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Approach and Results: We conducted a 2-stage genome-wide association
study (GWAS) on HCC not affected by HBV infections. A total of 1872 HCC cases
and 2907 controls were included in the discovery stage, and 1200 HCC cases and
1832 controls in the validation. We analyzed the discovery and validation samples
separately and then conducted a meta-analysis. All analyses were conducted in
the presence and absence of HCV. The liability-scale heritability was 24.4% for
overall HCC. Five regions with significant ORs (95% ClI) were identified for non-
viral HCC: 3p22.1, MOBP, rs9842969, (0.51, [0.40-0.65]); 5p15.33, TERT,
rs2242652, (0.70, (0.62-0.79]); 19q13.11, TM6SF2, rs58542926, (1.49,
[1.29-1.72]); 19p13.11 MAU2, rs58489806, (1.53, (1.33-1.75]); and 22q13.31,
PNPLA3, rs738409, (1.66, [1.51-1.83]). One region was identified for HCV-
induced HCC: 6p21.31, human leukocyte antigen DQ beta 1, rs9275224, (0.79,
[0.74-0.84]). A combination of homozygous variants of PNPLA3 and TERT
showing a 6.5-fold higher risk for nonviral-related HCC compared to individuals

Abbreviations: CART, classification and regression tree; EDP, European-descent populations; EQTL, expression quantitative trait loci; GATAD2A, GATA zinc finger
domain containing 2A; GWAS, genome-wide association study; HLA-DQB1, human leukocyte antigen DQ beta 1; MOBP, myelin-associated oligodendrocyte basic
protein; PARVB, parvin-beta; PNPLA3, patatin-like phospholipase domain-containing 3; SAMM50, sorting and assembly machinery component 50 homolog; sQTL,
splicing quantitative trait loci; SUGP1, SURP and G-patch domain containing 1; TERT, telomerase reverse transcriptase.
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INTRODUCTION

HCC is a rising cause of cancer-related mortality.['! HCC
development is influenced by multiple environmental
factors, including HBV, HCV, alcohol consumption, and
metabolic syndrome.!l Despite the multifactorial etiology
of HCC, metabolic dysfunction—associated fatty liver
disease, including its pathological feature of metabolic
dysfunction—associated steatohepatitis, is the leading
cause of HCC in Western countries.? The variation in the
prevalence of HCC risk factors among different popula-
tions parallels the disease incidence by geographic
location, gender, and ethnicity.!

Although the magnitude of environmental factors for
HCC etiology is high, published studies,*® including
ours,'® showed a positive association between the history
of cancer among first-degree relatives and the risk for
HCC development. Consequently, the risk of HCC may
be influenced by multiple genes in multiple pathways.
Thus, the use of a genome-wide association study
(GWAS) with comprehensive coverage of the common
variants of the entire genome is a more informative
approach to examining genetic susceptibility in HCC in
the presence and absence of environmental risk factors.
GWASSs have already identified important genetic var-
iants that confer susceptibility to various chronic liver
diseases, including metabolic dysfunction—associated
fatty liver disease,! viral hepatitis,®® and cirrhosis,['%
and have opened the doors for novel therapeutic targets
and algorithms by revealing unexpected functional
genotypes associated with treatment response.['!12]

Moreover, GWASs have been conducted in many
common human diseases or traits with substantial
impact on personalized medicine and disease
prevention.['3! As a result, hundreds of risk alleles have
been identified, previously unknown cancer associa-
tions have been uncovered, and polygenic risk scores
have been applied in risk prediction models.'"¥ How-
ever, for rare cancers, such as HCC, GWASs have
been hammered by lack of power due to small sample
sizes. Most of the HCC GWASs were conducted in
countries with high HCC incidence, including Asian
populations, and focused on either HBV-HCCI['5-171 or
HCV-HCC.['®22 Two recent large genomic studies
were restricted to alcohol-associated HCC among

lacking these genotypes. This observation suggests that gene-gene interactions
may identify individuals at elevated risk for developing HCC.

Conclusions: Our GWAS highlights novel genetic susceptibility of nonviral HCC
among European descent populations from North America with substantial heri-
tability. Selected genetic influences were observed for HCV-positive HCC. Our
findings indicate the importance of genetic susceptibility to HCC development.

European populations.[2324] The only GWAS that has
been reported in the US white population included 436
HCC cases and 1065 controls.?%l Larger studies with
adequate power are needed to reveal genetic factors
that contribute to HCC in the US population with
consideration of major risk factors.

To identify genetic susceptibility to HCC in a North
American population, we performed a 2-stage GWAS in
European descent populations (EDP) from the United
States and Canada according to the presence or absence
of HCV infection. Because HBV is uncommon in North
America, 2% we restricted our GWAS to HBV noncarriers.

METHODS
Study design and participants

The current study’s 2-phase design (discovery and
validation phases) focused on the genetic susceptibility
of HCC in individuals of EDP from North America. Cases
were defined as patients with pathological or radiological
evidence of HCC without serological evidence of chronic
HBV. Case patients were recruited from 14 North
American Institutions (Supplemental Tables S1A-E,
http://links.lww.com/HEP/I302) that are members of the
Hepatocellular Carcinoma Epidemiology Consortium.

