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Association of Genetic Risk Score With 
NAFLD in An Ethnically Diverse Cohort
Jun Wang,1 David V. Conti,1-3 David Bogumil,1 Xin Sheng,1 Mazen Noureddin,4 Lynne R. Wilkens,5 Loic Le Marchand,5  
Hugo R. Rosen ,6 Christopher A. Haiman,1-3 and Veronica Wendy Setiawan 1-3,6

Most genetic studies of nonalcoholic fatty liver disease (NAFLD) have been conducted in Whites. In this large and 
ethnically diverse cohort, we assessed the transportability of previously identified genetic variants for NAFLD, built 
a genetic risk score (GRS), and examined its association with NAFLD risk in multiple ethnic groups. Thirty previ-
ously identified genome- wide association studies (GWAS) variants (P  <  5  ×  10−8) and 17 other variants associated 
with NAFLD were examined in a nested case- control study of NAFLD (1,448 cases/8,444 controls) in this multi- 
ethnic cohort study. We then built a GRS using 11 independent single- nucleotide polymorphisms from these prior 
studies and examined its association with NAFLD by cirrhosis status across multiple ethnic groups. Of the 30 GWAS 
SNPs, 20 (67%) were replicated (P  <  0.05) in the pooled multi- ethnic population. The highest percentage of replication 
was seen in Latinos (43%), followed by Japanese Americans (37%), Whites (17%), and Native Hawaiians and African 
Americans (≤10%). Several genetic variants, including those in PNPLA3 (patatin- like phospholipase domain contain-
ing 3), HSD17B13 (hydroxysteroid 17- beta dehydrogenase 13), TM6SF2 (transmembrane 6 superfamily member 2), 
GATAD2A (GATA zinc finger domain containing 2A), GCKR (glucokinase regulator), SUGP1 (SURP and G- patch 
domain containing 1), MBOAT7 (membrane bound O- acyltransferase domain containing 7), TRIB1 (tribbles pseudoki-
nase 1), SAMM50 (sorting and assembly machinery component), and ERLIN1 (ER lipid raft associated 1)– CHUK 
(component of inhibitor of nuclear factor kappa B kinase complex)– CWF19L1 (CWF19 like cell cycle control factor 1)  
gene cluster, were replicated in at least two ethnic groups. An 11- SNP weighted GRS was associated with NAFLD 
risk in the multi- ethnic population (odds ratio [OR] per SD increase = 1.41; 95% confidence interval [CI] = 1.32- 
1.50), as well as in each ethnic group (OR ranged from 1.30 in African Americans to 1.52 in Latinos). The GRS– 
NAFLD association was stronger for NAFLD with cirrhosis (OR = 1.67; 95% CI = 1.46- 1.92) compared to NAFLD 
without cirrhosis (OR = 1.37; 95% CI = 1.28- 1.46) (Pheterogeneity = 0.003). Conclusion: In this ethnically diverse cohort, 
we replicated several key genetic variants for NAFLD and showed the utility of GRS based on the risk alleles for 
NAFLD risk stratification in multiple ethnic groups. (Hepatology Communications 2021;5:1689-1703).

Nonalcoholic fatty liver disease (NAFLD) 
is the most common cause of chronic liver 
disease,(1) affecting at least a quarter of the 

world’s population.(2) NAFLD is predicted to become 

the leading indication for liver transplantation(3) and a 
major risk factor for hepatocellular carcinoma that can 
develop even without cirrhosis.(4) Between 2015 and 
2030, the NAFLD prevalence is projected to increase 
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21% to 101 million in the United States.(5) U.S. 
Latinos experience the highest prevalence of NAFLD 
compared with other ethnic groups.(6) In this multi- 
ethnic cohort (MEC), we showed that NAFLD is 
the most common etiology of chronic liver disease 
in Latinos, Japanese Americans, Native Hawaiians, 
African Americans and Whites, and the prevalence of 
NAFLD in Latinos, Japanese Americans, and Native 
Hawaiians is higher relative to Whites.(7)

Genome- wide association studies (GWASs) have 
identified several variants associated with hepatic 
fat content,(8- 12) circulating liver enzymes,(9,10,13- 15) 
and NAFLD development and disease severity.(16- 20) 
Among the variants identified, a single nucleotide 
polymorphism (SNP) in patatin- like phospholipase 
domain containing 3 (PNPLA3) (rs738409) has been 
confirmed in multiple GWASs among predominantly 
European or Asian ancestry.(11- 13,16- 18,20) An SNP of 
TM6SF2 (transmembrane 6 superfamily member 2; 
rs58542926) has been reported in at least two GWASs 
of European ancestry,(10,16) in addition to an earlier 
exome- wide association study.(21) Several variants in 
HSD17B13 (hydroxysteroid 17- beta dehydrogenase 
13) have also been linked to NAFLD in previous stud-
ies,(13,16) again in predominantly European ancestry. 
Other previously identified GWAS- significant vari-
ants for NAFLD, liver fat content, or liver enzymes 
include SNPs in GCKR (glucokinase regulator), 
GATAD2A (GATA zinc finger domain containing 

2A), NCAN (neurocan), PPP1R3B (protein phospha-
tase 1 regulatory subunit 3B), TRIB2 (tribbles pseu-
dokinase 2), CPN1 (carboxypeptidase N), ERLIN1 
(ER lipid raft associated 1), and SAMM50 (sorting 
and assembly machinery component).(9,11,13,15,19) Prior 
studies (although not in the context of genome- wide 
assessment) have also identified variants that were 
associated with NAFLD histopathological features 
including those in MBOAT7 (membrane bound 
O- acyltransferase domain containing 7), SERPINA1 
(serpin family A member 1), HFE, and MARC1 (mito-
chondrial amidoxime reducing component 1).(22,23)  
More than half of the NAFLD GWASs were con-
ducted among individuals of European ances-
try,(8- 11,14,16,20) whereas three studies were conducted 
exclusively among Japanese in Japan.(17- 19) Three prior 
GWASs consisted of multi- ethnic populations,(12,13,15) 
but only one study included Hispanics and African 
Americans.(12) Few subsequent studies have examined 
whether the associations between selected variants 
and NAFLD were replicated in U.S. Hispanics and 
African Americans,(24,25) but these variants have yet 
to be examined in other populations.

