HLA-DP Loci Associated with HBV Infection in China

Table 3. Associations of two SNPs (rs2395309, rs9277535) with HBV infection and clearance in Han Chinese populations.

South of china North of china

HLA-DPBT (rs2395309)- dominant model (AA+AGvsGG)

P value OR (95%Cl) Reference 0.57 (0.47,0.70) Reference 0.50 (0.35,0.71)

P value OR (95%(Cl) Reference 131 (1.17,1.45) Reference 0.021 1.20 (1.03,1.40)

AA/AG/GG 80/277/216" 177/830/1195* 97/203/80° 118/287/206

AA/AG/GG 177/830/1195% 67/251/208" 118/287/206*

67/165/75"

Healthy control group.

"HBV clearance group.

*HBV infection groups, including Asymptomatic HBV carriers, Chronic active hepatitis B group, HBV-related liver cirrhosis group, HBV-related heptocellular carcinoma
group.

The P values, odds ratios (OR), and 95% confidence intervals (Cl) were calculated on the basis of the binary logistic regression analysis, adjusted for sex and age.
doi:10.1371/journal.pone.0024221.t003

HBV-related liver cirrhosis group (OR=1.11; 95% CI : 0.82, OR=1.29; 95% CI : 0.81, 2.06; P=0.286 at rs9277535, in
1.52; P=0.499 at rs2395309; OR =1.24; 95% CI : 0.92, 1.67; northern Chinese population) and HBV-related heptocellular
P=0.163 at rs9277535, in southern Chinese population; carcinoma group(OR =0.85; 95% CI : 0.63, 1.16; P=0.305 at
OR=0.74; 95% CI : 048, 1.16; P=0.189 at rs2395309; rs2395309; OR=0.98; 95% CI : 0.73, 1.31; P=0.881 at

Table 4. Results of the association test for two SNPs(rs2395309,rs9277535) haplotypes in Han Chinese populations.

South of china

A-A 247(22.3) 205(17.0) 227(16.8) 238(16.0) 122(16.2) 92(14.5)

B :
140(10.4) 143(9.6) 95(12.6) 78(12.4)

173(15.6) 177(19.5)

Reference

Reference

North of china

200(31.5) 118(28.0) 103(27.3) 71(23.6) 21(20.5)

P value" Reference

P value™ Reference 0.054 0.021 0.007 0.005

"Two SNPs haplotypes G-G, A-A in Health group compared with those in HBV infection groups. .

"Two SNPs haplotypes G-G, A-A in HBV infection groups compared with those in Clearance group.

The P values, odds ratios (OR), and 95% confidence intervals (Cl) were calculated by Pearson Chi-Square test.

Abbreviations: Clear, HBV clearance group; Health, Healthy control group; AsC, Asymptomatic HBV carriers group; CHB, Chronic active hepatitis B group; LC,HBV-related
liver cirrhosis group; HCC, HBV-related heptocellular carcinoma group; OR, odds ratio; Cl, confidence interval.

doi:10.1371/journal.pone.0024221.t004
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Figure 1. Meta-analasis of the rs9277535 and rs2395309. The meta-analysis combined with the results of previous studies, including more
than 2,243 cases and 4,137 controls. Each effect size is shown with its confidence interval. Abbreviations: p, P heterogeneity value; OR, odds ratios;

95%Cl, 95% confidence interval.
doi:10.1371/journal.pone.0024221.g001

rs9277535, in southern Chinese population; OR =0.56; 95% CI :
0.28, 1.11; P=0.097 at rs2395309; OR =0.84; 95% CI : 0.42,
1.68; P=0.615 at rs9277535, in northern Chinese population),
compared with agymptomatic HBV group(Table S5.).

Associations of the HLA-DP loci polymorphisms with
clinical factors

In order to analyze the associations between two SNPs and
clinical factors (HBV-DNA load, ALT and TB), we used the
independent-sample Kolmogorov-Smirnov t test in CHB group,
LC group and HCC group. Although the GG patients have a
higher mean on the HBV-DNA load, no significant difference was
found between patients of different genotypes (see Fig. S1). In the
analysis of ALT, the associations between two SNPs and the ALT
level only be found in HBV-related liver cirrhosis group (£=0.002
at rs2395309; P=0.009 at rs9277535), rather than in other
groups. Meanwhile, for the associations of the TB level, there was
no difference between GG patients and AG+AA patients (7>0.05
in each group). )

Results of the Haplotype analysis and Meta-analysis

To further understand the contributions of these loci to HBV
susceptibility, two-locus haplotypes were constructed for two SNPs
rs2395309 and rs9277535 (Table 4.). Pairwise linkage disequilib-
rium (LD) analyses performed using all individuals from the health
group showed that rs2395309 and rs9277535 SNPs were in LD
with each other (D'=0.57, r*=0.23 in southern Chinese
population; D’ =0.58, r=0.20 in northern Chinese population).
In trying to derive HBV infection-specific haplotypes, the
haplotype frequencies of two SNPs (rs2395309 and rs9277535)
were evaluated in both Chinese populations. Four haplotypes were
observed, and among them three haplotypes had frequencies more
than 5% (Table 4.). Compared with protective A-A haplotype

@ PLoS ONE | www.plosone.org

homozygotes, only G-G haplotype homozygotes had a significant
increased risk for HBV infection (P value and odds ratios were
shown in Table 4). Then, we summarized a meta-analysis
combined with the results of related studies [12,17], including
more than 2,243 cases and 4,137 controls. As shown in Figure 1
and Table S6, these odds ratios were quite similar among the three
ethnic groups (Japanese, Thais and Chinese) and no heterogeneity
was observed (P het=0.673 at rs2395309; P het=0.882 at rs
9577535).

Discussion

In this analysis, we confirmed that two SNPs sites (rs2395309
and 1rs9277535) in the HLA-DPAI and HLA-DPBI genes were
significantly associated with HBV infection in southern and
northern Han Chinese populations. Again, our haplotype analysis
showed the frequency of G-G haplotype had a significant increase
in the HBV infected populations, as compared with the healthy
control group or HBV clearance group. As a result, we inferred
that these persons with G-G haplotype have a higher risk of HBV
infection than those persons with A-A haplotype. Meanwhile, the
A-A haplotype could be strongly predictive for HBV clearance in
HBV infection populations. Although our manuscript suggested
that the genotype distributions of both sites (rs2395309 and
rs9277535) were different between southern and northern Chinese
population, the frequencies of two protective alleles A in Chinese
populations were also similar to those in Asian populations,
compared with European and Central American populations (data
from public databases, HapMap). The results of the genetic
association in our study were consistent with the previous study
[12]. Hence, we could confirm that the polymorphisms of HLA-
DPAI and HLA-DPBI gene play a very important role in chronic
hepatitis B virus infection in southern and northern Han Chinese
populations.

August 2011 | Volume 6 | Issue 8 | 24221



It has been well documented that men are more likely than
women to be infected with HBV and develop liver cirrhosis and
hepatocellular carcinoma [18,19]. The reasons for the gender
distinction between HBV populations and health populations are
complex, including occupation, alcohol drinking, tobacco smok-
ing, family history of HBV infection and so on. Some previous
reports suggested that sex hormones might interact with HBV in
the infection process and lead to a dominant sex disparity in HBV
populations. Naugler et al. [20] found that estrogen-mediated
inhibition of interleukin-6 production by Kupffer cells reduced the
risk of liver cancer in females. Wang et al. [21] study demonstrated
that the androgen pathway could increase the transcription of
HBYV through direct binding to the androgen-responsive element
sites in viral enhancer. Consequently, to decrease the bias of sex in
population sampling, we further conducted the stratified analysis
for sex. Although we found that male and female northern

Chinese showed a different susceptibility to HBV infection, it only-

had 25% and 21% statistical power to detect these ORs of 0.73
and 0.74, which may lead to the false-negative results of rs2395309
and rs9277535 in northern female Chinese. The small sample for
female HBV patients in this study might be the major reason for
the non-significant associations in female Chinese. Hence, we only
concluded that the genetic variants of HLA-DPAI and HLA-DPBI
loci differ slightly between male and female Chinese, and the
reasons why there is different between male and female for HBV
infection need to be further studied.

And indeed, by consulting previous studies [22,23], we found
that there are different distributions in some HLA alleles among
Han Chinese populations. For instance, HLA-DRBI*0301 [8], a
risk-allele with respect to chronic HBV infection in Han Chinese,
markedly has higher frequency in southern Han Chinese
population than those in northern Han Chinese population. Since
the frequency distribution of HLA-DP alleles were barely reported
in China, it could be inferred only indirectly that there were also
different distributions at HLA-DP alleles between two Han Chinese
populations. And, it was the difference that led to the distinct
- distributions of both SNPs (rs9277535 and rs2395309) between
southern and northern Han Chinese population. Nevertheless, this
explanations why the distributions of the HLA alleles (or SNPs)
differed between Han Chinese populations were complicated, such
as evolution and migration history of the Chinese population
[24,25,26], MHC-based mate choice [27], pathogen-driven
selection at HLA alleles [28,29] and so on. Taking into account
the different distributions of HBV genotypes [30] and HBV carrier
rate [31] in China, as well as recent studies [12,17] and our results,
we deduced that the mechanism of pathogen-driven selection
(HBV and/or other pathogens) might be the leading cause of the
different distributions at HLA-DP alleles between two Han Chinese
populations.