We selected 2 groups of controls without evidence of
cancer at the time of recruitment. The first group involved
healthy individuals without a history of chronic liver
diseases, and the second included patients with chronic
HCV infection (HCV carriers) (Supplemental Table S1A,
http://links.lww.com/HEP/1302). We also included 1960
healthy controls with completed genetic array data from a
sister GWAS of the Pancreatic Cancer Case Control
Consortium (PanC4)['"! that used the same genotyping
platform (Supplemental Methods, http://links.lww.com/
HEP/I1303). For the discovery phase, a total of 1872
eligible HCC cases, including 738 HCV-positive and
1134 HCV-negative (nonviral HCC), were compared with
2907 non-HCC control subjects, 588 of whom were
known to be HCV-carriers (Supplemental Table S2A,
http://links.lww.com/HEP/1302).

For the validation phase, genotyping was conduc-
ted on 1200 HCC cases (715 HCV-negative and 485
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HCV-positive) and 509 control subjects (151 HCV-
carrier controls and 358 healthy controls) (Supplemen-
tal S2B, http://links.lww.com/HEP/I1302). Control data
also included data sets from 2 previously conducted
GWASs in renal cell carcinoma.l?”28] Because only
about 1% of the general adult population tests positive
for HCV antibodies,?®! these controls were considered
HCV-negative; however, we conducted sensitivity anal-
ysis restricted to controls with known HCV-carrier status
(Supplemental Table S1A, http://links.lww.com/HEP/
1302, Supplemental Figure S1, http://links.lww.com/
HEP/I302). Characteristics of the validation phase
participants are described in Supplemental Table S2B,
http://links.lww.com/HEP/I1302.

All participants were self-reported non-Hispanic whites.
Each participating site obtained informed written consent
from study participants and approval from their Institutional
Review Board (IRB) for this study and obtained IRB
certification permitting data sharing in accordance with the
Policy for Sharing of Data Obtained in National Institutes
of Health Supported or Conducted GWAS. The study
relies on existing DNA samples collected between 2000
and 2015. Supplemental Figure S1, http:/links.lww.com/
HEP/1302, summarizes the study design.

Genotyping methods and quality control

Genotyping for the discovery phase was performed at the
Center for Inherited Disease Research using the lllumina
Infinium OmniExpressExome-8v1-3 platform, with 958,497
single-nucleotide polymorphism (SNP). In all, 3411 DNA
samples, including 63 pairs of duplicate samples and 64
HapMap samples, were genotyped. Genotype calling
used genome build GRCh37/hg19 and GenomeStudio
version 2011.1, Genotyping Module version 1.9.4, and
GenTrain Version 1.0. In all, 3366 DNA samples were
genotyped and passed the Center for Inherited Disease
Research lab’s quality control (QC) process (Supplemental
Table S3, http:/links.lww.com/HEP/I302, Supplemental
Figure S2, http://links.lww.com/HEP/I302). Additional QC
procedures, data harmonization, and data availability are
included in the Supplemental Methods, http:/links.lww.
com/HEP/I303, and data are available through dbGAP
(phs001744.v1.p1).

We conducted ancestry analysis?¥ to retain those
individuals whose genetic ancestry showed more than
80% alignment with ancestral EDP (Supplemental
Figure S3, http:/links.lww.com/HEP/1302). We first
selected the 652,761 common SNPs retained after QC
steps for both HCC GWAS and PanC4. Then, we
performed an imputation analysis in a 2-stage procedure
using EAGLE (v2.4) to phase genotypes and Minimax 4 to
perform imputation by using the Haplotype Reference
Consortium (version r1.1 2016)B% panel of European
ancestry on the Michigan Imputation Server. We
restricted imputation analysis to SNPs with minor allele

frequencies > 0.001. We also performed the same
imputation analysis on an additional set of genome
controls from a previously conducted renal cell carcinoma
GWASE™ for the validation phase. After imputation, we
excluded SNPs with minor allele frequencies of 0.001 or
that had an imputation quality score of < 0.5.

Statistical analysis

After imputation to the Haplotype Reference Consor-
tium and following QC, we performed a comprehensive
association analysis of 12,651,372 variants on auto-
somal chromosomes 1-22 and the X chromosome in the
discovery phase using logistic regression adjusting for
age, gender, and the first 10 eigenvectors from principal
component analysis with SNPTEST (v2.5.4)2%31 and R
(v3.6.2). We analyzed the discovery and validation
samples separately and then conducted a meta-
analysis in a fixed-effect model using METASOFT.[32]
We also conducted a stratified analysis according to
alcohol use, cigarette smoking status, presence of type
2 diabetes mellitus, and HCV status with R (v3.6.2).

We implemented conditional analyses to identify
secondary association signals conditioning on the top-
associated lead SNP across the whole genome followed
by a stepwise procedure of selecting additional SNPs
using SNPTEST (v2.5.4). To account for multiple testing
in this GWAS, a fixed p-value threshold of 5 x 1078 was
used to identify the association between a common
genetic variant and HCC.

To estimate genome-wide SNP-heritability defined as
the proportion of phenotypic variance explained by all
SNPs, we computed regional heritability on the liability
scale, including the 5 regions that were found to contain
genome-wide significant results using genome-wide
complex trait analysis with genome-based restricted
maximum likelihood method (genome-wide complex trait
analysis v1.94.1).1331 We applied 1% for the lifetime risk of
HCC and 0.5% for HCV-positive and HCV-negative
HCCl"! to compute the regional heritability on the liability
scale for a case-control study. The population attributable
fraction was estimated and described in the Supplemen-
tal Methods, http://links.lww.com/HEP/I303.

