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Fig. 2 The decision tree
algorithm for outcome
prediction at 5 days after the
onset of grade Il or more severe
hepatic encephalopathy (day 5)

[93.1%]
Heart Failure-day

NO YES

2C

[16.1%]

Table 3 The accuracy of the decision tree algorithms to predict the
prognostic outcome of acute liver failure patients at the onset of
hepatic encephalopathy and 5 days later

At the onset At 5 days after

of hepatic the onset of hepatic
encephalopathy encephalopathy
Patients for the formation
of the algorithm 1998-2003
(n = 371)
Accuracy 79.0 83.6
Sensitivity 71.6 82.6
Specificity 80.6 84.7
PPV 82.5 86.5
NPV 75.3 80.5
Patients for the validation
of the algorithm 20042007
(n = 160)
Accuracy 71.2 73.1
Sensitivity 75.0 63.6
Specificity 67.1 824
PPV 70.6 77.8
NPV 71.8 70.0

PPV positive predictive value, NPV negative predictive value

the analysis using the data set at the onset of hepatic
encephalopathy, and 8 categories using the data set at
5 days after the onset of encephalopathy. The number of

[100%]
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L
[80.3%]

Prothrombin Time-day 5=39.5%

(n=371)

YES [75.8%]

enal Failure-day 0

[11%] YES,

[29.6%]

patients who died and the mortality rates of the patients in
each category are shown in Table 4. The distribution of the
patients and the mortality rates in each category were
almost equivalent to those in the patients used for the
formation of the algorithms both at the onset of hepatic
encephalopathy and 5 days later, except for category-2C.
The mortality rate in patients classified as category-2C was
16.1% in patients used for the formation of the algorithm,
while the rate was 91.7% in those used for the validation
(Table 4b).

The predictive accuracies assessed in patients for vali-
dation of the algorithms were 71 and 73%, respectively, at
the onset of hepatic encephalopathy and 5 days later,

‘similar to findings in the patients used for the formation of

the algorithms (Table 3). The sensitivity, specificity, PPV,
and NPV were 75, 67, 71, and 72%, respectively, at the
onset of the encephalopathy, and 64, 82, 78, and 70%,
respectively, at 5 days after the onset of encephalopathy.

Application of the algorithms for ALF patients
receiving liver transplantation

When the data from the 211 patients who had received liver
transplantation were applied for the established algorithms
at the onset of hepatic encephalopathy, 141 patients
(66.8%) were classified as category-1A, category-1B, cat-
egory-1D,. or category-1F, in which categories the
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Table 4 The numbers of deaths
and the mortality rates of
patients in each category

Categories classified
through decision tree

Mortality rates of patients
% (number of patients)

Number of patients

classified through decision tree analysis

analysis: comparison among
patients used for the formation
of the algorithm, those used for

Patients for algorithm
formation 1998-2003
n =371

Patients for algorithm
validation 2004-2007
(n = 160)

Patients receiving
liver transplantation
1998-2007 (n = 211)

the validation of the algorithm,
and those who received liver

(a) The algorithm for the patients at the onset of hepatic encephalopathy

‘ 1A 89.0 (81/91) 83.9 (26/31) 95
transplantation 1B 79.6 (39/49) 50.0 (16/32) 34
1c 22.6 (7131) 37.5 (3/8) 10
1D 66.7 (20/30) 83.3 (10/12)
1B 30.8 (4/13) 182 (2/11)
1F 88.2 (15/17) 80.0 (8/10)
1G 25.0 (35/140) 302 (16/53) 53

(b) The algorithm for the patients at 5 days after the onset of hepatic encephalopathy

2A 93.1 (81/87) 86.4 (19/22) 19
2B 80.3 (53/66) 714 (15/21) 36
2C 16.1 (5/31) 91.7 (11/12) 16
2D 100.0 (8/8) - (0/0) 0
2E 75.8 (25/33) 72.7 (§/11) 18
2F 11.0 (12/108) 17.3 (9/52) 20
2G 29.6 (8/27) 25.0 (4/16) 1
2H 90.0 (9/10) - (0/0) 2

mortality rates were greater than 50% in patients for the
formation of the algorithm (Table 4a). In contrast, 53
patients (25.2%) were classified as category-1G, in which
the mortality rates were 25.0 and 29.4%, respectively, in
patients used for the formation and those used for the
validation of the algorithm.

The outcome at 5 days after the onset of hepatic
encephalopathy was assessed in 112 (53.1%) of the 211
patients who had received liver transplantation, because the
transplantation was done within S days after the onset of
hepatic encephalopathy in 99 patients (Table 4b). Conse-
quently, 75 (67.0%) of the 112 patients were classified as
category-2A, category-2B, category-2D, category-2E, or
category-2H for the formation of the algorithm, in which
categories the mortality rates were greater than 50%. Six-
teen patients (14.3%) were classified as category-2C for
validation of the algorithm, in which category the mortality
rate was greater than 90%, despite the fact that the mor-
tality in it was only 16.1% in the patients used for for-
mation of the algorithm.

Discussion
In the present study, we established a predictive model to
determine the outcome of patients with ALF through

decision tree analysis, one of the data-mining methods.
Data-mining has been applied to analysis in fields such as
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business intelligence, marketing, banking and finance,
customer relationship management, and engineering, as
well as various areas of science, including medicine. In
clinical medicine, data-mining techniques are used to
construct a predictive model, which supports clinical
decisions for researchers as well as practitioners [17]. A
decision tree algorithm is one of the most popular data-
mining techniques, constructed through recursive data
partitioning, where the data are split according to the val-
ues of a selected attribute in iteration. Decision trees have
already been applied to the field of hepatology; for exam-
ple, to analyze the characteristic features of hepatocellular
carcinoma [18-20], and to evaluate the therapeutic efficacy
of pegylated-interferon and ribavirin for patients with
chronic hepatitis due to HCV infection [21, 22].

