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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+9.9 56.8+9.7 57.5+10.2
ALT (IU/L) 786 +60.8 781+614 79.7£59.6
GGT (IU/L) 59.3+63.6 58.9 £62.0 60.2 + 66.9
Platelets (10°/L) 154 £ 53 153 £ 52 154 + 56
Fibrosis: F3-4 121 (24%) 80 (24%) 41 (25%)
HCV-RNA: >600,000 IU/mi 409 (82%) 273 (82%) 136 (82%)
ISDR mutation: <1 220 (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%)
1L28B: 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, sustained virological response; NVR, null virological response.

Japanese (6], European [7], and a multi-ethnic population [89].
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 NSSA 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 (GlIn) 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 I[28B 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,

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 1L28B, 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 pug/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 1SDR 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 IL28B gene
(rs8099917) was determined by the GWAS or DigiTag2 assay |27]. Homozygosity
(GG) or heterozygosity (TG) of the minor sequence was defined as having the
11288 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 /[28B minor allele compared to those with the major allele, [This figure

appears in colour on the web.]

defined as having the IL288 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 response (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 without septa), F2 (moderate 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 I[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 1L28B (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 IL.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 [[28B minor allele
compared to those with the major allele (Fig. 1).

Effect of the 1128B polymorphism, substitutions in the ISDR, Core70,
and Core91 of HCV on time-dependent clearance of HCV

Patients were stratified according to their 1L28B 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 Gln/His, and in patients with leucine
(Leu) at Core91 rather than Met. The difference was most signif-
icant when stratified by the [[28B allele type. The rate of RVR and
cEVR was significantly more frequent in patients with the /L28B
major allele compared with those with the IL28B 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 [L28B 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 /1288 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 1L28B (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 JL28B 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 1L.28B 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 /L28B 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 [[28B 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 I[28B polymorphism and HCV sequences was ana-
lyzed, GIn 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 I[28B 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 [L28B 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 /[28B was selected as the best
predictor of SVR. Patients with the minor I128B 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 /[28B 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 IL28B 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 IL28B allele,
SVR was 32% vs. 66% and NVR was 16% vs. 8%. Among patients
with the major IL28B 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 [L28B allele and high plate-
let counts, those with a low HCV-RNA titer (<600,000 [U/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 [L28B allele and HCV sequences. The
prevalence of HCV sequences predicting a resistant phenotype to IFN was higher
in patients with the minor IL28B allele than those with major allele. (A) 0 or 1
mutation in the ISDR of NS5A, (B) Gln 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 [L28B 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%ClI p value Odds 95%Cl 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 1U/mi 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) 3.23 2.16-4.78 <0.0001 1.41 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
1L28B: 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; Gln, glutamine; His, histidine: Met, methionine; Minor

allele, heterozygote or homozygote of minor allele.

Table 3. Factors associated with SVR analyzed by univariate and multivariate logistic regression analysis.

Univariate Multivariate

Odds 95%ClI p value QOdds 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 0.97 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 142 1.01-116 <0.0001 143 1.08-1.19 <0.0001
Fibrosis: F0O-2 2.64 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: Major allele 6.21 3.75-10.31 <0.0001 7.41 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, 1L28B 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 [L28B 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 1L28B 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
IL28B 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.
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Table 4. Factors associated with 1L28B 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 (lU/L) 79 £ 60 78 £ 62 0.842
Platelets (10°/L) 153 + 54 155+ 52 0.761
GGT (IUiL) 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/ml 284 (82%) 125 (83%) 1.000

ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase.

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 1L28B 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 1L28B 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 [11-13,1536] 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 I[28B 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 1L28B 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 1L28B 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 1L28B 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 [L28B genotype in the present study
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Fig. 6. Validation of the CART analysis. Each patient in the validation group was
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(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 1L28B 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
IL28B 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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Involvement of PA28y in the Propagation of
Hepatitis C Virus

. .s . n Y] . . \ . . AL s
Kohji Moriishi," Tkuo Shoji,” Yoshio Mori,' Ryosuke Suzuki,® Tetsuro Suzuki,’ Chikako Kataoka,"
and Yoshiharu Matsuura’

We have reported previously that the proteasome activator PA28y participates not only in
degradation of hepatitis C virus (HCV) core protein in the nucleus but also in the patho-
genesis in transgenic mice expressing HCV core protein. However, the biological signifi-
cance of PA28y in the propagation of HCV has not been clarified. PA28y is an activator of
proteasome responsible for ubiquitin-independent degradation of substrates in the nu-
cleus. In the present study, knockdown of PA28y in cells preinfection or postinfection with
the JFH-1 strain of HCV impaired viral particle production but exhibited no effect on vi-
ral RNA replication. The particle production of HCV in PA28y knockdown cells was
restored by the expression of an small interfering RNA (siRNA)-resistant PA28y. Although
viral proteins were detected in the cytoplasm of cells infected with HCV, suppression of
PA28y expression induced accumulation of HCV core protein in the nucleus. HCV core
protein was also degraded in the cytoplasm after ubiquitination by an E3 ubiquitin ligase,
EGAP. Knockdown of PA28y enhanced ubiquitination of core protein and impaired virus
production, whereas that of EGAP reduced ubiquitination of core protein and enhanced
virus production. Furthermore, virus production in the PA28y knockdown cells was
restored through knockdown of EGAP or expression of the siRNA-resistant wild-type but
not mutant PA28y incapable of activating proteasome activity. Conclusion: Our results
suggest that PA28y participates not only in the pathogenesis but also in the propagation of
HCYV by regulating the degradation of the core protein in both a ubiquitin-dependent and
ubiquitin-independent manner. (HeratoLoGY 2010;52:411-420)

ver 170 million individuals worldwide are Hepacivirus of the Flaviviridae family and has a positive,

infected with hepatitis C virus (HCV), which
is a major etiological agent of liver discases,
including hepatic steatosis, cirrhosis, and hepatocellular
carcinoma (HCC)." HCV is classified into the genus