Increasing studies have shown the utility of 
genetic risk score (GRS), which combines the 
effects of individual SNPs into a single score for 
risk prediction of multiple diseases, including 
NAFLD.(26) Despite promising results in predicting 
NAFLD development and progression, prior studies 
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generated the GRS based on a few selected genetic 
variants without taking into account all previously 
identified GWAS- significant variants. Furthermore, 
although these GRS studies were conducted among 
non- Whites, including Mexicans and Japanese, no 
prior studies have included Asians, Latinos, African 
Americans, or Native Hawaiians in the United 
States.(26) The underrepresentation of non- European 
ancestry populations in GWAS for discovery creates 
a major gap in the use of genetic information for 
predicting, preventing, and treating disease across 
populations.(27- 30)

In this large and most ethnically diverse prospec-
tive study to date, we assessed the transportability of 
prior GWAS findings and how these variants contrib-
ute to NAFLD across populations. We then used the 
GWAS SNPs to build GRS and assessed its associa-
tion with NAFLD risk by disease severity in multiple 
ethnic groups.

Materials and Methods
stuDy population

meC Background
We conducted a nested case- control study within 

the MEC. Details of the cohort design and baseline 
characteristics of participants have been previously 
described.(31) Briefly, the MEC is a population- based 
prospective study designed to investigate the roles of 
dietary, lifestyle, and genetic factors in cancer and 
chronic disease etiology. The cohort includes more 
than 215,000 men and women, aged 45- 75 years at 
enrollment during 1993- 1996. The MEC consists 
of participants primarily from five ethnic groups 
(African Americans, Japanese Americans, Latinos, 
Native Hawaiians, and Whites) living in Hawaii 
and California, primarily Los Angeles County. At 
baseline, participants completed a mailed question-
naire that included information on anthropometry, 
lifestyle, diet, family, and personal medical history. 
Because in this study NAFLD cases were identi-
fied using the Medicare fee- for- service (FFS) claim 
files, we restricted the study population to MEC- 
Medicare FFS participants (n  =  123,196).(32) We 
excluded participants who were not from the five 
major ethnic groups (n = 7,511), had invalid dietary 

data based on implausible macronutrient intakes 
(n  =  4,498), and missing baseline information on 
the important variables (body mass index [BMI] 
and diabetes; n  =  931). A total of 110,256 eligible 
participants were available for nested case- control 
analysis of NAFLD.(33)

Case- Control samples
As described previously,(7,33) NAFLD cases 

were identified from eligible participants using 
International Classification of Diseases (ICD), 
Ninth Revision codes 571.8 and 571.9, and ICD 
Tenth Revision codes K75.81, K760, K7689, K741, 
and K769), one inpatient or two or more outpatient/
carrier FFS claims on different dates between 1999 
and 2016, and excluding other liver disease etiol-
ogy. We included all NAFLD cases with blood or 
buccal samples (n = 1,498). NAFLD cases were fur-
ther stratified by cirrhosis status as described pre-
viously.(33) Controls were selected among eligible 
participants across nested case- control studies within 
the MEC who met the following criteria: genotyped 
using the Illumina Multi- ethnic Genotyping Array 
(MEGA) chip (San Diego, CA) in the five major 
ethnic groups, valid information on type 2 diabe-
tes status, and BMI, and did not have chronic liver 
disease.

The institutional review boards for the University 
of Southern California and the University of Hawaii 
approved this study. NAFLD cases and controls con-
sented to genetic association studies.

genotyping, Quality Control, and 
genotype imputation

Samples were genotyped using the MEGA 
chip. This chip was developed to ensure genome- 
wide coverage of variants down to 1% frequency in 
non- European ancestry populations. We conducted 
intensive quality control of samples, including SNP 
and sample call- rate filtering, concordance checks 
of interplate and intraplate controls, and removal of 
redundant or discordant variants based on location 
and call rates (Supporting Fig. S1). Post– quality con-
trol data contained 1,189,906 SNPs, 1,448 cases, and 
8,444 controls. This sample was stratified on self- 
reported ethnicity, then imputed using Minimac4 
with both the TOPMed reference panel (version r2) 
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and the 1000 Genomes (1000G) Project reference 
panel (Phase 3 v5).

statistiCal metHoDs

snp selection and Replication analysis
We searched the literature for GWASs of NAFLD 

or NAFLD- related quantitative traits (i.e., imaging 
quantified hepatic fat and/or circulating liver enzymes). 
We also included non- GWASs of histopathologic fea-
tures of NAFLD that may reflect disease severity. A 
total of 47 variants reported in prior studies (30 SNPs 
identified in GWAS with P  <  5  ×  10−8(8- 20) and 17 
non- GWAS SNPs(8,11,22,23,34- 36)) were included in our 
analysis. The median imputation quality score (R2) 
for the 47 SNPs across five ethnic groups was 0.990 
(interquartile range: 0.958- 0.999). We compared allele 
frequencies of these SNPs with those from 1000G by 
ethnicity, and all SNPs showed no differences com-
pared with this panel; thus, all 47 SNPs were retained 
in the analysis.

Multivariable logistic regression models were 
used to determine the SNP and NAFLD association 
(assuming an additive genetic model), adjusting for 
age at blood collection, sex, BMI, type 2 diabetes, 
and population stratification using principal com-
ponents (PCs) 1- 5. PCs were estimated using PC- 
AiR and a set of over 15,000 independent SNPs.(37) 
Most global ancestry variation among the five eth-
nic groups was captured in the five PCs (Supporting  
Fig. S2). First- degree and second- degree related 
samples were removed, resulting in a final analytical 
sample of 1,448 cases and 8,444 controls (Supporting 
Fig. S1). We assessed the SNP- NAFLD associa-
tions in all ethnic groups combined and by ethnic-
ity. Likelihood ratio tests were used to determine 
whether the associations varied significantly across 
ethnic groups.

gRs analysis
We developed a GRS using independent SNPs 

from both prior GWAS SNPs with P  <  5  ×  10−8 
and non- GWAS SNPs that were replicated in our 
study. We included non- GWAS SNPs because they 
have been previously associated with NAFLD sever-
ity.(22,23) We checked linkage disequilibrium (LD) 
patterns using 1000G reference populations, and 

SNPs were considered independent if LD r2 < 0.3 in 
the study population in which the SNPs were discov-
ered. A total of 12 independent SNPs were initially 
selected. We removed one SNP (rs28929474) because 
it was rare in all ethnic groups (minor allele frequency 
[MAF] < 0.01) except in Whites. Thus, 11 SNPs were 
used to derive GRS: rs738409 (PNPLA3), rs58542926 
(TM6SF2), rs1260326 (GCKR), rs13118664 
(HSD17B13), rs4808199 (GATAD2A), rs2954021 
(TRIB2), rs4240624 (PPP1R3B), rs10883437 (CPN1), 
rs10883451 (ERLIN1), rs429358 (apolipoprotein E 
[APOE]), and rs641738 (MBOAT7).

