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Abstract
It is difficult to identify people with nonalcoholic fatty liver disease (NAFLD) 
who are at high risk for developing hepatocellular carcinoma (HCC). A poly-
genic risk score (PRS) for hepatic fat (HFC- PRS) derived from non- Asians 
has been reported to be associated with HCC risk in European populations. 
However, population- level data of this risk in Asian populations are lacking. 
Utilizing resources from 24,333 participants of the Singapore Chinese Health 
Study (SCHS), we examined the relationship between the HFC- PRS and 
HCC risk. In addition, we constructed and evaluated a NAFLD- related PRS 
(NAFLD- PRS) with HCC risk in the SCHS. Cox proportional hazards models 
were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) 
of HCC incidence with both HFC- PRS and NAFLD- PRS. The HFC- PRS and 
NAFLD- PRS were highly correlated (Spearman r = 0.79, p < 0.001). The high-
est quartiles of both the HFC- PRS and the NAFLD- PRS were associated with 
significantly increased risk of HCC with HR of 2.39 (95% CI 1.51, 3.78) and 
1.77 (95% CI 1.15, 2.73), respectively, compared with their respective low-
est quartile. Conclusion: The PRS for hepatic fat content or NAFLD may be 
useful for assessing HCC risk in both Asian and European populations. The 
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INTRODUCTION

Liver cancer, most of which is hepatocellular carci-
noma (HCC), is now the second- leading cause of can-
cer death globally behind lung cancer.[1] The increasing 
prevalence of nonalcoholic fatty liver disease (NAFLD) 
along with obesity and type 2 diabetes has elevated 
NAFLD as a prominent risk factor for HCC.[2] NAFLD 
has become the most common cause of chronic liver 
disease, affecting about 25% of the global population.[2] 
NAFLD is estimated to contribute to 10%– 12% of HCC 
burden in Europe and North America and 1%– 6% of 
HCC burden in Asian countries.[2] In Asian countries, 
NAFLD- related HCC is expected to increase due to 
increasing NAFLD and obesity prevalence on account 
of globalization and changing dietary and lifestyle 
habits.[2]

While NAFLD in Europe and North America is often 
linked to type 2 diabetes and obesity, approximately 
8%– 19% of people in Asian countries with body mass 
index (BMI) less than 25 kg/m2 have NAFLD, which is 
referred to as lean NAFLD.[3] Genetic predisposition 
may be a particularly important factor for NAFLD devel-
opment in this nonobese population that may not oth-
erwise be screened for HCC. For example, patatin- like 
phospholipase domain containing 3 (PNPLA3), a gene 
strongly associated with NAFLD, has previously been 
shown to have a stronger impact on hepatic steatosis, 
fatty liver disease, in people of Chinese ancestry with-
out metabolic syndrome.[3,4] Genetic risk profiling for 
other diseases such as coronary artery disease and 
breast cancer have resulted in targeted lifestyle inter-
ventions, better prediction of age of disease onset, and 
more streamlined screening.[5] Genetic predisposition, 
calculated as a polygenic risk score (PRS), may be an 
effective noninvasive biomarker to improve identifica-
tion of individuals at high risk for NAFLD- related HCC.

Recently, Bianco et al. used a previously developed 
PRS that sums the number of steatosis- predisposing 
alleles in four genes, PNPLA3, transmembrane 6 su-
perfamily member 2 (TM6SF2), membrane Bound  
O- Acyltransferase Domain Containing 7 (MBOAT7) 
and glucokinase regulatory protein (GCKR), weighed 
by their effect size on hepatic fat content in Europeans, 
African Americans, Hispanics, and non- Hispanic 
Whites in the United States[6] (referred to in this paper 
as the hepatic fat content–  related PRS [HFC- PRS]). 
Bianco et al. examined genetically determined hepatic 
fat content in relation to risk of HCC in patients with 
NAFLD and normal controls in Italy and the United 
Kingdom as well as in the general population in the 

United Kingdom.[7] They reported that the HFC- PRS 
was significantly associated with increased risk of HCC 
in the NAFLD cohort and in the UK general population. 
However, their study is limited by the cross- sectional 
design of the NAFLD cohort and generalizability to 
European- only populations.[7]

To extend these findings to other populations, we 
investigated whether the established HFC- PRS based 
on non- Asian populations was associated with HCC 
in an Asian population. In addition, we constructed a 
PRS for NAFLD (NAFLD- PRS) using publicly available 
genome- wide association study (GWAS) data gener-
ated in East Asian samples and examined the associ-
ation for this NAFLD- PRS with HFC- PRS and with the 
risk of developing HCC in East Asians in Singapore. 
Finally, we applied Mendelian randomization (MR) 
methods to assess the causality of the relationship 
between NAFLD and risk of HCC in East Asians. The 
overall goal of this work was to investigate a causal link 
between NAFLD and HCC in Asian populations, and to 
broaden applicability of PRS beyond typically studied 
European populations.

