HEPATOLOGY COMMUNICATIONS, VOL. 4,NO. 8,2020

Genome-Wide Association Study of Lean
Nonalcoholic Fatty Liver Disease Suggests
Human Leukocyte Antigen as a Novel
Candidate Locus
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pathogenic factors, e.g., pharmacological. The global increment in the prevalence of metabolic syndrome.

Nonalcoholic fatty liver disease (NAFLD) is supposed to manifest its metabolic phenotype in the liver, but it is com-
mon to have lean individuals diagnosed with NAFLD, known as lean NAFLD. We conducted a two-stage analysis to
identify NAFLD-associated loci in Japanese patients. In stage I, 275 metabolically healthy normal-weight patients with
NAFLD were compared with 1,411 non-NAFLD controls adjusted for age, sex, and alcohol consumption by a genome-
wide association study (GWAS). In stage II, human leukocyte antigen (HLA) in chromosome 6 (chr6) (P = 6.73E-
08), microRNA (MIR) MIR548F3 in chr7 (P = 4.25E-07), myosin light chain 2 (MYL2) in chrl2 (P = 4.39E-07),
and glycoprotein precursor (GPC)6 in chrl3 (P = 5.43E-07), as suggested by the GWAS, were assessed by single nu-
cleotide polymorphism (SNP) association analysis of whole NAFLD against non-NAFLD in 9,726 members of the
general population. A minor allele of the secondary lead SNP in chr6, rs2076529, was significantly associated (odds
ratio [OR], 1.19; 95% confidence interval [CI], 1.11-1.28; P = 2.10E-06) and the lead SNP in chr7 was weakly as-
sociated (OR 1.15; 95% CI, 1.04-1.27; P = 6.19E-03) with increased NAFLD risk. Imputation-based typing of HLA
showed a significant difference in the distribution of HLA-B, HLA-DR-beta chain 1 (DRBI), and HLA-DQ-beta
chain 1 (DQBI) alleles in lean NAFLD GWAS. Next-generation sequence-based typing of HLA in 5,649 members
of the general population replicated the significant difference of HLA-B allele distribution and the significant increase
of the HLA-B*54:01 allele in whole NAFLD. Fecal metagenomic analysis of 3,420 members of the general population
showed significant dissimilarity in beta-diversity analysis of rs2076529 and HLA-B*54:01 allele carriers from noncarri-
ers. Veillonellaceae was increased but Verrucomicrobia was decreased in rs2076529 minor allele and HLA-B*54:01 allele
carriers as in NAFLD. Conclusion: HLA was identified as a novel locus associated with NAFLD susceptibility, which
might be affected by the alteration of gut microbiota. (Hepatology Communications 2020;4:1124-1135).

onalcoholic fatty liver disease (NAFLD) is prevalence of NAFLD was estimated at 25.2% by a
defined as liver steatosis without alcoholic liver ~ recent systematic review.) The number of patients

injury and other liver disease from apparent with NAFLD is increasing annually due to the gradual
@
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NAFLD is a multifactorial disorder influenced by
genetic and environmental factors. The heritability of
NAFLD has been estimated to range from 20% to
70% by population-based and familial-aggregation
studies.®) In the last decade, several genome-wide
association studies (GWASs) have been reported and
have identified patatin-like phospholipase domain
containing 3 (PNPLA3), the neurocan (NCAN)-
cartilage intermediate layer protein 2 (CILP2)
region, protein phosphatase 1 regulatory subunit
3B (PPPIR3B), glucokinase regulator (GCKR), and
lyso-phospholipase-like 1 (LYPLALI) genes asso-
ciated with NAFLD.“% Identification of these loci
has promoted the elucidation of molecular pathways
involved in NAFLD development. PNPLA3 encodes
a protein with acyltransferase and hydrolase activi-
ties that is involved in triglyceride mobilization from
hepatic lipid storage.(é) Trans-membrane 6 super-
family member 2 (7M6SF2) has been identified as a
functional gene in the NCAN-CILP2 region, which is
involved in NAFLD through efficient lipid transfer
into very low-density lipoprotein.m Variants of GCKR
and LYPLAL1 are reported to be involved in NAFLD
through alterations of hepatic glucose metabolism.®”
However, epidemiological and experimental studies
have proposed further mechanisms, i.e., inflamma-
tion, oxidative stress, and gut microbiota.1” It has
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been speculated that the molecules and their variants
involved in these pathways are still obscure and there
are potential missing heritable factors of NAFLD.

