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Abstract

Background Potentially modifiable risk factors for hepatocellular carcinoma (HCC) have been investigated in obser-
vational epidemiology studies in East Asian and European populations, whereas the causal associations of most
of these risk factors remain unclear.

Methods We collected genome-wide association summary statistics of 22 modifiable risk factors in East Asians
and 33 risk factors in Europeans. Genetic summary statistics of HCC were sourced from the Biobank Japan study
(1,866 cases and 195,745 controls) for East Asians, and the deCODE genetics study (406 cases and 49,302 controls)
and the UK Biobank (168 cases and 372 016 controls) for Europeans. Two-sample Mendelian randomization (MR)
analyses were performed independently for East Asian and European populations.

Results In East Asians, genetically predicted alcohol frequency, ever drinkers, aspartate aminotransferase (AST),
hypothyroidism, chronic hepatitis B, and chronic hepatitis C, metabolic dysfunction-associated steatotic liver disease
(MASLD), and autoimmune hepatitis were significantly associated with an increased HCC risk (P<0.05/22). Among
European population, alanine transaminase, AST, MASLD, percent liver fat, and liver iron content were signifi-

cantly associated with a higher risk of HCC (P<0.05/33). The replication dataset and meta-analysis further confirmed
these results.

Conclusions Although East Asian and European populations have different factors for HCC, their common modifi-
able risk factors AST and MASLD for HCC, offer valuable insights for targeted intervention strategies to mitigate society
burden of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the predominant type
of liver cancer, ranking the sixth in terms of incidence
and the third in mortality among malignant tumors
worldwide [1]. HCC is typically diagnosed at an advanced
stage, with a 5-year survival rate of approximately 18% [2],
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Fig. 1 Overview of the study design

in the ethnic and geographical distribution of HCC are
mainly attributed to specific risk factors, with hepatitis B
virus (HBV) or hepatitis C virus (HCV) predominating
in Asia, whereas alcohol and metabolic dysfunction liver
disease (MASLD) dominates Europe and North America
[3]. The identification of causal risk factors is of great
significance for early detection and precise prevention
of HCC. In particular, improving the understanding of
the causality and effect sizes of different risk factors can
optimize strategies for HCC prevention. Therefore, a
systematic assessment of causal risk factors of HCC is
urgently needed to reduce global health burden of HCC,
especially modifiable risk factors.

Previous observational studies have reported many
potential modifiable factors for HCC, including lifestyle
factors (e.g., cigarette smoking, alcohol drinking) [4, 5],
serum biomarkers (e.g., C-reactive protein, serum iron)
[6, 7], and liver and metabolism-related factors (e.g.,
viral hepatitis, MASLD) [8, 9]. Nevertheless, certain
modifiable factors, such as cigarette smoking [10] and
alcohol drinking [11, 12], are inconsistently associated
with risk of HCC. Moreover, the causality for these
associations is yet to be definitively established, as much
of the existing evidence is derived from observational
studies that are susceptible to potential residual
confounding and reverse causation [13]. In recent years,
Mendelian randomization (MR) analysis has emerged
as a robust tool for causal inference in epidemiological
studies [14]. MR utilizes genetic variants as instrumental
variables (IVs) to ascertain the causal relationships
between exposures and outcome phenotypes [15].
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Because the random assortment of genetic alleles during
conception, MR serves as a methodological analog to
randomized clinical trials, thus minimizing risks of
confounding and reverse causation [16]. Although MR in
investigating the causal relationships between modifiable
risk factors has been applied to many cancers, very few to
HCC. Herein, we performed an MR analysis to examine
associations between potentially modifiable risk factors
and HCC risk in East Asian and European populations,
providing additional insights into the etiology of HCC
and the development of preventive strategies.

Methods

Study design

An overview of the study design is detailed in Fig. 1. First,
a total of 22 modifiable risk factors in East Asians and 33
risk factors in European populations were used, and IVs
for each modifiable risk factor were obtained from pub-
lished genome-wide association studies (GWASs). Sec-
ond, genetic summary statistics of HCC were obtained
from the Biobank Japan (BBJ) study for East Asian ances-
try, and the deCODE genetics study and the UK Biobank
(UKB) study for European ancestry. Third, we performed
MR analyses to assess the causal relationships between
genetically proxied modifiable risk factors and HCC risk
independently for East Asian and European populations.
In Europeans, initial analyses were performed using the
deCODE genetics study dataset, followed by replication
analyses using the UKB dataset, and both datasets were
subsequently used for a meta-analysis to increase the
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statistical power. All original GWASs included in the cur-
rent study were approved by the relevant institutional
review boards.