Although we preferentially considered using exter-
nal weights (i.e., risk allele effect estimates from prior 
GWASS), only three variants (out of 11) had effect 
estimates for binary NAFLD status (the same out-
come variable as in this study), while the remaining 
variants were assessed for effects on quantitative traits 
(e.g., hepatic fat content, liver enzyme levels) in prior 
studies. Furthermore, because most prior studies were 
conducted among Europeans or East Asians, the 
effect estimates may not be applied to other popula-
tions; we therefore used internal ethnic- specific and 
multi- ethnic weights to derive the GRS.

To account for uncertainty in risk allele effect sizes 
and to down- weigh the contribution of variants with 
less precisely estimated associations, we applied inverse 
variance weights that incorporate the standard error of 
the variant effect estimates. The GRS was computed 
using the formula GRS=

∑11

n=1

�

�n

SE(�n)
×SNPn

�

,  
where βn and SE(βn) are the per- allele log(OR) and 
standard error of the nth SNP, respectively, and SNPn 
is the dosage for the risk allele (range: 0- 2) of the nth 
SNP. The GRS was examined as both continuous (per 
SD increase in standardized GRS) and categorical 
(quartiles; cutoffs determined using the distribution 
among controls) using logistic regression models.

We assessed the associations of GRS with 
NAFLD in all ethnic groups combined and by eth-
nicity. None of the 11 SNPs used to compute the 
GRS showed statistically significantly heterogeneity 
of effects across ethnic groups except for rs4240624; 
thus, the effect estimates (β and SE) obtained from 
the multi- ethnic population (i.e., pooling all five eth-
nic groups) were used to derive the GRS. We fur-
ther performed the following sensitivity analyses: (1) 
excluding rs4240624 in all combined analysis; and (2) 
using ethnic- specific effect estimates for rs4240624 
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while using the pooled estimates for the remaining 
10 SNPs in the ethnic- specific GRS. We also per-
formed sensitivity analysis using unweighted GRS 
computed as the sum of the risk alleles of the 11 
SNPs. Receiver operating characteristic (ROC) anal-
ysis was also conducted, and discrimination between 
cases and controls was measured using the area under 
the ROC curve (AUC).

Finally, we examined whether the GRS- NAFLD 
association varied by disease severity (NAFLD with 
or without cirrhosis), age, sex, BMI, and type 2 dia-
betes. All P values were based on two- sided tests. 
Analyses were performed using R software version 
4.0.2.

Results
sample CHaRaCteRistiCs

The mean age was 66.0, 68.4, and 66.8  years in 
NAFLD cases without cirrhosis, NAFLD cases with 
cirrhosis, and controls, respectively (Table 1). There 
were more women in cases (58.8% and 61.9% for cases 
without and with cirrhosis, respectively) than in con-
trols (53.8%). Among NAFLD cases without cirrhosis, 
Japanese Americans accounted for 62.0% of the cases, 
followed by Latinos (15.1%), Whites (12.1%), Native 
Hawaiians (6.4%), and African Americans (4.4%). 
Among cases with cirrhosis, Latinos and Japanese 

taBle 1. CHaRaCteRistiCs oF naFlD Cases anD ContRols in tHe multi- etHniC CoHoRt

NAFLD Cases Without Cirrhosis 
(n = 1,232)

NAFLD Cases With Cirrhosis 
(n = 216) Controls (n = 8,444)

Mean SD Mean SD Mean SD

Age at blood collection, years 66.0 7.6 68.4 7.5 66.8 8.0

African American 68.7 7.6 68.7 6.4 68.6 8.0

Native Hawaiian 63.1 6.9 65.9 7.0 64.3 7.4

Japanese American 66.0 7.8 69.6 7.7 67.8 8.3

Latino 66.4 7.0 67.6 6.9 66.5 7.0

White 66.2 7.7 68.3 9.0 62.8 7.9

Median IQR Median IQR Median IQR

BMI, kg/m2 26.1 5.8 28.3 7.0 26.7 6.0

BMI by race

African American 29.7 6.4 28.8 9.1 27.5 6.3

Native Hawaiian 29.1 6.4 30.0 5.2 28.1 6.9

Japanese American 25.0 4.8 27.1 5.4 25.0 4.8

Latino 28.1 6.5 30.2 7.2 27.4 5.2

White 26.7 6.0 27.8 8.3 24.5 4.1

N % N % N %

Female 763 58.8 127 61.9 4544 53.8

Race/ethnicity

African American 54 4.4 21 9.7 2511 29.7

Native Hawaiian 79 6.4 15 6.9 1911 22.6

Japanese American 764 62.0 74 34.3 2134 25.3

Latino 186 15.1 75 34.7 1547 18.3

White 149 12.1 31 14.4 341 4.0

Type 2 diabetes by ethnicity

African American 47 87.0 17 81.0 1357 54.0

Native Hawaiian 54 68.4 14 93.3 880 46.0

Japanese American 443 58.0 65 87.8 1147 53.7

Latino 144 77.4 69 92.0 849 54.9

White 73 49.0 27 87.1 50 14.7

Abbreviation: IQR, interquartile range.
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each contributed to approximately 34% of the cases, 
followed by Whites (14.4%), African Americans 
(9.7%), and Native Hawaiians (6.9%). Across ethnic 
groups, cases (particularly cases with cirrhosis) had 
higher BMI and prevalence of type 2 diabetes com-
pared with controls.

