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Highlights Impact and implications
� HCC risk stratification will ultimately enable refinement of
surveillance strategies in patients with cirrhosis.

� Universal scoring systems based on routine parameters
may currently be applied regardless of the cause of
liver disease.

� Seven genetic variants can be combined into a genetic risk
score for HCC in patients in surveillance programs.

� The addition of this genetic information to clinical scoring
systems modestly improves their performance for
risk stratification.
https://doi.org/10.1016/j.jhep.2022.11.003

© 2022 European Association for the Study of the Liver. Published by Elsevier B.V
The identification of patients at higher risk of developing liver
cancer is pivotal to improve the performance of surveillance.
Risk assessment can be achieved by combining several clinical
and biological parameters used in routine practice. The addition
of patients’ genetic characteristics can modestly improve this
prediction and will ultimately pave the way for precision medi-
cine in patients eligible for HCC surveillance, allowing physi-
cians to trigger personalised screening strategies.
. All rights reserved. J. Hepatol. 2022, -, 1–12
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Background & Aims: Identifying individuals at higher risk of developing hepatocellular carcinoma (HCC) is pivotal to improve the
performance of surveillance strategies. Herein, we aimed to evaluate the ability of single nucleotide polymorphisms (SNPs) to
refine HCC risk stratification.
Methods: Six SNPs in PNPLA3, TM6SF2, HSD17B13, APOE, andMBOAT7 affecting lipid turnover and one variant involved in the
Wnt–b-catenin pathway (WNT3A-WNT9A rs708113) were assessed in patients with alcohol-related and/or HCV-cured cirrhosis
included in HCC surveillance programmes (prospective CirVir and CIRRAL cohorts). Their prognostic value for HCC occurrence
was assessed using Fine-Gray models combined into a 7-SNP genetic risk score (GRS). The predictive ability of two clinical
scores (a routine non-genetic model determined by multivariate analysis and the external aMAP score) with/without the GRS was
evaluated by C-indices. The standardised net benefit was derived from decision curves.
Results: Among 1,145 patients, 86 (7.5%) developed HCC after 43.7 months. PNPLA3 and WNT3A-WNT9A variants were
independently associated with HCC occurrence. The GRS stratified the population into three groups with progressively increased
5-year HCC incidence (Group 1 [n = 627, 5.4%], Group 2 [n = 276, 10.7%], and Group 3 [n = 242, 15.3%]; p <0.001). The
multivariate model identified age, male sex, diabetes, platelet count, gamma-glutamyltransferase levels, albuminemia and the
GRS as independent risk factors. The clinical model performance for 5-year HCC prediction was similar to that of the aMAP score
(C-Index 0.769). The addition of the GRS to both scores modestly improved their performance (C-Indices of 0.786 and 0.783,
respectively). This finding was confirmed by decision curve analyses showing only fair clinical net benefit.
Conclusions: Patients with cirrhosis can be stratified into HCC risk classes by variants affecting lipid turnover and the Wnt–b-
catenin pathway. The incorporation of this genetic information modestly improves the performance of clinical scores.

© 2022 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
Introduction
The risk of hepatocellular carcinoma (HCC) development in
patients with advanced chronic liver diseases (ACLD) may be
influenced by genetic factors.1 Several single nucleotide poly-
morphisms (SNPs) have been reported as susceptibility
loci of HCC, in particular rs738409 (PNPLA3),2 rs58542926
(TM6SF2),3 rs187429064 (TM6SF2)4, rs72613567 (HSD17B13),5

rs429358 (APOE)4 and rs641738 (MBOAT7).6 All of them were
initially identified through genome-wide association studies
(GWAS) exploring non-alcoholic fatty liver disease (NAFLD)7,8

and/or alcohol-related liver disease (ALD).9 They were subse-
quently tested, alone or combined into genetic risk scores
(GRSs), in case-control studies encompassing patients with
ACLD without active viral replication that was complicated or
not by HCC.4,10–12 Although the biological consequences of
these SNPs are not fully understood, they seem to affect lipid
metabolism without a demonstrated direct effect on
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hepatocarcinogenesis.13 More recently, the first GWAS dedi-
cated to HCC in individuals of European ancestry was per-
formed,14 and identified an additional variant modulating the
Wnt-b-catenin pathway, WNT3A-WNT9A, specifically associ-
ated with liver cancer in individuals with ALD. Nevertheless,
beyond these associations, the ability of this genetic information
to predict the development of HCC and refine liver cancer risk
stratification in patients with ACLD is currently unknown.

Semi-annual HCC surveillance using liver ultrasound ex-
amination in patients with cirrhosis is endorsed by all interna-
tional societies.15 However, this monitoring is affected by the
low sensitivity of ultrasound to detect small HCC.16 Improving
the efficacy of HCC surveillance implies the use of more so-
phisticated tools, but this strategy faces cost-effectiveness
issues.15 HCC risk stratification will play a pivotal role in justi-
fying the implementation of these costly procedures;17 for
instance, it has been shown that early HCC detection using
MRI was cost-effective in patients with a yearly cancer
nce; liver cancer risk; risk stratification.
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Genetics for liver cancer prediction
incidence above 3%.18,19 This risk stratification can be easily
performed using simple features encompassing routine pa-
rameters; this is particularly the case in the era of widespread
use of antivirals,20 as “universal” scoring systems have been
developed in patients with ACLD regardless of the cause.19,21

Routine clinical scores are already used for research pur-
poses to stratify at-risk populations in the setting of clinical
trials testing new performant but costly early HCC detection
procedures. In this setting, the addition of genetic information
to these already performant models needs to be assessed
before considering their utility for clinical practice. The aim of
this longitudinal study was to evaluate the added prognostic
value to HCC prediction of these 5 SNPs, as well as their ability
to refine HCC stratification based on clinical models.

Patients and methods

Patients

In this study, we used data from two French prospective co-
horts of patients with biopsy-proven compensated cirrhosis
without detectable focal liver lesions at inclusion; these cohorts
have already been extensively described: the ANRS CO12
CirVir22 and CIRRAL cohorts.23 Each study was conducted in
accordance with the ethical guidelines of the 1975 Declaration
of Helsinki and French laws for biomedical research and was
approved by the local ethics committees. They are both re-
ported according to the STROBE statement. All patients gave
written informed consent to participate. None of the patients
from these cohorts were included in the previously published
French GWAS;14 unlike the CIRRAL or CirVir cohorts, which
considered patients regularly screened for HCC and in whom
follow-up was monitored according to pre-defined protocols,
this two-stage case-control GWAS only selected patients who
were referred for chronic liver disease and/or HCC manage-
ment and does not comprise any recorded longitudinal follow-
up for research purposes.