Exposure Data

After reviewing the literature about the epidemiology of
HCC, we included the previously reported modifiable
risk factors of HCC for the current study, including
lifestyle factors (smoking, drinking, physical activity,
sleep habits, and education level), serum parameters
(serum liver enzymes, C-reactive protein, serum iron,
and lipid traits) and metabolic comorbidities (obesity
traits, Type 2 diabetes mellitus [T2DM] and related
trait, thyroid diseases and related trait, and liver diseases
and related trait). By searching the publicly available
GWAS summary statistics, we extracted genetic variants
associated with 22 modifiable risk factors from East
Asian ancestry studies and 33 risk factors from European
ancestry studies. Details about the GWASs of modifiable
risk factors are provided in Supplementary Tables 1-2.

Genetic instrument selection

The analysis was restricted to SNPs associated with
each trait at the GWAS significance level (P<5x107%)
in East Asian and European populations. Subsequently,
we performed SNP clumping analysis based on linkage
disequilibrium (LD) with an 7 threshold of > 0.001 within
10 Mb to eliminate SNPs in high LD. Given that small
amounts of missing data have a limited impact on the
results, a few missing instrumental variables were not
replaced by proxy variants. To minimize the potential bias
stemming from weak IVs, we calculated the F statistic
(F=beta?/se?) for each SNP to measure the strength
of the IVs. SNPs with an F statistic exceeding 10 were
considered strong instruments [17], while those with
an F statistic<10 were excluded from the MR analysis.
Power calculations were conducted using an online
tool to evaluate the ability to detect an odds ratio (OR)
of 0.80 or 1.20 with a Type I error rate of 0.05% (http://
cnsgenomics.com/shiny/mRnd/) [18, 19]. The power
of each modifiable risk factor on HCC is detailed in
Supplementary Tables 1-2, and the genetic instruments
of these traits are provided in Supplementary Tables 3-4.

Outcome data

In East Asians, genetic association of HCC was obtained
from the GWAS comprising 197,611 participants (1,866
cases and 195,745 controls) in BioBank Japan [20].
Diagnosis of HCC was conducted by attending physicians
at each collaborating institution. In Europeans, the
summary-level data on HCC was obtained from the
deCODE genetics study (406 cases and 49,302 controls)
[21] and UK Biobank (168 cases and 372 016 controls)
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[22]. HCC was defined by international classification
diseases-10 (ICD-10) code C22.0. Detailed information
about the outcome is described in Supplementary
Table 5.

Statistical Analysis

MR analyses were performed in East Asians and
Europeans, separately. The core assumptions for the
MR analysis are illustrated in Supplementary Fig. 1, as
described in detail elsewhere [23, 24]. In the primary
analysis, the inverse variance weighted (IVW) method
was used, and the Wald ratio was used as the final
assessment of causal association, when only one SNP
was available [25]. The weighted median [26], MR-egger
regression [27], and Mendelian randomization pleiotropy
residual sum and outlier (MR-PRESSO) [28] methods
were used as sensitivity analyses to assess the robustness
of the findings. Heterogeneity across estimates of
SNPs for each risk factor was assessed by Cochran’s Q
value [29]. The P-value for the MR-Egger intercept was
used to assess the horizontal pleiotropy [30]. A meta-
analysis was performed to combine estimates from two
European data sources. If significant heterogeneity
(P<0.05) was observed, a fixed effects model was used
to summarize the instrumental variable estimates for
each exposure, otherwise a random effects model was
used. Results were reported as odds ratios (ORs) with
95% confidence intervals (CIs) to indicate the HCC risk
associated with a one-unit increase in exposures. To
account for multiple testing, a conservative Bonferroni-
corrected P value of 2.27x1072 (0.05/22, as 22 risk
factors were assessed) for East Asians and 1.52x1072
(0.05/33, as 33 risk factors were assessed) for Europeans
was considered statistically significant, with a nominal
P value<0.05 and a Bonferroni-corrected P-value>0.05
being considered a suggestive association. P value <0.05
was defned as the signifcance level for replication among
Europeans. All statistical analyses were performed using
the TwoSampleMR [31], and MR-PRESSO [28] packages
in the R statistical software version 4.0.2.

