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1 | INTRODUCTION

| Umberto Vespasiani-Gentilucci®®

Abstract

The PNPLA3-rs738409-G variant was the first common variant associated with he-
patic fat accumulation and progression of metabolic dysfunction-associated steatotic
liver disease (MASLD). Nevertheless, to date, the clinical translation of this discovery
has been minimal because it has not yet been clearly demonstrated where the genetic
information may play an independent and additional role in clinical risk prediction. In
this mini-review, we will discuss the most relevant evidence regarding the potential
integration of the PNPLA3 variant into scores and algorithms for liver disease diagnos-
tics and risk stratification, specifically focusing on MASLD but also extending to liver
diseases of other etiologies. The PNPLA3 variant adds little in diagnosing the current
state of the disease, whether in terms of presence/absence of metabolic dysfunction-
associated steatohepatitis or the stage of fibrosis. While it can play an important role
in prediction, allowing for the early definition of risk profiles that enable tailored mon-
itoring and interventions over time, this is most valuable when applied to populations
with relatively high pre-test probability of having significant fibrosis based on either
non-invasive tests (e.g. Fibrosis-4) or demographics (e.g. diabetes). Indeed, in this con-
text, integrating FIB4 with the PNPLA3 genotype can refine risk stratification, though
there is still no evidence that genetic information adds to liver stiffness determined
by elastography. Similarly, in patients with known liver cirrhosis, knowing the PNPLA3
genotype can play arole in predicting the risk of hepatocellular carcinoma, while more

doubts remain about the risk of decompensation.
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genetics into clinical risk prediction, but how to make this most clini-

cally relevant has been a challenge.

The PNPLA3-rs738409-G variant, corresponding to the 1148M

protein mutation, was identified initially as a hepatic steatosis-

t175

promoting varian especially in conjunction with risk behaviours

and cardiometabolic risk factors.®® Subsequent studies have also

9-14

demonstrated associations with liver fibrosis/cirrhosis and hepa-

tocellular carcinoma.’®"?° There has been interest in incorporating

We will briefly describe some of the potential applications that
we believe are less relevant. First is the diagnosis of hepatic steato-
sis, which can already be accurately and inexpensively established
using non-invasive methods such as ultrasound and the controlled
attenuation parameter derived from vibration-controlled transient
elastography (VCTE). In one of the few studies aimed at verifying
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whether genetics improves blood-based diagnosis of steatosis, the
addition of the PNPLA3 genotype to a score including clinical (met-
abolic syndrome, type 2 diabetes mellitus [T2DM]) and biochemi-
cal (aminotransferases, insulin) parameters improved the accuracy
of prediction by only 1%.%! A second application of unclear utility
is detection of fibrosis stage based on the PNPLA3 genotype. In a
cohort of 703 patients with histologically diagnosed MASLD from
7 European tertiary centers, higher diagnostic accuracy for ad-
vanced fibrosis was obtained if the PNPLA3 rs738409 and TM6SF2
rs58542926 variants, but not the HSD17B13 rs72613567 one,
were added to a baseline model including only clinical variables.??
However, this benefit was again modest with C-statistic increas-
ing from .78 without genetics to .79 with the PNPLA3 genotype
included.

In our opinion, there are several more promising potential ap-
plications: (1) diagnosis of steatohepatitis, for which accurate non-
invasive tests are still lacking, (2) incremental addition of PNPLA3
genotype to noninvasive tests in risk stratification of metabolic
dysfunction-associated steatotic liver disease (MASLD) without
known cirrhosis, and (3) prediction of risk of hepatocellular carci-
noma (HCC) and hepatic decompensation in patients with cirrhosis
(Figure 1). In this mini-review, we will address each of these topics
in turn.

2 | DIAGNOSIS OF METABOLIC
DYSFUNCTION-ASSOCIATED
STEATOHEPATITIS

A number of studies have used the genetic information for the
diagnosis of metabolic dysfunction-associated steatohepatitis
(MASH), for which liver biopsy is still the only method endorsed
in guidance documents.?%24 Hyysalo et al. derived and validated
a score including PNPLA3 genotype, aspartate aminotransferase
(AST), and fasting insulin, which predicted histological MASH
with relatively high accuracy in two cohorts of Finnish and Italian
subjects (AUROC .77 and .76, respectively).?® In a Korean popu-
lation of 453 patients with biopsy-proven MASLD, divided into
derivation and validation cohorts, a scoring system based on
PNPLA3 and TM6SF2 genotypes, T2DM status, insulin resistance,
and levels of AST and high-sensitivity C-reactive protein identi-
fied MASH with an AUROC of .86 in derivation and .78 in valida-
tion cohorts.?® Genetic information has also been included in the
NASH ClinLipMet Score?” which includes PNPLA3 genotype, AST
and insulin levels, and a series of metabolites obtained through
mass spectrometry; this score identified patients with MASH with
an AUROC of .87, but the requirement of metabolomic data limits
wider applicability.

Due to limitations of blood-based markers alone for the diag-
nosis of MASH, more recent attention has focused on the possibil-
ity of achieving a noninvasive imaging-derived diagnosis of fibrotic
MASH, that is, MASH with at least 4 points of necro-inflammatory
activity score and F2 fibrosis, as this diagnosis represents the entry

Key points

o The PNPLA3 genotype is associated with the incidence
of liver-related events, but whether it can be beneficial
for clinical risk prediction beyond existing scores is less
clear.

e |n patients without cirrhosis, PNPLA3 genotype provides
incremental value to Fibrosis-4 score for prediction of
incident severe liver disease, especially in patients who
have at least intermediate Fibrosis-4 scores or risk fac-
tors such as type 2 diabetes mellitus. The incremental
benefit over imaging-based non-invasive tests is not
established.

e |n patients with cirrhosis, PNPLA3 genotype is associ-
ated with higher risk of hepatocellular carcinoma and
may add incremental value beyond scores such as
aMAP. This association is more consistent in steatotic

liver disease.

point for trials with new MASH drugs. The most promising devel-
opments in this direction have been obtained with scores that inte-
grate AST levels with results from other instrumental tests, such as
the Fibroscan-AST (FAST) score and the MRI-AST (MAST) score.?®
Whether the inclusion of the PNPLA3 genotype, or genetic informa-
tion synthesized by polygenic risk scores (PRSs), in imaging-based
scores provides additional benefit remains to be determined and in
our view will determine whether PNPLA3 is ultimately relevant in
non-invasive diagnosis of MASH.

