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Abstract

MHC class | polypeptide-related chain A (MICA) molecule is induced in response to viral infection and various types of stress.
We recently reported that a single nucleotide polymorphism (SNP) rs2596542 located in the MICA promoter region was
significantly associated with the risk for hepatitis C virus (HCV)-induced hepatocellular carcinoma (HCC) and also with serum
levels of soluble MICA (sMICA). In this study, we focused on the possible involvement of MICA in liver carcinogenesis related
to hepatitis B virus (HBV) infection and examined correlation between the MICA polymorphism and the serum sMICA levels
in HBV-induced HCC patients. The genetic association analysis revealed a nominal association with an SNP rs2596542; a G
allele was considered to increase the risk of HBV-induced HCC (P =0.029 with odds ratio of 1.19). We also found a significant
elevation of sMICA in HBV-induced HCC cases. Moreover, a G allele of SNP rs2596542 was significantly associated with
increased sMICA levels (P=0.009). Interestingly, HCC patients with the high serum level of sMICA (>5 pg/ml) exhibited
poorer prognosis than those with the low serum level of sMICA (=5 pg/ml) (P=0.008). Thus, our results highlight the
importance of MICA genetic variations and the significance of sMICA as a predictive biomarker for HBV-induced HCC.
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Introduction environmental factors [4]. In this regard, genome wide association
y studies (GWAS) using single nucleotide polymorphisms (SNPs)

Hepatocellular carcinoma (HCC) reveals a very high mortality  haye highlighted the importance of genetic factors in the
rate that is ranked the third among all cancers in the world [1].  pathogenesis of various diseases including CHB as well as HBV-

HCC is known to develop in a multistep process which has been induced HCC [5,6,7,8,9,10,11,12,13]. Recently, we identified a
rele?ted to various risk factors such as gcnctlc fact.ors, environment genetic variant located at 4.7 kb upstream of the MHC class I
toxins, alcohol and drug abuse, autoimmune disorders, elevated polypeptide-related chain A (MICA) gene to be strongly associated with

hepatic iron levels, obesity, and hepatotropic viral infections [2]. hepatitis C virus (HCV) -induced HCC develop ment [14].
e o, Davars. o douclonine HOC vty MICA s highly expressed on virainfected cell or cancercell
L and acts as ligand for NKG2D to activate antitumor effects of

. . . e ano,

considerable regiona) variations ranging from 20% of HOC cases  Natural killer (NK) cells and CD8* T cells [15,16]. Our previous
s ijapan = 1:" ¢ 1111 . alma (3]- i h HBV results indicated that a G allele of SNP rs2596542 was significantly
conr:iﬁ::—izgifg zr:';,n'(:e:;n]}fenv(?:xzc?:;?\-iZ:ZL t'lf:h:xgpr):;?rfnafiooriw of associated with the lower cancer risk and the higher level of soluble
individuals infccted with HBV spontaneously eliminate the \irﬁscs, s {SM‘ICA) " thc. ek o DCRidaeedl- KIS pRucnls,
2 demonstrating the possible role of MICA as a tumor suppressor.

but a subset of patients show the persistent chronic hepatitis B ; -
: S : ¢ ; However, elevation of serum sMICA was shown to be associated
infection (CHB), and then progresses to liver cirrhosis and HCC ; i s i ‘

g : ; with poor prognosis in various cancer patients [17,18,19,20].
throngh a complex interplay between multiple genetic and

PLOS ONE | www.plosone.org 1 September 2012 | Volume 7 | Issue 9 | e44743
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Matrix metalloproteinases (MMPs) can cleave MICA at a
transmembrane domain [21] and release sMICA proteins from
cells. Since sMICA was shown to inhibit the antitumor effects of
NK cells and CD8" T cells by reduction of their affinity to binding
to target cells [22,23], the effect of MICA in cancer cells would be
modulated by the expression of MMPs. To elucidate the role of
MICA in HBV-induced hepatocellular carcinogenesis, we here
report analysis of the MICA polymorphism and serum sMICA
level in HBV-induced HCC cases.

Materials and Methods

Study participants

The demographic details of study participants are summarized
in Table 1. A total of 181 HCC cases, 597 CHB patients, and
4,549 non-HBV controls were obtained from BioBank Japan that
was initiated in 2003 with the funding from the Ministry of
Education, Culture, Sports, Science and Technology, Japan [24].
In the Biobank Japan Project, DNA and serum of patients with 47
diseases were collected through collaborating network of 66
hospitals throughout Japan. List of participating hospitals is shown
in the following website (http://biobankjp.org/plan/
member_hospitalhtml). A total of 226 HCC cases, 102 CHB
patients, and 174 healthy controls were additionally obtained from
the University of Tokyo. The diagnosis of chronic hepatitis B was
conducted on the basis of HBsAg-seropositivity and elevated
serum aminotransferase levels for more than six months according
to the guideline for diagnosis and treatment of chronic hepatitis
(The Japan Society of Hepatology, http://www.jsh.orjp/
medical/gudelines/index.html). Control Japanese DNA samples
(n=934) were obtained from Osaka-Midosuji Rotary Club,
Osaka, Japan. All HCC patients were histopathologically
diagnosed. Overall survival was defined as the time from blood
sampling for sMICA test to the date of death due to HCC. Patients
who were alive on the date of last follow-up were censored on that
date. All participants provided written informed consent. This
research project was approved by the ethics committee of the
University of Tokyo and the ethics committee of RIKEN. All
clinical assessments and specimen collections were conducted
according to Declaration of Helsinki principles.

SNP genotyping

Genotyping platforms used in this study were shown in Table 1.
We genotyped 181 HCC cases and 5,483 non-HBV control
samples using either Ilumina Human Hap610-Quad or Human
Hap550v3. The other samples were genotyped at SNP rs2596542

Table 1. Demographic details of subjects analyzed.

MICA and HBV-induced Hepatocellular Carcinoma

by the Invader assay system (Third Wave Technologies, Madison,
WI).