Moreover, after infection with hepatitis B virus (HBV), the host’s
inflammatory immune response induces hepatocellular damage and
is followed by the pathogenesis of liver cirrhosis and cancer [32].
Liver cancer arises most frequently in the setting of chronic liver
inflammation [33]. Considering the function of HLA-DP molecules,
HBYV antigen presentation on //LA-DPmolecules may be critical for
virus elimination and has an important role in the progression of
hepatitis B [34]. Therefore, we further analysed the possible
association between the polymorphisms in HLA-DP gene and the
disease progression of chronic hepatitis B. Unfortunately, compared
with asymptomatic HBV carrier, there were no associations in
chronic active hepatitis B group, HBV-related liver cirrhosis group
and HBV-related hepatocellular carcinoma group. Although
chronic HBV infection is the most important cause of HCC
worldwide and contributes to at least 70% of cases of HCC in Asian-
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Africa [35], only a tiny fraction of chronic HBV carriers develop
HCC in their lifetime [36]. It is suggested that the risk of HCC is
caused by a complex interplay between multiple genetic and
environmental factors. Recently, Zhang et al. have conducted the
first liver GWAS for HCC in Chinese ancestry and identified a
single susceptibility locus in the UBE4B-KIF1B-PGD region on
1p36.22 [37]. Since the region involve in these aspects of vesicles
transport, cell apoptosis, DNA repair, and other intracellular
pathways, it seems likely that different genes play disparate roles in
HBV infection and HBV progression. For example, immune
pathway (HLA-DP or other genes) is the primary cause of HBV
infection, but intracellular pathway (Ubiquitin or other pathways) is
the major reason of HBV progression. Thus, by combining our
results with the aforementioned discussion, we inferred that the
polymorphisms in HLA-DPAI and HLA-DPBI gene influence the
infection of HBV in Chinese populations, rather than the
progression of HBV disease. . i

Since the early 1970s [38], classical human leukocyte antigen
loci have stood out as the leading candidates for infectious disease
susceptibility. The classical HLA4 loci are the class I (HL4-4, -B, -C,
-E, -F, and -G) and class 1I (HLA-DR, -DQ, -DM, and -DP)
molecules. HLA class II molecules are the central part in the
immune system by presenting peptides to the antigen receptor of
CD4+ T cells [39]. Antigen presentation is not only crucial for the
regulation of protective immune responses against invading
pathogens, but also necessary for the maintenance of self-
tolerance. It is therefore perhaps not surprising to find that the
human MHC class II gene region holds the largest number, and
some of the longest recognised, associations with a autoimmune,
inflammatory and infectious diseases [40,41]. Although HLA-DPs
have a structure similar to other classical HLA4 class II molecules,
HLA-DP molecule roles in the immune response have not been
well characterized until now. In a previous study, Hirayama et al.
[42] indicated that the HLA class Il genes for the HLA-DR-DQ
alleles were associated with protection against early changes in
liver fibrosis, whereas HLA-DP alleles were associated with
protection from the late phase of schistosomal hepatic fibrosis.
Owing to lack of replication of the previously report, more studies
are essential to provide conclusive genetic and functional evidence
to support a role for HLA-DP in HBV disease susceptibility.

In summary, in this multicenter case-control study, we have
confirmed that the G alleles of two SNPs sties in the HLA-DPAI
and HLA-DPBI were significantly associated with hepatitis B virus
(HBV) infection in Han Chinese populations, and both A alleles
(rs2395309 and rs9277535) also showed a strong protective effect
for HBV clearance. Furthermore, we found that the genotype
distributions of both sites (rs2395309 and rs9277535) were clearly
different between southern and northern Han Chinese population.
By using asymptomatic HBV carrier as control group, our study
showed that there were no associations of HLA-DP variants
(rs2395309 and 1rs9277535) with HBV progression. Although
HBV disease is not determined solely by genetic factors, the
experimental results offer the foundation for further study of
genetic variations in the HLA-DPAI and HLA-DPBI for the
prevention and therapy of chronic HBV infection.

Supporting Information

Figure S1 Associations of these two SNPs (rs2395309,
rs9277535) genotypes with HBV DNA levels. P values of
independent-sample Kolmogorov-Smirnov t test for dominant
model (AA+AG vs GG). Abbreviations:SNPs, single nucleotide
polymorphisms.

(TIF)
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Table S1 Diagnosis criteria for Healthy control group
(Health), HBV clearance group (Clear), Asymptomatic
chronic HBV carriers group (AsC), Chronic active
hepatitis B group (CHB), HBV-related liver cirrhosis
group (LC) and HBV-related heptocellular carcinoma
group (HCC).

DOC)

Table S2 TaqMan probes and Primers for two SNPs
(rs2395309 and rs9277535).
DOC)

Table 83 The stratified analysis of gender between two
SNPs (rs2395309, rs9277535) genotypes and different
populations. Male and female patients showed different
genotype distributions in these two SNPs (rs2395309 and
rs9277535), specially in the northern Chinese population. The P
values, odds ratios (OR), and 95% confidence intervals (CI) were
calculated on the basis of the binary logistic regression analysis,
adjusted for age.

DOC) ,

Table S4 The stratified analysis of age between two
. SNPs (rs2395309, rs9277535) genotypes in south Chinese
population and north Chinese population. Most cases were
no significant difference in genotype distributions of two SINPs sites
between patients with age=45 years and patients with age>45
years. The P values, odds ratios (OR), and 95% confidence
mtervals (CI) were calculated on the basis of the binary logistic
regression analysis, adjusted for sex.
(DOC)
Table S5 Associations of two SNPs (rs2395309,
rs9277535) with HBV progression in Han Chinese
populations. Compared with asymptomatic HBV group, those
two sites (rs2395309 and rs9277535) in HLA-DPAl or HLA-
DPBI gene had no associations with the chronic active hepatitis B,
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Genome-wide association study identifies a susceptibility
locus for HCV-induced hepatocellular carcinoma

Vinod Kumar!-2, Naoya Kato?, Yuji Urabe!, Atsushi Takahashi?, Ryosuke Muroyama®, Naoya Hosono?,

2

Motoyuki Otsuka?, Ryosuke Tateishi%, Masao Omata*, Hidewaki Nakagawa?, Kazuhiko Koike?,
Naoyuki Kamatani?, Michiaki Kubo?, Yusuke Nakamural-? & Koichi Matsuda'

To identify the genetic susceptibility factor(s) for hepatitis C
virus-induced hepatocellular carcinoma (HCV-induced HCC),
we conducted a genome-wide association study using 432,703
autosomal SNPs in 721 individuals with HCV-induced HCC
(cases) and 2,890 HCV-negative controls of Japanese origin.
Eight SNPs that showed possible association (P <1 x 105

in the genome-wide association study were further genotyped
in 673 cases and 2,596 controls. We found a previously
unidentified locus in the 5’ flanking region of MICA on
6p21.33 (152596542, P mpined = 4.21 x 10713, odds ratio =
1.39) to be strongly associated with HCV-induced HCC.
Subsequent analyses using individuals with chronic hepatitis C
(CHCQ) indicated that this SNP is not associated with CHC
susceptibility (P = 0.61) but is significantly associated with
progression from CHC to HCC (P = 3.13 x 1078). We also
found that the risk allele of rs2596542 was associated with
lower soluble MICA protein levels in individuals with
HCV-induced HCC (P = 1.38 x 10713).

It is estimated that more than 170 million people are infected with
HCV worldwide!. Persistent HCV infection causes CHC and, subse-
quently, fatal liver diseases such as liver cirrhosis and HCC. Therefore,
the treatment of HCV carriers is an issue of global importance. HCC
is the third most common cause of cancer-related deaths?, and HCV
infection accounts for 30-70% of the individuals with HCC>*.
HCV-induced HCC is a multistep and progressive liver disease in
which disease progression may be influenced by both environmental
and genetic risk factors. The impact of host genetic variation on pro-
gression to CHC after HCV exposure is well documented by recent
genome-wide association studies (GWAS)>~7. However, no compre-
hensive analyses have been performed to explore the genetic basis
of HCV-induced HCC. Therefore, we conducted a GWAS for HCV-
induced HCC.

We genotyped the DNA of 721 individuals with HCV-induced
HCC and 2,890 HCV-negative controls (Supplementary Table 1)
from BioBank Japan®. After the initial standard SNP quality filters,

we obtained genotyping results for 432,703 SNPs for association
analysis. Because progression from CHC to liver cancer is strongly
affected by age and gender?, we performed a logistic regression ana-
lysis by including age and gender as covariates at all tested loci in our
analyses. The genetic inflation factor (A) was 1.03, indicating that
there is no or little population stratification (Supplementary Fig. 1).
Although no SNPs cleared the GWAS significance threshold (P <5 x
1078) at this stage, we identified eight independent loci showing pos-
sible association (P < 1 x 107°; Supplementary Fig. 2).

In the replication stage, 673 cases from an independent HCC cohort
from the University of Tokyo and 2,596 HCV-negative controls from
BioBank Japan were genotyped at these eight SNPs. We observed a
significant replication of association at rs2596542 on chromosome
6p21.33 (P = 8.62 x 1079, odds ratio (OR) = 1.44, 95% confidence
interval (CI) 1.27-1.63; Table 1), whereas the remaining seven
SNPs failed to replicate the association (Supplementary Table 2).
Furthermore, the combination analysis of the GWAS and replication
study data at rs2596542 revealed a highly significant association in
which the frequency of the risk allele A is higher in cases (P = 4.21 x
10713, OR = 1.39; Fig. 1 and Table 1) after the age and gender adjust-
ment, without any heterogeneity (P = 0.24) between the two stages. To
further investigate the impact of rs2596542 on the complex nature of
the HCV-induced HCC phenotype, we genotyped 1,730 individuals
with CHC who had not developed liver cirrhosis or HCC during their
recruitment. As a result, rs2596542 was found to have no association
with chronic hepatitis C susceptibility (P = 0.61) but was significantly
associated with progression from CHC to HCC (P = 3.13 x 1078,
OR = 1.36; Table 2).

Because heavy alcohol consumption (>50 g per day) as well as poor
response to interferon (IFN) treatment were shown to be the major
risk factors for HCC among individuals with CHC®, we evaluated
the effect of alcohol consumption as a confounding factor and found
that rs2596542 remained highly significant even after adjustment for
this factor (non-HCV versus HCC, OR = 1.39, P=1.22 x 10~1}; CHC
versus HCC, OR = 1.25, P = 2.31 x 10™% Supplementary Table 3).
The major genotypes of HCV can be determined by a serotyping
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Table 1 Association results of rs2596542 in the GWAS, replication stage and combined

was not in high LD with 1s9275572 (D" = 0.41,

analysis % =0.16), and both SNPs remained associated
SNP Chr. (locus) Stage Case RAF Control RAF P OR (95% Cl) with HCC even after conditional analysis on
rs2596542 (A/G) 6 (MICA)  GWAS? 0.388 0.331 450x 10" 1.34(1.16-1.53) each other and had small reductions in their
Replication®  0.413 0.331 8.62x 107° 1.44(1.27-1.63) ORs upon conditioned analysis (OR = 1.23,
Combined? 0.400 0.331 421 x10°13 1.39(1.27-1.52) P=443x10%and OR = 1.17, P = 0.00059,

MH test

7.76 x 10712 1.35(1.24-1.47)

respectively; Supplementary Table 6).

We analyzed 1,394 cases with HCC (721 in the GWAS and 673 in the replication) and 5,486 controls (2,890 in
GWAS and 2,596 in replication). Chr., chromosome; RAF, risk allele frequency (allele A); OR, odds ratio for the minor

allele calculated by considering the major allele as a reference; MH, Mantel-Haenszel.

2P values and ORs are adjusted for age and gender by logistic regression analysis under an additive model.

assay that is based on the type-specific antibodies produced by the
infected host!®, A subgroup analysis for HCV serotypes or history
of IFN therapy indicated that this variation is associated with HCC
susceptibility independently of HCV genotypes or treatment response
(Supplementary Fig. 3). Consistent with this result, rs1051796, which
had r? = 0.7 and D’ = 0.95 with rs2596542, was not associated with
IFN response (P = 0.89) according to previously published data in the
Japanese population!l.