In the present study, algorithms of two types were
established; an algorithm for use at the onset of hepatic
encephalopathy and one for use 5 days later, because, in
Japan, conservative medical care including artificial liver
support is generally performed in most patients, including
those receiving liver transplantation, following the onset of
hepatic encephalopathy. In fact, as shown in Table Ic,
plasma exchange and hemodiafiltration were carried out in
more than 90 and 70%, respectively, of patients with ALF.
Thus, the outcome of the patients could be evaluated
5 days after the onset of hepatic encephalopathy in 53% of
patients receiving liver transplantation (Table 4). The data
sets obtained from ALF patients seen between 1998 and
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2003 were used for the formation of the algorithms and
those from the patients seen between 2004 and 2007 for
their validation, because the outcomes of the patients seen
in the two periods were almost equivalent, although there
were some differences between the two periods in the
frequencies of the therapeutic procedures undertaken
(Table 1c, d).

According to the established decision tree algorithms,
the patients with ALF were classified into 7 categories
through 6 items at the onset of hepatic encephalopathy and
into 8 categories through 7 items at 5 days after the onset
of hepatic encephalopathy. Serum bilirubin concentration
was selected as the first split item in the former algorithm,
and the patients were further classified based on peripheral
blood platelet counts, age, presence or absence of ascites,
and the etiology of liver injuries. In contrast, the pro-
thrombin time at 5 days after the onset of encephalopathy
was the first split item in the latter algorithm, and the
patients were then classified based on the serum bilirubin
concentration and presence or absence of cerebral edema,
liver atrophy, and cardiac and renal failure at the onset of
encephalopathy or 5 days later. The interval between the
onset of disease symptoms and hepatic encephalopathy has
been considered to be one of the most important factors to
determine the prognosis of ALF patients [4], and this factor
was selected as a parameter in the previous guidelines [5].
The prothrombin time and the ratio of the direct-to-total
bilirubin concentration at the onset of hepatic encepha-
lopathy were previously selected as parameters as well {5].
However, these factors were not chosen as items respon-
sible for the prognosis of ALF patients in our novel model
established through decision tree analysis. These decisions
are in line with findings in our previous report [7], in which
ALF patients could be classified into three clusters inde-
pendent of the interval between the onset of disease
symptoms and the onset of hepatic encephalopathy, and the
prognosis of the patients differed markedly among the
clusters. Moreover, among 7 items in the algorithms at
5 days after the onset of hepatic encephalopathy, the extent
of cerebral edema, renal failure, and heart failure may vary
depending on the therapeutic devices used, especially
regarding methods for artificial liver support (ALS) [23—
25]. High-flow continuous hemodiafiltration (CHDF) and
on-line hemodiafiltration (HDF) are much more effective
than conventional HDF and CHDF [26, 27]. In the present
study, most of the patients received conventional CHDF
and HDF (data not shown), and such therapeutic devices
were not selected as factors affecting the prognoses of the
patients.

Certain characteristic features in both our algorithms are
deserving of inclusion in the algorithms. First, the cate-
gories can be divided into 2 types depending on their
mortality rates; the mortality rates in patients used for the
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formation of the model were greater than 66.7% in 4 cat-
egories in both algorithms, while they were less than 33.3%
in the remaining 3 and 4 categories, respectively, in the
algorithm used at the onset of hepatic encephalopathy and
that used 5 days later. Secondly, 341 of the 371 patients
used for the establishment of decision trees (91.9%) were
classified into 4 major categories, in which the number of
patients belonging to each category was greater than 30 in
the algorithm at the onset of hepatic encephalopathy. Also,
325 patients (87.6%) were classified into 5 major catego-
ries in the algorithm at 5 days after the onset of hepatic
encephalopathy. Considering these characteristic features
of both algorithms, the novel model constructed through
the decision tree analysis seems to be useful for the pre-
diction of the outcome of patients with ALF, because the
first characteristic above allowed the analysis to achieve
high accuracy rates when the outcomes of the patients were
predicted qualitatively as “death” or “survival”. In con-
trast, the second characteristic may enable us to obtain
stable results for prediction even after the validation. In
fact, as shown in Table 3, the predictive accuracies of both
algorithms were high; 79.0 and 83.6%, respectively, in the
algorithm at the onset of hepatic encephalopathy and that at
5 days later, when the outcome of patients belonging to the
categories with mortality rates greater than 50% was pre-
dicted as “death”. Moreover, the sensitivity, specificity,
PPV, and NPV values were greater than 75% in the algo-
rithm at the onset of hepatic encephalopathy, and greater
than 80% in the algorithm at 5 days later. Also, the mor-
tality rates in patients used for the algorithm formation
were similar to those in the patients used for the validation
in each category, except for category-2C. As a result, the
predictive accuracies were also high in patients used for the
validation algorithm; 71.2 and 73.1%, respectively, in
the algorithm at the onset of hepatic encephalopathy and
that at 5 days later, when the outcome of patients was
assessed qualitatively. Thus, it is concluded that the present
model, consisting of 2 algorithms, may be useful to predict
the outcome of ALF patients both quantitatively and
qualitatively. Clinicians can obtain the predictive mortality
rates of the patients depending on the categories to which
the patients belong, and they can also predict the outcome
as “death” or “survival” with satisfactory accuracies.
However, there are several weak points in both algo-
rithms to predict the outcome of the ALF patient. Although
the reproducibility of the algorithm at the onset of hepatic
encephalopathy was generally good in each category, a
29.6% difference in mortality rates was found between the
formation and validation data sets in category-1B. Also,
there was a 75.6% difference between the two data sets in
category-2C. Moreover, the validation could not be done in
categories-2D and -2H, because no patients were classified
in these categories in the validation groups, and a similar
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situation was found in the analysis of patients who had
received liver transplantation. The significance of such
minor terminal nodes (leaves) constructed with small
numbers of patients should be further validated in patients
enrolled in the nationwide survey since 2008.

