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Genome-Wide Association Study of
NAFLD Using Electronic Health Records

Cameron J. Fairfield ! Thomas M. Drake,! Riinu Pius,' Andrew D. Bretherick,? Archie Campbell,l’g"4 David W. Clark,5
Jonathan A. Fallowfield ,% Caroline Hayward,2 Neil C. Henderson = ¢ Peter K. Joshi,s Nicholas L. Mills,” David J. Porteous,’

Prakash Ramachandran,® Robert K. Semple,7 Catherine A. Shaw,! Cathie L.M. Sudlow,! Paul R.H]J. Timmers,2’5 James F. Wilson,2’5

18+ and Athina Spiliopoulou™

Stephen J. Wigmore,® Ewen M. Harrison,
Genome-wide association studies (GWAS) have identified several risk loci for nonalcoholic fatty liver disease (NAFLD).
Previous studies have largely relied on small sample sizes and have assessed quantitative traits. We performed a case-
control GWAS in the UK Biobank using recorded diagnosis of NAFLD based on diagnostic codes recommended in
recent consensus guidelines. We performed a GWAS of 4,761 cases of NAFLD and 373,227 healthy controls without
evidence of NAFLD. Sensitivity analyses were performed excluding other co-existing hepatic pathology, adjusting for
body mass index (BMI) and adjusting for alcohol intake. A total of 9,723,654 variants were assessed by logistic regres-
sion adjusted for age, sex, genetic principal components, and genotyping batch. We performed a GWAS meta-analysis
using available summary association statistics. Six risk loci were identified (P < 5*107%) (apolipoprotein E [4POE],
patatin-like phospholipase domain containing 3 [PNPLA3, transmembrane 6 superfamily member 2 [TM6SF2], glu-
cokinase regulator [GCKR], mitochondrial amidoxime reducing component 1 [MARCI], and tribbles pseudokinase 1
[TRIBI1]). All loci retained significance in sensitivity analyses without co-existent hepatic pathology and after adjust-
ment for BMI. PNPLA3 and TM6SF2 remained significant after adjustment for alcohol (alcohol intake was known
in only 158,388 individuals), with others demonstrating consistent direction and magnitude of effect. All six loci were
significant on meta-analysis. Rs429358 (P = 2.17*10™") is a missense variant within the 4POE gene determining €4
versus €2/€3 alleles. The €4 allele of APOE offered protection against NAFLD (odds ratio for heterozygotes 0.84
[95% confidence interval 0.78-0.90] and homozygotes 0.64 [0.50-0.79]). Conclusion: This GWAS replicates six known
NAFLD-susceptibility loci and confirms that the e4 allele of APOE is associated with protection against NAFLD.
The results are consistent with published GWAS using histological and radiological measures of NAFLD, confirming
that NAFLD identified through diagnostic codes from consensus guidelines is a valid alternative to more invasive and
costly approaches. (Hepatology Communications 2021;0:1-12).

onalcoholic fatty liver disease (NAFLD) prevalence of 24%, which appears to be increasing
is the most common form of metabolic in all populations.’)’ NAFLD has an even higher
disease worldwide with an estimated prevalence in those with other forms of metabolic

Abbreviations: ALT, alanine aminotransferase; APOE, apolipoprotein E; BMI, body mass index; CI, confidence interval; EHR, electronic health
record; GCKR, glucokinase regulator; GS-SFHS, Generation Scotland.: Scottish Family Health Study; GWAS, genome-wide association study; HbAIc,
glycated hemoglobin; HER, electronic health record; HSD17B13, hydroxysteroid 17-beta dehydrogenase 13; LD, linkage disequilibrium; MARCI,
mitochondrial amidoxime reducing component 1; NAFLD, nonalcoholic fatty liver disease; OR, odds ratio; PNPLAS3, patatin-like phospholipase
domain containing 3; SNP, single nucleotide polymorphism; TM6SEF2, transmembrane 6 superfamily member 2; TRIB1, tribbles pseudokinase 1;
UKB, UK Biobank; VLDL, very-low-density lipoprotein.
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disease including obesity, type 2 diabetes mellitus
and hyperlipidemia, which are rising in prevalence.
Therefore, the prevalence of NAFLD is also antic-
ipated to rise.)