1s2596542 is located within the class I major histocompatibility
complex (MHC) region. The human MHC region encompasses the
complex and extended linkage disequilibrium (LD) structure!?13,
Several HLA alleles and genes within MHC region have been impli-
cated in HCV infection or clearance or in response to treatment!4-16,
Therefore, we searched the whole 7.5-Mb extended MHC region using
GWAS data to test the possibility of other associated loci. We found
a moderate association peak at rs9275572 (P = 4.99 x 107°), which
is located between HLA-DQA and HLA-DQB loci (Supplementary
Fig. 4). Subsequent replication and combination analyses at rs9275572
indicated a significant association with HCV-induced HCC (P = 9.38 x
107%, OR = 1.30; Supplementary Table 4). The multiple logistic
regression analysis to control for alcohol consumption along with age
and gender also indicated a significant association at rs9275572 (P =
3.21 x 1078, OR = 1.29; Supplementary Table 5). However, rs2596542

152596542 - 100
@

(anyno) 1B uopeUIqWosY

DDR1+w  HCG22-» TCF“IQ—- -HLA-C MIC'A - MKE.E - Ali:‘1 - o-LY‘BGb‘E HSPA.1B -

GTF2H4  -CBort15  HLA-B HCP5-s  LTA-w APOM v CGorf26-s

VARS2 PSORSICT e HCG26-s TNF > « BATZ < C6orf27

- SFTAZ «CDSN MCCDTw BAT2—w w-DDAHZ CEorfifs

v 0 :

DPCRT > - PSORSTC2 wBATI  «BAT3 MSHS-w - NEUT
4 T - - P& v
MUC2Tm «CCHCR1 «-SNORD117 LYSG5B = w-VARS

~-POUSF1 «-SNORDB4 - LYSGSC «-LSM2
«PSORS1C3 «-ATPGVIG2  w BATS aHSPAIL
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31.0 31.2 31.4 316 31.8

Figure 1 Regional association plot at rs2596542. Above, the Pvalues

of genotyped SNPs are plotted (as —log; values) against their physical
position on chromosome 6 (NCBI Build 36). The Pvalue for rs2596542
at the GWAS stage, replication stage and combination analysis is
represented by a purple diamond, circle and diamond, respectively.
Estimated recombination rates from the HapMap JPT population show the
local LD structure. Inset, the SNP’s colors indicate LD with rs2596542
according to a scale from /2 = O to 2 = 1 based on pairwise r? values from
HapMap JPT. Below, gene annotations from the UCSC genome browser.

A haplotype analysis between these two
markers showed four possible haplotypes,
with haplotype AA showing higher risk (with
OR = 1.44) compared to the major haplo-
type GG (Supplementary Table 7). However, the OR for the risk
haplotype was 1.32 with P = 2.31 x 10710 after comparing against
all observed haplotypes in the population (Supplementary Table 7),
which is weaker than that of rs2596542 alone (OR = 1.39, P = 4.21 x
10713). Hence, the impact of 152596542 is much stronger than the
haplotype of two SNPs, suggesting that rs2596542 is a principal
genetic factor in this region. We also found that rs9275572 has a
moderate association with CHC susceptibility as well as progression
from CHC to HCC (P =0.03 and P=2.58 x 107>, OR = 1.09 and OR =
1.29, respectively; Supplementary Table 8). Because HLA-DQ and
HLA-DR alleles were shown to be associated with viral persistence and
early liver disease among Japanese individuals'®, further study will be
needed to confirm whether the association at rs9275572 is because of
its LD with HLA-DQ or DR alleles.

In this regard, it is interesting to note that rs9275572 had a very
strong expression quantitative trait locus effect on HLA-DQBI (log,,
odds (LOD) > 19.48) and HLA-DRB4 alleles (LOD > 26.88)!7. Thus,
it will be important to test the functional effect of the common haplo-
type (AA; Supplementary Table 7), which tags the risk alleles at these
two SNPs,

Two SNPs, 1512979860 and rs8099917, at the IL28B locus were
reported to be associated with spontaneous clearance of HCV virus!®
and response to pegylated IFN-ot and ribavirin therapy!?, respectively.
However, we found no association at rs12979860 and rs8099917 in
our dataset (Supplementary Table 9). Because we used non-HCV
control subjects rather than subjects who had cleared HCV infection
spontaneously, and because only about 20% of the cases with HCC
had been treated with IFN, our study may not be suitable to detect
associations at the IL28B locus. In addition, the protective C allele .
at rs12979860 is nearly fixed throughout east Asia, with a frequency
of more than 91% in the Japanese population as compared to 67% in
European Americans®, indicating a role for other factors in spontane-
ous clearance.

The top associated SNP, rs2596542, is located 4.7 kb upstream of
MICA, the MHC class I polypeptide-related sequence A gene, and
41.7 kb downstream of the HLA-B gene (Supplementary Fig. 5). The
regional association plot at the rs2596542 locus, made using genotype
data from the GWAS (Fig. 1) and imputation analysis (Supplementary
Fig. 6), revealed that all of the modestly associated SNPs are tightly

Table 2 rs2596542 (A/G) is associated with progression from CHC
to HCC

Subjects RAF (Comparison) P2 OR? 95% Cl
Healthy 0.331

CHC 0.333  (Healthy vs. CHC) 0.61 1.02 0.94-1.10
HCC 0.398  (CHCvs. HCC) 3.13 x 108 1.36 1.22-1.51

We analyzed 5,486 controls, 1,730 CHC cases and 1,394 HCC cases. RAF, risk allele
frequency (allele A); OR, odds ratio for the minor allele by considering the major allele
as a reference.
2Calculated by logistic regression analysis, by PLINK upon age and gender adjustment under
additive model.
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Figure 2 Correlation between soluble MICA levels and rs2596542
genotype. The x axis shows the genotypes at rs2596542, and the y axis
shows the concentration of scluble MICA in pg/ml. The number of
independent samples tested in each group is shown in parentheses.

Each group is shown as a box plot, and the median values are shown as
thick dark horizontal lines (median values of AA =0, AG =43.6 and GG =
77.74). The box covers the twenty-fifth to seventy-fifth percentiles, and
the whiskers outside the box extend to the highest and lowest value within
1.5 times the interquartile range. Points outside the whiskers are outliers.
We tested the difference in the median values among genotypes using

the Kruskal-Wallis test (P= 1.6 x 10~13). We plotted the box plots using
default settings in R (see URLs).

linked to rs2596542 (> > 0.4) and are confined to the MICA gene
locus. On the other hand, the imputation analysis of HLA-tagging
SNPs did not show any evidence of linkage with rs2596542 (Online
Methods and Supplementary Table 10), suggesting that MICA is a
disease-associated candidate gene at this locus.

MICA is a membrane protein that acts as a ligand for NKG2D
to activate anti-tumor effects through natural killer cells and CD8*
T cells?®. On the other hand, MICA is secreted into the serum by
cleavage at the transmembrane domain with matrix metalloprotein-
ases?®?! and inhibits the anti-tumor effect of natural killer cells and
CD8* T cells by blocking their action>>-24, Elevated expression of both
the membrane-bound and soluble forms of MICA (sMICA) have been
reported in several cancers, including HCC?*-%7. Exon 5 of MICA
encodes the transmembrane domain and contains a variable number
of tandem repeats (VNTR) consisting of 4, 5, 6 or 9 repeats of GCT
or one additional G nucleotide insertion into the 5-GCT-repeat allele
(referred as A4, A5, A6, A9 and A5.1, respectively). The insertion of
G (A5.1) causes a premature stop codon and subsequent loss of the
transmembrane domain, leading to altered subcellular localization?®.
Therefore, we tested whether rs2596542 is in linkage with functional
MICA VNTR alleles.

We further genotyped 673 cases with HCV-induced HCC and 890
non-HCV controls for the MICA VNTR locus with capillary-based
electrophoresis (Supplementary Fig. 7). A case-control analysis
revealed that the MICA VNTR is associated with HCV-induced HCC
(global P=4.55 x 10~7; Supplementary Table 11). Particularly, alleles
A9and A6 were associated with conferring a higher risk of HCC (OR =
1.73 and OR = 1.34, respectively), whereas the A5 and A5.1 alleles
had a protective effect. Comparison of the genotypes at rs2596542
and the VNTR locus revealed that the A risk allele at rs2596542 is in
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LD with the A9 and A4 alleles, and the non-risk G allele is in LD with
the A5 and A5.1 alleles, whereas we observed no linkage between an
A6 allele and rs2596542 (Supplementary Table 12). We also geno-
typed 124 individuals with CHC; however, we observed no significant
association between individuals with CHC and controls or individuals
with CHC and HCC (Supplementary Tables 13,14).

We then tested whether the VNTR: alleles, rs2596542 alleles,
or VNTR-rs2596542 haplotypes had any association with MICA
expression in individuals with HCV-induced HCC. We determined
sMICA levels by ELISA using a total of 665 HCC serum samples
(Supplementary Table 15). Notably, rs2596542 was significantly
correlated with sMICA levels, and specifically, the risk genotype AA
was associated with low levels of SMICA (P = 1.38 x 10713, Fig. 2),
whereas VNTR alleles (Supplementary Fig. 8) and VNTR- rs2596542
haplotypes (Supplementary Table 16) showed no strong associa-
tion. The absence of any correlation between MICA VNTR alleles
and sMICA suggests that sMICA levels are not regulated by post-
translational processing or a premature stop codon caused by A5.1
alleles in individuals with HCC. We also examined the sMICA level in
different stages of HCV-induced liver disease (in non-HCV subjects
and those with CHC and HCV-induced liver cirrhosis) and found
that sSMICA level was elevated at the early stage of disease and was
not correlated with disease progression (Fig. 3). Additionally, the risk
allele A was also correlated with low sMICA levels in subjects with
CHC (Supplementary Fig. 9). These findings suggest that MICA
expression was induced by factors caused by chronic HCV infection,

Figure 3 Correlation between soluble MICA and HCV-related diseases.

