentified in our phase 1 replication analysis are

highlighted in red if significant at P<5.0 x @ith the corresponding phenotype

Figure 3. Association dflARC1:rs2642438 antiNRNPUL1:rs15052 with alcohol-related cirrhosis
in phase 2 replication. All associations are agi$or a minimum of age and sex. “Full adjustment”
refers to adjustment for Type 2 diabetes and BBlkvall as age and sex. Phase 1 analysis also
includes adjustment for the first five principaheoonents of genetic ancestry. Phase 1 replication
analysis is based on data from a previous Euro@&8AS of alcohol-related cirrhosis,[9] plus data
from a nested alcohol-related case-control studiye from the UK biobank (total effective sample
size:2 546). Phase 2 replication analysis is basd@o independent datasets from Germany

(effective sample size:1926) and Switzerland (Effecsample size: 142). See main text for full

details.

Figure 4. Association between genetic risk scoceregk of cirrhosis hospitalization among UK
biobank participants at risk of non-alcoholic fditser disease. Association is adjusted for age, se

BMI, diabetes and alcohol consumption.
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Table 1: Summary of the data sources/subgroupsingbis study

Analysis stage

Data source Cohorts

Germany[35]

Characteristic
Number Median age, yrs Sex (% men)  Median BMI (IQR) % Type 2 diabe
(IQR)
Discovery analysis UK Biobank Alcohol intake: WomezBunits/week; Men >36 units/week 35839 58 (51-63) 63 7.3%24.7-30.1) 3.7
Phase 1 replication Rep #1. Buch et al UK  Cases: alcohol-related cirrhosis 302 53 (47-60) 68 24.8 (22.8-26.8) 0.0
cohort [9]* Controls: heavy drinkers without alcohol liver dise 346 49 (42-56) 77 24.6 (22.8-26.6) 0.0
Rep #2. Buch et al GermanCases: alcohol-related cirrhosis 410 53 (47-71) 71 26.2 (22.8-29.3) 24.0
cohort [9]* Controls: heavy drinkers without alcohol liver dise 1080 42 (36-48) 100 24.8 (22.7-27.5) 4.0
Rep #3. UK Biobank Cases: alcohol-related cirrhosis 178 60 (53-63) 76 29.0 (25.5-32.8) 21.9
Controls: non-teetotal participants without evideit liver disease 298 248 59 (51-64) 45 26.6 (24.729. 3.8
Phase 2 replication Rep#4. Germany validati®@ases: alcohol-related cirrhosis 1272 59 (52-66) 82 27.0 (24.0-30.2) 36.6
cohort* Controls: heavy drinkers, no evidence of liver dise 775 49 (41-55) 78 24.4 (21.8-27.1) 5.0
Rep#5. Switzerland Cases: alcohol-related cirrhosis 312 64 (57-71) 85 26.0 (22.8-29.4) 345
validation cohort* Controls: heavy drinkers, no evidence of liver dise 40 63 (58-69) 58 24.8 (22.3-29.0) 13.8
Genetic risk score UK Biobank UKB NAFLD risk factorbgroup 107 014 59 (52-64) 43 32.6 (30.9-35.4) 16.9
Functional analysis Kiel University, Liver biopsy cohort with mRNA expression data 113 (46-60) 43 42.4 (25.8-51.5) 21.6

* Data for BMI and type 2 diabetes is missing f@0%6 of participants
Texcludes individuals included in the UK biobankatigery analysis.



Table 2: Summary of discovery analysis and pha@eréplication results

Discovery analysis

Phase 1 replication

Phase 2 replication analysis**

Replication analy&imse 1 + 2 **

analysis**
VARIANT INFORMATION P_value for association (N=35 839) Pooled rep#1+82+#|Rep#4+#5: N_eff=2068 Pooled rep#1-#5 Directior?
(N_eff'=2 545) (N_eff'=4613) (rep#L#2#3
#4; #5)
SNP Ref:Alt  Chr Alt allele Nearest Gene FORNS APRI FIB4 AST ALT Beta P-value Beta IBeva FDR 5% | Beta P-value
allele freq*
rs738408 cT 22 0.216 PNPLA3 221x10° 6.77x10° 8.94x10" 1.74x10° 7.51x10% [0.734 354X 10* [oss! 2.42x1® YES 0.803 221 X107  +++++
rs10401969 T:C 19 0.077 SUGPL 9.15x1¢F 367x1F 2.62x10' 350x10° 1.13x10° [0.678 574X10° |0.63" 3.95x1C’ YES 0.660 1.21 X105  +++++
rs11065384 cT 12 0.307 HNF1A 1.86x10° 2.20x10" 1.86x10° 4.12x10° 3.35x10° [0.275 7.10X10° [0.108 157x1ct NO 0.199 1.01x10"  ++++-
rs11925835 cT 3 0.424 ARHGEF3 5.88x10° 1.31x10" 4.40x10° 321x100 1.36x10' [-0235 7.32x10° |0.031 6.62x10' NO 0.134 6.64x10° ----+
1528929474 cT 14  0.020 SERPINAL 320x10' 6.96x10° 1.11x100 1.12x1¢Ff 367x10° [0561 7.47x10° |1.029 508x10° YES 0.717  2.77Xx10  +++++
1$2954038 AC 8 0300 TRIBL 1.66x10' 3.52x10° 2.08x10*? 2.09x10 3.77x10° [0.160 1.29X10*> [0.09F 2.44x10" NO 0.140 8.75X10°  +++++
rs15052 T:C 19 0.178 HNRNPUL1 1.14x10 6.87x10° 6.65x10% 545x10° 2.25x100 [0.222 1.34X10° |0.218 3.20x10* YES 0.220 1.06x10°  -++++
rs2642438 GA 1 0.297 MARCL 7.28x10° 6.25x10°F 2.13x10° 2.11x10" 8.87x10° [0.177 1.97X10*> |-0.273 538x10" YES -0.223 451x10°  -----
rs72613567 T.TA 4 0.279 HSD17BI3 1.23x10° 6.33x10° 3.00x10° 1.44x10“ 1.38x107 |-0.166 2.76 X10° |-0.316 6.61x10° YES 0.237 1.38x10°  -----