Results

Modifiable risk factors and HCC in the East Asian
population

The associations between genetically predicted modi-
fiable risk factors and HCC risk in the East Asian
population are illustrated in Fig. 2. Regarding the life-
style factors investigated, genetically predicted alco-
hol frequency was positively associated with risk of
HCC (OR=1.57, 95% CI: 1.32-1.86). Similarly, ever
drinkers had a higher HCC risk, compared with never
drinkers (OR=1.11; 95% CI: 1.05-1.18). We also
noted a suggestive association between a higher coffee
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Traits OR (95 % ClI) P value
g Smoking
© Cigarettes per day 0.62 (0.15-2.49) 0.499
& Drinking
g Alcohol frequency —o— 1.57 (1.32-1.86) 2.18E-07
@ Ever versus never drinkers +* 1.11(1.05-1.18) 2.81E-04
7‘_=| Coffee consumption —e— 0.69 (0.53-0.90) 0.007
Liver enzymes
Alanine aminotransferase _— 1.89 (0.97-3.69) 0.062
¥  Gamma glutamyl transferase _— 1.30 (1.00-1.68) 0.046
% Alkaline phosphatase —— 1.03 (0.85-1.25) 0.737
g Aspartate aminotransferase —s— 291 (1.51-5.59) 0.001
& Inflammatory factor
2 C-reactive protein _— 1.18 (0.60-2.30) 0.630
€ Blood lipid traits
g High density lipoprotein cholesterol —— 1.05 (0.85-1.30) 0.646
Low density lipoprotein cholesterol _— 0.62 (0.43-0.91) 0.013
Triglyceride _ 1.10 (0.81-1.48) 0.543
Obesity traits
Body mass index —_—— 0.92 (0.68-1.24) 0.583
@ T2DM and related trait
£ Type 2 diabetes mellitus -0 0.91 (0.82-1.01) 0.065
g Hemoglobin A1c —_— 0.76 (0.54-1.08) 0.126
© Thyroid disease
g Hypothyroidism —a— 1.74 (1.33-2.27) 5.65E-05
©  Hyperthyroidism — 1.13 (0.79-1.62) 0.510
% Liver disease and related trait
< Chronic hepatitis B - 1.32 (1.20-1.45) 2.25E-08
@ Chronic hepatitis C — 2.89 (2.21-3.79) 1.47E-14
=  Metabolic dysfunction-associated steatotic liver disease - 1.27 (1.16-1.38)  8.39E-08
Autoimmune hepatitis - 1.11 (1.04-1.19) 0.001
Primary biliary cholangitis - 0.96 (0.90-1.02) 0.144
| [ | |
04 0.8 2.0 5.0
OR (95 % ClI)

Fig. 2 Association of genetic liability to modifiable risk factors with risk of HCC in East Asian individuals in the Biobank Japan. Cl, confidence

interval; OR, odds ratio

consumption and a decreased risk of HCC (OR =0.69;
95% CI: 0.53-0.90). In our restricted analysis of serum
parameters, per 1-SD increase of aspartate aminotrans-
ferase (AST) levels was significantly associated with an
increased risk of HCC (OR=2.91, 95% CI: 1.51-5.59).
Gamma glutamyl-transferase levels were suggestively
associated with an elevated risk of HCC for a 1-SD
increase (OR=1.30, 95% CI: 1.01-1.68), while low
density lipoprotein cholesterol (LDL-cholesterol) lev-
els were suggestively associated with a decreased risk
of HCC (OR=0.62, 95% CI: 0.43-0.91). An increased
risk for HCC was associated with genetically predicted

metabolic comorbidities, including hypothyroidism
(OR=1.74, 95% CI: 1.33-2.27), chronic hepatitis B
(CHB) (OR=1.32; 95% CI: 1.20-1.45), chronic hepati-
tis C (CHC) (OR=2.89, 95% CIL: 2.21-3.79), MASLD
(OR=1.27,95% CI: 1.16-1.38), and autoimmune hepa-
titis (OR=1.11, 95% CI: 1.04-1.19), but not for other
risk factors. The findings remained robust and consist-
ent in the sensitivity analyses (Supplementary Table 6).
Although Cochran’s Q tests indicated heterogeneity in
the causal estimates for some modifiable risk factors,
the MR-Egger intercept test did not reveal any signs of
horizontal pleiotropy (Supplementary Table 7).
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Modifiable risk factors and HCC in the European
population

In participants of European ancestry, our analy-
ses revealed no evidence of significant associations
between lifestyle factors and HCC risk (all P>0.05;
Fig. 3). Regarding serum parameters, a 1-SD increase
in alanine transaminase (ALT) was associated with a
1.07-fold increased risk of HCC (OR=1.07, 95% CI:
1.04-1.10); for AST levels, the OR of HCC increased
byl.22 fold (95% CI: 1.12-1.33). Additionally, there
was a suggestive evidence indicating that genetically
predicted serum iron levels were associated with an
increased risk of HCC for a 1-SD increase (OR =3.64,
95% CI: 1.48-8.96). Furthermore, an increased risk of
HCC was associated with metabolic comorbidities,
including MASLD (OR=3.30, 95% CI: 2.07-5.26), per-
cent liver fat (OR=4.77, 95% CI: 2.59-8.80), and liver
iron content (OR=3.52, 95% CI: 2.26-5.50). We also
observed suggestive associations with increased HCC
risk for T2DM (OR=1.38, 95% CI: 1.09-1.74) and
hyperthyroidism (OR=1.49, 95% CI: 1.03-2.16). Sensi-
tivity analyses yielded similar causal associations (Sup-
plementary Table 8). Heterogeneity was observed in
the MR analyses of LDL-cholesterol, with no evidence
of horizontal pleiotropy observed for any of the modifi-
able risk factors (SupplementaryTable 9).