Liver transplantation was performed in 221 (21.6%) of
the 1,022 patients enrolled in the study. These patients
were excluded from the subjects used for the formation and
validation of the decision tree algorithms. However, we
evaluated the possible outcomes of these patients using the
established algorithms. To our surprise, as shown in
Table 4, 33% of the transplanted patients were classified
into the categories showing a predictive mortality rate of
less than 50% both at the onset of hepatic encephalopathy
and at 5 days later. We note particularly that there existed
53 of 211 transplanted patients (25.1%) belonging to cat-
egory-1G, with predictive mortality rates of 25.0 and
29.0%, respectively, in patients used for the formation and
those used for the validation of the algorithms. Thus, the
clinical features of transplanted patients should, in the
future, be evaluated retrospectively with reference to
peripheral blood platelet counts and the etiology of liver
injury, as well as serum bilirubin concentration, the items
responsible for classification as category-1G. Also, it
should be noted that 16 of 112 patients (14.3%) were
classified as category-2C at 5 days after the onset of
hepatic encephalopathy. The significance of category-2C,
characterized by items such as cerebral edema, liver atro-
phy, and cardiac failure, should be investigated further.

In Europe and the United State, the indications for liver
transplantation in patients with ALF have been evaluated
based on the guidelines proposed by O’Grady et al. [28], in
which the prognosis was estimated differently in patients
with liver failure due to acetaminophen intoxication and
those with liver failure caused by viral hepatitis and drug
allergy-induced liver injury. In the former category of
patients, the prognosis was estimated based on three
parameters: arterial blood pH, peak prothrombin time, and
the serum creatinine level. In contrast, in the latter category
of patients, the prognosis was determined based on 5
parameters: etiology of the disease, age of the patient, the
duration of jaundice before the onset of hepatic encepha-
lopathy, peak prothrombin time, and the serum bilirubin
level. Thus, the usefulness of our novel model based on the
decision tree analysis should also be evaluated in ALF
patients in Europe and the United States, especially in
those with acute liver failure due to viral hepatitis and drug
allergy-induced liver injury, in comparison with the
guidelines proposed by O’Grady et al. [28]. However, it
should be kept in mind that the purpose of our model is to
predict the possible mortality rates of ALF patients, but not
to determine the indication for liver transplantation auto-
matically. In our model, cerebral edema and cardiac
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failure, which may disallow the patients from receiving
liver transplantation, are included as split items. Liver
transplantation cannot be performed for patients showing
high mortality rates due to complications caused by ALF
that correspond to items that are contra-indications for
surgical procedures.

In conclusion, we have developed a novel model con-
sisting of two algorithms for predicting the outcome of
ALF patients at the onset of hepatic encephalopathy and at
5 days later, through decision tree analysis. This system
may be useful to determine the indication for liver trans-
plantation, because the mortality rates can be estimated by
the algorithms with high accuracy rates, which were sim-
ilarly high both before and after validation.
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A genome-wide association study of HCV-induced liver cirrhosis
in the Japanese population identifies novel susceptibility loci at the
MHC region
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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, 15910049 and rs3135363, were significantly
associated with the progression from CHC to LC (Pcombined = 9.15 -
%x10™"" 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-DQAT*0601 were independently
associated with the risk of HCV-induced LC. In addition, individ-

Keywords: Genome-wide association study: Hepatitis C virus; Liver cirrhosis;
Major histocompatibility complex.
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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 chronicviral 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 lllumina Human Hap 610 682 313 (46.3) 67.1+£9.7

Chronic hepatitis C®  Hiroshima University  lllumina Human Hap 610 1045 371 (35.5) 55.2+11.0

Replication

Liver cirrhosis Tokyo University Invader assay 716 334 (46.8) 64.4+104
Hiroshima University 220 98 (44.5) 64.7 £ 8.98

Chronic hepatitis C2  BioBank Japan Invader assay 1670 780 (46.8) 59.7+12.6
Hiroshima University 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. I[L28B 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
152596542 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.acjp/naikal/
researchprofile/pdf/liverstudygroupe.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 1075 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 1075, we selected nine SNPs for further analysis with LD thresh-
old of I = 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 2 was derived by
applying logistic regressed p values for all the tested SNPs. The quantile-quantile
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 10~ in the GWAS stage (first
stage) and p =6.25 x 10~3 (=0.05/8) in the replication analysis. We considered
p <5 x 10~8 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 11 [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 107 in CHC samples in replication stage. The statistical
power was 19.51% in GWAS (the first stage) (p = 1.00 x 1075), 97.98% in replica-
tion (p=0.05/8), and 74.76% in the combined stage (p =5.00 x 10~8) 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 —log;o 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 2 =0 to r* = 1 based on pair-wise 2 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:/fwww.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 1078) 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
rs6891116 due to almost absolute linkage with SNP
1510252674 (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 10~8 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 9.15x 107'-
1.28 x 1078 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 Liver cirrhosis Chronic hepatitis C OR (95% Cl)®  pvalue® pvalue, ¢
(1/2) 11 12 22 RAF 11 12 22  RAF
rs910049
GWAS alg C6orfl0 24 217 435 0196 25 224 794 0.131 1.73(1.40-2.15) 5.39x 107
Replication (6p21.3) 38 259 631 0180 66 952 2790 0.142 1.37(1.20-1.58) 7.59 x 10°
Combined® 1.46 (1.28-162) 9.15x 10" 0.075
rs3817963
GWAS alg BTNL2 92 343 241 0390 101 437 505 0.306 1.53(1.29-1.81) 9.50x 107
Replication (6p21.3) 130 395 395 0.356 409 1573 1816 0.315 1.22 (1.10-1.36) 2.66 x 104
Combined® 130 (1.18-1.42) 1.28x10% 0.029
1s9405098
GWAS alg Nogene 75 293 308 0.328 70 365 608 0.242 1.54(1.30-1.84) 1.10x 10
Replication (6p21.3) 100 361 462 0.304 249 1429 2129 0.253 1.30(1.16-1.46) 5.64 x 10°
Combined® 1.37 (1.23-1.50) 1.04x10° 0.105
rs3135363
GWAS ¢/t  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
Combined® 137 (1.24-151) 1.45x 10 0.069
rs3129860
GWAS alg Nogene 58 294 324 0303 57 348 638 0221 1.55(1.29-1.82) 6.45x10°
Replication (6p21.3) 88 339 507 0276 208 1341 2246 0.231 1.28(1.14-1.44) 2.53x10°
Combined® 1.36 (1.22-1.49) 1.07x10° 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.