Classification trees

The potential role of combinations of alleles in the risk of
HCC was evaluated by classification and regression
tree (CART) method. Data from the genome-wide
significant lead risk—associated variants were subjected
to analyses in which a classification tree was built for
overall HCC and the HCV-negative HCC. The rpart
package in R (v3.6.2) with the Gini index measure was
used to identify optimal splits of the data, with the
complexity parameter set to 0.001, and the data then
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pruned to include only those nodes containing at least
20 observations. ORs in the parsimonious classification
tree in the discovery phase were calculated with the
following formulal®; OR = jferande e ot
The Woolf approximation was used to compute SEs
and Cls.B

Having obtained an optimal classification tree in the
discovery data, we further evaluated the fit of this model
in the validation data by constructing a logistic
regression model containing the same terminal nodes
by specifying dummy variables that captured the same
structure as the classification tree. The genetically
informed model included baseline predictors as well
as predictions from the genetic factors in nodes defined
by the classification tree. This constructed logistic
regression model maintained the same types of
interactions as seen in the classification tree but
allowed effects from the interactions to be modeled by
using all of the data, not just individuals who were
subdivided by the tree; this approach allowed us to
validate the model in a new data set without rerunning
classification tree analysis, which typically yields a
new tree.

Colocalization analysis

To identify candidate susceptibility genes from each
GWAS locus that contribute to HCC risk, we performed
colocalization analyses using expression quantitative
trait loci (eQTL) and splicing QTL (sQTL) data of 6 liver
cancer-relevant tissue types from the Genotype-Tissue
Expression v8, which includes eQTL and sQTL data from
normal tissues from 838 donors mainly of EDP. For
colocalization analyses, we selected 6 liver cancer-
relevant tissues based on the prior knowledge: whole
blood (n = 670), liver (n = 208), Epstein-Barr virus-
transformed lymphocytes (n = 147), cultured fibroblast
cells (n = 483), adipose subcutaneous (n = 581), and
adipose visceral omentum (n = 469). Genotype-Tissue
Expression eQTL and sQTL association data for variants
within +/= 100kb windows of the lead variants present in
the GWAS summary statistics were extracted. For the
locus overlapping the major histocompatibility complex
regions (HCV-positive locus marked by rs9275224), a
narrower window of +/— 10kb of the lead variants was
used. Colocalization of the GWAS and eQTL or sQTL
signals were calculated using coloc.[*®! We reported the
colocalization results if coloc suggested plausible poste-
rior probability was greater than 0.8 (PPH4 > 0.8).

Integrative multi-omics annotation analysis
We annotated the top 10 lead variants associated with

HCC using the Functional Annotation of Variants -Online
Resource (FAVOR v2.0; https://favor.genohub.org/)

platform, which provides functional annotation informa-
tion of all possible 8,812,917,339 single nucleotide
variants across the human genome and observed
insertion and deletions (79,997,898 insertions and
deletions) from the Trans-Omics for Precision Medicine
BRAVO variant set (Build GRCh38) Further details about
FAVORE! are presented in the Supplemental Methods,
http://links.lww.com/HEP/I303.

RESULTS

We performed univariable analyses of discovery
samples comprising 1872 HCC cases (738 HCV-
positive HCC; 1134 nonviral HCC) and 2907 non-
HCC controls (649 HCV-carrier controls and 2319
healthy controls). The summary statistics with p < 107
are presented in Supplemental Tables S4A-C, http://
links.lww.com/HEP/1302, for overall HCC, HCV-posi-
tive, and HCV-negative HCC strata. Table 1 presents
the lead SNPs associated with overall HCC
susceptibility at the genome-wide significance level
of p < 5 x 1078 in the discovery and validation phases
and the meta-analysis. Analysis of the discovery
phase population identified loci on chromosomes 3,
5, 19, and 22 that were associated with HCC
development (Figure 1A). HCV-negative and HCV-
positive HCC GWAS identified 3 and 1 associations,
respectively (Table 2 and Figure 1B-C). Test statistic
inflation (A) was estimated to be 1.021 for all subjects,
1.022 for the HCV-positive group, and 1.021 for the
HCV-negative group, indicating no inflation of test
statistics (Figure 1A-C).

The strongest association was found on chromo-
some 22 in the same LD block containing the patatin-
like phospholipase domain-containing 3 (PNPLA3)
gene, the sorting and assembly machinery component
50 homolog (SAMMA50) gene, and parvin-beta (PARVB)
gene (Figure 2A). In all, 61 variants on/near PNPLA3,
29 variants on/near SAMMS50, and 5 variants on/near
PARVB had p values of < 1 x 1072 in this locus. The top
hit was rs738409 in the PNPLA3 gene (Supplemental
Table S4A, http://links.lww.com/HEP/1302). Our meta-
analysis showed a 1.65-fold increased risk of HCC
among G allele carriers (Table 1). Conditional analysis
showed that the variants encompassing SAMM50 and
PARVB were no longer significant after adjusting for the
effect of PNPLA3 (Supplemental Table S5, http://links.
Iww.com/HEP/1302).