All patients enrolled in these cohorts underwent periodic
liver ultrasound surveillance according to international and
French guidelines, with or without serum alpha-fetoprotein
measurement. In the case of detected focal liver lesions, a
recalled diagnostic procedure using contrast-enhanced im-
aging (computed tomography scan or MRI) and/or guided bi-
opsy was performed according to the 2005 AASLD guidelines
updated in 2011.24,25 A diagnosis of HCC was thus estab-
lished by either histological examination or based on proba-
bilistic non-invasive criteria (mainly dynamic imaging revealing
early arterial hyperenhancement and washout on portal
venous or delayed phases) according to the different time
periods (before and after 2011). When HCC diagnosis was
established, treatment was determined using a multidisci-
plinary approach according to AASLD24,25 and the EASL–
EORTC26 guidelines.

In addition to HCC occurrence,27,28 which was the primary
endpoint of both cohorts, all events that occurred during
follow-up (i.e., death, liver decompensation, bacterial infec-
tion,27 extrahepatic malignancies29 and cardiovascular dis-
eases30) were recorded using information obtained from the
medical records of patients held by each centre.31 Moreover,
likely cause(s) of death were established. All recorded infor-
mation during follow-up was secondarily monitored by clinical
research associates localised in institution 1, 3 and 7. All
2 Journal of Hepatology, J
medical diagnoses of events occurring during follow-up were
confirmed by two senior hepatologists (authors N.G-C
and P.N.).

Patients who underwent liver transplantation were
censored for analysis at the date of transplantation. All treat-
ments, including antiviral therapies, were recorded at inclu-
sion, and patients were notified of any modifications during
follow-up.32 A single database encompassing clinical data
from the two cohorts was built on November 18, 2019.31

Among all included patients, only those with ALD or who
achieved HCV eradication during follow-up were considered
for the present analyses, the date of viral eradication being set
as index time (see Fig. S1).
ANRS CO12 CirVir cohort
The ANRS CO12 CirVir cohort, sponsored and funded by the
ANRS (France REcherche Nord & Sud Sida-HIV Hépatites), is a
multicentre observational cohort that aims to characterise the
incidence of complications occurring in biopsy-proven
compensated cirrhosis and to identify the associated risk fac-
tors using competing risks analysis.22 The full CirVir protocol is
available on the ANRS website (http://anrs.fr). Specific addi-
tional inclusion criteria were i) cause of cirrhosis related to
either chronic infection with HCV and/or HBV regardless of the
levels of replication and alcohol consumption, ii) patients
belonging to Child–Pugh A at enrolment, iii) absence of previ-
ous hepatic complications (particularly ascites, gastrointestinal
haemorrhage, or HCC), and iv) absence of severe uncontrolled
extrahepatic disease resulting in an estimated life expectancy
of less than 1 year.

Among the 1,822 patients recruited in 35 French clinical
centres between March 2006 and July 2012, 151 were subse-
quently excluded from analysis after reviewing individual data
due to either non-compliance with inclusion criteria (n = 142) or
consent withdrawal (n = 9), leading to a total of 1,671 patients
selected for further analysis, including the present one.
CIRRAL cohort
CIRRAL is a multicentre cohort study being conducted in 22
French and 2 Belgian tertiary liver centres, with the aim of
capturing the whole spectrum of complications occurring in
compensated alcohol-related cirrhosis using competing risk
analyses.23 The promoter was APHP. The cohort was funded
by the French National Institute of Cancer (INCa), the French
Association for Research in Cancer and the ANRS (PAIR CHC
2009) and was registered on ClinicalTrials.gov (NCT00190385).
Specific additional inclusion criteria were i) cause of cirrhosis
related to chronic alcohol abuse according to the World Health
Organization criteria (more than 21 glasses per week for fe-
males and more than 28 glasses per week for males) for at least
10 years, ii) absence of chronic infection with HCV or HBV, and
iii) patients belonging to Child–Pugh A at enrolment. The follow-
up of patients was strictly superposed on the ANRS CO12
Cirvir cohort design.

Among the 706 patients included between October 2010
and April 2016, 54 were subsequently excluded after reviewing
individual data because of violations of the inclusion criteria (n =
48) or consent withdrawal (n = 6); ultimately, 652 patients were
selected for further analysis, including the present one.
uly 2022. vol. - j 1–12
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DNA storage, extraction and genotyping

DNA samples were prepared from blood samples collected in
all participating centres and then centralised by the liver bio-
bank of the Plateforme de Ressources Biologiques des Hôpi-
taux Universitaires Paris Seine-Saint-Denis (BB-0033-00027),
Assistance Publique Hôpitaux de Paris, Bobigny, France. All
patients gave written consent for blood sampling and geno-
typing. This study was approved by the Comité de Protection
des Personnes d’Aulnay-sous-Bois, France. Genomic DNA
was extracted from each patient’s peripheral blood mono-
nuclear cells using a MagNA Pure Compact Instrument
(Roche Diagnostics).

Patients were genotyped for rs738409 (PNPLA3 I148M
variant), rs58542926 (TM6SF2 E167 K), rs187429064 (TM6SF2),
rs641738 (C>T MBOAT7), rs72613567 (HSD17B13:TA),
rs429358 (APOE) and rs708113 (WNT3A-WNT9A). MBOAT7,
TM6SF2, WNT3A-WNT9A and PNPLA3 SNPs were genotyped
by allelic discrimination using fluorogenic probes and appro-
priate TaqMan assays (rs641738: C___8716820_10; rs738409:
C______7241_10; rs187429064: C_183043355_10; rs58542926:
C__89463510_10; rs708113: C__11576791_10, rs429358:
C___3084793_20, Thermo Fisher). HSD17B13 rs72613567
genotyping was performed using custom primers and probes
(forward primer: GCT CTA TTG GTG TTT TAG TAT TTG GGT
GTT, reverse primer: TGT TCC ATC GTA TAT CAA TAT CTT TCT
GAG ACT, qHSD17B13-A: CTG TGC TGT ACT TAC TTC T,
qHSD17B13-AA: TGC TGT ACT TAA CTT CT.

PCRs (25 ll) consisted of 1x TaqMan Universal PCR master
mix (Applied Biosystems), 1X assay mix, and 10 ng of genomic
DNA. Real-time PCR was carried out on a Step One Plus PCR
system (Applied Biosystems) using a protocol consisting of
incubation at 50 �C for 2 min and 95 �C for 10 min, followed by
40 cycles of denaturation at 92 �C for 15 s and annealing/
extension at 60 �C for 1 min. The FAM and VIC fluorescence
levels of the PCR products were measured at 60 �C for 1 min,
resulting in the clear identification of all genotypes of each SNP
on a two-dimensional graph.

