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High producer variant of lipoprotein lipase may protect from
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Background & Aims: Progression of alcohol-associated liver disease (ALD) is driven by genetic predisposition. The rs13702
variant in the lipoprotein lipase (LPL) gene is linked to non-alcoholic fatty liver disease. We aimed at clarifying its role in ALD.
Methods: Patients with alcohol-associated cirrhosis, with (n = 385) and without hepatocellular carcinoma (HCC) (n = 656),
with HCC attributable to viral hepatitis C (n = 280), controls with alcohol abuse without liver damage (n = 366), and healthy
controls (n = 277) were genotyped regarding the LPL rs13702 polymorphism. Furthermore, the UK Biobank cohort was
analysed. LPL expression was investigated in human liver specimens and in liver cell lines.
Results: Frequency of the LPL rs13702 CC genotype was lower in ALD with HCC in comparison to ALD without HCC both in the
initial (3.9% vs. 9.3%) and the validation cohort (4.7% vs. 9.5%; p <0.05 each) and compared with patients with viral HCC (11.4%),
alcohol misuse without cirrhosis (8.7%), or healthy controls (9.0%). This protective effect (odds ratio [OR] = 0.5) was confirmed
in multivariate analysis including age (OR = 1.1/year), male sex (OR = 3.0), diabetes (OR = 1.8), and carriage of the PNPLA3
I148M risk variant (OR = 2.0). In the UK Biobank cohort, the LPL rs13702 C allele was replicated as a risk factor for HCC. Liver
expression of LPL mRNA was dependent on LPL rs13702 genotype and significantly higher in patients with ALD cirrhosis
compared with controls and alcohol-associated HCC. Although hepatocyte cell lines showed negligible LPL protein expression,
hepatic stellate cells and liver sinusoidal endothelial cells expressed LPL.
Conclusions: LPL is upregulated in the liver of patients with alcohol-associated cirrhosis. The LPL rs13702 high producer
variant confers protection against HCC in ALD, which might help to stratify people for HCC risk.
Impact and implications: Hepatocellular carcinoma is a severe complication of liver cirrhosis influenced by genetic pre-
disposition. We found that a genetic variant in the gene encoding lipoprotein lipase reduces the risk for hepatocellular
carcinoma in alcohol-associated cirrhosis. This genetic variation may directly affect the liver, because, unlike in healthy adult
liver, lipoprotein lipase is produced from liver cells in alcohol-associated cirrhosis.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Heavy alcohol use, a common risk factor for liver disease, is re-
ported by 6.6% of the adult population in the United States.1

Development, progression, and complications of alcohol-
associated liver disease (ALD) and non-alcoholic liver disease
are, next to lifestyle factors, strongly influenced by genetic pre-
disposition.2 Thus, only 10–20% of patients with heavy alcohol
abuse develop significant liver disease.2 Several common genetic
variants that increase the risk for liver disease development have
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been identified. The most important is the I148M variant in the
patatin-like phospholipase domain-containing protein 3
(PNPLA3) gene, which is a risk factor both for cirrhosis and he-
patocellular carcinoma (HCC), but its molecular background is
still poorly understood.3 Some variants, such as MBOAT7
rs641738, mainly modulate the risk for cirrhosis,4 whereas
others, such as the rs708113 polymorphism in the WNT3A-
WNT9A locus are only associated with the risk for HCC.5 How-
ever, protective genetic variants, for example the rs429358
polymorphism in apolipoprotein E, the rs72613567 HSD17B13
locus, and rs2242652 in TERT have been unravelled.6–8 Knowl-
edge of these factors may both lead to a better understanding of
the molecular pathways underlying liver disease development
and the identification of potential drug targets, but also facilitate
risk stratification, for example for HCC screening programmes.
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In a genome-wide association study, the rs13702 locus in the
lipoprotein lipase (LPL) gene has recently been linked to the risk
of non-alcoholic fatty liver disease (NAFLD).9 In presence of the C
allele at this locus, downregulation of LPL transcription by miR-
410 is impaired,10 expression of LPL is increased in adipose tis-
sue, and risk for NAFLD is decreased.9 LPL is a triglyceride lipase
which is expressed in different metabolically active tissues, in
particular on vascular endothelium, but only in foetal, not in
adult healthy liver. It acts as an important modulator of lipid
metabolism by hydrolysing triglycerides, which are transported
in the blood in VLDL and chylomicrons, releasing free fatty acids,
which can be taken up by parenchymal cells.11–13 Hepatic
expression of LPL has been found in patients with NAFLD,14,15

where it decreases after bariatric surgery.16 Interestingly, LPL
expression in human NAFLD livers has been attributed to hepatic
stellate cells, not to hepatocytes.17 Presence of a minor C allele of
LPL rs13702 has been associated with lower triglyceride and
higher HDL levels in the general population10 and presence of
the CC genotype with favourable response to diet.18,19 Another
minor variant of a LPL polymorphism, rs328, has reported to act
similarly to rs13702 on serum lipid levels.20

We aimed at analysing if genetically modulated expression of
LPL may be associated with development of cirrhosis or HCC in
alcohol-associated liver disease.
Patients and methods
Patients
As the initial cohort, blood and clinical data were collected from
485 patients with alcohol-associated liver cirrhosis, 152 of them
with HCC, from the University Hospital Bonn and the Berlin
Department of Hepatology and Gastroenterology. The validation
cohort, collected from the Division of Hepatology of the Leipzig
University Medical Centre, comprised 323 patients with ALD and
233 patients with HCC attributable to ALD. In addition, 277
healthy individuals, 366 alcohol misusers without cirrhosis, and
280 patients with chronic hepatitis C and HCC were included in
the study. Participants were considered as alcohol misusers
without cirrhosis when a minimal amount of 60 g alcohol/day for
women and 80 g alcohol/day for men was consumed for at least
10 years without resulting liver damage. Healthy controls
included individuals from blood donation and cancer screening
programmes who did not show clinical or laboratory signs of
liver disease. Diagnosis of cirrhosis was based on liver biopsy or
on a consistent clinical presentation supported by laboratory and
Table 1. Demographic, clinical and laboratory details of the study cohorts.

