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suggest that ISDR mutations will remain a significant
predictor of good response to IFN therapies, including
72-week extension.

In conclusion, ISDR mutations are the most effective
predictors of treatment outcomes in multivariate analysis.
The number of mutations in the ISDR sequence of HCV-1b
(>2) is the most effective parameter which will facilitate
further the selection of patients with a high likelihood of
response to PEG-IFN plus RBV treatment.
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Background & Aims: Pegylated interferon and ribavirin (PEG-
IFN/RBV) therapy for chronic hepatitis C virus (HCV) genotype 1
infection is effective in 50% of patients. Recent studies revealed
an association between the [L28B genotype and treatment
response. We aimed to develop a model for the pre-treatment
prediction of response using host and viral factors.

Methods: Data were collected from 496 patients with HCV geno-
type 1 treated with PEG-IFN/RBV at five hospitals and universities
in Japan. IL28B genotype and mutations in the core and IFN sen-
sitivity determining region (ISDR) of HCV were analyzed to pre-
dict response to therapy. The decision model was generated by
data mining analysis.

Results: The IL28B polymorphism correlated with early virologi-
cal response and predicted null virological response (NVR) (odds
ratio = 20.83, p <0.0001) and sustained virological response (SVR)
(odds ratio =7.41, p <0.0001) independent of other covariates.
Mutations in the ISDR predicted relapse and SVR independent
of IL28B. The decision model revealed that patients with the
minor IL28B allele and low platelet counts had the highest NVR
(84%) and lowest SVR (7%), whereas those with the major IL28B
allele and mutations in the ISDR or high platelet counts had the
lowest NVR (0-17%) and highest SVR (61-90%). The model had
high reproducibility and predicted SVR with 78% specificity and
70% sensitivity.

Keywords: IL28B; ISDR: Peg-interferon; Ribavirin; Data mining: Decision tree.
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Conclusions: The I[28B polymorphism and mutations in the ISDR
of HCV were significant pre-treatment predictors of response to
PEG-IFN/RBV. The decision model, including these host and viral
factors may support selection of optimum treatment strategy for
individual patients.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Hepatitis C virus (HCV) infection is the leading cause of cirrhosis
and hepatocellular carcinoma worldwide [1]. The successful
eradication of HCV, defined as a sustained virological response
(SVR), is associated with a reduced risk of developing hepatocel-
lular carcinoma. Currently, pegylated interferon (PEG-IFN) plus
ribavirin (RBV) is the most effective standard of care for chronic
hepatitis C but the rate of SVR is around 50% in patients with
HCV genotype 1 [2,3], the most common genotype in Japan,
Europe, the United States, and many other countries. Moreover,
20-30% of patients with HCV genotype 1 have a null virological
response (NVR) to PEG-IFN/RBV therapy [4]. The most reliable
method for predicting the response is to monitor the early
decline of serum HCV-RNA levels during treatment [5] but there
is no established method for prediction before treatment.
Because PEG-IFN/RBV therapy is costly and often accompanied
by adverse effects such as flu-like symptoms, depression and
hematological abnormalities, pre-treatment predictions of those
patients who are unlikely to benefit from this regimen enables
ineffective treatment to be avoided.

Recently, it has been reported through a genome-wide associ-
ation study (GWAS) of patients with genotype 1 HCV that single
nucleotide polymorphisms (SNPs) located near the IL28B gene are
strongly associated with a response to PEG-IFN/RBV therapy in
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Table 1. Baseline characteristics of all patients, and patients assigned to the model building or validation groups.

All patients Model group Validation group
n =496 n =331 n =165
Gender: male 250 (50%) 170 (51%) 80 (48%)
Age (years) 57.1+99 568 +9.7 575+102
ALT (IU/L) 78.6 £60.8 78.1+614 79.7 £+ 59.6
GGT (IUL) 59.3+636 58.9 +62.0 60.2 +66.9
Platelets (10°/L) 154 £ 53 1532 52 154 + 56
Fibrosis: F3-4 121 (24%) 80 (24%) 41 (25%)
HCV-RNA: >600,000 IU/ml 409 (82%) 273 (82%) 136 (82%)
ISDR mutation: s1 220 (88%) 290 (88%) 145 (88%)
Core 70 (Arg/Gin or His) 293 (59%)/203 (41%) 197 (60%)/134 (40%) 96 (58%)/69 (42%)
Core 91 (Leu/Met) 299 (60%)/197 (40%) 200 (60%)/131 (40%) 99 (60%)/66 (40%)
IL28B: Minor allele 151 (30%) 101 (31%) 50 (30%)
SVR 194 (39%) 129 (39%) 65 (39%)
Relapse 152 (31%) 103 (31%) 49 (30%)
NVR 150 (30%) 99 (30%) 51 (31%)

ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase; ISDR. interferon sensitivity determining region; Arg, arginine; Gln, glutamine; His, histidine; Leu, leucine;

Met, methionine; Minor, heterozygote or homozygote of minor allele; SVR,

Japanese (6], European (7], and a multi-ethnic population [8,9].
The last three studies focused on the association of SNPs in the
IL28B region with SVR [7-9] but we found a stronger association
with NVR [6]. In addition to these host genetic factors, we have
reported that mutations within a stretch of 40 amino acids in
the NS5A region of HCV, designated as the IFN sensitivity deter-
mining region (ISDR), are closely associated with the virological
response to IFN therapy: a lower number of mutations is associ-
ated with treatment failure [10-13]. Amino acid substitutions at
positions 70 and 91 of the HCV core region (Core70, Core91) also
have been reported to be associated with response to PEG-IFN/
RBV therapy: glutamine (GIn) or histidine (His) at Core70 and
methionine (Met) at Core91 are associated with treatment resis-
tance [4,14]. The importance of substitutions in the HCV core and
ISDR was confirmed recently by a Japanese multicenter study
[15]. How these viral factors contribute to response to therapy
is yet to be determined. For general application in clinical prac-
tice, host genetic factors and viral factors should be considered
together.

Data mining analysis is a family of non-parametric regression
methods for predictive modeling. Software is used to automati-
cally explore the data to search for optimal split variables and
to build a decision tree structure [16]. The major advantage of
decision tree analysis over logistic regression analysis is that
the results of the analysis are presented in the form of flow chart,
which can be interpreted intuitively and readily made available
for use in clinical practice [17]. The decision tree analysis has
been utilized to define prognostic factors in various diseases
[18-25]. We have reported recently its usefulness for the predic-
tion of an early virological response (undetectable HCV-RNA
within 12 weeks of therapy) to PEG-IFN/RBV therapy in chronic
hepatitis C [26].

This study aimed to define the pre-treatment prediction of
response to PEG-IFN/RBV therapy through the integrated analysis
of host factors, such as the IL28B genetic polymorphism and var-
ious clinical covariates, as well as viral factors, such as mutations
in the HCV core and ISDR and serum HCV-RNA load. In addition,

d virological

NVR, null virological response.

for the general application of these results in clinical practice,
decision models for the pre-treatment prediction of response
were determined by data mining analysis.