NAFLD is considered to be a metabolic pheno-
type of the liver because metabolic syndrome and
related comorbidities, such as type 2 diabetes, dys-
lipidemia, and hypertension, are strongly associated
with NAFLD."Y However, it is common for lean
individuals to be diagnosed with NAFLD, a condi-
tion known as lean NAFLD."?!® The pathogenesis
of lean NAFLD is not well known. The prevalence
of lean NAFLD ranges widely from 3% to 30%,?
and it has been reported that the prevalence in Asia
is higher than in Western countries.!® This variation
suggests that genetic factors play an important role in
the pathogenesis of lean NAFLD.

Some studies have categorized lean NAFLD due
to differentiated proﬁles.(14’16) The condition can be
separated into two categories: a metabolically obese
normal-weight (MONW) type and a metaboli-
cally healthy normal-weight (MHNW) type. The
MONW type has increased waist circumference and
visceral adipose accumulation, which is the principal
variance associated with NAFLD, probably through

metabolic pathophysiology and insulin resistance.1”

We have thus speculated that MHNW-lean NAFLD
may be caused by genetic burden instead of insulin
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resistance. The aim of the present study was to clar-
ify the genetic background of lean NAFLD followed
by testing whether the identified genetic factors were
also associated with whole NAFLD. The replicated
locus in whole NAFLD, human leukocyte antigen
(HLA), was further assessed for its correlation with
gut microbiota to elucidate potential pathways.

Participants and Methods
STUDY DESIGN

We conducted a two-stage analysis to identify
NAFLD-associated loci in Japanese patients. In stage
I, 48 of the leanest male and 48 of the leanest female
nonalcohol-abuse (<30 g/day) MHNW NAFLD cases
were chosen from three cross-sectional studies refer-
ring to each of the following obesity measures. These
parameters were the best predictors of NAFLD in the
data of each population: visceral fat accumulation level
for population 1 (n = 2,229),body mass index (BMI) for
population 2 (n = 4,077), and waist circumstance
for population 3 (n = 3,420) (Supporting Table S1).
Stage I GWAS analyzed the leanest NAFLD panel
as a case and the general population not diagnosed
with NAFLD from the Tohoku Medical Megabank
Project (TMM)™® as a control. Populations 1 and
3 were collected from the Kanto area, population 2
was collected from across Japan except Okinawa, and
the TMM sample was collected mainly from Miyagi
Prefecture. In stage II, populations 1 and 3, a total of
5,649 samples, were genotyped for the candidate loci
that emerged from the stage I analysis. In addition,
population 2 was genotyped to confirm the genetic
association. Diagnosis of NAFLD was made by ultra-
sonography for patients who were negative for hep-
atitis virus and drug-induced hepatitis and did not
abuse alcohol according to a questionnaire for alcohol
consumption. Part (17.1%, n = 795) of populations
1 and 3 underwent abdominal computed tomogra-
phy (CT) scans, and the hepatosplenic (L/S) ratio of
CT values showed that sensitivity and specificity of
ultrasonographic diagnoses were 85.1% and 83.4%,
respectively, when an L/S ratio <1.12 was used as a
threshold for the diagnosis of steatosis. We used the
following categories: the leanest NAFLD as the case
of GWAS, nonobese NAFLD (BMI <25 kg/m?),
obese NAFLD (BMI =225 kg/mz), and whole
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NAFLD, which included all categories of NAFLD.
The Jichi Medical University Human Genomes/
genetic Analysis Research Committee approved the
study, and informed consent was obtained from all
participants.

GWAS

The leanest NAFLD cases initially numbered
288. Whole-genome single nucleotide polymorphism
(SNP) genotyping was performed using an SNP array
optimized for ethnic Japanese (Japonica array ver-
sion 1; Toshiba Corporation).(w) Genotype calling
was conducted using Affymetrix Genotyping Console
Software (version 4.2.0.26; Thermo Fisher Scientific).
After genotyping, samples were subjected to quality
control (QC). The criteria were dish QC >0.82 and
sample call ratio >0.97. Next, the following subjects
were excluded: (1) five cases showing kinship by the
relatedness measure PI-HAT and (2) eight cases with
insufficient call rates (less than 0.95). These QC pro-
cedures resulted in reducing the leanest NAFLD case
number to 275. The genotyping results were compared
with the genotype data from 1,411 non-NAFLD con-
trols enrolled in the TMM and adjusted for age, sex,
and alcohol consumption. A logistic regression model
was applied for a genome-wide scan using sex as a
covariate. Population stratification was adjusted for 10
principal components (PCs) calculated using a tool
for genome-wide complex trait analysis.?

SNP GENOTYPING

We conducted individual SNP typing in popula-
tions 1, 2, and 3 by using TaqgMan probes: 152076529
(C__2488469_1_), rs2189883 (C___2620047_10),
rs2301610 (C___2538069_1), rs66781047
(C__97772748_10), rs58542926 (C__89463510_10),
and rs738409 (C 7241_10) (LifeTechnologies,
Carlsbad, CA). SNP association studies analyzed
whole NAFLD as a case and non-NAFLD as a con-

trol in participants without alcohol abuse.