The second significant locus for HCC was found
within an LD block on chromosome 19 containing
transmembrane 6 superfamily member 2 (TM6SF2),
SURP and G-patch domain containing 1 (SUGP1), the
sister chromatid cohesion factor (MAU2), and GATA
zinc finger domain containing 2A (GATAD2A) genes
(Figure 2B). Two SNPs of MAU2, 3 SNPs of SUGP1, 1
SNP each of the TM6SF2 and GATADZ2A genes, and an
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TABLE 1

SNP identifier
rs9842969

rs2242652

rs9275224

rs58542926

rs10401969

rs58489806

rs3794991

rs738409

rs2294922

rs2401514

Allele NEAP/EA®
T/IC

Gene name
MOBP

HLA-DQB1

TM6SF2

GATAD2A

PNPLA3

SAMMS50

Top significant and validated SNPs associated with overall HCC development

Chromosome position

3p22.1
39600177

5p15.33
1280028

6p21.31
32659878

19p13.11
19379549

19p13.11
19407718

19p13.11
19456917

19p13.11
19610596

22q13.31
44324727

22q13.31
44379565

22q13.31
44394019

GWAS analytic-phase

Discovery
Validation

Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation

Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation

Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation

Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation

Meta-analysis
Discovery
Validation
Meta-analysis

EAF?
Cases Controls
0.924 0.946
0.956 0.969
0.937 0.955
0.150 0.199
0.147 0.197
0.148 0.198
0.464 0.488
0.345 0.460
0.417 0.477
0.114 0.075
0.111 0.069
0.113 0.073
0.129 0.083
0.122 0.083
0.126 0.083
0.129 0.083
0.122 0.083
0.126 0.083
0.123 0.083
0.128 0.083
0.125 0.083
0.337 0.225
0.341 0.236
0.338 0.229
0.320 0.221
0.308 0.220
0.315 0.220
0.252 0.185
0.242 0.185
0.248 0.185

OR (95% CI)®
0.51 (0.40-0.65
0.67 (0.51-0.88

(

0.57 (0.48-0.69

0.70 (0.62-0.79

0.70 (0.61-0.81

0.70 (0.64-0.77

0.90 (0.83-0.98
(
(
(

0.66 (0.59-0.73

0.79 (0.74-0.84
1.49 (1.29-1.72
159 (1.33-1.90
153 (1.36-1.70

1.53 (1.33-1.75
1.47 (1.24-1.73

1.50 (1.35-1.67
1.53 (1.33-1.75
1.47 (1.24-1.73
1.50 (1.35-1.67

1.46 (1.27-1.67
1.48 (1.26-1.73

1.47 (1.32-1.62
1.66 (1.51-1.83
1.62 (1.45-1.82
1.65 (1.53-1.77

1.43-1.73
1.35-1.69

(
1.57 (
(

1.55 (1.44-1.66
(
(
(

1.51

1.45 (1.31-1.60
1.39 (1.22-1.57
1.42 (1.31-1.54

Pl NN S S NN D BN SRS SN >N BN = NN D NN N NS |

P
2.70E-08
4.26E-03

1.36E-09
1.55E-09
6.32E-07
8.27E-15

1.80E-02
2.81E-16

1.45E-12
4.02E-08
4.29E-07
1.03E-13
1.16E-09
7.73E-06

4.87E-14
1.16E-09
7.73E-06
4.87E-14

7.72E-08
1.05E-06

3.99E-13
1.07E-25
5.38E-17
1.22E-40

5.72E-21
1.53E-12

1.21E-31
1.57E-12
4.05E-07
4.13E-18

2Effect allele frequency.

PNoneffect allele.

°Effect allele (tested allele).

9OR (95% Cl).

Abbreviations: GATAD2, GATA zinc finger domain containing 2A; GWAS, GWAS, genome-wide association study; HLA-DQB1, human leukocyte antigen DQ beta 1; MAU2, sister chromatid cohesion factor; MOBP, myelin-
associated oligodendrocyte basic protein; PARVB, parvin-beta; PNPLA3, patatin-like phospholipase domain-containing 3; SAMMS50, sorting and assembly machinery component 50 homolog; SNP, single-nucleotide

polymorphism; SUGP1, SURP and G-patch domain containing 1; TERT, telomerase reverse transcriptase; TM6SF2, transmembrane 6 superfamily member 2.
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FIGURE 1
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Manhattan plots and quantile-quantile (Q-Q) plots for the genome-wide association study results of HCC. (A) All populations; (B)

non-HCV-induced HCC; (C) HCV-induced HCC. X-axis represents SNP positions across the entire genome by chromosome, and the y-axis is the
negative logarithm p-value, -log10 (p). The red horizontal line denotes p=5 x 10-8. For Q-Q plots, the x-axis represents Expected -log10 (p), and
the y-axis is Observed -log10 (p) of each SNP. Abbreviation: SNP, single-nucleotide polymorphism.

intergenic variant rs58489806 showed genome-wide
significant associations with  HCC risk. The most
significant SNP in the meta-analysis overall was
rs10401969 in SUGPT, but variants rs58489806 in
MAU2 and rs58542926 in TM6SF2 (Table 1) had
similarly strong levels of support. In analyses
restricted to HCV-negative cases, SNP rs58542926
in TM6SF2 showed the most significant result in
this region (p = 3.8 x 1072%). Analyses conditioning
on rs58542926 in TM6SF2 (Supplemental Table S5,
http://links.lww.com/HEP/I302) revealed that the
rs58489806 variant in MAU2 remained nominally
significant in the overall discovery and meta-analysis

data sets but not in the absence of HCV, and other
SNPs in this region were not significant after
conditioning.