Materials and methods
Patients

This was a multicentre retrospective study supported by the Japanese Ministry of
Health, Labor and Welfare. Data were collected from a total of 496 chronic hep-
atitis C patients who were treated with PEG-IFN alpha and RBV at five hospitals
and universities throughout Japan. Of these, 98 patients also were included in
the original GWAS analysis [6]. The inclusion criteria in this study were as follows
(1) infection by genotype 1b, (2) lack of co-infection with hepatitis B virus or
human immunodeficiency virus, (3) lack of other causes of liver disease, such
as autoimmune hepatitis, and primary biliary cirrhosis, (4) completion of at least
24 weeks of therapy, (5) adherence of more than 80% to the planned dose of PEG-
IFN and RBV for the NVR patients, (6) availability of DNA for the analysis of the
genetic polymorphism of IL28B, and (7) availability of serum for the determina-
tion of mutations in the ISDR and substitutions of Core70 and Core91 of HCV.
Patients received PEG-IFN alpha-2a (180 pg) or 2b (1.5 pg/kg) subcutaneously
every week and were administered a weight adjusted dose of RBV (600 mg
for <60 kg, 800 mg for 60-80 kg, and 1000 mg for >80 kg daily) which is the rec-
ommended dosage in Japan. Written informed consent was obtained from each
patient and the study protocol conformed to the ethical guidelines of the Decla-
ration of Helsinki and was approved by the institutional ethics review committee,
The baseline characteristics are listed in Table 1. For the data mining analysis, 67%
of the patients (331 patients) were assigned randomly to the model building
group and 33% (165 patients) to the validation group. There were no significant
differences in the clinical backgrounds between these two groups.

Laboratory and histological tests

Blood samples were obtained before therapy and were analyzed for hematologic
tests and for blood chemistry and HCV-RNA. Sequences of ISDR and the core
region of HCV were determined by direct sequencing after amplification by
reverse-transcription and polymerase chain reaction as reported previously
[4.11]. Genetic polymorphism in one tagging SNP located near the I[28B gene
(rsB099917) was determined by the GWAS or DigiTag2 assay [27]. Homozygosity
(GG) or heterozygosity (TG) of the minor sequence was defined as having the
1L28B minor allele, whereas homozygosity for the major sequence (TT) was
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Fig. 1. Association between the IL28B genotype (rs8099917) and treatment response. The rates of response to treatment are shown for each rs8099917 genotype. The
rate of null virological response (NVR), relapse, and sustained virological response (SVR) is shown. The p values are from Fisher’s exact test. The rate of NVR was significantly
higher (p <0.0001) and the rate of SVR was significantly lower (p <0.0001) in patients with the [L28B minor allele compared to those with the major allele. [This figure

appears in colour on the web.|

defined as having the IL28B major allele. In this study, NVR was defined as a less
than 2 log reduction of HCV-RNA at week 12 and detectable HCV-RNA by quali-
tative PCR with a lower detection limit of 50 IU/ml (Amplicor, Roche Diagnostic
systems, CA) at week 24 during therapy. RVR (rapid virological response) and
complete early virological resp (cEVR) were defined as undetectable HCV-
RNA at 4 weeks and 12 weeks during therapy and SVR was defined as undetect-
able HCV-RNA 24 weeks after the completion of therapy. Relapse was defined as
reappearance of HCV-RNA after the completion of therapy. The stage of liver
fibrosis was scored according to the METAVIR scoring system: FO (no fibrosis),
F1 (mild fibrosis: portal fibrosis septa), F2 ( fibrosis: few septa),
F3 (severe fibrosis: numerous septa without cirrhosis) and F4 (cirrhosis). Percent-
age of steatosis was quantified in 111 patients by determining the average pro-
portion of hepatocytes affected by steatosis.

Statistical analysis

Associations between pre-treatment variables and treatment response were ana-
lyzed by univariate and multivariate logistic regression analysis. Associations
between the [[28B polymorphism and sequences of HCV were analyzed by Fish-
er's exact test. SPSS software v.15.0 (SPSS Inc., Chicago, IL) was used for these
analyses. For the data mining analysis, IBM-SPSS Modeler version 13.0 (IBM-SPSS
Inc., Chicago, IL) software was utilized as reported previously [26]. The patients
used for model building were divided into two groups at each step of the analysis
based on split variables. Each value of each variable was considered as a potential
split. The optimum variables and cut-off values were determined by a statistical
search algorithm to generate the most significant division into two prognostic
subgroups that were as homogeneous as possible for the probability of SVR.
Thereafter, each subgroup was evaluated again and divided further into sub-
groups. This procedure was repeated until no additional significant variable
was detected or the sample size was below 15. To avoid over-fitting, 10-fold cross
validation was used in the tree building process. The reproducibility of the result-
ing model was tested with the data from the validation patients.

Results

Association between the IL28B (rs8099917) genotype and the PEG-
IFN/RBV response

The rs8099917 allele frequency was 70% for TT (n = 345), 29% for
TG (n = 146), and 1% for GG (n=5). We defined the I[28B major
allele as homozygous for the major sequence (TT) and the IL28B
minor allele as homozygous (GG) or heterozygous (TG) for the
minor sequence. The rate of NVR was significantly higher (72%
vs. 12%, p<0.0001) and the rate of SVR was significantly lower
(14% vs. 50%, p <0.0001) in patients with the [L28B minor allele
compared to those with the major allele (Fig. 1).

Effect of the IL28B polymorphism, substitutions in the ISDR, Core70,
and Core91 of HCV on time-dependent clearance of HCV

Patients were stratified according to their IL28B allele type, the
number of mutations in the ISDR, the amino acid substitutions
in Core70 and Core91, and the rate of undetectable HCV-RNA at
4,8, 12, 24, and 48 weeks after the start of therapy was analyzed
(Fig. 2A-D). The rate of undetectable HCV-RNA was significantly
higher in patients with the IL28B major allele than the minor
allele, in patients with two or more mutations in the ISDR com-
pared to none or only one mutation, in patients with arginine
(Arg) at Core70 rather than GIn/His, and in patients with leucine
(Leu) at Core91 rather than Met. The difference was most signif-
icant when stratified by the IL28B allele type. The rate of RVR and
cEVR was significantly more frequent in patients with the I[28B
major allele compared with those with the [L28B minor allele:
9% vs. 3% for RVR (p<0.005) and 57% vs. 11% for cEVR
(p <0.0001). These findings suggest that IL28B has the greatest
impact on early virological response to therapy.

Association between substitutions in the ISDR and relapse after the
completion of therapy

Patients were stratified according to the I[28B allele, number of
mutations in the ISDR, and amino acid substitutions of Core70
and Core91, and the rate of relapse was analyzed (Fig. 3A and
B). Among patients who achieved cEVR, the rate of relapse was
significantly lower in patients with two or more mutations in
the ISDR compared to those with only one or no mutations
(15% vs. 31%, p <0.005) (Fig. 3 B). On the other hand, the relapse
rate was not different between the IL28B major and minor alleles
within patients who achieved RVR (3% vs. 0%) or cEVR (28% vs.
29%) (Fig. 3A). Amino acid substitutions of Core70 and Core91
were not associated with the rate of relapse (data not shown).

Factors associated with response by multivariate logistic regression
analysis

By univariate analysis, the minor allele of IL28B (p <0.0001), one
or no mutations in the ISDR (p=0.03), high serum level of
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Fig. 2. Effect of IL28B mutations in the ISDR, Core70 and Core91 of HCV on time-dependent clearance of HCV. The rate of undetectable HCV-RNA was plotted for serial
time points after the start of therapy (4, 8, 12, 24, and 48 weeks) and for 24 weeks after the completion of therapy. Patients were stratified according to (A) the IL28B allele
(minor allele vs. major allele), (B) the number of mutations in the ISDR (0-1 mutation vs. 2 or more mutations), amino acid substitutions of (C) Core70 (Gln/His vs. Arg), and

(D) Core91 (Met vs. Leu). The p values are from Fisher's exact test.

HCV-RNA (p = 0.035), Gln or His at Core70 (p <0.0001), low plate-
let counts (p =0.009), and advanced fibrosis (p = 0.0002) were
associated with NVR. By multivariate analysis, the minor allele
of IL28B (OR = 20.83, 95%Cl = 11.63-37.04, p <0.0001) was associ-
ated with NVR independent of other covariates (Table 2). Notably,
mutations in the ISDR (p=0.707) and at amino acid Core70
(p=0.207) were not significant in multivariate analysis due to
the positive correlation with the IL28B polymorphism (p = 0.004
for ISDR and p <0.0001 for Core70, Fig. 4).