RepliCation oF pRioR gWas 
VaRiants

All prior GWAS variants showed MAF  >  0.05 
among Whites in this study, except rs28929474 (MAF 

= 0.018) (Supporting Table S1). Many of the prior 
GWAS variants were also common in non- Whites 
in this study, although about 2- 3 SNPs (rs28929474, 
rs2228603, and rs4240624) were rare in each of the 
non- White populations (MAF  <  0.05) (Supporting 
Table S1). Of the 30 prior GWAS- significant SNPs, 
20 (67%) were replicated (P  <  0.05) in the multi- 
ethnic population (Table 2). The top- ranked SNPs 
included several highly correlated variants on chro-
mosome 22 (LD r2: 0.68~1.00 across ethnic groups), 
mapped to PNPLA3, with the leading SNPs rs3747207 
(P =  7.54  ×  10−14), rs738409 (P =  1.05  ×  10−13), and 

taBle 2. assoCiations BetWeen pRioR gWas VaRiants* anD naFlD RisK in tHe multi- etHniC 
CoHoRt, all etHniC gRoups ComBineD

SNP CHR Position† Gene Alleles Risk/Ref Risk Allele Frequency OR (95% CI)‡ P

rs1260326§ 2 27730940 GCKR T/C 0.37 1.16 (1.06- 1.28) 0.001

rs780094 2 27741237 GCKR T/C 0.38 1.14 (1.05- 1.25) 0.003

rs13118664§ 4 88239609 HSD17B13 A/T 0.76 1.10 (0.99- 1.22) 0.07

rs9992651 4 88232510 HSD17B13 G/A 0.76 1.10 (0.99- 1.22) 0.08

rs6834314 4 88213808 HSD17B13 A/G 0.71 1.08 (0.98- 1.19) 0.11

rs2954021§ 8 126482077 TRIB2 A/G 0.44 1.07 (0.98- 1.17) 0.12

rs4240624§ 8 9184231 PPP1R3B G/A 0.11 1.13 (0.95- 1.33) 0.16

rs10883451§ 10 101924418 ERLIN1 T/C 0.82 1.20 (1.06- 1.37) 0.005

rs1408579 10 101912194 ERLIN1 C/T 0.82 1.20 (1.06- 1.37) 0.005

rs2862954 10 101912064 ERLIN1 T/C 0.82 1.20 (1.06- 1.37) 0.005

rs11591741 10 101976501 CHUK G/C 0.83 1.17 (1.03- 1.33) 0.02

rs11597086 10 101953705 CHUK A/C 0.84 1.17 (1.03- 1.33) 0.02

rs12784396 10 102027407 CWF19L1 C/T 0.83 1.17 (1.03- 1.33) 0.02

rs17668255 10 102000701 CWF19L1 C/T 0.84 1.17 (1.02- 1.33) 0.02

rs17729876 10 101999746 CWF19L1 G/A 0.84 1.17 (1.02- 1.33) 0.02

rs17668357 10 102003906 CWF19L1 G/C 0.84 1.17 (1.02- 1.33) 0.02

rs11597390 10 101861435 CPN1 G/A 0.79 1.09 (0.97- 1.23) 0.16

rs10883437§ 10 101795361 CPN1 T/A 0.64 1.05 (0.95- 1.16) 0.37

rs28929474 14 94844947 SERPINA1 T/C 0.004 1.31 (0.67- 2.37) 0.40

rs58542926§ 19 19379549 TM6SF2 T/C 0.07 1.35 (1.16- 1.57) 7.84−05

rs4808199§ 19 19545099 GATAD2A A/G 0.24 1.15 (1.05- 1.27) 0.003

rs2228603 19 19329924 NCAN T/C 0.04 1.14 (0.94- 1.39) 0.18

rs429358§ 19 45411941 APOE T/C 0.85 1.08 (0.94- 1.24) 0.27

rs3747207 22 44324855 PNPLA3 A/G 0.33 1.39 (1.28- 1.52) 7.54−14

rs738409§ 22 44324727 PNPLA3 G/C 0.33 1.39 (1.28- 1.52) 1.05−13

rs738408 22 44324730 PNPLA3 T/C 0.33 1.39 (1.27- 1.52) 1.65−13

rs2281135 22 44332570 PNPLA3 A/G 0.32 1.36 (1.25- 1.49) 3.94−12

rs2896019 22 44333694 PNPLA3 G/T 0.32 1.36 (1.24- 1.48) 6.96−12

rs2294915 22 44340904 PNPLA3 T/C 0.34 1.35 (1.24- 1.47) 8.63−12

rs2143571 22 44391686 SAMM50 A/G 0.33 1.20 (1.10- 1.31) 4.02−05

*Only prior GWAS SNPs at P < 5 × 10−8 were included.
†Position based on GRCh38.
‡Adjusted for age, sex, BMI, type 2 diabetes, and PCs 1- 5.
§SNPs included in the GRS.
Abbreviations: APOE, apolipoprotein E; CHR, chromosome; NCAN, neurocan.
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rs738408 (P  =  1.65  ×  10−13). Approximately 40% 
increased NAFLD risk was observed among indi-
viduals carrying the A allele of rs3747207 (odds 
ratio [OR] = 1.39; 95% confidence interval [CI] 
=1.28- 1.52), the G allele of rs738409 (OR = 1.39; 
95% CI = 1.28- 1.52), and the T allele of rs738408 
(OR = 1.39; 95% CI = 1.27- 1.52). The A allele in 
SAMM50 (rs44391686) was associated with 20% 
increased risk (OR = 1.20; 95% CI = 1.10- 1.31). Two 
low to moderately correlated SNPs (r2: 0.12~0.18 in 
Japanese Americans, African Americans and Latinos; 
r2 = 0.41 in Whites) on chromosome 19, rs58542926 
(TM6SF2), and rs4808199 (GATAD2A) were also 
replicated in this multi- ethnic population, with the 
stronger association observed for rs58542926 (OR =  
1.35; 95% CI = 1.16- 1.57). Two correlated SNPs 
on chromosome 2 (rs1260326 and rs780094; r2 =  
0.69~0.92 across ethnic groups), mapped to GCKR, 
were significantly associated with 14%- 16% increased 
NAFLD risk. Finally, nine SNPs of the ERLIN1– 
CHUK (component of inhibitor of nuclear factor kappa 
B kinase complex)– CWF19L1 (CWF19 like cell cycle 
control factor 1) gene cluster on chromosome 10 were 

replicated with approximately 17%- 20% increased risk 
associated with the risk alleles.

