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Abstract

Background: Polygenic Risk Scores (PRS) based on results from genome-

wide association studies offer the prospect of risk stratification for many

common and complex diseases. We developed a PRS for alcohol-

associated cirrhosis by comparing single-nucleotide polymorphisms among

patients with alcohol-associated cirrhosis (ALC) versus drinkers who did not

have evidence of liver fibrosis/cirrhosis.

Methods: Using a data-driven approach, a PRS for ALC was generated

using a meta-genome-wide association study of ALC (N=4305) and an

independent cohort of heavy drinkers with ALC and without significant liver

disease (N=3037). It was validated in 2 additional independent cohorts from

the UK Biobank with diagnosed ALC (N=467) and high-risk drinking controls

(N=8981) and participants in the Indiana Biobank Liver cohort with alcohol-

associated liver disease (N=121) and controls without liver disease

(N=3239).

Results: A 20-single-nucleotide polymorphisms PRS for ALC (PRSALC)

Abbreviations: ALC, alcohol-associated liver cirrhosis; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; GWAS, Genome-
wide Association Study; HSD17B13, hydroxysteroid 17-beta dehydrogenase 13 gene; IB-Liver, Indiana Biobank Liver; ICD, International Classification of Diseases;
KLHL8, Kelch-like family member 8 gene; LNG, Laboratory for Neurogenetics; MASLD, metabolic dysfunction–associated steatotic liver disease; MBOAT7,
membrane-bound O-acyltransferase domain containing 7; NIAAA, National Institute on Alcohol Abuse and Alcoholism; NPV, negative predictive value; PDE7B,
phosphodiesterase 7B gene; PNPLA3, patatin-like phospholipase domain-containing 3 gene, PPV, positive predictive value; PRS, Polygenic Risk Score; R-sq,
R-squared; SERPINA1, serpin family A member 1 gene; SNP, single-nucleotide polymorphism; SUGP1, SURP and G-patch domain containing 1; TM6SF2,
transmembrane 6 superfamily member 2 gene; UKB, UK Biobank.
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was generated that stratified risk for ALC comparing the top and bottom

deciles of PRS in the 2 validation cohorts (ORs: 2.83 [95% CI: 1.82 -4.39] in

UK Biobank; 4.40 [1.56 -12.44] in Indiana Biobank Liver cohort). Further-

more, PRSALC improved the prediction of ALC risk when added to the

models of clinically known predictors of ALC risk. It also stratified the risk for

metabolic dysfunction -associated steatotic liver disease -cirrhosis (3.94

[2.23 -6.95]) in the Indiana Biobank Liver cohort -based exploratory analysis.

Conclusions: PRSALC incorporates 20 single-nucleotide polymorphisms,

predicts increased risk for ALC, and improves risk stratification for ALC

compared with the models that only include clinical risk factors. This new

score has the potential for early detection of heavy drinking patients who are

at high risk for ALC.

INTRODUCTION

Polygenic risk scores (PRS) offer a tool for stratifying
disease risk and initiating action in the presymptomatic
phase for a wide range of common diseases that do not
currently have useful biochemical or physiological risk
markers.[1–5] PRSs are generated from genome-wide
association studies[1,6,7] and increasingly, from sequencing
data, which can provide information on less common but
large-effect variants.[8] In either case, large cohort-based
studies are needed to derive unbiased estimates of effect
sizes, which are often small to moderate, as hundreds of
thousands of variants are likely to be involved in the
genetic underpinnings of common and complex diseases.

Because the genetic architectures of common dis-
eases (ie, the number and effect sizes of loci contributing
appreciably to the overall risk) vary considerably, PRS
needs to be evaluated on a case-by-case basis using
ORs and measures of sensitivity and specificity. In the
context of risk stratification, sensitivity does not neces-
sarily need to meet the high levels required for a
diagnostic test, but it is essential that people in the top
decile or quintile for PRS have a substantially elevated
risk compared to the general population or those in the
lower-PRS deciles. Specificity also needs to be consid-
ered; does the PRS identify risk for only one disease, for
a group of diseases that have a genetic component in
common, or for diseases that have previously been
viewed as unrelated? Lack of specificity might not be a
disadvantage, provided that its impact on any PRS-
based diagnostic or management pathway is recognized.

We have recently developed and evaluated a 3 single-
nucleotide polymorphism (SNP)-based risk score for
alcohol-associated liver cirrhosis (ALC).[9] This 3-SNP–
based genetic risk score included well-known genetic risk
loci for both alcohol-associated and nonalcohol-associated
liver diseases, using rs738409 for patatin-like phospholi-
pase domain-containing protein 3 (PNPLA3),[10] rs6834314

for hydroxysteroid 17-beta dehydrogenase 13
(HSD17B13),[11] and rs10401969 for Transmembrane 6
superfamily member 2 (TM6SF2).[12] The score identified a
3-fold difference in risk (for cirrhosis among high-risk
drinkers) between people in the top and bottom quintiles,
which was also recently confirmed in an independent
cohort.[13] The score performed well for risk stratification in
ALC, comparably to PRSs for other common diseases with
larger sample sizes (N ≥100,000) and based on hundreds
of thousands of variants.[6,14]