METHODS

Study population

The current study was conducted within the Singapore 
Chinese Health Study (SCHS), a population- based pro-
spective cohort study for which participants were re-
cruited in Singapore between April 1993 and December 
1998.[8] In total, 63,257 Han Chinese men and women 
aged 45– 74 at baseline were enrolled into the study. 
Eligible subjects were required to be permanent resi-
dents of Singapore residing in government- built hous-
ing and belong to one of two major Chinese dialect 
groups, either the Hokkien or Cantonese. At enrollment, 
trained interviewers administered an in- person inter-
view using a structured questionnaire for information 
on participants’ demographic and lifestyle characteris-
tics. Interviewers also administered a validated semi- 
quantitative food frequency questionnaire to collect 
information on habitual dietary intake, including alcohol 
intake.[9] The SCHS is approved by the institutional re-
view board at the National University of Singapore and 
the University of Pittsburgh, and all subjects provided 
written informed consent.

Sample collection and storage for the SCHS have 
been described previously.[10] Briefly, 32,535 partici-
pants donated blood, buccal, and/or urine samples for 

findings of this and prior studies support a potential causal role of genetically 
determined NAFLD in HCC development.
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research. A subset of HCC cases and their matched 
controls were tested previously for serologic status of 
hepatitis B surface antigen (HBsAg) and antibodies for 
hepatitis C virus (anti- HCV), which are established risk 
factors for HCC.[11,12] Among the 208 HCC cases with 
PRS data, 16 did not donate serum or plasma sam-
ples. The remaining 192 cases were tested for HBsAg, 
in which four cases failed testing. Therefore, 188 cases 
had available HBsAg- positivity status. The presence of 
HBsAg was determined using a standard radioimmuno-
assay (AUSRIA; Abbott Laboratories, North Chicago, 
IL, USA), and anti- HCV using the ELISA version 2.0 
kit (Ortho Diagnostic Systems, Raritan, NJ, USA), with 
confirmation of positive samples using the RIBA ver-
sion 2.0 (Chiron, Emeryville, CA, USA). Given the low 
prevalence of anti- HCV positivity in the 366 SCHS 
participants evaluated (2%),[11] anti- HCV testing was 
stopped to preserve samples for future studies.

All study participants were followed annually for inci-
dence of cancer and death. Incident cancer cases were 
identified through linkage analysis with the nationwide 
Singapore Cancer Registry, and deaths were ascer-
tained via the Singapore Birth and Death Registry. The 
Singapore Cancer Registry has collected comprehen-
sive information on cancer diagnoses since 1968.[13] 
To date, 56 participants (<0.1%) have been cumula-
tively lost to follow- up. HCC cases were defined by the 
International Classification of Diseases– Oncology, 2nd 
Edition code C22.0.[13] The present analysis includes 
208 incident cases of HCC in the genotyped subcohort.

Genotyping and PRS

Methods for genotyping SCHS samples have been pub-
lished previously.[14– 16] Briefly, a total of 23,600 SCHS 
samples, genotyped on the Illumina Global Screening 
Array, and 2003 SCHS samples, genotyped on the 
Illumina HumanOmni ZhongHua- 8 Bead Chip, passed 
standard GWAS quality control procedures.[14– 16] An 
additional 156 samples identified to be duplicate or 
likely first degree– related samples between data sets 
were excluded from the study. After excluding indi-
viduals with prevalent cancer at baseline, related in-
dividuals, and those with poor genotyping quality, all 
participants with available genotyping were included in 
the present analysis.

Single- nucleotide polymorphisms (SNPs) included 
in the HFC- PRS were developed for predicting hepatic 
fat content in an American mixed- ancestry cohort[6,7]; 
descriptive information about variants and weights 
are provided in Table S1. The HFC- PRS included four 
SNPs: rs1260326 (GCKR), rs58542926 (TM6SF2), 
rs641738 (MBOAT7), and rs738409 (PNPLA3). The 
SNPs rs58542926 (TM6SF2), rs641738 (MBOAT7), and 
rs738409 (PNPLA3) were genotyped, and rs1260326 
(GCKR) was imputed with an imputation INFO score of 