Ethnicity was defined by a predictive panel of 26 SNPs
assessed on peripheral DNA. Samples were classified as Eu-
ropean, sub-Saharan African, or East Asian based on the
closest 1,000 Genomes population in a principal compo-
nent analysis.33

Statistical analyses

The baseline was defined as the date of inclusion in the cor-
responding cohort for patients with alcohol-related cirrhosis
and the date of sustained virologic response (SVR) achieve-
ment for patients with HCV-related cirrhosis.

Descriptive results are presented as medians (IQR) for
continuous variables and as numbers (percentages) for cate-
gorical data. The characteristics of patients at the baseline date
were compared between the two subsets of the cohort using t
tests or Mann–Whitney rank-sum tests for continuous variables
and the chi-squared test or Fisher’s exact test for categori-
cal variables.

The cumulative incidence of HCC was estimated in a
competing risk framework, considering non-HCC death as a
competing event. All eligible patients were analysed in the
competing risk analysis, until death, HCC diagnosis, date of
extraction or last known status for patients who were lost to
Journal of Hepatology, J
follow-up. Unadjusted comparisons of incidence curves were
performed using the Gray test. Fine-Gray regression modelling
was used to determine independent baseline features associ-
ated with HCC occurrence to compute subhazard ratios (SHRs)
along with their 95% CIs. To do so, clinical and routine bio-
logical (non-SNP) variables associated with HCC risk at the p
<0.20 level in univariate analysis were entered in multivariate
analysis, and we applied a backwards stepwise approach to
retain significant factors at the p <0.05 level until reaching a
final model, thereafter called the “routine basis model”. The
combined influence of the studied SNPs was analysed in the
whole population by creating specific GRSs coding as 0, 1, and
2 for non-carriers and heterozygous and homozygous carriers
of the HCC risk-increasing allele of each variant, respectively.
Then, the GRSs were added to the routine basis model to
assess their independent contribution to HCC prediction, in
addition to the clinical features. The same method was
secondarily applied with an external HCC clinical score appli-
cable to patients with ACLD regardless of its cause, the aMAP
score, encompassing older age, male sex, albumin-bilirubin
and platelet count.21

The prognostic value of the models (without and with
adjustment with SNP parameters) was assessed through three
approaches. First, we calculated the Wolber’s concordance in-
dex (C-index) for prognostic models with competing risks.34

Second, we created two risk groups “high” and “low” by
dichotomising the predictive risk score from each multivariate
model at three cut-off points: a) 70th percentile; b) 80th percen-
tile; c) 90th percentile. The 5-year cumulative incidence of HCC
was calculated in each of the created groups. The more
discriminative the predictive risk score, the more the cumulative
incidence of the two groups are separated. Third, we estimated
the standardised ‘net benefit’ derived from decision curve
analysis (DCA).35,36 DCA is an increasingly used method for
evaluating alternative diagnostic or prognostic strategies, help-
ing to identify the one with the highest clinical utility or ‘net
benefit’. The framework of HCC surveillance programmes rep-
resents an opt-out setting where the standard is to screen
everyone biannually and a given risk model could then be used
to opt low-risk patients out of screening. Net benefit in screened
patients is calculated across a range of HCC risk thresholds
(defined as the minimum probability of disease at which biannual
screening would be warranted), as the proportion of patients
with true positive results minus the proportion with false-
positives multiplied by the odds at the threshold probability
(HCC risk/1 – HCC risk). Positive status is defined at each risk
threshold when predicted probability from the models exceeds
the threshold probability. Decision curves thus display the dif-
ference (net benefit) between surveillance benefits and surveil-
lance harms. DCA can be used to calculate the net benefit from
implementing a decision rule using a range of HCC risk models,
each with different levels of discrimination, in comparison to two
extreme clinical strategies of screening no patients and
screening all (equivalent to current recommendations). Risk
models with higher discriminative power will provide higher net
benefit, as evidenced by the highest plotted decision curves.

Unadjusted analyses were conducted on complete cases
without missing information, while imputation using the random
forests with the R package missForest was performed in all
multivariate Fine-Gray regression analyses. Statistical analyses
were performed using Stata 16.0 (StataCorp, College Station,
uly 2022. vol. - j 1–12 3
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TX) and R v4.0.2 (R Foundation for Statistical Computing,
Vienna, Austria). p values <0.05 were considered to be statis-
tically significant.

Results

Selection, baseline characteristics of patients and
genotyping results

A total of 2,321 patients with compensated cirrhosis who un-
derwent HCC surveillance and were included in either of the
Table 1. Baseline characteristics and genotyping results.

Available data, n HCV-cured

Ancestry 1,142
European 59
Sub-Saharan African
East Asian

Age (years) 1,145 57 [
Male sex 1,145 42
BMI (kg/m2) 906 25.7 [22.9
BMI (kg/m2) 906
<25 17
[25; 30] 16
>−30 8

Diabetes 1,144 13
Past excessive alcohol consumption 1,109 19
Platelet counts (103/mm3) 1,056 150.0 [99.
AST (IU/L) 1,054 31.0 [25
ASTx normal (n = 40) 1,054 0.78 [0.
ALT (IU/L) 1,058 29.0 [21
ALTx normal (n = 40) 1,058 0.73 [0.
GGT (IU/L) 998 48.0 [29
GGTx normal (n = 45) 998 1.07 [0.
PT (%) 939 89.0 [79.
Serum albumin (g/L) 902 42.7 [39
Total bilirubin (lmol/L) 975 10.0 [7
AFP (ng/ml) 824 3.6
aMAP score 840 57.2 [52
PNPLA3 (rs738409) 1,145
C:C 34
C:G 25
G:G

TM6SF2 (rs58542926) 1,145
C:C 56
C:T 8
T:T

TM6SF2 (rs187429064) 1,145
A:A 64
A:G

HSD17B13 (rs72613567) 1,145
-:- 40
A:- 21
A:A

APOE (rs429358) 1,145
C:C
C:T 10
T:T 54

MBOAT7 (rs641738) 1,145
C:C 19
C:T 33
T:T 12

WNT3A-WNT9A (rs708113) 1,145
A:A 25
A:T 32
T:T 8

Comparisons were made by t tests or Mann–Whitney rank-sum tests for continuous var
significance p <0.05).
AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase;