Genetic polymorphism of IL28B also was associated with SVR
(OR =7.41, 95% Cl = 4.05-13.57, p <0.0001) independent of other
covariates, such as platelet counts, fibrosis, and serum levels of
HCV-RNA. Mutation in the ISDR was an independent predictor
of SVR (OR = 2.11, 95% Cl = 1.06-4.18, p =0.033) but the amino
acid at Core70 was not (Table 3).

Factors associated with the IL28B polymorphism

Patients with the IL28B minor allele had significantly higher
serum level of gamma-glutamyltransferase (GGT) and a higher

frequency of hepatic steatosis (Table 4). When the association
between the IL28B polymorphism and HCV sequences was ana-
lyzed, Gln or His at Core70, that is linked to resistance to PEG-
IFN and RBV therapy (4,14,15], was significantly more frequent
in patients with the minor /L28B allele than in those with the
major allele (67% vs. 30%, p<0.0001) (Fig. 4). Other HCV
sequences with an IFN resistant phenotype also were more pre-
valent in patients with the minor IL28B allele than those with
the major allele: Met at Core91 (46% vs. 37%, p = 0.047) and one
or no mutations in the ISDR (94% vs. 85%, p = 0.004) (Fig. 4).

Data mining analysis

Data mining analysis was performed to build a model for the pre-
diction of SVR and the result is shown in Fig. 5. The analysis
selected four predictive variables, resulting in six subgroups of
patients. Genetic polymorphism of IL28B was selected as the best
predictor of SVR. Patients with the minor IL28B allele had a lower
probability of SVR and a higher probability of NVR than those
with the major IL28B allele (SVR: 14% vs. 50%, NVR: 72% vs.
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Fig. 3. Association between relapse and the IL28B allele or mutations in the
ISDR. The rate of relapse was calculated for patients who had undetectable HCV-
RNA at serial time points after the start of therapy (4, 8, 12, 24, and 48 weeks).
Patients were stratified according to (A) the /L28B allele (minor allele vs. major
allele) and (B) the number of mutations in the ISDR (0-1 mutation vs. 2 or more
mutations). The p values are from Fisher's exact test. [This figure appears in
colour on the web.]

12%). After stratification by the [L28B allele, patients with low
platelet counts (<140 x 10°/L) had a lower probability of SVR
and higher probability of NVR than those with high platelet
counts (=140 x 10°/L): for the minor IL28B allele, SVR was 7%
vs. 19%, and NVR was 84% vs. 62%, and for the major /L28B allele,
SVR was 32% vs. 66% and NVR was 16% vs. 8%. Among patients
with the major I[28B allele and low platelet counts, those with
two or more mutations in the ISDR had a higher probability of
SVR and lower probability of relapse than those with one or no
mutations in the ISDR (SVR: 75% vs. 27%, and relapse: 8% vs.
57%). Among patients with the major IL28B allele and high plate-
let counts, those with a low HCV-RNA titer (<600,000 IU/ml) had
a higher probability of SVR and lower probability of NVR and
relapse than those with a high HCV-RNA titer (SVR: 90% vs.
61%, NVR: 0% vs. 10%, and relapse: 10% vs. 29%). The sensitivity
and specificity of the decision tree were 78% and 70%, respec-
tively. The area under the receiver operating characteristic
(ROC) curve of the model was 0.782 (data not shown). The pro-
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Fig. 4. Associations between the I[L28B allele and HCV sequences. The
prevalence of HCV sequences predicting a resistant phenotype to IFN was higher
in patients with the minor /[28B allele than those with major allele. (A) 0 or 1
mutation in the ISDR of NS5A, (B) GIn or His at Core70, and (C) Met at Core91. p
values are from Fisher's exact test. |This figure appears in colour on the web.|

portion of patients with advanced fibrosis (F3-4) was 39% (84/
217) in patients with low platelet counts (<140 x 10°/L) com-
pared to 13% (37/279) in those with high platelet counts
(=140 x 10°/L).

Validation of the data mining analysis

The results of the data mining analysis were validated with 165
patients who differed from those used for model building. Each
patient was allocated to one of the six subgroups for the valida-
tion using the flow-chart form of the decision tree. The rate of
SVR and NVR in each subgroup was calculated. The rates of SVR
and NVR for each subgroup of patients were closely correlated
between the model building and the validation patients
(r* = 0.99 and 0.98) (Fig. 6).

Discussion

The rate of NVR after 48 weeks of PEG-IFN/RBV therapy among
patients infected with HCV of genotype 1 is around 20-30%. Pre-
viously, there have been no reliable baseline predictors of NVR or
SVR. Because more potent therapies, such as protease and poly-
merase inhibitor of HCV [28,29] and nitazoxianide [30], are in
clinical trials and may become available in the near future, a
pre-treatment prediction of the likelihood of response may be
helpful for patients and physicians, to support clinical decisions
about whether to begin the current standard of care or whether
to wait for emerging therapies. This study revealed that the
IL28B polymorphism was the overwhelming predictor of NVR
and is independent of host factors and viral sequences reported
previously. The IL28B encodes a protein also known as IFN-
lambda 3, which is thought to suppress the replication of various
viruses including HCV [31,32]. The results of the current study
and the findings of the GWAS studies [6-9] may provide the
rationale for developing diagnostic testing or an IFN-lambda
based therapy for chronic hepatitis C in the future.
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Table 2. Factors associated with NVR analyzed by univariate and multivariate logistic regression analysis.

Univariate Multivariate

Odds 95%CI p value Odds 95%ClI p value

ratio ratio
Gender: female 0.98 0.67-1.45 0.938 1.29 0.75-2.23 0.363
Age 1.01 0.97-1.01 0.223 0.99 0.97-1.02 0.679
ALT 1.00 1.00-1.00 0.867 1.00 0.99-1.00 0.580
GGT 1.004 1.00-1.01 0.029 1.00 1.00-1.00 0.715
Platelets 0.95 0.91-0.99 0.009 0.92 0.87-0.98 0.006
Fibrosis: F3-4 223 1.46-3.42 0.0002 1.97 1.09-3.57 0.025
HCV-RNA: 2600,000 (U/ml 1.83 1.05-3.19 0.035 249 1.17-5.29 0.018
ISDR mutation: 1 2.14 1.08-4.22 0.030 0.96 0.78-1.18 0.707
Core 70 (Gin/His) 323 2.16-4.78 <0.0001 141 0.83-2.42 0.207
Core 91 (Met) 1.39 0.95-2.06 0.093 1.21 0.72-2.04 0.462
IL28B: Minor allele 19.24 11.87-31.18 <0.0001 20.83 11.63-37.04 <0.0001

ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase; ISDR, interferon sensitivity determining region; GIn, glutamine; His, histidine; Met, methionine: Minor

allele, heterozygote or homozygote of minor allele.

Table 3. Factors associated with SVR analyzed by univariate and multi gression analysis.
Univariate Multivariate

Odds 95%ClI p value Odds 95%ClI p value

ratio ratio
Gender: female 0.81 0.56-1.16 0.253 0.86 0.55-1.35 0.508
Age 097 0.95-0.99 0.0003 0.99 0.96-1.01 0.199
ALT 1.00 1.00-1.00 0.337 1.00 1.00-1.01 0.108
GGT 1.00 1.00-1.00 0.273 1.00 1.00-1.00 0.797
Platelets 1.12 1.01-116 <0.0001 1.13 1.08-1.19 <0.0001
Fibrosis: F0-2 264 1.65-4.22 <0.0001 1.87 1.07-3.28 0.029
HCV-RNA: <600,000 IU/ml 249 1.55-3.98 0.0001 275 1.55-4.90 0.001
ISDR mutation: 2< 3.78 2.14-6.68 <0.0001 2.1 1.06-4.18 0.033
Core 70 (Arg) 1.61 1.11-2.28 0.012 0.84 0.52-1.35 0.470
Core 91 (Leu) 1.28 0.88-1.85 0.185 1.26 0.81-1.96 0.300
IL28B: Maijor allele 6.21 3.75-10.31 <0.0001 741 4.05-13.57 <0.0001

ALT, alanine aminotransferase; GGT, Gamma-glutamyltransferase; ISDR, interferon sensitivity determining region; Arg, arginine; Leu, leucine: Major allele, homozygote of

major allele.

