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Abstract

Background: There is a substantial heritable component to metabolic

dysfunction–associated steatotic liver disease (MASLD), and several genetic

variants that promote MASLD development or associate with its severity

have been reported. These associations vary in terms of their effect size and

degree of replication.

Methods: We developed a framework to classify previously identified

MASLD genetic polymorphisms into 4 tiers based on effect size and extent of

replication in the literature. We tested the association between “tier 1” single-

nucleotide polymorphisms (OR ≥1.5, replicated in > 2 independent studies)

and biopsy measures of MASLD severity in a large, well-characterized
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histologic cohort of MASLD patients (n= 3094).

Results: Across 19 “tier 1” variants reflecting 11 genetic loci, only those in

the PNPLA3-SAMM50-PARVB locus showed significant associations with

biopsy-proven fibrosis severity and NAFLD activity score; the highest risk

was for the rs738409 p.I148M variant in PNPLA3. A genetic risk score based

on “tier 1” variants, as well as a previously developed genetic risk score

based on variants in PNPLA3, TM6SF2, and HSD17B13, were both asso-

ciated with fibrosis and NAFLD activity score, but these results were driven

entirely by PNPLA3 rs738409.

Conclusions: Our study provides a framework to prioritize evaluation of

genetic polymorphisms for future replication efforts and demonstrates that in

a large case-only cohort, histologic severity of MASLD is only robustly

associated with the presence of variation in PNPLA3 among known candi-

date genes. These findings may have implications for patient risk stratifica-

tion based on the presence of PNPLA3 rs738409.
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INTRODUCTION

Metabolic dysfunction–associated steatotic liver dis-
ease (MASLD) is a common cause of chronic liver
disease characterized by excess fat in the liver.[1]

Metabolic dysfunction–associated steatohepatitis
(MASH) is the progressive form of MASLD in which
patients have hepatic steatosis, inflammation, and
cytologic hepatocyte ballooning with varying degrees of
fibrosis.[2] The gold standard for the definite diagnosis of
MASH and/or evaluation of its severity is a liver
biopsy.[2,3] Current regulatory guidance for drug devel-
opment in MASH also suggests that, for the purposes of
accelerated approval, only liver histologic endpoints in
clinical trials, such as resolution of steatohepatitis and/
or improvement in liver fibrosis scores, are reasonably
likely to predict clinical benefit.[4] However, in clinical
practice, noninvasive alternatives to liver biopsy, such
as circulating biomarkers, imaging methods, and liver
stiffness measurements, are often used for diagnosis
and risk stratification.[2,3]

Individual susceptibility to MASLD involves both
environmental and genetic risk factors. Recent esti-
mates suggest that MASLD heritability ranges from 16%
to 50%,[5,6] and genome-wide association studies
(GWAS) have identified several risk loci for
MASLD.[7,8] For example, genetic polymorphisms in
PNPLA3 were initially found to associate with radio-
logically assessed hepatic triglyceride content.[9]

Subsequently, over 50 independent studies have
demonstrated the association of variants in PNPLA3
with clinically relevant phenotypes, including biopsy-

proven steatohepatitis, fibrosis stage, cirrhosis, HCC,
and the development of liver decompensation events;
this has motivated the development of antisense
oligonucleotide therapies to lower the expression of
PNPLA3 in patients homozygous for the risk
allele.[8,10,11] Other MASLD genetic variants have been
identified in GWAS or in candidate gene studies using
physician diagnosis codes,[12] clinical biochemistry
parameters such as ALT,[6,13,14] or smaller cohorts of
histologically defined disease with genetically matched
controls.[15–17] Many of these associations vary in terms
of their effect size and degree of replication. Notably,
the sample sizes of genetic association studies in
steatotic liver disease have been much smaller com-
pared to studies in other cardiometabolic diseases.[18,19]

