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Table 1 Univariate analysis of factors associated with SVR, relapse, and NVR

Factor All SVR Relapse NVR p value
SVR SVR Response
versus Versus  versus
non-SVR  relapse  NVR
n 75 37 20 18 - = =
Age (years) 60 (30-74) 57 (33-70) 63 (30-74) 63 (40-71) 0.0018  0.0071 0.111
Sex: male/female 43/32 23/14 11/9 9/9 0.486 0.778 0.587
BMI (kg/m?) 22.2 (15.7-37.6) 22.1 (18.3-37.6) 21.9 (15.7-30.7) 23.0 (16.6-31.3) 0.844 0.357 0.298
HCV RNA (Log IU/mL) 6.2 (5.0-7.1) 6.2 (5.0-7.1) 6.2 (5.3-6.7) 6.2 (5.3-7.1) 0.727 0913  0.606
ALT (U/L) 38 (8-265) 37 (11-174) 37 (10-265) 41 (8-148) 0.618 0.493 0.896
4-GTP (U/L) 32 (9-406) 32 (9-406) 25 (9-127) 44 (20-151) 0.614 0503  0.07
Hemoglobin (g/dL) 14.0 (11.0-18.6) 14.4 (11.9-18.6) 14.3 (11.0-16.1) 13.2 (12.0-14.5) 0.0049 0.213 0.0020
Platelets (x 10%/mm?) 16.3 (9.1-30.9)  16.9 (9.1-30.9) 189 (9.8-25.2)  12.1 (9.1-21.8)  0.124 0.802  0.0016
Total cholesterol (mg/dL) 176 (99-248) 181 (106-248) 164 (100-230) 182 (99-237) 0.572 0.243 0.617
PEG-IFN (pg/kg/week): 23/52 14/23 5115 4/14 0.184 0.326 0.373
<l4/>=14
Ribavirin (mg/kg/day): 46/29 21/16 13/7 12/6 0.422 0.545 0.594
<11.0/=11.0
IRRDR mutations: <5/>6 45/30 13/24 17/3 15/3 0.00002  0.00035 0.027
ISDR mutations: <1/=2 57/18 27/10 18/2 12/6 0.597 0.182 0.346
HCV core aa 70: wild/mutant 51/24 30/7 12/8 9/9 0.025 0.117 0.083
HCV core aa 91: wild/mutant  53/22 27/10 14/6 12/6 0.801 1.000 0.768
IL28B genotype: major/minor 57/18 34/3 16/4 711 0.0024 0.226 0.0000095

Values in bold are significant

SVR sustained virological response, NVR null virological response, non-SVR relapse plus NVR, Response non-NVR (SVR plus relapse), BMI
body mass index, ALT alanine aminotransferase, y-GTP gamma-glutamyl transpeptidase, /[RRDR interferon/ribavirin resistance-determining
region, ISDR interferon sensitivity-determining region, /L interleukin, HCV hepatitis C virus, PEG-IFN pegylated interferon

by 47 % (27/57), relapse was shown by 32 % (18/57), and
NVR was shown by 21 % (12/57). Although a significant
correlation was observed between ISDR heterogeneity and
early virological response such as RVR (p = 0.028) (data
not shown), no significant correlation was observed
between ISDR heterogeneity and late virological response
such as SVR, relapse, and NVR (Table 1). In this con-
nection, ISDR heterogeneity at a cutoff point of one
mutation (ISDR >1 vs. ISDR = 0) was also not signifi-
cantly associated with treatment outcome (data not shown).

Correlation between core mutations
and treatment responses

Examination of the possible correlation of either arginine at
position 70 (Argm) or leucine at position 91 (Leu®") of the
core protein of HCV with treatment responses [15]
revealed that among 51 patients infected with HCV core aa
70 wild (Arg’®), SVR was achieved by 59 % (30/51),
relapse was shown by 24 % (12/51), and NVR was shown
by 18 % (9/51). By contrast, among 24 patients infected
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with HCV core aa 70 mutant (non-Argm), SVR was achieved
by 29 % (7/24), relapse was shown by 33 % (8/24), and NVR
was shown by 38 % (9/24). There was a significant difference
in the proportion of HCV core aa 70 wild and mutant between
SVR and non-SVR patients (p = 0.025), and between
response and NVR patients (p = 0.083). No significant cor-
relation was observed between HCV core aa 91 heterogeneity
and virological responses (Table 1).

Correlation between the genetic variation
near the IL28B gene and treatment responses

The frequency of allele rs8099917 among the patients was
76 % for TT (57/75), 4 % for TG (3/75), and 20 % for GG
(15/75). Univariate analysis revealed that among patients
with genotype TT (IL28B major), SVR was achieved by
60 % (34/57), relapse was shown by 28 % (16/57), and
NVR was shown by 12 % (7/57). By contrast, among
patients with TG or GG (IL28B minor), SVR was achieved
by 17 % (3/18), relapse was shown by 22 % (4/18), and
NVR was shown by 61 % (11/18). There was a significant
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difference in the proportion of IL28B major and minor
between SVR and non-SVR patients (p = 0.0024), and
between response and NVR patients (p = 0.0000095)
(Table 1). '

Identification of independent predictive factors
for SVR, relapse, and NVR by multivariate logistic
regression analysis

Factors significantly associated with certain virological
responses were identified by multivariate analysis: IRRDR
>6 [odds ratio (OR) 11.906, p < 0.0001] and age
<60 years (OR 0.228, p = 0.015) were significantly
associated with SVR; IRRDR <5 (OR 0.070, p = 0.0008)
and age =60 years (OR 5.825, p = 0.015) with relapse;
and IL28B minor (OR 14.618, p = 0.0019) and platelets
<15 x 10¥mm® (OR 0.113, p =0.0096) with NVR
(Table 2).

Positive predictive values of combinations
of IRRDR mutation and age for SVR

As stated above, IRRDR >6 predicted SVR with a positive
value of 80 % (24/30) (Table 1). Assessment of the pre-
dictability of SVR by combinations of IRRDR mutation
and age, the two most potent factors identified by multi-
variate analysis, revealed that IRRDR =6 and age
<60 years predicted SVR with a positive value of 93.3 %
(14/15) and that IRRDR <5 and age >60 years predicted
non-SVR with a value of 84.0 % (21/25) (Table 3).

Positive predictive values of combinations
of IL28B and platelets for NVR

Based on their significant correlation with NVR as dem-
onstrated by multivariate analysis, combinations of IL28B
genotype and platelets were examined for their positive
predictive values for NVR. IL28B minor and platelets
<15 x 10%/mm?® predicted NVR with a positive value of
85.7 % (6/7). On the other hand, IL28B major and platelets
>15 x 10*/mm’ predicted viral disappearance either
transiently (relapse) or sustainably (SVR), referred to as
response, with a value of 97.1 % (34/35) (Table 4).

Positive predictive values of combinations of IRRDR
mutation and IL28B for SVR and non-NVR (response)

Significant correlation was observed between IRRDR and
IL28B (p = 0.003768) (data not shown). The combination
of IRRDR >6 and IL28B major predicted SVR with a
positive value of 82.1 % (23/28), and predicted non-NVR
(response) with a value of 92.9 % (26/28). On the other
hand, IRRDR <5 and IL28B minor predicted non-SVR
with a value of 87.5 % (14/16) (Table 5).

Positive predictive values of combinations of IRRDR
mutation and HCV core aa 70 for SVR and non-NVR
(response)

Combinations of IRRDR >6 and HCV core aa 70 wild
predicted SVR with a positive value of 82.6 % (19/23), and
predicted non-NVR (response) with a value of 91.3 %

Table 2 Multivariate analysis of factors associated with SVR, relapse, and NVR

Factor Category SVR Relapse NVR
Odds ratio (95 % CI)  p value  Odds ratio (95 % CI) p value Odds ratio (95 % CI)  p value

IRRDR mutations =5 1 <0.0001 1 0.0008 NA NA
=6 11.906 (3.421-41.440) 0.070 (0.015-0.331)

Age (years) <60 1 0.015 1 0.015 NA NA
>60 0.228 (0.069-0.749) 5.825 (1.415-23.980)

HCV core aa 70 Wild 1 0.112 NA NA NA NA
Mutant 0.358 (0.101-1.270)

IL28B genotype Major NA NA NA NA 1 0.0019
Minor 14.618 (2.699-79.173)

Platelets (x10%mm®) <15 NA NA NA NA 1 0.0096
=15 0.113(0.022-0.588)

y-GTP (U/L) <80 NA NA NA NA NA NA
>80

Hemoglobin (g/dL) <14 NA NA NA NA 1 0.105
>14 0.274 (0.057-1.309)

SVR sustained virological response, NVR null virological response, 95 % CI 95 % confidence interval, y-GTP gamma-glutamyl transpeptidase,
IRRDR interferon/ribavirin resistance-determining region, NA not applicable

@ Springer

-974 -



J Gastroenterol

Table 3 Positive predictive values of combinations of IRRDR mutation and age for SVR

IRRDR mutations Age (years) SVR Non-SVR Odds ratio (95 % CI) p value
26 <60 14/15 (93.3 %) 1/15 (6.7 %) 73.481 (7.418-727.850) 0.0002
=6 >60 10/15 (66.7 %) 5/15 (33.3 %) 10.500 (2.308-47.777) 0.0024
=5 <60 9/20 (45.0 %) 11/20 (55.0 %) 4.295 (1.075-17.167) 0.0392
<5 260 4/25 (16.0 %) 21/25 (84.0 %) 1 -