Alcohol-associated
cirrhosis Bonn/Berlin

Alcoho
cirrho

Without HCC With HCC Without HC

Total number 333 152 32
Age, mean (range) 58.1 (27–92) 63.9 (36–87) 54.8 (28–87
Sex (% male/female) 64.2/35.8 81.5/18.5 77.0/23
Bilirubin [mg/dl], (Mean ± SD) 3.91 ± 6.34 3.84 ± 5.56 4.17 ± 7.0
ALT [IU/L], (Mean ± SD) 49.1 ± 151.5 52.4 ± 59.9 37.0 ± 37
AST [IU/L], (Mean ± SD) 82.8 ± 237.7 90.5 ± 100.4 63.7 ± 48
GGT [IU/L], (Mean ± SD) 199.9 ± 213.9 221.4 ± 185.5 194.0 ± 240
Platelet count [*103/ll],
(Mean ± SD)

154.9 ± 143.9 140.2 ± 75.8 148.6 ± 82

MELD (Mean ± SD) 16.3 ± 7.0 17.0 ± 8.1 17.9 ± 7

ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl

JHEP Reports 2023
imaging findings. We recorded demographic, standard labora-
tory and clinical data such as sex, age, and aetiology of cirrhosis.
Participants were allocated to alcohol-associated cirrhosis if their
history indicated average alcohol consumption to exceed 300 g
ethanol/week after exclusion of other causes of cirrhosis such as
HBV or HCV infection or haemochromatosis. HCC was diagnosed
according to international guidelines.21

Apart from blood samples, liver specimens from liver explants
from patients with cirrhosis with ALD and viral disease with and
without HCC and tumour-free liver tissue gained by surgical
resection of liver metastases were used for investigation of
mRNA expression.

All controls and participants were of Caucasian ethnicity.
Details of the study cohorts are shown in Table 1.

Ethical approval
The study protocol followed the ethical guidelines of the Helsinki
Declaration and had been approved by the local ethics com-
mittees (Bonn: number 536/20; Leipzig: number 357/19-ek).
Written informed consent was obtained from the participants
before inclusion in this study.

Determination of LPL and PNPLA3 genotypes
Genomic DNA was isolated from 200 ll EDTA-blood using the
QIAamp Blood Mini Kit (Qiagen, Hilden, Germany) as suggested
by the manufacturer’s protocol. Determination of the poly-
morphisms was performed by melting curve analysis using
LightSNiP (SimpleProbe) assays from TIB-MolBiol (Berlin, Ger-
many). A sample of 1 ll of DNA was mixed with 0.5 ll of the
LightSNiP reagent mix, 5 ll of Blue Probe qPCR 2 × Mix (Biozym
Scientific GmbH, Hessisch Oldendorf, Germany) and 3.5 ll PCR
grade water (Invitrogen, Paisley, UK). The real-time PCR was
performed by the LightCycler® 96 (Roche, Mannheim, Germany)
according to the manufacturer’s protocol.

Cell culture
PLC/PRF/5 and LX-2 cells were cultured in RPMI 1640 medium
containing L-glutamine (Thermo Fisher, Schwerte, Germany), 1%
penicillin/streptomycin (PAN-Biotech GmbH, Aidenbach, Ger-
many) and 10% foetal calf serum (FCS) (Biochrom, Berlin, Ger-
many). Primary hepatocytes, liver sinusoidal endothelial cells,
and primary hepatic stellate cells (HSCs; ScienCellTM, Carlsbad,
CA, USA) were cultivated in the appropriate media according to
the manufacturer’s instructions. All cell lines tested negative for
Mycoplasma contamination.
l-associated
sis Leipzig

Viral HCC Alcohol misuse
without cirrhosis

Healthy controls

C With HCC

3 233 280 366 277
) 63.1 (47–79) 59.6 (24–83) 44.0 (28–81) 65.0 (28–94)
.0 93.2/6.8 71.8/28.2 75.4/24.6 44.4/55.6
8 2.30 ± 3.25 2.74 ± 4.38 0.74 ± 0.63 —

.0 48.0 ± 55.6 97.6 ± 148.3 45.2 ± 45.8 —

.8 88.0 ± 114.2 131.4 ± 172.8 55.6 ± 64.4 —

.4 294.1 ± 379.3 138.2 ± 128.8 212.6 ± 396.1 —

.3 153.2 ± 95.1 124.6 ± 91.9 228.8 ± 80.5 —

.4 12.5 ± 5.9 15.8 ± 6.2 — —

transferase; HCC, hepatocellular carcinoma; MELD, model for end-stage liver disease.
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Table 2. Genotype distribution of the LPL and PNPLA3 polymorphisms.