The causal associations in the replication datasets are
presented in Supplementary Fig. 2 and Supplementary
Table 10. The association with HCC was replicated
in UKB dataset for ALT (OR=1.10, 95% CI: 1.02—
1.18), AST (OR=1.30, 95% CI: 1.09-1.55), MASLD
(OR=15.66, 95% CI: 6.81-36.02), percent liver
fat (OR=25.50, 95% CI: 10.79-60.28), and liver
iron content (OR=6.17, 95% CI: 2.08-18.31). The
heterogeneity was observed in the MR analyses for
AST, serum iron, LDL-cholesterol, triglyceride, T2DM
and primary sclerosing cholangitis, but possible
pleiotropy was detected in the replication analysis
for high density lipoprotein cholesterol and LDL-
cholesterol (Supplementary Table 11).To increase the
power of the analysis, we performed a meta-analysis
for the deCODE genetics study and UKB datasets. The
summarized results of the meta-analysis are displayed
in Supplementary Fig. 3. The results further confirmed
that risk of HCC was positively associated with ALT
(OR=1.07, 95% CI: 1.05-1.10), AST (OR=1.24,
95% CI. 1.14-1.34), MASLD (OR=6.91, 95% CIL
1.50-31.72), percent liver fat (OR=10.72, 95% CI:
2.08-55.35), and liver iron content (OR=3.82, 95%
CI: 2.53-5.77). However, the heterogeneity between
results of the two studies was found in the analyses
of cigarettes per day, free thyroxine concentration,
MASLD, and percent liver fat (P, <0.05).
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Discussion

To the best of our knowledge, this is the first large MR
study to systematically investigate the causal associations
between modifiable risk factors and the risk of HCC in
both East Asian and European populations. Utilizing
large-scale GWAS summary statistics within a unified
MR framework, we have identified distinct sets of
modifiable risk factors for HCC. In this trans-ethnic
MR study, we found that higher genetically predicted
AST and MASLD were associated with increased HCC
risk in the two ethnic populations. We also provide
some evidence supporting causal associations of alcohol
frequency, ever drinkers, hypothyroidism, CHB, and
CHC, and autoimmune hepatitis with the risk of HCC in
the East Asian population, as well as ALT, percent liver
fat, and liver iron content with the risk of HCC in the
European population.

The causal patterns of risk factors revealed consistent
effects of AST and MASLD on HCC in both East Asian
and European populations. Specifically, we found
that elevated levels of AST were associated with an
increased risk of HCC, consistent with reported finding
that a decrease of AST may be negatively associated
with the risk of HCC [32]. Similarly, a Taiwanese study
has identified that elevated AST and ALT levels were
statistically significant independent predictors of HCC
risk [33]; and another European study reported that
elevated AST and ALT levels were positively associated
with HCC risk [34]. Furthermore, our study showed
that ALT was a risk factor for HCC in the European
population. Although liver enzymes are functional
markers of liver tissue damage, our study showed that
elevated liver enzymes were also a risk factor for HCC
development, suggesting an etiological connection
between liver damage and HCC susceptibility.

Recently, increasing evidence suggests that MASLD
is a risk factor for HCC [35]. The current study
provided compelling evidence for a causal association
between MASLD and HCC in East Asian and European
populations, which is consist with a recent MR study [36].
We also observed a direct causal association between the
percentage of liver fat measured by magnetic resonance
imaging (MRI) and HCC risk, further reinforcing this
finding. The biological mechanisms underlying MASLD
leading to HCC involve the release of inflammatory
cytokines (such as TNF-«, IL6) and reduced adiponectin
levels that promote insulin resistance, which in turn
inhibits fatty acid oxidation, leading to DNA damage
and mutations. Additionally, insulin resistance triggers
the release of insulin-like growth factor 1 and insulin
receptor substrate 1, influencing cell proliferation and
apoptosis, contributing to hepatocarcinogenesis [37]. The
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Serum parameters