NAFLD covers a spectrum of disease severity includ-
ing elevated hepatic triglyceride content (isolated steato-
sis), inflammation (nonalcoholic steatohepatitis), fibrosis
and cirrhosis, and is associated with elevated risk of fur-
ther morbidity. It has risen to the second-most-common
indication for liver transplantation in the United States
and carries a significantly elevated risk of hepatocellu-
lar carcinoma, cardiovascular disease, diabetes mellitus,
and all-cause mortality.") However, the pathogenesis of
NAFLD is complex, and disease progression is highly
variable. Despite contributing to significant morbidity
and mortality, there are no licensed pharmacological
therapies for NAFLD, and several agents under investi-
gation have thus far shown limited effectiveness.”)

Development of NAFLD is influenced by both
environmental and genetic factors, its heritability
estimated at 229%-50%.") Several genome-wide asso-
ciation studies (GWASs) have been published exam-
ining various phenotype definitions for NAFLD or
NAFLD severity encompassing radiological evidence
of hepatic steatosis, visceral fat content, lean NAFLD
(NAFLD in a nonobese individual), and histological
severity of fibrosis. These studies have highlighted
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several loci and candidate mechanisms underlying
NAFLD pathogenesis. 2%

Studies using a case-control GWAS methodology
have identified five loci associated with NAFLD at
genome-wide significance (P < 5*10°% mitochondrial
amidoxime reducing component 1 (MARCI), glucoki-
nase regulator (GCKR), hydroxysteroid 17-beta dehydro-
genase 13 (HSD17B13), transmembrane 6 superfamily
member 2 (7M6SF2), and patatin-like phospholipase
domain containing 3 [PNPLA3]).7%141720) Known
loci are shown in Supporting Tables S1 and S2. Most
case-control analyses have relied on histological and
radiological confirmation of NAFLD limiting the
sample size in these studies. Use of routinely collected
administrative data allows for larger cohorts and reduces
the need for invasive or expensive investigations such as
biopsy or magnetic resonance imaging (MRI).?® One
published GWAS relied on natural language processing
to identify NAFLD cases from electronic health record
(EHR) results and found significant associations at loci
previously identified in cohorts with complete histolog-
ical classification.’® Studies such as the UK Biobank
(UKB) have extensive genotypic data linked to hospital
and primary care discharge codes.

A subgroup of 14,440 participants in the UKB
has been analyzed in a published GWAS focus-
ing on MRI-based measures of steatohepatitis and
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fibrosis.1® Separately a case control for all-cause cir-
rhosis using several sources including UKB has been
published with an additional single variant analysis for
NAFLD at rs2642438 using only limited International
Classification of Diseases, 10th Revision diagnostic
codes for NAFLD.®” Finally, a recent exome-wide
association study analyzed association of missense and
nonsense mutations with serum alanine aminotrans-
ferase (ALT) before analyzing significant variants for
association with hepatic fat content in a subset of
8,930 UKB participants.(zz) The analysis identified
several known NAFLD-susceptibility variants as well
as three NAFLD-susceptibility loci (apolipoprotein E
[APOE], glycerol-3-phosphate acyltransferase 1 mito-
chondrial [GP4AM], and olfactory receptor family 12
subfamily D member 2 [OR12D?2]), although APOE
was identified in an earlier subanalysis.'®’ There are
no published case-control GWAS using administrative
data based on recent consensus recommendations.*”
We therefore undertook a GWAS of participants with
recorded diagnostic codes attributed to NAFLD com-
pared with healthy controls.

Materials and Methods

Diagnostic codes used for the identification of
NAFLD are shown in Supporting Tables S3 and
S4. Methods for identification of participants, deter-
mination of NAFLD status, and genotyping for the
UKB and Generation Scotland—Scottish Family
Health Study (GS-SFHS) are provided in Supporting
Materials 2. The UKB received ethical approval
(research ethical committee reference 11/NW/0382).
UKB data access was approved under projects 30439
(phenotype data) and 19655 (genotype data). Ethical
approval for GS-SFHS was granted by National
Health Service Tayside Research Ethics Committee
(REC reference number 05/51401/89).