Among baseline factors, IL28B was the most significant pre-
dictor of NVR and SVR. Moreover, the IL28B allele type was also
correlated with early virological response: the rate of RVR and
cEVR was significantly high for the IL28B major allele compared
to the IL28B minor allele: 9% vs. 3% for RVR and 57% vs. 11% for
cEVR (Fig. 2). On the other hand, the relapse rate was not differ-
ent between the IL28B genotypes within patients who achieved
RVR or cEVR (Fig. 3). We believe that optimal therapy should
be based on baseline features and a response-guided approach.
Our findings suggest that the IL28B genotype is a useful baseline
predictor of virological response which should be used for
selecting the treatment regimen: whether to treat patients with
PEG-IFN and RBV or to wait for more effective future therapy
including direct acting antiviral drugs. On the other hand, base-
line IL28B genotype might not be suitable for determining the
treatment duration in patients who started PEG-IFN/RBV therapy

and whose virological response is determined because the IL28B
genotype is not useful for the prediction of relapse. The duration
of therapy should be personalized based on the virological
response. Future studies need to explore whether the combina-
tion of baseline IL28B genotype and response-guided approach
further improves the optimization of treatment duration.

The SVR rate in patients having the IL28B minor allele was
14% in the present study while it was 23% in Caucasians and 9%
in African Americans in a study by McCarthy et al. [33]. On the
other hand, the SVR rate in patients having the IL28B minor allele
was 28% in genotypes 1/4 compared to 80% in genotypes 2/3 in a
study by Rauch et al. [9]. These data imply that the impact of the
1L28B polymorphism on response to therapy may be different in
terms of race, geographical areas, or HCV genotypes, and that our
data need to be validated in future studies including different
populations and geographical areas before generalization.

6 Journal of Hepatology 2010 vol. xxx | XXxx-Xxx

nmdmummtnmawuuammummwmmmummc
mmmummmm:mmmummﬁﬁmmmm




Table 4. Factors associated with IL28B genotype.
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IL28B major allele IL28B minor allele p value
n =345 n=151
Gender: male 166 (48%) 84 (56%) 0.143
Age (years) 57+10 57+ 10 0.585
ALT (IU/L) 79+ 60 78 + 62 0.842
Platelets (10°L) 153+ 54 155 £ 52 0.761
GGT (IUL) 51+45 78+ 91 0.001
Fibrosis: F3-4 76 (22%) 45 (30%) 0.063
Steatosis:
>10% 16/88 (18%) 13/23 (57%) 0.024
>30% 6/88 (7%) 6/23 (26%) 0.017
HCV-RNA: >600,000 IU/mi 284 (82%) 125 (83%) 1.000
ALT, al i i fi 1 GGT, ga c' J‘ ransferase.

Four GWAS studies have shown the association between a
genetic polymorphism near the IL28B gene and response to
PEG-IFN plus RBV therapy. The SNPs that showed significant
association with response were rs12979860 [8] and rs8099917
[6,7.9). There is a strong linkage-disequilibrium (LD) between
these two SNPs as well as several other SNPs near the IL28B gene
in Japanese patients [34] but the degree of LD was weaker in Cau-
casians and Hispanics [8). Thus, the combination of SNPs is not
useful for predicting response in Japanese patients but may
improve the predictive value in patients other than Japanese
who have weaker LD between SNPs.

Other significant predictors of response independent of IL28B
genotype were platelet counts, stage of fibrosis, and HCV RVA
load. A previous study reported that platelet count is a predictor
of response to therapy [35], and the lower platelet count was
related with advanced liver fibrosis in the present study. The
association between response to therapy and advanced fibrosis
independent of the IL28B polymorphism is consistent with a
recent study by Rauch et al. [9].

There is agreement that the viral genotype is significantly
associated with the treatment outcome. Moreover, viral factors
such as substitutions in the ISDR of the NS5A region [10] or in
the amino acid sequence of the HCV core [4] have been studied
in relation to the response to IFN treatment. The amino acid
Gln or His at Core70 and Met at Core91 are repeatedly reported
to be associated with resistance to therapy [4,14,15] in Japanese
patients but these data wait to be validated in different popula-
tions or other geographical areas. In this study, we confirmed that
patients with two or more mutations in the ISDR had a higher
rate of undetectable HCV-RNA at each time point during therapy.
In addition, the rate of relapse among patients who achieved
cEVR was significantly lower in patients with two or more muta-
tions in ISDR compared to those with only one or no mutations
(15% vs. 31%, p <0.05). Thus, the ISDR sequence may be used to
predict a relapse among patients who achieved virological
response during therapy, while the IL28B polymorphism may
be used to predict the virological response before therapy. A
higher number of mutations in the ISDR are reported to have
close association with SVR in Japanese [11-13,15,36] or Asian
[37.38] populations but data from Western countries have been
controversial [39-42]. A meta-analysis of 1230 patients including
525 patients from Europe has shown that there was a positive

correlation between the SVR and the number of mutations in
the ISDR in Japanese as well as in European patients [43] but this
correlation was more pronounced in Japanese patients. Thus,
geographical factors may account for the different impact of ISDR
on treatment response, which may be a potential limitation of
our study.

To our surprise, these HCV sequences were associated with
the IL28B genotype: HCV sequences with an IFN resistant pheno-
type were more prevalent in patients with the minor IL28B allele
than those with the major allele. This was an unexpected finding,
as we initially thought that host genetics and viral sequences
were completely independent. A recent study reported that the
1L28B polymorphism (rs12979860) was significantly associated
with HCV genotype: the IL28B minor allele was more frequent
in HCV genotype 1-infected patients compared to patients
infected with HCV genotype 2 or 3 [33). Again, patients with
the IL28B minor allele (IFN resistant genotype) were infected
with HCV sequences that are linked to an IFN resistant pheno-
type. The mechanism for this association is unclear, but may be
related to an interaction between the IL28B genotype and HCV
sequences in the development of chronic HCV infection as dis-
cussed by McCarthy et al., since the IL28B polymorphism was
associated with the natural clearance of HCV [44]. Alternatively,
the HCV sequence within the patient may be selected during
the course of chronic infection [45,46]. These hypotheses should
be explored through prospective studies of spontaneous HCV
clearance or by testing the time-dependent changes in the HCV
sequence during the course of chronic infection.