Genotype Alcohol-associated
cirrhosis Bonn/
Berlin (n = 485)

Alcohol-associated
cirrhosis

Leipzig (n = 556)

Viral HCC
(n = 280)

Alcohol misuse
without cirrhosis

(n = 366)

Healthy
controls
(n = 277)

Without
HCC n = 333

With HCC
n = 152

Without
HCC n = 323

With HCC
n = 233

LPL rs13702
TT 160 (48.0%) 80 (52.6%) 171 (52.9%) 119 (51.1%) 142 (50.7%) 164 (44.8%) 138 (49.8%)
TC 142 (42.6%) 66 (43.4%) 121 (37.5%) 103 (44.2%)* 106 (37.9%) 170 (46.4%) 114 (41.2%)
CC 31 (9.3%) 6 (3.9%)*§ 31 (9.6%) 11 (4.7%)*§ 32 (11.4%) 32 (8.7%) 25 (9.0%)

LPL rs328
CC 281 (84.4%) 127 (83.5%) 275 (85.1%) 190 (81.5%) 224 (80.0%) 293 (80.1%) 230 (83.0%)
CG 51 (15.3%) 25 (16.5%) 46 (14.3%) 42 (18.1%) 51 (18.2%) 70 (19.1%) 44 (15.9%)
GG 1 (0.3%) 0 (0.0%) 2 (0.6%) 1 (0.4%) 5 (1.8%) 3 (0.8%) 3 (1.1%)

PNPLA3 rs738409
CC 130 (39.0%) 38 (25.0%) 140 (43.3%) 59 (25.3%) 152 (54.3%) 212 (58.0%) 165 (59.6%)
GC 155 (46.5%)‡‡‡†††§ 72 (47.4%)‡‡‡†††§ 144 (44.6%)‡‡††§ 126 (54.1%)***‡‡‡†††§ 100 (35.7%) 129 (35.2%) 97 (35.0%)
GG 48 (14.4%)‡‡‡††† 42 (27.6%)***‡‡‡†††§ 39 (12.1%)‡‡‡††† 48 (20.6%)**‡‡‡†††§ 28 (10.0%) 25 (6.8%) 15 (5.4%)

Statistical analysis with Pearson’s goodness-of-fit X2 test.
*p <0.05; **p <0.01; ***p <0.001 vs. cirrhosis without HCC. †p <0.05; ††p <0.01; †††p <0.001 vs. alcoholic controls. ‡p <0.05; ‡‡p <0.01; ‡‡‡p <0.001 vs. healthy controls. §p <0.01 vs.
viral HCC.
HCC, hepatocellular carcinoma; LPL, lipoprotein lipase; PNPLA3, patatin-like phospholipase domain-containing protein 3.
Analysis of mRNA expression
RNA was isolated from liver explants with the GeneJET RNA Puri-
fication Kit (Thermo Scientific, Lithuania) according to manufac-
turer’s protocol. RNAwas stored at -80 �C until cDNA synthesis was
performed. Reverse transcription of the RNA was carried out with
the QuantiTect® Reverse Transcription Kit (Qiagen, Hilden, Ger-
many) resulting in cDNAwithout contamination of genomicDNA. A
sample of 1 ll of cDNA was used as a template for the following
real-time PCR on the LightCycler® 96 as recommended by the
manufacturer. Samples of 5ll of Blue S’GreenqPCR2×Mix (Biozym
Scientific GmbH, Hessisch Oldendorf, Germany), 1 ll of designated
primers (5 lM) and 3 ll of PCR-grade water were added for the
amplification of the desired gene products. LPL (forward: 50-CTG
CTGGCATTGCAGGAAGTCT-30, reverse: 50-CATCAGGAGAAAGAC
TCG G-30) and the housekeeping primers ribosomal protein L19
(forward: 50-TGG GCA TAG GTA AGC GGA-30, reverse: 50-GCC TTG
TCT GCC TTC AGC-30) (IDT, Leuven, Belgium).

Normalisation was performed with the LightCycler® 96 SW
1.1 analysis software expressing the relative mRNA expression of
LPL as 2(-DCt).

Western blot
Liver tissue and cell lines were homogenised in RIPA buffer (SERVA
Electrophoresis GmbH, Heidelberg, Germany) supplemented with
HaltTM Protease-Inhibitor-Cocktail 100 × (Life Technologies GmbH,
Darmstadt, Germany) followedby a centrifugation step for 5min at
300 × g. The protein concentration of the supernatant was deter-
mined using the DC Protein Assay Kit from Bio-Rad Laboratories
GmbH (Feldkirchen, Germany) as per the manufacturer’s in-
structions. Samples of 30 lg of protein for cell lines and 20 lg of
protein for liver tissue, respectively, were mixed with ROTI®Load 1
4 × concentrate (Carl Roth GmbH, Karlsruhe, Germany) and heated
for 5 min at 95 �C. Equal sample volumes were size-fractionated
using 10% SDS-PAGE and transferred onto a 0.2 lm WhatmanTM

Protran nitrocellulose membrane (Whatman GmbH, Dassel, Ger-
many). Membranes were blocked for 30 min in 3% bovine serum
albumin (BSA; PAN-Biotech GmbH, Aidenbach, Germany) in
phosphate-buffered saline (Fisher Scientific GmbH, Schwerte,
Germany)with 0.1% Tween 20 (Carl Roth, Karlsruhe, Germany) and
incubated overnight with the appropriate antibody. Membranes
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were probed with a LPL mouse monoclonal antibody (clone ID:
OTI2C12,OriGeneTechnologies, Rockville, US), ahuman/mouse LPL
polyclonal antibody (AF7197, R&D Systems,Minneapolis, USA), and
a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody
(sc-32233, Santa Cruz, Heidelberg, Germany) 1:500 in 3% BSA.
Then, membranes were incubated with anti-mouse IgG (A9044,
Merck, Darmstadt, Germany) (diluted 1:10,000 in 3% BSA for
GAPDH and LPLmonoclonal antibody) andwith anti-goat IgG-HRP
(sc-2020, Santa CruzBiotechnology, Heidelberg, Germany) (diluted
1:5,000 in 3% BSA for LPL polyclonal antibody). The protein quan-
tification was carried out with the Healthcare AmershamTM ECL
Prime Western-Blot detection reagent (Fisher Scientific GmbH,
Schwerte, Germany). For the detection of chemiluminescence and
the following densiometric analysis the ChemDocTM MP Imaging
System and the corresponding ImageLab Software (BioRad, Feld-
kirchen, Germany) was used.