3 | RISK STRATIFICATION IN PERSONS
WITHOUT CIRRHOSIS

The PNPLA3 genotype and, more generally, the genetic information
may play a more significant role in predicting liver-related events
(LREs) than in characterizing the precise phenotype across the
MASLD spectrum.29 Several studies have reported that the PNPLA3
genotype is associated with increased incidence of LREs and mortal-
ity in the overall population,°~32 individuals with cardiometabolic
risk factors,®® and in patients with MASLD®*73¢ (Table 1). It has
also been associated with an increased risk of progression defined
by changes in vibration-controlled transient elastography (VCTE)-
derived scores.®’ However, to facilitate more routine incorporation
of PNPLA3 genotyping into practice, it is important to show that the
genotype is associated with clinically relevant outcomes independ-
ent of established clinical risk scores. Furthermore, it is important
to understand if, in addition to being associated with an increased
risk of developing LREs, genetic information also provides a tangible
advantage in terms of predictive accuracy. We will focus on the gen-
eral population (including those with cardiometabolic comorbidities
without necessarily having known liver disease) and MASLD.
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FIGURE 1 Therole of the PNPLA3 risk variant in clinical risk prediction. Schematic of the role of PNPLA3 genotype in risk prediction. The
top left shows PNPLA3 as well as other key liver steatosis/fibrosis-associated variants (TM6SF2, MBOAT7, GCKR, HSD17B13). The bottom

left illustrates reported potential uses of the PNPLA3 genotype in diagnosis, including in combination with routine clinical predictors. The
right side illustrates reported potential uses of the PNPLA3 genotype in characterizing the disease trajectory of liver disease, especially
metabolic dysfunction-associated steatotic liver disease, from early-stage (no/minimal fibrosis) to significant fibrosis to cirrhosis then hepatic
decompensation and hepatocellular carcinoma (HCC). For the transition from significant fibrosis to cirrhosis, PNPLA3 genotype utility has
especially been reported when considered in conjunction with clinical risk factors such as cardiometabolic comorbidities (insulin resistance,
diabetes, and/or obesity) and/or Fibrosis-4 score. Additional, PNPLA3 has been reported to have utility in predicting decompensation and
hepatocellular carcinoma in patients with established cirrhosis, including in conjunction with HCC risk scores.

3.1 | General population

Starting from the general population, in the Study of Health in
Pomerania in North-Eastern Germany, the rs738409 PNPLA3 vari-
ant was associated with a fourfold increase in the hazard ratio (HR)
for liver disease-related mortality for men only, likely due to the
small sample size, shorter follow-up, and fewer events in women.%°
These findings are consistent with those reported by Unalp-
Arida et al. with data derived from the U.S. National Health and
Nutrition Examination Survey, where the heterozygous PNPLA3
CG genotype (HR ~3) and the homozygous GG genotype (HR
~18) were significantly associated with liver-disease mortality.32
However, despite the clear association of certain genetic variants
with an increased risk of LREs, the practical utility of genetic in-
formation in improving predictive accuracy for LREs at the popula-
tion level has been strongly questioned. Innes et al. systematically
reviewed commonly-used noninvasive scores for liver fibrosis and
evaluated theirimpact on 1lo-year risk of liver-related events in the
community-based UK Biobank.** They then compared noninvasive
scores with or without inclusion of a PRS for ability to predict 10-
year risk of LREs. They found that among the widely used fibrosis
scores such as fibrosis-4 (FIB4) and AST-platelet ratio index (APRI),
there was minimal incremental benefit of incorporating genetics,
with fraction of new prognostic information <.1. For example, the
C-statistic for FIB4 increased from .78 to .79, and that of APRI
increased from .804 to .809, with addition of the PRS. Thus, they

concluded that there is minimal if any benefit to incorporating ge-
netic risk into commonly-used risk scores to predict medium-term
risk of liver-related events.