Abbreviations: HA, hemagglutinin; HCC, hepatocellular carcinoma; HCV,
hepatitis C
infection; shRNA, short hairpin RNA; siRNA, small interfering RNA.
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virus; JEV. Japanese encephalitis vivus: moi, multiplicity of

single-strand RNA genome that encodes a single 'poly-
protein consisting of about 3,000 amino acids.” The N-
terminal one-third of the polyprotein is occupied by the
structural proteins, and the remaining portion consists
of nonstructural proteins involved in viral replication
and assembly. Host and viral proteases cleave the appro-
priate sites of the polyprotein, resulting in generation of
at least 10 viral proteins. The capsid (core), E1 and E2
proteins, and p7 are cleaved off by signal peptidase from
the polyprotein. Furthermore, the C-terminal signal
sequence of the core protein is processed by signal pep-
tide peptidasc.3 Our recent data indicate that signal pep-
tide peptidase cleaves the polyprotein between Phe'”’
and Leu'"® in the signal sequence, and this processing is
required for HCV propaga[ion.'i The mature core pro-
teins make nucleocapsid with viral RNA, and HCV par-
ticles bud into the lumen of the endoplasmic reticulum
bearing E1 and E2 glycoproteins on the host lipid com-
ponents, and are released from the host cells.

Several reports suggest that HCV core protein plays
an important role in the development of various out-
comes of liver failure, including steatosis and HCC.>¢
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We have reported previously that HCV core protein
specifically interacts with a proteasome acrivator
PA287/REGy in the nucleus and is digested by a
PA28;-dependent proteasome activity.” In vive experi-
ments in a mouse model suggest that PA28; plays a
critical role in the pathogenesis induced by HCV core
protein.®® PA28y forms a homoheptamer in the nu-
cleus and enhances the proteasome-mediated cleavage
after basic amino acid residues, whereas PA28z and
PA28f} exhibit 41% and 34% homology w PA28y,
respectively, and form a heteroheptamer in the cyto-
plasm to activate cleavage after hydrophobic, acidic, or
basic amino acid residues.'” Recently, several groups
reported that PA28% interacts with steroid receptor
coactivator-3 and cell c¢ycle suppressors such as
pZIW'\F”uP', plG'NKdA, and p19ARF. and enhances
the degradation of these proteins in a ubiquitin- and
adenosine triphosphate—independent manner.''"? Fur-
thermore, other mechanisms of ubiquitin-independent
degradation have been considered for cell cycle regula-
tion, summarized in the review of Jariel -Encontre
et al." However, the precise physiological functions of
PA28; are largely unknown in vive, because PA28;-
knockout mice exhibit only mild growth retardation
and live a;)proximately as long as their control
lictermates.'>®

HCV core protein is degraded in a PA28y-depend-
ent and ubiquitin-independent manner in the nu-
cleus,”"” while EGAP is also involved in the degrada-
tion of the core protein in a ubiquitin-dependent
manner.'”'® EGAP is a member of E3 ligases, which
caralyze ubiquitin ligation of host and foreign proteins.
Knockdown of EGAP suppressed degradation of HCV
core protein and enhanced the release of infectious
particles, suggesting that EGAP negatively regulates
HCV propagation.'® However, the role of PA28y in
the propagation of HCV has not yet been character-
ized. In this study, we examined the biological signifi-
cance of PA28y in the propagation of HCV.

Materials and Methods

Transfection, Immunoblotting, and RNA Interfer-
ence. Plasmid DNA was transfected into Huh70K1
cells by way of liposome-mediated transfection using
Lipofectamine LTX with Plus reagent (Invitrogen,
Carlsbad, CA). Expression of HCV cote protein was
determined by way of enzyme-linked immunosorbent
assay as described.'” Immunoblotting was performed
as described.® The small interfering RNAs (siRNAs)

targeted to the PA28; gene were purchased from
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Ambion (Austin, TX) and were introduced into the
cell lines using Lipofectamine RNAiMax (Invitrogen).
siRNAs with the Ambion siRNA ID numbers 138669
and 138670 were designated as siPA28y1 and
siPA2872, respectively. Antibodics and plasmids are
described in the Supporting Information.