HLA TYPING

Imputation-based HLA typing was performed
for a GWAS panel by using the Japonica array, as
described. Y Next-generation sequencing-based HLA
typing was conducted by two-step polymerase chain
reaction (PCR) for genome panels of populations 1 and
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3. In the first step, exons 2 and 3 of HLA-A, -B, -C,
-DR-beta chain 1 (DRB1), -DQ-beta chain 1 (DQB1),
and -DP-beta chain 1 (DPB1) were amplified in a sin-
gle tube using Platinum Multiplex PCR Master Mix
(LifeTechnologies) and specific primer pairs tailed by
adaptor sequences (Supporting Table S2). PCR prod-
ucts were provided for the second step tagmentation
PCR using the Nextera system (Illumina, San Diego,
CA). PCR products were purified and normalized using
Agencourt AMPure XP beads (Beckman Coulter, Brea,
CA). The mixed library was sequenced using the MiSeq
system (Illumina). The paired-end fastq files were pro-
vided for HLA allele calling, using HLA-HD version
1.1.02 software.??

16s METAGENOMIC ANALYSIS

Bacterial genomic DNA was extracted from
bacteria suspended in fecal occult blood test tubes
(Eiken Chemical Co., Ltd., Tokyo, Japan). We
transferred 200 pL fecal suspension into a test tube
containing 300 pL bacterial DNA extraction buffer
(5 mL 1 M Tris-HCI [pH 9.0], 4 mL 0.5 M eth-
ylene diamine tetraacetic acid, 5 mL 10% sodium
dodecyl sulfate, 16 mL H,0), 500 pL TE saturated
phenol, and a microspoon of glass beads.?® After
10 minutes of vigorous shaking, the tubes were cen-
trifuged, and bacterial DNA from the aqueous phase
was purified by ethanol precipitation. Sequencing of
the v3-4 regions of 16S ribosomal RNA was per-
formed following the 16S Metagenomic Sequencing
Library Preparation Guide (Illumina). The paired-
end fastq files were merged using MacQIIME
version 1.9.1. From the merged fastq files, opera-
tional taxonomic units (OTUs) were selected, and a
Biological Observation Matrix (BIOM)-formatted
OTU table and phylogenetic tree were made using
the application QIIME version 1.9.1%% installed in
a Linux workstation. OTU table and phylogenetic
tree files were analyzed further for alpha and beta
diversity according to the sample profile. The OTU
table was further analyzed using the linear discrim-
inant analysis effect size (LEfSe) application'®
the Galaxy web server to identify biologically rel-
evant differences in the sample profile. Further,
we analyzed the OTU table using Phylogenetic
Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt)(%) and Kyoto
Encyclopedia of Genes and Genomes pathways to

in
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predict the functional enrichment of microbiota.
Predicted categories and the statistical inferences
between genotypic groups through PICRUSt anal-
ysis were visualized using the software Statistical
Analysis of Metagenomic Profiles (STAMP) version
2.1.3% with default settings.

STATISTICAL ANALYSIS
Distributions of HLA alleles were calculated by

Fisher’s exact test. SNP association studies for whole
NAFLD were evaluated by logistic regression mod-
els. Statistical analyses were performed using R ver-
sion 3.1.2. For all analyses, statistical significance was

taken at P < 0.05.

Results

CHARACTERISTICS OF THE
LEANEST NAFLD CASE FOR GWAS

Anthropometric and clinical data profiles of the
non-NAFLD panel, leanest NAFLD panel, and
the parental three population panels are shown in
Supporting Table S1 and Supporting Fig. S1. The
leanest NAFLD panel showed significantly lower
BMI, waist circumference, and hemoglobin Alc
(HbA1c), but higher low-density lipoprotein (LDL)
cholesterol levels compared to the general population.
When compared against the non-NAFLD panel, the
leanest NAFLD panel showed equivalent HbAlc,
waist, and lower BMI (P < 0.01) but lower high-den-
sity lipoprotein cholesterol (P < 0.01), higher LDL
(P < 0.01), and higher triglycerides (P < 0.01), indi-
cating that the leanest NAFLD panel was of normal
weight and euglycemic but slightly impaired at lipid

metabolism.

SUGGESTIVE LOCI IDENTIFIED
THROUGH GWAS FOR THE
LEANEST NAFLD

GWAS of the leanest NAFLD without adjustment
by population stratification showed that four loci were
associated at the suggestive level (P< 1.0E-06) (Fig.1A).
The most significant association was observed in
chromosome 6 (chr6), rs2076530 (P = 6.73E-08),
which is localized in the butyrophilin-like 2 (B7LN2)

1127



YOSHIDA ET AL.