The question arises of whether genetics might perform better in
a higher risk population. UK Biobank participants are notably ‘health-
ier’ than the overall population in terms of mortality, cardiometa-
bolic comorbidities, and regular tobacco/alcohol use,*? with a very
low 10-year incidence of cirrhosis complications (.56% in the overall
cohort). Indeed, an alternative perspective on the topic comes from
a study published the same year, which also focused on UK Biobank
participants, which arrived at somehow different conclusions.®” In
this work, a PRS based on variants in PNPLA3 (rs738409), TM6SF2
(rs58542926), MBOAT7 (rs641738), and GCKR (rs780094) was found
to improve risk stratification and prediction for LREs performed with
classical clinical fibrosis scores. Nevertheless, unfavourable genet-
ics did not affect the risk profile in subjects without metabolic risk
factors or in the lower-risk fibrosis classes, while it did modulate the
risk in those with both any metabolic risk and intermediate/high-risk
profile by fibrosis scores.”’ Altogether, these data from population
studies suggest that genetic information may have a significant im-
pact on risk stratification, specifically when restricting the analysis
to subjects who are dysmetabolic and/or have intermediate/ad-
vanced liver damage. Indeed, focusing on the general population but
specifically on individuals with diabetes, Tavaglione et al. described
a strong association between the PNPLA3 variant and the occur-
rence of LREs (cirrhosis, decompensated liver disease, hepatocellular
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cw 2 = carcinoma, and/or liver transplantation), greater in the recessive
= G w v § é ) ; s than in the additive model analysis (aHR 2.3 vs. 1.7).3°
I 1 £53s3:
33 Bs 3iifii is o
; 2 ; ; s 2 g § q ? < g 3.2 | Patients with MASLD
TE TE&sfiIfTa zs
8 8 © 8 8 EX e o 3 % z <Z( ;% In histologically-diagnosed MASLD cohorts, PNPLA3 genotype may
" é % _§ é g E q;, % ﬁ - _&% \2« E 'f % add information even beyond histologic fibrosis stage, as highlighted
§ = 22 b% ¢ g ;‘; _;8 % ;:; ’5 g % ﬂ 3 in two recent biopsy-based cohorts. A recent study from the United
& g 8 8 % 8 8 O E O R g % g P % S States MASH Clinical Research Network found that among 2075 pa-
; % tients, PNPLA3-rs738409-G allele carriage was associated with in-
2 % creased risk of major adverse liver outcomes (MALO), with sHR 1.51
§ 5 T:':: g and 1.94 for CG and GG genotypes versus CC, respectively. This dif-
© < g E ference was numerically larger in individuals with advanced fibrosis,
= § % % % with a cumulative incidence of 85% versus 58% in those with versus
% '§ ?is % g § without the G allele during follow-up (difference=27%), compared
§ é '% § @ % to 25% and 8% in those without baseline advanced fibrosis (differ-
. © =0 E g ence=17%).2* Another study from a multicenter Japanese cohort
@ 5 .g f with 1178 patients found an association between PNPLA3 genotype
‘g % _ 2 % and LREs in the overall cohort.*® Again, the divergence in risk of
é g g = % § LREs based on genetic risk appeared greater among the 238 patients
BC% :_D* o § = _g with advanced fibrosis on biopsy (>50% vs. <20% at 10years).43
:-S zl E g i % As biopsy becomes less frequently employed, it is also import-
z Z 2= Z S a £ ant to determine whether the PNPLA3 genotype adds information to
% f) E _rg“ f) g % g non-invasive tests.** Insights in this direction have come from recent
O DEm S %’ & studies. One study by Pennisi et al. started with an Italian cohort of
a -;8 ; 546 patients with either a histologic diagnosis of MASLD, or liver
° 5 § g jg stiffness measurement (LSM) by VCTE >11-11.5 kPA and =1 met-
:§ g“ 5 E E % g abolic syndrome criterion.*® Here, a combined genetic and meta-
:’é g‘% % g g % :':9 bolic staging system, including information on PNPLA3, TM6SF2, and
§ E § § % :é g HSD17B13 genotypes, defined 5 risk classes with a markedly differ-
9 “9' ° E ; _g 2 ent cumulative incidence of LREs (at 5years, from ~4% in the low-
22 é E = '8 g; ~§ risk class to ~90% in the high-risk class).®8 This score was externally
.:%o g _% ‘—;; é & E E ; 2 validated in UK Biobank participants with FIB4 >1.3 and demon-
&3 ? § 2 § 2 Q38 i é strated a >20-fold gradient in risk of severe liver disease. Another
g e study by Chen et al. compared the addition of the PNPLA3 genotype
E “z to routine clinical predictors for risk stratification in two cohorts,
- % - g g ; a hospital-based cohort in the US and UK Biobank participants, all
.g 5 .g 3 3 .r% of whom had chronically elevated alanine aminotransferase as a
—% E —% E g g proxy of MASLD.*%*> When focusing on the intermediate-risk FIB4
§ E § $> «q:':i 9" category (1.3-2.67), combining the highest-risk PNPLA3 genotype
g % TEJ % TZ—‘ S 2 (rs738409-GG) with diabetes status resulted in an overall incidence
z ?g)- E § E g E of cirrhosis that was not significantly different from that of individ-
g % g % g _§ % uals with high FIB4 (>2.67). That is, having diabetes and the highest
2« ° & e E %:’L g risk PNPLA3 genotype results in ‘bumping up’ one's risk category
g) § = predicted by FIB4 alone. Another recent study assessed the impact
?g\ ._g g % of the PNPLA3 genotype not on hard outcomes, but rather on the
.é . ;‘.} j% ﬁ risk of advanced fibrosis measured by magnetic resonance elastog-
8 "’TB T g g raphy or VCTE.* The authors compared a PRS (including PNPLA3
: 37“ E .é g ‘Q genotype) plus FIB4 to FIB4 alone. In a well-phenotyped cohort of
i . ‘i; 5 § é 2: 382 patients with type 2 diabetes, the authors found that reclas-
[~ :'é o = g ..3 % sifying FIB4 <1.3 with high PRS as intermediate risk would mean
IE . - © 2 5 R that 21% of patients with advanced fibrosis would be prevented
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from being miscategorized as having low risk. Notably, similarly to
the focus on indeterminate FIB4 categories in the Pennisi and Chen
studies above, this study evaluated a cohort with a high baseline
prevalence of advanced fibrosis (12%).

We believe these studies highlight that while the PNPLA3 gen-
otype is likely not useful for risk stratification in the general popu-
lation or in low-risk individuals, there may be some utility in at-risk
populations such as those with intermediate FIB4 scores or older
adults with obesity and/or T2DM.* This is consistent with the fact
that adiposity, particularly abdominal adiposity, has been shown to
amplify the effect of PNPLA3 and other variants associated with
MASLD.*8%’ The findings about the prognostic importance of
PNPLA3 in conjunction with FIB4 were identified retrospectively
and will require prospective validation to determine the impact on

outcomes.

3.3 | Hepatocellular carcinoma risk in MASLD

We will also briefly discuss HCC risk in non-cirrhotic populations
based on PNPLA3 genotype in MASLD. A case-control study by Liu
et al.?% of 375 patients with MASLD with or without HCC found that
in a multivariate analysis adjusted for the most clinically relevant risk
factors including cirrhosis, each PNPLA3 variant allele was associated
with a 2.2-fold increased risk of HCC presence, with GG homozy-
gotes exhibiting a 5-fold increased risk over CC ones. Another study
by Bianco et al. was conducted in two large cohorts of patients with
NAFLD and in a general population cohort (UK Biobank).’® Here,
a polygenic risk score (PRS) including variants in PNPLA3, TM6SF2,
GCKR, and MBOAT7, and then adjusted for HSD17B13, was associ-
ated with approximately a 9-fold increased odds ratio (OR) for HCC,
and also a ~12-fold increased OR in those who had severe fibrosis.
More interestingly, the PRS predicted HCC even in patients without
severe fibrosis (OR ~2), and improved HCC detection in individuals
aged over 40years independently of severe fibrosis (OR 1.5). While
these findings may identify a category of patients who merit closer
surveillance, even in the absence of advanced fibrosis, it is unknown
if there are non-cirrhotic subgroups defined by PNPLA3 genotype
and other risk factors with HCC incidence high enough to warrant

screening.”!