SVR sustained virological response, /[RRDR interferon/ribavirin resistance-determining region, 95 % CI 95 % confidence interval

Table 4 Positive predictive values of combinations of IL28B genotype and baseline platelets for NVR

IL28B genotype Platelets (x10%/mm?) NVR Response Odds ratio (95 % CI) p value
Major >15 1/35 (2.8 %) 34/35 (97.1 %) 1 -
Major <15 6/22 (27.3 %) 16/22 (72.7 %) 12.750 (1.414 to 114.931) 0.023
Minor =15 5/11 (45.5 %) 6/11 (54.5 %) 28.333 (2.796 to 287.103) 0.0047
Minor <15 6/7 (85.7 %) 1/7 (14.3 %) 203.999 (11.174 to >999.999) 0.0003

NVR null virological response, Response non-NVR (SVR plus relapse), 95 % CI 95 % confidence interval

(21/23). On the other hand, IRRDR <5 and HCV core aa
70 mutant predicted non-SVR with a value of 88.2 % (15/17)
(Table 6). '

Discussion

Host factors (such as age, sex, ethnicity, platelets, liver
fibrosis, and obesity) and viral factors (genotype and viral
load) have been associated with the outcome of PEG-IFN/
RBYV therapy [6]. To date, few studies have compared the
impact of viral genetic polymorphisms, such as IRRDR,
ISDR, and core mutations, and IL28B polymorphisms as
host genetic factors on the clinical outcome of PEG-IFN/
RBV therapy. Recently, viral genetic polymorphisms
including double-wild in the core region, IRRDR >6, and
ISDR >2 have been described as significant predictors of
SVR to PEG-IFEN/RBV therapy for 48 weeks [13, 19].
IL28B major genotype (TT) and core aa 70 substitutions
are independent predictors of SVR, and IL28B minor
genotype is an independent predictor of NVR [20]. Also,
IL28B polymorphisms and mutations in the ISDR of HCV
are significant pretreatment predictors of response to PEG-
IFN/RBV therapy [21]. Nonetheless, IRRDR polymor-
phism, which is a potent viral determiner of SVR [11-13],
was not examined in these studies.

In the present study we compared the impact of IRRDR,
ISDR, and core mutations as viral genetic polymorphisms,
and IL28B genotype as a host genetic factor, on the
clinical outcome of PEG-IFN/RBV therapy—SVR, relapse,
and NVR—for CHC-1b with a high viral load. IRRDR
>6 was identified as a viral genetic polymorphism that
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independently predicted SVR to PEG-IFN/RBV treatment
(Tables 1, 2). Moreover, IRRDR <5 was identified as a
viral genetic polymorphism that most effectively predicted
relapse, and IL28B minor genotype (TG or GG) was
identified as a host genetic factor that most effectively
predicted NVR.

On the other hand, ISDR =2 was not significantly
associated with treatment outcome in the present cohort,
although it is considered a viral determiner of SVR [19,
21]. ISDR was identified as a factor showing significant
correlation with RVR (p = 0.028) by univariate analysis
(data not shown). In other words, ISDR was a factor related
to only early viral dynamics.

The C-terminal region of NS5A such as IRRDR is
among the most variable sequences across the different
genotypes and subtypes of HCV [22, 23]. The correlation
observed between IRRDR heterogeneity and PEG-IFN/
RBV responsiveness might be linked to experimental
observations that an HCV subgenomic RNA replicon
containing NS5A of HCV-1b exerts more profound inhib-
itory effects on IFN activities than does its original HCV-
2a replicon, and that domain swapping of a C-terminal
region of NS5A including IRRDR results in a transfer of
their anti-IFN activities [24]. Moreover, the C-terminal
region of NS5A has been implicated as playing important
roles in viral replication and particle formation [25, 26].
These clinical and experimental data thus support our
hypothesis that IRRDR is involved, at least partly, in the
viral strategy of evading IFN-mediated antiviral host
defense mechanisms. Similarly, the aa substitutions in the
core region are associated with proteins involved in resis-
tance to IFN monotherapy, such as SOCS, which are
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Table 5 Positive predictive values of combinations of IRRDR mutation and IL28B genotype for SVR and non-NVR (response)

IRRDR mutations  IL28B genotype SVR Non-SVR SVR versus non-SVR NVR Response NVR versus response

Odds ratio (95 % CI) p value Odds ratio (95 % CI) p value
26 Major 23/28 (82.1 %)  5/28 (17.9 %)  32.200 (5.489-188.909)  0.0001 2/28 (7.1 %) 26/28 (92.9 %) 1 -
=6 Minor 172 (50.0 %) 1/2 (50.0 %) 7.000 (0.302-162.202)  0.225 1/2 (50.0 %) 1/2 (50.0 %)  13.000 (0.572-295.204)  0.107
<5 Major 11729 (37.9 %)  18/29 (62.1 %) 4.278 (0.813-22.513) 0.0863 529 (17.2 %) 24/29 (82.8 %) 2.708 (0.480-15.294) 0.259
<5 Minor 2/16 (12.5 %)  14/16 (87.5 %) 1 - 10/16 (62.5 %) 6/16 (37.5 %)  21.667 (3.733-125.766)  0.0006

SVR sustained virological response, NVR null virological response, Response non-NVR (SVR plus relapse), IRRDR interferon/ribavirin resistance-determining region, 95 % CI 95 % confidence
interval

Table 6 Positive predictive values of combinations of IRRDR mutation and HCV core aa 70 for SVR and non-NVR (response)

IRRDR mutations  HCV core aa 70 SVR Non-SVR SVR versus non-SVR NVR Response NVR versus response

Odds ratio (95 % CI) p value Odds ratio (95 % CI) p value
26 Wild 19/23 (82.6 %) 4/23 (17.4 %)  35.625 (5.730-221.504)  0.0001 2/23 (8.7 %) 21/23 (91.3 %) 1 -
=6 Mutant 5/7(71.4 %) 2/7 (28.6 %)  18.750 (2.065-170.214)  0.0092 1/7 (14.3 %) 6/7 (85.7 %)  1.750 (0.134-22.778) 0.669
<5 Wild 11728 (39.3 %)  17/28 (60.7 %) 4.853 (0.924-25.496) 0.062 7128 (25.0 %)  21/28 (75.0 %)  3.500 (0.650-18.852) 0.145
<5 Mutant 2/17 (11.8 %)  15/17 (88.2 %) 1 - 8/17 (47.1 %) 9/17 (52.9 %)  9.333 (1.6346-52.917)  0.012

SVR sustained virological response, NVR null virological response, Response non-NVR (SVR plus relapse), IRRDR interferon/ribavirin resistance-determining region, 95 % CI 95 % confidence
interval
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known to inhibit IFN-z-induced activation of the Jak-
STAT pathway and the expression of the antiviral proteins
2/,5'-0OAS and MxA [27].

The IL28B gene encodes a cytokine distantly related to
type I (o« and f) IFN and to the IL10 family. IL28B, IL28A,
and IL29 are three closely related cytokine genes that
encode proteins known as type III IFN (IFN-/s) and form a
cytokine gene cluster at chromosomal region 19q13 [28].
The three cytokines IFN-41, -42, and -A3 are induced by
viral infection and have antiviral activities [29, 30]: IFN-A
induces a steady increase in the expression of a subset of
IFN-stimulated genes, whereas IFN-x induces the same
genes with more rapid and transient kinetics [31].

In the present study, the prediction of response to PEG-
IFN/RBV combination therapy based on these concurrent
factors was highly positive: SVR was positively predicted
in 93.3 % of patients with IRRDR >6 and age <60 years
(Table 3), in 82.1 % of those with IRRDR =6 and IL28B
major (Table 5), and in 82.6 % of those with IRRDR >6
and HCV core aa 70 wild (Table 6). Relapse was positively
predicted in 73.3 % of patients with IRRDR <5 and age
>60 years, and in 77.8 % of those with IRRDR <5 and
HCV core aa 70 mutant (data not shown). NVR was pos-
itively predicted in 85.7 % of patients with IL28B minor
and platelets <15 x 10*/mm? (Table 4). On the basis of
these observations, new therapeutic strategies could be
designed for treating chronic HCV-1b infection: patients
predicted to achieve an SVR would be most eligible for
standard PEG-IFN/RBV therapy for 48 weeks, those pre-
dicted to relapse could be advised to adopt an extended
72-week therapy instead of the 48-week standard therapy
[30], and those predicted to have NVR could be advised to
wait for a future therapy such as a combination of protease
inhibitors [32, 33].