7.5-

HEPATOLOGY COMMUNICATIONS, August 2020

«

-log10(P)

-log10(P)

8 9
Chromosome

10 11 12 13 14 15 16 17 18 19202722

FIG. 1. Manhattan plot of genome-wide association results. (A) Plot without adjustment by population stratification; (B) with adjustment
by population stratification using 10 PCs. Applying a regression analysis with sex as a covariate, the 275 leanest NAFLD cases were
assessed against 1,411 nonalcohol abuse non-NAFLD controls. The red line indicates the GWAS significance threshold (P = 5.0E-08),
and the blue line indicates the suggestive level (P = 1.0E-06). Signals exceeding the significance threshold resulted from mistyping and

should be ignored.

gene mapped between HLA-B and HLA-DRBI
(Supporting Fig. S2A). The second locus was detected
in chr7, rs2189883 (P = 4.25E-07), which is localized
in a core sequence of uncharacterized microRNA
(MIR), MIR548F3 (Supporting Fig. S2B). The
third locus was in chrl2, rs2071629 (P = 4.39E-
07), which is localized in the myosin light chain 2
(MYL2) gene and is related to a functional SNP of
aldehyde dehydrogenase 2 family member (4/LDH2),
1s671, in a large linkage disequilibrium (LD) block
(Supporting Fig. S2C). The fourth association was
detected in chrl13, rs59980018 (P = 5.43E-07), which
is localized in intron 6 of the glypican 6 (GPC6)
gene (Supporting Fig. S2D). In contrast to these loci,
two loci robustly associated with NAFLD in previ-
ous reports, PNPLA3 and GATA zinc finger domain
containing 2A (GATAD24), showed P values under
the threshold of suggestive significance (Supporting
Fig. S2E/F).

After adjusting the population stratification using
10 PCs, all the suggestive association signals disap-
peared, even with a mild inflation factor (4 = 1.093)
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(Fig. 1B). However, HL.A and ALDH?2 are known to
be associated with lifestyle-related disorders, e.g., obe-
sity and dyslipidemia.**>” Thus, we further evaluated
whether the four loci were also associated with whole
NAFLD in the populations of the Kanto area (popu-
lations 1 and 3, n = 5,649), in all Japan (population 2,
n = 4,077), and in the combined analysis (n = 9,726).
Logistic regression analysis using sex and HbAlc
as covariates showed a significant association of
152076529 (the secondary lead SNP in chr6; D" = 1.00
and # = 0.78 with rs2076530) and a weak association
with rs2189883. Minor alleles of rs2076529 (odds
ratio [OR], 1.19; 95% confidence interval [CI], 1.11-
1.28; P = 2.10E-06) and rs2189883 (OR 1.15; 95%
CI, 1.04-1.27; P = 6.19E-03) increased NAFLD risk
in the combined analysis (Table 1). As reported,(s) mis-
sense SNPs of TM6SF2 (rs5854292 [OR, 1.30; 95%
CI, 1.14-1.48; P = 6.30E-5]) and PNPLA3 (rs738409
[OR, 1.34; 95% CI, 1.24-1.45; P = 1.26E-14]) were
closely associated with whole NAFLD (Table 1). The
association of rs2076529 and rs2189883 was weak-
ened when an obesity indicator (BMI) was included
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TABLE 1. STATISTICAL SIGNIFICANCES OF LEAD SNPs IN LEAN NAFLD GWAS AND REPLICATION