0.9882. The East Asian NAFLD- PRS was calculated 
by extracting summary statistics information on SNP- 
NAFLD associations from the Phenoscanner[17,18] data-
base at study start on July 13, 2021. All SNPs associated 
with the phenotype “non- alcoholic fatty liver disease” in 
East Asian ancestry were included in the search. After 
the initial search, 13 records for a total of 12 SNPs had 
beta (β) and p values available in East Asians as de-
fined by Phenoscanner for the association with NAFLD 
(Table S2). SNPs were pruned based on p value with 
NAFLD and linkage disequilibrium (LD) with each other, 
in which SNPs were included with p values of genome- 
wide significance (<5 × 10−8) and independent SNPs 
with r2 ≤ 0.2.  LD was determined  through  correlations 
in our data as well as a comparison using the LDMatrix 
tool provided by the National Cancer Institute based on 
the population of Han Chinese in Beijing, China (https://
ldlink.nci.nih.gov). If two SNPs were in LD, the SNP with 
a larger effect size and smaller p value for association 
with NAFLD was chosen for inclusion in the PRS. The 
SNPs selected for the East Asian NAFLD- PRS and ad-
ditional information provided by Phenoscanner are pro-
vided in Table S1. After pruning, three SNPs remained 
that were associated with NAFLD among those with 
East Asian ancestry: rs1260326 (GCKR), rs4808199 
(GATA zinc finger domain containing 2A [GATAD2A]), 
and rs2896019 (PNPLA3). The rs2896019 (PNPLA3) 
SNP was genotyped, and rs4808199 (GATAD2A) was 
imputed with an imputation INFO score of 0.9998. A 
weighted score was calculated by summing the three 
SNP effect alleles associated with higher log odds of 
NAFLD weighted by their respective beta (β) values.[19]

We first examined the relationship between HFC- 
PRS and risk of HCC in our study population. We then 
calculated the East Asian– based NAFLD- PRS to de-
termine whether the association was consistent when 
the same ancestral population was used for the expo-
sure and outcome associations. The SNPs used in the 
HFC- PRS and included in our East Asian NAFLD- PRS 
were extracted from the SCHS for analysis. A total of 
24,333 individuals (including 208 HCC cases) had com-
plete data for the HFC- PRS. Among those individuals, 
24,294 (including 206 HCC cases) had complete data 
for the three SNPs included in our East Asian NAFLD 
PRS.

Statistical analysis

Person- years of follow- up for each subject were cal-
culated from the date of enrollment into the study to 
the date of HCC diagnosis, death, migration out of 
Singapore, or December 31, 2015, whichever oc-
curred first. Follow- up was calculated from the date 
of enrollment as opposed to date of blood draw, be-
cause alleles are static regardless of measurement 
date. Allele frequency differences between HCC cases 

https://ldlink.nci.nih.gov
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and non- cases were determined by chi- square tests. 
Quartiles of NAFLD PRSs were determined among all 
subjects who had complete data for each genetic score. 
Participants were compared by PRS quartile or HCC 
status for covariate differences by chi- square tests for 
categorical variables and either Wilcoxon two- sample 
test (for comparison by HCC status) or Kruskal- Wallis 
test (for comparison by PRS quartile) for continuous 
variables.

Cox proportional hazards regression models were 
used to estimate hazard ratio (HR) and 95% confidence 
interval (CI) for the association between NAFLD PRSs 
and HCC risk with adjustment for potential confound-
ing variables. Initial models were adjusted for only age 
(years) and sex (male, female). Additional covariates 
measured at baseline included in the second model 
were dialect group (e.g., Cantonese, Hokkien), BMI (kg/
m2; continuous), education (i.e., no formal education/pri-
mary, secondary or higher), smoking status (i.e., never, 
light, heavy), alcohol intake (i.e., one or more alcoholic 
drinks per day, less than one alcoholic drink per day), 
year of enrollment (i.e., 1993– 1995, 1996– 1998), and 
diabetes status (yes, no). Heavy smokers were defined 
as those who began smoking before 15 years of age 
and smoked 13 or more cigarettes per day, whereas 
all other smokers were considered as light smokers.[20] 
To account for potential population stratification, a third 
model adjusted for all previous covariates as well as 
the top three principal components (PCs) of popula-
tion stratification (PCs 1– 3). Quartiles of NAFLD PRSs 
were used to evaluate a linear relationship between 
NAFLD risk and HCC. Continuous NAFLD PRSs were 
scaled to mean = zero and SD = 1 to compare the two 
different scores. Heterogeneity in the NAFLD polygenic 
scores– HCC risk association by traditional NAFLD risk 
factors (BMI, diabetes, dietary fat intake, total energy) 
was tested by including a product term of the scaled 
continuous NAFLD genetic score and a binary indica-
tor of the covariate in the model. To examine the asso-
ciation between the two PRSs and HCC risk without 
the influence of hepatitis B or C chronic infection nor 
heavy alcohol consumption, we conducted a sensitivity 
analysis excluding patients with HCC who were HBsAg 
or anti- HCV positive or heavy drinkers. Heavy drinking 
status was defined as those who consumed ≥15 drinks/
week for men and ≥8 drinks/week for women, following 
definitions from the US Center for Disease Control and 
Prevention (https://www.cdc.gov/alcoh ol/pdfs/exces 
sive_alcoh ol_use.pdf).