In conclusion, viral genetic polymorphisms in IRRDR
(=6 or <5 mutations) and HCV core aa 70 (wild or
mutant), host factors such as IL28B genotype (major or
minor), age (<60 or =60 years), and platelet counts
(=15 x 10*/mm? or less), and combinations of these fac-
tors could be used to design therapeutic strategies for
patients infected with HCV-1b with high viral loads. Fur-
ther prospective study is needed to verify this hypothesis.
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Hepatitis C Virus Infection Suppresses GLUT2 Gene Expression via
Downregulation of Hepatocyte Nuclear Factor 1o

Chieko Matsui,? lkuo Shoji,® Shusaku Kaneda,® Imelda Rosalyn Sianipar,®® Lin Deng,® and Hak Hotta®
Division of Microbiology, Center for Infectious Diseases, Kobe University Graduate School of Medicine, Chuo-ku, Kobe, Hyogo, Japan,® and Department of Physiology,

Faculty of Medicine, Universitas Indonesia, Jakarta, Indonesia®

Hepatitis C virus (HCV) infection causes not only intrahepatic diseases but also extrahepatic manifestations, including type 2
diabetes. We previously reported that HCV replication suppresses cellular glucose uptake by downregulation of cell surface ex-
pression of glucose transporter 2 (GLUT2) (D. Kasai et al., ]. Hepatol. 50:883—894, 2009). GLUT2 mRNA levels were decreased in
both HCV RNA replicon cells and HCV J6/JFH1-infected cells. To elucidate molecular mechanisms of HCV-induced suppression
of GLUT2 gene expression, we analyzed transcriptional regulation of the GLUT2 promoter using a series of GLUT2 promoter-
luciferase reporter plasmids. HCV-induced suppression of GLUT2 promoter activity was abrogated when the hepatocyte nuclear
factor 1o (HNF-1a)-binding motif was deleted from the GLUT2 promoter. HNF-1ae mRNA levels were significantly reduced in
HCV J6/JFH1-infected cells. Furthermore, HCV infection remarkably decreased HNF-1a protein levels, We assessed the effects
of proteasome inhibitor or lysosomal protease inhibitors on the HCV-induced reduction of HNF-1a protein levels, Treatment of
HCV-infected cells with a lysosomal protease inhibitor, but not with a proteasome inhibitor, restored HNF-1« protein levels,
suggesting that HCV infection promotes lysosomal degradation of HNF-1a protein. Overexpression of NS5A protein enhanced
lysosomal degradation of HNF-1« protein and suppressed GLUT2 promoter activity. Immunoprecipitation analyses revealed
that the region from amino acids 1 to 126 of the NS5A domain I physically interacts with HNF-1a protein. Taken together, our
results suggest that HCV infection suppresses GLUT2 gene expression via downregulation of HNF-1a expression at transcrip-
tional and posttranslational levels. HCV-induced downregulation of HNF-1a expression may play a crucial role in glucose meta-

bolic disorders caused by HCV.

epatitis C virus (HCV) is the main cause of chronic hepatitis,

liver cirrhosis, and hepatocellular carcinoma. HCV is a sin-
gle-stranded, positive-sense RNA virus that is classified into the
Flaviviridae family, Hepacivirus genus (21). More than 170 million
people worldwide are chronically infected with HCV. The 9.6-kb
HCV genome encodes a polyprotein of approximately 3,010
amino acids (aa). The polyprotein is cleaved co- and posttransla-
tionally into at least 10 proteins by viral proteases and cellular
signalases: the structural proteins core, E1, E2, and p7 and the
nonstructural proteins NS2, NS3, NS4A, NS4B, NS5A, and NS5B
(21).

Persistent HCV infection causes not only intrahepatic diseases
but also extrahepatic manifestations, such as type 2 diabetes. Clin-
ical and experimental data suggest that HCV infection is an addi-
tional risk factor for the development of diabetes (26, 29, 30).
HCV-related glucose metabolic changes and insulin resistance
have significant clinical consequences, such as accelerated fibro-
genesis, reduced virological response to alpha interferon (IFN-ot)-
based therapy, and increased incidence of hepatocellular carci-
noma (29). Therefore, the molecular mechanism of HCV-related
diabetes needs to be clarified.

We have sought to identify a novel mechanism of HCV-in-
duced diabetes. We previously demonstrated that HCV sup-
presses hepatocytic glucose uptake through downregulation of
cell surface expression of glucose transporter 2 (GLUT2) in a hu-
man hepatoma cell line (19). The uptake of glucose into cells is
conducted by facilitative glucose carriers, i.e., glucose transporters
(GLUTS). GLUTS are integral membrane proteins that contain 12
membrane-spanning helices. To date, a total of 14 isoforms have
been identified in the GLUT family (24). GLUT2 is expressed in
the liver, pancreatic B-cells, hypothalamic glial cells, retina, and
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enterocytes. Glucose is transported into hepatocytes by GLUT2
(34). We previously reported that GLUT2 expression was reduced
in hepatocytes obtained from HCV-infected patients (19). We
also demonstrated that GLUT2 mRNA levels were lower in HCV
replicon cells and in HCV J6/JFH1-infected cells than in the con-
trol cells. GLUT2 promoter activity was suppressed in HCV-rep-
licating cells. However, the molecular mechanism of HCV-in-
duced suppression of GLUT2 gene expression remains to be
elucidated.

In the present study, we aimed to clarify molecular mecha-
nisms of HCV-induced suppression of GLUT2 gene expression.
We analyzed transcriptional regulation of the GLUT2 promoter in
HCV replicon cells. We demonstrate that HCV infection down-
regulates hepatocyte nuclear factor la (HNF-1a) expression at
both transcriptional and posttranslational levels, resulting in sup-
pression of GLUT2 promoter. We propose that HCV-induced
downregulation of HNF-1a may play a crucial role in glucose
metabolic disorders caused by HCV.

MATERIALS AND METHODS

Cell culture. The human hepatoma cell line Huh-7.5 (4) was kindly pro-
vided by Charles M. Rice (The Rockefeller University, New York, NY).
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FIG 1 The HCV genome, chimeric HCV J6/JFH1, and the HCV RNA replicons. Schematic diagrams of the HCV genome, the chimeric HCV J6/JFH1 genome,
SGR, and FGR are shown. IRES, internal ribosome entry site; EMCV, encephalomyocarditis virus; Neo, neomycin resistance gene.

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(high glucose) with r-glutamine (Wako, Osaka, Japan) supplemented
with 50 IU/ml penicillin, 50 pg/ml streptomycin (Gibco, NY), 10% heat-
inactivated fetal bovine serum (Biowest, France), and 0.1 mM nonessen-
tial amino acids (Invitrogen, NY) at 37°C in a 5% CO, incubator. Cells
were transfected with plasmid DNA using FuGENE 6 transfection re-
agents (Promega, Madison, WT).

Huh-7.5 cells stably harboring an HCV-1b subgenomic RNA replicon
(SGR) were prepared as described previously (18), using pFK5B/2884Gly
(a kind gift from R. Bartenschlager, University of Heidelberg, Heidelberg,
Germany). The SGR cells express the genomic region from NS3 to NS5B
of the HCV Conl strain (19) (Fig. 1). Cells harboring a full-genome
HCV-1b RNA replicon (FGR) derived from Conl1 (27) or pON/C-5B (17,
19) (akind gift from N. Kato, Okayama University, Okayama, Japan) were
also used. The FGR cells express all of the HCV proteins (the region
ranging from the core protein to NS5B).

The pFL-J6/JFHI1 plasmid that encodes the entire viral genome of a
chimeric strain of HCV-2a, J6/JFH1 (23), was kindly provided by Charles
M. Rice. The HCV genome RNA was synthesized in vitro using pFL-]6/
JFH1 as a template and was transfected into Huh-7.5 cells by electropo-
ration (6, 9, 23, 37). The virus produced in the culture supernatant was
used for infection experiments (6).

Cells were treated with 1,000 IU/ml of IFN-a (Sigma, St. Louis, MO)
for 10 days to eliminate HCV replication (19).

Luciferase reporter assay. We constructed the human GLUT2 pro-
moter-luciferase reporter plasmid by cloning a 1.6-kb genomic fragment
that encompasses the human GLUT2 promoter region from —1291 to
+308, yielding pGLUT2(—1291/+308)-Luc (2, 19), into the pGL4 vector
plasmid (Promega). The pGLUT2(—1291/+308)-Luc construct contains
a 1,291-bp fragment of the human GLUT2 promoter upstream of the
minimal promoter and the coding sequence of the Photinus pyralis (fire-
fly) luciferase. We also used seven different GLUT2 promoter-luciferase
reporter plasmids, i.e., pGLUT2(—1193/+308)-Luc, pGLUT2 (—1155/
+308)-Luc, pGLUT2(—1100/+308)-Luc, pGLUT2(—1030/+308)
-Luc, pGLUT2(—206/+308)-Luc, pGLUT2(+29/+308)-Luc, and
pGLUT2(+126/+308)-Luc, which lack the binding sequence of the
CCAAT/enhancer binding site (C/EBP), cyclic AMP (cAMP) response
element (CRE), AP-1 binding site, HNF-1a binding site, CAAT box,
TATA-like motif, and transcriptional initiation, respectively (Fig. 2A).
The reporter plasmid pRL-CMV-Renilla (where CMV is cytomegalovi-
rus) (Promega) was used as an internal control. Cells were transfected
with each pGLUT2-Luc construct together with pRL-CMV-Renilla. At 48
h after transfection, samples were harvested and assayed for luciferase
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activity. The luciferase assays were performed using a dual-luciferase re-
porter assay system (Promega). Luciferase activity was measured by a
Lumat LB 9501 instrument (Berthold Technologies GmbH & Co., Bad
Wildbad, Germany). Firefly luciferase activity was normalized to Renilla
luciferase activity for each sample. The number of relative light units
(RLU) of the SGR cells or FGR cells transfected with each reporter plasmid
is expressed as a ratio of the number of Huh-7.5 cells transfected with each
reporter plasmid.