How these host and viral factors can be integrated to predict
the response to therapy in future clinical practice is an important
question. Because various host and viral factors interact in the
same patient, predictive analysis should consider these factors
in combination. Using the data mining analysis, we constructed
a simple decision tree model for the pre-treatment prediction
of SVR and NVR to PEG-IFN/RBV therapy. The classification of
patients based on the genetic polymorphism of IL28B, mutation
in the ISDR, serum levels of HCV-RNA, and platelet counts, iden-
tified subgroups of patients who have the lowest probabilities of
NVR (0%) with the highest probabilities of SVR (90%) as well as
those who have the highest probabilities of NVR (84%) with the
lowest probability of SVR (7%). The reproducibility of the model
was confirmed by the independent validation based on a second
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group of patients. Using this model, we can rapidly develop an
estimate of the response before treatment, by simply allocating
patients to subgroups by following the flow-chart form, which
may facilitate clinical decision making. This is in contrast to the
calculating formula, which was constructed by the traditional
logistic regression model. This was not widely used in clinical
practice as it is abstruse and inconvenient. These results support
the evidence based approach of selecting the optimum treatment
strategy for individual patients, such as treating patients with a
low probability of NVR with current PEG-IFN/RBV combination
therapy or advising those with a high probability of NVR to wait
for more effective future therapies. Patients with a high probabil-
ity of relapse may be treated for a longer duration to avoid a
relapse. Decisions may be based on the possibility of a response
against a potential risk of adverse events and the cost of the ther-
apy, or disease progression while waiting for future therapy.
We have previously reported the predictive model of early
virological response to PEG-IFN and RBV in chronic hepatitis C

[26]. The top factor selected as significant was the grade of stea-
tosis, followed by serum level of LDL cholesterol, age, GGT, and
blood sugar. The mechanism of association between these factors
and treatment response was not clear at that time. To our inter-
est, a recent study by Li et al. [47] has shown that high serum
level of LDL cholesterol was linked to the IL28B major allele (CC
in rs12979860). High serum level of LDL cholesterol was associ-
ated with SVR but it was no longer significant when analyzed
together with the IL28B genotype in multivariate analysis. Thus,
the association between treatment response and LDL cholesterol
levels may reflect the underlining link of LDL cholesterol levels to
IL28B genotype. Steatosis is reported to be correlated with low
lipid levels [48] which suggest that IL28B genotypes may be also
associated with steatosis. In fact, there were significant correla-
tions between the IL28B genotype and the presence of steatosis
in the present study (Table 4). In addition, the serum level of
GGT, another predictive factor in our previous study, was signif-
icantly associated with IL28B genotype in the present study
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Fig. 6. Validation of the CART analysis. Each patient in the validation group was
allocated to one of the six subgroups by following the flow-chart form of the
decision tree. The rate of (A) sustained virological response (SVR) and (B) null
virological response (NVR) in each subgroup was calculated and plotted. The X-
axis represents the rate of SVR or NVR in the model building patients and the Y-
axis represents those in the validation patients. The rate of SVR and NVR in each
subgroup of patients is closely correlated between the model building and the
validation patients (correlation coefficient: r? = 0.98-0.99).

(Table 4). The serum level of GGT was significantly associated
with NVR when examined independently but was no longer sig-
nificant when analyzed together with the IL28B genotype. These
observations indicate that some of the factors that we have pre-
viously identified may be associated with virological response to
therapy through the underlining link to the IL28B genotype.

In conclusion, the present study highlighted the impact of the
1L28B polymorphism and mutation in the ISDR on the pre-treat-
ment prediction of response to PEG-IFN/RBV therapy. A decision
model including these host and viral factors has the potential to

JOURNAL OF HEPATOLOGY

support selection of the optimum treatment strategy for individ-
ual patients, which may enable personalized treatment.
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Abstract

Background Hepatitis C virus (HCV) replication is
affected by several host factors. Here, we screened host
genes and molecular pathways that are involved in HCV
replication by comprehensive analyses using two geno-
types of HCV replicon-expressing cells, their cured cells
and naive Huh7 cells.
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Methods Huh7 cell lines that stably expressed HCV
genotype Ib or 2a replicon were used. The cured cells were
established by treating HCV replicon cells with interferon-
alpha. Expression of 54,675 cellular genes was analyzed by
GeneChip DNA microarray. The data were analyzed by
using the KEGG Pathway database.

Results Hierarchical clustering analysis showed that the
gene-expression profiles of each cell group constituted clear
clusters of naive, HCV replicon-expressed, and cured cell
lines. The pathway process analysis between the replicon-
expressing and the cured cell lines identified significantly
altered pathways, including MAPK, steroid biosynthesis and
TGEF-beta signaling pathways, suggesting that these pathways
were affected directly by HCV replication. Comparison of
cured and naive Huh7 cells identified pathways, including
steroid biosynthesis and sphingolipid metabolism, suggesting
that these pathways were required for efficient HCV repli-
cation. Cytoplasmic lipid droplets were obviously increased
in replicon-expressing and cured cells as compared to naive
cells. HCV replication was significantly suppressed by per-
oxisome proliferator-activated receptor (PPAR)-alpha ago-
nists but augmented by PPAR-gamma agonists.

Conclusion Comprehensive gene expression and pathway
analyses show that lipid biosynthesis pathways are crucial to
support proficient virus replication. These metabolic path-
ways could constitute novel antiviral targets against HCV.

Keywords DNA microarray - KEGG database -
HCYV replicon - Lipid metabolism

Abbreviations

HCV Hepatitis C virus

TLR Toll-like receptor

BMP Bone morphogenetic protein
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TGF Transforming growth factor

FKBP FK-binding protein

HSP Heat shock proteins

FBS Fetal bovine serum

YFP Yellow fluorescence protein

FACS Fluorescent activated cell sorting

RIN RNA integrity number

SAM Significance analysis of microarray

KEGG Kyoto Encyclopedia of Genes and Genomes

EGID NCBI Entrez Gene ID

RT-PCR  Reverse transcription-polymerase chain
reaction

MTS Dimethylthiazol carboxymethoxyphenyl
sulfophenyl tetrazolium

PPAR Peroxisome proliferator-activated receptor

Introduction

Hepatitis C virus (HCV) infection is one of the most
important causative agents of acute and chronic hepatitis,
liver cirrhosis and hepatocellular malignancies [1]. Cur-
rently, the most efficient combination treatment of ribavirin
plus peginterferon can eliminate the virus in almost half of
the patients treated (2, 3]. Thus, it is our high priority goal
to understand the HCV life cycle precisely, to identify
cellular cofactors for HCV replication and to develop new
class antiviral therapeutics.

Molecular analyses of the HCV life cycle, virus—host
interactions, and mechanisms of liver cell damage by the
virus are not understood completely, mainly because of
the lack of cell culture systems. These problems have
been partly overcome by the development of the HCV
subgenomic replicon [4] and HCV cell culture systems [S5,
6]. These systems have allowed us to study the complete
HCV life cycle: virus-cell entry, translation, protein pro-
cessing, RNA replication, virion assembly and virus
release.

Several host proteins and drugs have been reported to
have a direct affect on HCV replication in vitro [7].
These include factors that affect immune responses
(interferons and their related genes [8, 9], RIG-I, TLRs
[10]), cell proliferation (BMP7 [11], TGF-beta [12],
nucleolin [13]), molecular chaperone function (cyclo-
philin [14], ER-stress proteins [15], FKBP [16], HSP27
[17], HSP90 [18]) and lipid metabolism (cholesterol,
sphingolipid [19]). However, it is often difficult to
determine whether these genes are changed by HCV
replication or the changes are essential for HCV repli-
cation in the host cells.

@ Springer

In this study, we investigated the effects of host cellular
gene expression using our HCV replicon system (20, 21].
We performed DNA microarray analyses using cells
expressing the replicons, the comresponding cured cells,
from which the replicon had been eliminated by prolonged
treatment with interferon-alpha, and naive Huh7 cells.
Furthermore, we investigated the signaling pathways using
DNA microarrays to study molecular pathways that are
involved in the HCV life cycle and its pathogenesis.

Materials and methods
Cells and cell culture

Huh7 cells were maintained in Dulbecco’s modified min-
imal essential medium (Sigma, St. Louis, MO) supple-
mented with 10% fetal calf serum at 37°C under 5% CO,.
To maintain cell lines carrying the HCV replicon (Huh7/
Rep cells), G418 (Nakalai Tesque, Kyoto, Japan) was
added to the culture medium to a final concentration of
500 pg/ml.