To estimate the causal association between NAFLD 
and risk of HCC in those of East Asian ancestry, we 
used SNPs included in the East Asian NAFLD- PRS 
as an instrumental variable: rs1260326 (GCKR), 
rs4808199 (GATAD2A), and rs2896019 (PNPLA3). 
The causal effect of NAFLD in East Asians on HCC risk 
was estimated using the MR package in R[21]. NAFLD 
was our explanatory variable and HCC the outcome, 

in which the inverse- variance weighted (IVW) meth-
od— an estimator that combines ratio estimates for 
each variant[22]— was our primary result. To account 
for possible pleiotropy or invalid instruments, we also 
conducted sensitivity analyses including the weighted 
median,[23] MR Egger,[24] contamination mixture,[25] 
and maximum likelihood estimation[22] methods. To 
verify that a potentially pleiotropic SNP (rs1260326) 
did not affect our overall association, we used the IVW 
method, dropping rs1260326 (GCKR) as an instrumen-
tal variable.

To determine the PRS thresholds able to identify 
individuals at higher risk of HCC and assess whether 
adding the PRS to a clinical model improved its perfor-
mance in identifying high- risk individuals, we used area 
under the curve (AUC) statistics including cases diag-
nosed within 10 years and all non- cases, and identified 
the optimal cutoff point for the HFC- PRS maximizing 
both sensitivity and specificity. The corresponding cut-
off point for NAFLD- PRS was determined based on 
sensitivity similar to the HFC- PRS cutoff point. Positive 
test (greater than or equal to the PRS cutoff point; yes/
no) was added as a predictor to clinical models among 
all participants to determine whether adding PRS sig-
nificantly improved HCC prediction compared with clin-
ical variables alone (age, sex, BMI).

All statistical analyses were performed using  
R version 4.04 (https://www.r- proje ct.org/). All p values 
presented are two- sided, and p values < 0.05 were con-
sidered statistically significant.

RESULTS

The present analysis included 24,333 SCHS partici-
pants with valid data on the HFC- PRS and 24,294 
participants with valid data on the East Asian NAFLD- 
PRS. The HFC- PRS and East Asian NAFLD- PRS 
overlapped on three chromosomes (chromosomes 2, 
19, and 22) and two genes: GCKR and PNPLA3. The 
GCKR SNP is the same for both PRSs (rs1260326). 
The GATAD2A SNP of the East Asian NAFLD- PRS 
on chromosome 19 was not in LD with the TM6SF2 
SNP (r2 = 0.13) or the MBOAT7 SNP (r2 < 0.001), both 
from the HFC- PRS and located on chromosome 19. 
Rs738409 (HFC- PRS) and rs2896019 (East Asian 
NAFLD- PRS), both in the PNPLA3 gene, were in high 
LD (r2 = 0.87). Overall, the HFC- PRS and East Asian 
NAFLD- PRS had a Spearman correlation of 0.79 
(p < 0.001).

HFC- PRS association with risk of HCC

After extracting SNP data from the SCHS, 24,333 in-
dividuals including 208 HCC cases had valid data for 
the four SNPs included in the HFC- PRS. Among those 

https://www.cdc.gov/alcohol/pdfs/excessive_alcohol_use.pdf
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with valid HFC- PRS data, the average (SD) follow- up 
time was 18.9 (3.6) years. Participants who developed 
HCC were older at baseline and had slightly higher 
BMI (Table 1). HCC cases were less likely to be female 
or speak Cantonese dialect and were more likely to 
be heavy smokers and diabetic at baseline (Table 1). 
There were no significant differences between cases 
and non- cases for education or alcoholic drink intake. 
Two of the four SNPs included in the HFC- PRS had 
significantly different minor allele frequencies (MAFs) 
between HCC cases and non- cases: rs58542926 
(TM6SF2, p < 0.001) and rs738409 (PNPLA3, p = 0.002) 
(Table 2). Participants in higher quartiles of HFC- PRS 
were more likely to speak Hokkien dialect compared 
with Cantonese and slightly more likely to be diabetic 
or a current smoker (Table S3).