Two questions arise from our 3-SNP genetic risk
score. First, can the inclusion of additional loci (SNPs),
and hypothesis-free generation of a risk score by an
algorithmic process, improve the estimate of genetic
risk for developing alcohol-associated cirrhosis? Sec-
ond, can the PRS for alcohol-associated cirrhosis also
stratify risk for other related liver diseases? To answer
these questions, we generated a new a priori PRS using
a data-driven approach (ie, PRSice-2)[7] using results
from our and other Genome-wide Association Study
(GWAS)[10,15] on ALC risk and from an additional
GenomALC-2 cohort including patients with ALC and
heavy drinking controls. We also validated the new PRS
in 2 independent cohorts, the UK Biobank (UKB) and
the Indiana Biobank Liver (IB-Liver) cohort.

METHODS

Principles of generating PRS for ALC

Three independent data sets are required to generate
and validate a PRS;

(1) Base GWAS that contains variants’ p-values and
allelic effect estimates

(2) Target cohort that contains individual-level geno-
types and phenotype data
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(3) Validation cohort(s) that also contains individual-
level data but independent of the base and target
cohorts.

The p-values from the base GWAS are used to filter
SNPs based on significance. At each p-value thresh-
old, betas from SNPs that pass the threshold are
multiplied by the genotype values in the target data to
calculate a PRS. This is done across multiple p-value
thresholds to generate many PRSs. The PRS that
maximizes the variance explained in the target data is
chosen as the best PRS. It is then validated in an
independent cohort.

In the present study, combined GWAS data from
the GenomALC-1 and the Laboratory for Neuroge-
netics (LNG) cohorts and the summary statistics
reported by Buch et al[10] were meta-analyzed to
provide the Base GWAS. Data from the Target
GenomALC-2 cohort was used to generate and
identify the PRS that maximized the variance
explained. Data from the UKB and the IB-Liver cohort
were used as independent Validation cohorts. Details
of the individual cohorts are described below and
summarized in Figure 1.

Base GWAS participants

GenomALC-1

The GenomALC study participants were recruited at
clinical sites in Australia, France, Germany, Switzerland,
the United Kingdom, and the United States using our
previously published enrollment protocol.[16] Briefly,
chronic heavy drinkers who reported consuming ≥80 g
of alcohol/day (male) or 50 g/d (female) for ≥10 years
with cirrhosis (cases) or without significant alcohol-
associated liver disease (controls) were recruited. Con-
trols (N=764) were defined as having normal bilirubin,
aspartate aminotransferase (AST), and alanine amino-
transferase levels at the time of heavy alcohol use and no
prior evidence of liver injury. Cases (N=1128) were
defined by at least one of the following: (1) clinically
evident portal hypertension or decompensated cirrhosis
(eg, ascites, esophageal varices, HE), (2) FibroScan
stiffness >22 kPa if AST <100 IU/L/>32 kPa if AST
100–200 IU/L/exclude if AST >200 IU/L, or 3) liver
histology data (Metavir score of F4) if available. Patients
with HIV, viral hepatitis, hemochromatosis, or other liver
diseases were excluded.[16] The study was approved by

•    GenomALC-1
        •    1,128 alcohol-related cirrhosis cases
        •    764 heavy drinking controls)
•    NIAAA-LNG
        •    235 heavy drinking controls)
•    Buch et al.
        •    712 alcohol-related cirrhosis cases
        •    1,466 drinking controlsG
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Base GWAS cohorts

•    UK Biobank
        •    467 alcohol-related cirrhosis cases
        •    8,981 heavy drinking controls
•    Indiana Biobank Liver Cohort
        •    121 alcohol-related cirrhosis cases
        •    3,239 controls no known liver disease

Validation in ALC
•    Indiana Biobank Liver Cohort
        •    470 NAFLD cirrhosis cases
        •    3,239 controls no known liver disease

Exploration in NAFLD

•    GenomALC-2
        •    2,432 alcohol-related cirrhosis cases
        •    605 heavy drinking controls

Generate multiple PRSs using summary
statistics from Base GWAS results

Assess performance of each PRS and
choose one that maximized Rsq

Apply the PRS to assess its performance
in independent cohorts of ALC cases

and controls

Apply the PRS to assess role in
predicting risk for non-alcohol related

cirrhosis

Target GWAS cohort

F IGURE 1 Flowchart of cohorts. Flowchart depicting the overall study design and number of participants included in each component.
Abbreviations: ALC, alcohol-associated liver cirrhosis; GWAS, Genome-wide Association Study; NIAAA, National Institute on Alcohol Abuse and
Alcoholism; PRS, Polygenic Risk Score; R-sq, R-squared.
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appropriate Ethics Committees or Institutional Review
Boards at each site and conformed to the ethical
guidelines of the 1975 Declaration of Helsinki. Genotyp-
ing was performed using the Global Screening Array v1.0
(Illumina, 5200 Illumina Way, San Diego, CA 92122).
Genotyped SNPs were filtered for call rate, violation of
the Hardy-Weinberg equilibrium, and minor allele
frequency. Samples were checked for genotyping rate,
sex, and unexpected relatedness. Genetic ancestry was
determined using SNPRelate package using the 1000
Genomes Project as reference. Additional genotypes
were imputed using the Michigan Imputation Server.[17]