Metabolic comorbidities
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Traits OR (95 % Cl) P value
Smoking
Compound smoking index * 0.63 (0.21-1.89) 0.405
Cigarettes per day # 0.52 (0.13-2.01) 0.341
Diet/drinking
Alcohol frequency & 0.51 (0.07-3.71) 0.506
Coffee consumption ] 1.00 (0.97-1.02) 0.856
Physical activity
Accelerometer-assessed physical activity —_— 0.83 (0.63-1.08) 0.168
Sleep habit
Chronotype —— 1.23(0.81-1.84) 0.329
Sleep duation ] 1.00 (0.98-1.03) 0.893
Insomnia —_— 0.88 (0.63-1.24) 0.467
Education level
College or University degree 4 0.66 (0.17-2.50) 0.537
Liver enzymes
Alanine aminotransferase a 1.07 (1.04-1.10) 1.52E-06
Gamma glutamyl transferase a 1.01 (0.99-1.02) 0.333
Alkaline phosphatase a 0.99 (0.97-1.01) 0.462
Aspartate aminotransferase <n 1.22 (1.12-1.33) 1.24E-05
Inflammatory factor
C-reactive protein —— 1.14 (0.72-1.79) 0.583
Iron status
Serum iron —p————t 3.64 (1.48-8.96) 0.005
Blood lipid traits
High density lipoprotein cholesterol _—— 0.89 (0.59-1.34) 0.572
Low density lipoprotein cholesterol —_— 0.66 (0.38-1.15) 0.142
Triglyceride —_— 1.13 (0.75-1.68) 0.560
Obesity traits
Body mass index —_—— 1.56 (0.94-2.59) 0.084
Waist circumference Cy 1.77 (0.61-5.15)  0.293
T2DM and related traits
Type 2 diabetes mellitus —r— 1.38 (1.09-1.74)  0.007
Hemoglobin A1c _— 1.05 (0.52-2.13) 0.899
Thyroid disease and related trait
Hypothyroidism —_— 0.93 (0.68-1.26) 0.643
Hyperthyroidism —_— 1.49 (1.03-2.16) 0.033
Free thyroxine concentration —— 1.23 (0.67-2.27) 0.504
Thyroid stimulating hormone levels _— 0.74 (0.48-1.15) 0.185
Liver disease and related trait
Metabolic dysfunction-associated steatotic liver disease —_— 3.30 (2.07-5.26) 5.21E-07
Autoimmune hepatitis —_—— 0.93 (0.71-1.21) 0.576
Primary biliary cholangitis - 1.03 (0.89-1.18) 0.723
Primary sclerosing cholangitis —_—r 0.99 (0.78-1.25) 0.915
Percent liver fat —— 4.77 (2.59-8.80) 5.59E-07
Liver iron content —_— 3.52 (2.26-5.50) 3.01E-08
Liver volume - 1.31(0.42-4.11) 0.643
f T T T T 1
02 05 1.0 20 4.0 80

OR (95 % Cl)

Fig. 3 Association of genetic liability to modifiable risk factors with risk of HCC in European individuals in the deCODE genetics study. Cl,
confidence interval; OR, odds ratio
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burden of HCC due to viral hepatitis is decreasing with
advances in HBV and HCV treatment, but the prevalence
of MASLD-related HCC is rapidly increasing [38].
This trend emphasizes need for public health measures
targeting the prevention and management of MASLD.

In East Asian populations, we observed an association
between alcohol consumption with HCC risk, consistent
with a recent MR study [39]. Viral hepatitis is well-
established as a significant factor in HCC, and many
previous studies have reported that CHB and CHC are
associated with an increased risk of HCC [8, 40]. We
have confirmed these findings using MR analyses. This
robust evidence solidifies hepatitis infection as a causal
risk factor for HCC, emphasizing the critical importance
of early detection and prompt treatment of chronic
hepatitis infection as a key strategy to mitigate HCC risk
in East Asian populations. Multiple studies have reported
that abnormal thyroid function plays an important
role in the etiology of many liver diseases, including
MASLD [41] and fibrosis [42]. In our study, we observed
a positive association between genetically predicted
hypothyroidism and the risk of HCC. Furthermore,
the association between autoimmune hepatitis and a
higher risk of HCC has been observed in a previous
observational study [43], and this finding was confirmed
in our MR study. In European populations, serum
iron has been reported in association with HCC risk
in previous studies [7], but limited MR studies to date
have evaluated the role of serum iron in HCC risk. We
provided evidence supporting a suggestive association
between higher serum iron levels and an increased
HCC risk, this conclusion was further confirmed by
MRI measurements of liver iron content in our study. A
plausible explanation is that hepatic iron overload may
contribute to oxidative stress-induced carcinogenesis
processes [44].

There were several strengths in the present study.
First, this is the first large study that has relatively
comprehensively assessed large numbers of known
and suspected risk factors and biomarkers for HCC
risk. Second, a main strength of this study is the MR
design with data from different populations, which
diminishes confounding and reverse causality as
well as may mitigate biases arising from population
structure. Third, we performed a series of sensitivity
analyses to ensure the robustness and reliability of our
findings. Nevertheless, the present study has some
limitations. First, although we carefully reviewed and
summarized factors associated with HCC risk and
GWAS-identified SNPs, the limitations in the design
of GWASs we used, and the lack of SNPs in some
GWASs, may have led to biases in assessing causality.
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Second, the statistical power was low in some analyses
due to the small variance in exposure explained by
IVs (e.g., cigarettes per day and compound smoking
index), resulting in underpower to detect associations
between the exposure and outcome variable. Additional
studies are needed to assess these risk factors in the
future. Third, there is a partial sample overlap between
exposure and outcome variables, which could introduce
a weaker instrument bias [45]. Nevertheless, the SNPs
we used were selected based on stringent genome-wide
significance thresholds, and all estimated F statistics
exceeded 10, suggesting that the influence of partial
sample overlap on our findings is likely minimal.
Fourth, HCC diagnosis is defined differently in the two
populations (e.g., attending physician in East Asians
vs. ICD codes in Europeans) may introduce a degree
of misclassification bias. Finally, the availability of
HCC cases was relatively limited, particularly among
European populations, but we had combined estimates
from two separate European databases to enhance the
statistical power. Future studies with larger samples
sizes of HCC cases are warranted.