HCV replicon and cell culture

The HCV-1b replicon plasmid, pHCV lbneo-delS, was
provided by Dr. Christoph Seeger (Fox Chase Cancer
Center, Philadelphia, PA) [22]. HCV-2a replicon plasmid,
pSGR-JFH1, was provided by Dr. Takaji Wakita (National
Institute of Infectious Diseases, Tokyo, Japan). The neo-
mycin phosphotransferase (Neo) gene of pHCV 1bneo-delS
and pSGR-JFH! was replaced by a chimeric gene coding
for yellow fluorescent protein fused in-frame with the
foot-and-mouth disease virus peptide 2A (P2A) autoclea-
vage motif followed by neomycin phosphotransferase,
which we designated Yeo (Fig. 1) [23]. An HCV Feo-
replicon that expresses chimeric firefly luciferase and the
neomycin resistance gene has been described {20, 21]. In
vitro replicon RNA synthesis, RNA transfection and
selection of G418-resistant cell lines were carried out as
described previously [21, 24]. Briefly, replicon RNAs
were transfected into Huh7 cells. By cell culture in the
presence of G418, we established Huh7 cell lines that
stably express the Yeo-replicons: Huh7/Rep-1b-Yeo and
Huh7/Rep-2a-Yeo.

Fluorescence microscopy and FACS analysis

The cells were plated onto eight-well chamber slides
(Lab—Tek® Chamber Slide™ System, Nalgen Nunc
International, Rochester, NY), and the YFP expression
was detected by fluorescence microscopy (BZ-8000,
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A Yeo HCV-N, 1b
pRep-1b-Yeo D YFP Neo NS3 NS4 NS5A NS5B
3'UTR
pT7 P2A
B Yeo JFH-1, 2a
pRep-za- Yeo D_ YFP Neo NS3 NS4 NS5A NS5B
3 UTR

pT? P2A

Fig. 1 Structure of replicon plasmid constructs. A hepatitis C virus
(HCV) replicon plasmid, pRep-1b-Yeo (a) and pRep-2a-Yeo (b), was
reconstructed from pHCV1bneo-delS (22] and pSGR-JFHI [47] by
replacing the neomycin phosphotransferase (Neo) gene with a fusion

KEYENCE, Osaka, Japan) and FACS Caliber using
CellQuest software (BD Biosciences, Flanklin Lakes, NJ).

Cell sorting

Cells were treated for 5 min with trypsin/EDTA at 37°C
and then resuspended in 10% FBS/DMEM. A single cell
suspension was prepared by passage through a 35-um
nylon filter. The cell populations that support a high level
of Yeo-replicon expression (Huh7/Rep-1b-Yeo"*" and
Huh7/Rep-2a-Yeo™#") were separated using a FACS Van-
tage SE cell-sorting system (BD Biosciences). The YFP-
directed fluorescence of sorted cells was confirmed by
fluorescence microscopy and FACS.

Establishment of the cured Huh7 cells

Cured Huh7 cells (cHuh7) were established by eliminating
the HCV replicon from the Yeo-1b"*" and -2a"*" replicon
expressing Huh7 cells by treatment with 100 U/ml of
interferon-aipha for 14 days [6, 25]. Clearance of replicon
RNA was confirmed by FACS analysis and by the loss of
resistance to G418.

RNA preparation and microarray hybridization

Total cellular RNA was extracted from the 1b"%" and 22"
Yeo-replicon cells, cured-1b and -2a cells and naive Huh7
cells using ISOGEN (Wako). Integrity of obtained RNA
was assessed using Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). All samples had an RNA
Integrity Number (RIN) greater than 9.4 [26]. Comple-
mentary RNA was prepared from | pg total RNA, using
one-cycle target labeling and a control reagents Kkit
(Affymetrix, Santa Clara, CA). Hybridization and signal
detection of the Human Genome U133 Plus 2.0 array
(Affymetrix) were performed in accordance with the

gene of yellow fluorecence protein (YFP) and Neo, which we
designate “Yeo.” NS Nonstructural region, p77 T7 promoter, 3'UTR
3'uniranslated region, P2A foot-and-mouth disease peptide 2A (see
also “Materials and methods™) [23]

manufacturer’s instructions. Assays were performed in
duplicate.

Analysis of gene expression data

A total of ten microarray datasets was normalized using the
robust multi-array average (RMA) method under R 2.8.1
statistical software (http://www.R-project.org). Estimated
gene expression levels were log,-transformed, data from 62
control probe sets were removed, and we selected 18,613
probe sets that were categorized as “present” or “mar-
ginal” among all samples. We performed two sets of gene
comparisons to examine effects of HCV replicons on host
cellular gene expression: one was the high Yeo-replicon-
expressing cells versus cured cells and the other was
parental Huh7 cells versus cured cells. We selected dif-
ferently expressed genes using the significance analysis of
microarray (SAM) as described by Tusher et al. [27], and
the fold changes and the Q-values were calculated for each
probe sets. We used delta = 0.1 as a cutoff parameter for
SAM. A hierarchical clustering with selected genes was
performed with R software. Euclidean distance was used to
calculate the similarity matrix among genes or cell condi-
tions, respectively. The complete linkage method was used
for agglomeration.

Molecular pathway analysis and visualization
of gene expression data

We used the KEGG Pathway database to investigate the
molecular reactions and pathways that showed significant
gene expression changes [28]. The KEGG Pathway is a
database of biological systems, consisting of over 4,252
genes and 204 molecular pathway-wiring diagrams of
interaction and reaction networks (http://www.genome.jp/
kegg/pathway.html). Prior to the pathway analysis, we
selected probe sets that were differentially expressed
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between Huh7 and cured cells and between cured cells and
replicon cells. For Huh7 versus cured cells analyses, we
selected probe sets that showed 20% upregulation or
downregulation (i.e., fold change of grater than 1.2) in both
Huh7 versus cured-1b and Huh7 versus cured-2a cells. For
replicon cell versus cured cell analyses, we selected probe
sets that showed 20% upregulation or downregulation in
both cured-1b versus replicon-1b cells or cured-2a versus
replicon-2a cells. Association between the obtained gene
list and each pathway was evaluated by Fisher’s exact test.
The significance level for KEGG analysis was set to a false
discovery rate (FDR) of lower than 0.3 using the Benjamini
and Hochberg method [29].

We next visualized functional associations between the
differentially expressed genes and biological pathway
processes. The KEGG Pathway provides a reference
knowledge base for linking genomes to biological systems
and also to environments by the processes of Pathway
mapping and BRITE mapping. NCBI Entrez Gene IDs
(EGIDs) for each gene in the pathways were extracted from
the database. The relationship between probe sets on the
microarray and EGIDs was obtained from a gene annota-
tion file provided by Affymetrix. Thereafter, gene expres-
sion changes were mapped on the pathway by combining
the results of fold-change analyses with the data sets above.

Real-time PCR analysis of mRNA expression

To confirm the results of the microarray analysis, we
examined the expression levels of several mRNA by real-
time RT-PCR (7500 Real Time PCR Systems, Applied
Biosystems, Foster City, CA). Single-stranded cDNA was
synthesized from total RNA using SuperScript Il reverse
transcriptase (Invitrogen) and random hexamers (Takara
Bio Inc., Shiga, Japan) as primers. Expression of mRNA
was quantified using QuantiTect SYBR Green PCR master
Mix (QIAGEN, Valencia, CA). The primers used were as
follows: HMGCR, SQLE, CYP51A1, TM7SF2, NSDHL,
EBP and beta-actin. The nucleotide sequences of primers
and corresponding product sizes are as indicated (see
Supplementary Table 1).