Expression plasmids. Expression plasmids for core protein, p7,
NS2, NS3, NS4A, NS4B, NS5A, and NS5B were described previously
(9, 10, 18). To express E1 and E2 (E1/E2), the cDNA fragment of
nucleotides (nt) 825 to 2676 derived from the HCV Conl strain was
amplified by PCR using the plasmid pFKI389neo/core-3'/Conl (a
kind gift from R. Bartenschlager) as a template. Specific primers used
for PCR were as follows: sense primer, 5'-CCAGTGTGGTGAATTCAC
CATGGTGAACTATGCAACAGGGAA-3'; antisense primer, 5'-CGAAG
GGCCCTCTAGAGATGTACCAGGCAGCACAGA-3'. To express NS3
and NS4A (NS3/4A), the cDNA fragment of nt 3420 to 5474 derived from
the HCV Conl strain was amplified by PCR. Specific primers were as
follows: sense primer, 5'-CCAGTGTGGTGAATTCACCATGGCGCCTA
TTACGGCCTACTC-3'; antisense primer, 5'-CGAAGGGCCCTCTAGA
GCACTCTTCCATCTCATCGAA-3'. These amplified PCR products
were purified, and each of them was inserted into the EcoRI-Xbal site of
pEF1/myc-His A (Invitrogen) using an In-Fusion HD-Cloning kit (Clon-
tech, Mountain View, CA). To express a series of NS5A deletion mutants
as hemagglutinin (HA)-tagged proteins, each fragment was amplified by
PCR and cloned into the NotlI site of pPCAG-HA. pEF1A-NS5A (Conl)-
myc-His was used as a template (18). The primer sequences used in this
study are available from the authors upon request. The sequences of the
inserts were extensively verified by sequencing (Operon biotechnology,
Tokyo, Japan). The plasmids pEF1A-NS5A(1-126)-myc-His, consisting
of residues 1 to 126 in NS5A, and pEF1A-NS5A(1-147)-myc-His were
described previously (18).

Antibodies. The mouse monoclonal antibodies (MAbs) used in this
study were anti-FLAG (M2) MAb (F-3165; Sigma), anti-NS5A MAb
(MAB8694; Millipore), anti-core protein MAb (2H9) (37), and anti-glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) MAb (MAB374; Mil-
lipore). Polyclonal antibodies (PAbs) used in this study were anti-
HNF-1a rabbit PAb (sc-8986; Santa Cruz Biotechnology), anti-HNF-1a
goat PAb (sc-6548; Santa Cruz Biotechnology), anti-NS5B goat PAb (sc-
17532; Santa Cruz Biotechnology), anti-NS3 rabbit PAb (described else-
where), and anti-actin goat PAb (C-11; Santa Cruz Biotechnology).
Horseradish peroxidase (HRP)-conjugated anti-mouse IgG antibody

Journal of Virology

- 980 -

1L HICUIAINNA Jany Ao 2102 ‘e 1aniianan nin Rinaneeaalirdhn imnn nanenniana



A Transcriptional
C/EBP AP-1 CAAT initiation
r
5 | 3
-1291 +308
CRE HNF-1a TATA
-1291 Full
-1193 AC/EBP
-1155 ACRE
-1100 AAP-1
-1030 AHNF-1a
206 ACAAT
#20 m— ATATA
+126 ATranscriptional
initiation
B 27
1.8
1.6
14
127
=
x 1
0.8
BT -e-Huh-7.5
04 -4 SGR
02 * ®FGR
0 . L L L L )
D R & NS P
<° (oo & vvg < bv? «6‘\ ¢o°
¥V IYS ¥ Y&
v o ‘5;\
&
SR
A*4

FIG 2 HNF-1a-binding site is important for HCV-induced suppression of
GLUT2 promoter. (A) A series of constructs in which genomic GLUT2 pro-
moter DNA fragments were fused to a promoterless firefly luciferase gene of
the pGL4 vector were generated with the 3’ end always terminating at bases
+308 from transcriptional start site. The 5' ends began at bases —1291,
—1193, —1155, —1100, —1030, —206, +29, and +126 The regions that rep-
resent potential binding sites for transcription factors are shown, including a
CCAAT/enhancer binding site (C/EBP), cAMP response element (CRE), AP-1
binding site, HNF-1la binding site, CAAT box, and TATA-like motif. The
nucleotide at the beginning of the construct is indicated. (B) Huh-7.5 cells,
SGR cells, and FGR cells (2.5 X 10° cells/six-well plate) were transfected with
each GLUT?2 plasmid (0.5 pg) together with pRL-CMV-Renilla (25 ng). pRL-
CMV-Renilla was used as an internal control. At 48 h posttransfection, cells
were harvested and assayed for luciferase activities using a dual-luciferase re-
porter assay system. RLU is expressed as a ratio of the Huh-7.5 cells transfected
with each reporter plasmid.

(Cell signaling), HRP-conjugated donkey anti-goat IgG (Santa Cruz Bio-
technology), and HRP-conjugated anti-rabbit IgG (Cell signaling) were
used as secondary antibodies.

Real-time quantitative reverse transcription-PCR (RT-PCR). Total
cellular RNA was isolated using RNAiso reagent (TaKaRa Bio, Kyoto,
Japan), and cDNA was generated using a QuantiTect Reverse Transcrip-
tion system (Qiagen, Valencia, CA). Real-time quantitative PCR was per-
formed using SYBR Premix Ex Taq (TaKaRa Bio) with SYBR green chem-
istry on an ABI Prism 7000 system (Applied Biosystems, Foster, CA), as
described previously (11, 19). The B-glucronidase (GUS) gene was used as
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an internal control. The primers used for real-time PCR are as follows: for
HNF-la (NM_000545), 5'-AGCTACCAACCAAGAAGGGGC-3" (nt
601to 621) and 5'-TGACGAGGTTGGAGCCCAGCC-3' (nt 801 to 781);
HNEF-1B (NM_000458), 5'-GTTACATGCAGCAACACAACA-3" (nt 600
t0 620) and 5'-TCATATTTCCAGAACTCTGGA-3' (nt 801 to 782); GUS
(NM_000181), 5'-ATCAAAAACGCAGAAAATACG-3' (nt 1797 to
1817) and 5'-ACGCAGGTGGTATCAGTCTTG-3" (nt 2034 to 2014).

Immunoblot analysis. Immunoblot analysis was performed essen-
tially as described previously (9, 33). The cell lysates were separated by 8%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene difluoride membrane (Millipore Corp.,
Billerica, MA). The membranes were incubated with primary antibody,
followed by incubation with peroxidase-conjugated secondary antibody.
The positive bands were visualized using ECL Western blotting detection
reagents (GE Healthcare, Buckinghamshire, United Kingdom). To detect
endogenous HNF-1la protein, ECL Plus Western blotting detection re-
agents were used (GE Healthcare).

Immunoprecipitation. Cultured cells were lysed with a buffer con-
taining 150 mM NaCl, 20 mM Tris-HCI (pH 7.4), 0.1% SDS, 1% NP-40,
and Complete protease inhibitor cocktail (Roche Diagnostics, Indianap-
olis, IN). The lysate was centrifuged at 12,000 X g for 20 min at 4°C, and
the supernatant was immunoprecipitated with appropriate antibodies.
Immunoprecipitation was performed as described previously (10).
Briefly, the cell lysates were immunoprecipitated with control IgG and
Dynabeads protein A (Invitrogen) and incubated with appropriate anti-
bodies at 4°C overnight. After being washed with the washing buffer (0.1
M Na-phosphate buffer, pH 7.4) five times, the immunoprecipitates were
analyzed by immunoblotting.

Statistical analysis. Results were expressed as means * standard er-
rors of the means (SEM). Statistical significance was evaluated by analysis
of variance (ANOVA), and statistical significance was defined as a P value
of <0.05.

RESULTS

HNE-1a-binding site is important for HCV-induced suppres-
sion of GLUT2 promoter. To gain an insight into potential regu-
latory sequences involved in HCV-induced suppression of
GLUT2 gene transcription, a 1.6-kb genomic fragment that en-
compasses the human GLUT2 promoter (—1291 to +308) and a
series of deletion mutants were analyzed (Fig. 2A). The ability of
the upstream region of the GLUT2 gene to function as a promoter
was assessed by its capacity to drive the expression of a luciferase
reporter gene. GLUT2 promoter activity was assessed by measur-
ing luciferase activity of the cell extracts derived from transiently
transfected Huh-7.5 cells, SGR cells, and FGR cells. As shown in
Fig. 2B, a deletion of the promoter sequence to —1100
[pGLUT2(—1100/+308)-Luc [AAP-1]] showed lower luciferase
activities in HCV replicon cells than in the control cells. Successive
removal of nucleotides from —1100 to —1030 completely or al-
most completely abolished the suppression of the luciferase activ-
ity in both FGR and SGR cells, suggesting that the HNF-1a-bind-
ing site is important for HCV-induced suppression of GLUT2
promoter.