2RAF, risk allele frequency.
bYOR, odds ratios; Cl, confidence interval.

p Values obtained by logistic regression analysis adjusted for age and gender under additive model.
9p 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 103
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 1078), 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 154374383 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

4 Journal of Hepatology 2013 vol. xxx | XXX—Xxx




Table 3. Results of three associated variations from candidate gene analyses.
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Gene Tagging SNP Haplotype frequency OR (95% CI)? 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 0.266 145 1.15-1.56 1.54x10*

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

2 OR, odds ratio; Cl, confidence interval.

® p Values were obtained by case-control analysis of GWAS stage (p for haplotype were obtained by score test, implemented in R) (DQA170601 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, STMN2, 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 C6orf10 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
II (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-DRB? 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-DRB1*0405 were strongly associated with HCV-induced LC
(p values of 4.53 x 107* 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-DQA0601)
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-DQA0601). 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
II 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 10~2 with OR of 1.38), rs3135363 (p of
394 x 10 with OR=1.41), and HLA-DQA1*0601 (p of
7.79 x 10™2 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-DQAT1*0601. 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/pl) 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 1) and CD4 (class 1) T cells. Although previous
studies indicated the association of HLA class | 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-DRB1 and DQ, our findings
indicated the significant pathophysiological roles of HLA class Il
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 Il 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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MicroRNA-140 Acts as a Liver Tumor Suppressor
by Controlling NF-xB Activity by Directly Targeting
DNa Methyltransferase 1 (Dnmtl) Expression

Akemi Takata,' Motoyuki Otsuka,' Takeshi Yoshikawa,' Takahiro Kishikawa,' Yohko Hikiba,”
Shuntaro Obi,? Tadashi Goto,' Young Jun Kang,* Shin Maeda,’ Haruhiko Yoshida,'
Masao Omata," Hiroshi Asahara,>®” and Kazuhiko Koike'

MicroRNAs (miRNAs) are small RNAs that regulate the expression of specific target genes.
While deregulated miRNA expression levels have been detected in many tumors, whether
miRNA functional impairment is also involved in carcinogenesis remains unknown. We
investigated whether deregulation of miRNA machinery components and subsequent func-
tional impairment of miRNAs are involved in hepatocarcinogenesis. Among miRNA-
containing ribonucleoprotein complex components, reduced expression of DDX20 was fre-
quently observed in human hepatocellular carcinomas, in which enhanced nuclear factor-
kB (NF-kB) activity is believed to be closely linked to carcinogenesis. Because DDX20 nor-
mally suppresses NF-kB activity by preferentially regulating the function of the NF-xB-sup-
pressing miRNA-140, we hypothesized that impairment of miRNA-140 function may be
involved in hepatocarcinogenesis. DNA methyltransferase 1 (Dnmtl) was identified as a
direct target of miRNA-140, and increased Dnmtl expression in DDX20-deficient cells
hypermethylated the promoters of metallothionein genes, resulting in decreased metallo-
thionein expression leading to enhanced NF-kB activity. MiRNA-140-knockout mice were
prone to hepatocarcinogenesis and had a phenotype similar to that of DDX20 deficiency,
suggesting that miRNA-140 plays a central role in DDX20 deficiency-related pathogenesis.
Conclusion: These results indicate that miRNA-140 acts as a liver tumor suppressor, and
that impairment of miRNA-140 function due to a deficiency of DDX20, a miRNA machin-
ery component, could lead to hepatocarcinogenesis. (HeparoLocy 2013;57:162-170)

epatocellular carcinoma (HCC) is the third Nuclear factor-xB (NF-xB) is one of the best-character-

most common cause of cancer-related mortal-

ity worldwide." Although multiple major risk
factors have been identified, such as infection with hep-
atitis viruses B or C, the molecular mechanisms under-
lying HCC development remain poorly understood,
hindering the development of novel therapeutic
approaches. Therefore, a better understanding of the
molecular pathways involved in hepatocarcinogenesis is
critical for the development of new therapeutic options.

ized intracellular signaling pathways. Its activation is a
common feature of human HCC.> It acts as an inhibitor
of apoptosis and as a tumor promoter™ and is associated
with the acquisition of a transformed phenotype during
hepatocarcinogenesis.® In fact, studies using patient sam-
ples suggest that NF-xB activation in the liver leads to the
development of HCC.” Although there are conflicting
reports,® activation of the NF-xB pathway in the liver is
crucial for the initiation and promotion of HCC.*

Abbreviations: DEN, diethylnitrosamine; Dnmtl, DNA methyltransferase 1; HCC, hepatocellular carcinoma; miRNA; microRNA; miRNE miRNA-containing

ribonucleoprotein; MT, metallothionein; NF-xB, nuclear factor-kB; RT-PCR, reverse-transcription p

TRAIL, TINF-related apoptosis-inducing ligand; UTR, untranslated region.

rase chain reaction; TNF-0, tumor necrosis factor-o;
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MicroRNAs (miRNAs) are small RNA molecules that
regulate the expression of target genes and are involved
in various biological functions.”’* Although specific
miRNAs can function as either suppressors or onco-
genes in tumor development, a general reduction in
miRNA expression is commonly observed in human
cancers.">?? In this context, it can be hypothesized that
deregulation of the machinery components involved in
miRNA function may be related to the functional
impairment of miRNAs and the pathogenesis of
carcinogenesis.