Higher quartile and levels of the HFC- PRS were 
associated with a statistically significant higher risk of 
HCC (ptrend < 0.001). Compared with the lowest quartile, 
HR (95% CI) of HCC for the fourth quartile of HFC- PRS 
was 2.39 (1.51, 3.78) after adjustment for age and sex. 
Estimates did not materially change when adjusted for 
further covariates, including dialect, BMI, education, 
smoking status, alcohol intake, year of enrollment, di-
abetes status, and PCs 1– 3 (Table 3). Each SD incre-
ment in HFC- PRS was associated with a statistically 
significant 38% increase in HCC risk (Table 3). When 
stratified by NAFLD risk factors including BMI, history 
of diabetes, daily intake of fat or total energy, the HFC- 
PRS– HCC risk associations were robust across all sub-
groups (Figure 1). After excluding 60 HBsAg- positive, 
4 anti- HCV- positive, and 3 heavy- drinker cases, the 
strength of the association between HFC- PRS and risk 

of HCC increased (fourth quartile compared with first 
quartile HR = 2.78, 95% CI 1.57, 4.93) (Table S4).

East Asian NAFLD- PRS association with 
risk of HCC

Among those with valid data for the HFC- PRS, 24,294 
individuals including 206 HCC cases in the SCHS also 
had valid data for the three SNPs included in the East 
Asian NAFLD- PRS. The average and SD follow- up time 
was the same for those with East Asian NAFLD- PRS 
data as compared with the HFC- PRS. Baseline char-
acteristics between cases and non- cases were nearly 
identical to the PRS- HRC data given in Table 1 (Table 
S5). One SNP included in the East Asian NAFLD- PRS, 
rs2896019 (PNPLA3), had a significantly different MAF 
between HCC cases and non- cases (p = 0.009), in 
which the G allele frequency was 0.45 among cases and 
0.38 among non- cases (Table 2). Participants in higher 
quartiles of East Asian NAFLD- PRS were more likely to 
speak Hokkien dialect compared with Cantonese and 
slightly more likely to be diabetic (Table S3).

Higher quartile and levels of the East Asian NAFLD- 
PRS were associated with a statistically significant 
higher risk of HCC, showing similar results as com-
pared with the HFC- PRS (ptrend = 0.003). Compared 
with the lowest quartile, HR (95% CI) of HCC for the 
fourth quartile of East Asian NAFLD- PRS was 1.77 
(1.15, 2.73) after adjustment for age and sex. Estimates 
were not materially changed when further adjusted for 
additional covariates including dialect, BMI, education, 
smoking status, alcohol intake, year of enrollment, 

TA B L E  1  Baseline characteristics by HCC status in the SCHS HFC- PRS population (n = 24,333)

Characteristics HCC cases Non- cases p value

n 208 24,125

Age, years, median (25th, 75th percentiles) 59 (54, 64) 54 (49, 61) <0.001

Female sex, n (%) 62 (30%) 13,225 (55%) <0.001

Cantonese dialect, n (%) 81 (39%) 11,890 (49%) 0.004

Education, secondary school or higher, n (%) 62 (30%) 8069 (33%) 0.299

BMI, kg/m2, median (25th, 75th percentiles) 23.5 (22.5, 26.3) 23.1 (21.1, 24.8) <0.001

Smoking statusa (%)

Never smoker 120 (58%) 17,152 (71%) <0.001

Light smoker 71 (34%) 6102 (25%)

Heavy smoker 17 (8%) 871 (4%)

One or more alcoholic drinks per day, n (%) 11 (5.2%) 1114 (4.6%) 0.770

Heavy drinkersb, n (%) 5 (2.4%) 367 (1.5%) 0.454

Diabetes, n (%) 36 (17%) 1848 (8%) <0.001

Note: Chi- square test was used for categorical variables; Wilcoxon two- sample test was used for continuous variables.
aCigarette smoking: The “heavy” smokers were those who began smoking before 15 years of age and smoked 13 or more cigarettes; all remaining ever 
smokers were defined as light smokers.
bHeavy drinkers were defined as those who consumed ≥15 drinks/week for men and ≥8 drinks/week for women, following definitions from the US Center for 
Disease Control and Prevention (https://www.cdc.gov/alcohol/pdfs/excessive_alcohol_use.pdf).

https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.cdc.gov%2Falcohol%2Fpdfs%2Fexcessive_alcohol_use.pdf&data=04%7C01%7CCET53%40pitt.edu%7Cad662d2478fc49da0d2c08d981c99a61%7C9ef9f489e0a04eeb87cc3a526112fd0d%7C1%7C1%7C637683525142775235%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=v5%2FddDiM24Zmr6EXkVFAkrPfBHKGhHjciu0fUumz6zo%3D&reserved=0
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diabetes status, and PCs 1– 3 (Table 3). A 1- SD in-
crease in East Asian NAFLD- PRS was associated with 
a 26% increase in HCC risk (Table 3). When stratified 
by NAFLD risk factors, the East Asian NAFLD- PRS was 
consistently associated with higher risk of HCC among 
all subgroups; however, some stratified subgroups did 
not remain statistically significant (Figure 1). After ex-
cluding 60 HBsAg- positive, 4 anti- HCV- positive, and 
3 heavy- drinker cases, the strength of the association 
between East Asian NAFLD- PRS and risk of HCC in-
creased (fourth quartile compared with first quartile 
HR = 1.98, 95% CI 1.14, 3.44) (Table S4).