Relatively few studies have evaluated the impact of
MASLD genetic variants on histologic disease severity,
a key prognostic endpoint.[20] We therefore utilized the
Nonalcoholic Steatohepatitis Clinical Research Network
(NASH CRN), one of the largest, multicenter, prospec-
tive cohorts of biopsy-confirmed fatty liver disease,
including over 3000 participants, to evaluate previously
identified MASLD genetic polymorphisms.[21] We first
developed a framework to classify previously identified
MASLD genetic variants into 4 tiers based on effect size
and replication status in the literature, using the National
Human Genome Research Institute (NHGRI) GWAS
Catalog Database[22] and literature search up to
October 2023. We classified “tier 1” single-nucleotide
polymorphisms (SNPs) as those having an OR ≥1.5
and replicated in > 2 independent studies; we identified
19 SNPs reflecting 11 genetic loci meeting these
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criteria. We then evaluated the association of these “tier
1” SNPs with 2 clinically relevant phenotypes of interest:
fibrosis severity and NAFLD activity score (NAS). We
also assessed whether combining “tier 1” SNPs into a
genetic risk score (GRS) was associated with fibrosis
and NAS, and how the strength of this association
compared with a previously reported PNPLA3-TM6SF2-
HSD17B13 GRS,[23] and PNPLA3 rs738409 alone.

EXPERIMENTAL PROCEDURES

Literature search and prioritization of
previously identified genetic variants

To gather polymorphisms with previously reported
associations with MASLD, we used the National Human
Genome Research Institute (NHGRI) GWAS Catalog
Database (https://www.ebi.ac.uk/gwas/) to identify the
polymorphisms derived from GWAS.[22] Using the key-
words “non-alcoholic fatty liver disease” (EFO_0003095),
“hepatic steatosis” (HP_0001397), and “non-alcoholic
steatohepatitis” (EFO_1001249), all available data of
associations were downloaded on August 26, 2023,
resulting in a list of 393 SNPs. Next, we performed a
literature search for publications up to October 17, 2023,
on PubMed to expand the list to SNPs derived from
candidate gene association studies. Using the combina-
tion of keywords: (NAFLD) AND (single nucleotide
polymorphisms), without limits, restrictions, or published
search filters applied, we retrieved 769 articles in English
or with English abstracts (until October 17, 2023). SNPs
reported to be significantly associated with MASLD and
replicated in one or more studies were categorized into
“tier 1” through “tier 4”, based on the number of replication
articles and the effect size of their association with
MASLD. “Tier 1” SNPs were defined as OR ≥1.5 and
replicated in more than 2 articles. “Tier 2” SNPs were
defined as OR ≥1.5 and replicated in only 2 articles.
“Tier 3” SNPs were defined as OR <1.5 and replicated in
more than 2 articles. “Tier 4” SNPs had OR <1.5 and
were replicated in only 2 articles.

Study design, participants, and histologic
evaluation

This was a cross-sectional analysis of adults and
children enrolled in the Nonalcoholic Steatohepatitis
Clinical Research Network (NASH CRN); this prospec-
tive cohort has been described previously.[21] Briefly,
patients with biopsy-confirmed MASLD were prospec-
tively recruited at multiple medical centers across the
United States between 2004 and 2020. Patients were
included in this cohort based on the presence of NAFLD
as defined by the previously published NASH CRN
scoring system.[24] Informed consent in writing was

obtained from each patient, and the study protocol was
confirmed to ethical guidelines of the 1975 Declaration
of Helsinki. The diagnosis of MASLD was based on
>5% of hepatocytes containing macrosteatosis and
exclusion of significant alcohol consumption (>20 g/d
for women, > 30 g/d for men) within 2 years of the initial
biopsy. All liver biopsies were reviewed in a blinded
fashion by the NASH CRN Pathology Committee and
scored according to the NASH CRN Scoring System.[24]

Fibrosis stage was assessed from 0 (no fibrosis) to 4
(cirrhosis). Steatosis was graded from 0 to 3, ballooning
from 0 to 2, and inflammation from 0 to 3; the sum of
these measures reflects the NAS.[24] During the study
period, the NASH CRN cohort consisted of 28% who
were children under the age of 18. The NASH CRN has
established a research collaboration with the Regen-
eron Genetics Center (RGC) through an ancillary study,
which was approved by the NASH CRN Steering
Committee. This collaboration follows the NIH Genomic
Data Sharing policies and procedures. As part of this
collaboration, the RGC conducted whole-exome
sequencing at no cost to the NASH CRN and returned
results to the NASH CRN. An analytical team estab-
lished by the NASH CRN team at Indiana University
conducted analyses described in this paper.