3.4 | Sex-and ancestry-specific effects

Finally, we find it appropriate to discuss some evidence suggest-
ing a different impact of the PNPLA3 variant on the development
and natural history of MASLD depending on genetic ancestry and
sex. Recent studies indeed show that the PNPLA3 variant con-
fers a much higher risk of MASLD-related clinical outcomes in
individuals of Japanese ancestry, compared to what is observed
in Europeans.36 Asians have been shown to have a higher preva-
lence of the PNPLA3 polymorphism and a lower risk of competing
cardiovascular mortality,? both of which may play a role in this

strong association. In a recent study by Cherubini et al. it is clearly
highlighted that there is an interaction between female sex and
the rs738409 variant on all liver damage outcomes, resulting in
a larger relative risk in women compared with men.”® The same
study highlights a functional interaction between oestrogen-a
receptor and the PNPLA3 rs738409 variant as the cause of this
preferential association. These studies suggest important avenues
for refinement towards precision medicine based on the PNPLA3

genotype in our opinion.

4 | RISK STRATIFICATION FOR
HEPATOCELLULAR CARCINOMA AND
DECOMPENSATION IN CIRRHOSIS

Another potential use of the PNPLA3 genotype in clinical practice is
risk stratification in patients with advanced liver disease including
cirrhosis. While the PNPLA3 risk allele has been shown to promote
HCC in the general population, these associations could have been
mediated by its effects on fibrosis.>> We believe that the more rel-
evant question is whether it is associated with risk of outcomesin an
at-risk population. The specific outcomes most of interest are HCC
and hepatic decompensation. The key risk groups are cirrhosis and
at-risk chronic hepatitis B; however, because of a paucity of data on
longitudinal outcomes in hepatitis B,>*>> we will focus on cirrhosis

for the rest of this discussion (Table 2).

4.1 | Effectson hepatic decompensation

PNPLA3-rs738409-G has been postulated to promote endothelial
activation and procoagulant phenotype by activation of hepatic
stellate cells, resulting in more rapid progression of portal hyper-
tension.®® Associations between the PNPLA3 genotype and portal
hypertensive complications of ascites, hepatic encephalopathy, or
variceal bleed have been assessed in several case-control and lon-
gitudinal cohort studies. We discuss the literature based on disease

aetiology below.

411 | MASLD

One Austrian study in patients with MASLD with confirmed por-
tal hypertension on manometry found increased mortality in
PNPLA3-rs738409-GG individuals and higher risk of hepatic de-
compensation, liver-related mortality, and overall mortality in the
SLD population (either MASLD or ALD; n=141).>8 This associa-
tion remained significant in those with clinically significant por-
tal hypertension (gradient 210mmHg). In a subgroup analysis of
a case-control study from Japan, in 106 patients with MASLD-
related cirrhosis, PNPLA3 was significantly associated with he-
patic decompensation.59 A retrospective United States study of
732 patients in contrast reported no association between PNPLA3
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genotype and incidence of hepatic decompensation®?; while this
cohort included multiple causes of liver disease, 56% of partici-
pants had MASLD and >50% of patients regardless of aetiology
had obesity or type 2 diabetes, implying most of the rest had at
least a component of SLD.

4.1.2 | Alcohol-related liver disease

Another retrospective analysis of 421 patients from Germany with
cirrhosis from multiple etiologies found that the PNPLA3 genotype
was associated with shorter time to ascites and hepatic encepha-
lopathy in the subset of patients with ALD (n=105).>” The Japanese
study cited above noted no difference in hepatic decompensation by
PNPLA3 genotype among patients with alcohol-related liver disease
(n=104).>°

4.1.3 | Viral hepatitis

The Austrian study detailed above found no significant associations
between PNPLA3 genotype and hepatic decompensation in patients
with viral cirrhosis (n=231).58 Similarly, in the Japanese study above,
in patients with viral hepatitis (1=157), there was no significant as-
sociation between the PNPLA3 genotype and the presence of he-

patic decompensation.59

4.1.4 | Other or mixed etiologies

In the Japanese study detailed above, there was an increased risk of
decompensation among patients with primary biliary cholangitis or
autoimmune hepatitis-related cirrhosis, but the interpretation was
limited by the small cohort size (n=33).>’

In all, these studies reported that PNPLA3 genotype is associated
with risk of hepatic decompensation. This effect seems to be pri-
marily in patients with MASLD or ALD, with little to no data suggest-
ing association between PNPLA3 genotype and decompensation in
viral cirrhosis, and too few data in patients with other etiologies to
make firm conclusions. However, these studies were all small with
the largest study including just over 700 participants. In addition, to
our knowledge, all studies showing associations between PNPLA3
genotype and decompensation have been retrospective. Further
prospective studies based on disease aetiology are required before

this association can be confirmed.