HCYV infection reduces HNF-1ae mRNA levels. It is worth not-
ing that HNF-1a is known to play a crucial role in diabetes. Mu-
tations in the HNF-1a gene have been reported to cause a mono-
genic form of diabetes mellitus with autosomal dominant
inheritance, termed maturity onset diabetes of the young 3
(MODY3) (25,40). Chaetal. (7) reported that HNF-1a functions
as a transcriptional transactivator in human GLUT2 gene expres-
sion in a human hepatoma cell line. These findings motivated us
to further investigate a role of HNF-1a in HCV-induced glucose
metabolic disorders in a human hepatoma cell line. To determine
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FIG 3 Quantitative RT-PCR analysis of mRNA for HNF-1e and HNE-1pB in
HCV J6/JFH1-infected cells. Huh-7.5 cells (2.5 X 10° cells/six-well plate) were
infected with HCV J6/JFH1 at a multiplicity of infection of 2. Cells were cul-
tured and harvested at the indicated times. Total RNA was extracted, and the
levels of HNF-1ae mRNA and HNF-1B mRNA were determined by quantita-
tive RT-PCR. Mock-infected cells served as negative controls. **, P < 0.01,
compared with mock-infected cells.

whether HCV infection suppresses HNF-1ao mRNA expression,
we quantified mRNA levels of HNF-1a and HNF-1p in HCV Jé/
JFH1-infected cells and in mock-infected cells by real-time RT-
PCR. HNF-1ae mRNA levels were significantly reduced in HCV
J6/JFH1-infected cells from 5 days postinfection (dpi) to 14 dpi
(Fig. 3A). On the other hand, HNF-1p mRNA levels remained
unchanged until 14 dpi (Fig. 3B). These results suggest that HCV
infection specifically downregulates HNF-1ae mRNA expression.

HCYV infection reduces HNF-1« protein levels. To determine
whether HCV infection reduces HNF-1a protein levels, endoge-
nous HNF-1a protein levels were examined by immunoblot anal-
ysis. The HNF-1a protein level was much lower in J6/JFH1-in-
fected cells than in the mock-infected control (Fig. 4A, upper
panel, lane 2). To determine whether HCV infection is specifically
involved in reduction of HNF-1a protein, we eliminated HCV by
treatment of the cells with IFN-« (Fig. 4B, lower panel, compare
lane 2 with lane 4). Upon elimination of HCV, the HNF-1a pro-
tein expression level recovered to the level of the mock-infected
control (Fig. 4B, upper panel, compare lane 2 with lane 4). These
results suggest that HCV infection specifically reduces HNF-1a
protein levels.

HCV-induced reduction of HNF-1« protein is restored by
treatment of the cells with a lysosomal protease inhibitor. As
shown in Fig. 3A, HNF-1a mRNA levels in HCV J6/JFH1-infected
cells decreased slowly at day 5 postinfection. One possible expla-
nation is that suppression of HNF-1ae mRNA is an indirect effect
caused by HCV infection. The degree of the reduction of the
HNF-1a protein was larger than that of HNF-1ae mRNA (Fig. 4A),
suggesting the involvement of protein degradation in reduction of
HNEF-1a protein levels. To determine whether protein degrada-
tion is involved in HCV-induced reduction of HNF-1a protein,
we assessed the role of proteasome or lysosome proteases in the
reduction of HNF-1a protein. We treated the cells with a protea-
some inhibitor, clasto-lactacystin [3-lactone, or lysosome protease
inhibitors E-64d and pepstatin A. Clasto-lactacystin 3-lactone

12906 jvi.asm.org

A B IFN-a (-} IFN-at (1,000 IU/ml)

(kDa) (kDa) 1 ock  JEWFH1 mock  JGIJFH1
mock  JBIJFH1 1
R wrve o ——]e

100 27 100 23 100 94

»| actin

Lane: 1

o s 0 — s
Lane: 1 2 Lane: 1 2 3 4
C clasto-
(-) DMSO lactacystin  E-64d  PepA
HCVY - + - 4+ = = = 4
(kDa) go_[Me ©i WNE We M o B s W | HNF-10
0= | capoH
e . S s s W NSSA
20~ - o — o -—»} Core
2 [

3 4 5 7 8 9 10

FIG 4 HCV infection induces lysosomal degradation of HNF-1a protein. (A)
HCV infection decreased the levels of HNF-1a protein in Huh-7.5 cells. Huh-
7.5 cells (2.5 % 10° cells/six-well plate) were infected with HCV J6/JFHI at a
multiplicity of infection of 2. Cells were cultured and harvested at 5 days
postinfection. Cells were analyzed by immunoblotting with anti-HNF-1e,
anti-NS3, and anti-actin antibodies. The level of actin served as a loading
control. The relative levels of protein expression were quantitated by densi-
tometry and are indicated below the respective lanes. (B) HCV-induced down-
regulation of HNF-1a protein was restored by treatment of the cells with
IFN-a. Huh-7.5 cells were plated at 2.5 X 10° cells/six-well plate and cultured
for 12 h. The cells were infected with HCV J6/JFH1 ata multiplicity of infection
of 2 and cultured for 5 days. The cells were replated at 2.5 X 10 cells/six-well
plate and cultured in complete DMEM with or without 1,000 IU/ml IFN-« for
10 days to eliminate HCV. The cells cultured in DMEM without IFN-a served
as negative controls. (C) HCV-induced reduction of HNF-1a protein was
restored by treatment of the cells with lysosomal protease inhibitor. Huh-7.5
cells were plated at 2.0 X 107 cells/six-well plate and cultured for 12 h. At 5 days
postinfection, proteasome inhibitor (30 pM clasto-lactacystin B-lactone) or
lysosomal protease inhibitors (40 pM E-64d and 20 pM pepstatin A) were
administered to the cells. Cells were cultured for 12 h, harvested, and analyzed
by immunoblotting as indicated. The level of GAPDH served as a loading
control. DMSO, dimethyl sulfoxide; PepA, pepstatin A.

had no effect on the levels of HNF-1a protein (Fig. 4C, upper
panel, lane 6). This result suggests that proteasome is not involved
in the reduction of HNF-1la protein. E-64d is a cysteine protease
inhibitor, and pepstatin A is an aspartic protease inhibitor. Pep-
statin A, but not E-64d, restored the levels of HNF-1a protein
(Fig. 4C, upper panel, lanes 10 and 8). These results suggest thata
lysosomal protease, such as an aspartic protease, is involved in
HCV-induced reduction of HNF-1a protein.

Overexpression of NS5A protein suppresses GLUT2 pro-
moter activity. To determine which HCV protein is involved in
the suppression of GLUT2 promoter, we examined the effects of
transient expression of HCV proteins on GLUT2 promoter activ-
ity. Huh-7.5 cells were cotransfected with each HCV protein ex-
pression plasmid together with the GLUT2 promoter-luciferase
plasmid. The pRL-CMV-Renilla plasmid was cotransfected as an
internal control. At 48 h posttransfection, cells were harvested and
assayed for luciferase activity. As shown in Fig. 5A, overexpression
of the NS5A expression plasmid significantly reduced GLUT2
promoter activity. On the other hand, other HCV protein expres-
sion plasmids failed to suppress GLUT2 promoter activity (Fig.
5A, left and right panels). These results suggest that NS5A protein
is involved in the suppression of GLUT2 promoter activity.

Overexpression of NS5A protein reduces the levels of endog-
enous HNF-1« protein. To investigate a role of NS5A in the sup-
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FIG 5 HCV NS5A protein is involved in suppression of GLUT2 promoter
activity and lysosomal degradation of HNF-1a protein. (A) Huh-7.5 cells were
plated at 1 X 10° cells/12-well plate. After cells were cultured for 12 h, cells were
cotransfected with each HCV protein plasmid (0.5 p.g), the human GLUT2
promoter reporter plasmid (0.5 pg), and pRL-CMV-Renilla (25 ng). pRL-
CMV-Renilla was used as an internal control. At 48 h posttransfection, cells
were harvested. Luciferase assays were performed by using a dual-luciferase
reporter assay system. (B) Huh-7.5 cells were plated at 4 X 107 cells/six-well
plate and cultured for 12 h. Cells were transfected with increasing amounts of
either NS5A plasmid or NS5B plasmid as indicated. At 48 h posttransfection,
cells were harvested. Whole-cell lysates were analyzed by immunoblotting with
anti-HNF-1a, anti-NS5A, and anti-NS5B antibodies. The level of GAPDH
served as a loading control. (C) Huh-7.5 cells (2.5 X 10° cells/six-well plate)
were transfected with pEF1A-NS5A-myc-His,. At 2 days posttransfection,
proteasome inhibitor (30 uM clasto-lactacystin B-lactone) or lysosomal en-
zyme inhibitors (40 uM E-64d and 20 puM pepstatin A) were administered to
the cells. Cells were cultured for 12 h and harvested, and the levels of endoge-
nous HNF-1a protein were analyzed by immunoblotting with anti-HNF-1a
goat PAD. The level of GAPDH served as a loading control. (D) Huh-7.5 cells
(1.0 % 10° cells/12-well plate) were transfected with the human GLUT2 pro-
moter reporter plasmid (0.5 pg) and pRL-CMV-Renilla (25 ng). The plasmid
pEF1A/myc-His (0.5 pg) was cotransfected to the control cells. Cells were
transfected with the plasmid pEF1A-NS5A-myc-His (0.5 pg) together with
either empty plasmid pCMV4 (10 ng) or pCMV-HNF-1a (10 ng). At 48 h
posttransfection, cells were harvested. Luciferase assays were performed by
using a dual-luciferase reporter assay system. *, P < 0.05, compared with
control. (E) Huh-7.5 cells (1.2 > 10° cells /10 cm-dish) were infected with
HCV J6/JFH1 at a multiplicity of infection of 2 and cultured for 5 days. At day
5 postinfection, cells were plated at 1.0 X 10° cells/12-well plate and cultured
for 12 h. Mock-infected cells were plated similarly. Cells were transfected with
the human GLUT2 promoter reporter plasmid (0.5 pg) and pRL-CMV-Re-
nilla (25 ng) together with either empty plasmid pCMV4 or pCMV-HNF-1a,
cultured for 48 h, and harvested. Luciferase assays were performed by using a
dual-luciferase reporter assay system. *, P < 0.05, compared with control.
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pression of the GLUT2 promoter, we examined the effect of NS5A
protein on the levels of endogenous HNF-1a protein. Huh-7.5
cells were transfected with increasing amounts of either an NS5A
expression plasmid or NS5B expression plasmid. At 48 h post-
transfection, cells were harvested, and the levels of endogenous
HNEF-1a protein were analyzed by immunoblot analysis. To de-
tect endogenous HNF-1a protein, highly sensitive Western blot-
ting detection reagents (ECL Plus Western blotting detection re-
agents) were used. Overexpression of NS5A (Fig. 5B, left panel)
but not NS5B (Fig. 5B, right panel) significantly reduced endoge-
nous HNF-1a protein. These results suggest that NS5A protein
specifically reduces endogenous HNF-1a protein levels,