Next, we identified a novel locus 3p22.1 (rs9842969)
of the myelin-associated oligodendrocyte basic protein
(MOBP) on chromosome 3 (Figure 2C) and 3 SNPs
(rs2242652, rs10069690, and rs72709458) of the
telomerase reverse transcriptase (TERT) gene on
chromosome 5 (Figure 2D) that were significantly
associated with HCC. Genomic regional association
plots for the HCV-stratified analysis are shown in
Figure 2E-F. Results from these SNPs replicated very
well with consistent ORs in the discovery and validation
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TABLE 2 Top significant and validated SNPs associated with HCV-negative and HCV-positive HCC

SNP identifier

HCV-negative HCC

rs9842969

rs2242652

rs58542926

rs10401969

rs58489806

rs3794991

rs738409

rs2294922

rs2401514

HCV-positive HCC

rs9275224

Allele NEAP/EA®

TIC

Gene name

MOBP

GATAD2A

PNPLA3

SAMMS50

HLA-DQB1

Chromosome position

3p22.1

39600177

5p15.33
1280028
19p13.11
19379549
19p13.11
19407718
19p13.11
19456917
19p13.11
19610596
22q13.31
44324727
22q13.31
44379565
22q13.31
44394019

6p21.31
32659878

GWAS analytic-phase

Discovery
Validation
Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation
Meta-analysis
Discovery
Validation
Meta-analysis

Discovery
Validation
Meta-analysis

EAF?
Cases Controls
0.921 0.951
0.954 0.969
0.934 0.959
0.150 0.202
0.139 0.199
0.146 0.201
0.134 0.076
0.139 0.069
0.136 0.073
0.136 0.077
0.141 0.074
0.138 0.076
0.146 0.084
0.148 0.081
0.147 0.083
0.140 0.085
0.150 0.080
0.144 0.083
0.375 0.217
0.407 0.233
0.387 0.224
0.357 0.213
0.363 0.216
0.359 0.214
0.276 0.177
0.276 0.185
0.276 0.181
0.407 0.488
0.325 0.460
0.374 0.477

OR (95% CI)°

0.42 (0.32-0.55)
0.63 (0.46-0.88)
0.50 (0.40-0.62)
0.69 (0.60—0.80)
0.65 (0.54-0.77)
0.67 (0.60-0.75)
1.69 (1.44-1.99)
2.01 (1.65-2.46)
1.81 (1.60-2.06)
1.70 (1.44-2.00)
1.83 (1.52-2.21)
1.75 (1.55-1.98)
1.67 (1.43-1.96)
1.82 (1.51-2.20)
1.73 (1.54-1.96)
1.61 (1.37-1.88)
1.79 (1.50-2.15)
1.69 (1.50-1.90)
2.03 (1.81-2.28)
2.12 (1.86-2.43)
2.07 (1.90-2.26)
1.91 (1.70-2.14)
1.92 (1.67-2.19)
1.91 (1.75-2.08)
1.68 (1.49-1.90)
1.65 (1.42-1.91)
1.67 (1.52-1.83)

0.71 (0.63-0.80)
0.59 (0.51-0.68)
0.66 (0.60-0.72)

p

9.45E-10
6.09E-03
1.19E-10
4.51E-07
9.21E-07
3.60E-12
3.79E-10
7.55E-12
3.83E-20
2.37E-10
3.09E-10
4.67E-19
2.30E-10
4.86E-10
7.29E-19
6.14E-09
2.42E-10
1.11E-17
5.39E-34
1.72E-28
8.17E-60
7.13E-29
2.62E-21
6.10E-48
9.33E-17
3.51E-11
2.34E-26

7.94E-09
7.86E-13
2.97E-19

2Effect Allele Frequency.

PNoneffect allele.

°Effect allele (tested allele).

%OR (95% ClI).

Abbreviations: GATAD2, GATA zinc finger domain containing 2A; GWAS, GWAS, genome-wide association study; HLA-DQB1, human leukocyte antigen DQ beta 1; MAU2, sister chromatid cohesion factor; MOBP, myelin-
associated oligodendrocyte basic protein; PARVB, parvin-beta; PNPLA3, patatin-like phospholipase domain-containing 3; SAMMS50, sorting and assembly machinery component 50 homolog; SNP, single-nucleotide

polymorphism; SUGP1, SURP and G-patch domain containing 1; TERT, telomerase reverse transcriptase; TM6SF2, transmembrane 6 superfamily member 2.
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Regional visualization of the GWAS of —log10 of the p-value by genomic locations: (A) PNPLA3 in overall HCC (rs738408);

(B) MAUZ2 in overall HCC (rs58489806); (C) MOBP in overall HCC (rs9842969); (D) TERT in overall HCC (rs2242652); (E) PNPLA3 in non-HCV—
induced HCC (rs738408); (F) HLA-DQB1 in HCV-induced HCC (rs9275224). In all figures, each dot represents a SNP, with the location depicted
on the corresponding genes at the bottom. Abbreviations: GWAS, genome-wide association study; HLA-DQB1, human leukocyte antigen DQ
beta 1; MAU2, sister chromatid cohesion factor; MOBP, myelin-associated oligodendrocyte basic protein; PNPLA3, patatin-like phospholipase
domain-containing 3; SNP, single-nucleotide polymorphism; TERT, telomerase reverse transcriptase.

phases and overall p values in the meta-analysis of
1.36E-09 for MOBP and 8.27E-15 for TERT.