Causal relationship between NAFLD and 
HCC among East Asians

MR analysis showed that NAFLD was causally asso-
ciated with development of HCC, in which those with 
NAFLD have 1.58- fold higher risk of HCC compared 
to those without NAFLD (IVW estimate; p < 0.001) 
(Table 4). All sensitivity analyses conducted to robustly 
assess MR results were consistent with the IVW esti-
mate (Figure 2), in which the causal HR estimate ranged 
from 1.53 to 1.58. All sensitivity analyses in which 
methods allow for some invalid instruments or account 
for possible pleiotropy, and one gene affects multiple 
traits, showed a significant causal effect except for one. 
The p value for MR Egger was well above the threshold 
for significance (p = 0.281). However, the robust MR 
Egger estimate, which may be less sensitive to outliers 
or influential points, was highly significant (p < 0.001). 
The intercept terms for the MR Egger and robust MR 
Egger were both not significantly different from zero, 
indicating minimal pleiotropic effects (Table 4). To fur-
ther verify that our results were not affected by pleio-
tropic effects, we calculated the IVW estimate dropping 
the potentially pleiotropic GCKR SNP, rs1260326. After 
dropping rs1260326, the IVW estimate remained con-
sistent for a causal effect of NAFLD on HCC risk (IVW 
estimated beta = 0.456; 95% CI 0.171, 0.741; p = 0.002).

Optimal PRS thresholds and clinical utility

The AUC for each PRS was calculated using cases di-
agnosed within 10 years and all non- cases. The AUC 
for HFC- PRS was 0.59 (49 cases among 24,174 partici-
pants) and only 0.57 for NAFLD- PRS (49 cases among 
24,137 participants). The optimal cutoff for HFC- PRS 
was 0.6 (greater than highest quartile cutoff point), with 
a sensitivity of 33% and specificity of 87%. Using this 
cutoff, the HFC- PRS was strongly associated with HCC 
risk among all participants after adjustment for covari-
ates (HR = 2.18, 95% CI 1.59, 2.99, p < 0.001) (Table 
S6). The corresponding cutoff for NAFLD- PRS, simi-
lar sensitivity (33%), was 1.26 (greater than highest T
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quartile cutoff point) with a specificity of 74%. Using 
this cutoff, the NAFLD- PRS was associated with HCC 
risk among all participants after adjustment for covari-
ates (HR = 1.51; 95% CI 1.12, 2.04; p = 0.007) (Table 
S6). Adding HFC- PRS or NAFLD- PRS (above or equal 
to the cutoff) significantly improved the performance; 
the AUC increased from 0.717 to 0.734 (p = 0.021) and 
from 0.716 to 0.727 (p = 0.040), respectively, compared 
to a model with clinical variables including age, sex, 
and BMI only (data not shown). Both PRS were more 
strongly associated with risk of HCC compared to sin-
gle variants alone (Table S6).

DISCUSSION

In this study, the HFC- PRS and the East Asian NAFLD- 
PRS were both associated with HCC risk before and 
after adjustment for nongenetic factors and were highly 
correlated with each other in a Singaporean sample. 
Risk scores for NAFLD/hepatic fat derived in specific 
ancestral populations may yield consistent results when 
applied in different populations. PRS may be a cost- 
effective way to identify individuals at high risk for HCC 
that goes beyond lifestyle factors to incorporate genetic 
predisposition. In addition, our instrumental variable 

analysis suggests that beyond association to classify 
individuals into different risk strata, NAFLD may be a 
causal mechanism for HCC risk in East Asian popula-
tions. In summary, the two risk scores evaluated here 
may prove useful (1) in establishing causes of HCC in 
East Asian populations, and (2) in the identification/
stratification of people with NAFLD for whom preven-
tive and surveillance programs may be administered to 
reduce the risk and/or improve early detection of HCC.

Bianco et al. determined that a PRS for hepatic 
fat was associated with increased risk of HCC in 
Europeans. We extended their findings by applying 
their PRS and an NAFLD- PRS in an East Asian pop-
ulation using weights derived from East Asian ances-
try. We used a prospective study design, allowing us 
to include incident HCC cases and time- to- event anal-
yses. The point estimates for the East Asian NAFLD- 
PRS were lower in magnitude than the HFC- PRS. The 
NAFLD- PRS may more accurately reflect unbiased 
risk of HCC from NAFLD in East Asians compared with 
the HFC- PRS, which was derived using data from a 
mixed- ancestry study population. Our point estimates 
may also differ due to differently defined exposures: 
continuous hepatic fat content compared with binary 
NAFLD diagnosis. The PRS for hepatic fat content and 
the PRS for NAFLD contained the same gene regions 