In this study, we show that the expression of
DDX20, an miRNA-containing ribonucleoprotein
(miRNP) component, is frequently decreased in human
HCC. Because DDX20 is required for both the prefer-
ential loading of miRNA-140 into the RNA-induced
silencing complex and its function,”® we hypothesized
that DDX20 deficiency would lead to hepatocarcino-
genesis via impaired miRNA-140 function. MiRNA-
140 knockout mice were indeed more prone to hepato-
carcinogenesis, and we identified a possible molecular
pathway from DDX20 deficiency to liver cancer.

Materials and Methods

Mouse and Liver Tumor Induction. MiRNA-
140/~ mice have been described.?* Recombinant mu-
rine tumor necrosis factor-o0 (TNF-a) (25 puglkg;
Wako, Osaka, Japan) was injected into the tail vein,
and the mice were sacrificed 1 hour later. To induce
liver tumors, 15-day-old mice received an intraperito-
neal injection of diethylnitrosamine (DEN) (25 mg/kg
body weight), and were sacrificed 32 weeks later. All
animal experiments were performed in compliance
with the regulations of the Animal Use Committee of
the University of Tokyo and the Institute for Adult
Disease, Asahi Life Foundation.

Plasmids. FLAG-tagged human DDX20-expressing
plasmids were as described.”> The pGL3-based reporter
plasmid containing Dnmtl 3’ untranslated region
(UTR) sequences was provided by G. Marucucci.”

Detailed Materials and Methods. The detailed ex-
perimental procedures of clinical samples, cells, plas-
mids, reporter assays, reverse-transcription polymerase
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Table 1. Cases with Differential Expression Levels of miRNP
Components in HCC (n = 10)

Gene ID Gene Symhol Decreased Increased No Change
23405 Dicerl 2 1 7
27161 EIF2C2 (AGO2) 1 1 8
6895 TARBP2(TRBP2) 2 0 8
11218 DDX20 (GEMIN3) 8 0 2
50628 GEMIN4 1 0 9

The expression levels of each miRNP component were determined via
immunohistochemistry.

The numbers indicate the number of cases that had the differential expres-
sion levels (decreased, increased, or no change) in HCC tissues compared with
those in surrounding liver tissues.

chain reaction (RT-PCR) analysis, antibodies, western
blotting, cell assays, immunohistochemistry, microarray
analysis, methylation analysis, and electrophoretic mo-
bility-shift assay are described in the Supporting
Information.

Statistical Analysis. Statistically significant differen-
ces between groups were determined using a Wilcoxon
rank-sum test. A Wilcoxon signed-rank test was used
for statistical comparisons of protein expression levels
between HCC and surrounding noncancerous tissues.

Results

DDX20 Expression Is Frequently Decreased in
HCC. The expression levels of proteins reported to be
miRNP components (Dicer, Ago2, TRBP2, DDX20
[also known as Gemin3], and Gemin4)*® were initially
determined via immunohistochemistry in HCC and
noncancerous background liver tissues from 10
patients. DDX20 expression was lower in HCC tissue
compared with the surrounding noncancerous tissue in
8 of 10 cases, whereas expression of the other genes
was unchanged (Table 1 and Supporting Fig. 1).
Therefore, and because DDX20 was recently identified
as a possible liver tumor suppressor in mice,”” we
determined its role as a human HCC suppressor.

DDX20 protein expression was lower in several
HCC cell lines, such as Huh7 and Hep3B (Fig. 1A),
compared with normal hepatocytes. DDX20 protein
levels were also lower in human HCC needle biopsy
specimens than in surrounding noncancerous liver
tssue (Fig. 1B). Immunohistochemical analysis

Address reprint requests to: Motoyuki Otsuka, M.D., Department of Gastroenterology, Graduate School of Medicine, University of Tokyo, 7-3-1 Hongo,
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Fig. 1. Reduced DDX20 expression levels in hepatocellular carcinoma. (A) DDX20 protein expression in HCC cell lines. Numbers between the
panels indicate DDX20 protein levels normalized to f-actin levels. Lysates of 293T cells transiently transfected with a FLAG-tagged DDX20-
expressing plasmid yielded two DDX20 bands corresponding to the endogenous DDX20 protein and the transfected FLAG-tagged DDX20 protein
(*) as a positive control (p.c.; far right lane). Data represent the results of three independent determinations. (B) DDX20 protein expression in
four HCC needle biopsy specimens and in the surrounding noncancerous background liver tissue (Back). *Positive control. (C) Immunohistochem-
ical analysis of DDX20 protein expression in HCC and surrounding tissues: (background liver). Two representative cases are shown. Scale bars,
500 um. The lower panels display magnified images of the boxed areas in the upper panels. (D) Grid summarizing DDX20 immunohistochemical
staining data from 70 cases. In 47 cases (pink shading), DDX20 protein levels were lower in the HCC tissues than in the surrounding tissues

(P < 0.05; Wilcoxon signed-rank test).

confirmed that DDX20 expression was frequently
lower in HCC than in surrounding noncancerous liver
tissue (Fig. 1C,D). Specifically, 47 of 70 cases exam-
ined showed reduced DDX20 protein expression in
HCC versus background noncancerous liver tissue
(Fig. 1D and Supporting Table 1). These results indi-
cate that the expression of DDX20, an miRNP com-
ponent, is frequently reduced in human HCC, and
suggest that this reduced DDX20 expression might be
involved in the pathogenesis of a subset of HCC cases.