4 Journal of Hepatology, J
two cohorts were considered (see flowchart, Fig. S1). Among
them, 1,176 were excluded, mostly because of HBV or HIV
infection or persistent HCV viral infection during follow-up or
missing data for SNPs. As in all previously published analyses
conducted in the CirVir and other cohorts,37 end of treatment
was defined as time 0 for patients with SVR during follow-up
evaluation because patients with undetectable HCV RNA at
that time were considered to have SVR. The remaining 1,145
patients had either alcohol-related cirrhosis and/or cured HCV
infection and were included in all subsequent analyses. Their
n = 659 Alcohol n = 486 Total
N = 1,145

p value

<0.001
3 (90.0) 469 (97.1) 1,062 (93.0)
52 (7.9) 13 (2.7) 65 (5.7)
14 (2.1) 1 (0.2) 15 (1.3)
51 – 65] 58 [52 – 64] 58 [51 – 65] 0.634
1 (63.9) 333 (68.5) 754 (65.9) 0.102
– 29.3] 27.5 [24.1 – 30.9] 26.5 [23.5 – 30.1] <0.001

<0.001
9 (41.2) 154 (32.7) 333 (36.75)
9 (38.8) 164 (34.8) 333 (36.75)
7 (20.0) 153 (32.5) 240 (26.5)
0 (19.7) 110 (22.7) 240 (21.0) 0.225
1 (30.7) 486 (100) 677 (61.1) <0.001
0–197.0] 142.0 [102.0–192.0] 147.0 [1010.5–195.5] 0.291
.0–42.0] 35.0 [27.0–50.0] 32.0 [25.0–47.0] <0.001
63–1.05] 0.88 [0.68–1.25] 0.80 [0.63–1.18] <0.001
.0–43.0] 26.0 [20.0–40.0] 27.5 [21.0–42.0] 0.007
53–1.08] 0.65 [0.50–1.00] 0.69 [0.53–1.05] 0.007
.0–86.0] 114.0 [54.0–228.0] 66.0 [38.0–151.0] <0.001
64–1.91] 2.53 [1.20–5.07] 1.47 [0.84–3.36] <0.001
0–100.0] 78.0 [67.0–91.0] 84.0 [73.0–96.0] <0.001
.6–46.0] 40.0 [36.9–43.0] 41.5 [38.0–44.3] <0.001
.0–15.0] 14.0 [9.7–20.5] 12.0 [8.0–18.0] <0.001
[2.4–5.6] 3.8 [2.5–5.7] 3.7 [2.4–5.6] 0.628
.4–62.0] 60.2 [54.2–64.7] 58.8 [53.3–63.5] <0.001

0.001
9 (53.0) 217 (44.7) 566 (49.4)
5 (38.7) 197 (40.5) 452 (39.5)
55 (8.3) 72 (14.8) 127 (11.1)

0.381
7 (86.0) 405 (83.3) 972 (84.9)
9 (13.5) 79 (16.3) 168 (14.7)
3 (0.5) 2 (0.4) 5 (0.4)

0.163
7 (98.2) 471 (96.9) 1,118 (97.6)
12 (1.8) 15 (3.1) 27 (2.4)

0.108
8 (61.9) 318 (65.4) 726 (63.4)
8 (33.1) 155 (31.9) 373 (32.6)
33 (5.0) 13 (2.7) 46 (4.0)

<0.001
11 (1.7) 6 (1.2) 17 (1.5)
2 (15.5) 120 (24.7) 222 (19.4)
6 (82.8) 360 (74.1) 906 (79.1)

0.122
7 (29.9) 124 (25.5) 321 (28.0)
6 (51.0) 249 (51.2) 585 (51.1)
6 (19.1) 113 (23.3) 239 (20.9)

0.491
1 (38.1) 188 (38.7) 439 (38.3)
2 (48.9) 224 (46.1) 546 (47.7)
6 (13.0) 74 (15.2) 160 (14.0)

iables and the chi-squared test or Fisher’s exact test for categorical variables (level of

GGT, gamma-glutamyltransferase; PT, prothrombin time.

uly 2022. vol. - j 1–12
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baseline characteristics and genotyping results are displayed
in Table 1.

HCC occurrence, competing event incidence and impact of
genetic variants on outcomes

After a median follow-up time of 43.7 (95% CI 41.6–46.7)
months, 86 (7.4%) patients developed HCC, with a corre-
sponding 5-year incidence of 8.8% (95% CI 6.9–10.9). During
the same timeframe, 142 (12.4%) patients died (causes of
death: HCC-related in 19 [16.2%]; liver-related in 34 [29.1%];
extrahepatic cause in 64 [54.7%]; missing data in 25). The 5-
year non-HCC mortality incidence was 11.4% (95% CI 9.2-
13.8). Table 2 shows the HCC SHR for each SNP in the CirVir
and CIRRAL cohorts and then on the whole population un-
der study.

Patients with at least one G-PNPLA3 allele (n = 579) had a
higher HCC incidence (n = 53 [9.2%] with a 5-year HCC
incidence of 11.3% [95% CI 8.4–14.7]) than CC-PNPLA3
homozygotes (n = 33/566 [5.8%] with a 5-year HCC inci-
dence of 6.2% [95% CI 4.0–9.0]) (SHR = 1.64; 95% CI
1.06–2.53, p = 0.025). PNPLA3 (rs738409) did not influence
non-HCC liver-related mortality (SHR = 1.44; 95% CI
0.73–2.87; p = 0.29).

Patients with at least one T-TM6SF2 rs58542926 allele (n =
173) had a similar HCC incidence (n = 17 [9.8%] with a 5-year
HCC incidence of 11.2% [95% CI 6.4–17.5]) as CC-TM6SF2
rs58542926 homozygotes (n = 69/972 [7.1%] with a 5-year
HCC incidence of 8.3% [95% CI 6.3–10.7]) (SHR = 1.42; 95%
CI 0.83–2.42; p = 0.201). TM6SF2 rs58542926 did not influence
non-HCC liver-related mortality (SHR = 0.18; 95% CI
0.02–1.30; p = 0.09).