STUDIES
Leanest NAFLD GWAS* Replication by Model 17 Replication by Model 2
SNP chr OR (95% Cl) P OR (95% Cl) P OR (95% ClI) P HWE P
152076529 6 1.66 (1.37-2.00) 1.73E-07 1.22(1.11-1.34) 2.84E-05° 1.19 (1.07-1.33)% 1.34E-03° 0.167°
117 (1.031.33)0 1368021 1.2001.04-1.38)1  1.296-02!  0.9411l
1.19(1.11-1.28)Y  2.10E-067 1.19 (1.09-1.30)" 5.48E-05" 0.2711
152189883 7 177 (1.42-2.22) 425807  1.17(1.04-1.32)° 1.02E-02° 1.21(1.05-1.39)° 1.03E02°  0.668°
1110941320 219801 1.10091-1.33)1 32801 0,500
1.15(1.04-1.27)" 6.19E-03" 1.16 (1.04-1.30)1 9.76E-03" 0.458%
152301610 12 1.70(1.382.09)  7.67E-07  1.04(0.94-1.15)° 4.52E-01° 1.10 (0.97-1.25) 1.21E-01° 0.560°
1.050.91-1.23)1 49001 1.10099-1.2D)1  3.83€01  0.285/
1.02 (0.93-1.11)F 6.92€-011 1.10 (0.99-1.21)7 6.35E-02° 0.7967
1566781047 13 1.74(1.392.17) 95907  1.07(0.951.21)  2.73t01° 1.03(0.90-1.18)  6.81E01°  0.835°
117¢.0137)0 41302 139071661 1718041 01211
1.09(0.99-1.200  6.156-021 1.16 (1.04-1.28)" 7.10E-03" 0.4097
1558542926 19 n.s. n.s. 1.34 (1.14-1.58)° 4.47E-04° 1.50 (1.24-1.82)% 4.16E-05° 0.084°
1.32(1.06-1.63)0 13802 127001601 4580210 0117l
1.30(1.14-1.48)Y  6.30E-057 1.35(1.16-1.57)" 7.48E-05" 0.2011
rs738409 22 1.25 0.04862 1.37 (1.25-1.51) 3.77E-118 1.55(1.38-1.73)° 1.99E-145 0.466°
1.33(1.17-1.51)! 1.33E-05/! 1.42 (1.23-1.64)!! 1.296-06!1  0.5811l
1.34(1.24-1.45%  1.26E-14" 1.47 (1.35-1.61)" 1.656-18"  0.072"

*Statistical values for GWAS were obtained by logistic regression analysis in which sex was used as a covariate.
fStatistical values for replication by model 1 were obtained by logistic regression analysis in which whole NAFLD was used as an objective

variant and sex and HbA1c were used as covariates.

*Covariates in model 2 were sex, HbA1c, and BMI.
Replication analysis in populations 1 and 3.

lIReplication analysis in population 2.

YReplication analysis in the combined three populations.

Abbreviations: HWE, Hardy-Weinberg equilibrium; n.s., not studied.

as a covariate, while the associations of rs738409 were
strengthened (Table 1). We then evaluated the SNPs
by analysis of variance using BMI as an objective vari-
able. Four lead SNPs, rs2076529, rs2189883, rs2301610
(secondary lead SNP in chrl2), and rs66781047 (sec-
ondary lead SNP in chr13), showed weak correlations
with BMI in male and female individuals (Supporting
Table S3), suggesting that the four loci found in the
leanest NAFLD GWAS were confounding variables
with obesity.

ASSOCIATION WITH THE HLA
LOCUS

The lead SNP in chr6 is localized between HLA-B
and HLA-DRBI. We therefore conducted imputation-
based HLA typing in the Japonica array panel to

determine whether HIL.A loci or alleles were associ-

ated with the leanest NAFLD. Significant differences

of allele distribution between the leanest NAFLD and
controls were observed in HLA-B (P = 0.028), HLA-
DQBI1 (P = 0.0065), and HLA-DRB1 (P = 0.00050)
(Table 2; Supporting Table S4). HLA allele frequencies
of HL.A-B*40:01, HL.A-B*54:01, HL.A-C*03:04, HL.A-
DRB1%04.04, HLA-DRB1704:05, HLA-DRB1*12:02,
and HLA-DQBI1%04:01 were significantly different
between the leanest NAFLD and controls.

To evaluate further the association of the HLA
locus with whole NAFLD in the general population,
we sequenced amplicons of exons 2 and 3 in HLA-4,
-B, -C, -DRBI, -DQBI, and -DPB1 genes of 5,649
members of a cross-sectional study population using
next-generation sequencing. Allele frequencies of
HILA-A, -B, -C, -DQBI, and -DPB1 were equivalent to
Japanese statistics,**? but those of HLA-DRBI were
different, suggesting a miscalling. We thus excluded
HLA-DRBI from the analysis. The distribution of
alleles of HLA-B was significantly different between
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TABLE 2. ASSOCIATION STUDIES OF HLA-BALLELES