GWAS

INITIAL ANALYSIS

Genotyped and imputed single nucleotide poly-
morphisms (SNPs) were analyzed. Participants of
self-reported European ancestry were considered eli-
gible for inclusion. Outliers for heterozygosity and
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unexpected runs of homozygosity were excluded. One
participant from each pair of related individuals in the
UKB (Kinship > 0.0884(26)) was excluded.

Association with NAFLD was analyzed using
logistic regression adjusted for age, sex, the first 20
genetic principal components, and batch, with batch
included as a random effect. Imputation dosage was
used for imputed SNPs.

nafld ~ age + sex + (1| batch) + pcl + pc2 + ... + pc20 + genotype

Quality control to exclude SNPs with low minor
allele frequency (MAF < 0.01), low imputation qual-
ity score (INFO <0.3), and deviation from Hardy-
Weinberg Equilibrium (HWE: P < 5%107°) were
applied. Genome-wide significance was determined
as P < 510 in the UKB and P < 0.0083 in the
GS-SFHS replication cohort (P value of 0.05 sub-
jected to Bonferroni correction for each locus tested).

Replication was undertaken by analyzing the lead
SNP within each locus for the GS-SFHS study.

LINKAGE DISEQUILIBRIUM
CLUMPING AND CONDITIONAL
ANALYSES

SNPs  showing  genome-wide  significance
(P < 5*10°®) were considered significant. Linkage
disequilibrium (LD) clumping was performed using
the functional mapping and annotation of GWAS
(FUMA) web application v1.3.5d (https://fuma.
ctglab.nl/). @7 Loci were established for lead SNPs
with a minimum distance of 250 Kb between loci
and using an 7> < 0.25 to indicate independent SNPs
within the same locus. Full details of the parame-
ters passed to FUMA are available in Supporting
Materials3A.

Each locus was re-analyzed while conditioning
on the lead SNP, and further signals with genome-
wide significance were identified. This process was
repeated until no remaining SNPs reached genome-
wide significance.

POPULATION STRATIFICATION

The genomic inflation factor 4, was calculated
using the summary association statistics. Evidence of
test statistic inflation in 4, was investigated with LD
score regression.*


https://fuma.ctglab.nl/
https://fuma.ctglab.nl/
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SENSITIVITY ANALYSES

Sensitivity analyses were conducted to ensure the
robustness of the case definition. First, the analysis
was conducted at each of the NAFLD-susceptibility
loci after exclusion of individuals with alternative
hepatic pathology as described previously. Second,
each of the analyses was conducted adjusting for body
mass index (BMI) as a covariate. Third, the analysis
was conducted adjusting for estimated consumption
of alcohol (units per day). The alcohol estimate was
derived from a 24-hour dietary recall questionnaire
during online follow-up and was available for about
40% of participants. The logistic regression method-
ology for the sensitivity analyses was identical to the
main GWAS.

An additional analysis in the UKB cohort was
undertaken to assess the relationship between APOE
genotype and NAFLD based on the GWAS results
(one lead SNP was a missense mutation within
APOE). See Supporting Materials 2 for methods
explaining the determination of APOFE alleles and sta-
tistical analysis of association with NAFLD.

ASSOCIATION OF
NAFLD-SUSCEPTIBILITY LOCI
WITH PHENOTYPIC TRAITS

NAFLD is strongly associated with obesity,
hyperlipidemia, hyperglycemia, inflammation, and
deranged liver function tests, in particular ALT.?%3%
Associations with serum biochemistry values for
each identified variant were assessed in an age-
adjusted and sex-adjusted linear regression model.
Serum ALI, aspartate aminotransferase, gamma-
glutamyltransferase, alkaline phosphatase, total cho-
lesterol (TC), low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol, tri-
glycerides, apolipoprotein A and B, lipoprotein A,
glucose, glycated hemoglobin (HbA1lc), C-reactive
protein, BMI, waist circumference, hip circumfer-
ence, and waist-to-hip ratio were assessed. Each trait
was assessed visually through histogram and log-
transformed in the case of skewed distribution. To
evaluate potential amplification of steatogenic effects
in the context of obesity, insulin resistance and alco-
hol intake,*V a gene-environment interaction was
assessed for each NAFLD-susceptibility variant with
BMI, HbAlc, and alcohol intake.
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A linear regression adjusted for age, sex, the first
20 genetic principal components, and genotyping
batch was undertaken for the association of NAFLD-
susceptibility variants with the Fibrosis-4 Index (FIB-
4) score and the NAFLD fibrosis score; both validated
noninvasive measures associated with NAFLD-related

fibrosis. %3

GENOME-WIDE ASSOCIATION
META-ANALYSIS

Two NAFLD case-control GWASs with avail-

able summary association statistics (Namjou et al,™*)