Patients with at least one G-TM6SF2 rs187429064 allele (n =
27) had a similar HCC incidence (n = 2 [7.4%] with a 5-year
HCC incidence of 3.7% [95% CI 0.3–15.9]) as AA-TM6SF2
rs187429064 homozygotes (n = 84/1118 [7.5%] with a 5-year
HCC incidence of 8.9% [95% CI 7.0–11.1]) (SHR = 1.02; 95%
Table 2. HCC subhazard ratios (Fine-Gray regression modelling, level of signifi

SNP HCV-cured n = 659

PNPLA3 (rs738409)
C:C (Ref) SHR = 1.64; 0.86–3.15;
C:G or G:G p = 0.134

TM6SF2 (rs58542926)
C:C (Ref) SHR = 1.01; 0.39–2.59;
C:T or T:T p = 0.983

TM6SF2 (rs187429064)
A:A (Ref) SHR = 3.93; 1.10–14.04;
A:G p = 0.035

HSD17B13 (rs72613567)
-:- SHR = 1.15; 0.58–2.25;
A:- or A:A (Ref) p = 0.691

MBOAT7 (rs641738)
C:C (Ref) SHR = 1.43; 0.68–3.01;
C:T or T:T p = 0.345

APOE (rs429358)
C:C or C:T (Ref) SHR = 1.54; 0.55–4.35;
T:T p = 0.414

WNT3A-WNT9A (rs708113)
A:A SHR = 0.90; 0.46–1.77;
A:T or T:T (Ref) p = 0.770

HCC, hepatocellular carcinoma; SHR, subhazard ratio.
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CI 0.26–4.00; p = 0.979). TM6SF2 rs187429064 did not influ-
ence non-HCC liver-related mortality (SHR = 1.22; 95% CI
0.17–9.02; p = 0.85).

Patients with at least one A-HSD17B13 allele (n = 419)
had a similar HCC incidence (n = 27 [6.4%] with a 5-year
HCC incidence of 6.6% [95% CI 4.0–10.1]) as
-:–HSD17B13 homozygotes (n = 59/726 [8.1%] with a 5-year
HCC incidence of 10.0% (95% CI [7.5–12.9]) (SHR = 0.76;
95% CI 0.48–1.20; p = 0.235). HSD17B13 (rs72613567) did
not influence non-HCC liver-related mortality (SHR = 1.34;
95% CI 0.68–2.63; p = 0.40).

TT-APOE homozygous patients (n = 906) had a similar HCC
incidence (n = 71 [7.8%] with a 5-year HCC incidence of 9.6%
[95% CI 7.4–12.2]) as patients with at least one C-APOE allele
(n = 15/239 [6.3%] with a 5-year HCC incidence of 5.6% [95%
CI 2.8–9.7]) (SHR = 1.23; 95% CI 0.71–2.14; p = 0.464). APOE
(rs429358) did not influence non-HCC liver-related mortality
(SHR = 1.15; 95% CI 0.48–2.78; p = 0.75).

Patients with at least one T-MBOAT7 allele (n = 824) had a
similar HCC incidence (n = 69 [8.4%] with a 5-year HCC inci-
dence of 10.2% [95% CI 7.8–13.0]) as CC-MBOAT7 homozy-
gotes (n = 17/321 [5.3%] with a 5-year HCC incidence of 5.2%
[95% CI 2.9–8.6]) (SHR = 1.66; 95% CI 0.98–2.83; p = 0.06).
MBOAT7 (rs641738) did not influence non-HCC liver-related
mortality (SHR = 1.60; 95% CI 0.69–3.70; p = 0.27).

AA-WNT3A-WNT9A homozygous patients (n = 439) had a
higher HCC incidence (n = 42 [9.6%], 5-year HCC incidence
10.3% [95% CI 7.2–14.1]) than patients with at least one T-
WNT allele (n = 44/706 [6.2%], 5-year HCC incidence 7.8%
[95% CI 5.6–10.5]) (SHR = 1.57; 95% CI 1.03–2.39; p = 0.037).
WNT (rs708113) did not influence non-HCC liver-related mor-
tality (SHR = 0.91; 95% CI 0.45–1.83; p = 0.79).

Construction of GRSs

The combined influence of the six SNPs modulating liver fat
content (PNPLA3, TM6SF2 rs58542926 and rs187429064,
cance p <0.05).

Alcohol n = 486 Total
N = 1,145

SHR = 1.52; 0.85–2.73; SHR = 1.64; 1.06–2.53;
p = 0.158 p = 0.025

SHR = 1.66; 0.86–3.19; SHR = 1.42; 0.83–2.42;
p = 0.129 p = 0.201

SHR = 1.02; 0.26–4.00;
n.a. p = 0.979

SHR = 1.45; 0.79–2.66; SHR = 1.31; 0.84–2.06;
p = 0.227 p = 0.235

SHR = 1.83; 0.85–3.94; SHR = 1.66; 0.98–2.83;
p = 0.122 p = 0.060

SHR = 1.23; 0.63–2.39; SHR = 1.23; 0.71–2.14;
p = 0.544 p = 0.464

SHR = 2.34; 1.33–4.13; SHR = 1.57; 1.03–2.39;
p = 0.003 p = 0.037
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Genetics for liver cancer prediction
HSD17B13, APOE, and MBOAT7 genotypes) was first ana-
lysed in the whole population by coding as 0, 1, and 2 for non-
carriers and heterozygous and homozygous carriers of the
HCC risk-increasing allele of each variant, respectively. In a
first step, a combined 6-SNP GRS was calculated as the un-
weighted sum of these HCC risk-increasing alleles (range, 0-
12) for each participant. Because of low numbers in some
groups, subsequent analyses were conducted as a function of
three genotypic associations (Group 1: scores 0-4, n = 363;
Group 2: scores 5-6, n = 622; Group 3: scores >−7, n = 160).
The 5-year HCC incidence increased progressively from
Group 1 (4.8%; 95% CI 2.7–7.8), to Group 2 (9.1%; 95% CI
6.5–12.2), to Group 3 (16.8%; 95% CI 10.1–24.9), Pglobal =
0.011 (Fig. 1A). After exclusion of non-European patients, the
6-SNP GRS remained associated with the 5-year HCC inci-
dence (Pglobal = 0.007).

In a second step, WNT3A-WNT9A genotypes were similarly
added to the previous GRS, yielding a range from 0 to 14 for the
7-SNP score. Subsequent analyses were conducted as a
function of three genotypic associations (Group 1: scores 0-6,
n = 627; Group 2: score 7, n = 276; Group 3: scores >−8, n =
242). The 5-year HCC incidence increased progressively from
Group 1 (5.4%; 95% CI 3.5–7.8), to Group 2 (10.7%; 95% CI
6.6–15.9), to Group 3 (15.3%; 95% CI 10.2–21.4); Pglobal
<0.001 (Fig. 1B). After exclusion of non-European patients, the
7-SNP GRS remained associated with the 5-year HCC inci-
dence (Pglobal = 0.001).

When these scoring systems were restricted to CIRRAL
(Fig. S2) or CirVir cohorts (Fig. S3), the 7-SNP GRS was the
only score significantly associated with HCC in patients, while
the 6-SNP score nearly reached statistical significance in
both cohorts.