Additional details on GWAS data cleaning are
available.[15]

LNG cohort

LNG and Office of the Clinical Director at the National
Institutes on Alcohol Abuse and Alcoholism
(NIAAA, Rockville, MD) provided 235 heavy drinking
controls (per GenomALC-1 definitions) under proto-
cols (98-AA-009; 05-AA-0121). Participants had no
known liver disease or serious medical issues requir-
ing ongoing treatment. Genotype data (Illumina
OmniExpress Bead Chip) were cleaned and imputed
in the same manner as GenomALC-1 data as
described above. This additional control cohort was
used in a combined GWAS analysis with the
GenomALC-1 data.

Buch and colleagues’ cohort

The summary statistics from GWAS of 712 ALC cases
and 1466 drinking controls were obtained from http://
gengastro.med.tu-dresden.de/suppl/alc_cirrhosis/ to be
meta-analyzed with GenomALC-1 plus NIAAA cohort’s
GWAS results. Detailed information on the Buch et al[10]

cohort is available.

Target cohort participants

GenomALC-2 cohort

The GenomALC-2 DNA samples and project-specific
data were donated by research groups who had
independently collected them for prior genetic studies
of alcohol-associated liver disease. Patients gave
informed consent, and the studies were approved by
the appropriate Ethics Review Boards. Patients enrolled
in GenomALC-2 were from hospitals and clinics in the
countries in GenomALC-1 and from Belgium. Cases
and controls were defined similarly to GenomALC-1.
Some GenomALC-2 samples that overlapped with the
Buch et al[10] GWAS were removed from this analysis,

leaving 2432 cases and 605 controls in the target
cohort. Genotype data were cleaned and imputed using
the same pipeline as for cleaning GenomALC-1 and
LNG cohorts. Detailed information on this cohort is
available.[9]

Validation cohorts participants

UKB cohort

Data from the UKB were accessed under approval
number 18870. All participants gave informed consent,
consistent with the UK Biobank Ethics and Governance
Framework. Cirrhosis cases (n= 467) were defined as
having International Classification of Diseases (ICD)10
code K70.3; “alcohol-associated cirrhosis of liver’, or
ICD-9 code 571.2, “Cirrhosis, liver, alcohol-associated
or ICD10 code K70.1; “alcoholic hepatitis without
ascites” or ICD-9 code 571.1, “acute alcoholic hepatitis.”
Controls (n=8981) were defined as having (1) reported
alcohol intake of ≥ 80 g/d (males) and ≥50 g/d
(females) and/or (2) ICD10 diagnosis of F10.2 (mental
and behavioral disorders due to alcohol) but with no
recorded diagnosis of any liver disease as defined
previously.[18] Genotype data were cleaned and imputed
by the UKB investigators. Additional details are avail-
able in our previous report.[15]

The Indiana Biobank (IB) liver cohort (IB-Liver)

The IB-liver participants were recruited through the
Indiana Biobank, which is a centralized statewide
biobanking initiative at Indiana University, Purdue
University, and the University of Notre Dame. Enrolled
participants’ medical information is obtained from the
Indiana Network for Patient Care research database.
Indiana Biobank cohort participants were recruited in-
person from participating clinics and consented to
research under IB protocol approved by Institutional
Review Boards at respective institutes.

Chronic liver disease cases were identified using
ICD9/10 liver disease–specific codes and subse-
quently confirmed via electronic medical chart review
(N= 1033). Among chronic liver disease cases,
cirrhosis was defined by liver histology (Metavir stage
IV fibrosis), imaging (liver suggestive of cirrhosis or
ascites), or a clinical diagnosis of ascites, esophageal
varices, or HE (N= 591). To further specify the
cause of cirrhosis, alcohol-associated versus meta-
bolic dysfunction–associated steatotic liver disease
(MASLD), clinical notes were reviewed for indications
of alcohol use disorder history and ICD codes for
alcohol-associated cirrhosis. After chart review, 121
participants were identified as having ALC and 470
patients with MASLD-cirrhosis.
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Liver disease–free controls from the Indiana
Biobank (IB-Liver cohort) were identified as those
without a liver-specific ICD9/10 code or laboratory
data, suggesting a risk for liver injury or disease (ie,
abnormal AST, alanine aminotransferase tests, posi-
tive HBsAg, or hepatitis C antibody). In total, 3239 IB
participants were identified as liver disease–free
controls.

Genotyping was performed using the Global
Screening Array v1.0 (Illumina, 5200 Illumina Way,
San Diego, CA) by Regeneron. Genotype data
cleaning and imputation were done using the pipeline
published previously for GenomALC[15] and as
described above.