1,106 cases and 8,571 controls; and Anstee et al,(16)
1,483 cases and 17,781 controls) from independent
populations of European ancestry were also assessed.
Namjou et al. reported on participants from American
health centers and relied on natural language process-
ing to ascertain cases of NAFLD from the EHR, and
therefore was more closely related to the methodology
used in this study. Namjou et al. performed a case-
control logistic regression adjusted for age, sex, BMI,
the medical center, and the first three genetic principal
components. Anstee et al. recruited participants from
European tertiary liver centers with biopsy-proven
NAFLD and compared them to population controls
with a linear mixed model adjusting for sex and the
first five genetic principal components before repeat-
ing the analysis as a logistic regression. Identified lead
SNPs from the UKB GWAS were inspected in these
studies for direction and magnitude of effect.
Meta-analysis was conducted using META
with an inverse-variance fixed-effects meta-analysis.
Although between-study heterogeneity was expected,
the fixed-effects model was used in preference to the
random effects model due to the low number of stud-
ies and anticipated deviation from the Gaussian dis-
tribution required for a random effects model.®”

L(34)

PLOTTING AND STATISTICAL
ANALYSIS OF RESULTS

Genomic analyses were performed using SNPtest
(version 2.5.2),39 QCTOOLS (version 2.0.6),
and METAL (2018 version) on the University of
Edinburgh Linux high-performance compute cluster.
Post-GWAS analysis, regression analyses, and plotting
were performed using R version 3.6.3.%7) Methods and
results are reported in accordance with the STREGA
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(STrengthening the REporting of Genetic Association
Studies) guidelines(38) (Supporting Materials 4).

Results

NAFLD COHORTS

A total of 502,616 participants entered the UKB
study with 377,998 taken forward for GWAS. A his-
tory of NAFLD was present in 4,761 with 373,227
controls. After exclusion of alternative hepatic pathol-
ogy there were 3,954 NAFLD cases and 355,942
controls. The median follow-up was 9.0 years (range
7.3-11.9). Compared with controls, cases were more
likely to be male (51.0% vs. 46.3%), older (mean 57.4
vs. 56.9 years), heavier (mean 89.2 vs. 78.2 kg), and
diabetic (32.9% vs. 7.7%). The baseline characteris-
tics are shown in Supporting Materials 1 (Supporting
Table S5).

A total of 24,096 participants entered GS-SFHS
with 6,317 taken forward for GWAS. A history of

UK Biobank Participants:
502,524
(Available on data extraction)

Withdrew consent for further analyses:
31

Eligible for assessment:
502,493

FAIRFIELD ET AL.

NAFLD was present in 67 with 6,250 controls (both
without alternative pathologies). The mean follow-up
was 11.2 years (range 9.6-14.7 years) (Fig. 1).

GWAS
Initial Analysis

A total of 460 SNPs were identified with genome-
wide significant P values after removal of low-quality
SNPs in the UKB. A total of 1,313 SNPs demon-
strated borderline significance (P < 5*10°). LD
clumping revealed six loci with at least one signifi-
cant NAFLD-associated signal. Significant associ-
ations were seen with rs2642442 (MARCI intron),
rs1260326 (GCKR exon), rs17321515 (tribbles
pseudokinase 1 [7RIBI] intergenic), rs73001065
(maternal-effect uncoordinated sister chromatid
cohesion factor [MAU2] intron), rs429358 (APOE
exon), and rs3747207 (PNPLA3 intron). Rs73001065
is in strong linkage with the previously identified
(rs58542926) within TM6SF2

missense variant

GS-SFHS Participants:
24,096

(Available on data extraction)

Withdrew consent for further analyses:
0

Eligible for assessment:
24,096

Inadequate genotyping:
14,241 - insufficient sample volume

968 outliers for heterozygosity or missing rate

Inadequate genotypying:
4,064 - no genotyping undertaken

Eligible for phenotyping:
487,284

Related to other individual in data:
109,286

Included in GWAS: Included in subanalysis:

377,998 " 368,718
4,761 NAFLD 3,954 with NAFLD record
373,227 controls 355,942 controls

Eligible for phenotyping:
32

Related to other individual in data:
13,715

Included in GWAS:
6,317
67 NAFLD
6,250 controls

FIG. 1. Flowchart describing participant recruitment in UKB and GS-SFHS.
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(R? = 0.82),(14’16) which is thought to be the causal
variant.®”) Rs3747207 is in perfect linkage (R? = 1)
with the established protein-altering variant rs738409.
In both cases, P values of the lead SNP and the puta-
tive causal variants were almost identical. Loci bound-
aries of the loci are shown in Supporting Materials
3B and the results at the 460 significant SNPs in
Supporting Materials 5.

Of the six loci, all six are known from previous
case-control GWASs of NAFLD or related traits such
as hepatic steatosis, including the recently identified
APOE variant (rs42935 8(18.21-29)) (Table 1). One locus
(rs1260326) was replicated within the GS-SFHS
cohort. Of the five loci established by previous case-
control format GWASs of NAFLD, we replicated
all five with four reaching genome-wide significance
(MARC1, GCKR, TM6SF2, and PNPLA3) and one
(HSD17B13, P = 7.41™%) reaching the Bonferroni-
corrected threshold (see Table 2, Supporting Materials
1, and Supporting Table S2). We replicated three of
the four significant loci reported by Anstee et al. and
the only significant locus identified by Namjou et al. in
their case-control GWAS (P < 0.0083; Supporting
Materials 1 and Supporting Table S2). Of the two loci
identified previously by quantitative trait GWAS but
not case-control GWAS, TRIBI reached the replica-
tion threshold in both Anstee et al. and Namjou et
al., whereas APOE reached the replication threshold
in Anstee et al. and nominal significance in Namjou
et al. Both TRIBI and APOE have been identified in
other GWASs.

GWAS meta-analysis resulted in broadly simi-
lar results with no additional loci reaching genome-
wide significance. Direction and magnitude of effect
were similar for all six loci other than rs73001065-C,
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for which GS-SFHS demonstrated a nonsignificant
reduction in NAFLD risk but with substantially wider
confidence intervals (ClIs).

Forest plots showing effect size in the four studies
(UKB GWAS cohort, GS-SFHS replication cohort,
Namjou et al. summary association statistics, and
Anstee et al. summary association statistics) along
with a Manhattan plot from the GWAS meta-analysis
are shown in Supporting Materials 1 (Supporting
Figs. S1 and S2).

A Manhattan plot for association of variants with

NAFLD in the UKB is shown in Fig. 2.

Conditional Analyses

After conditional analyses, one locus was found
to have a further independent signal. Rs182611493
within the 7M6SF2 locus showed significant associa-
tion (P = 9.30*107%%) after conditioning on rs73001065
(see Supporting Materials 5). The remaining five loci
did not have any SNPs reaching genome-wide signifi-
cance (P < 5*107%) after conditioning on the lead SNP.

POPULATION STRATIFICATION
After adjusting for the first 20 genetic principal

components, there was evidence of test statistic infla-
tion (4,, = 1.057). Inflation may be due to polygenicity
rather than unmeasured population substructure.“”
The LD score regression intercept was 1.006, and the
proportion of test statistic inflation ascribed to causes
other than polygenicity was estimated to be 7.52%,
confirming that polygenicity is the main driver of test
statistic inflation. The quantile-quantile plot is shown
in Supporting Materials 1 (Supporting Fig. S3).

TABLE 1. LOCI ASSOCIATED WITH NAFLD IN THE UKB COHORT

Reference Allele/ Consequence Hypothesized
RSID Chr:Pos Effect Allele EAF OR (95% Cl) PValue (Gene) Functional Gene
1s2642442 1:220973563 CT 0.317 1.15(1.10-1.20) 7.6771° Infron (MARCT) MARC1
151260326 2:27730940 /C 0.392 0.87 (0.84-0.91) 254" Missense (GCKR) GCKR
1517321515 8:126486409 AG 0.476 0.86 (0.82-0.89) 1.817"%  Intergenic (TRIBT) TRIBT
rs73001065 19:19460541 G/C 0.071 1.41 (1.32-1.51) 1.08% Intron (MAU2) TM6SF2
rs429358 19:45411941 T/C 0.156 0.82 (0.77-0.87) 21771 Missense (APOE) APOE
153747207 22:44324855 G/A 0.215 1.45(1.38-1.51) 6.747%° Infron (PNPLA3) PNPLA3

Note: Functional role is based on assessment of published literature. Chromosome and position based on Genome Reference Consortium

Human Build 37. Effect allele is the minor allele.