By systematically assessing the causal evidence
for modifiable risk factors on HCC in individuals of
East Asian and European ancestry, the current study
has demonstrated that there are eight risk factors
for HCC in East Asian populations; in the European
population, we identified five HCC risk factors. We
found that AST and MASLD were common risk
factors in both populations. The current study provides
valuable insights for future research and public health
interventions.

Abbreviations

ALT Alanine transaminase

AST Aspartate aminotransferase

BBJ Biobank Japan

BMI Body mass index

CHB Chronic hepatitis B

CHC Chronic hepatitis C

Cls Confidence intervals

FDR False-discovery rate

GWASs Genome-wide association studies

HCC Hepatocellular carcinoma

ICD-10 International classification diseases-10

Vs Instrumental variables

VW Inverse variance weighted

LD Linkage disequilibrium

LDL-cholesterol  Low density lipoprotein cholesterol

MR Mendelian randomization

MR-PRESSO Mendelian randomization pleiotropy residual sum and
outlier

MASLD Metabolic dysfunction-associated steatotic liver disease

ORs Odds ratios

T2DM Type 2 diabetes mellitus

UKB UK Biobank



Wei et al. BMC Cancer (2024) 24:820

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512885-024-12525-x.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
We thank all the study participants and research staff for their contributions
and commitment to the present study.

Authors’ contributions

XW, CY, HY, and YL conceived the study design, and supervised the whole
project. XW, CY, QL, MQ, and QW contributed to the data interpretation, data
analysis, and writing of the manuscript. ZZ,YJ, PC, XL, and JC contributed to
the study design, and data interpretation of the present analysis. All of the
authors approved the submitted draft.

Funding

This work was supported by Natural Science Foundation of Guangxi Province
(2023GXNSFBA026091); Key Laboratory of Early Prevention and Treatment

for Regional High Frequency Tumor, Ministry of Education (GKE-ZZ202316,
GKE-ZZ202118); The Key Project of Guangxi Natural Science Foundation
(2018GXNSFDA050012); The 111 Projects (D17011); Youth Science Founda-
tion of Guangxi Medical University (GXMUYSF202304); Youth Program of
Scientific Research Foundation of Guangxi Medical University Cancer Hospital
(YQJ2022-5).

Availability of data and materials

Only publicly available data were used in this study, and data sources and
handling of these data are described in the Materials and Methods, and
online supplemental information. Further information is available from the
corresponding author upon request.

Declarations

Ethics approval and consent to participate

All original studies included in the GWAS cited here were approved by the
ethics committee, and written informed consent was obtained from each
participant before data collection as described in the included GWAS.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

1Department of Clinical Trial Base, Guangxi Medical University Cancer Hospital,
Nanning, Guangxi, China. 2Department of Hepatobiliary Surgery, Guangxi
Medical University Cancer Hospital, Nanning, Guangxi, China. 3Department

of Respiratory Oncology, Guangxi Medical University Cancer Hospital,
Nanning, Guangxi, China. 4Departmem of Experimental Research, Guangxi
Medical University Cancer Hospital, Nanning, Guangxi, China. >Department

of Cancer Prevention and Control, Guangxi Medical University Cancer Hospital,
Nanning, Guangxi, China. °Department of Scientific Research, Guangxi
Medical University Cancer Hospital, Nanning, Guangxi, China. 7Department

of Disease Process Management, Guangxi Medical University Cancer Hospital,
Nanning, Guangxi, China. ®Key Laboratory of Early Prevention and Treatment
for Regional High Frequency Tumor (Guangxi Medical University), Ministry

of Education, Nanning, Guangxi, China. °Key Cultivated Laboratory of Cancer
Molecular Medicine of Guangxi Health Commission, Guangxi Medical
University Cancer Hospital, Nanning, Guangxi, China.

Received: 29 November 2023 Accepted: 14 June 2024
Published online: 10 July 2024

Page 8 of 9

References

1.

21.

22.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray
F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71(3):209-49.

Villanueva A. Hepatocellular Carcinoma. N Engl J Med.
2019;380(15):1450-62.

Vogel A, Meyer T, Sapisochin G, Salem R, Saborowski A. Hepatocellular
carcinoma. Lancet (London, England). 2022;400(10360):1345-62.

Lee Y-CA, Cohet C, Yang Y-C, Stayner L, Hashibe M, Straif K. Meta-analy-
sis of epidemiologic studies on cigarette smoking and liver cancer. Int
J Epidemiol. 2009;38(6):1497-511.

BagnardiV, Rota M, Botteri E, Tramacere |, Islami F, Fedirko V, Scotti

L, Jenab M, Turati F, Pasquali E, et al. Alcohol consumption and site-
specific cancer risk: a comprehensive dose-response meta-analysis. Br J
Cancer. 2015;112(3):580-93.