Genotyping

Genotype data were generated by Regeneron Genomic
Center (RGC) using RGC’sWES (whole-exome sequenc-
ing) plus targeted genotyping assay. DNA samples were
sequenced for 20× targeted WES and over 1.4 million
targeted variants. Genotype data were cleaned using our
previously published data QC pipeline.[25] In short, (1)
samples and variants with <95% call rates were dropped,
(2) samples with discordant reported and genetic sex were
dropped, (3) expected and unexpected relationships
between samples were checked, (4) SNPRelate[26] was
used to cluster NASH CRN samples with AFR, AMR, and
EUR ancestry groups from the 1000 Genome project
(1KGP),[27] and (5) genetic ancestry stratified check for
Hardy–Weinberg Equilibrium (HWE) was done to remove
those variants that deviated from HWE in any of the 3
groups. QC passing genotype data was then imputed to
the TOPMED reference panel using the TOPMED
Imputation Server.[28] Imputed genotypes were further
checked for R2 (≥0.8, a measure of imputation quality)
and violation of HWE.

Association of “tier 1” variants with
histologic severity, genetic risk score, and
statistical analyses

To minimize confounding due to allele frequency
differences between genetic ancestry groups, we
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performed analyses in samples that clustered with
EUR (European continental samples from 1KGP) or
AMR (American continental samples from 1KGP)
groups. All analyses were adjusted for age, sex,
pediatric cohort status, EUR/AMR cluster member-
ship, and the first 2 principal components (PCs) of
genotypes. We adjusted analyses for PC1 and PC2
as additional PCs contributed a minimal incremental
proportion of variation explained. We assessed the
association of each of 19 “tier 1” variants with fibrosis
stage and NAS as a continuous variable, using a
multivariable linear regression model with genotype
fitted with an additive model. A Bonferroni adjusted
significance level of p< 0.0026 was used for the 19
variants. We also used multivariable logistic regres-
sion to test the association of each tier 1 variant with
dichotomized fibrosis stage and NAS: presence of
advanced fibrosis (≥ F3 fibrosis) versus rest and
predicted steatohepatitis (NAS ≥ 4) versus rest. We
also adjusted for age, sex, pediatric cohort status,
EUR/AMR cluster membership, and the first 2 PCs of
genotypes. We performed sensitivity analyses adjust-
ing for the same set of covariates in the initial test in
(1) EUR adults and pediatric cohort without adjusting
for EUR/AMR cluster membership, (2) AMR adults
and pediatrics cohort without adjusting for EUR/AMR
cluster membership, (3) EUR/AMR adults cohort
without adjusting for pediatric status, and (4) EUR/
AMR pediatric cohort without adjusting for pediatric
status. Next, a GRS was calculated by summing the
number of risk alleles each participant carried across
the “tier 1” variants (one point for each risk allele, eg,
PNPLA3 G allele, TM6SF2 T-allele, HSD17B13
T-allele, etc.). We compared the strength of associ-
ation between NAS or fibrosis with the “tier 1” GRS, a
previously reported genetic risk score[23] which
counts the number of risk alleles from rs738409
(PNPLA3), rs58542926 (TM6SF2), and rs72613567
(HSD17B13), and compared to rs738409 (PNPLA3)
alone. Statistical analyses were performed in
PLINK2[29] and R.[30]

RESULTS

Participant characteristics

During the study period, 3094 participants of EUR/AMR
ancestry, including 900 children, were enrolled into the
NASH CRN cohort and genotyped for the 19 “tier 1”
variants. The median age of the cohort was 39.6 years,
47.7% of the cohort was male, 27.4% of the cohort had
diabetes, 25.9% had advanced fibrosis, and 66.6% had
NAS ≥ 4. The average fibrosis score at baseline was
1.5, with a NAS score of 4.2. Table 1 summarizes the
baseline characteristics for adults and children included
in the study.