Generating PRS for ALC

Base GWAS

Base GWAS results used to generate PRS were from
meta-analysis of the combined GenomALC-1 and
LNG cohorts GWAS, which comprises 1128 cases
and 999 controls (adjusting for age, sex, and the
first 10 principal components) and summary statistics
reported by Buch et al.[10] (including 712 case
and 1466 controls). We removed ambiguous SNPs
(having A/T or C/G allele combination, where allele
flips cannot be resolved) to avoid meta-analyzing
opposite alleles together, and InDels. In total,
meta-analysis included 4,882,650 SNPs and was
conducted using METAL[19] with a genomic control
option.

Generation of PRS

First, PRSice-2[7] was used to define a set
of independent SNPs that represent all associated
loci from the base GWAS. A total of 19,271
independent SNPs were identified based on linkage
disequilibrium patterns in the target data (GenomALC-
2) using an R-squared (R-sq) value a threshold of
0.2. Using the corresponding betas and p-values
of the independent SNPs from the base GWAS,
PRSs were iteratively generated across p-value
thresholds between 5×10−8 to 5×10−2 by steps of
5×10−8 for SNP inclusion criteria for PRS. At each p-
value threshold, a PRS score was calculated as the
sum of (genotype value [effect allele count] multiplied
by the beta) across all independent SNPs with p-
values meeting the threshold for each individual in the
target dataset (GenomALC-2). The score was then
tested against the ALC status in the target data to
calculate R-sq (the proportion of variance explained)
as a measure of its performance. After calculating
through all p-value thresholds and obtaining R-sq

values at each threshold, the PRS that maximized
R-sq was chosen to be the best-performing PRS of
ALC (PRSALC).

Validation of PRSALC in 2 independent
cohorts

As a validation of PRSALC, we tested its ability to stratify
risk for ALC in 2 independent cohorts, UKB (N= 9,448)
and IB-Liver (N= 3,360). In each cohort, we calculated
PRSALC, conducted a logistic regression analysis
between ALC versus control status and PRSALC, and
calculated performance metrics (detailed below) to
assess PRSALC’s ability to stratify risk for ALC in each
cohort.

Exploratory analysis of PRSALC in MASLD-
cirrhosis

To assess the genetic overlap between ALC and
MASLD-cirrhosis using PRSALC, we tested for the
association between PRSALC-related and MASLD-
related liver cirrhosis. A total of 3709 participants from
IB-Liver were included in the exploratory analyses.
There were 470 patients with MASLD-cirrhosis diagno-
sis and 3239 controls who did not have a known history
of liver diseases.

Metrics for PRSALC performance

The performance of the PRSALC was assessed by
calculating the ORs, AUC, positive predictive value
(PPV), negative predictive value (NPV), sensitivity
(true positive rate), and specificity (true negative rate).
ORs were calculated by comparing individuals in
each PRSALC score decile with those in the lowest
decile. Available covariates were included in the
calculation of ORs and adjusted for in each cohort:
GenomALC-2 (age, sex); IB-Liver (age, sex, BMI), and
the UKB (age, sex, BMI, diabetes). The 80th percentile
score of PRSALC from GenomALC-2 cohort (−2.75)
was used as a threshold for dichotomizing samples in
all 3 cohorts into high versus low-risk groups for
calculation of AUC, PPV, NPV, sensitivity, and
specificity. Finally, following the steps outlined by
Hao et al[20], a secondary cutoff for PRSALC was
calculated to stratify samples into high and low risk for
ALC. To calculate the cutoff, the beta for PRSALC was
obtained using standardized PRSALC score after
adjusting for age and sex in GenomALC-2 cohort.
Then, the ratio of log[2] and our beta was calculated as
the threshold (1.778) for identifying those at higher
risk of developing ALC. All calculations were done in
R 4.1.1.[21]
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RESULTS

The overall design of the study is depicted in Figure 1.
Across the tested PRS models, the one with 20 SNPs
(p-value threshold was 1.205×10−5) maximized the
R-sq for ALC versus heavy drinking controls in the
GenomALC-2 (target) cohort (Supplemental Figure
S1, http://links.lww.com/HC9/A864). The list of in-
cluded SNPs, their betas, p-values, associated genes
are shown in Table 1. In GenomALC-2, the top decile
(highest PRSALC group) had an OR of 2.9 compared to
the bottom decile (lowest PRSALC group) after
adjusting for age and sex (p= 1.91×10−6) (Figure 2).
Furthermore, the fourth and higher deciles (40%–

100%) compared to the bottom decile all showed
an increased risk for ALC with p-values <9.33×10−4

as shown in Table 2. As comparison in the
validation cohorts, seventh decile and above showed
increased risk for ALC in the UKB (ORs ranging
between 1.7 and 2.8) and IB-Liver cohort for ALC
versus healthy controls (ORs ranging between 2.8 and
4.4) (Figure 2).

The PRSALC explained >3.5% of the variance in
ALC risk for the GenomALC-2 cohort (p= 1.12×10−15).
In the UKB validation cohort, the PRSALC was signifi-
cantly associated with ALC status (p= 1.03×10−15) with
an R-sq of 2.0%. In IB-Liver, PRSALC was also

significantly associated with ALC status (R-sq of 2.9%,
p-value 1.89 ×10−7) (Supplemental Table S1, http://
links.lww.com/HC9/A864).