When assessing the SNP- NAFLD associations by 
ethnicity, of the 30 prior GWAS SNPs, we found the 
highest number of replicated associations in Latinos, 
followed by Japanese Americans and Whites, with 
13 (43%), 11 (37%), and 5 (17%) replicated SNPs, 
respectively (Fig. 1 and Supporting Table S1). Only 
three (10%) and two (7%) SNPs were replicated in 
Native Hawaiians and African Americans, all in agree-
ment with previous studies. None of the SNP asso-
ciations showed significant heterogeneity of effects 
across ethnicity except rs4240624 (Pheterogeneity =  
0.04). The leading PNPLA3 variants showed sim-
ilar magnitude of the risk allele associations across 
five ethnic populations (OR: 1.21- 1.57), although 
statistically significant in only Whites, Latinos, 
and Japanese Americans, with the strongest asso-
ciation seen among Latinos. Two SNPs in GCKR 
(rs1260326 and rs780094) were significantly associ-
ated with NAFLD in African Americans and Latinos. 
Furthermore, rs58542926 (TM6SF2) were also repli-
cated in Japanese Americans (OR = 1.30, 95% CI = 

Fig. 1. The associations of previously identified GWAS variants and NAFLD risk by ethnicity in the multi- ethnic cohort. All prior 
GWAS SNPs at P < 5 × 10−8, except rs28929474, were included (n = 29 SNPs). Error bars indicate 95% CI; dark blue indicates P < 0.05.
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1.06- 1.58), Whites (OR = 1.74; 95% CI = 1.01- 3.00), 
and Native Hawaiians (OR = 1.73; 95% CI = 1.16- 
2.51), but not in Latinos or African Americans. The 
only significant differences in SNP association across 
ethnicity was observed for rs4240624 in PPP1R3B: a 
positive association (OR = 1.36, 95% CI = 1.09- 1.70) 
in Latinos, but no significant association in other eth-
nic groups. Of the 20 SNPs replicated in the multieth-
nic population, 11 were replicated in Latinos, followed 
by nine in Japanese Americans, four in Whites, two 
in Native Hawaiians, and two in African Americans.

RepliCation oF non- gWas 
VaRiants RelateD to 
naFlD DeVelopment anD 
HistopatHologiCal FeatuRes

Of the 17 non- GWAS variants associated with 
NAFLD development and histological features, three 
SNPs (rs17580, rs1800562, and rs6230572) were 
low- frequency variants (MAF  <  0.05) in Latinos, 

Native Hawaiians, African Americans and Japanese 
Americans, while they were relatively more common 
in Whites (MAF > 0.05).

In the multiethnic population, we confirmed the 
association with three independent variants including 
rs4823173 (PNPLA3; OR = 1.37; 95% CI = 1.26- 
1.50), rs10401969 (SUGP1 [SURP and G- patch 
domain containing 1]; OR = 1.34; 95% CI = 1.17- 
1.53), and rs641738 (MBOAT7; OR = 1.16; 95% CI =  
1.04- 1.29). Two SNPs (in complete LD in each eth-
nic population: r2 = 1) of TRIB1 were also replicated 
(OR = 1.14; 95% CI = 1.04- 1.25) (Table 3).

When examined by ethnicity, no statistically sig-
nificant heterogeneity was found across ethnic groups 
(Pheterogeneity  > 0.05). Although at least one SNP was 
replicated in Japanese Americans, Latinos, Whites 
and Native Hawaiians, none of the 17 SNPs were 
replicated in African Americans (Supporting Table 
S2). The association for rs10401969 (SUGP1) was 
confirmed in Japanese Americans, Whites, and Native 
Hawaiians (OR: 1.35- 1.69). Several SNPs showed 

taBle 3. assoCiations BetWeen pReViously RepoRteD genetiC VaRiants* anD naFlD RisK in 
tHe multi- etHniC CoHoRt, all etHniC gRoups ComBineD

SNP CHR Position† Gene Alleles Risk/Ref Risk Allele Frequency OR (95% CI)‡ P

rs2642438 1 220970028 MARC1 G/A 0.76 1.07 (0.96- 1.20) 0.21

rs12137855 1 219448378 LYPLAL1 C/T 0.89 1.04 (0.89- 1.21) 0.64

rs4374383 2 112770770 MERTK G/A 0.46 1.03 (0.94- 1.13) 0.54

rs72613567 4 88231392 HSD17B13 T/TA 0.75 1.08 (0.98- 1.20) 0.11

rs62305723 4 88231429 HSD17B13 G/A 0.98 1.11 (0.82- 1.52) 0.52

rs1800562 6 26093141 HFE G/A 0.99 1.05 (0.73- 1.56) 0.81

rs2980888 8 126507308 TRIB1 T/C 0.25 1.14 (1.04- 1.25) 0.01

rs2954038 8 126507389 TRIB1 C/A 0.24 1.14 (1.04- 1.25) 0.01

rs1227756 10 71588504 COL13A1 A/G 0.33 1.03 (0.94- 1.13) 0.53

rs6487679 12 9371332 PZP C/T 0.15 1.09 (0.96- 1.24) 0.18

rs887304 12 3757548 EFCAB4B T/C 0.10 1.11 (0.95- 1.31) 0.19

rs17580 14 94847262 SERPINA1 A/T 0.02 1.24 (0.89- 1.69) 0.18

rs10401969 19 19407718 SUGP1 C/T 0.11 1.34 (1.17- 1.53) 2.40−05

rs641738§ 19 54676763 MBOAT7 T/C 0.34 1.16 (1.04- 1.29) 0.01

rs11322783 19 39739153 IFNL3/4 C/CT 0.31 1.01 (0.90- 1.13) 0.86

rs12979860 19 39738787 IFNL3/4 C/T 0.70 1.00 (0.90- 1.12) 0.98

rs4823173 22 44328730 PNPLA3 A/G 0.31 1.37 (1.26- 1.50) 2.69−12

*NAFLD- associated SNPs reported in prior epidemiologic studies but not in the context of GWAS.
†Position based on GRCh38.
‡Adjusted for age, sex, BMI, type 2 diabetes, and PCs 1- 5.
§SNP included in the GRS.
Abbreviations: CHR, chromosome; COL13A1, collagen type XIII alpha 1 chain; EFCAB4B, EF- hand calcium binding domain 4B; 
IFNL3/4, interferon lambda precursor 3/4; MARC1, mitochondrial amidoxime reducing component 1; MERTK, MER proto- oncogene, 
tyrosine kinase; PZP, pregnancy zone protein.
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ethnic- specific associations; rs641738 (MBOAT7; OR =  
1.22; 95% CI = 1.04- 1.43) was replicated only in 
Japanese Americans, whereas TRIB1 SNPs (rs2980888 
[OR = 1.25; 95% CI = 1.00- 1.54] and rs2954038 
[OR = 1.24; 95% CI = 1.00- 1.54]) were replicated 
only in Latinos. Furthermore, a low- frequency SNP in 
SERPINA1 (rs17580) was replicated among Whites 
only (OR = 2.26; 95% CI = 1.07- 4.77).