Prioritization of variants reported in the
literature

We gathered polymorphisms with previously reported
associations with MASLD in the literature and identified
19 “tier 1” variants representing 11 genetic loci that were
replicated in 2 or more publications, and that carried a
large effect size (OR ≥1.5) (Figure 1 and Table 2). We
identified 33 “tier 2” variants representing 29 genetic loci
that were replicated in 2 articles in the literature and
carried a large effect size. There were 21 “tier 3”
variants from 13 loci with small effect size (OR <1.5)
but were replicated in more than 2 papers, and 14 “tier
4” variants representing 12 loci were replicated in 2
articles in the literature and had small effect size. For
“tier 1” variants, the median OR for the association with
MASLD phenotype was 1.74. There were 12 candidate
gene studies that provided support for “tier 1” SNPs,
which included studies with a sample size as low as 152
participants, and 40 independent GWAS studies or
meta-analyses that provided support for “tier 1” SNPs.
Associated MASLD phenotypes for “tier 1 SNPs”
included physician-diagnosed MASLD or MASH by
ICD-10 codes, elevated hepatic fat by imaging, elevated
biomarkers of liver injury, and some liver histologic
cohorts (Supplemental Tables S1–S4, http://links.lww.
com/HC9/C6).

Association of “tier 1” variants with
histologic disease severity

We first evaluated the association of “tier 1” variants
with histopathological fibrosis score as a continuous
variable. Across the 19 variants, only those in the
PNPLA3–SAMM50–PARVB gene complex showed
statistically significant associations with fibrosis score
(Figure 2). The highest risk was for the PNPLA3
rs738409 C>G SNP, encoding the p.I148M variant
(β= 0.19, p= 9.49e−10). The HSD17B13 rs72613567
polymorphism, encoding for a protein-truncating variant,
approached nominal significance for protection against
fibrosis (β=−0.08, p=0.051). We next evaluated the
association of “tier 1” variants with NAS as a continuous
variable. Only variants in the PNPLA3–SAMM50–
PARVB complex showed statistically significant asso-
ciations, with the strongest association for PNPLA3
rs738409 (β=0.27, p=3.74e−10). Similar findings were
noted in logistic regression analyses assessing the
associations of “tier 1” variants with the presence of
advanced fibrosis (≥F3 fibrosis) or predicted steatohe-
patitis (NAS ≥ 4) (Table 3). Additionally, sensitivity
analyses stratified by pediatric (< 18 years of age)
versus adult subjects, and in EUR versus AMR
subjects, yielded similar conclusions (Supplemental
Table S5, http://links.lww.com/HC9/C6). Specifically, in
adults, only variants in the PNPLA3 genetic locus and in
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TABLE 1 Cohort baseline characteristics stratified by EUR (European continental samples from 1KGP), AMR (American continental samples from 1KGP), adult, or pediatric subjects; Yrs
(years), peds (pediatric participants), BMI (body mass index, kg/m2), DM (type 2 diabetes), HTN (hypertension), SD, NAS (NAFLD activity score), and vitE (vitamin E)

Overall (EUR/AMR)
N=3049

EUR (Adults/Peds)
N=2010

AMR (Adults/Peds)
N=1039

Adults (EUR/AMR)
N=2149

Peds (EUR/AMR)
N= 900

Age at enrollment in Yrs,
mean (SD)

39.6 (19.9) 47.5 (16) 24.4 (17.8) 50.7 (12) 13.1 (2.8)

% Male (N/Total) 47.7% (1455/3049) 40.8% (820/2010) 61.1% (635/1039) 37.1% (798/2149) 73% (657/900)

BMI, mean (SD) 33.9 (6.5) 34.8 (6.6) 32.1 (6.1) 34.6 (6.5) 32.1 (6.3)

% DM diagnosed (N/Total) 27.4% (833/3045) 34.3% (689/2010) 13.9% (144/1035) 37.1% (798/2149) 3.9% (35/896)

% HTN (N/Total) 39.9% (1214/3045) 52% (1045/2010) 16.3% (169/1035) 54.1% (1163/2149) 5.7% (51/896)