UK Biobank cohort (population-based cohort)
In addition, we leveraged data from the UK Biobank (UKB) cohort
– a prospective community cohort comprised of approximately
half a million middle-aged individuals from the UK. Participants
were interviewed between May 2006 to July 2010, where they
completed a comprehensive health questionnaire, a physical
examination, and donated biological specimens.22 To determine
genotyping information, DNA was extracted from blood samples
collected at enrolment and assayed using genotyping arrays.23

Information on health outcome events occurring after enrol-
ment are supplied through linkage to UK mortality, hospital
admission, and cancer registries.

Statistical analysis
The data from clinical cohorts were analysed with IBM SPSS
Statistics software version 24 (IBM, New York, USA). Significant
deviations from the Hardy-Weinberg-equilibriumwere ruled out
using an exact test (https://ihg.helmholtz-muenchen.de/cgi-bin/
hw/hwa1.pl).

Comparison of genotypes was performed using the Pearson’s
goodness-of-fit X2 test. Fisher’s exact test, Student’s t test, Wil-
coxon–Mann–Whitney U test, and Spearman’s correlation were
applied as appropriate and indicated. Univariate analysis
3vol. 5 j 100684
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followed by a multivariate forward binary regression was used to
confirm the independency of the HCC risk factors with p <0.05
for inclusion and p >0.1 for exclusion of parameters.

In the UK Biobank cohort, HCC cases were identified by the
presence of the International Classification of Diseases-10th
edition code C22.0 recorded in an inpatient hospital admission,
cause of death, or a cancer registration record, either before or
after enrolment into the UKB. Patients without HCC were defined
as controls. The association between rs13702 genotype and HCC
case/control status was calculated via logistic regression, under
an additive genetic model. Statistical adjustment was included
for age, sex, and the first five principal components of genetic
ancestry. We further extended this UKB analysis to capture: (a)
10 additional phenotypes of interest beyond HCC; and (2) two
additional genetic variants: rs328 (LPL) and rs738409 (PNPLA3).
The 10 additional phenotypes were: cirrhosis status; type 2
diabetes (T2DM), BMI, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), cholesterol, fibrosis 4 index (FIB-4),
glycated haemoglobin (HbA1c), liver fat content, and tri-
glycerides. The fields/methods used to derive these phenotypes
are outlined in Tables S1 and S2. For binary phenotypes (e.g. HCC
and diabetes), effect sizes are presented on the log odds ratio
scale, which are symmetrical around the line of null effect. This
was to ensure that our forest plots give equal weight (visually) to
associations implying protection vs. associations implying harm.
Genotype associations with continuous phenotypes (e.g. ALT and
BMI) were determined using linear regression. Continuous
phenotypes were first log-transformed to achieve approximate
normality and then standardised into a z-score (i.e. with mean of
zero and a standard deviation of one). This means the effect size
represents the change in the phenotype (in terms of standard
deviations) for each additional copy of the effect allele carried. In
this way, the effect sizes for diverse continuous phenotypes can
be compared ‘like-for-like’. All UKB associations were adjusted
for age, sex, and the first five principal components of genetic
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ancestry. Analyses of UKB data were performed using Stata
version 17 (StataCorp LLC, College Station, TX, USA).
Results
Study population
Details of the study cohorts, comprising the initial and the vali-
dation cohort of patients with alcohol-associated cirrhosis, with
and without HCC, alcohol misusers without cirrhosis, and
healthy controls as well as patients with HCC caused by viral
hepatitis C, are shown in Table 1.

Genotype distribution
The distribution of LPL rs13702 genotypes was similar between
healthy controls with a minor allele frequency (MAF) of 0.30,
alcohol misuse without cirrhosis (MAF = 0.32) and the genotype
distribution reported for the European population (MAF =
0.32).24 Similarly, irrespective of HCC, MAF was 0.29 in the initial
cohort, 0.28 in the validation cohort, and 0.30 among patients
with viral HCC. Genotype distributions of LPL rs13702 and rs238
are given in detail in Table 2.

LPL rs13702 CC genotype is protective against HCC in alcohol-
associated cirrhosis
When we stratified patients with ALD concerning the presence of
HCC, we found a significantly decreased frequency of the minor CC
rs13702 LPL genotype compared with patients without HCC. This
difference was confirmed in the validation cohort. Participants
with viral HCC did not display a decreased frequency of the CC
genotype (Fig.1).Whenwe compared histologically assessed levels
of liver steatosis in participants with ALD between the genotypes,
carriers of the CC genotype had lower liver fat content (Fig. 2A).
Concerning liver enzymes, gamma-glutamyl transferase was
significantly decreased in carriers of the CC genotype (Fig. 2B), with
a numerically similar effect for ALT (Fig. 2C). Serum triglyceride
Healthy
controls

Alcohol
misuse
without
cirrhosis

Viral HCC

t with
ted
ig)

HCC

p = 0.006

n = 277n = 366233 n = 280

y cohorts. The homozygous LPL rs13702 CC genotype was less frequent among
ts without HCC and to participants with cirrhosis with HCC caused by viral
; LPL, lipoprotein lipase.
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levels decreased while HDL levels increased with the number of C
alleles without meeting statistical significance (Fig. 2D and E). In
the clinical cohorts, no association of the LPL rs13702 CC genotype
to diabetes (p = 0.78) or obesity (p = 0.45), was found.