Cell Lines and Virus Infection. All cell lines were
cultured ac 37°C under the conditions of humidified
atmosphere and 5% CQO,. The human hepatoma cell
line Huh7OK1 and derivative cell lines were main-
tained in Dulbecca’s modified Eagle’s medium (Sigma,
St. Louis, MO) supplemented with nonessential amino
acids, sodium pyruvate, and 10% fetal bovine serum.
The Huh7-derived cell line harboring a subgenomic or
a full-length HCV replicon RNA®® was maintained in
Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, nonessential amino acids, sodium
pyruvate, and 1 mg/mL G418 (Nakarai Tesque, Kyoto,
Japan). Huh7OK1 cells were transfected with pSi-
lencer-shPA28y4 or a control plasmid, pSilencer 2.1
U6 hygro negative control (Ambion), and drug-resist-
ant clones were sclected by treatment with hygromycin
(Wako, Tokyo, Japan) at a final concentration of 100
pg/mL. Huh70K1 cells transfected with the control
plasmid were selected with puromycin and designated
as shCntrl, whereas those transfected with pSilencer-
shPA2874 were established by limited dilution,® and
two of the resulting cell lines were designated as KD5
and KD7. Plasmids encoding wild-type or mutant
PA287 complementary DNAs resistant 1o siRNA
against PA28y were prepared by using the silent muta-
tions as reported.® These plasmids were transfected
into Huh70K1 cells and cultivated in medium con-
taining 0.1 pg/mL of puromycin for 2 days. The sur-
viving cells were used for virus infection. The shCrl
and KD5 cells were transformed with pSilencer
shEGAP or pSilencer 3.1 HI1 puro negative control
(Ambion) and treated with 0.1 gg/mL of puromycin
for 2 days. The surviving cells were infected with JFH-
1 virus at a multiplicity of infection (moi) of 0.05.
The viral RNA derived from the plasmid pJFH1 was
transcribed and introduced into Huh70K1 cells
according to the method of Wakita et al.”' The infec-
tivity of JFH1 strain was determined using a focus-
forming assay’' and is expressed in focus-forming
units. The Huh7 cell line harboring subgenomic repli-
con RNA of the Conl or JFH1 strain was prepared
according to the method of Pietschmann et al.?? The
infectivity of the Japanese encephalitis virus (JEV) was
determined by an immunostaining focus assay as
described™ and is expressed in focus-forming units.
Colony formation and replication assays, quantitative
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reverse-transcription polymerase chain reaction, and
estimation of cell growth was performed as described
in the Supporting Information.

Immunofluorescent Staining. Huh7OK1-derived
cells were seeded at 0.5 x 10" cells/well in an eight-
well chamber slide, infected with JFH-1 virus at an moi
of 0.3 after incubation at 37°C for 24 hours, stained
with Bodipy 558/568 C,; according to the method of
Targett-Adams et al.”* ac 4 days postinfection, and then
fixed at 4°C for 30 mintues with 4% paraformaldehyde
in phosphate-buffered saline. After treatment of cells
with 1 pig/mL of RNase A, nuclei were stained with 50
1M Heachest 33258. The fixed cells were permeabilized
with 20 mM Tris-HCI containing 1% Nonidet P-40
and 135 mM NaCl at room temperature for 5 minutes,
reacted with rabbit anti-core or anti-NSS5A antibody
followed by Alexa Fluor 488-goat antibody to rabbit
immunoglobulin G, washed three times with phos-
phate-buffered saline, and observed with a FluoView
FV1000 laser scanning confocal microscope (Olympus,
Tokyo, Japan). The percentage of the arca occupied by
the core protein in nucleus and cytoplasm was calcu-
lated using Image-Pro software (Media Cybernetics).
The percentage of the nuclear core protein to the total
core protein was examined randomly in 10 fields of ev-
ery three wells. The percentage of the nuclear NSSA to
total NS5A was estimated by the same method as the
ratio of the core protein.

Results

Transient Knockdown of PA28y Prior to or After
Infection With HCV Reduces Particle Produc-
tion. We reported previously that Huh7OK1 cells are
as permissive to JFH-1 virus infection as Huh7.5.1
cells.”” The Huh-7OK1 cell line retained the ability to
produce type I IFNs through the RIG-I-dependent
signaling pathway upon infection with RNA viruses
and exhibited a cell surface expression level of human
CD81 comparable to that of the parental cell line.
However, the mechanism through which the Huh7
OKI1 cell line exhibits highly permissive to JFH-1 vi-
rus infection has not been clarified yet. Two siRNAs
were used to knock down PA28y, but only one,
siPA2871, was used because the other had off-target
effects (Supporting Fig. 1). To examine the effect of
PA287 on the propagation of HCV, siPA2871 was
introduced into Huh7OK1 cells 24 hours before infec-
tion. The levels of viral RNA, core protein, and infec-
tious viral titer were determined at 48 and 96 hours
postinfection. Viral RNA in the culture supernatant
and cells was clearly reduced by the knockdown of
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PA287 at 48 and 96 hours postinfection, respectively
(Fig. 1A), whereas a significant reduction of core pro-
tein expression was detected at 96 hours but not ac 48
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Fig. 1. Transient knockdown of PA28; before or after infection with
HCV reduces particle production. (A) Huh70K1 cells transfected with a
control siRNA (siCntrl) or PA28: siRNA1 were infected with JFH-1 virus
at 24 hours posttransfection and then harvested at 48 hours (left
panel) and 96 hours postinfection (right panel). The quantity of HCV
RNA in cells and supernatants was determined by way of quantitative
reverse-transcription polymerase chain reaction. (B) The expression of
HCV core protein in cells and supematants at 48 hours (left panel)
and 96 hours (right panel) postinfection was determined by ELISA. (C)
Huh70K1 cells that were transfected with siCntrl or PA28; siRNA1
were infected with JFH-1 virus at 24 hours posttransfection. The infec-
tivity of the virus in the culture supernatant was determined by a
focus-forming assay at 48 hours postinfection (left panel). Those trans-
fected with the siRNAs at 24 hours before and after infection with
JFH-1 virus were determined similarly at 96 hours postinfection (right
panel). *P < 0.05, **P < 0.01 versus control siRNA-transfected
cells. Data are representative of three independent experiments.
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knockdown cell line KD5 and the control cell line
transfected with the subgenomic replicon RNA (WT)
were gradually increased until 4 days posttransfection,
whereas luciferase activities in the same two cell lines
transfected with the polymerase-dead replicon RNA
(GND) were decreased in a time-dependent manner
(Fig. 3B). Next, to explore the effect of PA28y knock-
down on the viral replication over a longer period,
replicon RNA encoding the neomycin-resistance gene
was transfected into the cell lines for a colony forma-
tion assay. The numbers of colonies in the KD5 cell
line after 4 weeks of selection with G418 were similar
to those in the control cell line (Fig. 3C). To further
clarify the roles of PA28y on the postreplication steps,
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in wvitro transcribed full-length viral RNA was trans-
fected into Huh7OK1 cells, and siPA2871 was then
introduced into the cells at 24 hours posttransfection
of viral RNA. Intracellular core protein was increased
in a time-dependent manner, but no significant differ-
ence was observed between cells transfected with con-
trol siRNA and those transfected with siPA2871 (Fig.
3D, left panel). However, infectious virus titers in the
supernatant were significantly decreased by the tran-
sient and stable knockdown of PA28y compared with
control cells (Fig. 3D, middle and right panels). Fur-
thermore, PA287 did not contribute to the virus pro-
duction of JEV (Fig. 2F), suggesting that the general
sorting pathway of the flavivirus is functional under