Neither the 6-SNP GRS nor the 7-SNP GRS affected non-
HCC liver-related mortality (Fig. S4A,B, respectively).
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Fig. 1. HCC incidence as a function of genetic risk scores. (A) Six-SNP genetic
MBOAT7). (B) Seven-SNP genetic risk score (PNPLA3, TM6SF2 rs58542926 and
parisons of incidence curves were performed using the Gray test (level of significanc
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Features associated with HCC occurrence

Table 3 displays the results from univariate analyses using
Fine-Gray regression models. The model identified several
parameters as HCC risk factors considering the competing risk
of death. Similarly, the aMAP score was also associated with
HCC occurrence. Multivariate analyses were subsequently
performed to assess the added prognostic value of the 6- or 7-
SNP GRSs to either an internally derived routine basis model or
the aMAP score. Table 4 shows the results of the Fine-Gray
multivariate analyses. Both 6- and 7-SNP GRSs were inde-
pendently associated with a higher HCC risk regardless of the
applied clinical scoring system. When applied to the CIRRAL
and CirVir cohorts, the 7-SNP GRS was the only GRS selected
by the multivariate models to be associated with HCC, an effect
which was restricted to the CIRRAL cohort regardless of
routine or aMAP score (see Tables S1 and S2).

Table S3 shows the clinical characteristics of patients as a
function of the 7-SNP GRS. Overall, patients with the highest
scores were older, had higher liver test alterations, and more
pronounced signs of severe liver disease. These patients also
had the highest aMAP scores. Rates of BCLC 0/A HCC were
82.1%, 45.0%, and 66.7% for the lowest, intermediate and
highest scores, respectively.
HCC risk stratification model performance and decision
curve analyses

Fig. 2 shows the discriminative performances of internal and
aMAP scores alone or following the incorporation of the 6-SNP
or 7-SNP GRSs. The internally derived routine model yielded a
C-index of 0.769 for 5-year HCC risk prediction. When incor-
porating the genetic features into the model, the C-index
increased to 0.782 after adding the 6-SNP GRS and to 0.786
after adding the 7-SNP GRS.
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risk score (PNPLA3, TM6SF2 rs58542926 and rs187429064, HSD17B3, APOE,
rs187429064, HSD17B13, APOE, MBOAT7, WNT3A-WNT9A). Unadjusted com-
e p <0.05). HCC, hepatocellular carcinoma; SNP, single nucleotide polymorphism.
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Table 3. Features associated with HCC occurrence in univariate analysis (Fine-Gray regression modelling, level of significance p <0.05).

No HCC, n = 1,059 HCC, n = 86 SHR [95% CI] p value

Age (years) 58 [51– 64] 61 [55–70] 1.04 [1.02–1.07] 0.001
Male sex 684 (64.6) 70 (81.4) 2.38 [1.39–4.09] 0.002
BMI (kg/m2) 26.3 [23.5–30.1] 27.8 [24.6–31.9] 1.05 [1.01–1.090] 0.025
BMI (kg/m2) 0.173
<25 313 (37.7) 20 (26.7) Ref
[25; 30] 304 (36.6) 29 (38.7) 1.37 [0.78–2.41] 0.276
>−30 214 (25.7) 26 (34.6) 1.75 [0.97–3.14] 0.061

Diabetes 208 (19.6) 32 (37.7) 2.29 [1.48–3.54] <0.001
Past excessive alcohol consumption 614 (60.0) 63 (74.1) 1.57 [0.97–2.55] 0.068
Platelet counts (103/mm3) 149 [103–197] 105.5 [79.5–151.5] 0.991 [0.986–0.995] <0.001
AST (IU/L) 32 [25–46] 36 [29–53] 1.004 [1.001–1.008] 0.026
ASTx normal (n = 40) 0.80 [0.63–1.15] 0.90 [0.73–1.33] 1.19 [1.02–1.39] 0.026
ALT (IU/L) 27 [20–41.5] 2922–42 1.004 [0.999–1.009] 0.098
ALTx normal (n = 40) 0.68 [0.50–1.04] 0.73 [0.55–1.05] 1.17 [0.97–1.41] 0.098
GGT (IU/L) 63.0 [36.0–140.0] 131.5 [64.0–256.0] 1.000 [0.999–1.000] 0.083
GGTx normal (n = 45) 1.40 [0.80–3.11] 2.92 [1.42–5.69] 1.01 [0.99–1.01] 0.083
PT (%) 85 [73–96] 76 [70–84] 0.98 [0.97–0.99] <0.001
Serum albumin (g/L) 41.8 [38.0–44.5] 39.7 [36.4–42.1] 0.92 [0.88–0.95] <0.001
Total bilirubin (lmol/L) 11.0 [8.0–17.0] 15.0 [9.1–20.0] 1.03 [1.01–1.05] <0.001
AFP (ng/ml) 3.7 [2.4–5.5] 4.0 [2.8–6.3] 1.000 [0.999–1.002] 0.626
aMAP score 58.1 [52.8–62.9] 64.0 [60.6–68.1] 1.14 [1.09–1.19] <0.001
Cirrhosis aetiology
HCV-cured 622 (58.7) 37 (43.0) Ref
Alcohol 437 (41.3) 49 (57.0) 1.50 [0.98–2.29] 0.062

6-SNP GRS 0.014
0-4 344 (32.5) 19 (22.1) Ref
5-6 574 (54.2) 48 (55.8) 1.54 [0.91–2.62] 0.110
7-11 141 (13.3) 19 (22.1) 2.58 [1.36–4.88] 0.004

7-SNP GRS 0.001
0-6 594 (56.1) 33 (38.4) Ref
7 252 (23.8) 24 (27.9) 1.73 [1.03–2.92] 0.040
8-13 213 (15.3) 29 (33.7) 2.50 [1.52–4.11] 0.004

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyltransferase; PT, prothrombin time.

Table 4. Multivariate analyses using an internally derived routine basis model or the aMAP score (Fine-Gray regression modelling, level of significance
p <0.05).