The x axis shows the disease stages after HCV infection, and the y axis
shows the concentration of soluble MICA in pg/ml. The number of
independent samples tested in each group is shown in parentheses. Each
group is shown as a box plot, and the median values are shown as thick
dark horizontal lines (median values of non-HCV = 0, CHC = 64.55,

LC =72.11 and HCC = 77.98). The box covers the twenty-fifth to seventy-
fifth percentiles, and the whiskers outside the box extend to the highest
and lowest value within 1.5 times the interquartile range. Points outside
the whiskers are outliers. We tested the difference in the median values
among the disease groups using the Wilcoxon rank test. The box plots were
plotted using default settings in R. Non-HCV, individuals not exposed to
HCV infection; CHC, individuals with chronic hepatitis C; LC, individuals
with liver cirrhosis; HCC, individuals with hepatocellular carcinoma.
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similar to various types of stresses such as viral infection, inflam-
mation and heat shock?**0. The levels of sMICA were shown to be
directly proportional to the level of membrane-bound MICA??, and
membrane bound MICA is essential for activating natural killer cells
and CD8* T cells to eliminate virus-infected cells!®. Considering the
association of the risk allele A with low levels of sMICA, our find-
ings suggest that the individuals who carry the rs2596542 A allele
would express low levels of membrane-bound MICA in response to
HCYV infection, which thus leads to poor or no activation of natural
killer cells and CD8* T cells against virus-infected cells. Eventually,
these individuals are likely to progress from CHC to HCC. Notably,
several SNPs that are in absolute linkage with rs2596542 are located
within the promoter or enhancer region of MICA and may alter the
binding of stress-inducible transcriptions factors such as heat shock
proteins (Supplementary Table 17). In this regard, it is important
to analyze the factors that regulate MICA expression, particularly in
the context of CHC. Although, the molecular mechanism whereby
MICA polymorphisms confer the risk of disease progression should
be characterized in the future, our findings reveal a crucial role of
genetic variations in the host innate immune system in the develop-
ment of HCV-induced HCC.

URLs. R, http://cran.r-project.org/; PLINK, http://pngu.mgh.harvard.
edu/~purcell/plink/; Primer3 v0.3.0, http://frodo.wi.mit.edu/primer3/;
LocusZoom, http://csg.sph.umich.edu/locuszoom/; FastSNP, http://
fastsnp.ibms.sinica.edu.tw/pages/input_CandidateGeneSearch.jsp.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.

ACKNOWLEDGMENTS

We would like to thank all the subjects and the members of the Rotary Club

of Osaka-Midosuji District 2660 Rotary International in Japan who donated

their DNA for this work. We also thank the technical staff of the Laboratory

for Genotyping Development, Center for Genomic Medicine, RIKEN, and the
Laboratory of Molecular Medicine, Human Genome Center, Institute of Medical
Science, the University of Tokyo. This work was conducted as a part of the BioBank
Japan Project that was supported by the Ministry of Education, Culture, Sports,
Science and Technology of the Japanese government.

AUTHOR CONTRIBUTIONS

K.M. and Y.N. conceived of the study; Y.N,, VK., M.K. and K.M. designed the study;
VK, Y.U, R M. and N.H. performed genotyping; V.K., Y.N. and K.M. wrote the
manuscript; A.T. and N. Kamatani performed quality control at the genome-wide
phase; Y.N., K. M., H.N. and M.K. managed DNA and serum samples belonging to
BioBank Japan; N. Kato, R.T., M. Otsuka, M. Omata and K.K. managed replication

DNA and serum samples; V.K. analyzed the data, performed VNTR genotyping,

ELISA and summarized the whole results; Y.N. obtained funding for the study.

COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests.

Published online at http://www.nature.com/naturegenetics/. '
Reprints and permissions information is available online at http:/npg.nature.com/
reprintsandpermissions/.

1. Global Burden of Hepatitis C Working Group. Global burden of disease (GBD) for
hepatitis C. J. Clin. Pharmacol. 44, 20-29 (2004).

10.

1

ot

12.

13.

14.
15.

16.

17.

18.

19.

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30

Parkin, D.M., Bray, F., Ferlay, J. & Pisani, P. Global cancer statistics, 2002. CA
Cancer J. Clin. 55, 74-108 (2005).

Umemura, T., Ichijo, T., Yoshizawa, K., Tanaka, E. & Kiyosawa, K. Epidemiology of
hepatocellular carcinoma in Japan. J. Gastroenterol. 44 (Supp! 19), 102-107
(2009).

Vong, S. & Bell, B.P. Chronic liver disease mortality in the United States,
1990-1998. Hepatology 39, 476-483 (2004).

Ge, D. et al. Genetic variation in /L28B predicts hepatitis C treatment-induced viral
clearance. Nature 461, 399-401 (2009).

Thomas, D.L. et al. Genetic variation in /L28B and spontaneous clearance of
hepatitis C virus. Nature 461, 798-801 (2009).

Rauch, A. et al. Genetic variation in [L28B is associated with chronic hepatitis C
and treatment failure: a genome-wide association study. Gastroenterology 138,
1338-1345, 1345.e1-7 (2010).

Kamatani, Y. ef al. A genome-wide association study identifies variants in the HLA-
DP locus associated with chronic hepatitis B in Asians. Nat. Genet. 41, 591-595
(2009).

Schiitte, K., Bornschein, J. & Malfertheiner, P. Hepatocellular carcinoma-
epidemiological trends and risk factors. Dig. Dis. 27, 80-92 (2009).

Tanaka, T. et al. Significance of specific antibody assay for genotyping of hepatitis
C virus. Hepatology 19, 1347-1353 (1994).

. Tanaka, Y. et al. Genome-wide association of /L28B with response to pegylated

interferon-alpha and ribavirin therapy for chronic hepatitis C. Nat. Genet. 41,
1105-1109 (2009).

Anonymous. Complete sequence and gene map of a human major histocompatibility
complex. The MHC sequencing consortium. Nature 401, 921-923 (1999).

de Bakker, P.I. et al. A high-resolution HLA and SNP haplotype map for disease
association studies in the extended human MHC. Nat. Genet. 38, 1166-1172
(2006).

Kuniholm, M.H. et al. Specific human leukocyte antigen class | and Il alleles
associated with hepatitis C virus viremia. Hepatology 51, 1514-1522 (2010).
Wang, J.H. ef al. Ethnic and geographical differences in HLA associations with-the
outcome of hepatitis C virus infection. Virol. J. 6, 46 (2009).

Singh, R., Kaul, R., Kaul, A. & Khan, K. A comparative review of HLA associations
with hepatitis B and C viral infections across global populations. World J.
Gastroenterol. 13, 1770-1787 (2007). .

Dixon, A.L. et al. A genome-wide association study of global gene expression. Nat.
Genet. 39, 1202-1207 (2007).

Ge, D. ef al. Genetic variation in /L28B predicts hepatitis C treatment-induced
viral clearance. Nature 461, 399-401 (2009).

Bauer, S. et al. Activation of NK cells and T cells by NKG2D, a receptor for stress-
inducible MICA. Science 285, 727-729 (1999).

Salih, H.R., Rammensee, H. & Steinle, A. Cutting edge: down-regulation of MICA
on human tumors by proteolytic shedding. J. /mmunol. 169, 4098-4102
(2002).

. Waldhauer, |. et al. Tumor-associated MICA is shed by ADAM proteases. Cancer

Res. 68, 6368-6376 (2008).

Jinushi, M. et al. Impairment of natural killer cell and dendritic cell functions by
the soluble form of MHC class I-related chain A in advanced human hepatocellular
carcinomas. J. Hepatol. 43, 1013-1020 (2005).

Groh, V., Wu, J., Yee, C. & Spies, T. Tumour-derived soluble MIC ligands
impair expression of NKG2D and T-cell activation. Nature 419, 734-738
(2002).

Doubrovina, E.S. ef al. Evasion from NK cell immunity by MHC class | chain-related
molecules expressing colon adenocarcinoma. J. /mmunof. 171, 6891-6899
(2003).

Kohga, K. et al. Serum levels of soluble major histocompatibility complex (MHC)
class |-related chain A in patients with chronic liver diseases and changes during
transcatheter arterial embolization for hepatocellular carcinoma. Cancer Sci. 99,
1643-1649 (2008).

Jinushi, M. et al. Expression and role of MICA and MICB in human hepatocellular
carcinomas and their regulation by retinoic acid. Int. J. Cancer 104, 354-361
(2003).

Groh, V. et al. Broad tumor-associated expression and recognition by tumor-derived
gamma delta T cells of MICA and MICB. Proc. Natl. Acad. Sci. USA 96, 6879-6884
(1999).

Ota, M. et al. Trinucleotide repeat polymorphism within exon 5 of the MICA gene
(MHC class | chain-related gene A): allele frequency data in the nine population
groups Japanese, Northern Han, Hui, Uygur, Kazakhstan, Iranian, Saudi Arabian,
Greek and ltalian. Tissue Antigens 49, 448-454 (1997).

Groh, V. et al. Costimulation of CD80f T cells by NKG2D via engagement by MIC
induced on virus-infected cells. Nat. Immunol. 2, 255-260 (2001).

. Groh, V. et al. Cell stress-regulated human major histocompatibility complex class

| gene expressed in gastrointestinal epithelium. Proc. Natl. Acad. Sci. USA 93,
12445-12450 (1996).

ADVANCE ONLINE PUBLICATION NATURE GENETICS



g
[
>
S
[
7]
g
(2]
ot

<
o

=
<
J
£

o

2
P
[
£

<
[

b
=
-
[}

=z

-

-

[=]

N

©

ONLINE METHODS

Sample collections. We obtained DNA from 721 HCV-related HCC cases, 1,730
CHC cases and 5,486 HCV-negative controls from the BioBank Japan project®!.
For replication analysis, DNA from 673 HCV-induced HCC cases was obtained
from a prospective HCC study cohort of the University of Tokyo. A diagnosis of
CHC, liver cirrhosis or HCC were based on histological, clinical and laboratory
findings obtained by trained physicians. Case samples with HBV co-infection
were excluded from the analysis. Interferon was administrated to 20.4% of HCC
cases and 70.1% of cases were not treated. The remaining 9.5% of the cases
lacked information about interferon treatment. The non-HCV controls obtained
from BioBank Japan contained case-mixed individuals after excluding all indi-
viduals with cancer, chronic hepatitis B, diabetes or tuberculosis. All subjects
were of Japanese origin and provided written informed consent. The clinical and
demographic details of the samples are summarized in Supplementary Table 1.
We also obtained serum samples from BioBank Japan and the University of
Tokyo (Supplementary Table 12). This research project was approved by the
ethical committees of the University of Tokyo and RIKEN.