F I G U R E  1  Association of hepatic fat content polygenic risk score (HFC- PRS) and East Asian nonalcoholic fatty liver disease PRS 
(NAFLD- PRS) with risk of hepatocellular carcinoma (HCC) stratified by NAFLD risk factors in the Singapore Chinese Health Study (SCHS). 
Fat intake and total energy cutoffs were determined by the median of the distribution. All models were adjusted for age and sex. BMI, body 
mass index; CI, confidence interval

TA B L E  4  Causal estimates of NAFLD on HCC by multiple MR approaches using gene variants included in the East Asian NAFLD- PRS 
as instruments

Method Intercepta Beta HR (95% CI) p

IVW — 0.457 1.58 (1.22, 2.04) <0.001

Simple median — 0.462 1.59 (1.12, 2.25) 0.01

Weighted median — 0.457 1.58 (1.19, 2.1) 0.002

Contamination mixture method — 0.46 1.58 (1.22, 2.03) <0.001

Maximum- likelihood method — 0.457 1.58 (1.21, 2.06) 0.001

MR- Egger 0.006 0.445 1.56 (0.69, 3.51) 0.281

Robust MR- Egger 0.006 0.445 1.56 (1.24, 1.97) <0.001
ap value for intercept terms: MR- Egger = 0.976; robust MR- Egger = 0.938.
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except one additional SNP in the HFC- PRS, indicating 
that each exposure is associated with very similar ge-
netic predisposition. This study increases the general-
izability of both PRS for genetically predicted hepatic 
fat/NAFLD in association with HCC.

Currently, the prevalence of NAFLD in Asian coun-
tries is about 25%, similar to countries in Europe and 
North America, and has been increasing in the past 
two decades.[3] Although obesity, metabolic disease, 
and other lifestyle factors may not be as prevalent in 
Asia as in Europe and North America, the similar prev-
alence of NAFLD in Asia as Europe and North America 
is partially due to lean NAFLD.[3] Another reason for 
similar NAFLD prevalence despite differing risk fac-
tors may be genetic predisposition. One of the SNPs 
in the HFC- PRS, rs738409, is highly correlated with a 
SNP in the East Asian NAFLD- PRS and is a missense 
mutation in the PNPLA3 gene that has been well es-
tablished to increase risk of NAFLD, deposition of liver 
lipids, and NAFLD progression.[26] The risk (GG) gen-
otype is found in 13%– 19% of the general population 
in Asian studies compared with 4% in Europeans. This 
difference in genetic susceptibility may be responsi-
ble for similar prevalence despite different risk factors. 
Prevalence of lean NAFLD may also be related to dif-
ferent obesity cutoffs. Many studies recommend lower 
cutoff points for defining overweight and obese in Asian 
populations.[27] Given that lean NAFLD is prevalent in 
Asia, identifying those with genetically predicted higher 
risk of HCC may help identify those who could benefit 

from early detection in this subgroup to reduce inci-
dence and/or mortality of HCC.

Our East Asian NAFLD- PRS was developed using 
all available GWAS results in East Asians with appro-
priate significance and LD cutoffs in the Phenoscanner 
database at the time of study start. The three SNPs 
that were included in the score were from the same 
study published by Kawaguchi et al. that examined 
these SNPs in association with NAFLD risk, in which 
those in the highest quintile of the PRS had 5 times 
the risk of NAFLD compared with the lowest quintile.[28] 
The investigators used a stepwise model to determine 
which SNPs to include in their model with initially four 
SNPs, then further refining by switching SNPs for those 
that had been studied previously (including PNPLA3 
rs738409 and TM6SF2 rs58542926) and adding 14 
additional SNPs. When included in the model, the ad-
ditional SNPs did not increase the AUC for classifying 
NAFLD cases from controls.[28] These results increase 
our confidence that the East Asian NAFLD- PRS, while 
consisting of only three SNPs, broadly covers genetic 
susceptibility to NAFLD in this population.

Results from our sensitivity analyses suggest that 
these PRS may be associated specifically with HCC 
caused by NAFLD. The magnitude for both PRS- 
HCC risk associations was strengthened after ex-
cluding HCC cases infected with hepatitis B and/or 
C virus or heavy consumption of alcohol, suggesting 
that NAFLD (as determined by PRS) had a greater 
impact on HCC risk. We measured HBsAg positivity 

F I G U R E  2  Visual comparison of causality estimates of NAFLD on HCC by multiple Mendelian randomization (MR) approaches using 
variants included in the East Asian NAFLD- PRS as instruments. IVW, inverse- variance weighted
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for all cases with available blood except 4 cases, and 
while we only have anti- HCV measurements for 366 
participants, anti- HCV positivity in HCC cases in our 
previous study was only 5%,[11] suggesting that HCV 
infection has limited impact on HCC risk in our pop-
ulation. We also excluded HCC cases who were de-
fined as heavy drinkers according to the US Center 
for Disease Control and Prevention guidelines. After 
exclusion of HCC cases associated with these es-
tablished risk factors, the only remaining strong risk 
factor for HCC was NAFLD. Thus, we conclude to 
the best of our ability that most of the remaining HCC 
cases were NAFLD- related. Both PRS were more 
strongly associated with HCC after exclusion of cases 
for exposure to other risk factors, suggesting that ge-
netically determined NAFLD plays a more significant 
role in NAFLD- related HCC.