4.2 | Effects on hepatocellular carcinoma

421 | Alcohol-related liver disease

In one early prospective study from France, Guyot et al. assessed the
impact of the PNPLA3 genotype in 279 patients with alcohol-related

cirrhosis.?® In the ALD cohort, the PNPLA3 risk allele was associ-
ated with HCC (though not overall mortality).?® The associations be-
tween PNPLA3 genotypes remained significant after adjustment for
key risk factors including persistent alcohol intake, Child-Pugh score,
age, sex, T2DM, and platelet count. The authors developed and in-
ternally validated a predictive model for HCC risk in alcohol-related
cirrhosis that included age, sex, body mass index, and PNPLA3-
rs738409-GG genotype. This score divided patients into three risk
categories with 6-year HCC incidence of 3.4%, 12.2%, and 51.7% in
low, intermediate, and high-risk groups, respectively. However, this
model was not externally validated and the authors did not report
how much PNPLA3 specifically contributed to the model compared
to the other risk factors. The incidence of hepatic decompensation
based on the PNPLA3 genotype was not reported, but there was a
borderline significant association of higher baseline prevalence of

hepatic encephalopathy based on rs738409-G carriage.

4.2.2 | Viral hepatitis

Guyot et al also evaluated the PNPLA3 genotype in 253 patients
with HCV cirrhosis; in this population, there was no association be-
tween the PNPLA3 genotype and HCC or mortality.® Of note, this
study was conducted before the widespread availability of direct-
acting antiviral therapy for HCV, and 75% of HCV patients were still
viremic by the end of the study.

4.2.3 | Combined aetiology

The authors of the Guyot et al study then assessed further the im-
pact of PNPLA3 genotype in two prospective French and Belgian
cohorts, one with cured HCV cirrhosis®* and another with alcohol-
related cirrhosis,® including 1145 patients in total, with 86 HCC
events.’® While PNPLA3-rs738409-G allele was not significantly
associated with HCC occurrence in either cohort alone, it was as-
sociated in the overall cohort. They also generated two PRSs in-
corporating PNPLA3 genotype and found that these scores were
associated with incidence of HCC.®© Both PRSs were significantly
associated with HCC incidence even after adjustment for two clini-
cal risk scores for HCC [age-male-albumin-bilirubin-platelets score
(aMAP) and an internally derived score]. However, the incremen-
tal benefit of incorporating genetics along with the clinical scores
was modest, with C-statistic .77 for both clinical models alone ver-
sus .78-79 for clinical models with PRSs. Another prospective study
from the United States of 1911 patients with cirrhosis, of whom 116
developed HCC during follow-up, PNPLA3-rs738409-G carriers had
higher risk of HCC and this effect was greater in patients with heavy
alcohol intake, obesity, or viral hepatitis.®* The authors compared
models with versus without PNPLA3 genotype in conjunction with
a recently-developed model incorporating several parameters in-
cluding AFP.64%” The C-statistic for 1-year HCC prediction increased
from .78 to .83 after adding PNPLA3 genotype.
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Retrospective data also exist to suggest an association between
the PNPLA3 genotype and HCC risk among patients with cirrhosis.
Several case-control studies have also demonstrated higher odds
of HCC among people with cirrhosis who carried versus who did
not carry PNPLA3 risk alleles.?®'? Two retrospective studies from
Germany and the US, respectively, of 421 and 732 patients with cir-
rhosis from diverse etiologies of liver disease found that the PNPLA3
rs738409-GG genotype was associated with a higher incidence
of HCC.’”%? The US study also found that these differences were
consistent across disease aetiology and aMAP scores, though they
seemed to be greater in patients with steatotic liver disease.

In sum, the literature on the PNPLA3 genotype suggests that
rs738409-G carriage is associated with risk of HCC but whether it
promotes hepatic decompensation is less consistent with small co-
hort sizes. Associations between PNPLA3 and both decompensation
and HCC appear to be more significant in patients with steatotic
liver disease.

5 | CONCLUSIONS

Multiple studies have associated the PNPLA3 genotype with clini-
cal outcomes of liver-related death and/or major adverse liver out-
comes in cohorts ranging from the general population to those with
advanced fibrosis/cirrhosis. In our opinion, however, the clinical ap-
plicability of the PNPLA3 genotype will require that genotypic data
adds incremental information to widely available clinical tools. Here,
the data are more limited. To our knowledge, no studies have re-
ported whether the PNPLA3 genotype can aid with the diagnosis
of MASH or fibrotic MASH beyond VCTE or MRE-derived scores.
In non-cirrhotic populations, we believe that the PNPLA3 genotype
may help stratify risk beyond simple non-invasive tests in patients
with a relatively high pre-test probability of having significant fibro-
sis based on either non-invasive tests (e.g. FIB4) or demographics
(e.g. T2DM). In cirrhotic populations, the literature on PNPLA3 and
hepatic decompensation has yielded mixed results, but there is a
clear association between PNPLA3 genotype and HCC incidence, es-
pecially in those with steatotic liver disease. However, whether the
PNPLA3 genotype meaningfully improves upon HCC risk scores such
as aMAP in people with cirrhosis is less well-established.

AUTHOR CONTRIBUTIONS
Vincent Chen: drafting and critical review of the manuscript.
Umberto Vespasiani-Gentilucci: drafting and critical review of the

manuscript.

FUNDING INFORMATION
None.

CONFLICT OF INTEREST STATEMENT

Vincent Chen received grants from AstraZeneca, KOWA, and Ipsen,
paid to his institution. Umberto Vespasiani-Gentilucci received
grants from AstraZeneca, Advanz Pharma, Ipsen, and Diasorin.

i 90f 11
INTIE}Q{\IECI:NAL Wl L EY

DATA AVAILABILITY STATEMENT

Not applicable as no original data were generated for this manuscript.

ORCID
Vincent L. Chen
Umberto Vespasiani-Gentilucci
org/0000-0002-1138-1967

https://orcid.org/0000-0002-0157-6066
https://orcid.

REFERENCES

1. Romeo S, Kozlitina J, Xing C, et al. Genetic variation in PNPLA3
confers susceptibility to nonalcoholic fatty liver disease. Nat Genet.
2008;40(12):1461-1465.

2. Hernaez R, McLean J, Lazo M, et al. Association between vari-
ants in or near PNPLA3, GCKR, and PPP1R3B with ultrasound-
defined steatosis based on data from the third National Health
and nutrition examination survey. Clin Gastroenterol Hepatol.
2013;11(9):1183-1190.