* refers to the allele frequency observed in theBiglbank Caucasian British subset, excluding relagdicipants.
T effective sample size varies marginally for e8P

** Data adjusted for age and sex.

§ "+" direction indicates that Alt allele is assdei@with increased risk of cirrhosis relative te fRef allele; Vice versa, "-" direction indicatkattAlt allele is associated with a reduced riskintosis relative to the Ref allele
| association is based on rs738409 (r2=1.0) incaftin cohort #4; § association is based on rs58822=0.91) in replication cohort #4; ; ¥ asstiorais based on rs2980888(r2=1.0) in replicationart #4.

Grey shaded cells denote statistical significanagiscovery analysis at the standard genome-wtéfisiance level (P<5.0 x 150

Abbreviations: SNP — single nucleotide polymorphisfRI- serum aspartate transaminase /platelet; faliB4 — Fibrosis-4 Index; AST — serum aspartetedaminase; ALT — serum alanine transaminase



Table 3. Association between quintiles of genesic score and incident cirrhosis hospitalisation
in participants with risk factors for Non-Alcoholikatty Liver Disease

Genetic risk scorfPerson years of Events  Incident rate UNADJUSTED ADJUSTED*

(quintiles) follow-up per 10,000 HR (95% CI) P-value HR (95% CI) P-valug
PYs

1 (lowest risk) 171896 72 4.19 REF (1.00) \ REF (1.00) \

2 174261 85 4.88 1.25 (0.90-1.73) 0.180 1.30 (0.93-1.81).16D

3 179536 107 5.96 1.44 (1.06-1.98) 0.022 1.44 (1.04-2.0@).026

4 155611 103 6.62 1.75 (1.29-2.37) <0.001  1.77 (1.30)2.4%0.001

5 (highest risk) 166357 195 11.72 3.12 (2.37-4.12) <0.00 3.16 (2.38-4.21) <0.001

*adjusted for age; gender; BMI; diabetes and wmlitehol consumed per week
Abbreviations: HR- hazards ratio; Cl- confidenceimals



Figure 1. Derivation of discovery GWAS cohort
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Figure 2. Discovery analysis Manhattan plots*
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Figure 3. Association of MARC1:rs2642438 and HNRNPUL1:rs15052 with alcohol-related cirrhosis in phase 2 replication

Gene Variant Replication analysis

MARC1 rs2642438 (A vs G allele) Phase 1 — - p=0.0197

Phase 2 — = p=0.000537

Phase 2: full - =
adjustment

p=0.00273

HNRNPUL1 rs15052 (C vs T allele) Phase 1 . p=0.0134

Phase 2 — p=0.032

Phase 2: full — p=0.020
adjustment

.6 .8 1 1.é 1.4 1.6
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Associations are adjusted for a minimum of age and sex. “Full adjustment” refers to adjustment for Type 2 diabetes and BMI, as well as age and sex. Phase 1 analysis also includes adjustment for the first five principal
components of genetic ancestry. Phase 1 replication analysis is based on data from a previous European GWAS of alcohol-related cirrhosis[9], plus data from a nested alcohol-related case-control study derived from the UK
biobank (total effective sample size:2 546). Phase 2 replication analysis is based on two validation datasets from Germany (effective sample size:1926) and Switzerland (Effective sample size: 142). See main text for full details.



Figure 4. Association between genetic risk score and risk of cirrhosis hospitalisation, among UK biobank
participants at risk of non-alcoholic fatty liver disease.
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*adjusted for age, sex, BMI, diabetes and alcohol consumption



WHAT YOU NEED TO KNOW:

Background and Context: Few genetic factors have been associated with development of

acohol-related cirrhosis.

New Findings: In a GWAS of samples from the UKB, the authorsidentified and validated
(in 5 European cohorts) single-nucleotide pol ymorphisms that affect risk of acohol-related
cirrhosis in opposite directions: the minor A alelein MARC1:rs2642438 decreases risk

whereas the minor C alelein HNRNPUL1:rs15052 increases risk.

Limitations: Studies are needed to determine how variants in these genes might contribute to

development of cirrhosis in patients with acohol use disorders.

I mpact: These findings might be used to identify patients at risk for cirrhosis and to

determine mechanisms of liver fibrogenesis.

Lay Summary: The authors identify genetic features that increase risk of cirrhosisin persons

with high acohol intake.