Study 1 Study 2

HLA-BAllele Control Leanest NAFLD OR pf Control Whole NAFLD OR pt
B*07:02 153 32 1.08 0.6818 261 210 1.12 0.2500
B*13:01 23 7 1.58 0.3158 46 42 1.26 0.2790
B*15:01 246 45 0.95 0.8031 407 332 1.14 0.0941
B*15:07 8 1 0.65 1.0000 26 30 1.59 0.1024
B*15:11 17 0.92 1.0000 36 41 1.58 0.0487
B*15:18 50 9 0.93 1.0000 78 53 0.94 0.7892
B*35:01 238 49 1.07 0.6766 366 281 1.07 0.4564
B*37:01 19 5 1.36 0.5750 23 22 1.32 0.3662
B*39:01 108 20 0.96 1.0000 161 121 1.04 0.7594
B*40:01 155 29 0.97 1.0000 243 166 0.94 0.5728
B*40:02 279 32 0.59 0.0054 340 236 0.96 0.6311
B*40:03 3 1 1.73 0.5065 24 8 0.46 0.0711
B*40:06 117 24 1.06 0.8152 183 120 0.90 0.4074
B*44:02 15 1 0.35 0.4941 24 21 1.21 0.5471
B*44:03 167 39 1.21 0.2862 360 246 0.94 0.4951
B*46:01 154 20 0.67 0.1105 238 155 0.90 0.3205
B*48:01 96 10 0.54 0.0781 143 108 1.04 0.7459
B*51:01 221 48 1.13 0.4915 383 250 0.89 0.1951
B*51:02 2 2 5.19 0.1255 9 10 1.54 0.3612
B*52:01 266 64 1.25 0.1386 690 520 1.05 0.4708
B*54:01 177 53 1.55 0.0100 316 281 1.25 0.0099
B*55:02 23 2 0.45 0.4117 115 65 0.78 0.1096
B*56:01 20 1 0.26 0.2330 50 25 0.69 0.1581
B*56:03 5 0 0.00 1.0000 11 2 0.25 0.0875
B*58:01 18 3 0.86 1.0000 29 21 1.00 1.0000
B*59:01 51 13 1.32 0.3909 84 61 1.00 1.0000
B*67:01 55 5 0.47 0.1112 51 27 0.73 0.2056
Other 136 32 0.81 0.30 415 246 0.81 0.0098
Total 2,686 518 5112 3,700
P (multi-allelic)* 0.0285 0.0130

*Pvalues were obtained by Fisher’s exact tests for the multi-allelic contingency table of allele numbers observed in study 1 of lean NAFLD
versus TMM control and in study 2 of whole NAFLD versus control population.

TP values of individual alleles were obtained by Fisher’s exact tests for a 2 x 2 contingency table of the number of the left column allele and

the number of all remaining alleles.

non-NAFLD and whole NAFLD (P = 0.013) but
that of HLA-DQBI was not (P = 0.433) (Table 2;
Supporting Table S4). In individual alleles of the HLA-
B locus, B*54:01 was significantly frequent in whole
NAFLD (OR, 1.25; P = 0.0099), similar to its fre-
quency in the leanest NAFLD (Table 2).

METAGENOMIC ANALYSIS OF
NAFLD AND RELATED LOCI

The HLA locus has been genetically shown to
have a robust association with several lifestyle-related
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diseases, although the mechanisms have not been
resolved. Considering the important immunologic role
of HLA and recent suggestions that the microbiome
is involved in NAFLD pathogenesis, we speculated
that HLA locus variations affect NAFLD through gut
microbiota.

As a DNA source for massive gut microbiota anal-
ysis in population 3, we chose fecal occult blood tests,
which contain a solution stabilizing human hemo-
globin. Our experiment using 26 paired samples of
freshly extracted fecal DNA and samples extracted
after 1 day of suspension in fecal occult blood test
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tubes showed almost identical beta-diversity and taxo-
nomic plots (Supporting Fig. S3). This indicated that
the 16s metagenomic data obtained from fecal occult
blood tests reflected freshly prepared fecal gut micro-
biota and are applicable to gut microbiota analysis in
a large population.

From the total metagenomic analysis population
(n = 3,420), nonalcohol abuse and sufficient 16s read
coverage (>5,000) samples (n = 2,616) were included
in the subsequent statistical analysis. Alpha-diversity
analysis showed that fecal OTUs of NAFLD were
significantly decreased compared to the control, as
reported (Fig. 2A).%*** Alpha-diversity analysis of
nonobese NAFLD revealed significantly decreased
OTUs of an equivalent level of obese NAFLD (Fig.2B).
Beta diversity also showed significant dissimi-
larity between nonobese NAFLD and controls
(Table 3). LEfSe analysis showed significant enrich-
ment of Epsilonproteobacteria and Campylobacterales
and significant decreases of Ruminococcaceae, clos-
tridia, Firmcutes, and Faecalibacterium in nonobese
NAFLD (Fig. 2D), similar to that shown in whole
NAFLD (Fig. 2C). These data suggest that gut micro-
biota of nonobese NAFLD were as dysbiotic as in
obese NAFLD, despite the BMI average of nonobese
NAFLD being just 1.6 and that of obese NAFLD
being 6.7 over the control (Supporting Table S5).