A B cont
B orH1
B W WT/Control
3} [WT/KDS
. -1 S GND/Control
Fig. 3. Effect of PA28; knockdown on HCV [JGND/KDS

RNA replication. (A) The siCntrl or siPA28:1 (10
nM) was transfected into the subgenomic HCV
replicon cells derived from Conl and JFH-1
strains. The transfected cells were harvested at
72 hours posttransfection. The replicon RNA
was determined by quantitative reverse-tran-
scription polymerase chain reaction at 72 hours
posttransfection (upper). PA28; or glyceralde-
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con RNA that has a replication-deficient muta-
tion (GND) was transfected into the shCntrl
(Control) and KD5 cell lines. Relative luciferase
activity was determined using the activity at 4
hours post-electroporation as a transfection ef-
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with 4% paraformaldehyde at 4 weeks post-
transfection and then stained with crystal violet.
The number of colonies was counted (right). (D)
Huh70K1 cells transfected with 10 pug of
in vitro-transcribed full-length JFH-1 viral RNA
were further transfected with siCntrl or siPA2871
at 24 hours posttransfection of viral RNA. The
level of HCV core protein in the cells was deter-
mined by way of ELISA at 1 and 3 days post-
transfection (left). Infectious virus titers in the
culture supernatants at 1 and 3 days posttrans-
fection were determined by way of focus-form-
ing assay (middle). Infectious viral titers in the
shCntrl or KD5 cells transfected with 10 ng of
the infectious viral RNA were determined at 5
days posttransfection (right). *P < 0.05, **P
< 0.01 versus the control cells or cells trans-
fected with siCntrl. Data are representative of
three independent experiments.
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hours postinfection (Fig. 1B). Infectious viral titer in
the culture supernatant was significantly reduced at 48
and 96 hours postinfection by the PA28y knockdown
(Fig. 1C), consistent with the suppression of the viral
RNA in the supernatant. Furthermore, a comparable
suppression of the production of infectious particles in
the supernatant was also achieved by introducing
siPA2871 into cells even at 24 hours postinfection
(Fig. 1C, right panel). These results suggest that
PA28; participates in the regulation of HCV propaga-
tion in postentry steps.

Stable Knockdown of PA28y Impairs Viral Propa-
gation. To establish the PA28; knockdown cell lines,
Huh70K1 cells were wransfected with a  plasmid
encoding a short hairpin RNA (shRNA) targeted to
PA28; and selected with hygromycin, resulting in two
clones—KD5 and KD7—that exhibited a clear reduc-
tion of PA28; expression (Fig. 2A). Although the sup-
pression of PA28y expression in KD7 cells was slightly
more efficient than that in KD5 cells, the growth of
KD7 cells was impaired (Fig. 2B). Viral production in
the culture supernatancs in cells infected with the JFH-
1 virus was significantly impaired in PA28; knock-
down KD5 cells compared with control cells (Fig.
2C). The viral RNA and core protein in the superna-
tant were also reduced in KDS cells (Fig. 2D). Expres-
sion of siRNA-resistant PA287 in PA287 knockdown
KD5 and KD7 cells recovered virus production in the
supernatant to a level similar to that in the control
cells transfected with an empty vector, and overexpres-
sion of siRNA-resistant PA287 in control cells slightly
enhanced virus production (Fig. 2E). Our previous
data suggest that capsid protein of JEV does not bind
to PA287.” To examine whether PA287 regulates JEV
propagation, KD5 and shCnurl cells were infected with
JEV at an moi of 0.5. The infectivity of JEV in KD5
cells was similar to that in shCnul cells (Fig. 2F), sug-
gesting that PA287 does not participate in the virus
production pathway of JEV. These results further sup-
port the notion that PA28} participates in HCV
propagation.