genetiC RisK sCoRe
The median GRS in cases among Japanese 

Americans, Latinos, Whites, Native Hawaiians, and 
African Americans was 28.3, 28.6, 22.4, 24.8 and 
19.8, respectively, and that in controls was 26.1, 24.8, 
20.5, 21.4 and 18.4, respectively (Supporting Fig. S3). 
We found statistically significant associations of the 
11- SNP GRS with NAFLD risk in the multi- ethnic 
population (Table 4 and Fig. 2). Per SD increase in 
the GRS was associated with 41% increased overall 
NAFLD risk (95% CI = 1.32- 1.50). Compared with 
individuals at the bottom 25% of the GRS, those at the 
top 25% had approximately doubled risk (OR = 2.17; 
95% CI = 1.77- 2.67). We observed similar or even 
stronger associations for GRS in each ethnic group, 
with the largest magnitude of association observed in 
Latinos. Each SD increase in GRS was associated with 
over 50% increased risk in Latinos (OR = 1.52; 95% 
CI = 1.31- 1.76) (Table 4). Approximately 30%- 44% 
increased NAFLD risk per SD GRS was observed 
among Japanese Americans (OR = 1.33; 95% CI = 
1.23- 1.45), Native Hawaiians (OR = 1.44; 95% CI = 
1.17- 1.77), Whites (OR = 1.35; 95% CI = 1.09- 1.67), 
and African Americans (OR = 1.30; 95% CI = 1.04- 
1.63). Compared with individuals at the bottom 25% 
of the GRS, individuals at the top 25% had signifi-
cantly increased NAFLD risk in Latinos (OR = 2.81; 
95% CI = 1.87- 4.27), Japanese Americans (OR = 2.18; 
95% CI = 1.72- 2.77), Whites (OR = 2.56; 95% CI = 
1.39- 4.83), Native Hawaiians (OR = 1.86; 95% CI = 
1.07- 3.31), and African Americans (OR = 2.05; 95% 
CI = 1.05- 4.19) (Fig. 2). The discriminatory accuracy 
of GRS (treated as per SD increase) for NAFLD risk 
overall or by ethnicity was modest, with AUC ranging 
from 0.57 to 0.62 (Supporting Table S3).

When further examining by NAFLD severity, we 
observed a stronger association among NAFLD cases 
with cirrhosis (per SD GRS: OR = 1.67; 95% CI = 
1.46- 1.92) than cases without cirrhosis (per SD GRS: 
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OR = 1.37; 95% CI = 1.28- 1.46) (Pheterogeneity = 0.03; 
Table 4). Similarly, compared with individuals at the 
bottom 25% of the GRS, those with GRS > 75% had 
over 3- fold risk of NAFLD with cirrhosis (OR = 3.07; 
95% CI = 1.92- 4.93), compared with approximately 
2- fold risk of NAFLD without cirrhosis (OR = 2.03; 
95% CI = 1.64- 2.52). When stratifying by ethnic-
ity, a stronger association for NAFLD with cirrhosis 
(per SD GRS: OR = 1.83; 95% CI = 1.43- 2.33) than 
NAFLD without cirrhosis (per SD GRS: OR = 1.30; 
95% CI = 1.19- 1.41) was found in Japanese American 
only (Pheterogeneity = 0.01), but no such statistically sig-
nificant difference was observed in the other four 
ethnic groups (Table 4). Nevertheless, the GRS was 
still associated with risk of NAFLD with cirrhosis in 
Whites (per SD GRS: OR = 1.56; 95% CI = 1.04- 
2.35) and Latinos (per SD GRS: OR = 1.53; 95% 
CI = 1.20- 1.95). The discriminatory accuracy of GRS 
was overall modest in all ethnic groups combined or 
ethnic- specific analysis (AUC: 0.54- 0.65); the AUC 
was slightly higher for NAFLD with cirrhosis than 
NAFLD without cirrhosis in Japanese Americans 

and Whites, but it was similar between the cirrho-
sis and noncirrhosis groups in the other ethnic groups 
(Supporting Table S3).

Because the association of rs4240624 with 
NAFLD varied significantly across ethnic groups 
(Pheterogeneity = 0.04), we performed sensitivity anal-
ysis by excluding this SNP from the GRS analysis 
in the multi- ethnic population, and the results were 
very similar. Per SD increase in GRS was associ-
ated with 41% increased risk (95% CI = 1.32- 1.50). 
Similar association was also observed when GRS 
was analyzed using quartiles (top 25% vs. bottom 
25%: OR = 2.18; 95% CI = 1.78- 2.69). In ethnic- 
specific analysis, we performed sensitivity analysis 
by using ethnic- specific effect estimates (weights) 
for rs4240624, while keeping multiethnic effect esti-
mates for the remaining 10 SNPs, and the results 
were similar. Finally, using the unweighted approach 
(i.e., sum of the risk alleles from the 11 SNPs) in 
the GRS analysis yielded similar results for the 
multi- ethnic population and ethnic- specific analyses 
(Supporting Fig. S4).

Fig. 2. GRS and NAFLD risk in the multi- ethnic cohort, overall and by ethnicity. GRS was categorized into quartiles: ≤ 25% (Q1; 
reference group), > 25 to ≤ 50% (Q2), > 50 to ≤ 75% (Q3), and > 75% (Q4); numbers of NAFLD cases and controls in each category are 
shown at the bottom.
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When assessing whether the GRS- NAFLD asso-
ciation varied by age, sex, BMI or type 2 diabetes, we 
observed no statistically significant heterogeneity for 
all of the variables (Pheterogeneity > 0.56) except for sex 
(Pheterogeneity = 0.003) (Supporting Table S4). Stronger 
association was observed among women (top 25% vs. 
bottom 25%: OR = 2.51; 95% CI = 1.90- 3.35) than in 
men (OR = 1.73; 95% CI = 1.30- 2.34).