Minor allele carriers of 12076529 showed equiv-
alent alpha diversity with homozygotes of the major
allele, but beta diversity was different between them
in both unweighted and weighted UniFrac distances
(Table 3). Veillonellaceae and Fusobacteria were
increased, but Verrucomicrobia was decreased in
rs2076529 minor allele carriers, the direction of which
was equivalent to that of NAFLD and nonobese
NAFLD (Fig. 2E). HLA-B*54:01 carriers showed
equivalent alpha diversity with noncarriers, but beta
diversity was different from noncarriers (Table 3).
Veillonella and Gemmatimonadales were increased but
Verrucomicrobia and Akkermansia were decreased in
HI.A-B*54:01 carriers, the direction of which was the
same in NAFLD and nonobese NAFLD (Fig. 2F;
Supporting Table S6). PICRUSt analysis showed that
nonobese NAFLD had significantly increased taxo-
nomic groups functionally enriched in metabolic path-
ways of carbohydrates, glycans, and amino acids. The
152076529 carriers had enriched taxonomic groups
involved in carbohydrate metabolism (Supporting

Fig. S4).
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Discussion

In this study, we performed GWAS for lean
patients with NAFLD. This appears to be the first
report of a genome-wide search for lean NAFLD-
associated genes. The case group was selected from
MHNW individuals to minimize the possibility of
detecting obesity- or insulin resistance-associated
genes and to discover new genetic factors of
NAFLD. As shown in the profiles of the subpop-
ulations, the nonobese NAFLD group showed sig-
nificantly higher metabolic parameters compared
to the non-NAFLD group while those in the lean-
est NAFLD group were almost equivalent with
non-NAFLD.

Through the leanest NAFLD GWAS, we detected
four novel loci on chr6, chr7, chrl2, and chrl3 that
have not been reported to have a genetic association
with NAFLD in previous studies. While adjustment
of population stratification concealed the association
signals in the leanest NAFLD GWAS, further studies
of four lead SNPs in the general population showed
that rs2076529 on chr6 was strongly and rs2189883
on chr7 was weakly associated with whole NAFLD.
Variations in the HLA locus are known to be cor-
related with geographic background in European
ancestr;z and influenced by population stratifica-
tion.®® Furthermore, a nonsignificant but substan-
tial association signal has been shown in the HLA
region by a Japanese NAFLD GWAS.®® Therefore,
we considered that the association signal observed on
chr6 in our leanest NAFLD GWAS was not ignor-
able as a false-positive signal. However, the loci that
were robustly associated with NAFLD in previous
reports, PNPLA3 and GATAD2A4,*> did not show a
significant correlation with the leanest NAFLD. We
speculated that the statistical model, which excluded
obesity indicators from the covariates, and the small
sample number of leanest NAFLD resulted in the
subsignificant associations.

All four lead SNPs were correlated with BMI.
The HLA locus and MYL2 have been shown to
have a robust association with obesity in East
Asian GWAS.?**)HI. 4 and breast cancer suppres-
sor protein associated protein (BRAP) (related to
MYL2 and ALDH? in a large LD block; Fig. 2C)
loci are also associated with plasma lipid levels.®”
Risk alleles of these lead SNPs increased the risk
of the leanest NAFLD group, indicating that HLA
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FIG. 2. Fecal metagenomic analysis. (A) Bacterial alpha diversity assessed by phylogenetic diversity (PD) whole-tree index between
non-NAFLD and whole NAFLD. Statistical significance P values were assessed by the Student 7 test. (B) PD whole-tree index among
non-NAFLD, nonobese NAFLD, and obese NAFLD. Plots in A and B show interquartile range (box), median (vertical line), and outliers
(whiskers). (C) LEfSe cladogram in the comparison between non-NAFLD (0) and whole NAFLD (1). (D) Comparison between non-
NAFLD (0) and non-obese NAFLD (1). (E) Comparison between rs2076529 noncarriers (0) and carriers (1). (F) Comparison between
HILA-B*54:01 noncarriers (0) and carriers (1). Red and green colors indicate increased taxa in 0 and 1 groups, respectively.
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TABLE 3. COMPARISON OF UniFrac DISTANCE WITHIN CONTROL GROUPS VERSUS BETWEEN CONTROL

AND CASE GROUPS
Unweighted Weighted
Group 1 Group 2 f Statistic PValue f Statistic PValue
Non-NAFLD vs. non-NAFLD non-NAFLD vs. NAFLD -58.80 <0.000001 -47.00 <0.000001
Non-NAFLD vs. non-NAFLD non-NAFLD vs. non -30.79 <0.000001 -28.05 <0.000001
obese NAFLD
Non-NAFLD vs. non-NAFLD non-NAFLD vs. obese -70.70 <0.000001 -55.36 <0.000001
NAFLD
Noncarrier vs. noncarrier non-carrier vs. -7.59 <0.000001 3.85 0.0012
rs2076529 carrier
Noncarrier vs. noncarrier non-carrier vs. HLA- 28.98 <0.000001 92.11 <0.000001

B*54:01 carrier

Tests of significance were performed using a two-sided Student two-sample 7 test with Bonferroni correction.

and MYL2 loci affect the pathogenesis of obesity
and NAFLD simultaneously through undiscovered
mechanisms.