NF-x B Activity Is Enhanced by DDX20 Deficiency.
Because DDX20 knockout mice are embryonic-
lethal,”® DDX20 has been suggested to have important
biological roles. DDX20, a DEAD-box protein,” was
originally found to interact with survival motor neuron
protein.®” Later, it was identified as a major compo-
nent of miRNPs,*! which may mediate miRNA func-
tion. As we have reported, DDX20 is preferentially
involved in miRNA-140-3p function,” acting as a
suppressor of NF-xB activity in the liver.> DDX20-
knockdown PLC/PRF/5 cells exhibit enhanced NF-xB
activity™ (Fig. 2A). Whereas the proliferation rates of
DDX20-knockdown cells and control cells were com-
parable (Fig. 2B), apoptotic cell death after stimulation
with TNF-related apoptosis-inducing ligand (TRAIL),

which induces both cell apoptosis and NF-xB activa-
tion,”> was significantly reduced in DDX20-knock-
down cells (Fig. 2C). Similar results were obtained
using DDX20-knockdown HepG2 cells (Supporting
Fig. 2A-D). Conversely, NF-xB activity was reduced,
but cell proliferation remained unchanged, in Hep3B
cells stably overexpressing DDX20 (Fig. 2D,E). Sensi-
tivity to TRAIL-induced apoptosis was restored in
these cells (Fig. 2F). Similar results were also obtained
using Huh7 cells (Supporting Fig. 2E-H). These data
confirm a previous report that DDX20 deficiency
enhances NF-xB activity and the downstream events
of this pathway.

Metallothionein Expression Is Decreased by
DDX20 Deficiency. Next, to investigate the biological
consequences of DDX20 deficiency, we examined the
changes in transcript levels in DDX20-knockdown
cells using microarrays (GEO accession number:
GSE28088). The expression of genes driven by NF-xB
that are related to carcinogenesis, such as FASLG,
IRAK1, CARDY, and Galectin-1, were enhanced sig-
nificantly in DDX20-knockdown cells, as expected
(Table 2). To determine the mechanism underlying the
enhanced NF-xB activation in DDX20-deficient cells,
we searched for candidate genes and noticed that the
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Fig. 2. Modulation of downstream events of the nuclear factor-xB pathway by DDX20. (A) Left: Establishment of stable DDX20-knockdown
(DDX20 KD) PLC/PRF/5 cells. *Positive control (p.c.). Right: DDX20 deficiency enhances TNF-o-induced NF-xB activity. NF-icB reporter plasmids
were transiently transfected into control (Ctrl) or DDX20-knockdown (KD) PLC/PRF/5 cells. The cells were then treated with TNF-oc (5 ng/mL) or
vehicle for 6 hours. *P < 0.05. Data are presented as the mean * SD of three independent determinations. (B) Cell proliferation rates were
comparable for control (Ctrl) and DDX20-knockdown (KD) PLC/PRF/5 cells. Data are presented as the mean = SD of three determinations. (C)
DDX20 deficiency reduces TRAIL-induced apoptotic cell death. Control (Ctrl) and DDX20-knockdown (KD) PLC/PRF/5 cells were incubated with
25 ng/mL TRAIL. Data represent cell viability after TRAIL stimulation (gray bars) relative to the number of vehicle-treated cells (white bars). *P
<0.05. Data are presented as the mean = SD of triplicate determinations. (D) Left: Establishment of stable DDX20-overexpressing cells. Hep3B
cells were infected with control or FLAG-tagged DDX20-overexpressing lentiviruses and selected on puromycin. Western blot analysis confirmed
increased expression of DDX20 protein. Right: DDX20 overexpression suppresses TNF-a-induced NF-xB activity. NF-xB reporter plasmids were
transiently transfected into Hep3B control (Ctr) and DDX20-overexpressing (DDX20) cells treated with TNF-c for 6 hours. Data are presented as
the mean * SD of three independent determinations. *P < 0.05. (E) Proliferation of control (Ctrl) and DDX20-overexpressing (DDX20) Hep3B
cells was measured as described in (B). (F) DDX20 overexpression reduces TRAIL-induced apoptotic cell death. Data for control (Ctrl) and
DDX20-overexpressing (DDX20) Hep3B cells are shown. *P < 0.05.

Table 2. Increased Expression of NF-xB-Related Genes in DDX20-Knockdown HepG2 Cells Compared with Wild-Type Cells

RefSeq ID Symbol Description Ratio Rep! ive Gene Functil
NM_000639 FASLG Fas ligand 3.5 NF-xB target, apoptosis
NM_052813 CYorf151 CARD9 2.5 NF-xB cascade, NF-xB target
NM_014959 CARD8 Tumor up-regulated CARD-containing 22 NF-xB target
antagonist of CASP9 (TUCAN)
NM_131917 FAF1 FAS-associated factor 1 (hFAF1) 1.9 Cytoplasmic sequestering of NF-«xB, NF-xB target
NM_020644 TMEM9B Transmembrane protein 9B precursor 1.9 Positive regulation of NF-xB transcription factor activity
NM_017544 NKRF ITBA4 protein 1.9 Negative reguiation of transcription
NM_006247 PPP5C Protein phosphatase T 1.8 Positive regulation of NF-xB cascade
NM_020345 NKIRAS1 KappaB-Ras1 1.8 NF-xB cascade
NM_001569 IRAK1 IRAK-1 1.7 Positive regulation of NF-xB transcription factor activity
NM_177951 PPMIA - Protein phosphatase 1A 1.7 Positive regulation of NF-xB cascade
NM_018098 ECT2 Epithelial cell-transforming sequence 2 oncogene 1.6 Positive regulation of NF-xB cascade
NM_002305 LGALS1 Galectin-1 (putative MAPK-activating protein MP12) 1.6 Positive regulation of NF-xB cascade
NM_015093 TAB2 TAK1-binding protein 2 1.6 Positive regulation of NF-kB cascade
NM_004180 TANK TRAF-interacting protein 1.5 NF-kB cascade
NM_014976 PDCD11 Programmed cell death protein 11 1.5 rRNA processing
NM_015336 ZDHHC17 Putative NF-xB-activating protein 205 1.5 Positive regulation of NF-xB cascade
NM_002503 NFKBIB IKB-B 1.5 Cytoplasmic sequestering of NF-«xB
NM_138330 ZNF675 Zinc finger protein 675 1.5 Negative regulation of NF-xB transcription factor activity

The genes were identified as NF-xB-related based on the Gene Ontology and the GeneCodis Databases.