Discussion
In this study, we replicated NAFLD variants in 

PNPLA3, HSD17B13, TM6SF2, GATAD2A, GCKR, 
SUGP1, MBOAT7, TRIB1, SAMM50, and ERLIN1- 
CHUK- CWF19L1 gene cluster identified from 
European or East Asian studies in the U.S. multi- 
ethnic populations. Furthermore, GRS developed 
from these variants was significantly associated with 
NAFLD risk in Latinos, Japanese Americans, Native 
Hawaiians, Whites, and African Americans. The risk 
associated with GRS was stronger among NAFLD 
with cirrhosis.

One of the most important genetic variants for 
NAFLD, rs738409 (Ile148Met) in PNPLA3, was first 
identified in GWASs of hepatic fat content(11,12) and 
circulating liver enzymes(13); subsequent GWASs of 
NAFLD further confirmed the association. The G 
allele of rs738409 has been shown to reduce lipase 
activity, resulting in hepatic fat accumulation.(38) 
Evidence from experimental studies suggests that 
rs738409 increases NAFLD risk through a molecular 
mechanism involving accumulation of the variant pro-
tein (148Met) on intracellular lipid droplets.(39) We 
confirmed the association of rs738409 with NAFLD 
risk in Latinos, Japanese Americans and Whites, and 
found it to be suggestive in African Americans, but 
not present in Native Hawaiians. A recent GWAS 
of percent liver fat among MEC participants found 
the G allele to be significantly associated with higher 
liver fat content in Whites, Latino, and Japanese 
Americans,(40) which is consistent with our findings. 
The magnitude of association in the MEC Whites 
and Japanese Americans was similar to those reported 
in GWASs conducted among European ancestry(16,20) 
and Japanese in Japan.(17,18) Previous replication stud-
ies in Hispanics and African Americans showed sim-
ilar findings.(24,25) In our study, the G allele is most 
prevalent in Japanese Americans (allele frequency: 

0.47) and Latinos (0.46), followed by Whites and 
Native Hawaiians (0.26), but less frequent in African 
Americans (0.15), consistent with prior reports.(12) 
The lower G allele frequency and smaller number of 
African- American cases (n = 75) may partially explain 
the weaker association observed in this population 
(Supporting Fig. S5).

Another key genetic variant for NAFLD, 
rs58542926 (c.449C  >  T encodes Glu167Lys) in 
TM6SF2, was replicated in Japanese Americans, 
Native Hawaiians, and Whites in this study, but not 
in Latinos or African Americans. A GWAS of liver- 
biopsy confirmed NAFLD in Whites and an exome- 
wide association study in African Americans, Latinos, 
and Whites reported that the T allele of rs58542926 
was associated with 61% increased NAFLD risk among 
Whites(16) and with increased circulating alanine ami-
notransferase (ALT) levels and lower levels of total 
and low- density cholesterol.(21) A recent GWAS in 
the U.K. biobank confirmed the association of T allele 
with elevated circulating ALT and reported higher 
hepatic fat content associated with this variant.(10) 
Prior GWASs conducted among Japanese in Japan 
found no association with rs58542926.(17- 19) In con-
trast, we found significant association in our Japanese 
Americans, and for the first time reported a similar 
magnitude of the association in Native Hawaiians as 
seen in Whites. The T allele frequency is low across 
ethnic groups, ranging from 4% in African Americans 
to 13% in Native Hawaiians. In humans, the T allele 
of rs58542926 is associated with significantly lower 
TM6SF2 protein expression in liver.(41) In mouse 
studies, selective knockdown of Tm6sf2 expression in 
liver was associated with increased hepatic triacylglyc-
erol content and decreased very- low- density lipopro-
tein secretion.(21)

Two correlated SNPs in GCKR (rs1260326 and 
rs780094; r2: 0.69~0.92 across ethnic populations) 
were replicated in our multi- ethnic population as 
well as in Latinos and African Americans. Although 
these two variants were initially reported to be asso-
ciated with NAFLD risk in Japanese,(19) they were 
not replicated in Japanese Americans in this study. 
The T allele of rs1260326 was associated with 25% 
and 64% increased NAFLD risk in Latinos and 
African Americans, respectively, which was compa-
rable to previous findings in Japanese(19) and African 
Americans.(24) The T allele of rs1260326 is much less 
common in African American (0.16), compared with 
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that in the other four ethnic populations (0.36~0.55). 
The nonsynonymous variant of GCKR (rs1260326) 
encodes Pro446Leu; the T allele of this variant was 
shown to reduce the ability of glucokinase regulatory 
protein, encoded by GCKR, to inhibit glucokinase.(42) 
The corresponding increased glucokinase activity then 
leads to lower blood glucose (due to higher hepatic 
uptake) but favors hepatic fat accumulation.(22)

Two variants of HSD17B13 (rs13118664 and 
rs9992651) identified in prior GWASs among pre-
dominantly Whites were also replicated in this mul-
tiethnic population; however, it was only significant 
in Japanese Americans and suggestive in Native 
Hawaiians. SNPs rs13118664 and rs9992651 (LD: 
r2 = 1) were first identified in Whites, demonstrat-
ing 26% decreased NAFLD risk among individuals 
carrying the A allele of rs9992651 or the T allele of 
rs13118664.(16) We found a similar, although weaker, 
association in Japanese Americans (OR = 0.87; 95% 
CI = 0.77- 0.99). The A allele of rs9992651 is slightly 
more common among Japanese Americans in this 
study (0.30) than in Whites (0.23). Another protein- 
truncating variant in HSD17B13 (rs72613567; 
T > TA insertion), first identified in exome sequenc-
ing among persons of European ancestry,(43) was also 
replicated in Japanese Americans in our study.