The PRSALC was applied to MASLD-cirrhosis in the
IB-Liver cohort to explore whether it was associated with
MASLD-related liver cirrhosis. We observed significant
associations with the risk for MASLD comparing the top
and bottom deciles of PRSALC (OR of 3.94, p-value
2.35×10−6) (Table 3). AUC for ROC models with and
without PRSALC was calculated to assess the
improvement over typical risk predictors (age, sex, BMI,
diabetes) for alcohol-associated cirrhosis (Table 4). In
GenomALC-2, adding PRSALC to age and sex improved
AUC from 0.64 to 0.68 or 5.5% relative increase. In the
UKB, adding PRSALC to age, sex, and BMI improved
AUC by 8.3% (from 0.57 to 0.62), and to age, sex, and
diabetes improved AUC by 7.6% (from 0.62 to 0.67). In
IB-Liver, adding PRSALC to age, sex, and BMI increased
AUC by 4.4% (from 0.70 to 0.73). Furthermore, in the IB-
Liver cohort, prediction of MASLD-cirrhosis improved by
7.8% (from 0.60 to 0.65) by adding PRSALC respectively
(calibration plots in Supplemental Figure S2, http://links.
lww.com/HC9/A864). The PRSALC achieved PPV >80%
in GenomALC-2 cohort and NPV >95% in both the UKB
and IB-Liver cohorts (Table 5). Furthermore, specificity
(true negative rate) was approximately 87% in all 3
cohorts.

TABLE 1 List of variants included in PRSALC

Chromosome BP rsID Effect allele Other allele OR SE p Gene

3 65,137,329 rs1482588 A G 0.57 0.12 4.99E-06 —

4 7,166,787 rs199571141 A G 1.35 0.07 1.01E-05 SORCS2

4 88,169,536 rs67373430 A G 1.51 0.06 3.38E-11 HSD17B13-KLHL8

5 116,751,170 rs13184765 A G 0.62 0.11 6.67E-06 LINC00992

6 136,244,663 rs9494417 A G 1.44 0.08 3.77E-06 PDE7B

10 9,928,512 rs4749900 T C 0.65 0.09 3.72E-06 LINC02663

14 66,591,630 rs115335372 T C 0.43 0.18 2.03E-06 LINC02290

14 94,844,947 rs28929474 T C 2.40 0.20 1.20E-05 SERPINA1

16 12,652,801 rs12162092 A G 0.72 0.07 3.50E-06 SNX29

18 23,918,945 rs1676988 A C 0.73 0.06 1.46E-06 TAF4B

19 19,393,714 rs8100204 A G 1.63 0.08 1.06E-10 SUGP1

19 19,643,028 rs10422819 A C 1.28 0.05 4.34E-06 YJEFN3

19 54,676,763 rs641738 T C 1.31 0.05 1.20E-07 MBOAT7

22 44,339,055 rs117772800 A G 0.53 0.10 6.58E-11 PNPLA3

22 44,340,904 rs2294915 T C 2.25 0.06 2.06E-47 PNPLA3

22 44,344,885 rs16991199 T G 0.46 0.15 3.85E-07 PNPLA3

22 44,348,116 rs11912828 A G 0.66 0.06 3.85E-11 SAMM50

22 44,390,366 rs2235779 A G 0.74 0.06 3.30E-07 SAMM50

22 44,391,588 rs2179642 T C 0.74 0.05 4.99E-09 SAMM50

22 44,400,149 rs13055235 A G 2.23 0.13 2.92E-10 PARVB

Note: BP, base pair location, rsID: dbSNP ID, other allele: noneffect (reference) allele for the tested variant, OR: effect for each copy of the effect allele, Gene: Name of
associated or nearby gene for each variant. p-value, OR, and SE come from the base GWAS.
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6

GenomALC-2

UKBiobank

IB-Liver

Odds Ratios between each decile vs. the bottom 10%-tile

5

4

3

2

1

0
vs. 10-20% vs. 20-30% vs. 30-40% vs. 40-50% vs. 50-60% vs. 60-70% vs. 70-80% vs. 80-90% vs. 90-100%

F IGURE 2 Plot of adjusted ORs across 3 cohorts Bar plot of covariates adjusted ORs between the bottom decile (0%–10% group) and each
decile of PRSALC in the target and 2 validation cohorts. Abbreviations: ALC, alcohol-associated liver cirrhosis; IB-Liver: Indiana Biobank Liver.