MICA variable number tandem repeat (VNTR) locus
genotyping

Genotyping of the MIC4 VNTR locus in 176 HBV-induced
HCC samples was performed using the primers reported
previously by the method recommended by Applied Biosystems
(Foster City, CA) [14]. Briefly, the 5" end of forward primer was
labeled with 6-FAM, and reverse primer was modified with
GTGTCTT non-random sequence at the 5" end to promote Plus
A addition. The PCR products were mixed with Hi-Di
Formamide and GeneScan-600 LIZ size standard, and separated
by GeneScan system on a 3730x1 DNA analyzer (Applied
Biosystems, Foster City, CA). GeneMapper software (Applied
Biosystems, Foster City, CA) was employed to assign the repeat
fragment size (Iigure S1).

Quantification of soluble MICA

We obtained serum samples of 111 HBV-positive HCC
samples, 129 HCV-positive HCC samples, and 60 non-HBV
controls from Biobank Japan. Soluble MICA levels were measured
by sandwich enzyme-linked immunosorbent assay, as described in
the manufacturer’s instructions (R&D Systems, Minneapolis, MN).

Statistical analysis

The association between an SNP rs2596542 and HBV-induced
HCC was tested by Cochran-Armitage trend test. The Odds ratios
were calculated by considering a major allele as a reference.
Statistical comparisons between genotypes and sMICA levels were
performed by Kruskal-Wallis test (if more than two classes for
comparison) or Wilcoxon rank test using R. Overall survival rate
of the patients was analyzed by Kaplan-Meier method in
combination with log-rank test with SPSS 20 software. The
period for the survival analysis was calculated from the date of
blood sampling to the recorded date of death or the last follow-up
date. Differences with a P value of <0.05 were considered
statistically significant.

Results

Association of SNP rs2596542 with HBV-induced HCC

In order to examine the effect of rs2596542 genotypes on the
susceptibility to HBV-induced HCGC, a total of 407 HCC cases
and 5,657 healthy controls were genotyped. The Cochran
Armitage trend test of the data revealed a nominal association

Subjects Source Genotyping platform

Number of Sample Female (%) Age (mean+/—sd)

Liver Cancer  ~ BioBank Japan llumina Human Hap610-Quad-

University of Tokyo Invader assay
 BioBank Japan.  Ulumina Human Haps50v3

Osaka**

Contrél s :
Illumina Human Hap550v3
' Uni)iérsity{:df quyo ]h\)éder assay e

Chronic hepatitis B¥*  BioBank Japan Invader assay

o ’Ury‘niﬂver‘stity bf Tbkyd s I‘n‘vyader aésay o

e

174

| 6294%942
i 92942942

4549
934

4735 | smasEs

597 45.66 61312126

1

**Healthy volunteers from Osaka Midosuji Rotary Club, Osaka, Japan.
doi:10.1371/journal.pone.0044743.1001
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*Chronic hepatitis B patients without liver cirrhosis and liver cancer during enroliment.
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between HBV-induced HCC and rs2596542 in which a risk allele
G was more frequent among HBV-induced HCC cases than an A
allele (P=10.029, OR=1.19, 95% CI: 1.02-1.4; Table 2). To
further investigate the effect of rs2596542 on the progression from
CHB to HBV-induced HCC, we genotyped a total of 699 CHB
cases without HCC. Although the progression risk from CHB to
HBV-induced HCC was not statistically significant with
152596542 (P=0.197 by the Cochran Armitage trend test with
an allelic OR = 1.3 (0.94-1.36); Table 2), we found a similar trend
of association in which the frequency of a risk-allele G was higher
among HBV-induced HCC patients than that of CHB subjects.
Since we previously revealed that an A allele was associated with a
higher risk of HCV-induced HCC with OR of 1.36 [14], the
52596542 alleles that increased the risk of HCC were opposite in
HBV-induced HCC and HCV-induced HCC.

Soluble MICA levels are associated with SNP rs2596542

We subsequently performed measurement of soluble MICA
(sMICA) in serum samples using the ELISA method in 176 HBV-
positive HCC cases and 60 non-HBV controls. Nearly 30% of the
HBV-induced HCC cases revealed the serum sMICA level of
>5 pg/ml (defined as high) while the all control individuals except
one showed that of =<5 pg/ml (defined as low) (P=4.5x1075,
Figure 1A). Then, we examined correlation between SNP
1$2596542 genotypes and serum sMICA levels in HBV-positive
HCC cases. Interestingly, rs2596542 genotypes were significantly
associated with serum sMICA levels (P = 0.009; Figure 1B); 39% of
individuals with the GG genotype and 20% of those with the AG
genotype were classified as high for serum sMICA, but only 11%
of those with the AA genotype were classified as high (AA+AG vs
GG; P=0.003) (Figure 1B). These findings were similar with our
previous reports in which a G allele was associated with higher
serum sMICA levels in HCV-induced HCC patients [14].

Negative association of variable number of tandem

repeat (VNTR) with sMICA level

The MICA gene harbors a VNTR locus in exon 5 that consists
of 4, 5, 6, or 9 repeats of GCT as well as a G nucleotide insertion
into a five-repeat allele (referred as A4, A5, A6, A9, and A5.1,
respectively). The isertion of G (A5.1) causes a premature
translation termination and results in loss of a transmembrane
domain, which may produce the shorter form of the MICA
protein that is likely be secreted into serum [25]. However, the
association of this VNTR locus with serum sMICA level was
controversial among studies [14,26,27,28]. Therefore, we exam-
ined the association between the VINTR locus and sMICA level in
HBV-induced HCC patients, and found no significant association
(Figure S1 and S2), concordant with our previous report for HCV-
induced HCC patients [14].

Table 2. Association between HCC and rs2596542.