Adjusting for known covariates or stratified analyses
by alcohol, smoking, type 2 diabetes mellitus, and HCV
infection did not substantially affect our results (Figure 3).
However, the ORs for lipid-related genetic factors all
increased after these adjustments (Supplemental
Table S6, http://links.lww.com/HEP/I302). Restricting
analyses to the HCV-negative population with further

adjustment also increased the magnitude of the associ-
ation between lipid-related genes and HCC risk.

For the HCV-positive group, 1223 HCV-associated
HCC and 739 HCV-positive controls were included in
the discovery and validation phases. We identified 35
SNPs within a 34-kb region on chromosome 6, reaching
genome-wide significant associations with HCC (Sup-
plemental Table S4B, http://links.lww.com/HEP/1302).
Most of these SNPs were intergenic or regulatory region
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FIGURE 3 Graphical display (Forest Plot) of the estimated ORs (95% Cls) of the significant SNPs stratified by the main nongenetic risk factors for
HCC, including alcohol drinking, type 2 diabetes mellitus, cigarette smoking, and HCV infection. Abbreviation: SNP, single-nucleotide polymorphism.

variants, and 4 SNPs were within the human leukocyte
antigen DQ beta 1(HLA-DQB1) locus. The top associ-
ation of HLA-DQB1 is rs9275224 (Table 2). In a
sensitivity analysis of genetic factors in known HCV-

negative cases compared to HCV-controls (Supple-
mental Table S7, http://links.lww.com/HEP/I302), the
results show consistent results compared to including
all controls.
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FIGURE 4 Integrative multi-omnics annotation analysis: (A) Plot
for epigenetic annotation values. Instead of plotting raw values, for
example, H3K27ac peaks, we showed the percentiles of scores of
each attribute when ranked against findings across the entire genome.
A higher percentile indicates a more functional value. The large red
circle is an epigenetic PC that integrates all epigenetic annotation
values, including some that were not plotted. (B) Plot for evolutionary
conservation annotations. These annotations use data from many
different organisms to describe whether certain genetic sequences are
conserved through many evolutionary processes. More conserved
sequences are believed to carry more functional importance. For
instance, the mamPhCons annotation shows the level of conservation
in mammals according to the phastCons algorithm. The large red
circle is a PC (conservation PC) that integrates all conservation
annotation values, including some not shown. We can see that
rs58542926 is highly prioritized by these conservation annotations.
Abbreviation: PC, principal component.

We estimated the SNP-heritability on the liability
scale of HCC from discovery data with the use of
genome-wide complex trait analysis-genome-based
restricted maximum likelihood.33 Assuming a lifetime
risk of 1% for HCC, the heritability was estimated to be
0.221 + 0.039. Partitioning the heritability around the 5
genome-wide significant regions, using the sentinel
SNP +200 kilobases to define regions, indicated the
known heritability values were 0.038 + 0.008 for the
regional heritability and 0.183 + 0.039 for the remain-
der of the genome. Array heritability estimates for
overall heritability in HCV-negative and HCV-positive
HCC were similar, yielding estimates respectively of
0.258 + 0.05 and 0.298 + 0.067. For overall HCC,
HCV-negative and HCV-positive HCC, 17.1%, 19.7%,
and 5.9%, respectively, of the genome-wide heritability

was explained by the regions around the SNPs that
reach genome-wide significance.

Using data from the meta-analysis shown in Table 1,
the population attributable fraction per loci were
PNPLA3, 0.13; TERT, 0.26; TM6SF2, 0.04; HLA,
0.11; and MOBP, 0.03 (Supplemental Table S8, http://
links.lww.com/HEP/1302, Supplemental Methods, http://
links.lww.com/HEP/1303). For the combined population
attributable fraction, we estimated that 46% of attribut-
able risk for HCC may be removed if modulation of the
effects from these loci becomes possible.

Using a colocalization tool, coloc (colocalization
posterior probability, PPH, > 0.8),3% we identified 1 or
more colocalized genes for all but one GWAS loci in at
least 1 tissue type (Supplemental Table S9, http:/links.
lww.com/HEP/1302). A total of 5 candidate genes were
identified by eQTL and 13 candidate genes by sQTL
colocalization. From the locus on chromosome 22,
PNPLA3 sQTL signals from liver tissue displayed
colocalization (PPH; = 0.86). For the locus at
19913.11, MAU2 (PPH, = 0.84; whole blood) and ATP
13A1 (PPH; = 0.90; adipose) exhibited the strongest
colocalization based on eQTL (Supplemental Figure S4,
http:/links.ww.com/HEP/I302). For the HCV-positive
locus on chromosome 6, e/sQTL colocalization identified
multiple genes, including HLA genes (HLA-DQB1/2 sQTL,;
PPH,; = 0.98; lymphocytes).