SNP genotyping and quality control. In the GWAS, 721 individuals with
HCV-related liver cancer and 2,890 controls were genotyped using Illumina
HumanHap610-Quad and Illumina HumanHap550v3 Genotyping BeadChip,
respectively. In the replication stage, 673 cases with HCV-related disease, 1,730
cases with CHC and 2,596 controls were genotyped by the multiplex PCR-based
Invader assay (Third Wave Technologies) and the Illumina HumanHap610-
Quad, respectively. The common SNPs between the Illumina HumanHap550v3
and the Illumina HumanHap610-Quad arrays from all autosomal chromo-
somes were included for the analysis. We applied standard SNP quality control
filters to exclude SNPs with low call rate (<99%), a Hardy-Weinberg equilib-

‘rium P < 1.0 x 1076 for controls and minor allele frequency of <0.01. In the

end, we obtained 432,703 SNPs for the analysis. In the replication analysis,
the allele discrimination plots were validated by two well-trained researchers
(the plots are available on request). We excluded samples with low genotyping
rate (<99%) and employed principal component analysis to avoid the popula-
tion stratification issue, in which individuals belonging only to Hondo cluster
were included in the analysis (Supplementary Fig. 10)32,

Statistical analysis. The association of SNPs with the disease phenotype
in the GWAS, replication stage and combination analyses was tested using
multivariate logistic regression analysis after adjusting for age at recruitment
(continuous) and gender by assuming an additive model and using PLINK??.
In the GWAS, the genetic inflation factor (4) was derived by applying logistic
regressed P values for all the tested SNPs. The quantile-quantile plot was drawn
using R. The ORs were calculated by considering the major allele as a reference,
unless it was stated otherwise elsewhere. The combined analysis of the GWAS
and replication stage was verified by conducting the Mantel-Haenszel method.
We considered P < 5 x 1078 as the genome-wide significance threshold, which
is the Bonferroni-corrected threshold for the number of independent SNPs
genotyped in HapMap Phase 2 (ref. 34). Heterogeneity across the two stages
was examined by using the Breslow-Day test®.

For multiple logistic regression analysis at rs2596542 using the R program,
we considered age at recruitment (<60 or >60 years)?, gender (male or female)
and alcohol consumption (non-drinkers, £ 50 g alcohol per day or >50 g alco-
hol per day) as covariates from both the GWAS and replication stage cases
with HCC and non-HCV controls. Association at the MICA VNTR locus was
analyzed by Fisher’s exact test, and the global P value was calculated using a
% test. Statistical comparisons between genotypes and sMICA levels were
performed by Kruskal-Wallis test or Wilcoxon rank test using R. We employed
the R package haplo.stats to infer haplotypes and to perform haplotype associa-
tion analysis. P values for association between sMICA levels and haplotype
distribution were obtained by score test under an additive model by using the
haplo.score function. ORs and 95% confidence intervals were calculated from
the coefficients of the GLM model by considering the major haplotype as a
reference. We used the haplo.cc function to calculate these statistical values.

HCV serotype. HCV serotype data was available for 531 cases with HCC
from the replication stage. HCV serotype was examined by serotyping assay
(SRL Laboratory) according to previously reported methods®. According to

the Simmonds classification®’, serotype 1 corresponded to disease types la
and 1b, whereas serotype 2 corresponded to disease types 2a and 2b.

MICA VNTR locus genotyping. We followed the method suggested by Applied
Biosystems. Briefly, the 5" end of the forward primer was labeled with 6-FAM,
and the 5’ end of reverse primer was labeled with the GTGTCTT non-random
sequence to promote addition of As. The primer sequences were previously
reported?®. The PCR products were mixed with Hi-Di Formamide and GeneScan-
600 LIZ size standard and separated using a GeneScan system on a 3730x1 DNA
analyzer (Applied Biosystems). GeneMapper software (Applied Biosystems) was
used to assign the repeat fragment size (Supplementary Fig. 7).

Quantification of soluble MICA. sMICA levels were measured by sandwich
enzyme-linked immunosorbent assay, as described in the manufacturer’s
instructions (R&D Systems).

Imputation and association analysis at HLA allele tagging SNPs. We obtained
a SNP or a combination of SNPs which can tag HLA alleles in the Japanese
population from a previous study’?. The untyped genotypes of these SNPs were
imputed in the GWAS samples by using a hidden Markov model programmed
in MACH?® and haplotype information from HapMap JPT samples. We applied
the same SNP quality criteria as in the GWAS for selecting SNPs for the analysis.
The association was tested on all SNPs that passed the quality control criteria
using logistic regression analysis conditioned on age and gender.

Initially, we obtained the pair-wise LD between HLA alleles tagging SNPs
and rs2596542. We performed case-control association analysis in our GWAS
dataset. As shown in Supplementary Table 9, none of the HLA-tagging SNPs
showed evidence of linkage or association except rs2844521, and rs2844521
was in absolute linkage with rs2596542 (r> = 1, D’ = 1) and thus showed
similar association. We obtained actual genotype data at 12596501, as this
SNP is included on the 550K SNP platform, and inferred the haplotype
between rs2844521 and rs2596501. However, the haplotype GT (the G allele
0f s2844521 and the T allele of rs2596501), which is reported to tag the HLA-
B*3501 allele (r2 = 1, D’ = 1), was not associated with HCC in our GWAS data-
set (P = 0.39). We also performed a conditional logistic regression analysis on
152596501 (data not shown) and found no effect on the association between
152596542 and HCV-induced HCC. This data suggested that rs2596542 asso-
ciation is independent of HLA-B*3501. Although we observed mild associa-
tion between other HLA-B alleles (HLA-B*5401, P = 0.004; HLA-B*6701,
P =0.012) and HCV-induced HCC, the association at rs2596542 alone was
the most significant. Taken together, we found no strong evidence for linkage
of HLA alleles with rs2596542.

Software. For general statistical analysis, we used R statistical environment
version 2.6.1 or plink version 1.06. The Haploview software version 4.2 (ref. 39)
was used to calculate LD and to draw Manhattan plots. Primer3 v0.3.0 web tool
was used to design primers. We used LocusZoom for plotting regional asso-
ciation plots. We used FastSNP*? web tool for functional annotation of SNPs
(see URLs for all software packages).

31. Nakamura, Y. The BioBank Japan Project. Clin. Adv. Hematol. Oncol. 5, 696-697
(2007).

32. Yamaguchi-Kabata, Y. et al. Japanese population structure, based on SNP genotypes
from 7003 individuals compared to other ethnic groups: effects on population-based
association studies. Am. J. Hum. Genet. 83, 445-456 (2008).

33. Purcell, S. et al. PLINK: a tool set for whole-genome association and population-
based linkage analyses. Am. J. Hum. Genet. 81, 559-575 (2007).

34. Frazer, K.A. et al. A second generation human haplotype map of over 3.1 million
SNPs. Nature 449, 851-861 (2007).

35. Breslow, N. & Day, N. Statistical methods in cancer research. Volume [I-The design
and analysis of cohort studies. /ARC Sci. Publ. 1-406 (1987).

36. Tsukiyama-Kohara, K. et al. A second group of hepatitis C viruses. Virus Genes 5,
243-254 (1991). .

37. Simmonds, P. et al. ldentification of genotypes of hepatitis C virus by sequence
comparisons in the core, E1 and NS-5 regions. J. Gen. Virol. 75, 1053-1061 (1994).

38. Scott, L.J. et al. A genome-wide association study of type 2 diabetes in Finns
detects multiple susceptibility variants. Science 316, 1341-1345 (2007).

39. Barrett, J.C., Fry, B., Maller, J. & Daly, M.J. Haploview: analysis and visualization
of LD and haplotype maps. Bioinformatics 21, 263-265 (2005).

40. Yuan, H.Y. et al. FASTSNP: an always up-to-date and extendable service for SNP
function analysis and prioritization. Nucleic Acids Res. 34, W635-W641 (2006).

doi:10.1038/ng.809

NATURE GENETICS



o
[
>
j =
[\
(1]
e
0
il
L
2
P
<
o
£
o
2
e
[
£
<
g
=5
ek
[
2
-
™
(=]
o
©

namre

genetics

Genome-wide association study identifies loci influencing

concentrations of liver enzymes in plasma

Concentrations of liver enzymes in plasma are widely used

as indicators of liver disease. We carried out a genome-wide
association study in 61,089 individuals, identifying 42 loci
associated with concentrations of liver enzymes in plasma, of
which 32 are new associations (P = 10~8 to P = 1019%). We used
functional genomic approaches including metabonomic profiling
and gene expression analyses to identify probable candidate

genes at these regions. We identified 69 candidate genes, including
genes involved in biliary transport (ATP8BT and ABCB11), glucose,
carbohydrate and lipid metabolism (FADS7, FADS2, GCKR,
JMID1C, HNF1A, MLXIPL, PNPLA3, PPPTR3B, SLC2A2 and
TRIBT), glycoprotein biosynthesis and cell surface glycobiology
(ABO, ASGR1, FUT2, GPLD1 and ST3GAL4), inflammation and
immunity (CD276, CDH6, GCKR, HNF1A, HPR, ITGAT, RORA
and STAT4) and glutathione metabolism (GSTT71, GSTT2 and
GGT), as well as several genes of uncertain or unknown function
(including ABHD12, EFHD1, EFNAT, EPHA2, MICAL3 and
ZNF827). Our results provide new insight into genetic mechanisms
and pathways influencing markers of liver function.

High concentrations of liver enzymes in plasma are observed in liver
injury caused by multiple insults including alcohol misuse, viral and
other infections, metabolic disorders, obesity, autoimmune disease
and drug toxicity!. High liver enzyme con-
centrations are associated with increased
risk of cirrhosis?, hepatocellular carcinoma?,
type 2 diabetes? and cardiovascular disease®.
Abnormal liver function is a common rea-
son for terminating new clinical therapeutic
agents, representing a major challenge for
the global pharmaceutical industry®. Liver
enzyme concentrations in plasma are highly
heritable’, suggesting an important role for

biliary obstruction, and is also released from bone, intestine, leuco-
cytes and other cells. GGT is sensitive to most kinds of liver insult,
particularly alcohol’. Our study design is summarized in Figure 1.
Characteristics of participants, genotyping arrays and quality control
measures are summarized in Supplementary Tables 1-4. Genome-
wide significance was inferred at P < 1 x 1078, allowing a Bonferroni
correction for ~10° independent SNPs tested®, and for three sepa-
rate liver markers; the latter is a conservative adjustment given the
correlations between concentrations of the three liver markers
(r = 0.19-0.64) and their association test results (r = 0.02-0.19;
Supplementary Table 5).