Knockdown of PA28y Exhibits No Effect on Viral
RNA  Replication. Although knockdown of PA28;
resulted in the suppression of viral particle and RNA
production in the culture supernatant at 48 hours
postinfection with JHF-1 virus, viral RNA in the cells
was not reduced (Fig. 1), suggesting that PA287 doces
not participate in viral replication. To gain more
insight on this point, we examined the effect of PA28y
knockdown on RNA replication in replicon cells.
Transient knockdown of PA28; through introduction
of siPA28y into the subgenomic HCV replicon cells

HEPATOLOGY, August 2010

A = PA28yKD
¥ <
o = cell lines
X ©
s¢ g5 C
T & X x 6
i | = | =o~-NoRNA
PA28Y - s z —- shCatrl
L e E -0~ KD5
GAPDH e e ——
o 4
o
= ok
B .2 ax WshCoul | § 3
5,
_80 £
S 1
40 0 2 4 6 8
Days postinfection
0 2 ]
Days posttreatment
Do 7
_ [l No RNA
e.q = [ shCntri
o S
o
: E 6 [ ]KDs
g :
3l °
z 8° :
37 ¢
O -
-5 4 —
Cell Sup Cell Sup
E, F
[ Emply vector [l shCntrl
g *  [H] sIRNA-PA28y ] [H Kps
<
2 27
g g
H
s S
5
shCntri KD5S KD7 1 2

Days postinfection

Fig. 2. Establishment of PA28; knockdown cell lines and propaga-
tion of HCV. (A) Huh70K1 cells were transfected with pSilencer
shPA28> or control plasmid and selected by hygromycin at 48 hours
posttransfection. Two PA28: knockdown cell lines (KD5 and KD7) and
one control cell line (shCntrl) were established, and PA28; knockdown
was confirmed by way of immunoblotting. (B) Growth of the cell lines
was determined by staining with carboxyfluorescein succinimidyl ester.
(C,D) KD5 and shCntrl cell lines were infected with the JFH-1virus at an
moi of 0.05. The infectious virus titers in the culture supernatants (C)
was determined by way of focus-forming assay. The virus RNA (D, left
panel) and the core protein (D, right panel) in both cell and the super-
natant were determined at 5 days postinfection by way of ELISA and
quantitative reverse-transcription polymerase chain reaction, respec-
tively. (E) The plasmid encoding an siRNA-resistant PA28; or empty
vector was transfected into the cell lines, seeded at 5 > 10" cells into
a six-well plate after cultivation in the presence of- puromycin for 2
days, and infected with JFH-1 virus at an moi of 0.05. The viral titers
were determined at 5 days postinfection. *P < 0:05, **P < 0.01 ver-
sus shCntrl cells transfected with an empty vector. (F). KD5 and shCntrl
cell lines were infected with the JEV virus at an moi of 0.5. The infectiv-
ity of JEV in the supernatant was determined at 1 and 2 days postin-
fection. Data are representative of three independent experiments.

derived from the Conl or JFH-1 strain induced
no significant reduction of HCV RNA (Fig. 3A). Fur-
thermore, luciferase activities in the stable PA28y
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Fig. 4. Effect of PA28; knockdown on the localization of HCV core protein and lipid droplets. The shCntrl and KD5 cell lines infected with
JFH-1 virus were fixed with methanol or paraformaldehyde for 5 minutes at 4 days postinfection. HCV core (A) and NS5A (B) proteins were
stained with rabbit antibodies raised against the proteins and Alexa Flour 488-conjugated goat anti-rabbit immunoglobulin G antibody. Lipid
droplets were stained with Bodipy 558/568 C12. Nuclei were stained with 50 1M Heachest 33258 after treatment with 1 pg/mL of RNase A.
Data are representative of three independent experiments. (C) The percentage of the area occupied by the core protein in nucleus and cytoplasm
was calculated using the method described in Materials and Methods. The percentage of the nuclear NS5A to total NS5A was estimated by the
same way as the ratio of the core protein. **P < 0.01 versus control siRNA-transfected cells.

the PA28; knockdown condition. These results suggest
that PA28y specifically regulates the postreplication
steps in the life cycle of HCV.

Core Protein Is Partially Accumulated in the
Nucleus of PA28y Knockdown Cells. We reported
previously that some fraction of HCV core protein
migrates into the nucleus and is then degraded by a
PA28y-dependent proteasome pathway.7 Furthermore,
we have demonstrated that HCV core protein is clearly
accumulated in the nucleus of the liver cells of PA28y-
knockout mice.® However, the role of PA28; on the
intracellular localization of HCV core protein in the
infected HCV cells has not been characterized. HCV
core protein was chiefly detected in cytoplasm of the
control cell line infected with the JFH-1 virus, where
it appeared around lipid droplets after staining with
Bodipy 558/568 C12 (Fig. 4A, upper panels). In con-
trast, the core protein was detected not only in the
cytoplasm around the surface of lipid droplets, but
also in the nucleus in the KD5 cell line (Fig. 4A,
lower panels). The NS5A protein was detected in the
cytoplasm but not in the nucleus in both the shCnerl
and KD5 cell lines (Fig. 4B). The percentage occupied
by nuclear core protein to total core protein was
increased by about six time levels in the KD5, while
the ratio of nuclear NSSA to total NSSA exhibited no

difference (Fig. 4C). These results suggest that PA28y
participates in the degradation of HCV core protein in
the nucleus.

PA28y Positively Regulates HCV Propagation by
Inhibiting Ubiquitin-Dependent Degradation of
Core Protein in Cytoplasm. We reported previously
that HCV core protein is degraded by at least two dis-

tinct pathways: a ubiquitin-dependent proteasome

pathway and a ubiquitin-independent proteasome
17 - o e ; g

bathway. I'he ubiquitin  E3  ligase, EGAP, can
] q g

catalyze ubiquitin ligation of the core protein for

18

ubiquitin-dependent degradation in the cytoplasm,
whereas PA28; participates in the degradation of the
core protein through a ubiquitin-independent pathway
We that