We also performed CART analysis among the most
significant 5 SNPs to identify any higher-order genetic
interactions influencing disease risk (Supplemental
Figure S5, http://links.lww.com/HEP/I1302, Supplemen-
tal Tables 10-11, http://links.lww.com/HEP/I302). This
analysis identified a subset of individuals at-risk who
have the genetic combination of the minor variant
homozygote of PNPLA3 and homozygote common
variant of TERT showing a 4.12-fold increased risk of
developing HCC (95% CIl=3.18-5.33) compared with
those who have only the homozygote of PNPLAS.
Results were similar after adjusting for known cova-
riates (Supplemental Table S12, http:/links.lww.com/
HEP/1302). The risk from this joint genotype was 6.49
(95% Cl1=4.78-8.80) and 4.56 (95% Cl=3.16-6.58) for
nonviral-related HCC, before covariate adjustment and
after adjusting for age, gender, alcohol drinking, and
type 2 diabetes mellitus status.

We conducted integrative multi-omics annotation
analysis to explore the functional significance of the
top 10 hits (Supplemental Tables S13-14, http://links.
lww.com/HEP/I1302). A selection of annotation values is
plotted in Figure 4. Specifically, Figure 4A shows
epigenetic annotation values known to predict
regulatory function. We can see that the selected
variants generally show above-average evidence of
epigenetic functionality. Figure 4B shows evolutionary
conservation annotations. These annotations use data
from many different organisms to describe whether
certain genetic sequences are conserved through many
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evolutionary processes. We can see that rs58542926 is
highly prioritized by these conservation annotations.

DISCUSSION

This large GWAS is the first to highlight novel genetic
susceptibility to nonviral HCC among EDP from North
America. We specifically demonstrated substantial
heritability in nonviral HCC. The strongest hit was a
previously established functional variant, rs738409
(1148M), of PNPLAS.

PNPLA3 mRNA is expressed in the liver and the
adipose tissue.l38! Its expression is positively correlated
with body mass index and carbohydrate intake.[39:40]
The function of the PNPLA3 gene has not been well
described, but it has been reported to have lipase-like
activity to promote triglyceride hydrolysis in the liver.[4!]
In addition to its lipase activity, PNPLA3 may be
involved in fatty acid transfer to monoacylglycerol or
diacylglycerol.#2 The direct role of PNPLA3 in cancer
development has not been examined, yet its associa-
tion with chronic fatty liver disorders and cirrhosis may
indirectly explain its role in HCC development.

The second top hit is the rs58542926 (E167K) variant
of the gene encoding TM6SF2, which has a relatively low
minor allele frequency. Our results showed that the
frequency of the effect allele in our controls was
consistent with the global allele frequency of 0.07.43
Previous studies suggested that the variant might
regulate liver transcript and protein expression in an
allele-specific manner in animals and humans.?! Results
from previous meta-analyses!*344 supported our findings
for the positive association between this missense
variant and HCC. TM6SF2 is a key regulator of liver fat
metabolism, influencing serum levels of total cholesterol,
LDL cholesterol, and triglyceride and might modulate
hepatic fat accumulation.*3! It has been suggested that
the rs58542926 (E167K) variant might influence the cell
cycle in HCC HEPA1-6 cells through cyclin D1 and P53
upregulation and P27 downregulation.“4 Moreover, this
variant may promote the inflammatory response and
provoke cell injury observed in HCC .44

TERT variants have been associated with risk of
various types of human cancers. The A allele of SNP
rs2242652, which confers increased TERT expression,
has been associated with reduced risk of HCC in the
Chinese Han population® and alcohol-induced HCC
among Europeans.l24 These results highlight the impor-
tance of telomere function for liver cancer development.

The significance of rs738409, rs58542926, and
rs2242652 variants of PNPLA3, TM6SF2, and TERT,
respectively, was consistent with the recently published
European alcohol-associated HCC GWASs.[23.24.46] |n
addition, our study highlights 2 novel variants of MAU2
and MOBP for the susceptibility on nonviral HCC, which
were not previously reported.

The MAU2 variant is a novel HCC susceptibility
locus identified in this study, and eQTL colocalization
identified MAU2 as a candidate susceptibility gene in
this locus. Variants in MAUZ2 have been associated with
lipid traits,#7! and this gene is known for its function in
cohesin binding to chromatin, sister chromatid cohe-
sion, and mitotic progression. Thus, it is possible that
MAU2 may contribute to HCC development through
mechanisms of increased chromosome instability and
lipid metabolism. Our findings highlight the role of fatty
liver pathways in HCC development in the absence of
HCV and HBV.

The second novel finding for HCC susceptibility is the
MOBP variant. Although the MOBP function has not
been well elucidated, its MOBP expression is altered in
the brain of patients with alcoholism who tend to
experience alcohol-induced brain atrophy,“8 which
may implicate a role of MOBP in the maintenance and
integrity of myelin sheath. The observed protected
effect of rs39600177 was independent of alcohol
consumption by conditional analysis (Supplemental
Methods, http://links.lww.com/HEP/I303). Meanwhile,
MOBP has been suggested to play a role in lipid
transport and cholesterol metabolism. 9

Genetic susceptibility of the immune response is a
possible pathway for HCC development among HCV-
related HCC. This is exemplified by the association
between HCV-positive HCC and our novel finding of
association with the HLA-DQB7 variant. Moreover,
sQTL colocalization in lymphocytes supported this gene
and other HLA genes in this locus. Multiple studies have
reported a significant association of HLA-DQB1 alleles
with HCV spontaneous clearance and persistence in
patients with chronic HCV infection.[5% A previous study
found that HLA-DQB1 was independently associated
with HCC, and HCV genotypes modified the effects of
HLA-DQB1 on the risk of HCC.22l Further studies are
needed to refine these estimates and to evaluate the
role of specific HLA alleles on HCC risk, especially in
the presence of HCV.