3. LinYC, Chang PF, Chang MH, Ni YH. Genetic variants in GCKR and
PNPLAS3 confer susceptibility to nonalcoholic fatty liver disease in
obese individuals. Am J Clin Nutr. 2014;99(4):869-874.

4. Speliotes EK, Butler JL, Palmer CD, et al. PNPLA3 variants specifi-
cally confer increased risk for histologic nonalcoholic fatty liver dis-
ease but not metabolic disease. Hepatology. 2010;52(3):904-912.

5. Jamialahmadi O, Mancina RM, Ciociola E, et al. Exome-wide asso-
ciation study on alanine aminotransferase identifies sequence vari-
ants in the GPAM and APOE associated with fatty liver disease.
Gastroenterology. 2021;160(5):1634-1646.

6. Santoro N, Savoye M, Kim G, et al. Hepatic fat accumulation is
modulated by the interaction between the rs738409 variant in the
PNPLAS3 gene and the dietary omegaé/omega3 PUFA intake. PLoS
One. 2012;7(5):e37827.

7. Chen VL, Du X, Oliveri A, et al. Genetic risk accentuates di-
etary effects on hepatic steatosis, inflammation and fibrosis in a
population-based cohort. J Hepatol. 2024;81:379-388.

8. Davis JN, Le KA, Walker RW, et al. Increased hepatic fat in over-
weight Hispanic youth influenced by interaction between genetic
variation in PNPLA3 and high dietary carbohydrate and sugar con-
sumption. Am J Clin Nutr. 2010;92(6):1522-1527.

9. Holmer M, Ekstedt M, Nasr P, et al. Effect of common genetic vari-
ants on the risk of cirrhosis in nonalcoholic fatty liver disease during
20years of follow-up. Liver Int. 2022;42:2769-2780.

10. Dongiovanni P, Stender S, Pietrelli A, et al. Causal relationship of
hepatic fat with liver damage and insulin resistance in nonalcoholic
fatty liver. J Intern Med. 2018;283(4):356-370.

11. Tian C, Stokowski RP, Kershenobich D, Ballinger DG, Hinds DA.
Variant in PNPLAS3 is associated with alcoholic liver disease. Nat
Genet. 2010;42(1):21-23.

12. Stickel F,Buch S, Lau K, et al. Genetic variation in the PNPLA3 gene
is associated with alcoholic liver injury in caucasians. Hepatology.
2011;53(1):86-95.

13. Buch S, Stickel F, Trepo E, et al. A genome-wide association study
confirms PNPLA3 and identifies TM6SF2 and MBOAT?7 as risk loci
for alcohol-related cirrhosis. Nat Genet. 2015;47(12):1443-1448.

14. FalletiE, Fabris C,CmetS, etal. PNPLA3rs738409C/G polymorphism
in cirrhosis: relationship with the aetiology of liver disease and hepa-
tocellular carcinoma occurrence. Liver Int. 2011;31(8):1137-1143.

15. Burza MA, Pirazzi C, Maglio C, et al. PNPLA3 1148M (rs738409) ge-
netic variant is associated with hepatocellular carcinoma in obese
individuals. Dig Liver Dis. 2012;44(12):1037-1041.

16. Yang J, Trepo E, Nahon P, et al. PNPLA3 and TMé6SF2 variants
as risk factors of hepatocellular carcinoma across various eti-
ologies and severity of underlying liver diseases. Int J Cancer.
2019;144(3):533-544.


https://orcid.org/0000-0002-0157-6066
https://orcid.org/0000-0002-0157-6066
https://orcid.org/0000-0002-1138-1967
https://orcid.org/0000-0002-1138-1967
https://orcid.org/0000-0002-1138-1967

WILEY-VCTeY

17.
18.
19.
20.

21.

22.

23.

24,
25.

26.
27.

28.
29.

30.

31.

32.

33.

CHEN and VESPASIANI-GENTILUCCI

Stickel F, Buch S, Nischalke HD, et al. Genetic variants in PNPLA3
and TMé6SF2 predispose to the development of hepatocellu-
lar carcinoma in individuals with alcohol-related cirrhosis. Am J
Gastroenterol. 2018;113(10):1475-1483.

Kim HS, Xiao X, Byun J, et al. Synergistic associations of PNPLA3
1148M variant, alcohol intake, and obesity with risk of cirrho-
sis, hepatocellular carcinoma, and mortality. JAMA Netw Open.
2022;5(10):e2234221.

Trépo E, Nahon P, Bontempi G, et al. Association between the
PNPLAS3 (rs738409 C>G) variant and hepatocellular carcinoma:
evidence from a meta-analysis of individual participant data.
Hepatology. 2014;59(6):2170-2177.

Liu YL, Patman GL, Leathart JB, et al. Carriage of the PNPLA3
rs738409 C >G polymorphism confers an increased risk of non-
alcoholic fatty liver disease associated hepatocellular carcinoma. J
Hepatol. 2014;61(1):75-81.

Kotronen A, Peltonen M, Hakkarainen A, et al. Prediction of non-
alcoholic fatty liver disease and liver fat using metabolic and ge-
netic factors. Gastroenterology. 2009;137(3):865-872.

Paternostro R, Staufer K, Traussnigg S, et al. Combined ef-
fects of PNPLA3, TM6SF2 and HSD17B13 variants on severity
of biopsy-proven non-alcoholic fatty liver disease. Hepatol Int.
2021;15(4):922-933.

European Association for the Study of the Liver. Electronic ad-
dress eee, European Association for the Study of D, European
Association for the Study of O, European Association for the Study
of the L. EASL-EASD-EASO clinical practice guidelines on the man-
agement of metabolic dysfunction-associated steatotic liver dis-
ease (MASLD). J Hepatol. 2024,81:492-542.

Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, et al. AASLD
practice guidance on the clinical assessment and management of
nonalcoholic fatty liver disease. Hepatology. 2023;77(5):1797-1835.
Hyysalo J, Mannisto VT, Zhou Y, et al. A population-based study on
the prevalence of NASH using scores validated against liver histol-
ogy. J Hepatol. 2014;60(4):839-846.