LiuT, Zhang Q, Song C, Siyin ST, Chen S, Zhang Q, Song M, Cao L, Shi
H. C-reactive protein trajectories and the risk of all cancer types: a
prospective cohort study. Int J Cancer. 2022;151(2):297-307.

Tran KT, Coleman HG, McCain RS, Cardwell CR. Serum biomarkers of
iron status and risk of primary liver cancer: a systematic review and
meta-analysis. Nutr Cancer. 2019;71(8):1365-73.

El-Serag HB. Epidemiology of viral hepatitis and hepatocellular carci-
noma. Gastroenterology. 2012;142(6):1264-1273.e1.

Kim G-A, Lee HC, Choe J, Kim M-J, Lee MJ, Chang H-S, et al. Association
between non-alcoholic fatty liver disease and cancer incidence rate. J
Hepatol. 2017,68(1):140-6.

. Ohishi W, Fujiwara S, Cologne JB, Suzuki G, Akahoshi M, Nishi N,

Takahashi I, Chayama K. Risk factors for hepatocellular carcinoma in a
Japanese population: a nested case-control study. Cancer Epidemiol
Biomarkers Prev. 2008;17(4):846-54.

. Turati F, Galeone C, Rota M, Pelucchi C, Negri E, Bagnardi V, Cor-

rao G, Boffetta P, La Vecchia C. Alcohol and liver cancer: a system-
atic review and meta-analysis of prospective studies. Ann Oncol.
2014,25(8):1526-35.

. Petrick JL, Campbell PT, Koshiol J, Thistle JE, Andreotti G, Beane-

Freeman LE, Buring JE, Chan AT, Chong DQ, Doody MM, et al. Tobacco,
alcohol use and risk of hepatocellular carcinoma and intrahepatic
cholangiocarcinoma: the liver cancer pooling project. Br J Cancer.
2018;118(7):1005-12.

. Fewell Z, Davey Smith G, Sterne JAC. The impact of residual and unmeas-

ured confounding in epidemiologic studies: a simulation study. Am J
Epidemiol. 2007;166(6):646-55.

. Davey Smith G, Hemani G. Mendelian randomization: genetic anchors

for causal inference in epidemiological studies. Hum Mol Genet.
2014,23(R1):R89-98.

. Smith GD, Ebrahim S.”Mendelian randomization”: can genetic epide-

miology contribute to understanding environmental determinants of
disease? Int J Epidemiol. 2003;32(1):1-22.

. Zheng J, Baird D, Borges M-C, Bowden J, Hemani G, Haycock P, Evans DM,

Smith GD. Recent developments in Mendelian randomization studies.
Curr Epidemiol Rep. 2017;4(4):330-45.

. Burgess S, Small DS, Thompson SG. A review of instrumental vari-

able estimators for Mendelian randomization. Stat Methods Med Res.
2017,;26(5):2333-55.

. Burgess S. Sample size and power calculations in Mendelian randomi-

zation with a single instrumental variable and a binary outcome. Int J
Epidemiol. 2014,43(3):922-9.

. Brion MJ, Shakhbazov K, Visscher PM. Calculating statistical power in

Mendelian randomization studies. Int J Epidemiol. 2013;42(5):1497-501.

. Ishigaki K, Akiyama M, Kanai M, Takahashi A, Kawakami E, Sugishita H,

Sakaue S, Matoba N, Low S-K, Okada Y, et al. Large-scale genome-wide
association study in a Japanese population identifies novel susceptibility
loci across different diseases. Nat Genet. 2020;52(7):669-79.
Sveinbjornsson G, Ulfarsson MO, Thorolfsdottir RB, Jonsson BA, Einarsson
E, Gunnlaugsson G, Rognvaldsson S, Arnar DO, Baldvinsson M, Bjarnason
RG, et al. Multiomics study of nonalcoholic fatty liver disease. Nat Genet.
2022;54(11):1652-63.

Jiang L, Zheng Z, Fang H, Yang J. A generalized linear mixed model asso-
ciation tool for biobank-scale data. Nat Genet. 2021;53(11):1616-21.


https://doi.org/10.1186/s12885-024-12525-x
https://doi.org/10.1186/s12885-024-12525-x

Wei etal. BMC Cancer  (2024) 24:820 Page 9 of 9

23. XieJ,Huang H, Liu Z, LiY,Yu C, Xu L, Xu C. The associations between 45. Davies NM, Holmes MV, Davey Smith G. Reading Mendelian ran-
modifiable risk factors and nonalcoholic fatty liver disease: a comprehen- domisation studies: a guide, glossary, and checklist for clinicians. BMJ.
sive Mendelian randomization study. Hepatology. 2023;77(3):949-64. 2018;362:k601-10.

24. Yuan S, Gill D, Giovannucci EL, Larsson SC. Obesity, type 2 diabetes,
lifestyle factors, and risk of gallstone disease: a mendelian randomization
investigation. Clin Gastroenterol Hepatol. 2022;20(3):e529-37.