The most closely associated locus with lean
NAFLD, which was replicated in whole NAFLD,
was rs2076529 localized in the BTLN2 gene, which
is a member of the immunoglobulin superfamily
that has been implicated as a regulator of T-cell
activation.®”) The minor allele of rs2076530 pro-
duces a premature truncation of the BTLN2 protein
and loses the function of T-cell activation, which
has been reported to impact the susceptibility of
sarcoidosis. ) However, due to the long-range LD
across the HLA region, it is difficult to determine
the primary pathogenic gene because other diseases
are associated with rs2076530, e.g., type 1 diabetes,
rheumatoid arthritis, and systemic lupus erythema-
tosus.®” Although several studies have suggested
that variations beside HLA genes affect antigen
expression levels, " considering its extremely high
allelic variability, HLA is thought to play a principal
role in the pathogenesis and progression of NAFLD.

We revealed that the allele distributions of HLA-B,
HLA-DQBI1, and HLA-DRB1 were significantly
different between non-NAFLD and the leanest
NAFLD in the GWAS study. The difference in
allele frequency of HLA-B was replicated in whole
NAFLD by our sequence-based study. In addition,
we showed that the B*54:01 allele was associated
with NAFLD in both the leanest and whole NAFLD
panel. To clarify how it affects the pathogenesis of
NAFLD, we evaluated the association between the
B*54:01 allele and microbiome. Some reports have
shown that particular HLA alleles are associated

with NAFLD,“*"*? but we have no knowledge about
the pathogenic roles of HLA alleles in NAFLD
development. One possibility is HLA affects liver
injury through the immune system directly, and
another is that LA might regulate NAFLD indi-
rectly through the microbiome. Recently, studies
have placed emphasis on the relationship between
NAFLD and the microbiome. The gut microbiota
have been shown to contribute to NAFLD through
various bacterial metabolites, such as pathogen-
associated molecular patterns, lipopolysaccharide, and
short-chain fatty acids.*® Moreover, the gut micro-
biota have recently been shown to influence several
HILA-linked diseases. A previous study showed that
HILA-B27 and -DRBI1 alleles, which are associated
with ankylosing spondylitis and rheumatoid arthritis,
affect intestinal microbiome dysbiosis and influence
susceptibility to these diseases.*¥

HI.A-B*54:01, a candidate risk allele of NAFLD,
showed significant differences in beta diversity between
carriers and noncarriers. Moreover, the phylum
Verrucomicrobia was reduced and Gemmatimonadetes
was enriched in HLA B*54:01 carriers. The phylum
Verrucomicrobia was also decreased in NAFLD. A low
abundance of Verrucomicrobia has been reported in
patients with NAFLD with previous cirrhosis.*” The
genus Akkermansia in the phylum Verrucomicrobia,
which was reduced in HLA B*54:01 carriers, has been
shown to degrade mucin and to improve obesity, glu-
cose, and fat metabolism.“*”’ PICRUSt analysis
suggested enrichment of bacteria is involved in car-
bohydrate metabolism, which may affect the patho-
genesis of NAFLD through energy absorption. These
data suggest that HLA-B*54:01 alleles might have the
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potential to affect susceptibility to NAFLD through
the alteration of microbiome composition, especially
through a reduction of Akkermansia.

One limitation of this study was the sequenc-
ing failure of HLA-DRBI, probably due to the high
degree of sequence similarity with DRB3/4/5 and
copy number variation of pseudogenes. Long-read
sequencing studies spanning the entire /LA locus are
needed to clarify the association with NAFLD.“®) The
small number of leanest NAFLD cases in the GWAS
was another limitation because MHNW NAFLD
cases were just 3% in our population. Further, ultra-
sonographic diagnosis of NAFLD has been shown to
be relatively inaccurate.*” A GWAS using a larger
cohort population diagnosed using magnetic res-
onance imaging is required to validate and discover
further lean NAFLD loci.

In summary, we report four candidate loci asso-
ciated with lean NAFLD in a first reported GWAS
attempt. One of the four loci was localized in the
HLA locus, and the genetic association was repli-
cated in whole NAFLD. Among HLA loci, the
HLA-B locus was associated with both MHNW
NAFLD and overall NAFLD. The HLA-B*54:01
allele increased the risk of NAFLD, which might
influence NAFLD pathogenesis through regulation

of the microbiome.
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