Since the effect of genetic variations of the validated
genes on HCC risk is possibly mediated through fatty
liver infiltration, fatty liver disease is considered an
intermediate factor in the HCC carcinogenic pathway.
Once steatosis has developed in genetically susceptible
patients, lipid peroxidation, inflammation, and generated
free oxygen radicals may play a central role in
pathological progression of steatosis to steatohepatitis,
during which the initiation phase of the HCC mechanism
may take place. The balance between apoptotic and
anti-apoptotic factors and the disturbance in the growth
factors may facilitate oval cell proliferation and the
promotion phase of hepatocarcinogenesis. Adjustment
for the maijor etiological factors related to fatty liver
disease did not change our findings, indicating the
additional value of considering these genetic factors for
risk analyses of HCC.
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The heritability of HCC (> 20%) is similar to the
heritability of other gastrointestinal cancers like colon
and pancreatic cancer.’'! Because the estimated
heritability is substantial, genetic studies are likely to
continue to provide insights into the pathways that
contribute to increased risk for developing HCC.
Moreover, the CART analysis identified a subset of
individuals with the combination of homozygous var-
iants of PNPLA3 and TERT, showing a 6.5-fold higher
risk for nonviral-related HCC compared to individuals
lacking these genotypes. This observation suggests
that gene-gene interactions may identify individuals at
elevated risk for developing HCC.

Our study has some limitations. First is the lack of
information about HCV treatment among HCV-related
HCC cases and HCV-positive controls. All cases and
controls were enrolled prior to the initiation of the current
curative direct-acting-antiviral treatment of HCV. It is
possible that some participants had been exposed to a
single or combination of interferon-based treatments that
has a lower response rate. Nevertheless, this may lead to
an equal misclassification (nondifferential) of HCV
treatment exposure with toward the null bias. Despite
this possible null bias, we still observed very significant
associations between HLA-DQB1, rs9275224 and HCV-
related HCC. In addition, both cases and controls were
matched by cirrhosis. There is no evidence that SNP
HLA-DQB1, rs9275224, is a significant predictor for HCV
treatment response. Therefore, we do not believe that
prior HCV treatment is a substantial confounding factor in
this study.

The second limitation is missing HCV testing in some
of the healthy controls. Serological markers for HBV
and HCV were only available for 6% of the healthy
controls. According to the NHANES report, the highest
HCV prevalence among the white US population was
0.9% in subjects aged 50 years or older, and the highest
HBV prevalence among this group was 0.05%.2¢! Given
that the mean age of the controls in our study was
60 years, we estimated that only 36 healthy controls
may have been HCV-positive but were coded as HCV-
negative during analysis. Such a small number of HCV-
positive controls would not have a meaningful impact on
the estimated final ORs in this large study. In sensitivity
analyses, the estimates of the ORs from the study
comparing known HCV-negative cases to all controls
were consistent with findings restricted to those
participants known to be HCV-negative. Finally, the
lack of functional characterization of our top variants
may limit the generalization of our results, but functional
annotation indicates that all of the most significant
variants are likely to be influenced by epigenetic
remodeling.

To the best of our knowledge, this is the largest HCC
GWAS in EDP from North America with stratified
analyses by HCV with the addition of CART, condi-
tional, and colocalization analyses. A recently published

US GWAS did not detect the significance of the
above genetic variants reported by this GWAS and the
European GWASSs. As suggested by the authors, this
may be explained by the study limitations, including a
small sample size, the multiethnic population, and the
use of smaller microarray chips. On the other hand,
there are inherent differences in etiology, genetics, and
clinical outcome between HCC from Eastern and
Western populations.®2 Accordingly, we did not antici-
pate similar results between our GWAS and the Asian
GWASs.['519] Further studies are warranted to identify
common genetic predisposition factors that contribute to
susceptibility to HCC development in minorities, in
whom the incidence of HCC and the prevalence of
metabolic syndrome are higher than in EDP. Additional
GWASs on HCC are needed to confirm our findings
and to allow further gene-environment and gene-gene
interaction analyses to assess previously reported
variants in association with HCC, for example, hydrox-
ysteroid 17-beta dehydrogenase 13 variant (rs72613567
or rs6834314) in alcohol-associated HCC.[53-56 Sypple-
mental Table S15, http://links.lww.com/HEP/1302 shows
that rs6834314 is protective for this variant, yielding an
overall OR of 0.87 per allele (p = 0.0006) for HCC
carriers per allele, but fails to reach genome-wide
significance. This OR was similar to the value of 0.85
previously found in meta-analysis across several studies
for cirrhosis.['%1 Confirmation of our findings may lead to
novel strategies to identify high-risk individuals for HCC,
especially among patients with fatty liver diseases, for
whom we have already identified several loci that
substantially contribute to the risk for HCC.
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