188



166  TAKATA ET AL.

Table 3. Decreased Expression Levels of MT Genes in DDX20
Knockdown HepG2 Cells Compared with Wild-Type Cells

Symbol Description Ratio
MT1E Metallothionein-1E 0.12
MT1F Metallothionein-1F 0.36
MT1H Metallothionein-1H 0.16
MT1G Metallothionein-1G 0.08
MTIM Metallothionein-1M 0.24
MT1X Metallothionein-1X 0.27
MT2A Metallothionein-2 0.28
MT3 Metallothionein-3 0.84
MTL5 Metallothionein-like 5 (Tesmin) 1.12

Numbers in boldface type indicate values <0.5.

expression levels of a group of metallothioneins (MTs),
such as MT1E, MT1E MTI1G, MT1M, MT1X, and
MT2A, were all significantly decreased when DDX20
was deficient (Table 3). The decreased expression of
MTs in DDX20-knockdown HepG2 and PLC/PRF/5
cells was confirmed via quantitative RI-PCR (Fig. 3a
and Supporting Fig. 3). Expression of MT-3, which
was not altered in the microarray analysis, was simi-
larly unaltered in quantitative RT-PCR analysis. Nota-
bly, it was already known that MTs are frequenty
silenced in human primary liver cancers.>**¢ In addi-
tion, MT knockout mice have enhanced NF-xB activ-
ity, likely due to reactive oxygen species, and these
mice are more prone to hepatocarcinogenesis.>” These
results suggest that DDX20 deficiency enhances NEF-
KB activity by decreasing the expression of MTs, which
could facilitate the development of liver cancer.
MiRNA-140 Directly Targets Dnmtl. Because MT
expression is regulated principally by CpG island
methylation in their promoter regions,””” we exam-
ined the quantitative methylation status of MT pro-
moters in DDX20-knockdown cells. The CpG islands
of the MT1E, MT1G, MT1IM, MTI1X, and MT2A
promoters, and the CpG shores of the MTIF pro-
moters, were significantly more highly methylated
under DDX20-deficient conditions, as determined by
the comprehensive Illumina Quantitative Methylation
BeadChip method (Table 4, Supporting Table 2, and
GSE 37633). A crucial step in DNA methylation
involves DNA methyltransferase (Dnmt), which cata-
lyzes the methylation of CpG dinucleotides in
genomic DNA.*® The methylation status of MT pro-
moters is mediated specifically by Dnmtl.* Because
Dnmtl contains a predicted miRNA-140-3p target
site in its 3’ UTR, with a perfect match to its seed
sequences (Fig. 3B), and because the effects of
miRNA-140-3p activity were impaired in DDX20-
knockdown cells,® it was hypothesized that whereas
miRNA-140 normally targets and suppresses Dnmtl
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protein expression, miRNA-140-3p dysfunction due to
DDX20 deficiency results in enhanced Dnmtl expres-
sion, leading to hypermethylation of MT promoters.
Consistent with this hypothesis, Dnmtl expression was
increased significanty in DDX20-knockdown cells
(Fig. 3C). miRNA-140 precursor overexpression sup-
pressed activity of the Dnmtl 3’ UTR reporter con-
struct, the effect of which was lost when two muta-
tions were introduced into its seed sequences (Fig.
3D). MiRNA-140 precursor overexpression suppressed
Dnmtl protein expression (Fig. 3E). These results
indicate that miRNA-140 directy targets Dnmtl and
suppresses its expression in the normal state. Consis-
tently, decreased DDX20, increased Dnmtl, and
decreased MT expression were detected together in
human clinical HCC samples, as determined via
immunohistochemistry  (Fig. 3F). By contrast,
miRNA-140  precursor-overexpressing Huh7  cells
showed increased expression of MTs and reduced NE-
kB activity in vitro (Supporting Fig. 4A,B). Moreover,
the increase in the number of spheres formed from
PLC/PRF/5 cells due to DDX20 knockdown was
antagonized by treatment with an NF-xB inhibitor or
a demethylating agent (Supporting Fig. 5). Taken to-
gether, these results suggest that the up-regulated
Dnmtl protein expression caused by functional
impairment of miRNA-140-3p due to DDX20 defi-
ciency results in decreased expression of MTs via
enhanced methylation at the CpG sites in their pro-
moters. This may lead to enhanced NF-xB activity
and cellular transformation at least iz vitro.
MiRNA-140 Is a Liver Tumor Suppressor. To fur-
ther examine the biological consequences of functional
impairment of miRNA-140 due to DDX20 deficiency,
we determined the phenotypes of miRNA-140 knock-
out (miRNA-140""") mice (Fig. 4A). Similar to the iz
vitro DDX20 knockdown results, Dnmtl expression
was increased and MT levels decreased in the liver tis-
sue of these mice (Fig. 4B). NF-xB~DNA binding ac-
tivity was enhanced in the livers of miRNA-1407'~
mice after tail-vein injection of TNF-o, a crucial cyto-
kine that induces NF-xB activity and hepatocarcino-
genesis (Fig. 4C). As was found in MT knockout
mice, phosphorylation of p65 at serine 276, which is
critical for p65 activation, was significantly increased
in the livers of miRNA-140""" mice after DEN expo-
sure, which induces NF-xB activation and liver
tumors’’ (Fig. 4D). Notably, the size and number of
liver tumors that developed 8 months after DEN ex-
posure were markedly elevated in miRNA-1407'~
mice compared with control mice (Fig. 4E,F). These
results indicate that miRNA-140""" mice are indeed
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Fig. 3. Targeting of Dnmtl by miRNA-140-3p and reduced MT expression. (A) The expression levels of MTs were determined using quantitative
reverse-transcriptase polymerase chain reaction. The relative expression ratios of the MTs in control (white bars) and DDX20-knockdown (black
bars) HepG2 cells were calculated by normalizing control cell values to 1.0. The data represent the mean ® SD of three independent determina-
tions. *P < 0.05. (B) Putative miRNA-140-3p target sites in the 3’ UTR of human Dnmtl. Seed sequences are indicated in red. (C) Dnmt1
expression was increased in DDX20-knockdown cells. Ctrl, control cells; KD, DDX20-knockdown cells. (D) Left: Schematic diagrams of wild-type
(upper) and mutant (lower) luciferase reporter constructs (Luc-Dnmt1-3’ UTRs) carrying the Dnmt1 3’ UTR region harboring the putative miRNA-
140-3p target site. The mutant seed sequence contained two nucleotide substitutions. Right: The Dnmt1 3’ UTR is targeted directly by miRNA-
140-3p. Cells were cotransfected with Luc-Dnmt1-3’ UTR (wild-type or mutant) plus either an empty vector (white bars) or a plasmid expressing
the miRNA-140 precursor (black bars). Data are the mean * SD of three independent determinations. (E) Overexpression of miRNA-140
reduces Dnmtl1 expression in control cells. Values between the panels indicate Dnmt1 protein levels normalized to those of S-actin. KD, DDX20
knockdown cells. (F) Representative histochemical images showing expression of DDX20, Dnmt1, and MT proteins in HCC (upper three panels)
and surrounding tissue (lower panels). Compared with adjacent noncancerous liver tissue, HCCs exhibited decreased DDX20 and MT expression
and increased Dnmt1 expression. Note that adjacent sections were stained for each protein. Scale bar, 50 um.
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Table 4. Methylation Levels in CpG Islands of the MT Genes
in DDX20-Knockdown HepG2 Cells Compared with Control