TABLE 2 Adjusted ORs for PRSALC deciles in GenomALC-2, UK Biobank, and IB-liver cohorts

Cohort Adjusted covariates Deciles (vs. lowest 0%–10% decile) OR (95% CI) p

GenomALC-2 Age, sex, 10 PCs 10–20 1.26 (0.86, 1.84) 2.30E-01

20–30 1.20 (0.83, 1.75) 3.30E-01

30–40 1.25 (0.85, 1.82) 2.60E-01

40–50 2.07 (1.37, 3.11) 5.35E-04

50–60 1.95 (1.31, 2.90) 9.33E-04

60–70 2.60 (1.70, 3.97) 1.01E-05

70–80 2.66 (1.74, 4.05) 5.46E-06

80–90 2.87 (1.85, 4.47) 2.64E-06

90–100 2.93 (1.88, 4.56) 1.91E-06

UK Biobank Age, sex, 10 PCs 10–20 0.91 (0.54, 1.53) 7.20E-01

20–30 1.26 (0.78, 2.04) 3.40E-01

30–40 1.11 (0.68, 1.83) 6.74E-01

40–50 1.14 (0.70, 1.87) 6.02E-01

50–60 1.51 (0.94, 2.40) 8.61E-02

60–70 1.59 (1.00, 2.53) 5.05E-02

70–80 1.66 (1.04, 2.64) 3.32E-02

80–90 2.49 (1.61, 3.84) 3.74E-05

90–100 2.75 (1.79, 4.21) 3.49E-06

IB-liver Age, sex, 10 PCs 10–20 1.64 (0.47, 5.71) 4.40E-01

20–30 1.77 (0.61, 5.15) 2.95E-01

30–40 1.35 (0.41, 4.41) 6.20E-01

40–50 0.53 (0.12, 2.34) 4.02E-01

50–60 1.5 (0.49, 4.64) 4.79E-01

60–70 1.45 (0.47, 4.44) 5.16E-01

70–80 2.7 (0.95, 7.66) 6.20E-02

80–90 4.81 (1.86, 12.44) 1.19E-03

90–100 4.4 (1.56, 12.44) 5.18E-03

Note: Adjusted covariates: List of covariates that were adjusted for to obtain the ORs, Deciles: tested decile for the obtained ORs, the reference group is always bottom
decile or 0%–10% of PRSALC distribution in each cohort. Estimate: log-OR estimate for the compared deciles.
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Finally, identifying the proportion of subjects in UKB
and IB-Liver cohort that were determined to be high
risk (OR> 2) by methods outlined by Hao et al,[22]

5.0% (498 out of 9,884) in the UKB and 5.4% of the
participants in IB-Liver cohort (232 out of 4274) were
found to be at high risk for ALC (Table 6,
Supplemental Figure S3, http://links.lww.com/HC9/
A864).

DISCUSSION

In the present study, we developed a 20-SNP–based
PRS for stratifying the risk for ALC utilizing a data-
driven approach in meta-analyzed GWAS applied to an
independent cohort (GenomALC-2). In GenomALC-2,
participants in the top decile of PRSALC are at
approximately 3-fold higher odds of developing cirrhosis

TABLE 3 Adjusted ORs for PRSALC deciles in IB-liver cohort for MASLD-cirrhosis and liver disease–free participants

Phenotype Adjusted covariates
Deciles

(vs. lowest 0%–10% decile) OR (95% CI) p

MASLD-related cirrhosis vs. Healthy
controls

Age, sex, BMI, 10 PCs 10–20 1.41 (0.74, 2.70) 2.91E-01

— 20–30 1.26 (0.67, 2.37) 4.73E-01

— 30–40 1.42 (0.75, 2.70) 2.83E-01

— 40–50 1.65 (0.89, 3.05) 1.12E-01

— 50–60 2.02 (1.12, 3.65) 1.95E-02

— 60–70 2.00 (1.10, 3.61) 2.23E-02

— 70–80 2.56 (1.44, 4.55) 1.40E-03

— 80–90 3.29 (1.85, 5.82) 4.65E-05

— 90–100 3.94 (2.23, 6.95) 2.35E-06

Note: Adjusted covariates: list of covariates that were adjusted for to obtain the ORs, Deciles: tested decile for the obtained ORs, the reference group is always bottom
decile or 0%–10% of PRSALC distribution in each cohort. Estimate: log-OR estimate for the compared deciles.
CI, 95% confidence interval for the OR; OR, OR, 95%.

TABLE 4 Area Under Curve (AUC) comparisons between available clinical risk factors and PRSALC

Study Outcome Covariates N_Case N_Ctrl AUC (CI)
Delta
AUC

GenomALC-2 ALC Age + sex + 10 PCs 2244 602 0.6438 (0.6182–0.6695)

ALC Age + sex + 10 PCs + PRSALC 2244 602 0.6791 (0.6551–0.7032) 5.5%

ALC Age + sex + 10 PCs + 3-SNP score 2244 602 0.6710 (0.6464–0.6956) 4.2%

UK Biobank ALC Age + sex + BMI + 10 PCs 462 8931 0.5717 (0.5445–0.5988)

ALC Age + sex + BMI + 10 PCs + PRSALC 462 8931 0.6194 (0.5923–0.6465) 8.3%

ALC Age + sex + BMI + 10 PCs + 3-SNP
score

462 8931 0.6356 (0.6085–0.6626) 11.2%

UK Biobank ALC Age + sex + diabetes + 10 PCs 467 8981 0.6205 (0.5931–0.6480)