The LPL rs328 polymorphism was not associated with alco-
holic HCC in our cohort (Table 2).
The protective effect of rs13702 LPL CC genotype is connected
to PNPLA3 I148M genotype
As expected, carriage of at least one minor PNPLA3 rs738409
allele was replicated as a risk factor both for alcohol-associated
cirrhosis and alcohol-associated HCC in our study cohorts
(Table 2). Interestingly, the protective effect of the LPL rs13702 CC
genotype was attenuated in individuals carrying the high-risk
homozygous PNPLA3 GG genotype (Fig. 3). However, we found
no statistical proof of interaction between LPL rs13702 CC and
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PNPLA3 I148M concerning the risk of developing HCC (p = 0.129;
Table S3).
The LPL rs13702 CC genotype is independently associated with
HCC
To verify if carriage of the LPL rs13702 CC genotype is indepen-
dently associatedwith occurrence ofHCC inpatientswith alcohol-
associated cirrhosis, we performed univariate and multivariate
analysis of known risk factors for HCC. Univariate analyses in both
cohorts of patients with alcohol-associated cirrhosis combined
showed that in addition to the CC genotype, age, male sex, dia-
betes, and presence of the PNPLA3 148 M variant were associated
with HCC (Table 3). Multivariate analysis confirmed age, male sex,
diabetes, and PNPLA3 148 M as independent risk factors for HCC,
whereas carriageof the LPL rs13702CCgenotype led toadecreased
HCC risk (OR = 0.5; p = 0.03) (Table 3).
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Table 3. Regression analysis for possible HCC risk factors.

Univariate analysis

95% CI

Parameter p OR Lower Upper

Age 0.000 1.084 1.067 1.101
Sex (male) 0.000 3.047 2.111 4.399
Diabetes 0.000 2.709 2.034 3.608
PNPLA3 148 M 0.000 2.077 1.573 2.742
LPL rs13702 CC 0.003 0.442 0.254 0.769

Multivariate analysis*

95% CI

Parameter p OR Lower Upper
Age 0.000 1.075 1.056 1.095
Sex (male) 0.000 3.040 2.000 4.620
Diabetes 0.000 1.832 1.325 2.532
PNPLA3 148 M 0.000 2.002 1.433 2.796
LPL rs13702 CC 0.033 0.493 0.258 0.943

LPL, lipoprotein lipase; OR, odds ratio; PNPLA3: patatin-like phospholipase domain-
containing protein 3.
* Statistical analysis: univariate analysis with Pearson’s goodness-of-fit X2 test fol-
lowed by multivariate forward binary regression analysis.
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Carriage of the LPL rs13702 CC genotype is not related to stage
or mortality in HCC
We analysed if the presence of the LPL rs13702 CC genotype
might be associated with stage or outcome in patients with HCC.
However, we did not find any association with Barcelona Clinic
Liver Cancer (BCLC) stage at diagnosis, alpha-foetoprotein level
at diagnosis, or survival (data not shown).

Liver LPL expression is increased in patients with alcohol-
associated cirrhosis compared with controls
Because LPL is not expressed in healthy liver, we investigated if
this held also true for alcohol-associated cirrhosis, given the
association between HCC and the rs13702 variant influencing
tissue expression.10 LPL mRNA expression was significantly
increased in the livers from patients with alcohol-associated
cirrhosis compared with viral cirrhotic livers, tumour-free, non-
cirrhotic liver tissue gained by surgical resection of liver metas-
tases, and ALD livers with HCC (Fig. 4A). A similar effect was seen
at the protein level (Fig. 4B); however, only two specimens of
liver from patients with ALD were available for protein analysis.
Hepatic LPL mRNA expression in alcohol-associated cirrhosis was
stepwise increased with the number of C alleles at the rs13702
locus (Fig. 4C).

LPL is predominantly expressed in HSCs and liver sinusoidal
endothelial cells
In human NAFLD, it has been suggested by immunofluorescence
staining that hepatic LPL expression does not originate from
hepatocytes, but from HSCs.17 To verify this finding, we investi-
gated LPL protein expression in various human liver cell lines.
Although we found only minimal LPL expression in the hepato-
cyte cell line PLC/PRF/5 and in primary hepatocytes, LPL was
expressed at much higher levels in liver sinusoidal endothelial
cells (LSECs), primary HSCs, and the hepatic stellate cell line LX-2
at the protein level (Fig. 4D and E).

Validation at a population level in the UK Biobank cohort
In the UKB cohort, rs13702:C was associated with a reduced risk
of HCC (adjusted odds ratio: 0.83; 95% CI: 0.72–0.97; p = 0.016)
(Fig. 5). Several metabolic traits and transaminase levels were
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also associated with rs13702:C, albeit the effect size was gener-
ally very small. An exception to this rule was the association
between rs13702 and triglycerides where the effect size was
much larger (beta: -0.12 decrease per C allele carried).

Carriage of rs328:G in LPL was also associated with a reduced
risk of HCC and metabolic traits. However, although the effect
sizes were generally comparable with rs13702, the statistical
significance was weaker, likely reflecting the lower allele fre-
quency of rs328:G. Neither rs13702:C (beta: -0.1; p = 0.21) nor
rs328:G (beta: -0.01; p = 0.38) were associated with hepatic fat
content assessed by MRI at the population level.
Discussion
Genetic case control studies are useful to investigate mecha-
nisms for diseases where development spans several decades.
This is particularly true for cirrhosis and HCC, in which many
years of ongoing liver damage and genetic predisposition
contribute to occurrence of disease.25 Several genetic risk loci
have been identified and replicated for HCC in ALD, such as the
PNPLA3 I148M variant and rs58542926 in the TM6SF2 gene.5

Knowledge of such risk factors may lead to better surveillance
strategies in people at risk and elucidate the molecular basis of
HCC development.