To determine if NS5A-dependent reduction of HNF-1a pro-
tein is due to lysosomal degradation, we treated the cells with
lysosome protease inhibitors. Pepstatin A, but not E-64d, recov-
ered the levels of HNF-1a protein (Fig. 5C, middle panel, lanes 5
and 6), which is consistent with the results found in HCV-infected
cells. These results suggest that NS5A is responsible for HCV-
induced lysosomal degradation of HNF-1la protein. Taken to-
gether, our results suggest that HCV infection suppresses GLUT2
promoter activity via NS5A-dependent lysosomal degradation of
HNF-1a protein.

To verify arole of HNF-1a in the HCV-induced suppression of
GLUT?2 promoter activity, we examined the effects of ectopic ex-
pression of HNF-1a on GLUT2 promoter activity in NS5A-trans-
fected cells as well as in HCV J6/JFH1-infected cells. As shown in
Fig. 5D, overexpression of NS5A decreased GLUT2 promoter ac-
tivity, and ectopic expression of HNF-1a restored GLUT2 pro-
moter activity (Fig. 5D). Moreover, HCV J6/JFH1 infection sig-
nificantly decreased GLUT2 promoter activity, and ectopic
expression of HNF-1a restored GLUT2 promoter activity (Fig.
5E). These results are consistent with the notion that HNF-1la
protein is a key regulator for HCV-induced suppression of
GLUT2 promoter activity.

NS5A protein interacts with HNF-1a protein in Huh-7.5
cells and in FGR Conl cells. It was previously reported that in
vitro translated HNEF-1 protein was pulled down with glutathione
S-transferase (GST)-NS5A protein (32). To determine whether
NS5A physically interacts with HNF-1a protein in cultured cells,
Huh-7.5 cells were cotransfected with each FLAG-tagged NS5A
expression plasmid together with the HNF-1a expression plas-
mid. Immunoprecipitation analysis revealed that HNF-1a pro-
tein was coimmunoprecipitated with FLAG-NS5A protein using
anti-FLAG MAb (Fig. 64, third blot, lane 8). No band was de-
tected using control IgG for immunoprecipitation (Fig. 6A, third
blot, lane 7). Conversely, immunoprecipitation analysis revealed
that NS5A protein was coimmunoprecipitated with HNF-1a pro-
tein using anti-HNF-1a rabbit PAD (Fig. 6B, fourth blot, lane 8).
Moreover, NS5A protein was coimmunoprecipitated with endog-
enous HNF-1a protein (Fig. 6B, fourth blot, lane 6), suggesting
that NS5A protein indeed interacts with HNF-1a protein.

To confirm that HCV NS5A protein can interact with HNF-1a
protein in HCV-replicating cells, we performed immunoprecipi-
tation analysis using FGR Conl (RCYM1) cells. NS5A protein was
coimmunoprecipitated with endogenous HNF-1a protein (Fig.
6C, fourth blot, lane 2). Transfection of HNF-la protein in-
creased the level of coimmunoprecipitated NS5A protein (Fig. 6C,
fourth blot, lane 4), suggesting that HCV NS5A protein indeed
interacts with HNF-1a protein in HCV-replicating cells.

HNF-1a binds domain I of NS5A protein. To map the HNF-
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FIG 6 NS5A protein interacts with HNF-1a protein. (A) Huh-7.5 cells were
plated at 1.2 X 10° cells/10-cm dish and cultured for 12 h. Cells were trans-
fected with plasmids as indicated. At 48 h after transfection, cells were har-
vested. Cell lysates were immunoprecipitated with either anti-FLAG mouse
MAD (lanes 2, 4, 6, and 8) or control IgG (lanes 1, 3, 5, and 7), and bound
proteins were immunoblotted with anti-HNF-1a rabbit PAb (third blot) or
anti-NS5A mouse MAb (fourth blot). Protein expression of HNF-1« or
FLAG-NS5A was confirmed using the same cell lysates by immunoblotting
with either anti-HNF-1a rabbit PAb (first blot) or anti-NS5A mouse MAb
(second blot). (B) Cell lysates were immunoprecipitated with either anti-
HNF-1a rabbit PAD (lanes 2, 4, 6, and 8) or control IgG (lanes 1, 3, 5, and 7),
and bound proteins were immunoblotted with either anti-HNF-1 rabbit PAb
(third blot) and anti-NS5A mouse MAD (fourth blot). (C) Full-genome repli-
con Conl (RCYM1) cells were plated at 1.2 X 10° cells/10-cm plate and trans-
fected with or without pPCMV-HNF-1a plasmid and cultured for 48 h. Cells
were harvested and assayed for immunoprecipitation with anti-HNF- la rab-
bit PAD (lanes 2 and 4) or control IgG (lanes 1 and 3). Bound proteins were
immunoblotted with anti-HNF-1a goat PAD (third blot) or anti-NS5A mouse
MAD (fourth blot). Input samples were immunoblotted with either anti-
HNE-1a PAb (first blot) or anti-NS5A MAD (second blot). IP, immunopre-
cipitation; IB, immunoblotting.

la-binding site on NS5A protein, coimmunoprecipitation analy-
ses were performed. By use of a panel of NS5A deletion mutants
(Fig. 7A), FLAG-HNF-1a protein was found to coimmunopre-
cipitate with all of the HA-NS5A proteins except HA-NS5A con-
sisting of aa 357 to 447 [HA-NS5A(357-447), HA-NS5A(250~
447), or HA-NS5A(214-447) (Fig. 7B, lower left panel). These
results suggest that domain I of NS5A consisting of aa 1 to 213 is

12908 jviasm.org

important for HNF-1a binding. FLAG-HNF-1a protein was also
found to coimmunoprecipitate with NS5A(1-126)-myc-His, and
NS5A(1-147)-myc-His,. These data led to the conclusion that the
HNF-1a-binding domain of NS5A protein was aa 1 to 126.

DISCUSSION

In this study, we aimed to clarify molecular mechanisms of HCV-
induced suppression of GLUT2 gene expression. The reporter as-
says of the human GLUT2 promoter suggest that the HNF-1a-
binding site is crucial for HCV-induced suppression of GLUT2
promoter activity (Fig. 2). HCV infection significantly reduced
the levels of HNF-1ae mRNA (Fig. 3A). Moreover, HCV infection
remarkably decreased HNF-1a protein levels (Fig. 4A). Our re-
sults suggest that HCV infection suppresses GLUT2 gene expres-
sion via NS5A-mediated lysosomal degradation of HNF-1a pro-
tein (Fig. 5). Immunoprecipitation analyses revealed that NS5A
protein physically interacts with HNF-1a protein (Fig. 6) and that
domain I of NSS5A is important for HNF-1a binding (Fig. 7).
Taken together, our results suggest that HCV infection suppresses
GLUT?2 transcription via downregulation of HNF-1a expression
at both transcriptional and translational levels (Fig. 8).

We demonstrated that HNF-1a protein levels were greatly re-
duced compared to the reduced levels of HNF-1ae mRNA. We
demonstrated that pepstatin A, but not E64-d, restored the levels
of HNF-1la protein, suggesting that an aspartic protease is in-
volved in the degradation of HNF-la protein. Pepstatin A is
widely used for investigation of autophagy and lysosomal degra-
dation. Further studies are needed to elucidate how HCV induces
lysosomal degradation of HNF-1a protein and how HNF-1a pro-
tein is selectively downregulated by HCV infection. Our data sug-
gest that the HCV NS5A protein is responsible for the HCV-in-
duced degradation of HNF-1a protein. Using a panel of NS5A
deletion mutants, we demonstrated that domain I of NS5A is im-
portant for association with HNF-1a protein. NS5A domain I is
relatively conserved among HCV genotypes compared to do-
mains II and III, suggesting that NSSA-HNEF-1a interaction is
common to all the HCV genotypes. Domain I coordinates a single
zinc atom per protein molecule and is essential for HCV RNA
replication (35). The crystal structure of NS5A domain I revealed
the presence of a zinc coordination motif and a C-terminal disul-
fide bond (36). NS5A domain I was found to bind many host
proteins, RNA, and membranes (16). It is possible that physical
interaction between NS5A protein and HNF-1a protein is impor-
tant for selective degradation of HNF-1la protein. One possible
mechanism is that NS5A protein may recruit HNF-1a protein to
the lysosome. Further study is necessary to test this possibility.