PA28y knockdown leads to enhanced ubiquitination of

in the nucleus.' have also demonstrated
HCV core protein.® However, the interplay between
these two pathways in cells infected with HCV has
not been determined. To address this point, we exam-
ined the effects of knockdown of EGAP or PA28; on
the virus propagation and the ubiquitination of the
core protein. JFH-1 virus was inoculated into EGAP-
and/or PA287 knockdown cell lines (Fig. 5A). Trans-
fection of the plasmid encoding shRNA to EGAP into
the control cells (shCntrl) increased virus production
(Fig. 5SA [C-E]) in comparison with that of the
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Fig. 5. PA28; knockdown enhances EBAP-dependent ubiquitination
of core protein and reduces virus titer. (A) shCntrl and KD5 cells trans-
fected with plasmids encoding the negative control (C-C and P-C) or
EBAP (C-E and P-E) shRNA were treated with puromycin for 2 days. The
remaining cells seeded at 2.5 x 10° cells in a 24-well plate were
infected with the JFH-1 virus at an moi of 0.05, and infectious virus
titers in the supernatants were determined at 72 hours postinfection by
way of focus-forming assay. (B) The cells transfected and infected as in
(A) were further transfected with a plasmid encoding HA-tagged ubiqui-
tin at 48 hours postinfection. The cells were treated with 10 uM
MG132 for 5 hours at 72 hours postinfection and subjected to immu-
noprecipitation with anti-core monoclonal antibody and immunoblotting
with anti-HA antibody. The ratio of ubiquitination of HCV core protein
was assessed by the densitometries of the ubiquitinated and unubiqui-
tinated core proteins. (C) KD5 cells transfected with plasmids encoding
wild-type or mutant PA28; were infected with the JFH-1 virus at an moi
of 0.05 at 24 hours posttransfection, and the infectious titers in the su-
pernatant were determined at 72 hours postinfection by way of focus-
forming assay. (D) KD5 cells transfected with plasmids encoding HCV
core protein and HA-tagged ubiquitin, together with wild-type or mutant
PA28;, were treated with 10 M MG132 for 5 hours at 24 hours post-
transfection and subjected to immunoprecipitation with anti-core mono-
clonal antibody and immunoblotting with anti-HA antibody. EV, empty
vector; WT, plasmid encoding wild-type PA28;. *P < 0.05 versus
shCntrl or KD5 cells transfected with the negative control or empty vec-
tor. Data are representative of three independent experiments.

control cells transfected with the plasmid encoding
control shRNA (Fig. 5A [C-C]J). Furthermore, the
impaired virus production in the PA28; knockdown
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cells (KD5) was restored by the transfection of the
plasmid encoding shRNA tw EGAP (Fig. SA [P-E]).
Cells expressing hemagglutinin (HA)-tagged ubiquitin
infected with the JFH-1 virus were immunoprecipi-
tated by the anti-core antibody, and the immunopre-
cipitates were analyzed by immunoblotting with anti-
HA antibody (Fig. 5B). EGAP knockdown decreased
the ratio of ubiquitination of HCV core protein, in
contrast to the increase of that by PA28y knockdown
(Fig. 5B, lanes C-E and P-C). Furthermore, EGAP
knockdown in the PA28; knockdown cells restored
the ubiquitination of the core protein to a certain
extent (Fig. 5B, lane P-E). It was shown that Pro”"?
of PA287 is cridcal for binding to the 20S protea-
some, and that Glylm and Asn'”' of PA28; are im-
portant for activation of the pmrcasomc.‘)(’ To further
examine the functional significance of PA28; on
HCV  propagation, expression plasmids encoding
siRNA-resistant PA287 murtants in which Gly'i“,
Asn'?', and Pro*® were replaced with Ser (G1508),
Tyr (N151Y), and Tyr (P245Y), respectively, were
transfected into KD5 cells and inoculated with JFH-1
virus at 24 hours posttransfection. The infectious vi-
rus titers in the culture supernatant were determined
at 3 days postinfection (Fig. 5C). KD5 cells trans-
fected with the plasmid encoding wild-type PA28y
exhibited a partial recovery of virus production,
although those transfected with the plasmid encoding
PA28y G150S, N151Y, or P245Y or with an empty
vector exhibited no effect on virus production.
Replacing Lys'®™ with Glu in PA28; (PA28; K188E)
confers the capability of proteasome-mediated cleav-
age after hydrophobic, acidic, and basic residues such
as those exhibited by PA28:.% Expression of siRNA-
resistant PA287 KI188E in KD5 cells could not
restore virus production (Fig. 5D). The ubiquitina-
tion of HCV core protein was inhibited by expression
of the wild-type PA28; but not expression of the
PA287 mutants (P245Y or K188E) in KD5 cells (Fig.
5D). Collectively, these results suggesc that PA28y
positively regulates HCV propagation by inhibiting
degradation of HCV core protein by an E6AP/ubiq-

uitin-dependent proteasome.