Analysing different cohorts of cases with HCC and controls
with alcohol-associated cirrhosis, alcohol-abusers without liver
disease, and healthy controls regarding the frequency of the LPL
rs13702 genotypes, we found that the CC genotype was protec-
tive against development of HCC in two independent cohorts and
after correction for age, sex, PNPLA3 I148M genotype, and dia-
betes. Interestingly, we noted that carriage of the CC genotype at
the LPL rs13702 locus did not mitigate the risk for HCC in the
high-risk group of homozygous PNPLA3 148 M carriers, under-
lining the complex interplay of different genetic risk factors and
hinting at a shared molecular pathway. International guidelines
recommend regular screening by ultrasound in all people
affected by ALD and advanced fibrosis.21 As the number of pa-
tients with ALD is high – amounting to 60,000 in England and
Wales in 2012, for example – and the incidence of alcohol abuse
6vol. 5 j 100684
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is rising,26 it will be essential to narrow down the number of
people for screening to make efficient surveillance feasible. In
NAFLD, a polygenic risk score comprising five different genetic
risk loci showed a high negative predictive value of 94% for the
development of HCC while limiting the number of individuals at
risk to only 23% of the study population with cirrhosis.27 The
discovery of new genetic variants such as at the LPL rs13702
locus may help to develop similar genetic risk scores for patients
with ALD with an even better predictive capacity when in-
teractions such as between PNPLA3 and LPL variants are
JHEP Reports 2023
considered. With an OR of 0.49, the LPL rs13702 CC genotype has
a major impact on the individual risk of HCC. In addition, we
investigated the LPL rs328 variant, which has a similar effect on
lipid levels.20 Although we observed a numerically similar effect
to the LPL rs13702 minor variant, it failed statistical significance
for HCC risk. This fits in with reports from a previous study on
lipid levels which indicated that rs328 is in linkage disequilib-
rium with rs13702 and exerts weaker effects.18

From a mechanistic point of view, the association of LPL ge-
netic variation with the risk of HCC highlights the importance of
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lipid metabolism for HCC development in ALD. With PNPLA3,28

TM6SF2,29 and apolipoprotein E,6 other prominent genetic loci
for HCC have been implicated in hepatic lipid accumulation.
Although the underlying mechanisms leading to hepatic lipid
accumulation have been partly unravelled, the molecular back-
ground behind the increased hepatocarcinogenesis is only
incompletely understood. Among the factors supposed to facili-
tate HCC development and potentially linked to genetic variation
are oxidative stress by overload with fatty acids and chronic
inflammation.25 Concerning PNPLA3, we have reported that he-
patocytes carrying PNPLA3 148 M secrete more pro-
inflammatory chemokines when exposed to increased lipid
levels, creating a tumorigenic environment.30 Although LPL is
expressed in leukocytes, its effect on pro- or anti-inflammatory
cell function has not been fully elucidated31 and may be
JHEP Reports 2023
dependent on the specific cell type and the composition of the
lipid environment.

LPL has been known for many years as an important enzyme
involved in lipid metabolism, regulating delivery of lipids to the
tissues.31 Being functional as a dimer, it is expressed highly in
endothelial cells, muscle, and adipose tissue.31 By abolishing the
inhibitory effect of miR-410 on its gene expression, the minor
variant of the rs13702 polymorphism leads to decreased circu-
lating levels of triglycerides.10 Given the protective effect of the
minor variant on hyperlipidaemia, it is not surprising that its
presence is associated with a decreased risk for stroke,
depending on the diet of the person,18 and a decreased risk for
NAFLD.9 However, LPL expression has long been thought to occur
only in foetal liver.12 Nevertheless, liver LPL mRNA levels were
increased 3.6-fold in 16 patients with NAFLD compared with
8vol. 5 j 100684



eight patients without steatosis undergoing bariatric surgery and
correlated closely with liver fat content.14 Similarly, hepatic
mRNA expression was reported as very low in 14 healthy con-
trols, increased in 21 patients with NAFLD but highest in 54
patients with non-alcoholic steatohepatitis (NASH).17 Interest-
ingly, immunofluorescence staining attributed the LPL expres-
sion in the liver not to hepatocytes, but to HSCs.17 Because
carriage of a LPL rs13702 C allele has been shown to impact on
triglyceride and HDL cholesterol levels in the general popula-
tion10 and modulates the effect of diet,18 it is possible that the
effect of the LPL rs13702 minor variant on HCC development
might not have its mechanistical origin in liver tissue, but that
the lipid content of lipoproteins taken up by the liver might be
responsible for the differences in HCC risk. However, although
impact of the rs13702 LPL genotype on serum lipid levels in our
participants with alcohol-associated cirrhosis was only mild, we
noted lower liver enzymes and lower hepatic fat content among
individuals carrying the rs13702 CC genotype, supporting an
impact on the liver metabolism. Because the effect on liver fat
missed statistical significance at a population level, dietary
habits such as alcohol abuse may be an important precondition.

Additionally, our study expands the knowledge on hepatic LPL
expression by showing that LPL upregulation in the human liver is
dependent on the number of C alleles at the rs13702 locus in
alcohol-associated cirrhosis, highlighting the potential hepatic
functional relevance of this genetic variant for metabolic liver
disease. Finally, comparison of LPL expression in different liver
derived cell lines supported thefindingbyTeratani et al.17 thatHSCs
are a major source of LPL. Although an important role for HSCs not
only in hepatic fibrosis, but also in creating a tumorigenic micro-
environment has been suspected based on their ability to produce
growth factors and respective cytokines,32 evidence from clinical
human studies has still been scarce. Our study nowprovides sound
evidence that HSCsmay be crucially involved in HCC development
in humans. In line, the important role of cell metabolism for acti-
vation of HSCs has been reviewed recently.33 In addition, the most
important genetic variation for HCC development, PNPLA3 I148M,
not only modulates hepatocyte metabolism,34 but also promotes
the profibrogenic activity of HSCs.35 Because high LPL expression
was not limited to HSCs, but also found in LSECs, they might also
contribute to the reduced risk for HCC.