MICA and HBV-induced Hepatocellular Carcinoma

Soluble MICA levels are associated with survival of HCC

patients

In order to evaluate the prognostic significance of serum sMICA
levels in HCC patients, we performed survival analysis of HCC
patients. A total of 111 HBV-infected HCC patients and 129
HCV-infected HCC patients were included in this analysis. The
mean survival period for HBV- and HCV-infected patients with
less than 5 pg/ml of serum sMICA were 67.1 months (95% CI:
61.1-73.1, n = 83), and 58.2 months (95% CI: 51.4-65.0, n = 85),
respectively. On the other hand, for patients with more than 5 pg/
ml of serum sMICA, the mean survival periods were 47.8 months
(95% CI: 34.8-30.9, n = 28) for HBV-induced HCGC patients and
59.5 months (95% CI: 51.9-67.1, n = 44) for HCV-induced HCC
patients. The Kaplan-Maier analysis and log-rank test indicated
that among HBV-induced HCC subjects, the patients in the high
serum sMICA group showed a significantly shorter survival than
those in the low serum sMICA (P=0.008; Figure 2). In addition,
we performed multi-variate analysis to test whether sMICA is an
independent prognostic factor by including age and gender as
covariates. The results revealed significant association of sMICA
levels with overall survival (P =0.017) but not with age and gender
(Table S1).However, we found no association between the serum
sMICA level and the overall survival in the HCV-induced HCC
subjects (P =0.414; Figure S3). Taken together, our findings imply
the -distinct roles of the MICA variation and sMICA between
HBV- and HCV-induced hepatocellular carcinogenesis.

Vascular invasion in HBV-related HCC patients is
associated with soluble MICA levels

Since sSMICA levels were associated with the overall survival of
HBV-related HCC patients, we tested whether sMICA levels
affect survival through modulating invasive properties of tumors or
size of the tumors. We tested the association between sMICA
levels and vascular invasion in 35 HBV-related HCC cases, among
whom 7 cases were positive and 21 cases were negative for
vascular invasion. We found significant association between
sMICA levels and vascular invasion (Figure 3; P =0.014) in which
7 cases with positive vascular invasion showed high levels of
sMICA (mean=054 pg/ml) than 21 cases without vascular
invasion (mean = 7.51 pg/ml). However, we found no association
between tumor size and sMICA levels (P = 0.56; data not shown).
These results suggest that sMICA may reduce the survival of
HBV-related HCC patients by affecting the invasive properties of
tumors.

Discussion

Several mechanisms such as HBV-genome integration into host
chromosomal DNA [29] and effects of viral proteins including
HBx [30] are shown to contribute to development and progression
of HCC, while the immune cells such as NK and T cells function
as key antiviral and antitumor effectors. MICA protein has been

SNP Comparison Chr Locus Case MAF  Control MAF P* OR* 95% ClI
152596542 HCCvs. Healthycontrol 6 " MicA o’.29'4‘ 03320029 119 1.02-14
52596542 HCC vs. CHB 6 MICA 0.294 0.320 0.197 1.13 0.94-1.36

*Obtained by Armitage trend test.
doi:10.1371/journal.pone.0044743.t002
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Note: 407 HCC cases, 699 CHB subjects and 5,657 non-HBV controls were used in the analysis.
Chr.,chromosome; MAF, minor allele frequency; OR, odds ratio for minor allele; Cl, confidence interval.
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Figure 1. Soluble MICA levels are associated with HBV-related HCC. (A) Correlation between soluble MICA levels and HBV-induced HCC
subjects. The y-axis displays the concentration of soluble MICA in pg/ml. The number of independent samples tested in each group is shown in the x-
axis. Each group is shown as a box plot and the mean values are shown in the x-axis. The difference between two groups is tested by Wilcoxon rank
test. The box plots are plotted using default settings in R. (B) Correlation between soluble MICA levels and rs2596542 genotype in HBV-positive HCC
subjects. The x-axis shows the genotypes at rs2596542 and y-axis display the concentration of soluble MICA in pg/ml. Each group is shown as a box
plot. P=0.027 and 0.013 for AA vs. GG and AA vs. AG, respectively. The association between genotypes and sMICA levels was tested by Kruskal-wallis
test, whereas the difference in the sMICA levels between AA and GG is tested by Wilcoxon rank test. The box plots are plotted using default settings
in R.

doi:10.1371/journal.pone.0044743.g001

considered as a stress marker of gastrointestinal epithelial cells we examined the association of rs2596542 and serum sMICA
because of its induced expression by several external stimuli such levels with HBV-induced HCC. Like in HCV-induced HCC [14],
as heat, DNA damage, and viral infections [31,32,33,34]. Here, our results from ELISA revealed a significantly higher proportion
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Figure 3. Correlation between soluble MICA levels and
Figure 2. Kaplan-Meier curves of the patients with HBV-  vascular invasion in HBV-induced HCC subjects. The y-axis
induced HCC. The patients were divided into two groups according displays the concentration of soluble MICA in pg/ml. The number of
to their sMICA concentration (high: >5 pg/ml and low: =<5 pg/ml). independent samples tested in each group is shown in the x-axis. Each
Statistical difference was analyzed by log-rank test. The y-axis shows the group is shown as a box plot and the mean values are shown in the x-
cumulative survival probability and x-axis display the months of the axis. The difference between two groups is tested by Wilcoxon rank

patients survival after blood sampling. test. The box plots are plotted using default settings in R.
doi:10.1371/journal.pone.0044743.g002 doi:10.1371/journal.pone.0044743.g003
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of high serum sMICA cases (nearly 30%) in the HBV-induced
HCC group, compared to non-HBV individuals (1.7%). More-
over, the serum sMICA level was significantly associated with
12596542, but not with the copy number differences of the
VNTR locus, as concordant with our previous report [14].

Several studies have already indicated the roles of sMICA as
prognostic markers for different types of malignant diseases
[17,18,19,20]. Therefore, it is of medical importance to test
whether serum sMICA levels can be used as a prognostic marker
for patients with HCC. To our best knowledge, this is the first
study to demonstrate the prognostic potential of sMICA for HBV-
positive HCC patients; we found 19.3 months of improvement in
survival among patients carrying less than 5 pg/ml of serum
sMICA, compared to those having more than 5 pg/ml.