Fibrosis grade, mean (SD) 1.5 (1.3) 1.7 (1.3) 1.2 (1.1) 1.7 (1.3) 1.1 (1)

NAS, mean (SD) 4.2 (1.7) 4.3 (1.7) 4.1 (1.6) 4.3 (1.7) 4.1 (1.5)

% Advanced fibrosis
(N/Total)

25.9% (787/3039) 30.5% (610/2002) 17.1% (177/1037) 31% (663/2140) 13.8% (124/899)

% NAS≥4 (N/Total) 0% (0/3049) 0% (0/2010) 0% (0/1039) 0% (0/2149) 0% (0/900)

% Hyperlipidemia (N/Total) 42% (1280/3045) 53.7% (1080/2010) 19.3% (200/1035) 56.6% (1217/2149) 7% (63/896)

FIB-4 score, mean (SD) 1.2 (1.2) 1.5 (1.3) 0.7 (1) 1.6 (1.3) 0.3 (0.1)

% VitE use (N/Total) 15.7% (478/3045) 19.8% (398/2010) 7.7% (80/1035) 20.1% (433/2149) 5% (45/896)

% Pioglitazone use
(N/Total)

2.4% (72/3041) 3.2% (64/2010) 0.8% (8/1031) 3.4% (72/2149) 0% (0/892)

Steatosis grade, mean (SD) 1.9 (0.9) 1.8 (0.9) 1.9 (0.9) 1.8 (0.9) 2.1 (0.9)

% Lobular inflammation
(N/Total)

44.5% (1358/3049) 43.2% (869/2010) 47.1% (489/1039) 45.5% (977/2149) 42.3% (381/900)

% Portal inflammation,
(N/Total)

88.3% (2691/3048) 89% (1788/2010) 87% (903/1038) 88.4% (1899/2149) 88.1% (792/899)

% Ballooning (N/Total) 56.1% (1710/3049) 61.9% (1245/2010) 44.8% (465/1039) 64.4% (1385/2149) 36.1% (325/900)

% Mallory hyaline (N /Total) 0.2 (0.4) 0.3 (0.5) 0.1 (0.3) 0.3 (0.5) 0 (0.2)
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HSD17B13 demonstrated an association with continu-
ous fibrosis, and only variants in PNPLA3 were
associated with the continuous MAS score (Supple-
mental Table S5, http://links.lww.com/HC9/C6). In
pediatrics, only variants in PNPLA3 were robustly
associated with continuous MAS and continuous
fibrosis (Supplemental Table S5, http://links.lww.com/
HC9/C6).

“Tier 1” variant genetic risk score

Prior studies have analyzed the impact of combining
genetic variants on the severity and phenotype of MASH.
We found that combining all 19 “tier 1” genetic variants in
a “risk allele” model was associated with continuous

fibrosis (p=1.19e−05, r2=0.097), NAS (p=1.01e−06,
r2=0.02), advanced fibrosis (p=1.93e−03, r2=0.082),
and NAS ≥4 (p=3.58e−05, r2=0.014). This was also
true of a previously described 3-allele GRS using
variants in PNPLA3, TM6SF2, and HSD17B13
(Table 4). Notably, however, the strength and magnitude
of these associations were entirely driven by PNPLA3
rs738409 (Table 4 and Supplemental Table S6, http://
links.lww.com/HC9/C6). Excluding the PNPLA3 genetic
locus, an 18-SNP GRS was not associated with NAS,
fibrosis, advanced fibrosis, or NAS ≥4. Similarly, a 2
SNPGRS, excluding the PNPLA3 genetic locus, was not
associated with NAS; the strength of the relationship was
also diminished for the association with fibrosis,
advanced fibrosis, or NAS ≥4 (Table 4 and Supplemen-
tal Table S6, http://links.lww.com/HC9/C6). These GRS

n=21

TM6SF2
Adiponectin

PNPLA3
IFNL4/IL28BPNPLA3

PARVB gene
PARVB gene

NR1I2
MTTP PNPLA3

SAMM50
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Increasing Effect Size