25. Yavorska OO, Burgess S. MendelianRandomization: an R package for
performing Mendelian randomization analyses using summarized data.
Int J Epidemiol. 2017;46(6):1734-9.

26. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estima-
tion in Mendelian randomization with some invalid instruments using a
weighted median estimator. Genet Epidemiol. 2016;40(4):304-14.

27. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with
invalid instruments: effect estimation and bias detection through Egger
regression. Int J Epidemiol. 2015;44(2):512-25.

28. Verbanck M, Chen C-Y, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization
between complex traits and diseases. Nat Genet. 2018;50(5):693-8.

29. Burgess S, Bowden J, Fall T, Ingelsson E, Thompson SG. Sensitivity analyses
for robust causal inference from Mendelian randomization analyses with
multiple genetic variants. Epidemiology. 2017;28(1):30-42.

30. Schmidt AF, Dudbridge F. Mendelian randomization with Egger pleiot-
ropy correction and weakly informative Bayesian priors. Int J Epidemiol.
2018;47(4):1217-28.

31. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The
MR-Base platform supports systematic causal inference across the human
phenome. Elife. 2018;7:234408.

32. LiuZ Song C, Suo C, Fan H, ZhangT, Jin L, Chen X. Alcohol consump-
tion and hepatocellular carcinoma: novel insights from a prospective
cohort study and nonlinear Mendelian randomization analysis. BMC Med.
2022,20(1):413.

33, Wen CP Lin J, Yang YC, Tsai MK, Tsao CK, Etzel C, Huang M, Hsu CY, Ye Y,
Mishra L, et al. Hepatocellular carcinoma risk prediction model for the
general population: the predictive power of transaminases. J Natl Cancer
Inst. 2012;104(20):1599-611.

34, Stepien M, Fedirko V, Duarte-Salles T, Ferrari P, Freisling H, Trepo E, Tricho-
poulou A, Bamia C, Weiderpass E, Olsen A, et al. Prospective association
of liver function biomarkers with development of hepatobiliary cancers.
Cancer Epidemiol. 2016;40:179-87.

35. Petrelli F, Manara M, Colombo S, De Santi G, Ghidini M, Mariani M, et al.
Hepatocellular carcinoma in patients with nonalcoholic fatty liver disease:
a systematic review and meta-analysis: HCC and Steatosis or Steatohepa-
titis. Neoplasia (New York, NY). 2022;30:100809-10.

36. Deng Y, Huang J, Wong MCS. Associations of non-alcoholic fatty liver
disease and cirrhosis with liver cancer in European and East Asian popu-
lations: a Mendelian randomization study. Cancer Rep (Hoboken, NJ).
2023;7(1):21913.

37. Younossi ZM, Henry L. Epidemiology of non-alcoholic fatty liver disease
and hepatocellular carcinoma. JHEP Rep : Innov Hepatol. 2021;3(4).

38. loannou GN. Epidemiology and risk-stratification of NAFLD-associated
HCC. J Hepatol. 2021,75(6):1476-84.

39. Deng Y, Huang J, Wong MCS. Associations between six dietary habits
and risk of hepatocellular carcinoma: a Mendelian randomization study.
Hepatol Comm. 2022;6(8):2147-54.

40. Yu MC, Tong MJ, Coursaget P, Ross RK, Govindarajan S, Henderson BE.
Prevalence of hepatitis B and C viral markers in black and white patients
with hepatocellular carcinoma in the United States. J Natl Cancer Inst.
1990;82(12):1038-41.

41. Ritter MJ, Amano |, Hollenberg AN. Thyroid hormone signaling and the
liver. Hepatology. 2020;72(2):742-52.

42. Bano A, Chaker L, Muka T, Mattace-Raso FUS, Bally L, Franco OH, Peeters
RP, Razvi S. Thyroid function and the risk of fibrosis of the liver, heart,
and lung in humans: a systematic review and meta-analysis. Thyroid.
2020;30(6):806-20.

43. Yeoman AD, Al-Chalabi T, Karani JB, Quaglia A, Devlin J, Mieli-Vergani G,
Bomford A, O'Grady JG, Harrison PM, Heneghan MA. Evaluation of risk
factors in the development of hepatocellular carcinoma in autoimmune
hepatitis: Implications for follow-up and screening. Hepatology (Balti-
more, MD). 2008;48(3):863-70.

44. Toyokuni S. Role of iron in carcinogenesis: cancer as a ferrotoxic disease.
Cancer Sci. 2009;100(1):9-16.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Associations between modifiable risk factors and hepatocellular carcinoma: a trans-ancestry Mendelian randomization study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study design
	Exposure Data
	Genetic instrument selection
	Outcome data
	Statistical Analysis

	Results
	Modifiable risk factors and HCC in the East Asian population
	Modifiable risk factors and HCC in the European population

	Discussion
	Acknowledgements
	References