Discussion

To explore the role of PA28; on the life cycle of
HCV, we examined the effects of knockdown of
’A287 in Huh7OK1 cells infected with the JFH-1 vi-
rus. Knockdown of PA287 in Huh7OKI1 cells before
or after infection with the JFH-1 virus impaired
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production of infectious particles but did not impair
viral RNA replication. However, PA28; knockdown
did not affect the production of JEV, of which the
capsid protein does not interact with PA287, suggest-
ing that PA28; knockdown does not affect the general
sorting pathway of flavivirus. These results suggest that
PA28y is specifically involved in the postreplication
steps of HCV life cycle. Our previous report indicated
that HCV core protein was accumulated in the nu-
cleus of the hepatocytes of HCV core transgenic/
PA287 knockout mice.® PA28; is located mainly in
the nucleus, although a small portion is also located in
the cytoplasm”?® and can up-regulate trypsin-like pro-
teasome activity, which cleaves after basic amino acid
residues.”’” Previous studies have shown that some frac-
tion of HCV core protein is translocated into the nu-
cleus and quickly degraded in the PA287-dependent
proteasome pathway.”**? Miyanari et al.*® demon-
strated that the core protein is localized on the surface
of lipid droplets and is surrounded by nonstructural
proteins, suggesting that HCV particles are assembled
near the surface of the lipid droplets. In the present
experiments, although HCV core protein was detected
on the surface of the lipid droplets in both control
and PA28y knockdown cell lines, it was partially local-
ized in the nucleus in PA287 knockdown cells but not
control cells. Furthermore, localization of HCV core
protein on the surface of lipid droplets was impaired
in PA287 knockdown cells (Fig. 4). These results sug-
gest that HCV core protein is partially translocated
into the nucleus and degraded in the PA287-depend-
ent proteasome pathway in HCV-infected cells and
that PA28y does not directly participate in the particle
formation of HCV.

HCV core protein is degraded by at least two pro-
teasome pathways: 2 ubiquitin-dependent pathway and
a ubiquitin-independent and PA28y-dependent path-
way.'” The E3 ligase EGAP catalyzes ubiquitin ligation
to HCV core protein, resulting in enhanced degrada-
tion of the core protein in the cytoplasm.'® Knock-
down of EGAP up-regulated virus production in cells
infected with the JFH-1 virus,'® suggesting that EGAP/
ubiquitin-dependent degradation of the core protein
contributes to an antiviral response. In contrast, knock-
down of PA28y induced up-regulation of the ubiquiti-
nation of HCV core protein and down-regulation of
the viral production, suggesting that PA28;-dependent
protcasome activity contributes to the proviral
response by suppressing EGAP-dependent degradation
of the core protein, thereby enhancing viral particle
formation. The wild-type PA28; enhances the trypsin-
like activity of proteasome that cleaves peptide bonds
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after basic residues of the substrates, whereas the
PA28; K188E mutant enhances the proteasome activ-
ity that cleaves peptide bonds after hydrophobic,
acidic, and basic residues in the manner of PA28x.>’
Therefore, the sizes of fragments produced by the
PA28;-dependent  proteasome  should be different
from those produced by the PA28«/f3- or ubiquitina-
tion-mediated proteasome. It might be feasible to
speculate that the peptide fragments of HCV core
protein generated by the PA28y-dependent protea-
some or PA28; per se may be directly or indirectly
involved in the suppression of the E6AP-dependent
ubiquitination of the core protein. Further studies will
be needed to clarify the relationship between EGAP
and PA283 in the degradation and ubiquitination of
HCV core protein. Figure 6 shows a schematic dia-
gram of our hypothesis of the regulation of HCV
propagation by PA287.

HCV core protein was found in not only nuclei but
also cytoplasm of the infected KD5 cells (Fig. 4). The
down-regulation of virus production should potendy
reduce a total amount of the core protein in KD5 cells
before a clear accumulation of the core protein in
nuclei. Furthermore, a small amount of PA28y was
found in the PA287 knockdown cells, suggesting that
EGAP-dependent degradation of HCV core protein is
not potently suppressed in the PA28y knockdown cells.
If HCV core protein is constitutively expressed under
the PA28; knockout cells regardless of an amount of
infected virus, a clear accumulation of the core protein
in nuclei should be found without cytoplasmic expres-
sion of the core protein under the PA28; knockout
condition. We reported previously that HCC and liver
steatosis in mouse are induced by the HCV core pro-
tein in the presence, but not the absence, of PA28;."
Although HCV core protein is predominantly detected
in the cytoplasm of the liver cells of PAZS”/'“+
mice,"*" HCV core protein was clearly accumulated in
the nuclei, but clearly reduced in cytoplasm, of liver
cells of PA28; ™'~ mouse.® In addition, ubiquitination
of HCV core protein was increased by PA28; knock-
down in the 293T cell line.® These results and the data
in Fig. 5 suggest that the suppression of PA287y func-
tion enhances the EGAP-dependent degradation of
HCV core protein. Hence, the reason there is no dif-
ference between PA28: ™" and PA287 ' mice with
respect to the amount of core protein may be due to
the competitive regulation of the core protein by
EGAP- and PA28;-dependent degradation mechanisms.
EGAP-dependent degradation of HCV core protein in
cytoplasm may be enhanced iz vivo under the PA28;
knockout condition.
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Fig. 6. Schematic diagram of the potential roles of PA28: in HCV propagation. HCV core protein is cleaved off from the precursor polyprotein
by signal peptidase (SP) and the signal sequence is further processed by signal peptide peptidase (SPP). The mature core protein mainly local-
izes on the lipid droplets close to the endoplasmic reticulum to form a nucleocapsid with the viral RNA genome and is incorporated into virus
particles as a structural protein. In addition to the structural protein of HCV, the core protein has characteristics of a nonstructural protein. HCV
core protein is degraded through ubiquitin-dependent and ubiquitin-independent proteasome pathways. E6AP catalyzes ubiquitin ligation to HCV
core protein and promotes degradation in the cytoplasm, which contributes to the antiviral response. In contrast, the core protein partially

migrates into the nucleus and is degraded through a ubiquitin-independent

and PA28;-dependent proteasome pathway, and the core protein

fragments generated by the PA28: pathway or PA28; per se were suggested to participate in the suppression of E6AP-dependent ubiquitination

of HCV core protein, which contributes to the proviral response.