Effect Size (odds ratios)

Tier 36

4

2

0

2 4 6

n=19

Tier 1

n=14

Tier 4
n=33

Tier 2

Tier 3
OR < 1.5

Replicated more
than twice

Tier 1
OR ≥ 1.5

Replicated more
than twice

Tier 4
OR < 1.5

Replicated twice

Tier 2
OR ≥ 1.5

Replicated twice

F IGURE 1 Framework used to prioritize candidate MASLD variants based on effect size and degree of replication in the published literature,
and a number of variants and genetic loci within each tier. Gene names are omitted in tiers 2–4. Abbreviation: MASLD, metabolic dysfunction–
associated steatotic liver disease.
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TABLE 2 List of tier 1 variants, closest gene, rsID, effect allele, coded allele, and estimated allele frequency (EAF) in the EUR/AMR cohort

Tier 1 variant Gene rsID Effect allele Coded allele EAF

chr1.11794419.T.G_T MTHFR rs1801131 G T 0.26

chr3.119806650.A.G_A NR1I2 rs7643645 G A 0.43

chr3.186841685.C.G_C Adiponectin rs266729 G C 0.28

chr3.186853770.A.G_A Adiponectin rs3774261 A A 0.41

chr4.23814039.C.T_C PPARGC1A rs8192678 T C 0.32

chr4.87310240.T.TA_T HSD17B13 rs72613567 TA T 0.17

chr4.99574331.G.T_G MTTP rs1800591 T G 0.20

chr7.22727026.C.G_C IL-6 rs1800795 C C 0.33

chr17.17506246.C.T_C PEMT rs7946 C C 0.33

chr19.19268740.C.T_C TM6SF2 rs58542926 T C 0.11

chr19.39241143.A.G_A IL28B rs12980275 G A 0.35

chr19.39248147.C.T_C IFNL4/IL28B rs12979860 T C 0.36

chr22.43932850.G.A_G PNPLA3 rs4823173 A G 0.42

chr22.43936690.G.A_G PNPLA3 rs2281135 A G 0.42

chr22.43937814.T.G_T PNPLA3 rs2896019 A T 0.43

chr22.43958231.C.T_C SAMM50 rs738491 G C 0.42

chr22.43997195.C.T_C PARVB rs6006473 T C 0.54

chr22.44002644.A.G_A PARVB rs5764455 A A 0.47

chr22_43928847_C_G_C PNPLA3 rs738409 G C 0.54

rs1801131 (MTHFR)

rs7643645 (NR1I2)

rs266729 (Adiponectin)

rs3774261 (Adiponectin)

rs8192678 (PPARGC1A)

rs72613567 (HSD17B13)

rs1800591 (MTTP)

rs1800795 (IL-6)

rs7946 (PEMT)

rs58542926 (TM6SF2)

rs12980275 (IL28B)

rs12979860 (IFNL4/IL28B)

rs4823173 (PNPLA3)

rs2281135 (PNPLA3)

rs2896019 (PNPLA3)

rs738409 (PNPLA3)

rs738491 (SAMM50)

rs6006473 (PARVB)

rs5764455 (PARVB)

-0.2 0.0 0.2
Beta

Traits

MAS, cont.
Fibrosis, cont.

F IGURE 2 Association of genetic variants with NAFLD activity score and fibrosis severity as continuous variables, using multivariable linear
regression adjusted for age, sex, ancestry, and 2 principal components of ancestry.
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findings were consistent when stratifying by adult versus
pediatric subjects, and by EUR versus AMR subjects
(Supplemental Table S5, http://links.lww.com/HC9/C6).