On the contrary, we found no significant correlation between
sMICA levels and the prognosis of HCV-induced HCC cases.
These opposite effects of MICA variation could be explained by the
following mechanism. The individuals who carry the G allele
would express high levels of membrane-bound MICA upon HCV
infection and thus lead to the activation of immune cells against
virus infected cells, On one hand, HBV infection results in
increased expression of membrane-bound MICA as well as MMPs
through viral protein HBx [35], which would result in the
elevation of sMICA and the reduction of membrane-bound
MICA. Since sMICA could block CD8+T cells, NK-CTL, and
NK cells, higher sMICA would cause the inactivation of immune
surveillance system against HBV infected cells. In other words,
HBV may use this strategy to evade immune response and hence,
higher levels of SMICA could be associated with lower survival rate
among HBV-associated HCC. On the other hand, since HCV is
not known to induce the cleavage of membrane bound MICA,
individuals with low level membrane bound MICA expression
(carriers of rs2596542-allele A) could be inherently susceptible for
HCV-induced HCC. Thus, HBx-medicated induction of MMPs
could partially explain the intriguing contradictory effect of MICA
between HBV-induced HCC and HCV-induced HCC. Since we
observed significant correlation of sMICA levels with vascular
invasion, it may be the case that high levels of sMICA cause poor
prognosis of HBV-related HCC cases by making tumors more
aggressive and invasive. However it is important in future to
determine the ratio of membrane-bound MICA to sMICA in case
of HCV- and HBV-related HCC.

Interestingly, the immune therapy against melanoma patients
induced the production of auto-antibodies against MICA [36].
Anti-MICA antibodies would exert antitumor effects through
antibody-dependent cellular cytotoxicity against cells expressing
membrane-bound MICA and/or activation of NK cells by
inhibiting the sMICA-NKG2D interaction. However, further
studies are necessary, using well-defined HBV-related HCC
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Background & Aims: We performed a genome-wide association
study (GWAS) of hepatitis C virus (HCV)-induced liver cirrhosis
(LC) to identify predictive biomarkers for the risk of LC in patients
with chronic hepatitis C (CHC).

Methods: A total of 682 HCV-induced LC cases and 1045 CHC
patients of Japanese origin were genotyped by Illumina Human
Hap 610-Quad bead Chip.

Results: Eight SNPs which showed possible associations
(p <1.0 x 107°) at the GWAS stage were further genotyped using
936 LC cases and 3809 CHC patients. We found that two SNPs
within the major histocompatibility complex (MHC) region on
chromosome 6p21, rs910049 and rs3135363, were significantly
associated with the progression from CHC to LC (pcombined = 9.15 -
x 107" and 1.45 x 107", odds ratio (OR)=1.46 and 1.37,
respectively). We also found that HLA-DQA1°0601 and HLA-
DRB1°0405 were associated with the progression from CHC to
LC (p=4.53 x 107* and 1.54 x 10~* with OR=2.80 and 1.45,
respectively). Multiple logistic regression analysis revealed that
rs3135363, rs910049, and HLA-DQA1°0601 were independently
associated with the risk of HCV-induced LC. In addition, individ-

Keywords: Genome-wide association study; Hepatitis C virus; Liver cirrhosis;
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uals with four or more risk alleles for these three loci have a 2.83-
fold higher risk for LC than those with no risk allele, indicating
the cumulative effects of these variations.

Conclusions: Our findings elucidated the crucial roles of multiple
genetic variations within the MHC region as prognostic/predic-
tive biomarkers for CHC patients.

© 2013 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Two million people in Japan and 210 million people worldwide are
estimated to be infected with the hepatitis C virus (HCV), which is
known to be a major cause of chronic viral liver disease [1]. Patients
with chronic hepatitis C (CHC) usually exhibit mild inflammatory
symptoms, but are at a significantly high risk for developing liver
cirrhosis (LC) and hepatocellular carcinoma [2]. More than
400,000 people at present suffer from LC, which is ranked as the
9th major cause of death in Japan. In addition, liver cancer causes
approximately 32,000 deaths per year, making it the 4th most
common cause of death from malignant diseases. Thus, HCV-
related diseases are important public health problems [3].
Clinical outcomes after the exposure to HCV vary enormously
among individuals. Approximately 70% of infected persons will
develop chronic hepatitis [4], and about 20-30% of CHC patients
will develop cirrhosis, but others can remain asymptomatic for
decades [2]. The annual death rate of patients with decompen-
sated cirrhosis is as high as 15-30% [5]. Moreover, more than
7% of LC patients develop hepatocellular cancer in Japan and Tai-
wan, while the frequencies are less than 1.6% among other ethnic
groups [6,7]. These inter-individual and inter-ethnic differences
have been attributed to various factors such as viral genotypes,
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Table 1. Characteristics of samples and methods used in this study.

Stage Source Platform

Number of samples  Female (%) Age, yr (mean + SD)

GWAS
Liver cirrhosis BioBank Japan
Replication

Liver cirrhosis Tokyo University Invader assay

Hiroshima University
BioBank Japan
Hiroshima University

Chronic hepatitis C* Invader assay

- lllumina Human Hap 610
Chronic hepatitis C*  Hiroshima University lllumina Human Hap 610

682 313(463) ~ 67.1+97

1045 : 371 (35.5) 552+110

716 334 (46.8) 64.4 + 10.4
220 RS)  64.7:898

1670 780 (46.8) 59.7 + 12.6

2139 1061 (51.8) 58.8 +9.20

2 Number of samples that qualified. CHC patients with severe liver fibrosis (F3 or F4) or lower platelet counts (<160,000) were excluded.

alcohol consumption, age at infection, co-infection of HIV or HBV
[8-10], insulin resistance, steatosis, and metabolic syndrome
[11]. Previous gene expression analyses also identified various
genes associated with liver fibrosis among patients with CHC
[12-14]. In addition, miRNAs such as mir-21 and mir-122 were
shown to be correlated with live fibrosis [15,16].

Currently, the genome-wide association study is the most
common method to identify genetic variations associated with
disease risk [17-20]. In addition, the roles of genetic factors in
HCV-related diseases have been elucidated. IL28B is associated
with spontaneous clearance of HCV [21] as well as with the clin-
ical response to the combination therapy of pegylated interferon
and ribavirin [22,23]. Recently, our group has shown that SNP
1s2596542 on MICA [24] and SNP rs1012068 on DEPDC5 [25]
are significantly associated with HCV-induced liver cancer.
Although liver cirrhosis is the major risk factor of liver cancer, a
fraction of CHC patients will develop HCC without accompanying
LC. Therefore, the underlying genetic background would be dif-
ferent between HCV-induced LC and HCV-induced HCC. Previous
studies identified the association of genetic variants in HLA-DQ/
DR/B [26-28], 2-5AS [29], TLR3 [30], and PNPLA3 [31] with the
risk of liver fibrosis among patients with CHC. However, a com-
prehensive approach for HCV-induced LC has not been conducted
so far. Here we performed GWAS of HCV-induced LC to identify
predictive biomarkers for the risk of LC in patients with CHC.