MR is an instrumental variable analysis method 
in which genetic variants are used in observational 
analyses to make causal inferences about the effect 
of an exposure on an outcome.[29] Accordingly, the 
basic assumptions for MR are that (1) the variant is 
associated with the exposure (in our case, NAFLD); 
(2) the variant is not associated with the outcome (i.e., 
HCC) via a confounding pathway; and (3) the vari-
ant does not affect the outcome directly, but purely 
through the exposure. One potential violation of MR 
results is pleiotropy, in which genetic variants are as-
sociated with multiple risk factors on different causal 
pathways. A sensitivity analysis designed to test this 
is the MR Egger method, where if the intercept term is 
significantly different from zero, there is evidence of 
either a pleiotropic effect or the InSIDE (INstrument 
Strength Independent of Direct Effect) assumption 
is violated, or both.[24] In our study, there appears 
to be a slight association between the different PRS 
and age, dialect, smoking status, and diabetes sta-
tus. However, dialect may be reflective of underlying 
genetic or lifestyle differences, and the differences 
between PRS quartiles by age, smoking, and diabe-
tes were materially very small. Finally, both the MR 
Egger and robust MR Egger intercept terms were not 
statistically significant, indicating that pleiotropy may 
not be a violating factor. To further verify that pleio-
tropic effects were not impacting our estimates, we 
conducted a sensitivity analysis in which we calcu-
lated the IVW estimate by dropping the GCKR SNP, 
rs1260326. The minor T- allele of rs1260326 has pre-
viously been associated with lower fasting glucose 
and insulin levels and a protective effect against type 
2 diabetes,[30– 32] and the C- allele has previously been 
associated with number of alcoholic drinks consumed 
per week.[33] After removing this SNP from our anal-
ysis, the IVW estimate was consistent with a causal 
effect of NAFLD on HCC risk.

Although the AUC for both PRSs alone were poor, 
using the optimal cutoff, both scores significantly 

improved the diagnostic accuracy of a clinical model 
for the entire cohort. These PRSs may be useful in fu-
ture studies when combined with other genetic variants 
to produce a score with stronger clinical relevance. 
Additionally, our analysis expands on the work of 
Bianco et al.[7] by showing that HFC- PRS improved di-
agnostic accuracy among non- European populations, 
expanding its utility.

Our study has multiple strengths. As previously 
mentioned, we were able to use a prospective study 
design, collect incident HCC outcomes, and conduct 
time- to- event analyses. Our study is a population- 
based cohort representative of a general population; 
therefore, our findings may be more generalizable to 
other East Asian populations. We estimated associa-
tions for both HFC- PRS and East Asian NAFLD- PRS 
with HCC risk, allowing us to compare PRSs developed 
in different ancestral populations. Our study also has 
several limitations. While we overcame the limitation of 
different ancestral populations by calculating the East 
Asian NAFLD- PRS, the published genetic associations 
we used to calculate the PRS came from a Japanese 
population.[28] While we do not expect significant dif-
ferences in these weights between Han Chinese and 
Japanese, some differences may exist. Because our 
study design uses NAFLD exposures from other co-
horts, this limits our ability to account for liver- disease 
risk factors such as fibrosis. The standard errors of 
the SNPs included in the HFC- PRS were not publicly 
available; therefore, the MR analysis was performed 
only for the NAFLD- PRS. We did not have reliable data 
available on the HSD17B13 SNP, rs72613567, which 
was studied as part of the PRS- 5 score in Bianco 
et al. Therefore, we were unable to examine the as-
sociation between PRS- 5 and HCC risk in the present 
study. Additionally, while we have shown that different 
PRSs are associated with HCC in East Asians, more 
research is needed to determine whether this finding is 
applicable to other ancestral groups.

In conclusion, we found that PRSs for either hepatic 
fat or NAFLD based on either American or East Asian 
populations were associated with HCC incidence. An 
MR analysis, in which key assumptions were met, al-
lows for the causal inference of a relationship between 
NAFLD and HCC in East Asians. NAFLD or hepatic fat 
PRSs may improve HCC risk stratification and be appli-
cable across different populations.
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