Cells
CpG Island
Symbol Methylation Ratio Target ID
MT1E 1.14 cg00178359
1.29 cg06463589
3.65 cg02512505
1.02 cg15134649
MT1G 2.14 cg16452857
1.03 cg27367960
1.00 cg03566142
0.99 cg07791866
MTIM 1.16 cg02132560
0.98 cg02160530
1.03 cg04994964
MT1X 1.24 cg05596720
1.05 cg26802333
1.06 cg09147880
1.01 cg08872713
MT2A 2.06 cg07395075
0.94 cg20430434

Values were determined using the quantitative Ilumina Human Methylation
BeadsChip. Boldface values indicate increased methylation levels in DDX20
knockdown cells.

more prone to liver cancer development and suggest
that miRNA-140 acts as a liver tumor suppressor,
probably by suppressing NF-xB activity, although we
cannot completely exclude other molecular mecha-
nisms. Nonetheless, these results also suggest that the
impairment of miRNA-140 function due to DDX20
deficiency may lead to hepatocarcinogenesis in
humans, as we have observed in miRNA-140""" mice
(Supporting Figs. 6 and 7).

Discussion

Here, we report that miRNA-140"'" mice have
increased NF-«xB activity and are more prone to HCC
development. In addition, we show that DDX20, an
miRNP component, is frequently decreased in human
HCC tissues. Because DDX20 deficiency preferentially
causes impaired miRNA-140 function,” the functional
impairment of miRNA-140 may result in phenotypes
similar to those of miRNA-140"'" mice and may lead
to hepatocarcinogenesis. In support of the hypothesis
that DIDX20 dysfunction is involved in hepatocarcino-
genesis, DDX20 is located at 1p21.1-p13.2, a fre-
quently deleted chromosomal region in human
HCC,*” and DDX20 was recently identified as a pos-
sible liver tumor suppressor in a functional screen in
mice.”” Although the possibility that intracellular sig-
naling pathways other than miRNA-140 may also be
involved in the biological consequences of DDX20
deficiency cannot be denied, we believe that functional
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impairment of miRNA-140 plays a major role in the
phenotypes induced by DDX20 deficiency, based on
the phenotypic similarities.

Changes in miRNA expression levels have been
reported in various tumors.”'*** However, in this
study, we found that reduced expression of an miRNA
machinery component might lead to carcinogenesis, at
least in part, through functional impairment of miR-
NAs. Recent studies have shown that components of
the RNA interference machinery are associated with
the outcome of ovarian cancer patients,”® and that sin-
gle-nucleotide polymorphisms in miRNA machinery
genes can be used as diagnostic risk markers. 4%
Therefore, the impairment of miRNA function caused
by deregulated miRNA machinery components may
also be involved in carcinogenesis.

Our study identified Dnmtl as a critical target of
miRNA-140. The decreased MT expression due to the
CpG promoter methylation induced by Dnmtl
resulted in enhanced NF-xB activity. This finding was
consistent with the results obtained using MT gene
knockout mice, in which enhanced NF-«B activation
promoted hepatocarcinogenesis.”” The decrease in MT
expression that results from increased Dnmtl expres-
sion caused by functional impairment of miRNA-140,
together with increased NF-«B activation and hepato-
carcinogenesis in MT knockout mice,?” supports the
concept that the DDX20/miRNA-140/Dnmtel/MT/
NE-xB pathway may play a crucial role in hepatocarci-
nogenesis. However, we cannot fully exclude the possi-
bility that other intracellular signaling pathways are
also involved in the induction of hepatocarcinogenesis
by miRNA-140 or DDX20 deficiency, because the
precise role of NF-xB in hepatocarcinogenesis has not
been clearly defined,® although constitutive activation
of NF-xB signaling has been frequently detected in
human HCCs.*® The mechanisms by which DDX20
expression is initially decreased and the reason its locus
is frequently deleted in HCC remain to be elucidated.
However, because DDX20 expression is also regulated
by methylation of its CpG promoter,”” once this path-
way is deregulated, decreased DDX20 expression could
be maintained by a positive feedback mechanism, even
without deletion of its locus.””

In conclusion, this study shows that miRNA-140
acts as a liver tumor suppressor. We show that
DDX20, an miRNP component, is frequently
decreased in human HCC, which may induce hepato-
carcinogenesis via impairment of miRNA-140 func-
tion. These results suggest the importance of investiga-
tions of not only aberrant miRNA expression
levels,">'*17%  but also deregulation of miRNP