Materials and methods
Ethics statement

All subjects provided written informed consent. This project was approved by the
ethical committees at University of Tokyo, Hiroshima University, Sapporo Kosei
General Hospital, Toranomon Hospital, and Center for Genomic Medicine, Insti-
tutes of Physical and Chemical Research (RIKEN).

Study population

The characteristics of each cohort are shown in Table 1. In this study, we con-
ducted GWAS and replication analysis on a total of 1618 HCV-induced LC and
4854 CHC patients. All subjects had abnormal levels of serum alanine transami-
nase for more than 6 months and were positive for both HCV antibody and serum
HCV RNA. Among 1618 LC and 4854 CHC samples, 342 LC patients (21.14%) and
2997 CHC patients (61.70%) underwent liver biopsy. The remaining 1276 LC and
1857 CHC patients were diagnosed by non-invasive methods including hepatic
imaging (e.g., ultrasonography, computed tomography, arteriography or magnetic
resonance imaging), biochemical data (serum bilirubin, serum albumin, platelet,
or prothrombin time), and the presence/absence of clinical manifestations of por-
tal hypertension (e.g., varices, encephalopathy or ascites). The patients with CHC

or LC were recruited for this study regardless of their treatment history. We
excluded from the analysis the followings CHC patients: (1) advanced liver fibro-
sis (F3 or F4 by New Inuyama classification) [32], (2) platelet count under 160,000
for patients without liver fibrosis staging, and (3) HBV co-infection. Characteris-
tics of each study cohort are shown in Table 1. In brief, DNA of HCV-induced LC
and CHC patients was obtained from Biobank Japan (http://biobankjp.org/) [33],
the Hiroshima Liver Study Group (http://home.hiroshima-u.ac.jp/naikal/
researchprofile/pdfjliverstudygroupe.pdf), Toranomon Hospital, and the Univer-
sity of Tokyo. All subjects were of Japanese origin.

SNP genotyping

Genomic DNA was extracted from peripheral blood leukocytes using a standard
method. In GWAS, we genotyped 682 LC and 1045 CHC samples using Illumina
Human Hap 610-Quad bead Chip (Supplementary Fig. 1). Samples with low call
rate (<0.98) were excluded from our analysis (six LC and two CHC samples).
We then applied SNP quality control as follows: call rate =0.99 in LC and CHC
samples, Hardy-Weinberg p =1 x 10° in LC and CHC samples. Consequently,
461,992 SNPs on the autosomal chromosomes passed the quality control filters.
SNPs with minor allele frequency of <0.01 in both LC and CHC samples were
excluded from further analyses, considering statistical power in the replication
analysis. Finally, we analyzed 431,618 SNPs in GWAS. Among the top ten SNPs
showing p <1.0 x 107, we selected nine SNPs for further analysis with LD thresh-
old of r* = 0.95. In the replication stage, we genotyped 936 LC and 3809 CHC using
multiplex PCR-based Invader assay (Third Wave Technologies).

Statistical analysis

The association of SNPs with the phenotype in the GWAS, replication stage, and
combined analyses was tested by logistic regression analysis, upon adjusting
for age at recruitment (continuous) and gender, by assuming additive model
using PLINK [34]. In the GWAS, the genetic inflation factor i was derived by
applying logistic regressed p values for all the tested SNPs. The quantile-guantile
plot was drawn using R program. The odds ratios were calculated using the non-
susceptible allele as reference, unless stated otherwise. The combined analysis of
GWAS and replication stage was verified by using the Mantel-Haenszel method.
We set the significance threshold as follows; p =1 x 1072 in the GWAS stage (first
stage) and p=6.25 x 102 (=0.05/8) in the replication analysis. We considered
p <5 x 10~® as threshold of GWAS significance in the combined analysis, which
is the Bonferroni-corrected threshold for the number of independent SNPs geno-
typed in HapMap Phase Il [35]. The heterogeneity across two stages was exam-
ined by using the Breslow-Day test [36]). We used Haploview software to
analyze the association of haplotypes and LD values between SNPs. Quality con-
trol for SNPs was applied as follows: call rate >0.95 in LC and CHC samples, and
Hardy-Weinberg p =1 x 10~% in CHC samples in replication stage. The statistical
power was 19.51% in GWAS (the first stage) (p = 1.00 x 10~%), 97.98% in replica-
tion (p=0.05/8), and 74.76% in the combined stage (p =5.00 x 10~%) at minor
allele frequency of 0.3 and OR of 1.3.

Imputation-based association analysis of HLA class I and class II alleles

We obtained an SNP or a combination of SNPs which could tag the HLA alleles in
the Japanese population from a previous study [37]. Genotypes of tagging SNPs
were imputed in the GWAS samples by using a Hidden Markov model pro-
grammed in MACH [38] and haplotype information from HapMap JPT samples
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Fig. 1. Regional association plot at 6p21.3. (Upper panel) p Values of genotyped SNPs (circle) and imputed SNPs (cross) are plotted (as —logo p value) against their
physical position on chromosome 6 (NCBI Build 36). The p value for rs910049 at GWAS is represented by a purple diamond. Estimated recombination rates from HapMap
JPT show the local LD structure. Inset; the color of the other SNPs indicates LD with rs3135363 according to a scale from r* = 0 to 1% = 1 based on pair-wise r* values from
HapMap JPT. (Lower panel) Gene annotations from the University of California Santa Cruz genome browser.

and 1000 genome imputation samples [39]. We applied the same SNP quality cri-
teria as in GWAS, to select SNPs for the analysis. We employed the logistic regres-
sion analysis upon age and gender adjustment to assess the associations between
HCV-induced LC and HLA alleles.