Several genetic variants related to NAFLD his-
topathological features, including rs641738 in 
MBOAT7, were also replicated in our study. This 
SNP was first identified in GWAS as a risk locus for 
alcohol- associated cirrhosis(44) and subsequently was 
associated with higher hepatic triglyceride content 
and increased risk of fibrosis in Whites.(45) However, 
the association of rs641738 with NAFLD was not 
observed in Whites in our study, possibly due to the 
relatively small number of NAFLD cases among 
Whites; instead, it was associated with increased risk 
of NAFLD in Japanese Americans. Finally, a group of 
SNPs in the ERLIN1- CHUK- CWF19L1 gene cluster 
on chromosome 10 were replicated in Latinos, despite 
initially identified among Whites.(9)

We generated an 11- SNP GRS to assess the com-
bined effect of these variants on NAFLD risk across 
and within each ethnic group. We found statisti-
cally significant associations of GRS with NAFLD 
in the multi- ethnic population as well as in all eth-
nic groups. In contrast to previous studies that used 
only a few selected SNPs to build the GRS,(26) our 
study conducted a comprehensive assessment of all 

prior GWAS SNPs and selected independent vari-
ants to be included in the GRS analysis. Despite sig-
nificant association between GRS and NAFLD, the 
AUCs ranged from 0.57 in African Americans to 
0.62 in Latinos. Only a few studies so far have eval-
uated GRS for NAFLD in non- White populations, 
and they showed a similar range in discrimination 
capacity. In a study conducted among severely obese 
(BMI ≥ 40 kg/m2) Mexicans (n  =  130), a four- SNP 
weighted GRS (derived from SNPs in PNPLA3, 
GCKR, PPP1R3B, and LYPLAL1 [lysophospholipase 
like 1]) was significantly associated with hepatic fat 
content and higher ALT levels; the AUC for their 
GRS was 0.56.(46) In a large study of liver biopsy– 
confirmed NAFLD in Japanese (n  =  902 cases), a 
three- SNP unweighted GRS (derived from SNPs in 
PNPLA3, GCKR, and GATAD2A) was significantly 
associated with increased NAFLD risk (AUC = 0.65; 
95% CI = 0.63- 0.67).(19) A GRS using four SNPs in 
PNPLA3, GCKR, TM6SF2, and MBOAT7 was also 
significantly associated with NAFLD risk in Whites 
(3- fold increased risk among individuals at the top 
tertile of the GRS); however, no AUC information 
was provided.(47) Additional large studies in multieth-
nic populations are warranted to further determine 
the discrimination capacity of the GRS for NAFLD.

Finally, results in this study suggest that the 11- 
SNP GRS may also be associated with NAFLD pro-
gression, as a stronger association was observed among 
NAFLD with cirrhosis compared to those without 
cirrhosis. Again, only a few prior studies examined the 
combined effects of NAFLD- related SNPs on dis-
ease progression or severity, with a focus on SNPs in 
PNPLA3 and TM6SF2. A recent study reported that 
a three- SNP unweighted GRS (PNPLA3, TM6SF2, 
and HSD17B13) was associated with risk of cirrhosis 
(both NAFLD and alcohol- related) in a meta- analysis 
of population- based studies in Whites: Compared to 
individuals without any risk allele (i.e., score = 0), 
those carrying any three risk alleles (i.e., score = 3) 
had over 2- fold increased risk of cirrhosis (OR = 3.1; 
95% CI = 2.7- 3.5).(48) Another study conducted in 
Whites also showed that per- unit increase in a three- 
SNP unweighted GRS (PNPLA3, TM6SF2, and 
KLF6) was associated with risk of NASH cirrhosis 
(OR = 3.62; 95% CI = 1.63- 9.69).(49)

Furthermore, among studies conducted in non- 
White populations, a two- SNP GRS (PNPLA3 and 
TM6SF2) was associated with risk of advanced fibrosis 
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(OR = 1.61; 95% CI = 1.19- 2.17) in Koreans,(50) 
and a four- SNP weighted GRS (PNPLA3, GCKR, 
PPP1R3B, and LYPLAL1) was associated with risk 
of advanced steatosis stage or NASH(46) (the highest 
vs. lowest tertile OR = 2.55; 95% CI = 1.02- 6.22) in 
Mexicans of extreme obesity.(46) Overall, our findings, 
particularly results in Whites, Japanese Americans and 
Latinos, were consistent with prior studies. However, 
there has been a lack of such studies conducted in 
African Americans or Native Hawaiians.

Our study has several strengths. We leveraged 
a large and well- characterized cohort of ethnically 
diverse population; this replicate GRS study of 
NAFLD risk variants is in a multi- ethnic popula-
tion. Our ethnic- specific analysis yields replication 
estimates and shows transportability of GWAS find-
ings for multiple ethnic groups, including Latinos 
and Japanese Americans who have notably high 
NAFLD prevalence, and African Americans and 
Native Hawaiians who have not been well- studied in 
the context of genetics. Remarkably, several GWAS 
variants, including those key genetic determinants 
for NAFLD, showed similar associations across 
ethnic groups. Limitations of the study include the 
identification of NAFLD cases using ICD codes 
from Medicare claims, which may lead to selection 
of NAFLD cases with more severe disease. Because 
we did not have imaging data, participants with 
undiagnosed NAFLD might have been inadvertently 
included in the control group, which may lead to 
biased associations. However, the associations would 
have been attenuated in this case. Furthermore, for 
the mostly investigated locus PNPLA3, our results 
were consistent with prior studies, which used 
liver biopsy or imaging data for NAFLD diagno-
sis.(11,12,16,19,40) Another limitation is the limited 
number of NAFLD cases in certain ethnic groups, 
including African Americans and Native Hawaiians; 
thus, despite the observed significant association of 
the GRS with NAFLD risk in African Americans 
and Native Hawaiians, respectively, results need to 
be validated in future studies with larger sample size 
in these ethnic groups. Furthermore, data on sev-
eral clinical variables related to NAFLD develop-
ment and/or progression, such as homeostasis model 
assessment of insulin resistance or liver enzymes 
(e.g., ALT, aspartate aminotransferase) were not 
available in this study, thus not allowing us to adjust 
for these variables in the analysis. Finally, due to the 

lack of validation of the GRS (primarily because 
of the lack of external multi- ethnic study popula-
tion), the GRS results need to be further validated 
in future multiethnic populations.

In conclusion, in this ethnically diverse cohort we 
replicated several genetic variants for NAFLD and 
showed the utility of GRS based on the risk alleles 
for NAFLD risk stratification in multiple ethnic 
groups. Our findings support the notion that adding 
GRS to the risk prediction model based on clinical 
and other risk factors may improve risk prediction 
for NAFLD. Furthermore, the GRS tool may be 
useful to screen large populations, provide lifestyle 
modification advice to patients genetically predis-
posed, and potentially in long- term studies, define 
the impact on liver- related mortality and liver can-
cer development.
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