Qil red O staining

Huh7 cells, replicon cells and cured cells were cultured on
18-mm-round micro cover glasses (Matsunami, Tokyo,
Japan). These cells were fixed with 4% paraformaldehyde
for 5 min at room temperature. After washing with PBS,
the cells were permeabilized with 0.05% Triton X-100 in
PBS for 5 min at room temperature. Staining of intracel-
lular neutral lipids was performed with Oil red O, and
nuclei were stained with Mayer’s hematoxylin using Oil

@ Springer

red O stain kit procedure (Diagnostic Biosystems Inc.,
Pleasanton, CA).

Immunofluorescence analysis

Huh7 cells, replicon cells and cured cells were cultured on
18-mm-round micro cover glasses. For immunostaining,
the cells were fixed in 4% paraformaldehyde for 5 min at
room temperature. For detection of HCV-NS5A, cells were
incubated with the primary antibody (Biodesign Interna-
tional, Saco, ME) for 1 h at 37°C. The fluorescent sec-
ondary antibodies were Alexa Fluor 594 goat anti-mouse
IgG antibody (Invitrogen, Carlsbad, CA). Nuclei were
labeled with 4’ ,6-diamidino-2-phenylindole (DAPI). Lipid
droplets were visualized with BODIPY 493/503 (Invitro-
gen). Analysis was performed on a Delta-Vision micro-
scope system (Applied Precision, Seattle, WA).

Luciferase-based expression analysis
of HCV replicon and analysis of cell viability

Huh7/Rep-Feo cells [20, 21} were cultured with various
concentrations of peroxisome proliferator-activated recep-
tor (PPAR)-alpha and -gamma agonists. After 48 h of
culture, levels of HCV replication were quantified by
internal luciferase assay using a Bright-Glo Luciferase
Assay System (Promega). Assays were performed in trip-
licate, and the results were expressed as mean + SD as
percentages of the controls. To evaluate cell viability,
dimethylthiazol carboxymethoxyphenyl sulfophenyl tetra-
zolium (MTS) assay was performed using a Cell Titer 96
Aqueous One Solution Cell Proliferation Assay (Promega)
according to manufacturer’s directions.

Statistical analyses

Statistical analyses were performed using the Student’s
t-test, and P-values of less than 0.05 were considered as
statistically significant.

Results
Fluorescence detection of Yeo replicon

Genotypes 1b and 2a Yeo-replicon RNAs were stably
transfected into Huh7 cells (Huh7/Rep-ib-Yeo and Huh7/
Rep-2a-Yeo, respectively, Fig. 1). In these transfected
cells, expression of the HCV replicon was visualized by
HCV-IRES-driven, YFP-mediated fluorescence (Fig. 2,
left panels). The expression levels of individual cells could
be measured by fluorescence intensity and cytogram anal-
ysis using flow cytometry (Fig. 2, right panels).
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Fig. 2 Visualization of YFP replicon expression. Detection of YFP
expression by fluorescence microscopy analysis and of intracellular
YFP expression by FACS analysis

Our initial trial was to compare gene expression profiles
between replicon-expressing cells and parental Huh7 cells.
However, these comparisons identified gene expressional
changes induced by HCV infection and by adaptation of
the host cell to support efficient HCV replication, because
transfection of replicon RNA and G418-treatment of cells
resulted in selection of a cell population that can support a
high level of HCV subgenomic replication. Therefore, we
used cured cell lines, which were established from Huh7/
Rep-1b-Yeo and -2a-Yeo by interferon-alpha treatment.
These cured cell lines are highly permissive for HCV
replication on re-introduction of virus or replicon RNA

(Fig. 2). With these backgrounds, we performed two sets of
gene comparison using microarray analyses: comparison of

replicon-expressing cell lines (Huh7/Rep-1b-Yeo and
Huh7/Rep-2a-Yeo) and cured cells (Cured-1b/Huh7 and
Cured-2a/Huh7) was intended to identify genes that are
affected by HCV replication, and comparison of parental
Huh7 cells and cured cell lines was intended to identify

1 ]

7/ !
Hl it Cured1b  Cured-2a

280 93 0 SO 280
Fig. 3 Hierarchical clustering of gene expression profiles obtained
from the 1b and 2a Yeo-replicon expressiong cells, cured cells and
Huh7. The 1,870 probe sets that changed expression more than 1.2-
fold in either Huh7 versus cured or cured versus replicon were
selected. Dendrograms show the classification determined by hierar-
chical clustering analysis. Red and green colors indicate relative
overexpression and underexpression, respectively

genes that are essential for a high level of HCV replication

in cultured cells.

Hierarchical clustering gene expression profiles
in naive, replicon-expressing and cured cells

Datasets from the microarrays were normalized using the
robust multi-array average (RMA) method, and differen-
tially expressed genes were extracted in replicon cells,
cured cells and naive Huh7 cells. Gene expression profiles
were well correlated each other between duplicate micro-
array data from the same cell line with the Pearson’s
correlation coefficients (R?) of greater than 0.975 (see
Supplementary 1.870 probe
sets showed differences in expression levels of more than

Fig. 1). In this analysis.

1.2-fold under delta <0.1 in either Huh7 versus cured
(1,516 probe sets) or cured versus replicon (372 probe
sets). A hierarchical clustering analysis showed that the
gene-expression profiles of each cell group constituted
clear clusters, Huh7/Rep-2a and Huh7/Rep-1b. Cured-2:
and Cured-1b, and Huh7 cells (Fig. 3). Among genes
whose expression differed significantly between replicon-
expression cells and cured cells, 15 showed changes of
more than two-fold (Table 1). These included cell cycle- or
cell growth-related genes (nuclear protein 1, growth duf-
ferentiation factor 15, urothelial cancer associated 1, inhi-
bin and tubulin). oncogene (Ras-related GTP binding D)
and interferon-related gene (IFIM3). On the other hand. 37
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Table 1 Microarray analysis: genes for which the expression changed more than two-fold in Rep-1b/Huh7 and Rep-2a/Huh7 cells compared to

their cured cells

Probe set Title Replb/curedlib Rep2a/cured2a
Fold change Q-value Fold change Q-value

209230_s_at Nuclear protein | 5.41 0.00 13.78 744
221523_s_at Ras-related GTP binding D 3.82 0.00 2.32 24.60
221524 s _at Ras-retated GTP binding D 317 0.00 2.40 17.08
205923 _at Reelin 3.14 0.00 2.70 12.42
200924 _s_at Hypothetical protein LOC442497/solute carrier 2.84 0.00 2.63 0.69

family 3 (activators of dibasic and neutral

amino acid transport), member 2
221577_x_at Growth differentiation factor 15 2.62 0.00 316 0.00
233030_at Patatin-like phospholipase domain containing 3 2.07 0.00 2.31 3.16
201471 _s_at Sequestosome | 2.52 0.81 2.10 245
227919_at Urothelial cancer associated 1 5.09 0.90 2.90 54.18
207076_s_at Argininosuccinate synthetase | 299 0.90 222 61.28
205749 _at Cytochrome P450, family 1, subfamily A, polypeptide 1 2.69 0.90 2.63 4.55
217127_at Cystathionase (cystathionine gamma-lyase) 2.32 3.05 2.38 6.54
210587 _at Inhibin, beta E 2.51 4.25 3.89 245
214023 _x_at Tubulin, beta 2B 241 4.25 4.31 54.18
212203 _x_at Interferon induced transmembrane protein 3 (1-8U) 2.34 515 2.09 54.18

genes were up-regulated by more than two-fold between
cured and naive cells (Table 2), which included genes such
as chemokine (CCL14), solute carrier family and metal-
lothionein family.