Software

For general statistical analysis, we employed R statistical environment version
2.9.1 (cran.r-project.org) or plink-1.06 (pngu.mgh.harvard.edu/~purcell/plink/).
The Haploview software version 4.2 [40] was used to calculate LD and to draw
Manhattan plot. Primer3 -web v0.3.0 (http://frodo.wi.mit.edu) web tool was used
to design primers. We employed LocusZoom (http://csg.sph.umich.edu/locus-
zoom/) for regional plots. We used SNP Functional Prediction web tool for func-
tional annotation of SNPs (http://snpinfo.niehs.nih.gov/snpfunc.htm) [41]. We
used “Gene Expression Analysis Based on Imputed Genotypes” (http://
www.sph.umich.edu/csg/liang/imputation) [42] for eQTL analysis. We used
MACTH [43] web tool for searching potential binding sites for transcription fac-
tors (http://www.gene-regulation.com/index.htm).

Results
Genome-wide association study for HCV-induced liver cirrhosis

We performed a two-stage GWAS using a total of 1618 cases and
4854 controls (Supplementary Fig. 1). In the first stage, a whole
genome scan was performed on 682 Japanese patients with
HCV-induced LC and 1045 Japanese patients with CHC, using Illu-
mina Human Hap 610-Quad bead Chip. The genotyping results of
431,618 single nucleotide polymorphisms (SNPs) obtained after
our standard quality control were used for further analysis.

CHC patients with severe liver fibrosis (F3 or F4 according to
the New Inuyama classification [32]) or lower platelet counts
(<160,000) were excluded from the control group. As progression
from CHC to LC is strongly affected by age and gender, we per-
formed logistic regression analyses including age and gender as
covariates at all tested loci in our analyses. The genetic inflation
factor lambda was 1.051, indicating that there is little or no evi-
dence of population stratification (Supplementary Fig. 2A).
Although no SNPs cleared the GWAS significance threshold
(p <5 x 107%) at the first stage, we selected ten candidate SNPs
showing suggestive association of p <1 x 10~ (Supplementary
Fig. 2B and Supplementary Table 1). After excluding SNP
16891116 due to almost absolute linkage with SNP
rs10252674 (r*=0.99), the remaining nine SNPs were further
genotyped using an independent cohort, consisting of 936 LC
and 3809 CHC cases, by multiplex PCR-based Invader assay as
the second stage. We could successfully obtain genotype results
for eight SNPs after the QC filter (call rate >0.95 in LC and CHC
samples, Hardy-Weinberg of p =1 x 107 in CHC samples). The
logistic regression analysis adjusted by age and gender revealed
that five SNPs on chromosome 6q21.3 indicated a significant
association with progression from CHC to LC after the Bonferroni
correction (p <0.05/8 = 6.25 x 1073, Supplementary Table 2). A
meta-analysis of the two stages with a fixed-effects model
revealed that all of the five SNPs significantly associated with
progression from CHC to LC (p values of 9.15 x 107''-
1.28 x 10~® with odds ratios (OR) of 1.30-1.46, Fig. 1 and Table 2).
These five SNPs were located in the HLA class II region and were
in strong linkage disequilibrium with each other (D’ >0.75, Sup-
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Table 2. Summary of GWAS and replication analyses.

SNP  Stage Allele Gene _ Livercirrhosis  Chronic hepatitis C ~ OR (95% CI)*  p value® p value,
(1/2) 11 12 22 RAF* 11 12 22  RAF®
rs910049
GWAS alg C6orffl0 24 217 435 0.196 25 224 794 0.131 1.73(1.40-2.15) 5.39x 107
Replication (6p21.3) 33 259 631 0.180 66 952 2790 0.142 1.37 (1.20-1.58) 7.59 x 10
Combined® 146 (1.28-162) 9.15x10™ 0075
rs3817963
GWAS alg BTNL2 92 343 241 0390 101 437 505 0.306 1.53(1.29-1.81) 9.50 x 107
Replication (6p21.3) 130 395 395 0.356 409 1573 1816 0.315 1.22 (1.10-1.36) 2.66 x 10+
__Combined® 1.30(1.18-1.42) 1.28x10° 0.028
rs9405098
GWAS alg Nogene 75 293 308 0.328 70 365 608 0.242 1.54(1.30-1.84) 1.10x10%
Replication (6p21.3) 100 361 462 0.304 249 1429 2129 0.253 1.30 (1.16-1.46) 5.64 x 10
i Combined® 1.37 (1.23-1.50) 1.04x 10" 0.105
rs3135363
GWAS ct Nogene 35 258 383 0.757 89 447 507 0.700 1.58(1.32-1.90) 7.89x 107
Replication (6p21.3) 73 322 540 0.750 389 1486 1929 0.702 1.30 (1.16-1.46) 7.94 x 10
___ Combinga* 1.37(1.24-1.51) 1.45x10" 0.069
rs3129860
GWAS alg Nogene 58 294 324 0303 57 348 638 0.221 1.55(1.29-1.82) 6.45x 10%
Replication (6p21.3) g8 339 507 0.276 208 1341 2246 0.231 1.28 (1.14-1.44) 253 x10%
Combined® 1.36 (1.22-1.49) 1.07x 10¢ 0.085

1618 (682 in GWAS and 936 in replication) liver cirrhosis and 4854 (1045 in GWAS and 3809 in replication) chronic hepatitis C samples were analyzed.

*RAF, risk allele frequency.
POR, odds ratios; CI, confidence interval.

“p Values obtained by logistic regression analysis adjusted for age and gender under additive model.
dp Values of heterogeneities (Phet) across three stages were examined by using the Breslow-Day test.
“Combined odds ratio and p values for independence test were calculated by Mendel-hauzen and Laird method in the meta-analysis.

plementary Fig. 3). To further evaluate the effect of each variation
on the progression from CHC to LC, we performed multiple logis-
tic regression analyses. As a result, rs910049 (p of 1.91 x 1073
with OR of 1.25) and rs3135363 (p of 1.49 x 10~* with OR of
1.23) remained significantly associated with the progression risk
from CHC to LC, while the remaining three SNPs failed to show
significant associations (p >0.05) (Supplementary Table 3). Thus,
two SNPs, rs910049 and rs3135363, seem to be independent risk
factors for HCV-induced LC.