Abbreviations: Chr:Pos, chromosome:position; EAF, effect allele frequency; P Value, P value using allelic model.
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SENSITIVITY ANALYSES

Across all sensitivity analyses, the estimated genetic
effects at each lead SNP had the same direction and
broadly similar magnitude. All SNPs demonstrated a
significant effect when alternative hepatic patholo-
gies were excluded and when adjusting for BMI. Two
SNPs retained significance after additionally adjust-
ing for alcohol intake (rs73001065, rs3747207), with
one retaining suggestive significance (rs17321515,
P = 1.39"107). The other three SNPs no longer
retained suggestive significance, although this is likely
to be due to the greatly reduced sample size in those
individuals who had completed the alcohol intake
questionnaire (158,388 vs. 377,998), with all six
SNPs showing greatly attenuated significance. Visual
inspection of the lattice plots showed that odds ratio
(OR) estimates at each SNP were broadly similar
with wider CIs in the alcohol-adjusted analysis (see
Supporting Materials 1 and Supporting Fig. S4).

A total of 377,998 individuals had sufficient data
available to calculate the A/POE genotype. As expected,
the most common genotype was € 3 € 3 (219,869),
whereas there were a total of 19 individuals who were
either €1 €4 or €1 €2 who were excluded (there
were no €1e€1 homozygotes). The distribution
of individuals by genotype is shown in Supporting
Materials 1 (Supporting Table S6). The APOE gen-
otype was significantly associated with NAFLD
(#2=2.49 % 10™®). The € 4 allele was strongly asso-
ciated with reduced risk. The OR for NAFLD risk
for € 3/ € 4 heterozygotes was 0.84 (95% CI 0.78-
0.90) and for € 4/ € 4 homozygotes 0.64 (0.50-0.79).
The € 2 allele was not associated with any significant
change in NAFLD risk. The OR for NAFLD risk
for € 2/ € 3 heterozygotes was 1.02 (95% CI 0.93-
1.11) and for € 2/ € 2 homozygotes 0.76 (0.50-1.12).
All ORs relate to the € 3/ € 3 homozygote reference
group. The results of the logistic regression are shown

in Figure 3.

ASSOCIATION OF NAFLD-
SUSCEPTIBILITY LOCI WITH
PHENOTYPIC TRAITS

Assessment of serum lipids was undertaken for
each lead SNP in all 377,998 individuals taken for-
ward for GWAS. The NAFLD-susceptibility alleles

were heterogeneous in their influence on serum lipids
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FIG. 2. Manhattan plot for the association with NAFLD (4,761 cases and 373,227 controls). Each variant is plotted based on chromosome

and position on the x-axis and -log10 Pvalues on the y-axis. The horizontal dotted line represents genome-wide significance (P = 5%107%).

Non-alcoholic Fatty Liver Disease: OR (95% Cl, p-value) . N
APOE Genotype €3€3 1.00 (reference) i 219,869
€3e4 0.84 (0.78-0.90, p<0.001) —— i 90,157

gded  0.63 (0.50-0.79, p<0.001) —_— i 9,150

€2e4 0.73(0.59-0.90, p=0.003) —_ : 9,629

€2e3 1.02 (0.93-1.11, p=0.716) r—il—i 46,731

€22  0.77 (0.50-1.12, p=0.195) ! 2,443

05 06 07 08 09 1?0 T

QOdds ratio (95% Cl, log scale)

FIG. 3. OR plot demonstrating odds of NAFLD by APOE genotype. Each APOE genotype is compared with the €3 homozygotes
reference group (model adjusted for age, sex, genotyping batch, and the first 20 genetic principal components).

with most demonstrating reduced levels of TC and
LDL other than rs17321515 (see Fig. 4). Four vari-
ants were associated with elevated ALT (rs17321515,
1573001065, rs429358, rs3747207). Figures for the
other serum biochemistry markers, anthropomet-
ric features and disease associations are available in
Supporting Materials 1 (Supporting Figs. S5-510).
The 6 variants were each tested for 3 gene-
environment interactions and a Bonferroni-corrected

P value of 0.0028 was considered significant. All 6
variants demonstrated a significant gene-environment
interaction with HbAlc and all but rs1260326
demonstrated significant interaction with BMI. None
of the 6 variants demonstrated an interaction with
alcohol intake.