ALC Age + sex + diabetes + 10 PCs +
PRSALC

467 8981 0.6645 (0.6376–0.6914) 7.1%

ALC Age + sex + diabetes + 10 PCs + 3-
SNP score

467 8981 0.6797 (0.5637–0.7057) 9.5%

IB-Liver ALC Age + sex + BMI + 10 PCs 101 2648 0.7029 (0.6556–0.7502) —

ALC Age + sex + BMI + 10 PCs + PRSALC 101 2648 0.7339 (0.6847–0.7830) 4.4%

ALC Age + sex + BMI + 10 PCs + 3-SNP
score

101 2648 0.7295 (0.6787–0.7802) 3.8%

IB-Liver MASLD-
Cirrhosis

age + sex + BMI + 10 PCs 343 2648 0.6028 (0.5729–0.6327)

MASLD-
Cirrhosis

age + sex + BMI + 10 PCs + PRSALC 343 2,648 0.6496 (0.6188–0.6803) 7.8%

Note: Outcome: Tested outcomes for each AUC calculation. ALC: alcohol-related liver cirrhosis outcome with cirrhosis cases and noncirrhosis controls, MASLD-
cirrhosis: metabolic dysfunction–associated steatotic liver disease cirrhosis outcome with cirrhosis cases and liver disease history negative controls.
Abbreviations: Age, age at enrollment, BMI, body mass index; Delta AUC, differences in AUC between models with and without genetic risk scores (PRSALC and 3-
SNP score); N_Case, Number of cases; N_Ctrl, Number of controls; PCs, principal components of genetic distance among participants in; sex, biological sex.
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compared to those in the bottom decile. We then
validated the PRSALC in 2 additional independent
cohorts of ALC. Compared to GenomALC-2, we
observe a similar or higher-fold increase in risk for
ALC (UKB OR=2.8, IB-Liver OR=4.4). Furthermore,
our PRSALC also adds to known risk factors such as
age, sex, BMI, and diabetes status in risk stratification
for alcohol-associated liver cirrhosis. Adding PRSALC to
risk models increases AUC for ALC prediction by 4% to
8% across all 3 cohorts.

Our data-driven PRSALC included a total of 20 SNPs
in regions containing 12 genes, 3 long noncoding
RNAs, and 1 intergenic region. This included variants
from the genes that were previously reported to be
associated with alcohol-associated cirrhosis (PNPLA3,
HSD17B13, SURP and G-patch domain containing 1

[SUGP1], membrane-bound O-Acyltransferase domain
containing 7 [MBOAT7], serpin family A member 1
[SERPINA1], and phosphodiesterase 7B [PDE7B][15]).
PNPLA3-SAMM50-PARVB region was represented by
7 SNPs that were in very weak linkage disequilibrium
with each other. In lieu of rs738409, which is a G/C SNP
that was excluded from our analysis to avoid ambiguous
alleles, we included rs2294915 which is in complete
linkage disequilibrium with rs738409. Other SNPs had
been associated with liver injury/diseases, although not
specifically with alcohol-associated cirrhosis. KLHL8
(Kelch-like family member 8 gene) on chromosome 4,
which was nearby rs67373430 in our PRSALC, is
reported to be associated with total cholesterol
level,[23] alanine aminotransferase levels,[24] AST
levels,[25] and Fib-4 score among heavy drinkers,[26]

and phosphodiesterase 7B gene (PDE7B) is associated
with AST.[27]

Compared to our previous 3-SNP–based score, our
new PRSALC slightly improved the AUC in GenomALC-
2 and IB-Liver cohort. This suggests that the genetic
underpinning for ALC is not completely driven by the
three well-known loci, but those additional genes and
variants may further contribute to the development of
liver cirrhosis in heavy alcohol drinking environment.
Moreover, we show that our PRSALC also stratifies risk
for MASLD-cirrhosis, showing a similar increase in risk
(OR= 3.9) for developing MASLD-cirrhosis in the IB-

TABLE 5 Table of PRSALC performance statistics

GenomALC-2

PRSALC>–2.75 Below Above PPV NPV TPR TNR

Ctrl 527 78 87.1% 21.7% 21.7% 87.1%

Case 1905 527 — — — —

3-SNP score > 0.7 Below Above PPV NPV TPR TNR

Ctrl 440 165 85.5% 23.2% 40.1% 72.7%

Case 1458 974 — — — —

UK Biobank

PRSALC> -2.75 Below Above PPV NPV TPR TNR

Ctrl 7833 1148 8.5 95.6 22.9 87.2

Case 360 107 — — — —

3-SNP score > 0.7 Below Above PPV NPV TPR TNR

Ctrl 6935 2046 8.4% 96.1% 40.3% 77.2%

Case 279 188 — — — —

IB-liver cohort

PRSALC> -2.75 Below Above PPV NPV TPR TNR

Ctrl 2845 394 7.5% 96.9% 26.0% 87.8%

Case 91 32 — — — —

3-SNP score > 0.7 Below Above PPV NPV TPR TNR

Ctrl 2493 746 7.4% 97.5% 48.8% 77.0%

Case 63 60 — — — —

Note: Below: Number of participants whose genetic risk score is below the threshold value (−2.75), above: number of participants whose genetic risk score is above
the threshold value (−2.75).
Abbreviations: NPV, negative predictive value; PPV, positive predictive value; TNR, true negative rate (specificity); TPR, true positive rate (sensitivity).