Since reduced platelet level is associated with a poor progno-
sis among CHC patients [44] we excluded patients with platelet
level of less than 160,000 from CHC groups to increase the risk
of type 2 error in this study. We also conducted the analysis using
only CHC patients diagnosed with liver biopsy. As a result, both
SNPs reached genome-wide significance (p <5 x 107%), although
the associations were reduced due to the smaller sample size
(Supplementary Table 4).

Subgroup analyses, stratified by IFN treatment status, amount
of alcohol consumption, and gender, were also performed, since
these factors were shown to be associated with the prognosis
of CHC patients [45-47]. A total of 334 LC patients (35.83%)
and 2325 CHC (82.4%) were treated with IFN therapy. Although
the frequency of IFN treatment was different between CHC and
LC groups, these variations associated with the LC risk regardless
of IFN treatment as well as gender and alcohol consumption
(Supplementary Fig. 4A-C). When we included these factors as
covariates, the association of these variations with HCV-induced
LC was sustained, with OR of 1.48 and 1.56, and SNP rs3135363

still reached genome-wide significance (p = 3.95 x 10~%) (Supple-
mentary Table 5).

The association of previously reported variations with HCV-induced
LC

Non-synonymous SNP rs738409 (1148M) in the PNPLA3 gene was
shown to be associated with progression of LC in the previous
prospective study in Caucasians [31]. SNP rs738409 was also
associated with the severity of non-alcoholic fatty liver disease
in Japanese [48]. Therefore, we analyzed SNP rs738409 in our
case-control cohort, but rs738409 did not significantly associate
with HCV-induced LC (p = 0.24 and OR = 1.10), although the risk
G allele was more frequent among LC than CHC (Supplementary
Table 6). Our result is similar to what observed among Caucasians
in the previous study, in which rs738409 increased liver cancer
risk among alcoholic cirrhosis but did not among hepatitis C cir-
rhosis [49]. Since biological studies demonstrated that its risk
allele (G) abolishes the triglyceride hydrolysis activity of PNPLA3
[50] PNPLA3 variation would have a strong impact on non-viral
cirrhosis.

Recently, GWAS in the Caucasian population identified the
association of SNPs rs4374383, rs16851720 and rs9380516 with
the progression of liver fibrosis after HCV infection [51].
However, SNPs rs4374383 and rs16851720 did not exhibit
significant association (p = 0.654 and 0.231, respectively) in our
sample set. Although SNP rs9380516 exhibited the association
with p-value of 0.015, the risk allele showed an opposite result
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Gene Tagging SNP Haplotype frequency OR (95% Cl)® p value®
Liver cirrhosis ~ Chronic hepatitis C
DQA1*0601 rs2736182(T) + rs2071293(A) 0.038 0.019 280 1.38-3.32 4.53x10*

DRB1*0405 rs411326(C) + rs2395185(A) + rs4599680(A)

0.324 0.266 1.45

1.156-1.56  1.54 x 10*

Association was tested by comparing haplotype distribution between 682 liver cirrhosis and 1045 chronic hepatitis C samples in GWAS.

* OR, odds ratio; CI, confidence interval.

b p Values were obtained by case-control analysis of GWAS stage (p for haplotype were obtained by score test, implemented in R) (DQA1°0601 and DRB1°0405). The p values
obtained by logistic regression analysis adjusted for age and gender under additive model.

(Supplementary Table 6). Taken together, these SNPs would not
be associated with liver fibrosis in the Japanese population.

Genes related to extracellular matrix turnover or immune
response (KRT 19, COL1A1, STMNZ2, CXCL6, CCR2, TIMP1, IL8, IL1A,
ITGA2, CLDN 4, and IL2) were shown to be implicated in liver
fibrosis of chronic hepatitis C [14]. To further characterize these
loci, we conducted imputation analyses in the GWAS sample
set (682 cases and 1045 controls), using data from HAPMAP
phase II (JPT), and found 163 SNPs in 9 loci. However, none of
these SNPs indicated significant association with p-value of less
than 0.01 (Supplementary Table 7). Thus, variations of these
genes did not associate with progression from chronic hepatitis
C to liver cirrhosis.

Imputation-based fine mapping of HLA region

The most significantly associated SNP rs3135363 is located
within an intergenic region between BTNL2 and HLA-DRA, and
rs910049 is located in intron 7 of C6orfI0 gene (Supplementary
Figs. 5 and 6). To further characterize these loci, we conducted
imputation-based association analysis for the GWAS samples
(682 LC and 1045 CHC samples) using data from HAPMAP Phase
I (JPT), and could obtain the results of nearly 6000 SNPs in a 4-
Mb genomic region. The regional association plots revealed that
all modestly-associated SNPs are confined within a 700-kb region
containing 21 genes, namely TNXB, ATF6B, FKBPL, PRRT1, PPT2,
EGFL8, AGPAT1, RNF5, RNF5P1, AGER, PBX2, C6orf10, BTNL2, HLA-
DRA, HLA-DRB5, HLA-DRB6, HLA-DRB1, HLA-DQA1, HLA-DQA2,
HLA-DQB1 and HLA-DQB2 (Supplementary Fig. 5). Although 640
SNPs, including ten non-synonymous SNPs within the 4-Mb
region, showed very modest associations (p <0.01) with HCV-
induced LC, none of these SNPs in this region revealed strong
association with HCV-induced LC, after adjustment with the
two SNPs, rs910049 and rs3135363 (Supplementary Fig. 7).
Taken together, the associations observed in this region would
reflect the association with rs910049 and rs3135363.