In conclusion, in this study we demonstrated that 2
the proteasome activator PA28; positively regulates |
particle production of HCV by inhibiting E6AP-de-
pendent ubiquitination of the core protein, in addition
to our previous observation that PA28y plays a crucial .
role in the development of liver pathology induced by
HCV core protein.® PA28; knockout mice exhibit

5

only mild growth retardation.'”'® Therefore, PA28;
may be a novel and promising antiviral target not only
for elimination of HCV from hepatitis C patients but
also for intervention in the progression of liver discases ¢

induced by chronic HCV infection.
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Involvement of Ceramide in the Propagation of Japanese Encephalitis Virus’
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Japanese encephalitis virus (JEV) is a mosquito-borne RNA virus and one of the most important flaviviruses
in the medical and veterinary fields. Although cholesterol has been shown to participate in both the entry and
replication steps of JEV, the mechanisms of infection, including the cellular receptors of JEV, remain largely
vnknown. To clarify the infection mechanisms of JEV, we generated pseudotype (JEVpv) and recombinant
(JEVrv) vesicular stomatitis viruses bearing the JEV envelope protein. Both JEVpv and JEVrv exhibited high
infectivity for the target cells, and JEVrv was able to propagate and form foci as did authentic JEV. Anti-JEV
envelope antibodies neutralized infection of the virnses. Treatment of cells with inhibitors for vacuolar ATPase
and clathrin-mediated endocytosis reduced the infectivity of JEVpv, suggesting that JEVpv enters cells via pH-
and clathrin-dependent endocytic pathways. Although treatment of the particles of JEVpv, JEVrv, and JEV
with cholesterol drastically reduced the infectivity as previously reported, depletion of cholesterol from the
particles by treatment with methyl p-cyclodextrin enhanced infectivity. Furthermore, treatment of cells with
sphingomyelinase (SMase), which hydrolyzes membrane-bound sphingomyelin to ceramide, drastically en-
hanced infection with JEVpv and propagation of JEVrv, and these enhancements were inhibited by treatment
with an SMase inhibitor or C,-ceramide. These results suggest that ceramide plays crucial roles in not only
entry but also egress processes of JEV, and they should assist in the clarification of JEV propagation and the

development of novel therapeutics against diseases caused by infection with flaviviruses.

Japanese encephalitis virus (JEV) is a small, enveloped virus
belonging to the family Flaviviridae and the genus Flavivirus,
which also includes Dengue virus (DENY), West Nile virus
(WNV), Yellow fever virus, and Tick-borne encephalitis virus
(11). JEV is the most common agent of viral encephalitis,
causing approximately 50,000 cases annually, of which 15,000
will die, and up to 50% of survivors are left with severe residual
neurological complications. JEV has a single-stranded posi-
tive-sense RNA genome of approximately 11 kb, encoding a
single large polyprotein, which is cleaved by the host- and
virus-encoded proteases into three structural proteins, capsid
(C), premembrane (PrM), and envelope (E), and seven non-
structural proteins. The structural proteins are components of
viral particles, and the E protein is suggested to interact with a
cell surface receptor molecule(s). Although a number of cel-
lular components, including heat shock cognate protein 70
(33), glycosaminoglycans, such as heparin or heparan sulfate
(21, 41), and laminin (3), have been shown to participate in
JEV infection, the precise mechanisms by which these receptor
candidates participate in JEV infection remain largely unclear.

In addition to the many studies identifying and characteriz-
ing receptor molecules in numerous viruses, data suggesting
the involvement of membrane lipids, such as sphingolipids and
cholesterol, in viral infection have also been accumulating.
Lipid rafts consisting of sphingolipids and cholesterol and dis-
tributing to the outer leaflet of the cell membrane have been
shown to be involved in the infection of not only many viruses
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but also several bacteria and parasites (24), in addition to
playing roles in various functions such as lipid sorting, protein
trafficking (26, 47), cell polarity, and signal transduction (38).
With respect to cholesterol itself, various aspects of the life
cycle of flaviviruses have been shown to involve this lipid,
including the entry of DENV (34), hepatitis C virus (HCV)
(16), and WNV (27), the membrane fusion of tick-borne en-
cephalitis virus (40), and the replication of HCV (14, 17),
WNV (23), and DENV (35). Recently Lee et al. (20) showed
that treatment with cholesterol efficiently impairs both the
entry and replication steps of JEV and DENV-2 but enhances
infection with the Sindbis virus (22).

On the other hand, sphingolipids, including sphingomyelins
and glycosphingolipids, are ubiquitous components of eukary-
otic cell membrane structures, providing integrity to cellular
membranes. Ceramide is one of the intermediates of sphingo-
lipids and plays roles in cell differentiation, regulation of apop-
tosis and protein secretion, induction of cellular senescence,
and other processes (2). Ceramide is generated from the hy-
drolysis of sphingomyelin by sphingomyelinase (SMase) or
from catalysis by serine-palmitoyl-coenzyme A (CoA) trans-
ferase and ceramide synthase. Ceramide spontaneously self-
assaciates to form ceramide-enriched microdomains and then
to form larger ceramide-enriched membrane platforms which
serve as the spatial and temporal organization for cellular
signalosomes and for regutation of protein functions (2). The
ceramide-enriched platforms have also been used by many
pathogens to facilitate entry and infection (2). The acid SMase
is activated not only by multiple stimuli, including receptor
molecules, gamma irradiation, and some chemicals, but also by
infection with some bacteria or viruses (36). Rhinovirus acti-
vates the SMase for generation of ceramide and forms ceram-
ide-enriched membrane platforms that serve in the infection of
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