TABLE 6 Table of proportions of participant with standardized
PRSALC above OR> 2 threshold

Below Above % at high risk

GenomALC-2 2888 149 4.9

IB-liver cohort 4042 232 5.4

UK Biobank 9386 498 5.0

Note: The number of participants with standardized PRSALC score below 1.778
(threshold for OR> 2) in each cohort. Above: The number of participants with
standardized PRSALC score above 1.778 (threshold for OR> 2). % At high risk:
the proportion of the participants with standardized PRSALC score above the
threshold in each cohort.
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Liver cohort when compared with people without known
liver disease. The ability of PRSALC to stratify risk for
MASLD-cirrhosis yet again suggests shared genetic
etiology between the 2 diseases, which is supported by
significant allelic associations seen in or near PNPLA3,
TM6SF2, and HSD17B13[28] for both ALC and MASLD-
cirrhosis, and by the development of PRS for other liver
diseases based on similar genetic loci.[29–31]

Across GenomALC-2, UKB, and IB-Liver cohorts, we
observed similar sensitivity levels (ie, identification of
drinkers at high risk of ALC) of 22%, 23%, and 26%,
respectively, and specificity levels of approximately
87% for all 3 cohorts (ie, identification of patients with
low risk who did not develop cirrhosis). Low sensitivity
values suggest that even with a high genetic risk for
developing ALC, other factors have effects on the
overall risk of developing ALC. On the other hand, PPV
and NPV showed various values depending on the
prevalence of ALC in the cohorts. GenomALC-2, a
cohort of preselected patients with ALC and a smaller
number of heavy drinkers free of known alcohol-
associated liver injury, had an ALC prevalence >80%
(87% PPV and 22% NPV), while the population-based
UKB and IB-Liver cohort had a prevalence of approx-
imately 5% and 4% (PPV ~ 8% and NPV >95% in both
cohorts), respectively. This difference in PPV and NPV
values based on prevalence highlights the importance
of clinical settings in interpreting PRS such as our
PRSALC, and how it can be implemented to identify
those at increased or decreased risk based on
prevalence.

Our expanded 20-SNP PRS (PRSALC), when applied
to GenomALC-2, UKB, and IB-Liver cohort, predicted
4.91%, 5.04%, and 5.43% of the participants to be at
higher risk of ALC (OR>2), respectively. Across
different drinking settings, ranging from heavy
(GenomALC-2) to general population levels, our 20-
SNP genetic risk score consistently predicted that
approximately 5% of the population would be at double
the average risk for developing liver cirrhosis if their
alcohol exposure was sufficient. This proportion is
similar to the estimated prevalence of alcohol-associ-
ated liver disease[32,33] among heavy drinkers.

The PRSALC has potential clinical utility. Although
PRS may provide minimal improvement in risk
prediction when added to clinical scores such as
aminotransferase-to-platelet ratio index and FIB-4
(fibrosis-4 index) as demonstrated by Innes et al,[32]

the key utility of PRS is that it can be calculated before
the onset of a disease. This allows early identification
of subjects at higher risk for developing a disease of
interest and the potential to deploy strategies that
would prevent disease development. Thus, PRS could
be used early in the clinical course while clinical
risk score could be used after sufficient exposure to
the risk (eg, alcohol use for alcohol-associated
cirrhosis).

There are limitations to this study. First, even though
our PRS was based on one of the largest cohorts of
patients with ALC and validated using independent
cohorts (more than 20,000 total participants), this still
was a modest size for current-day genetic studies. This
may be reflected in our significant but still modest
amount of variance explained in each cohort by
PRSALC. Conducting larger GWAS would improve the
accuracy and potential clinical utility of our score by
discovering additional variants that underpin risk of
ALC. Such efforts could incorporate resources such as
Million Veterans Program[33] and All of Us (National
Institutes of Health)[34] to better estimate the true effects
of genetic variants in the at-risk population, making the
overall PRS more reflective of true genetic risk for ALC.
Second, our PRSALC is limited to European genetic
ancestry participants due to the availability of ALC
GWAS data. While we understand the importance of
studying non-European ancestry samples, our current
access precludes this. Future studies in large non-
European cohorts are needed to generate cross-
population PRSs that incorporate GWAS results from
multiple populations.[35] Lastly, our new 20-SNP–based
PRS only modestly improved the R-sq compared to our
3-SNP genetic risk score. Especially in UKB cohort, the
3-SNP score explained more variance than our new
PRSALC. This incremental improvement of our PRS may
reflect the need for much larger sample sizes to identify
additional risk genes for ALC but also may reflect the
prominent roles PNPLA3, HSD17B13, and TM6SF2
play in the genetic underpinning of ALC.

In conclusion, a PRS was developed for alcohol-
associated cirrhosis risk, based on a data-driven and
hypothesis-free approach. The resulting 20-SNP–based
PRSALC stratifies risk for developing ALC in a drinking
population. Also, our new PRSALC stratifies risk for
MASLD-related cirrhosis, emphasizing the common
genetic underpinnings of the 2 traditionally distinct
(alcohol-associated and fatty liver related) diseases.
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