The role of LPL in advanced liver disease and themechanism by
which LPL upregulation decreases hepatic tumorigenesis are not
known. Similar to PNPLA3, which differs functionally in mice and
humans, findings on LPL function in mice and humans are con-
tradictory. Human LPL high producers are protected fromNAFLD.9

Similarly, our data suggest that overexpression of LPL is beneficial
regardingHCC development in humanALD. However, knockout of
LPL in HSCs in a murine NASH model reduced hepatic fibrosis.17

The major differences in the experimental design concerning
disease – NASH vs. ALD, species – murine vs. human, and stage of
liver disease – fibrosis vs. HCCmight account for these apparently
contradictory results. Most importantly, experimental knockout
of a protein which results in complete absence might lead to
different effects compared with differences in the level of
expression. LPL knockout mice survive birth for only hours.36 In
support of the concept that LPL expression in hepatocytes is
irrelevant to liver disease, knockout of LPL specifically in hepato-
cytes did not change hepatic fat content.37 Genetic LPL deficiency
in humans is a very rare and often severe condition, that leads to
JHEP Reports 2023
high blood triglyceride levels and recurrent pancreatitis, with
fatty liver being clinically not relevant in these individuals.38,39

Thus, knockout of LPL only in HSCs may not reflect the complex
interplay involving several tissues in humans. It seems plausible
that LPL upregulation in human NAFLD and ALD occurs in
compensation to pathological changes in lipid metabolism, as
shown for chronic alcohol abuse,40 which would explain why
genetic high producers are to some extent protected from hepatic
liver overload, NAFLD and HCC. Intrahepatic fat content is recog-
nised as a risk factor forHCC in humans,41which is reflected by the
results frommurine HCC models.42 However, the hypothesis that
LPL is upregulated in compensation to hepatic fat overload, which
results in reduction of hepatic fat, lipotoxicity, and subsequently
HCC development, has still to be proven.

Our findings are based on a case control study, with the well-
known limitations of this approach. Most importantly, we
cannot exclude that some of the controls will develop HCC in the
future or would have developed HCC if they had not died before
from another complication of liver cirrhosis, such as bacterial
sepsis. Such issues could be only resolved in a prospective study
including only people at diagnosis of cirrhosis. However, although
such studies are highly welcome to assess the so far known risk
factors for HCC, this approachwould likely need decades, because
HCC formation in cirrhosis is a process spanningmany years. Next,
we cannot prove an additive effect, meaning that people carrying
onlyone LPL rs13702Callele have anHCC risk in betweenwildtype
and homozygous CC allele carriers in our cohort. This might be
because of a threshold effect: LPLmRNAexpression in the liverwas
much more increased in homozygous compared with heterozy-
gous CC allele carriers (Fig. 4C) and the effect on liver enzyme
levels and hepatic fat wasmuchmore pronounced in homozygous
CC allele carriers (Fig. 2A–C). LPL activity is tightly controlled also
on a post-transcriptional level,43 for example by the inhibitor
ANGPTL3, which is mainly expressed in the liver,44 so that the
effect of a single C allele might be diminished considerably. In
addition, our study may be underpowered to show an additive
effect: studies showing an additive effect on lipid levels in the
blood included more than 27,00010 or more than 7,10018 in-
dividuals. Nevertheless, as illustrated in Fig. 5, analysis of the UK
Biobank cohort showed an additive effect.

The correlation of hepatic LPLmRNA expressionwith the num-
ber of rs13702C alleles inpatientswith alcohol-associated cirrhosis
is limited by the rather small number of specimens which we
analysed.However, higher LPL expression in carriers of a C allelehas
been described before in non-liver tissue.9 Given that patients with
alcoholic-associated cirrhosis carry two C alleles in only 10%, anal-
ysis of more liver specimens from those individuals is challenging.

Next, we cannot exclude that genetic variation at LPL rs13702
is not causally related to HCC, but only in linkage with the real
associated factor. Mechanistic studies in humans are nearly
impossible, and LPL mice models do not fully reflect the human
phenotype. Because LPL was highly upregulated in liver tissue of
patients with ALD and expression levels correlated to the num-
ber of rs13702 C alleles, it is highly likely that LPL is crucially
involved in advanced ALD. Measurement of intrahepatic LPL
activity might link LPL rs13702 genotypes mechanistically more
closely to HCC development, but we did not have enough spec-
imens to analyse LPL activity.

In summary, we report a novel genetic variant in LPL associ-
ated with decreased occurrence of HCC in ALD.
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UK Biobank: phenotype definitions. 

Phenotypes used in our analysis of the UK biobank cohort were defined as follows:  

HCC:  

As detailed in the main text, HCC cases were identified by the presence of the 

ICD10:C22.0 code in a hospital admission, cause of death, or a cancer registration 

record, either before or after enrolment into UKB. Individuals without HCC were 

defined as controls 

 

Cirrhosis:  

Cirrhosis was defined as either: a) an in-patient hospital admission for cirrhosis of the 

liver; or b) a cirrhosis related death. These events were identified using a validated 

set of International Classification of Disease (ICD) & Operations/Procedure (OPCS4) 

codes.[1]. See table below:  

 

Table S1 ICD10 and OPCS4 codes used to define cirrhosis 

 

Code type Code Description
K70.3 Alcoholic cirrhosis of liver
K71.7 Toxic liver disease with fibrosis and cirrhosis of liver
K72.1 Chronic hepatic failure
K74.4 Secondary biliary cirrhosis
K74.5 Biliary cirrhosis, unspecified
K74.6 Other and unspecified cirrhosis of liver
K76.6 Portal hypertension
I85.0; I859; I98.2 Esophageal varices
I86.4 Gastric varices
J06.1 Tranjugular intrahepatic insertion of stent into portal vein
J06.2 Transjugular intrahepatic insertion of stent graft into portal vein
G10.4 Local ligation of varices of oesophagus
G10.8 Other specified open operations on varices of oesophagus
G10.9 Unspecified open operations on varices of oesophagus
G14.4 Fibreoptic endoscopic injection sclerotherapy to varices of oesophagus
G17.4 Endoscopic injection sclerotherapy to varices of oesophagus using rigid oesophagoscope
G43.7 Fibreoptic endoscopic rubber band ligation of upper gastrointestinal tract varices
T46.1* Paracentesis abdominis for ascites
T46.2* Drainage of ascites not elsewhere specified