DISCUSSION

Recent advances in genetic and genomic technology
have led to the identification of hundreds of disease-
associated loci across various cardiometabolic
conditions.[18,31] These genetic associations may help
improve patient risk stratification or highlight underlying

molecular drivers of disease progression. Several
genetic polymorphisms have been previously described
to associate with MASLD; these polymorphisms have
been identified using a variety of phenotypes, including
biomarkers of liver injury,[6,13] ICD-10 physician diagno-
sis codes,[12] intrahepatic triglyceride content,[9] or
relatively small histologic cohorts.[15,16] These polymor-
phisms vary in terms of reported effect size and degree
of replication in the literature. We first developed a novel
framework to classify 87 previously described MASLD
SNPs according to effect size and degree of replication;
we prioritized 19 variants from 11 genetic loci for further

TABLE 3 Logistic regression for the association of tier 1 variants with advanced fibrosis and steatohepatitis (NAS ≥4)

Advanced fibrosis NAS ≥4

Gene rsID OR (95% CI) p OR (95% CI) p

MTHFR rs1801131 1.05 (0.92–1.21) 4.72E−01 1 (0.88–1.13) 9.97E−01

NR1I2 rs7643645 0.98 (0.87–1.11) 7.60E−01 1.03 (0.92–1.15) 5.91E−01

Adiponectin rs266729 0.98 (0.86–1.13) 7.88E−01 1.02 (0.91–1.16) 6.99E−01

Adiponectin rs3774261 1.05 (0.93–1.19) 4.26E−01 1.04 (0.93–1.17) 4.46E−01

PPARGC1A rs8192678 1.01 (0.89–1.15) 8.54E−01 0.93 (0.83–1.05) 2.36E−01

HSD17B13 rs72613567 0.85 (0.73–0.99) 3.97E−02 0.96 (0.83–1.1) 5.38E−01

MTTP rs1800591 0.99 (0.85–1.14) 8.50E−01 0.88 (0.77–1) 5.54E−02

IL-6 rs1800795 0.96 (0.85–1.1) 5.88E−01 1.01 (0.9–1.13) 8.93E−01

PEMT rs7946 1.09 (0.95–1.24) 2.21E−01 1.05 (0.93–1.18) 4.31E−01

TM6SF2 rs58542926 1.05 (0.88–1.27) 5.87E−01 1.22 (1.02–1.45) 2.67E−02

IL28B rs12980275 1.05 (0.92–1.19) 4.88E−01 0.98 (0.87–1.09) 6.88E−01

IFNL4/IL28B rs12979860 1.03 (0.91–1.17) 6.33E−01 0.96 (0.86–1.07) 4.77E−01

PNPLA3 rs4823173 1.2 (1.05–1.36) 6.90E−03 1.26 (1.12–1.42) 1.00E−04

PNPLA3 rs2281135 1.2 (1.06–1.37) 4.84E−03 1.3 (1.16–1.46) 1.19E−05

PNPLA3 rs2896019 1.2 (1.06–1.37) 5.06E−03 1.3 (1.15–1.46) 1.30E−05

SAMM50 rs738491 1.12 (0.99–1.26) 8.35E−02 1.13 (1.01–1.26) 3.07E−02

PARVB rs6006473 1.32 (1.16–1.49) 1.18E−05 1.12 (1.01–1.25) 3.51E−02

PARVB rs5764455 1.04 (0.91–1.19) 5.39E−01 1.03 (0.92–1.16) 6.25E−01

PNPLA3 rs738409 1.34 (1.18–1.51) 2.93E−06 1.33 (1.19–1.48) 4.14E−07

Abbreviation: NAS, NAFLD activity score.

TABLE 4 Association of a “tier 1” variant genetic risk score, previously described 3 SNP genetic risk score, and PNPLA3 rs738491 with
continuous fibrosis and NAS

Phenotype Genetic risk score OR (95% CI) p Delta R2

Fibrosis Tier 1 1.02 (1.01–1.03) 1.19×10−05

Fibrosis Tier 1 without PNPLA3 1.01 (0.99–1.03) 0.48 −5.70%

Fibrosis Three SNP scores 1.15 (1.10–1.20) 6.23×10−10

Fibrosis Three SNP scores without PNPLA3 1.09 (1.02–1.15) 8.71×10−03 −9.40%

NAS Tier 1 1.03 (1.02–1.05) 1.01×10−06

NAS Tier 1 without PNPLA3 1.01 (0.99–1.04) 0.4 −44.90%

NAS Three SNP scores 1.17 (1.10–1.24) 2.69×10−07

NAS Three SNP scores without PNPLA3 1.04 (0.96–1.13) 0.3 −48.80%

Abbreviations: NAS, NAFLD activity score; SNP, single-nucleotide polymorphism.
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evaluation. As the number of human biobank cohorts
with associated genetic data continues to grow, our
framework for prioritizing the evaluation of disease-
associated variants may be useful in other disease
states.