We found 1,304 SNPs associated with one or more liver markers
at P < 1 x 1077 across 42 genetic loci (Table 1 and Fig. 2). At 35
of these loci, one or more SNPs reached genome-wide significance
(P <1 x 1078 Supplementary Table 6); at the other seven genetic
loci, the top-ranking SNP reached genome-wide significance after
further testing in an additional sample of 12,139 research par-
ticipants (Supplementary Table 7). Regional plots for each of the
genetic loci are shown in Supplementary Figures 1-3. Common
variants at chromosome 8q24 were associated with both ALP and
ALT, and variants at chromosome 19q13 were associated with both
ALP and GGT, at P < 1 x 1078, Sixteen loci associated with one liver
marker at P < 1078 showed additional associations with a second

Genome-wide association with
ALT, ALP and GGT among 61,089 people

35 loci 7 loci
Sentinel SNP P < 1x 107%] | Sentinel SNP P < 1 x 1077

Further testing
n=12,139

{ SNPs at 42 independen loci J

achieve P <1 x 10

genetic factors.
We carried out a genome-wide association

study (GWAS) in 61,089 research participants

to identify genetic loci influencing liver func-

Metabolic profiling and I .
identification of phenotypic pleiotropy [ Identification of causal/candidate genes
Serum NMR  |lIn silico testing versus| CSNP eQTL Nearest
[ metabolomics ]{ 2° phenotypes }[ NHGRI ] [ analyses } [ analyses J( GRAIL J [ gene J

tion measured by concentrations of alanine
transaminase (ALT), alkaline phosphatase
(ALP) and y-glutamyl transferase (GGT) in
blood. ALT is mainly a marker of hepatocel-
lular damage!, and may also be high in obes-
ity and fatty liver disease®. ALP is a marker of

69 candidate genes

Pathway analyses

Figure 1 Summary of study design.

A full list of authors and affiliations appears at the end of the paper.
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Table 1 Genetic loci associated with concentrations of liver enzymes in plasma at P< 1 x 1078 in the GWAS

Effect (%, 95%

Region Sentinel SNP Position Alleles (R/E)  EAF confidence interval) P Genes of interest
ALT

4q22 rs6834314 88,432,832 G/A 0.75 2.6 (1.9-3.4) 3.1x10° HSD17B13", MAPK10®
8q24 rs2954021 126,551,259 G/A 0.50 1.6 (0.6-2.6) 5.3 x10° TRIBI®

10q242 rs10883437 101,785,351 AT 0.64 2.3(1.4-3.1) 4.0x 10° CPNIM

22q13° rs738409 42,656,060 C/G 0.23 6.0 (5.0-7.0) 1.2 x 10745 PNPLA3™, SAMM50°
ALP

1p36.122 rs1976403 21,639,040 AIC 0.40 3.6 (3.0-4.2) 1.8 x 10750 ALPL®, NBPF3nce

2q24 rs16856332 169,548,820 GIT 0.96 3.9(1.2-6.7) 1.6 x 10°° ABCB11"

6p222 11883415 24,599,454 AC 0.33 3.1(2.5-3.7) 5.6 x 10726 ALDH5A1®, GPLDI™
8p23 rs6984305 9,215,678 T/A 0.11 2.7 (1.1-4.4) 2.1x 10710 PPP1R3BM™

8q24 152954021 126,551,259 G/A 0.50 1.4 (0.5-2.3) 2.3 x 10713 TRIBI"

9q21 rs10819937 103,263,054 G/IC 0.17 2.5(1.4-3.6) 1.0x 10°° ALDOB®, C9orf125"
9q342 rs579459 135,143,989 (%21 0.80 8.8 (7.4-10.2) 2.6 x 107123 ABO"

10g212 rs7923609 64,803,828 AIG 0.50 2.2(1.7-2.7) 5.9 x 1023 JMJIDICTe, NRBF2¢®
11gl2 rs174601 61,379,716 (%41 0.35 1.7 (0.8-2.6) 2.6 x 107 Cllorfl0%, FADSI®, FADS2"®
11q.24 1s2236653 125,788,995 cT 0.42 1.5 (0.6-2.5) 1.8x 109 ST3GAL4"

16q22 rs7186908 70,777,874 G/C 0.24 2.0(1.1-2.9) 4.8x10° HPRE, PMFBPI"

17p13 rs314253 7,032,374 T/IC 0.33 2.1(1.5-2.8) 8.4 x 10712 ASGR1I°, DLG4™

19g132 15281377 53,898,415 cT 0.43 1.8 (0.8-2.8) 1.1 x 10715 FUTZNe

20p11 157267979 25,246,087 AG 0.57 1.5 (0.9-2.0) 7.4 x 10710 ABHD12",GINSI®®, PYGB®
GGT

1p36.13 rs1497406 16,377,907 AG 0.56 3.8(2.7-4.8) 2.8 x 10719 RSG1®, EPHAZ"

1p22 rs12145922 88,918,822 C/A 0.61 2.8(2.2-3.4) 3.8x 1011 CCBL2®, PKN2"

1pl13 rs1335645 111,485,799 G/A 0.88 4.3(3.5-5.2) 7.3 x107° CEPTI™, DENNDZD®
1921 rs10908458 153,393,572 (o721 0.58 3.7 (3.1-4.2) 1.7 x 1013 DPM3", EFNAIC, PKLR®
2p23 rs1260326 27,584,444 cr 0.38 3.2 (2.4-4.0) 3.9x 10713 C2orf16°, GCKR"™

2q12 rs13030978 191,825,483 CrT 0.32 3.7 (2.8-4.6) 1.1x 1011 MYO1B"®, STAT4®

2q37 1s2140773 233,221,419 C/A 0.61 2.9 (2.3-3.5) 1.1x107° EFHDIM, LOC100129166°
3q26 1s10513686 172,208,236 G/A 0.14 4.9 (4.0-5.7) 6.1 x 10711 SLC2A2"C

4931 rs4547811 147,014,071 T/C 0.18 6.4 (5.0-7.9) 2.5 x 1027 ZNF82770

5pl5 rs6888304 31,056,278 G/A 0.74 2.7 (2.0-3.5) 1.2 % 10°° CDH6"

5q11 154074793 52,228,882 AG 0.07 5.5(3.3-7.7) 3.4 x 1010 ITGAIM

6pl2 1s9296736 54,032,656 CIT 0.31 3.0(2.1-4.0) 2.6 x 1079 MLIPPe

7q11 rs17145750 72,664,314 T/C 0.86 4.5(2.9-6.3) 2.9x 1079 MLXIPL"c®

10q23 1s754466 79,350,440 AT 0.24 3.5(2.2-4.8) 6.4 x 10710 DLG5"

12q242 rs7310409 119,909,244 AG 0.59 6.8 (5.7-7.8) 7.0 x 10745 HNFI1A™, Cl12orf27¢
14932 1s944002 102,642,568 AG 0.21 6.3 (4.9-7.7) 5.8 x 10729 C14orf73m¢

15q21 $339969 58,670,573 C/A 0.62 4.5(3.9-5.1) 6.6 x 10720 RORA"

15923 rs8038465 71,765,390 cT 0.39 2.4(1.8-3.0) 1.4 x10° cD276M™

16923 rs4581712 79,055,102 C/A 0.27 3.2(2.5-3.9) 3.1x10° DYNLRB2"

17g24 1s9913711 67,609,756 G/C 0.65 2.4 (1.8-3.0) 1.3x 10°° FLJ37644®, SOX9"
18g21.31 1s12968116 53,473,500 T/IC 0.87 4.8 (2.8-6.7) 8.9 x 10710 ATP8BI8

18g21.32 rs4503880 54,235,034 cIT 0.21 3.6 (2.5-4.7) 3.0x 1012 NEDD4L™

19q132 1s516246 53,897,984 (72} 0.47 2.3(1.8-2.9) 7.6 x 10710 FUT2nC

22q11.21 rs1076540 16,819,958 T/C 0.78 4.8 (3.5-6.1) 9.6 x 10717 MICAL3"®

22q11.23 rs2739330 22,625,286 cT 0.42 3.7 (2.7-4.6) 1.7 x 10°° DDT®, DDTL®, GSTT1®, GSTTZ2B", MIF®
22q11.232 1s2073398 23,329,104 C/G 0.34 12.3(10.9-13.7) 1.1 x 107109 GGTI™, GGTLC2®

Alleles are given as the reference (R) allele/effect (E). EAF, effect aliele frequency; effect is change in concentration of liver enzyme in plasma per copy of effect allele.
aPreviously reported associations. Annotation for genes of interest: "nearest; ®expression QTL; coding SNP; 8GRAIL; °known biology.

marker at P < 6 x 107 (corresponding to P < 0.05 after Bonferroni
correction for testing 42 loci against two alternate liver markers;
Supplementary Fig. 4 and Supplementary Table 8). The loci previ-
ously reported to be associated with liver markers in GWASs were

- replicated in the current study, except for variants at the ALDH2 locus

reported in Japanese populations, which have low allele frequency in
European populations?®!1.

We used coding variation, expression quantitative trait loci (eQTL)
and GRAIL analyses to identify possible candidate genes at the 42 loci

associated with liver enzymes (Table 1 and Supplementary Table 9).
There are 19 nonsynonymous SNPs (nsSNPs) that are in linkage dis-
equilibrium (LD) with one or more of the sentinel SNPsat 122 0.5 in
the HapMap phase II CEU data set!2 (see URLs), representing a ~3.5-
fold enrichment compared with the number expected under the null
hypothesis (P = 0.004). We considered the gene containing the nsSNP
to be a strong candidate when (i) the nsSNP and the sentinel SNPs
were in LD (#% > 0.5) and (ii) there was no evidence for heterogeneity
of effect on phenotype. The genes with coding variants identified as
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We repeated the search for coding vari-
ants using available results from the 1000
Genomes Project?? (see URLs) and identi-

i fied coding variants in two additional genes,

: NBPF3 (chromosome 1p36.12) and MLXIPL

! (chromosome 7q11). Both genes are sepa-

, : rately implicated as candidates for genes
: é mediating the associations of sentinel SNPs

with liver markers through eQTL analyses.
We examined the association of the
sentinel SNPs with eQTL data from liver,
fat and peripheral blood leucocytes?3-2
(Supplementary Tables 11-14). We tested
SNPs for association with expression of
nearby (within 1 Mb) genes (at P < 0.05 after
Bonferroni correction for number of SNP
expression associations tested). When we
identified probable eQTLs, we tested whether
the sentinel SNP and the SNP most closely
associated with the eQTL were coincident
(r* > 0.5 and absence of heterogeneity at the
phenotype or eQTL). This strategy identi-
fied eQTLs at 23 of the 42 loci, representing
genes implicated in glutathione metabolism

ABHD12, GINS, PYGB
(rs7267979)