Routine basis model alone Routine basis model + 6-SNP GRS Routine basis model + 7-SNP GRS

aSHR [95% CI] p value aSHR [95% CI] p value aSHR [95% CI] p value

Age (years) 1.04 [1.02–1.07] 0.001 1.04 [1.02–1.07] 0.001 1.04 [1.02–1.07] 0.001
Male sex 2.70 [1.57–4.60] <0.001 2.60 [1.52–4.44] <0.001 2.64 [1.55–4.51] <0.001
Diabetes 1.63 [1.03–2.57] 0.037 1.69 [1.07–2.66] 0.025 1.69 [1.04–2.61] 0.032
Platelet count (103/mm3) 0.992 [0.987–0.996] <0.001 0.992 [0.987–0.997] 0.001 0.992 [0.988–0.997] 0.001
GGTx normal (n = 45) 1.010 [1.002–1.019] 0.012 1.010 [1.002–1.019] 0.014 1.012 [1.004–1.020] 0.005
Serum albumin (g/L) 0.95 [0.91–0.99] 0.018 0.95 [0.91–0.99] 0.033 0.95 [0.91–0.99] 0.040
6-SNP GRS 0.042
0–4 Ref
5–6 1.38 [0.79–2.41] 0.256
7–11 2.26 [1.18–4.31] 0.014

7-SNP GRS 0.012
0–6 Ref
7 1.66 [0.96–2.88] 0.070
8–13 2.12 [1.28–3.52] 0.004

aMAP score alone aMAP score + 6-SNP GRS aMAP score + 7-SNP GRS

aSHR [95% CI] p value aSHR [95% CI] p value aSHR [95% CI] p value

aMAP score 1.14 [1.10–1.18] <0.001 1.14 [1.10–1.18] <0.001 1.13 [1.09–1.18] <0.001
6-SNP GRS 0.048
0–4 Ref
5–6 1.42 [0.83–2.43] 0.200
7–11 2.21 [1.17–4.17] 0.014

7-SNP GRS 0.014
0–6 Ref
7 1.0 [1.00–2.90] 0.049
8–13 2.06 [1.25–3.39] 0.005

aSHR, adjusted subhazard ratio; GRS, genetic risk score; SNP, single nucleotide polymorphism.
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C-index
assessed at
6 SNPs-GRS (3 classes) 0.588 0.548 0.570 0.606 0.623
7 SNPs-GRS (3 classes) 0.620 0.556 0.607 0.627 0.639

Internal clinical model alone 0.822 0.807 0.792 0.775 0.769
Clinical model + 6 SNPs-GRS 0.829 0.801 0.796 0.788 0.782
Clinical model + 7 SNPs-GRS 0.824 0.803 0.801 0.791 0.786

aMAP score alone 0.790 0.796 0.791 0.772 0.768
aMAP score + 6 SNPs-GRS 0.798 0.788 0.792 0.782 0.779
aMAP score + 7 SNPs-GRS 0.799 0.788 0.796 0.785 0.783
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Fig. 2. Performance of HCC prediction models according to the Wolber’s C-index for prognostic models with competing risks. GRS, genetic risk score; HCC,
hepatocellular carcinoma; SNP, single nucleotide polymorphism.

Genetics for liver cancer prediction
Similarly, the aMAP model yielded a C-index of 0.768 for 5-
year HCC risk prediction. When incorporating the genetic fea-
tures into the model, the C-index increased to 0.779 after
adding the 6-SNP GRS and to 0.783 after adding the 7-SNP
GRS. Similar trends were observed when restricting the ana-
lyses to the CIRRAL and CirVir cohorts (see Tables S4 and S5).

Fig. 3 shows the comparison of cumulative 5-year incidence
of HCC for high/low-risk patients, defined by clinical model vs.
clinical model + the 7-SNP GRS. High/low risk was defined
according to illustrative percentile cut-off points. Fig. S5 shows
a similar analysis using the aMAP score instead. Overall, the
addition of the 7-SNP GRS to the internal clinical model or the
aMAP score marginally improved the discrimination of high/
low-risk patients.

Decision curves were finally plotted to test the clinical utility
of the 7-SNP GRS alone or as a refinement of the internal
routine model or the aMAP score for 3- or 5-year HCC risk
prediction (Fig. 4), in comparison to two reference clinical
strategies of screening all patients or none. Regardless of the
approach, all predicted models demonstrated superior net
clinical benefit to reference screening strategies of all or no
patients, as evidenced by their overall greater net benefit
values. Among predictive models, the 7-SNP GRS alone
showed the weakest net benefit compared with the two routine
models. When the latter were applied, their clinical utility was
modestly improved by the addition of the 7-SNP GRS.

Similar trends were observed when restricting the analyses
to the CIRRAL and CirVir cohorts (see Figs. S6 and S7).
Discussion
This study, based on the analysis of large prospective cohorts
of patients included in HCC surveillance programmes with
extensive bioclinical characterisation, long follow-up and pro-
spective analysis of events based on patients’ medical files
8 Journal of Hepatology, J
allows us to draw several conclusions. First, a GRS reflecting
lipid metabolism has independent predictive value for HCC
development. Second, the addition of the recently identified
locus, involved in the Wnt-b-catenin pathway, increased the
performance of this GRS. Third, the incorporation of this ge-
netic information into clinical models modestly improves HCC
risk stratification.

Hepatic fat content has been shown to be influenced by
genetic variants,13 the latter being associated with the pres-
ence of HCC in European populations.10–12 However, these
case-control approaches included heterogeneous populations
comprising healthy individuals or patients with mild forms of
liver disease who are not the target for HCC surveillance, thus
introducing several interpretation biases. In contrast, the
assessment of these SNPs in the present longitudinal cohorts
provides robust arguments suggesting a direct link with hep-
atocarcinogenesis. The study of patients with ALD and cured
HCV showed that PNPLA3 and MBOAT7 (to a lesser extent)
exerted the highest oncogenic effect when both cohorts were
combined (Table 2), reflecting the selective influence of lipid
metabolism on the oncogenic process in patients in whom the
pro-carcinogenic effect of viral replication has been sup-
pressed; indeed, the association of liver fat-modulating SNPs
with HCV-related HCC is debated.38 However, this inconclusive
observation holds true in patients with active HCV replication:
recent longitudinal studies conducted in patients who achieved
SVR have indeed suggested that this genetic background may
impact HCC occurrence.39 This observation reinforces the hy-
pothesis that alcohol-related and/or metabolic and/or cured
HCV-related cirrhosis can be viewed as a “universal” pheno-
type in this context, particularly given the high prevalence of
excessive alcohol consumption (more than 30%) or features of
metabolic syndrome (nearly 60%) in HCV-cured patients (see
Table 1). Consequently, based on the rigorous clinical definition
of included patients (biopsy-proven cirrhosis, exclusion of
uly 2022. vol. - j 1–12
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Fig. 3. Comparison of cumulative incidence of HCC at 5 years for high/low-risk patients, defined by clinical model vs. clinical model combined with GRS.
High/low risk was defined according to illustrative percentile cut-off points. As an example, the 70th percentile definition means that individuals whose score was in the
80th percentile or greater (i.e. in the top 20%) were categorised as high risk, and the remainder were categorised as low risk. GRS, genetic risk score; HCC, hepa-
tocellular carcinoma; SNP, single nucleotide polymorphism.
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patients with active viral replication, extensive clinical
description, protocolised monitoring), the 6-SNP GRS fairly
stratified this population into different HCC risk classes
(Fig. 1A). Moreover, all outcomes were considered during a
long follow-up, enabling HCC development to be considered
within a competing risks framework; in this context, the 6-SNP
GRS did not predict non-HCC mortality despite an association
with more pronounced liver function impairment (see Tables S3
and Fig. S4A). Finally, this GRS was an independent factor
associated with HCC occurrence (Table 4). Taken together,
these observations provide the strongest clinical arguments to
date for the direct impact of this genetic heterogeneity on liver
cancer development.