We observed that deletion of the GLUT2 transcriptional start
site enhances expression of the GLUT2 reporter in FGR cells (Fig.
2B). Cha et al. (7) previously reported that deletion down to nu-
cleotide +73 of the GLUT2 promoter resulted in a marked in-
crease and that further deletion to nucleotide +188 caused a dras-
tic decrease in luciferase activity, indicating the presence of
negative- and positive-regulator elements in the 5" untranslated
region. The role of these elements in HCV-infected cells remains
to be elucidated.

We demonstrated that HCV J6/JFH1 infection reduced the
HNF-1a mRNA level and HNF-1a protein level. Our results
contradict an earlier report (32) demonstrating that expression
of HNF-1 mRNA was increased in subgenomic replicon Huh.8
cells (3). We observed downregulation of HNF-1ae mRNA and
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FIG 7 Mapping of the HNF-1a-binding domain for NS5A protein. (A) Schematic representation of the hepatitis C virus NS5A protein. NS5A consists of
three domains (domains I, II, and III) with domains separated by low-complexity sequences (LCS I and II). The position of the amino-terminal
amphipathic helix membrane anchor is shown (labeled helix). The NS5A deletion mutants (a to j) contain the NS5A amino acids indicated to the left. Each
NS5A deletion mutant contains either HA tag in the N terminus (a to h) or myc-His, tag in the C terminus (i and j). The gray region of each represents
the HA tag sequence. The lattice region of each represents the myc-His, tag (i and j). Closed boxes represent proteins that are bound specifically to
HNF-1a protein, and open boxes represent those that are not bound. (B) Huh-7.5 cells were transfected with each NS5A mutant plasmid together with
a FLAG-HNF-1a expression plasmid. At 48 h posttransfection, cells were harvested, and cell lysates were immunoprecipitated with anti-FLAG beads.
Input samples and immunoprecipitated samples were immunoblotted with anti-HA MAb (two left panels, top), anti-c-myc MAD (two right panels, top),

or anti-HNF-1a PAD (all panels, bottom).

HNF-1a protein in SGR cells as well as in FGR cells (data not
shown). We also demonstrated that the ectopic expression of
NS5A protein decreased the endogenous HNF-la protein
level. The reasons for these discrepancies remain to be eluci-
dated.

We along with other groups previously reported that HCV
NS5A protein is involved in mitochondrial reactive oxygen species
(ROS) production (11, 13, 38). Mitochondrial ROS generation is
known to induce the autophagy pathway (22) and lysosomal
membrane permeabilization (8). Therefore, it is necessary to de-
termine whether NS5A-induced ROS production enhances au-
tophagic degradation or lysosomal membrane permeabilization.
Several groups have reported that autophagy vesicles accumulate in
HCV-infected cells and that autophagy proteins can function as pro-
viral factors required for HCV replication (14). Autophagy degrades
macromolecules and organelles. Based on the means by which cargo
is delivered to the lysosomes, three different autophagy pathways are
described: macroautophagy, microautophagy, and chaperone-medi-
ated autophagy (CMA). At first, autophagy was considered a nonse-
lective bulk degradation process. CMA, however, results in
specific degradation of the cytosolic proteins in a molecule-by-
molecule fashion. Most known substrates for CMA contain a pep-
tide sequence biochemically related to KFERQ (12). Although the
typical KFERQ peptide motifis not found in HNF-1a protein, it is
possible that KFERQ-like sequences can be generated by post-
translational modifications. It is also possible that HNF-1a pro-
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tein possesses other degradation motifs. The molecular mecha-
nism underlying NS5A-dependent lysosomal degradation of
HNF-1la protein needs to be elucidated.

HNF-1a is a homeodomain-containing transcription factor,
which is expressed in the liver, pancreatic B cells, and other tissues
(1). Intriguingly, HNF-1a is known to play a crucial role in dia-
betes. Heterozygous germ line mutations in the gene encoding
HNF-1a are responsible for an autosomal dominant form of non-
insulin-dependent diabetes, MODY3 (40). Mutations in the
HNF-1a gene disrupt GLUT?2 function as a glucose sensor in pan-
creatic 3 cells, resulting in severe insulin secretory defects (39). It
is unclear whether HNF-1a mutations in the liver affect glucose
homeostasis in MODY3 patients. Two strains of HNF-1a-defi-
cient mice have been reported. The mice of the first strain, created
using standard methods for making knockout mice, are born nor-
mally, but most die postnatally around the weaning period after a
progressive wasting syndrome (31). Mice of the second strain,
created using the Cre-loxP recombination method, had a normal
life span (20). The knockout mice of the second strain were
dwarfed, diabetic, and infertile. Moreover, the knockout mice had
enlarged livers and exhibited progressive liver damage.

HNE-la was also identified as a tumor suppressor gene in-
volved in human liver tumorigenesis since biallelic inactivating
mutations of the HNF-1a gene were found in 50% of hepatocel-
lular adenomas and, in rare cases, of well-differentiated hepato-
cellular carcinomas developed in the absence of cirrhosis (5).
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Moreover, HNF-1a has been shown to regulate a large number of
genes related to glucose, fatty acid, bile acid, cholesterol, and lipo-
protein metabolisms as well as inflammation (1). Therefore, it is
possible that HCV-induced downregulation of HNF-1a may play
a crucial role in metabolic disorders as well as tumorigenesis.

To determine which HCV protein is involved in the suppres-
sion of the GLUT2 promoter, we examined the effects of transient
expression of HCV proteins on GLUT2 promoter activity, Over-
expression of NS5A suppressed GLUT2 promoter activity,
whereas overexpression of p7 enhanced GLUT2 promoter activity
(Fig. 5A). SGR cells express NS5A protein but lack p7 protein.
FGR cells express both NS5A protein and p7 protein. However,
GLUT2 promoter activity was suppressed in both SGR and FGR
cells (Fig. 2B). This discrepancy between transient expression sys-
tem and replicon cells may result from the differences in traffick-
ing of p7 because it is a complex process potentially regulated by
both the cleavage from its upstream signal peptides and targeting
signals within the protein sequence (15).

We previously reported that HCV infection promotes hepatic
gluconeogenesis in HCV J6/JFH1-infected Huh-7.5 cells (11).
HCV infection transcriptionally upregulates the genes for phos-
phoenolpyruvate carboxykinase (PEPCK) and glucose 6-phos-
phatase (G6Pase), the rate-limiting enzymes for hepatic gluconeo-
genesis. We demonstrated that gene expression of PEPCK and
G6Pase was regulated by the transcription factor forkhead box O1
(FoxO1) in HCV-infected cells. Phosphorylation of the FoxO1 at
Ser319 was markedly diminished in HCV-infected cells, resulting
in increased nuclear accumulation of FoxO1. HCV NS5A protein
was directly linked with FoxO1-dependent increased gluconeo-
genesis. HCV-induced downregulation of GLUT2 expression and
upregulation of gluconeogenesis may cooperatively contribute
to development of type 2 diabetes in HCV-infected patients at
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least to some extent. HCV-induced downregulation of GLUT2
expression and upregulation of gluconeogenesis may result in
high concentrations of glucose in HCV-infected hepatocytes.
As suggested in a recent study, low glucose concentrations in
the hepatocytes inhibit HCV replication (28). Therefore, high
glucose levels in the hepatocytes may confer an advantage in
efficient replication of HCV.

In conclusion, we provided evidence suggesting that HCV
infection downregulates HNF-1a expression at both transcrip-
tional and posttranslational levels. HCV-induced downregula-
tion of HNF-1a may play a crucial role in glucose metabolic
disorders caused by HCV infection. Strategies aimed at HCV-
induced downregulation of HNF-1a protein may lead to the
development of new therapeutic agents for HCV-induced dia-
betes.

ACKNOWLEDGMENTS

We are grateful to C. M. Rice (Rockefeller University, New York, NY) for
providing Huh-7.5 cells and pFL-J6/JFH1, R. Bartenschlager (University
of Heidelberg, Heidelberg, Germany) for providing an HCV subgenomic
RNA replicon (pFK5B/2884Gly), and N. Kato (Okayama University,
Okayama, Japan) for providing an HCV full-genome RNA replicon
(pON/C-5B). We thank T. Adachi, M. Makimoto, K. Tsubaki, Y. Yasui, A.
Asahi, M. Kohmoto, and Y.-H. Ide for their technical assistance. We also
thank K. Hachida for secretarial work.

This work was supported in part by grants-in-aid for research on hep-
atitis from the Ministry of Health, Labor, and Welfare, Japan, and the
Ministry of Education, Culture, Sports, Science, and Technology
(MEXT), Japan. This work was also supported in part by the Japan Initia-
tive for Global Research Network on Infectious Diseases program of
MEXT, Japan. This study was also carried out as part of the Global Center
of Excellence program of the Kobe University Graduate School of Medi-
cine and the Science and Technology Research Partnership for Sustain-

Journal of Virology

- 086 -

1L HICUaAINA Jamy Ao 710z ‘o 1amnianan nin Binneeaalirdmn mminn nanoaniannA



able Development program of the Japan Science and Technology Agency
and the Japan International Cooperation Agency.

‘We have no potential conflicts of interest to report.

REFERENCES

1.

11.

12.
13.

14.

15.

16.

17

18.

15.