In patients with NAFLD, only the locus with
the strongest signal was associated with a change in
FIB-4 score on linear regression (rs3747207: Beta
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0.08 [95% CI 0.03-0.14]; P = 0.001). The NAFLD
fibrosis score was not significantly influenced by any
of the NAFLD-susceptibility loci.

Numeric results for the GWAS, sensitivity analy-

ses, and additional analyses are shown in Supporting

Materials 5 and 6.

Discussion

We performed a GWAS of NAFLD using 4,761
cases and 373,227 controls from the UKB study. We
identified six NAFLD-susceptibility variants previ-
ously identified in GWAS of quantitative NAFLD
traits such as hepatic steatosis, including GCKR,®
TM6SF2%'%  and WRCZ,(17) and confirm the
recently identified NAFLD-susceptibility variant of
1s429358-C within APOE, a protein-altering vari-
ant, which is protective against NAFLD. We rep-
licate all five previously established loci associated
with NAFLD in case-control GWASs including
HSD17B13.1%19

Rs429358 is a recently identified®*?%  mis-
sense variant within APOE, which in combination
with rs7412 defines the three main alleles of APOE,
namely, € 3, € 4, and € 2. APOE plays various roles in
peripheral lipid and lipoprotein metabolism, and the
three common alleles influence metabolic and cardio-
vascular disease and Alzheimer’s disease.“Y The role
of APOE in NAFLD has been examined previously in
candidate-gene studies and has recently been detected
by GWAS. While this manuscript was under prepa-
ration, three independent analyses were published
confirming an association at the APOE locus,?123)
although it was first identified in a subgroup anal-
ysis of an earlier paper.’® An exome-wide array
meta-analysis was published, in which rs2075650
in TOMMA40 was identified; the authors suggested,
based on conditional analysis, that rs429358 in APOE
is the causal variant with the C allele conferring pro-
tection.’” Candidate genes studies have {Jreviously
shown a decreased risk with the € 4 allele*™*¥ and
the €2 allele,** although some studies reported
no difference in the risk of NAFLD.“**") Elevated
serum levels of APOE appear to correlate with higher
fatty liver index, regardless of genotype.(47) Perhaps
surprisingly, the €4 allele may be associated with
greater NAFLD fibrosis severity, although this finding

was made in a very small sample.(48) The existence of
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additional populations demonstrating a similar associ-
ation confirms that the APOE finding is likely to be
a genuine association. The apparent lack of effect in
some of the earlier studies is likely related to smaller
sample sizes.

The mechanisms by which APOE influences
NAFLD development remain unclear. There is a lin-
ear increase in both cardiovascular risk and serum
LDL and total cholesterol, with transition from € 2 to
€3 and from €3 to € 4.V The association between
NAFLD and cardiovascular and metabolic disease™
is unlikely to be explained by APOE activity, given
that the €4 allele simultaneously offers protection
against NAFLD and increases the risk of cardiovas-
cular and metabolic disease. /POE influences hepatic
very-low-density lipoprotein (VLDL) secretion.”
Apoe-deficient mice demonstrate reduced VLDL
secretion and greater steatohepatitis severity. This
is not corrected by APOE-producing bone marrow
transplants with hepatic VLDL secretion remaining
low, confirming that APOE plays an important role in
liver autonomous VLDL secretion.®” The € 4 allele
is associated with enhanced hepatic VLDL secretion,
and this may explain the association with hypertri-
glyceridemia and cardiovascular disease as well as pro-
tection against hepatic steatosis.*!