Fut2
(rs281377)

o vsmman eens

GGT , ) P
st et 6T, 66T, GGTLC? and drug detoxification (GSTTI and GGTI),
304 | e o POy e carbohydrate and lipid metabolism (MLXIPL,
csl;rz.zgggq]ozn (rs4547811) H RORA PPP1R3B, FADSI and FADSZ), cell signaling
Lot ) . .
254 | ppus EFnar, PKLA i R ionLs (ABHDI12 and EPHA2) and inflammation
© (rs10908458) . : . B
! Gz, conn ‘ P cowsooonoon and immunity (STAT4, MAPK10, CD276 and
H § CDHE g " .
20 e (800 : S s | S HPR). The functions of the other candidate
d M ! ] rs2739830) . e . .
& R ,‘:F‘:Za]"i:;mmma (ssonares) ! RAi] . genes identified by eQTLs (including EFHD]1,
g - N h ; | {rs12968116)
g 7.k oz E - Coamaz i ‘ S MICAL3, DENND2D, CEPT1, MLIP (also
T . L i sLC2a2 § {rs516246)]¢
s e - Ll . - : known as Céorf142) and RSGI (also known
10 o i R * (rs17145750) N i t g i CI 39 I d d
H i as Clorf89)) are poorly understood.
: ;5 i g % . g We also carried out a literature analysis
3 ! | : . .
douid & Y g using the GRAIL algorithm?® (see URLs),
é initially using the 2006 data set to avoid stud-
Q/
o

A % o
Chromosome

Figure 2 Manhattan plots of association of SNPs with ALT, ALP and GGT in the GWAS. SNPs
reaching genome-wide significance (P< 1 x 1078) are red; SNPs with P> 1 x 108 and

P <1 x 107 are green.

ies of the GWAS era. At chromosome 2q24,
GRAIL identified ABCB11 as the most plau-
sible candidate (Supplementary Table 15).
ABCBI1 activity is a major determinant of
bile formation and bile flow?’; mutations

candidates for mediating the observed associations with liver markers
(Supplementary Table 10) encode proteins involved in biliary trans-
port (ATP8B1)!3, cell surface glycobiology, endoplasmic trafficking
and susceptibility to gastrointestinal infection (FUT2 and GPLD1)1%15,
carbohydrate and lipid metabolism, including susceptibility to type 2
diabetes (GCKR, HNF1A and SLC2A2)16-18 and inflammation as
measured by circulating concentrations of C-reactive protein (CRP)
(GCKR and HNF1A)!°. Mutations in ATP8BI. are responsible for
progressive familial intrahepatic cholestasis and are associated with
high GGT concentrations®’; the coding variant identified is predicted
to be nonconservative (Supplementary Fig. 5). At chromosome
14q32, rs944002 is in LD (+* = 0.86) with two nsSNPs in Cl4orf73,
a gene strongly expressed in liver. Cl14orf73 has strong sequence
homology with SEC6, a protein that interacts with the actin cytoskel-
eton and vesicle transport machinery!. Of the two nsSNPs reported
in Cl4orf73, p.Arg77Trp is predicted to be a nonconservative
change from a polar basic residue to a nonpolar hydrophobic residue
(Supplementary Fig. 5).

in ABCBI1I cause progressive familial intra-
hepatic cholestasis type 2 and are associated with increased risk
of hepatocellular carcinoma?®?®, We repeated the GRAIL analysis
using the 2010 PubMed data set. This also identified ABCBI1 as the
plausible candidate at chromosome 2q24 but additionally identified
ABO, GCKR, MLXIPL and PNPLA3 as probable candidates at other
loci (Supplementary Table 15), replicating our findings from coding
variant and eQTL analyses.

Through our coding variant, expression and GRAIL analyses, we
identified 44 genes as strong candidates at the 42 loci associated
with concentrations of liver enzymes in plasma. We also considered
the gene nearest to the sentinel SNP at each locus to be a poten-
tial candidate. Together these approaches identified 69 candidate
genes. Pathway analyses showed subnetworks of closely intercon-
nected genes (Supplementary Fig. 6) from core metabolic path-
ways and processes including carbohydrate metabolism, insulin
signaling and diabetes (GCKR, SLC2A2, PPPIR3B, FUT2, ALDOB,
HNFIA and MLXIPL), lipid metabolism (CEPTI, FADSI, FADS2,
HNFIA, PNPLA3 and ALDH5A1), glycosphingolipid biosynthesis
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42 loci with quantitative anthropometric and
metabolic traits in published genome-wide
meta-analyses (Supplementary Table 17).
We found that the loci associated with liver
enzymes are enriched in SNPs associated
with lipid concentrations, fasting glucose and
inflammation as measured by CRP.

We used metabonomic profiling, the
systematic characterization of a metabolite
panel, to better understand the relationships
of the 42 liver enzyme loci with intermedi-
ary and lipoprotein metabolism. We carried
out quantitative nuclear magnetic resonance
(NMR) spectroscopy on serum samples
from 6,516 participants from the London
Life Sciences Population®! (LOLIPOP) and
Northern Finland Birth Cohort 1966 (ref.
32; NFBC1966) studies. Significance was
inferred at P < 1 x 1075, corresponding to
P < 0.05 after Bonferroni correction for the
42 independent SNPs tested, and for the 69
primary NMR measures. At chromosomes
2p23 (C2orf16 and GCKR) and 8q24 (TRIBI),
effect alleles of the sentinel SNPs are associ-
ated with high very low-density lipoprotein,
intermediate-density lipoprotein and LDL
concentration and VLDL particle size, high
lipoprotein triglyceride and cholesterol con-
centration, omega-3 and omega-6 fatty acid
concentrations, and concentrations of meta-
bolic substrates citrate, pyruvate and branch
chain amino acids (Fig. 3). At chromosome
12q24 (HNF1A), rs7310409 is associated with
lipoprotein concentration and composition,
and with tyrosine concentrations. At chromo-
somes 11q12 (Cl1orf10, FADSI and FADS2)
and 8p23 (PPPIR3B), the effect alleles are
associated with low concentrations of choles-
terol and HDL cholesterol and with low con-
centrations of omega-3 and other unsaturated

TRIB1 PPP1R3B

—logyo P

Figure 3 Association of FADSI, FADSZ2, GCKR, HNFI1A, TRIBI and PPPIR3B loci with NMR

metabonome. Bars are for —log,o P value, signed for direction of effect.

- T T T
10-10 0 10-10 0 10-10 0 10

fatty acids. Our results from the NMR con-
firm and extend previous studies using mass
spectroscopy, which showed strong asso-
ciation of GCKR and FADSI with absolute

and glycosylation (ST3GAL4, FUT2 and ABO) and glutathione
metabolism (ALDHA5, GGT1 and GSTT1).

Of the 42 liver marker loci, 24 have been reported to be associ-
ated with other phenotypes in genome-wide studies (Supplementary
Table 16). At 12 of the loci, the lead SNP for the liver marker and
the phenotype are the same or in LD at 2 2 0.5, suggesting shared
biological pathways. The phenotypes include Crohn’s disease, pan-
creatic carcinoma, type 2 diabetes, waist circumference and concen-
trations of glucose, insulin, total, high-density lipoprotein (HDL)
and low-density lipoprotein (LDL) cholesterol, triglycerides, fatty
acids, uric acid and C-reactive protein. At other loci, the senti-
nel SNP from the liver marker GWAS and the lead SNP in the US
National Human Genome Research Institute (NHGRI) catalog® (see
URLs) are in low LD, suggesting that these likely represent different
underlying mechanisms. We also ascertained the relationships of the

and relative abundances of polyunsaturated
fatty acids®>34,

We examined the contribution of the 42 genetic loci to concentra-
tions of liver enzymes in plasma among the 8,112 participants of the
LIFELINES population study®®. SNPs at 41 loci showed consistent
direction of effect (P =4 x 10713, sign test; Supplementary Table 18).
Together the SNPs associated with each liver enzyme account for 0.1%,
3.5% and 1.9% of population variation in plasma concentrations of
ALT, ALP and GGT, respectively (Supplementary Table 19). We then
constructed a SNP score as the unweighted sum of the effect allele
counts for the SNPs associated with each liver marker. Participants in
the top quartile of distribution for SNP score for ALT, ALP or GGT
were ~1.4, ~2.4 and ~1.8 times more probable to have greater than the
upper limit of normal concentrations of ALT, ALP and GGT, and on
average had concentrations of ALT, ALP and GGT that were 7%, 13%
or 26% higher, respectively, than participants in the lowest quartile of
SNP score (Supplementary Table 19).
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Finally we tested the relationship of the liver enzyme-associated
loci with the presence of structural changes in the liver indicative
of hepatic steatosis, as determined by computerized axial tomog-
raphy (CT) scanning in a population sample of 9,610 participants
of the Genetics of Liver Disease (GOLD) study3¢. SNPs at five loci
were associated with hepatic steatosis at P < 0.05, including PNPLA3,
PPPIR3B, GCKR, TRIBI1, HNFIA and SOX9 loci (Supplementary
Table 20); of these, PNPLA3, PPP1R3B and GCKR were associated
with hepatic steatosis at P < 0.0012 (that is, P < 0.05 after Bonferroni
correction for 42 loci).

We identify 42 independent loci associated with ALP, ALT or
GGT and 69 genes as candidates for the associations observed
(Supplementary Table 9). The candidate genes include ATP8BI
and ABCBI1, encoding biliary transporters with a key role in bile
formation and flow?®%, and many genes involved in carbohydrate
and lipid metabolism, including GCKR, MLXIPL, SLC2A2, HNFIA,
PNPLA3, FADSI, FADS2 and PPP1R3BY7-3839 PNPLA3, PPPIR3B
and GCKR influence accumulation of hepatic triglycerides?®41, We
identify GSTTI, GSTT2 and GGT as candidates encoding key enzymes
in glutathione synthesis and drug metabolism*>43; these observa-
tions may be relevant to pharmacogenetics and drug development.
We also identify a set of genes involved in inflammation and immu-
nity, including CD276, CDH6, GCKR, HPR, ITGA1, MAPK10, RORA
and STAT4. Whether these genes influence hepatic inflammatory
responses to accumulation of triglycerides, viral infection or other
exogenous challenges remains to be determined. Finally we identify a
set of genes involved in glycoprotein biology, including ABO, ASGRI,
FUT2, GPLDI and ST3GAL4. The products of these genes influence
synthesis, cell surface binding and turnover of glycoproteins. These
pathways are linked to susceptibility to pancreatic*! and gastric malig-
nancy?’, intestinal and other infections*® and vitamin B,, metabo-
lism*7. The pleiotropic nature of the genes we identified suggests that
their relationships with ALP, ALT or GGT may also be mediated by
pathways operating outside of the liver.

In summary, we report a GWAS for concentrations of liver enzymes
in plasma, providing new insight into the genetic variation and path-
ways influencing ALP, ALT and GGT. Our findings provide the basis
for further studies investigating the biological mechanisms involved
in liver injury.

URLSs. 1000 Genomes, http://www.1000genomes.org/ (July 2010 data
set); HapMap CEU, http://hapmap.ncbi.nlm.nih.gov/downloads/
genotypes/latest_phasell_ncbi_b36/ (release 07-July-2009); GRAIL,
http://www.broadinstitute.org/mpg/grail/grail. php; NHGRI, http://
www.genome.gov/gwastudies/ (accessed 2 September 2010).