ICD 10 (relating to 
hospital admission and 
mortality events)

OPCS4 (relating to 
hospital admissions 
only)

ICD-10 refers to International Classification of Disease version 10. OPCS4 refers to Operation/procedure codes version 4. A hospital admission was considered 
to be due to cirrhosis morbidity if any of the above codes were present in the admission record. However, OPCS4:T461 and OPCS4:T462 (codes relating to 
ascites) are the exceptions to this rule. Here, these codes were only considered to reflect cirrhosis morbidity if accompanied by at least one corroborating ICD 
code for chronic liver disease (i.e. ICD10: K70-K77).  This is because ascites can have non-hepatic causes. 



Type 2 diabetes (T2DM): 

Although UKB participants were asked about diagnosis of diabetes mellitus (UKB Field 

ID: 2443), they were not asked specifically about T2DM. Thus, we inferred T2DM 

status by taking all individuals who reported a diabetes diagnosis (UKB Field ID: 2443), 

excluding those with evidence of non-type 2 diabetes. Evidence of non-type 2 diabetes 

was based on either: 1) self-reported type 1 diabetes in UKB nurse interview; OR; 2) 

hospital admission for type 1 diabetes (ICD10: E10); OR 3) self-reported gestational 

diabetes (UKB field ID: 4041). 

FIB4 index: 

Fibrosis 4 (FIB4) index was calculated according to the formula: 

(age[years]*aspartate aminotransferase[U/L])/(platelet count [10^9 

cells/L]*sqrt(alanine aminotransferase[U/L])) 

 

Other phenoypes: 

All remaining phenotypes were derived directly from UKB fields. See table below.  

Table S2 UKB field IDs and web links 

 

 

 

 

 

 

Phenotype UKB field ID Showcase web link
Body mass index 23104 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=23104
Alanine aminotransferase 23460 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30620
aspartate aminotransferase 30650 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30650
Cholesterol 30690 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30690
Glycated haemoglobin (HbA1c) 30750 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30750
Liver fat content 22436 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=40061
Triglycerides 30870 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30870



Table S3 SNP-SNP interactions of LPL rs13702 and PNPLA3 rs738409 
concerning the risk of HCC 

 

 

 

 

 

 

 

 

 

Supplementary reference 

[1]  Ratib, S., Fleming, K. M., Crooks, C. J., Walker, A. J. & West, J. Causes of Death in 

People with Liver Cirrhosis in England Compared with the General Population: A 

Population-Based Cohort Study. Am. J. Gastroenterol. 2015;110:1149-58. 

 

   95% CI 
Parameter P OR Lower Upper 

  LPL rs13702 CC 0.024 0.123 0.020 0.754 
  PNPLA3 148M 0.000 1.658 1.370 2.006 
  LPL CC by PNPLA3 148M 0.129 1.899 0.830 4.347 
  Constant 0.000 0.242   
          

 

P value for SNP-SNP interaction was calculated by the multiplicative model 
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mortality events)

OPCS4 (relating to 
hospital admissions 
only)

ICD-10 refers to International Classification of Disease version 10. OPCS4 refers to Operation/procedure codes version 4. A hospital admission was considered 
to be due to cirrhosis morbidity if any of the above codes were present in the admission record. However, OPCS4:T461 and OPCS4:T462 (codes relating to 
ascites) are the exceptions to this rule. Here, these codes were only considered to reflect cirrhosis morbidity if accompanied by at least one corroborating ICD 
code for chronic liver disease (i.e. ICD10: K70-K77).  This is because ascites can have non-hepatic causes. 



Type 2 diabetes (T2DM): 

Although UKB participants were asked about diagnosis of diabetes mellitus (UKB Field 

ID: 2443), they were not asked specifically about T2DM. Thus, we inferred T2DM 

status by taking all individuals who reported a diabetes diagnosis (UKB Field ID: 2443), 

excluding those with evidence of non-type 2 diabetes. Evidence of non-type 2 diabetes 

was based on either: 1) self-reported type 1 diabetes in UKB nurse interview; OR; 2) 

hospital admission for type 1 diabetes (ICD10: E10); OR 3) self-reported gestational 

diabetes (UKB field ID: 4041). 

FIB4 index: 

Fibrosis 4 (FIB4) index was calculated according to the formula: 

(age[years]*aspartate aminotransferase[U/L])/(platelet count [10^9 

cells/L]*sqrt(alanine aminotransferase[U/L])) 

 

Other phenoypes: 

All remaining phenotypes were derived directly from UKB fields. See table below.  

Table S2 UKB field IDs and web links 

 

 

 

 

 

 

Phenotype UKB field ID Showcase web link
Body mass index 23104 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=23104
Alanine aminotransferase 23460 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30620
aspartate aminotransferase 30650 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30650
Cholesterol 30690 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30690
Glycated haemoglobin (HbA1c) 30750 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30750
Liver fat content 22436 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=40061
Triglycerides 30870 https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=30870



Table S3 SNP-SNP interactions of LPL rs13702 and PNPLA3 rs738409 
concerning the risk of HCC 
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   95% CI 
Parameter P OR Lower Upper 

  LPL rs13702 CC 0.024 0.123 0.020 0.754 
  PNPLA3 148M 0.000 1.658 1.370 2.006 
  LPL CC by PNPLA3 148M 0.129 1.899 0.830 4.347 
  Constant 0.000 0.242   
          

 

P value for SNP-SNP interaction was calculated by the multiplicative model 
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