Following the recent identification of a new HCC suscepti-
bility locus affecting the Wnt-b-catenin pathway,14 we sought
to investigate its additional impact on HCC occurrence. Indeed,
this GWAS highlighted an additional genetic variation in the
WNT3A-WNT9A locus that modifies HCC risk in patients with
ALD. The rs708113[T] allele was associated with lower rates of
Journal of Hepatology, J
HCC in these patients, an effect that seemed independent from
liver fibrosis status and suggested a more direct effect on liver
carcinogenesis compared with SNPs modulating hepatic fat
content. Translational experiments suggested the promotion of
a liver inflammatory environment by the rs708113[T] allele,
which may prevent the activation of oncogenic b-catenin, thus
decreasing the oncogenic process. The present report confirms
this specific association by externally validating the impact of
WNT3A-WNT9A rs708113 on HCC occurrence in the CIRRAL
cohort. When considering the whole population, the addition of
WNT3A-WNT9A rs708113 to the six aforementioned variants
improved HCC risk stratification through higher SHRs (Fig. 1B
and Table 4).

The extent to which GRS may impact clinical practice de-
serves to be proven. For that matter, one must not only
consider genetic factors, but also simple routine parameters
already known to accurately stratify patients who are eligible for
HCC surveillance into various risk classes. Several clinical
scoring systems have been developed,40 and the widespread
uly 2022. vol. - j 1–12 9
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use of antivirals has led to the construction of simple scores
that can be applied to patients without viral replication
regardless of the cause of liver disease.20 In this context, we
constructed an internal model using results of the multivariate
model and also applied the previously developed aMAP score
as an external model.21 Both models performed well in this
population, with a similar 5-year C-Index of 0.769. When
enriched by 6- or 7-SNP GRSs, both models performed better,
but this improvement was modest (Figs 2 and 3). This obser-
vation was further strengthened by DCAs, which confirmed the
modest improvement of both internal and external clinical
scoring systems incorporating the 7-SNP GRS (Fig. 4). Our
results are in line with a recent report conducted in patients
with HCV-cured cirrhosis, albeit HCC occurrence was not the
specific outcome studied.41 A similar analysis was performed in
nearly 200,000 UK biobank participants, which evaluated the
enrichment of several liver prognostic scoring systems by
several SNPs;42 although the outcome was also a mixed
endpoint encompassing “liver-related complications”, this
large-scale study showed that the most performant scores
were similarly only marginally improved by the addition of ge-
netic variants. Nevertheless, other analyses conducted in the
very same UK biobank yielded opposite conclusions:43 this fact
once again highlights the pivotal role of prospective cohorts of
patients with pre-defined outcomes and events accurately
recorded in clinical centres for delineating the basis of future
precision medicine.

The main limitation of our study is underlined by potential
underpowered analyses when stratified by liver disease as
suggested by the mild predictive value of PNPLA3 and
MBOAT7 genotypes in the CIRRAL and CirVir cohorts
10 Journal of Hepatology, J
independently and a stronger one when both populations were
combined (see Table 2). The same observation was made for
the different GRSs: when the cohorts were considered sepa-
rately, the 7-SNPs GRS was the only informative genetic
score, an effect which was restricted to the CIRRAL cohort
(see Figs. S2 and S3). After association of the two cohorts, the
6-SNP GRS combining only liver fat-modulating SNPs was
clearly associated with HCC occurrence. Similar observations
were made when multivariate analyses were performed.
Indeed, the 6-SNP GRS combining only liver fat-modulating
SNPs was (not surprisingly) not associated with HCC in
either the CirVir or CIRRAL cohorts (see Tables S1 and S2),
while it was highlighted as an independent risk factor whether
considering the internal or external aMAP clinical scoring
system (see Table 4). This fact is partially the consequence of
the cautious selection of patients from both cohorts (see
flowchart Fig. S1). In addition, while the prospective design of
these longitudinal cohorts limits the ability to follow-up large
numbers of patients using standardised surveillance protocols
recorded in clinical centres in the long term, such a rigorous
approach means that our conclusions can be interpreted with
confidence. This clinical approach is in sharp contrast with the
aforementioned registry studies,10,42 which in turn suffer from
limited clinical information and outcomes. These statistical
issues provide further justification to combine patients with
cirrhosis and HCV eradication with other causes of non-viral
liver diseases, as highlighted by the development of univer-
sal scoring systems such as the aMAP score. While limited
longitudinal single-centre studies comprising biobanks are
emerging,39 prospective and protocolised multicentric efforts
similar to the CirVir and CIRRAL cohorts are currently ongoing
uly 2022. vol. - j 1–12
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in other countries and will ultimately enable the refinement of
our observations when made available. In this setting, the
extent to which our findings are generalisable to non-
European populations warrants further investigation. Ulti-
mately, ongoing international efforts to gather large-scale
longitudinal cohorts of patients recruited in European coun-
tries will provide further insight on both HCC genetic predis-
position and risk stratification.

In conclusion, patients with cirrhosis included in HCC sur-
veillance programmes can be stratified by genetic scores, using
variants affecting lipid turnover and the Wnt-b-catenin
Journal of Hepatology, J
pathway, into various HCC risk classes. This genetic informa-
tion modestly improves the performance of clinical scores for
HCC risk allocation. The continuous enrichment with yet to be
identified or validated circulating biological components (ge-
netic or not) might ultimately pave the way for personalisation
of HCC surveillance using more effective tools in a cost-
effective manner, if they are proven to substantially improve
the performance of routine scoring systems. In the meantime,
ongoing randomised clinical trials aimed at gathering clinical
evidence for the benefits of HCC risk-based screening in-
terventions will rely solely on clinical scoring systems.
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