Our study evaluated whether previously identified
MASLD polymorphisms were associated with the
severity of histopathologic measures of disease in a
large, well-characterized cohort. Relatively few studies
have evaluated the impact of MASLD genetic variants
on the histologic grade of steatohepatitis or stage of
hepatic fibrosis in a disease-only setting. Histo-
pathologic fibrosis severity and NAS are highly dis-
ease-relevant metrics; these measures are linked to
hepatic decompensation events[20] and improvements
in these histologic measures of disease are currently
the only acceptable regulatory endpoint to support an
accelerated approval for new MASH therapeutics.[4] We
find strong evidence for the association of variants in
the PNPLA3 locus with liver fibrosis and NAS,
especially PNPLA3 rs738409. This is consistent with
prior studies. Specifically, a prior GWAS in a European
cohort of 1483 individuals with biopsy-proven MASLD
confirmed PNPLA3 as a risk factor for the full
histological spectrum of NAFLD at genome-wide
significance levels.[17] Our study across ~3000 partici-
pants confirms the relevance of PNPLA3 genetic
variation to disease severity in the largest histology-
based cohort to date, with multicenter recruitment, with
blinded and central histologic assessment, and in both
adults and children. Our findings are also consistent
with a recent study demonstrating that between 21%
and 56% population attributable fraction for advanced
fibrosis is attributable to the PNPLA3 rs738409 G
allele,[21] and other studies demonstrating that this
polymorphism is linked to major adverse liver outcomes
in MASLD.[11,32] While our candidate gene score based
on 19 “tier 1” variants showed significant association
with fibrosis and NAS in a large cohort of patients with
biopsy-proven MASLD, these results were driven by the
PNPLA3 rs738409 allele. Our study helps add to an
emerging consensus that PNPLA3 genotyping may
improve prognostication and allow for prioritization of
intensive intervention.

Surprisingly, our study failed to show a robust
association between histologic disease severity and
other previously described MASLD variants; other than
the PNPLA3 locus, only the HSD17B13 rs72613567
polymorphism approached nominal significance for
protection against fibrosis. There are several possible
reasons for the discrepant findings. Our results suggest
that apart from PNPLA3, previously identified MASLD
variants may predispose to the development of fatty
liver disease, but not influence the severity of histologic
disease once diagnosed. It is possible that a distinct set
of variants will emerge that influence solely the
progression of steatohepatitis, fibrosis, or cirrhosis

without promoting the initial occurrence of steatosis.
Additionally, a histology-based analysis, while address-
ing the most clinically relevant phenotypic characteris-
tic, reduces statistical power due to the limited number
of cases in particular histologic categories. It is possible
that increased phenotypic breadth of samples, including
individuals with no steatosis or just steatosis, would be
required to replicate previously identified variants.
Finally, in contrast to other MASLD phenotypes, such
as intrahepatic triglyceride content by imaging or
measurement of liver biochemistries, the histologic
scoring systems to evaluate steatohepatitis and fibrosis
only provide nonlinear, semiquantitative assessments
of disease and are subject to intra-observer and inter-
observer variations. Although a clear diagnostic con-
sensus among pathologists is not always feasible, our
study attempted to address this by a centralized,
blinded committee review.[4]

To our knowledge, this is the largest and most well-
powered assessment of the association of histology-
based MASLD severity and previously identified
MASLD candidate genetic variants. Our results
reinforce that variation at PNPLA3 strongly influences
the severity of fibrosis and steatohepatitis. Our results
call into question whether other previously identified
candidate MASLD variants are associated with the
histology severity of the disease. Further work is
required to evaluate whether polygenic risk scores
beyond PNPLA3 will assist with patient risk stratification
and whether therapeutics that target the PNPLA3 gene
can decrease the histologic severity of MASLD.
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