Koo BK, Joo SK, Kim D, et al. Development and validation of a scor-
ing system, based on genetic and clinical factors, to determine risk
of Steatohepatitis in Asian patients with nonalcoholic fatty liver
disease. Clin Gastroenterol Hepatol. 2020;18(11):2592-2599.

Zhou Y, Oresic M, Leivonen M, et al. Noninvasive detection of
nonalcoholic Steatohepatitis using clinical markers and circulat-
ing levels of lipids and metabolites. Clin Gastroenterol Hepatol.
2016;14(10):1463-1472.

Dunn W, Castera L, Loomba R. Roles of radiological tests in clinical
trials and the clinical management of nonalcoholic fatty liver dis-
ease. Clin Liver Dis. 2023;27(2):363-372.

Terracciani F, Falcomata A, Gallo P, Picardi A, Vespasiani-Gentilucci
U. Prognostication in NAFLD: physiological bases, clinical indica-
tors, and newer biomarkers. J Physiol Biochem. 2023;79(4):851-868.
Meffert PJ, Repp KD, Volzke H, et al. The PNPLA3 SNP rs738409:G
allele is associated with increased liver disease-associated mortal-
ity but reduced overall mortality in a population-based cohort. J
Hepatol. 2018;68(4):858-860.

Gellert-Kristensen H, Richardson TG, Davey Smith G, Nordestgaard
BG, Tybjaerg-Hansen A, Stender S. Combined effect of PNPLA3,
TM6SF2, and HSD17B13 variants on risk of cirrhosis and he-
patocellular carcinoma in the general population. Hepatology.
2020;72(3):845-856.

Unalp-Arida A, Ruhl CE. Patatin-like phospholipase domain-
containing protein 3 1148M and liver fat and fibrosis scores pre-
dict liver disease mortality in the U.S. population. Hepatology.
2020;71(3):820-834.

Tavaglione F, De Vincentis A, Jamialahmadi O, et al. Inborn and ac-
quired risk factors for severe liver disease in Europeans with type 2
diabetes from the UK biobank. JHEP Rep. 2021;3(3):100262.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

ChalasaniN, Vilar-Gomez E,LoombaR, etal. PNPLA3rs738409, age,
diabetes, sex, and advanced fibrosis jointly contribute to the risk of
major adverse liver outcomes in metabolic-associated steatotic liver
disease. Hepatology. 2024. doi:10.1097/HEP.000000000000089%6
Rosso C, Caviglia GP, Birolo G, et al. Impact of PNPLA3 rs738409
polymorphism on the development of liver-related events in pa-
tients with nonalcoholic fatty liver disease. Clin Gastroenterol
Hepatol. 2023;21(13):3314-3321.

Seko Y, Yamaguchi K, Shima T, et al. The greater impact of PNPLA3
polymorphism on liver-related events in Japanese non-alcoholic
fatty liver disease patients: a multicentre cohort study. Liver Int.
2023;43(10):2210-2219.

De Vincentis A, Tavaglione F, Jamialahmadi O, et al. A polygenic
risk score to refine risk stratification and prediction for severe
liver disease by clinical fibrosis scores. Clin Gastroenterol Hepatol.
2022;20(3):658-673.

Pennisi G, Pipitone RM, Enea M, et al. A genetic and metabolic stag-
ing system for predicting the outcome of nonalcoholic fatty liver
disease. Hepatol Commun. 2022;6(5):1032-1044.

Koo BK, Lee H, Kwak SH, Lee DH, Park JH, Kim W. Long-term
effect of PNPLA3 on the aggravation of nonalcoholic fatty liver
disease in the biopsy-proven cohort. Clin Gastroenterol Hepatol.
2022;21:1105-1107.e3.

Chen VL, Oliveri A, Miller MJ, et al. PNPLA3 genotype and diabetes
identify patients with non-alcoholic fatty liver disease at high risk
of incident cirrhosis. Gastroenterology. 2023;164(6):966-977.

Innes H, Morling JR, Buch S, Hamill V, Stickel F, Guha IN.
Performance of routine risk scores for predicting cirrhosis-related
morbidity in the community. J Hepatol. 2022;77(2):365-376.

Fry A, Littlejohns TJ, Sudlow C, et al. Comparison of sociodemo-
graphic and health-related characteristics of UK biobank par-
ticipants with those of the general population. Am J Epidemiol.
2017;186(9):1026-1034.

Seko Y, Yamaguchi K, Shima T, et al. Differential effects of genetic
polymorphism on comorbid disease in metabolic dysfunction-
associated steatotic liver disease. Clin Gastroenterol Hepatol.
2024;22:1436-1443.€4.

Tapper EB, Lok AS. Use of liver imaging and biopsy in clinical prac-
tice. N Engl J Med. 2017;377(8):756-768.

Serper M, Vujkovic M, Kaplan DE, et al. Validating a non-invasive,
ALT-based non-alcoholic fatty liver phenotype in the million vet-
eran program. PLoS One. 2020;15(8):e0237430.

Bridi L, Agrawal S, Tesfai K, et al. The impact of genetic risk on
the prevalence of advanced fibrosis and cirrhosis in prospectively
assessed patients with type 2 diabetes. Aliment Pharmacol Ther.
2024,60:369-377.

Vespasiani-Gentilucci U, Valenti L, Romeo S. Usefulness of
PNPLAS3 variant for predicting hepatic events in steatotic
liver disease: a matter of ethnicity or baseline risk? Liver Int.
2023;43(10):2052-2054.

Luukkonen PK, Farkkila M, Jula A, et al. Abdominal obesity and alco-
hol use modify the impact of genetic risk for incident advanced liver
disease in the general population. Liver Int. 2023;43(5):1035-1045.

Stender S, Kozlitina J, Nordestgaard BG, Tybjaerg-Hansen A, Hobbs
HH, Cohen JC. Adiposity amplifies the genetic risk of fatty liver
disease conferred by multiple loci. Nat Genet. 2017;49(6):842-847.