In our study, the overall rate of NAFLD detected
using the EHR is lower than would be expected
for NAFLD diagnosed by histological or radiologi-
cal approaches. This is an expected limitation of the
approach, as not all individuals with NAFLD undergo
histological or radiological evaluations and may live in
the community unaware of their disease. Despite the
difference between the detected and anticipated rates
of NAFLD in this study cohort, there are several ele-
ments of the analysis that suggest that the phenotype
is valid for NAFLD research. First, all six loci have
been identified by previous GWASs with strength
of signal commensurate to that seen in earlier stud-
ies. Detection of such a unique genetic architecture
strongly supports the validity and specificity of the
EHR-based phenotype. Second, we base our case
definition on recent, independently authored expert
consensus guidelines,?” and based on these guidelines
conduct sensitivity analyses after exclusion of alterna-
tive hepatic pathology, in which our results are consis-
tent. Third, the baseline characteristics of the NAFLD
cohort compared with controls is similar to that
which is expected, as shown in Supporting Materials
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1 (Supporting Table S5). Fourth, the UKB is affected
by healthy volunteer bias, suggesting that the overall
rate of NAFLD may be lower than an age-matched
population.®? Finally, the results of our analysis are
consistent with a histological analysis of a subgroup of
UKB participants, in which several variants including
the APOE variant were identified. 812

The strengths of this study include using a larger
sample size than previous studies, with greater power
to detect association. The study also used a second
cohort for external replication as well as available
GWAS summary association statistics from other pop-
ulations, resulting in replication of all identified loci.
The use of administrative records for identification of
cases also demonstrates that this technique can be used
to study NAFLD without the requirement for invasive
procedures or radiological assessment and, as discussed,
the results are consistent with published literature. Our
study has confirmed four loci identified in the same
cohort using radiological assessment of NAFLD in
a smaller subset (up to 14,400 participants; APOE,
GCKR, TMG6SF2, and PNPLA3)™ and two other
SNPs identified in other population. Furthermore, the
strongest known signal at PNPLA3 was verified in this
study with a highly significant association, and rela-
tive effect sizes at each locus were highly similar to
results from histologically or radiologically character-
ized cohorts. The study also benefits from demonstrat-
ing the robustness of the associations within sensitivity
analyses using diagnostic codes based on published
recommendations® and provides mechanistic evi-
dence by using validated biomarkers to determine the
potential influence of each locus on NAFLD devel-
opment. Notably, using consensus recommendations
to define NAFLD has resulted in 4,761 eligible cases,
whereas previous studies have classified only 704 indi-
viduals from within the UKB as NAFLD cases, with
the remainder misclassified as controls.!”

The limitations of this study include misclassifi-
cation of individuals with alternative hepatic pathol-
ogy on administrative records and low detection rate
of NAFLD due to limited documentation in the
EHR. The definition of cases based on administra-
tive records also prevents any assessment of NAFLD
severity; thus, variants that contribute solely to the
progression of steatohepatitis, fibrosis, or cirrhosis
without promoting initial occurrence of steatosis may
not be identified. The binary case definition offers
lower power to detect associations than continuous
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traits, although this is partly overcome by the very
large sample size. The results of our study do, however,
support published literature. The GS-SFHS replica-
tion cohort only demonstrated significant association
at the GCKR locus, but none of the other loci. This
is likely to be due to the underpowered sample size
with only 67 NAFLD cases compared with almost
5,000 analyzed in the UKB cohort. The overall rate of
NAFLD ascertained using the EHR-based approach
was similar between the cohorts (1.2% in the UKB
and 1.1% in the GS-SFHS cohorts), suggesting that
the lack of replication may be determined by sample
size rather than differences in clinical coding. Despite
this, all six identified loci have been detected by ear-
lier GWASs. Although the definition of NAFLD is
based on consensus recommendations,(zs )
ble that regional variation in recording before these
recommendations has influenced documentation of
NAFLD.

This paper supports the use of administrative data

it is possi-

as a means to conduct research into NAFLD. Such
approaches are likely to require large sample sizes, but
do overcome the need for invasive and costly recruit-
ment and investigations.

In summary, we have performed a GWAS of
NAFLD using UKB data and identified six loci asso-
ciated with NAFLD. We have also demonstrated the
feasibility of EHR-based NAFLD research without
reliance on invasive investigations, validating the con-
sensus guidelines.

Acknowledgment: We thank Dr. Colin Fischbacher for
the support in selection of ICD10, ICD9Y, and read
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