Previous reports indicated the association of HLA-DRB1 and
HLA-DQ alleles with HCV-induced chronic hepatitis in the Japa-
nese population [26]. To investigate the association of HLA alleles
with HCV-induced LC, we estimated the genotypes at the HLA
region by applying the imputation results of HLA-tagging SNPs
[37]. We could successfully determine 53 alleles of HLA-A, B, C,
DQA, DQB, and DRB genes and find that HLA-DQA1*0601 and
HLA-DRB170405 were strongly associated with HCV-induced LC
(p values of 4.53 x 10~* and 1.54 x 10~* with ORs of 2.80 and
1.45) even after the Bonferroni correction (p<0.05/
53 =9.43 x 10~*) (Table 3 and Supplementary Table 8A-E) [37].
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Fig. 2. Cumulative effects of liver cirrhosis risk alleles. (A) Frequency distri-
bution divided by risk allele numbers (rs910049, rs3135353, and HLA-DQAD601)
among liver cirrhosis (light blue bars) and chronic hepatitis C (dark blue bars)
patients. (B) Plot of the increase odds ratio (OR) for liver cirrhosis according to the
number of risk alleles. The ORs are relative to the subjects with no risk alleles
(rs910049, rs3135353, and HLA-DQAD601). Vertical bars correspond to 95%
confidence intervals. Horizontal line marks the null value (OR=1).

Cumulative effect of multiple loci within the HLA region

SNPs rs3135363 and rs910049, HLA-DQA1°0601, and HLA-
DRB1"0405 are located within a 300-kb segment in the HLA class
I region and show moderate linkage disequilibrium (Supplemen-
tary Fig. 8). To further evaluate these genetic factors, we per-
formed multiple logistic regression analyses and found that
rs910049 (p of 9.40 x 10~ with OR of 1.38), rs3135363 (p of
394 x107* with OR=1.41), and HLA-DQAI*0601 (p of
7.79 x 1072 with OR of 1.54) were significantly associated with
HCV-induced LC (Supplementary Table 9), indicating these three
variations were independent risk factors for progression of CHC
to LC.

To investigate the pathophysiological roles of rs910049 and
rs3135363 in disease progression, we searched the eQTL database
(http://www.sph.umich.edu/csg/liang/imputation) and found
that risk alleles of rs910049 (A) and rs3135363 (T) were associ-
ated with lower expression of HLA-DQA (LOD of >6.86 and
17.31, respectively) and DRB1 (LOD of =12.01 and 18.96, respec-
tively), and with higher expression of HLA-DQB1 (LOD of =6.76
and 4.46, respectively) (Supplementary Table 10). Thus,
rs910049 and rs3135363 are likely to affect the expression of
HLA class Il molecules and subsequently alter the risk of HCV-
induced LC.

Finally, we examined the cumulative effects of rs910049,
rs3135363, and HLA-DQA170601. Individuals with four or more
risk alleles (8.8% of general population) have 2.83-fold higher risk
of HCV-induced LC compared with those with no risk allele
(15.0% of general population, Fig. 2).
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Discussion

We here demonstrated that multiple genetic variations in the
MHC region were significantly associated with the risk of disease
progression from CHC to LC, using a total of 1618 HCV-LC and
4854 CHC cases. Since a substantial proportion of patients with
CHC show progression to LC in a certain time period, exclusion
of CHC patients who have a high risk for LC from control subjects
is essential to reduce the risk of false negative association. In this
study, CHC patients with advanced fibrosis (F3 or F4 in stage) or
with reduced platelet level (less than 160,000/ul) were excluded
from the control samples, since these alterations are well-known
risk factors for LC development [9,32]. Consequently, we were
successfully able to identify the HCV-induced LC loci.

HLA genes are known to play critical roles in the regulation of
our immune responses through controlling the antigen presenta-
tion to CD8 (class I) and CD4 (class II) T cells. Although previous
studies indicated the association of HLA class 1 alleles such as
HLA-B57, HLA-A11, and HLA-C04 with persistent HCV infection
[52,53], no SNPs in the HLA class I region exhibited strong asso-
ciation with HCV-induced LC. Here we identified three variations
(rs910049, rs3135363, HLA-DQA1*0601) in the HLA class Il region
to be significantly associated with the progression risk from CHC
to LC. Since two SNPs, rs910049 and rs3135363, had been indi-
cated to affect expression levels of HLA-DRBI and DQ, our findings
indicated the significant pathophysiological roles of HLA class 11
molecules in the development of HCV-induced liver fibrosis. Con-
sidering the function of HLA-DQ and HLA-DR, we suggest that the
antigen presentation by HLA class II molecules is likely to play a
critical role in the elimination of HCV-infected liver cells and sub-
sequently prevent HCV-induced LC.

Direct acting antiviral drugs for HCV can cure up to 75% of
patients infected with HCV genotype 1, and the lifetime risk of
developing LC and HCC among HCV carriers was decreased dur-
ing the two recent decades [54,13]. However, the amino acid
sequence of the NS3 protease domain varies significantly
between HCV genotypes and the antiviral efficacy differs in dif-
ferent HCV genotypes [55]. Moreover, protease inhibitors
increased the incidence of adverse reactions such as anemia
and skin rash [56]. Therefore, estimation of liver cirrhosis risk
and prediction of treatment response would be essential to pro-
vide a personalized treatment and to achieve the optimal results.
Due to the recent advances in pharmacogenetic studies, genetic
factors associated with efficacy and adverse effects of anti-HCV
treatment were identified. IL-28B is a powerful predictor of treat-
ment outcome of pegylated interferon and ribavirin therapy [22],
while a genetic variation in the ITPA gene was shown to be asso-
ciated with ribavirin-induced anemia [57]. Since we conducted a
retrospective study, and the majority of LC patients did not
receive IFN treatment, we could not evaluate the treatment
responses in our study design. However, SNPs identified in this
study were associated with the LC risk independent of IFN treat-
ment. Although the impact of each SNP was relatively weak com-
pared with viral factors (HCV genotype, core and NS5A mutation
[58]) and host factors (age, gender, obesity, and insulin resis-
tance), we found that individuals with three or more risk alleles
have a nearly three-fold higher risk of LC than those with no risk
allele. Since lifetime risk of HCC development among HCV carri-
ers is as high as about 27% for male and 8% for female [59], these
three loci would have the strong effect on the clinical outcome of
CHC patients. In general, the progression from chronic hepatitis C
to liver cirrhosis usually takes more than 20-30 years. Therefore,

a large scale prospective cohort study with more than 10-year
follow-up is essential to evaluate the role of these variations as
a prognostic biomarker. We would like to perform prospective
analysis in future studies. We hope that our findings would con-
tribute to clarify the underling molecular mechanism of HCV-
induced liver cirrhosis.
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