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Participants. Genome-wide association was done among 61,089 parti-
cipants from the following published studies: the Australian Twin cohort
(n = 425)*; the British Genetics of Hypertension study (BRIGHT, n =
1,955)%; the Lausanne Cohort (Colaus, # = 5,636)"; deCODE genetics
(n = 12,572)%); the Fenland study (n = 1,397)% the Finnish Twin cohort
study (FinnTwin, n = 32)%; the Framingham Heart Study (1 = 2,869)%%;
the Monica/KORA Augsburg study (KORA, n = 1,809)% the London Life
Sciences Population study (LOLIPOP, n = 10,338)%!; the Northern Finland
Birth Cohort 1966 (NFBC1966, n = 4,562)%%; the Netherlands Study of
Depression and Anxiety (NESDA, n = 1,724)°%; the Netherlands Twin study
(n = 1,721)%7; the Precocious Coronary Artery Disease study (Procardis,
n = 1,239)%; the Rotterdam Study 1 (RS1, n = 4,312)*%; the SardiNIA study
(1 = 4,302)%0; the Study of Health in Pomerania (SHIP, n = 4,101)%! and the
TwinsUK study (n = 2,256)2. Sample sizes for ALT, ALP and GGT genome-
wide analyses were 45,596, 56,415 and 61,089, respectively. Further charac-
teristics of the genome-wide association cohorts are listed in Supplementary
Note and Supplementary Tables 1 and 2. SNPs showing equivocal asso-
ciation with liver markers were further tested among 12,139 participants
from the LOLIPOP study, with none included in the genome-wide study
(Supplementary Table 4).

Genotyping and quality control. Genome-wide association scans were done using
Affymetrix, Illumina and Perlegen Sciences arrays (Supplementary Table 3).
Imputation of missing genotypes was done using phased haplotypes from
HapMap build36 and dbSNP build 126. Imputed SNPs with minor allele fre-
quency < 0.01 or low-quality score (r* < 0.30 in MACH, or information score
<0.3 in IMPUTE) were removed. This generated ~2.6 million directly genotyped
or imputed autosomal SNPs. Genotyping for further testing was done by KASPar
(K-Biosciences, LTD).

Statistical analysis. Plasma concentrations of ALT, ALP and GGT were log,,
transformed to achieve approximate normality. SNPs were tested for associa-
tion with liver markers by linear regression using an additive genetic model
adjusted for age and sex. An additional term was included to indicate case
status in case-control studies, and principal component scores
(EIGENSTRAT®?) were used to adjust for substructure in studies of unre-
lated individuals (Supplementary Table 3). Test statistics were corrected for
respective genomic control inflation factor (Supplementary Table 4) to adjust
for residual population structure. Association analyses were carried out sepa-
rately in each cohort followed by meta-analysis using weighted z scores. Meta-
analysis P values were then corrected for the meta-analysis genomic control
inflation factors. The GWAS had 80% power to detect SNPs associated with
0.1% of population variation in ALP and 0.06% of population variation in ALT
and GGT at P< 5 x 1077,

In the replication samples, SNP associations were tested by linear regression
using an additive genetic model and adjustment for age and sex. Results were
combined with findings from the genome-wide association cohorts, using the
weighted z scores. Genome-wide significance was inferred at P < 1 x 1078,

SNP effect sizes were estimated by inverse-variance meta-analysis in the
genome-wide association cohorts and available replication cohorts using a
fixed effects model.

Coding variant analyses. We identified coding SNPs within 1 Mb and in LD at
72 > 0.5 with the sentinel liver SNPs using HapMap CEU 1I genotype data (see
URLSs). We tested for enrichment by permutation testing using 42 randomly
selected SNPs from the ~2.6 million genotyped or imputed SNPs studied that
had similar minor allele frequency +0.02), number of nearby genes (+10%)
and gene proximity (20 kb) to the sentinel SNPs. We counted coding SNPs
within 1 Mb and in LD at 2 > 0.5 of the random SNPs; this was repeated 1,000
times to generate a distribution for expected, against which we compared the
number observed (n = 19, P = 0.004).

We considered a coding SNP to be a strong candidate for the observed asso-
ciation when it was in LD at 72 > 0.5 with the sentinel SNP, with no evidence
for heterogeneity of effect on phenotype (P > 0.05). Using this approach, we
identified 17 coding SNPs in 14 genes as candidates for mediating the observed
associations with liver markers (Supplementary Table 10). We used PHYRE®

to model the molecular structure of the protein products and possible patho-
genicity of the coding SNPs identified.

Expression analyses. The sentinel SNPs from the liver marker GWAS were
tested for association with gene expression in 603 adipose and 745 peripheral
blood samples from Icelandic subjects?, peripheral blood lymphocytes from
206 families of European descent (830 parents and offspring)?* and 960 human
liver samples?*. Sentinel SNPs were tested for association with transcript levels
of genes within 1 Mb; significance was inferred at P < 0.05 after Bonferroni
correction for number of SNP-transcript combinations tested. We then used
the whole-genome genotype data to identify which SNP from the liver locus
was most closely associated with the transcript of interest; we defined this as the
transcript SNP. We tested whether the sentinel SNP and transcript SNP were
coincident, defined as in LD at r* > 0.5, with no evidence for heterogeneity of
effect between the SNPs on transcript expression or liver marker phenotype.

GRAIL. We carried out a PubMed literature analysis using GRAIL (see URLs)%®
including all 42 sentinel SNPs simultaneously. We used the 2006 PubMed data
set as the primary analysis (Supplementary Table 15) but repeated the analysis
using the 2010 PubMed data set.

Network analyses. Network analyses were carried out using the Ingenuity
Pathway Analysis tool. P values for canonical pathways and functions were
calculated from the observed number of candidate genes in the gene set, com-
pared with the number expected under the null hypothesis and corrected
(Bonferroni) for the number of pathways tested.

Overlap with other GWAS. We used the NHGRI®*® catalog (see URLS) to
identify other phenotypic associations (P < 5 x 1078) located within 1 Mb of
a the SNPs we identified as associated with liver enzymes (Supplementary
Table 16). Previous studies reporting genetic variants influencing concentra-
tions of liver enzymes in plasma were excluded. Pairwise LD with the sentinel
liver marker SNP was determined using HapMap 2 CEU genotype data.

Phenotypic pleiotropy. Relationships of the selected 42 sentinel SNPs with
anthropometric and metabolic traits relevant to liver function were tested in
the following genome-wide meta-analyses (Supplementary Table 17): AlcGen
Consortium, alcohol consumption®’; ICBP-GWAS, systolic and diastolic blood
pressure®; the Genetics of C-reactive Protein Study (CRP-Gen), C-reactive
protein!® MAGIC, fasting glucose and related glycemic traits'%; DIAGRAM+
Study, type 2 diabetes!’; GIANT Consortium, body mass index® and the
Global Lipids Genetics Consortium, total cholesterol, LDL cholesterol, HDL
cholesterol and triglyceride concentrations’’. Associations were tested in silico
using results from the genome-wide association phase and adopting the pheno-
typic definitions applied in each study. We inferred association of SNP with
phenotype at P < 0.0012, corresponding to P < 0.05 after Bonferroni correction
for 42 loci. We tested whether phenotypes were enriched for association with
liver marker SNPs using a binomial probability test.

Metabonomic analyses. We carried out quantitative NMR spectroscopy on
serum samples from 2,269 LOLIPOP and 4,247 NFBC1966 participants with
genome-wide data to investigate the relationships of the identified loci with
lipoprotein and intermediary metabolism. NMR assays were carried out using
a Bruker AVANCE III spectrometer operating at 500.36 MHz ('H observa-
tion frequency; 11.74 T) and equipped with an inverse selective SEI probe-
head including an automatic tuning and matching unit and a z-axis gradient
coil for automated shimming’»72. A BTO-2000 thermocouple was used for
temperature stabilization of the sample at ~0.01 °C. The high-performance
electronics enabled metabolite quantification without per-sample chemical
referencing or double-tube systems. The NMR methodology provides informa-
tion on lipoprotein subclass distribution and lipoprotein particle concentra-
tions, low-molecular-mass metabolites such as amino acids, 3-hydroxybutyrate
and creatinine, and detailed molecular information on serum lipids includ-
ing free and esterified cholesterol, sphingomyelin, saturation, unsaturation,
polyunsaturation and omega-3 fatty acids”?. Associations of SNPs with meta-
bolic measures were tested in each cohort separately using an additive genetic
model and were adjusted for age, gender and principal components. Results for
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LOLIPOP and NFBC1966 were combined by inverse variance meta-analysis,
and significance was inferred at P < 1 x 1075 (corresponding to P < 0.05 after
Bonferroni correction for the 42 independent SNPs tested and for 69 primary
NMR measures).

Contribution of genetic loci identified to population variation in liver
enzymes. This was investigated in the LifeLines Cohort Study®>, a pro-
spective population-based cohort study of 165,000 persons aged 18-90
living in The Netherlands, and independent of the genome-wide association
discovery cohorts. Genotyping was carried out in representative samples
of 8,112 participants (aged 47.8 * 11.2, body mass index 26.2 + 4.3 kg/m?
(mean *5.d.), 43% male) using the Illumina CytoSNP12 array, and imputation
of missing HapMap2 genotypes was done using Beagle 3.1.0. Liver markers
were measured on a Roche/Hitachi Modular System (Roche Diagnostics).
Mean = s.d. concentrations of liver markers were 23.8 £16.8, 62.8 +18.4 and
26.3+24.51U/l for ALT, ALP and GGT, respectively. The contribution of SNPs
to population variation in liver markers was examined individually and in
aggregate (Supplementary Tables 18 and 19). For the latter, SNP scores were
calculated for each individual on the basis of the sum of effect (trait-raising)
alleles present at each of the genetic loci identified.

Liver imaging for hepatic steatosis. Hepatic steatosis was assessed by CT scan-
ning in 9,610 participants from four population cohorts primarily designed for
investigation of cardiovascular disease and its risk factors, (i) AGES-Reykjavik
(n=4,772), (ii) the Amish study (n = 541), (iii) the Family Heart Study (n = 886)
and (iv) the Framingham Study (n = 3,411)%. CT measurements, blind to par-
ticipant characteristics, were calibrated against phantoms and inverse normally
transformed. Genome-wide SNP data were available in each cohort with impu-
tation of missing genotypes. SNP association with hepatic steatosis was tested
in each cohort separately by linear regression with age, with age? and gender
as covariates and taking relatedness into account. Results were combined by
fixed-effect inverse-variance meta-analysis (Supplementary Table 20).
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