Pathway process analyses and hierarchical clustering
of genes in each functional category

Using the KEGG Pathway database, we analyzed pathway
processes that were altered between replicon-expressing
cells and cured cells as well as between cured cells and Huh7
cells (Supplementary Tables 2, 3). Comparison of the
pathway processes between replicon-expressing and cured
cells identified six pathways that showed differences of
FDR < 0.3, including pathways related to MAPK
(P=40 x 10~* FDR 0.08), biosynthesis of steroids (P =
4.21 x 1077, FDR 0.21) and TGF-beta (P = 8.4 x 1077,
FDR 0.29) (KEGG Pathway maps for each significant
pathways are shown in Supplementary Fig. 2A-F). Com-
parison of the pathway processes between cured and naive
Huh7 cells identified 11 significant pathways (KEGG
Pathway maps for each significant pathway are shown in
Fig. 5 and Supplementary Fig. 3A-J). These included
pathways that were related to TGF-bata (P = 8.42 x 107%),
cell cycle (P = 9.0 x 107%) and sphingolipid metabolism
(P = 1.32 x 1072, Interestingly, there were significant
changes in the biosynthesis of steroids (P = 1.75 x 1074
between cured and naive Huh7 cells. These results suggested
that several lipid metabolism processes were substantially
associated with efficient HCV replication in host cells.
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Hierarchical clustering analyses of representative
genes included in functional pathway categories

Based on pathway process analyses using the KEGG
database, we performed hierarchical clustering analyses
of each functional subset of genes (fold change >1.2,
Fig. 4a—c). The cell cycle, cholesterol biosynthesis and
sphingolipid metabolism-related genes demonstrated
clear clusters in replicon cells, cured cell and parental
Huh7, respectively. In particular, cholesterol biosynthe-
sis-related genes were activated in replicon cells and
cured cells.

Mapping between pathway information
and gene expression data

Knowing that cholesterol metabolism pathway was chan-
ged substantially in cured cells, we performed graphical
mapping of the related genes to the KEGG Pathway map
database (Fig. 5). Similar to the pathway analyses, cho-
lesterol biosynthesis related genes, which are involved in
the mevalonate pathway or sterol biosynthesis, were clearly
activated in cured cells compared to naive Huh7 (Fig. 5).

To verify the microarray results, we performed real-time
RT-PCR of cholesterol biosynthesis-related genes includ-
ing HMGCR, SQLE, NSDHL, CYP5iAl, TM7SF2 and
EBP. All the genes were upregulated in replicon-express-
ing and cured cells compared to the naive Huh7 cells
(Fig. 6). These results were consistent with the microarray
data.
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Table 2 Microarray analysis: genes for which the expression changed more than two-fold in cured-1b and cured-2a cells compared 10 Huh7

Probe set Title Cured Ib/Huh? Cured2a/Huh7
Fold Q-value Fold change Q-value
change

210390 _s_at Chemokine (C—C motif} ligand 14/15 4.49 0.00 2.56 0.00
221168 _at PR domain containing 13 2.38 0.00 2.15 0.00
1553995_a_at 5'-nucleotidase, ecto (CD73) 2.15 0.00 3.64 0.36
204897 _at Prostaglandin E receptor 4 (subtype EP4) 2.07 2.40 2.19 0.36
214522 _x_at Histone cluster 1, H2ad/H3d 3.01 4.12 298 046
214472_at Histone cluster 1, H2ad/H3a-j 3.36 5.08 353 0.46
218280_x_at Histone cluster 2, H2aa3/H2aa4 4.65 5.20 5.17 0.61
232035_at Histone cluster 1, H4a-f, H4 h-I/histone cluster 2, 5.56 6.51 537 0.95

H4a-b/histone cluster 4, H4
214455 _at Histone cluster 1, H2bc, H2be, H2bf, H2bg, H2bi 4.72 6.51 2.68 0.61
202708 _s_at Histone cluster 2, H2be 448 6.51 5.31 0.95
214290 _s_at Histone cluster 2, H2aa3/H2aad 4.06 6.51 298 2.08
209398_at Histone cluster 1, Hlc 3.40 6.51 3.60 2.08
230795_at - 291 6.51 4.51 0.95
1553994 _at 5'-nucleotidase, ecto (CD73) 229 6.51 2.31 334
208180_s_at Histone cluster 1, H4a-f, H4 h-l/histone cluster 2, 6.27 7.65 3.40 1.46

Hda, H4b/histone cluster 4, H4
215779 _s_at Histone cluster 1, H2bc, H2be, H2bf, H2bg, H2bi 353 7.65 5.86 1.46
206110_at - 3.82 9.12 10.68 0.00
206535 _at Solute carrier family 2 (facilitated glucose transporter), member 2 3.58 9.12 2.84 5.02
213880_at Leucine-rich repeat-containing G protein-coupled receptor 5 2.81 9.12 3.02 5.02
210387_at Histone cluster 1, H2bc, H2be, H2bf, H2bg, H2bi 324 10.68 2.28 11.66
203044 _at Chondroitin sulfate synthase 1 2.36 11.85 2.67 2.08
207102_at Aldo-keto reductase family 1, member DI 2.14 13.35 5.58 .36

(delta 4-3-ketosteroid-5-beta-reductase)
219596_at THAP domain containing 10 2.20 16.73 332 2.08
217997 _at Pleckstrin homology-like domain, family A, member | 2.15 2348 3.01 3.34
217996_at Pleckstrin homology-like domain, family A, member | 2.12 2348 2.21 11.66
217165 _x_at Metallothionein 1F 3.36 29.61 3.25 11.66
213629_x_at Metallothicnein 1F 3.13 29.61 3.70 11.66
210524 _x_at - 2.39 29.61 2.46 17.81
206143 _at Solute carrier family 26, member 3 2.35 29.61 249 17.81
212859_x_at Metallothionein 1E 346 35.93 4.07 11.66
208581 _x_at Metallothionein 1X 3.31 3593 352 17.81
204326_x_at Metallothionein 1X 3.24 35.93 3.49 17.81
211456_x_at Metallothionein | pseudogene 2 3.19 3593 3.71 17.81
206461 _x_at Metallothionein {H 3.09 3593 3.49 17.81
216336_x_at Metallothionein 1E, 1H, | M/metallothionein 1 pseudogene 2 3.02 3593 3.27 17.81
212185_x_at Metallothionein 2A 2.92 35.93 2.85 17.81
204745_x_at Metallothionein 1G 2.73 3593 3.31 17.81

Detection of intraceltular lipid droplets
in naive, replicon-expressing and cured cells

Because several lipid-related pathways were extracted
(Supplementary Tables 2 and 3), we examined pheno-
types of the cell lines featuring different lipid metabolism

gene expression profiles by carrying out detection of
cellular lipid droplets (Fig. 8a, b). The cells were stained
by QOil red O or BODIPY493/503, dye solutions specific
for neutral lipids. We found a large number of lipid
droplets in the cytoplasm of each Huh7 cell line. The
number of lipid droplets obviously was increased more in
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Fig. 4 Hierarchical clustering of representative genes included in
each KEGG Pathway map. a Cell cycle. b cholesterol biosynthesis,
¢ sphingolipid metabolism. Dendrograms shows the classification

the two replicon-expressing cells and the cured cells than
in the parental Huh7 cells. Lipid and HCV-NS5A double
staining showed an increase in lipid droplets in cells
that expressed HCV proteins (Fig. 8b). Analyses of the
KEGG fatty acid metabolism pathway showed that a
substantial number of the genes of these pathways were
up-regulated in the cured cells compared to the naive
cells, although these could not reach statistical signifi-
cance (Fig. 7).
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determined by hierarchical clustering analysis. Red and green colors
indicate relative overexpression and underexpression, respectively

Effects of hepatitis C virus replication
by PPAR-alpha and gamma agonists

To assess the effects of lipid metabolic status on the
intracellular replication of the HCV genome, Huh7/Rep-
Feo cells were cultured with various concentrations of
several PPAR-alpha agonists (clofibrate, fenofibrate and
bezafibrate) and gamma agonists (pioglitazone and trog-
litazone) (Fig. 9). The luciferase activities of the Huh7/