Bianco C, Jamialahmadi O, Pelusi S, et al. Non-invasive stratifica-
tion of hepatocellular carcinoma risk in non-alcoholic fatty liver
using polygenic risk scores. J Hepatol. 2021;74(4):775-782.

Singal AG, Llovet JM, Yarchoan M, et al. AASLD practice guidance
on prevention, diagnosis, and treatment of hepatocellular carci-
noma. Hepatology. 2023;78:1922-1965.

Younossi Z, Anstee QM, Marietti M, et al. Global burden of NAFLD
and NASH: trends, predictions, risk factors and prevention. Nat Rev
Gastroenterol Hepatol. 2018;15(1):11-20.


https://doi.org//10.1097/HEP.0000000000000896

CHEN and VESPASIANI-GENTILUCCI

53.

54.

55.

56.

57.

58.

59.

60.

61.

Cherubini A, Ostadreza M, Jamialahmadi O, et al. Interaction between
estrogen receptor-alpha and PNPLA3 p.1148M variant drives fatty
liver disease susceptibility in women. Nat Med. 2023;29:2643-2655.
Brouwer WP, van der Meer AJ, Boonstra A, et al. The impact of
PNPLA3 (rs738409 C>G) polymorphisms on liver histology and
long-term clinical outcome in chronic hepatitis B patients. Liver Int.
2015;35(2):438-447.

Hsueh RC, Wu WJ, Lin CL, et al. Impact of PNPLA3 p.I1148M and
hepatic steatosis on long-term outcomes for hepatocellular carci-
noma and HBsAg Seroclearance in chronic hepatitis B. J Hepatocell
Carcinoma. 2022;9:301-313.

Guyot E, Sutton A, Rufat P, et al. PNPLA3 rs738409, hepatocellular
carcinoma occurrence and risk model prediction in patients with
cirrhosis. J Hepatol. 2013;58(2):312-318.

Friedrich K, Wannhoff A, Kattner S, et al. PNPLA3 in end-stage
liver disease: alcohol consumption, hepatocellular carcinoma devel-
opment, and transplantation-free survival. J Gastroenterol Hepatol.
2014;29(7):1477-1484.

Mandorfer M, Scheiner B, Stattermayer AF, et al. Impact of patatin-
like phospholipase domain containing 3 rs738409 G/G genotype
on hepatic decompensation and mortality in patients with portal
hypertension. Aliment Pharmacol Ther. 2018;48(4):451-459.

Shao X, Uojima H, Arai T, et al. The risk of cirrhosis and its com-
plications based on PNPLA3 rs738409 G allele frequency. Dig Dis.
2022;40(5):625-634.

Nahon P, Bamba-Funck J, Layese R, et al. Integrating genetic vari-
ants into clinical models for hepatocellular carcinoma risk stratifica-
tion in cirrhosis. J Hepatol. 2023;78(3):584-595.

Thrift AP, Kanwal F, Lim H, et al. PNPLA3, obesity and heavy
alcohol use in cirrhosis patients may exert a synergistic

62.

63.

64.

65.

66.

67.

i 110f11
|N1!E¥\l$orNAL Wl L EY

increase hepatocellular carcinoma risk. Clin Gastroenterol Hepatol.
2024;22:1858-1866.e4.

Urias E, Tedesco NR, Burkholder DA, et al. PNPLAS risk allele is as-
sociated with risk of hepatocellular carcinoma but not decompensa-
tion in compensated cirrhosis. Hepatol Commun. 2024;8(6):e0441.
Shalaby S, Ronzoni L, Hernandez-Gea V, Valenti L. The genetics
of portal hypertension: recent developments and the road ahead.
Liver Int. 2023;43(12):2592-2603.

Trinchet JC, Bourcier V, Chaffaut C, et al. Complications and com-
peting risks of death in compensated viral cirrhosis (ANRS CO12
CirVir prospective cohort). Hepatology. 2015;62(3):737-750.
Ganne-Carrie N, Chaffaut C, Bourcier V, et al. Estimate of hepato-
cellular carcinoma incidence in patients with alcoholic cirrhosis. J
Hepatol. 2018;69(6):1274-1283.

Kanwal F, Khaderi S, Singal AG, et al. Risk stratification model for
hepatocellular cancer in patients with cirrhosis. Clin Gastroenterol
Hepatol. 2023;21:3296-3304.e3.

Yoo JJ, Song YG, Moon JE, Kim YS, Kim SG. Validation of the Texas
hepatocellular carcinoma risk index predictive model for hepa-
tocellular carcinoma in Asian cohort. Clin Gastroenterol Hepatol.
2024;22:1953-1955.e1.

How to cite this article: Chen VL, Vespasiani-Gentilucci U.
Integrating PNPLA3 into clinical risk prediction. Liver Int.
2025;45:€16103. doi:10.1111/1iv.16103


https://doi.org/10.1111/liv.16103

	Integrating PNPLA3 into clinical risk prediction
	Abstract
	1  |  INTRODUCTION
	2  |  DIAGNOSIS OF METABOLIC DYSFUNCTION-ASSOCIATED STEATOHEPATITIS
	3  |  RISK STRATIFICATION IN PERSONS WITHOUT CIRRHOSIS
	3.1  |  General population
	3.2  |  Patients with MASLD
	3.3  |  Hepatocellular carcinoma risk in MASLD
	3.4  |  Sex- and ancestry-specific effects

	4  |  RISK STRATIFICATION FOR HEPATOCELLULAR CARCINOMA AND DECOMPENSATION IN CIRRHOSIS
	4.1  |  Effects on hepatic decompensation
	4.1.1  |  MASLD
	4.1.2  |  Alcohol-related liver disease
	4.1.3  |  Viral hepatitis
	4.1.4  |  Other or mixed etiologies

	4.2  |  Effects on hepatocellular carcinoma
	4.2.1  |  Alcohol-related liver disease
	4.2.2  |  Viral hepatitis
	4.2.3  |  Combined aetiology


	5  |  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