Armendariz AD, Krauss RM. 2009. Hepatic nuclear factor 1-alpha: in-
flammation, genetics, and atherosclerosis. Curr. Opin. Lipidol. 20:106—
111.

. Ban N, et al. 2002. Hepatocyte nuclear factor-la recruits the transcrip-

tional co-activator p300 on the GLUT2 gene promoter. Diabetes 51:1409 —
1418.

. Blight KJ, Kolykhalov AA, Rice CM. 2000. Efficient initiation of HCV

RNA replication in cell culture. Science 290:1972-1974.

. Blight KJ, McKeating JA, Rice CM. 2002. Highly permissive cell lines for

subgenomic and genomic hepatitis C virus RNA replication. J. Virol. 76:
13001-13014.

. Bluteau O, et al. 2002. Bi-allelic inactivation of TCF1 in hepatic adeno-

mas. Nat. Genet. 32:312-315.

. Bungyoku Y, et al. 2009. Efficient production of infectious hepatitis C

virus with adaptive mutations in cultured hepatoma cells. J. Gen. Virol.
90:1681-1691.

. Cha JY, Kim H, Kim KS, Hur MW, Ahn Y. 2000. Identification of

transacting factors responsible for the tissue-specific expression of human
glucose transporter type 2 isoform gene. Cooperative role of hepatocyte
nuclear factors la and 3B. J. Biol. Chem. 275:18358-18365.

. Denamur §, et al. 2011. Role of oxidative stress in lysosomal membrane

permeabilization and apoptosis induced by gentamicin, an aminoglyco-
side antibiotic. Free Radic. Biol. Med. 51:1656-1665.

. Deng L, et al. 2008. Hepatitis C virus infection induces apoptosis through

a Bax-triggered, mitochondrion-mediated, caspase 3-dependent pathway.
J. Virol. 82:10375-10385.

. Deng L, et al. 2006. NS3 protein of Hepatitis C virus associates with the

tumour suppressor p53 and inhibits its function in an NS3 sequence-
dependent manner. ]. Gen. Virol. 87:1703-1713.

Deng L, et al. 2011. Hepatitis C virus infection promotes hepatic gluco-
neogenesis through an NS5A-mediated, FoxO1-dependent pathway. J.
Virol. 85:8556—8568.

Dice JF. 2007. Chaperone-mediated autophagy. Autophagy 3:295-299.
Dionisio N, et al. 2009. Hepatitis C virus NS5A and core proteins induce
oxidative stress-mediated calcium signalling alterations in hepatocytes. J.
Hepatol. 50:872-882.

Dreux M, Chisari FV. 2011. Impact of the autophagy machinery on
hepatitis C virus infection. Viruses 3:1342-1357.

Griffin S, Clarke D, McCormick C, Rowlands D, Harris M. 2005. Signal
peptide cleavage and internal targeting signals direct the hepatitis C virus
p7 protein to distinct intracellular membranes. J. Virol. 79:15525-15536.
He Y, Staschke KA, Tan SL. 2006. HCV NS5A: a multifunctional regu-
lator of cellular pathways and virus replication. In Tan SL (ed), Hepatitis C
viruses: genomes and molecular biology. Horizon Bioscience, Norfolk,
United Kingdom. http://www.ncbi.nlm.nih.gov/books/NBK1621/.

Tkeda M, et al. 2005. Efficient replication of a full-length hepatitis C virus
genome, strain O, in cell culture, and development of a luciferase reporter
system. Biochem. Biophys. Res. Commun. 329:1350-1359.

Inubushi S, et al. 2008. Hepatitis C virus NS5A protein interacts with and
negatively regulates the non-receptor protein tyrosine kinase Syk. J. Gen.
Virol. 89:1231-1242.

Kasai D, et al. 2009. HCV replication suppresses cellular glucose uptake
through down-regulation of cell surface expression of glucose transport-
ers. ]. Hepatol. 50:883—894.

December 2012 Volume 86 Number 23

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

39;

34,

35.

36.

37

38.

39.

- 987 -

HCV Downregulates HNF-1a

Lee YH, Sauer B, Gonzalez FJ. 1998. Laron dwarfism and non-insulin-
dependent diabetes mellitus in the Hnf-1a knockout mouse. Mol. Cell
Biol. 18:3059-3068.

Lemon SM, Walker C, Alter MJ, Yi M. 2007. Hepatitis C virus, p
1291-1304. In Knipe DM, et al (ed), Fields virology, 5th ed. Lippincott
Williams & Wilkins, Philadelphia, PA.

Li ZY, Yang Y, Ming M, Liu B. 2011. Mitochondrial ROS generation for
regulation of autophagic pathways in cancer. Biochem. Biophys. Res.
Commun. 414:5-8.

Lindenbach BD, et al. 2005. Complete replication of hepatitis C virus in
cell culture. Science 309:623-626.

Macheda ML, Rogers S, Best JD. 2005. Molecular and cellular regulation
of glucose transporter (GLUT) proteins in cancer. J. Cell Physiol. 202:
654-662.

Malecki MT, Mlynarski W. 2008. Monogenic diabetes: implications for
therapy of rare types of disease. Diabetes Obes. Metab. 10:607-616.
Mason AL, et al. 1999. Association of diabetes mellitus and chronic
hepatitis C virus infection. Hepatology 29:328-333.

Murakami K, et al. 2006. Production of infectious hepatitis C virus par-
ticles in three-dimensional cultures of the cell line carrying the genome-
length dicistronic viral RNA of genotype 1b. Virology 351:381-392.
Nakashima K, Takeuchi K, Chihara K, Hotta H, Sada K. 2011. Inhibi-
tion of hepatitis C virus replication through adenosine monophosphate-
activated protein kinase-dependent and -independent pathways. Micro-
biol. Immunol. 55:774-782.

Negro F. 2011. Mechanisms of hepatitis C virus-related insulin resistance.
Clin. Res. Hepatol Gastroenterol. 35:358-363.

Negro F, Alaei M. 2009. Hepatitis C virus and type 2 diabetes. World J.
Gastroenterol. 15:1537-1547.

Pontoglio M, et al. 1996. Hepatocyte nuclear factor 1 inactivation results
in hepatic dysfunction, phenylketonuria, and renal Fanconi syndrome.
Cell 84:575-585.

Qadri I, et al. 2004. Induced oxidative stress and activated expression of
manganese superoxide dismutase during hepatitis C virus replication: role
of JNK, p38 MAPK and AP-1. Biochem. ]. 378:919-928,

Shirakura M, et al. 2007. E6AP ubiquitin ligase mediates ubiquitylation
and degradation of hepatitis C virus core protein. J. Virol. 81:1174-1185.
Takeda J, Kayano T, Fukomoto H, Bell GI. 1993. Organization of the
human GLUT2 (pancreatic beta-cell and hepatocyte) glucose transporter
gene. Diabetes 42:773-777.

Tellinghuisen TL, Marcotrigiano ], Gorbalenya AE, Rice CM. 2004. The
NS5A protein of hepatitis C virus is a zinc metalloprotein. J. Biol. Chem.
279:48576—48587.

Tellinghuisen TL, Marcotrigiano J, Rice CM. 2005. Structure of the
zinc-binding domain of an essential component of the hepatitis C virus
replicase. Nature 435:374-379.

Wakita T, et al. 2005. Production of infectious hepatitis C virus in tissue
culture from a cloned viral genome. Nat. Med. 11:791-796.

Wang AG, et al. 2009. Non-structural 5A protein of hepatitis C virus
induces a range of liver pathology in transgenic mice. J. Pathol. 219:253—
262.

Wang H, Maechler P, Hagenfeldt KA, Wollheim CB. 1998. Dominant-
negative suppression of HNF-lalpha function results in defective insulin
gene transcription and impaired metabolism-secretion coupling in a pan-
creatic beta-cell line. EMBO J. 17:6701-6713.

. Yamagata K, et al. 1996. Mutations in the hepatocyte nuclear factor-la

gene in maturity-onset diabetes of the young (MODY3). Nature 384:455—
458.

jviasm.org 12911

ALISHIAINN 390X A 2102 ‘€ 1equedaq uo /610" wse IAl/:dny woij papeojumoq



Journal of Medical Virology 84:229-234 (2012)

A Point Mutation at Asn-534 That Disrupts
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The molecular basis of antibody neutralization
against hepatitis C virus (HCV) is poorly under-
stood. The E2 glycoprotein of HCV is critically
involved in viral infectivity through specific
binding to the principal virus receptor compo-
nent CD81, and is targeted by anti-HCV neutral-
izing antibodies. A previous study showed that
a mutation at position 534 (N534H) within the
sixth N-glycosylation motif of E2 of the J6/JFH1
strain of HCV genotype 2a (HCV-2a) was re-
sponsible for more efficient access of E2 to
CD81 so that the mutant virus could infect the
target cells more efficiently. The purpose of this
study was to analyze the sensitivity of the pa-
rental J6/JFH1, its cell culture-adapted variant
P-47 possessing 10 amino acid mutations and
recombinant viruses with the adaptive muta-
tions to neutralization by anti-HCV antibodies in
sera of HCV-infected patients. The J6/JFH1 vi-
rus was neutralized by antibodies in sera of
patients infected with HCV-2a and -1b, with
mean 50% neutralization titers being 1:670 and
1:200, respectively (P < 0.00001). On the other
hand, the P-47 variant showed 50- to 200-times
higher sensitivity to antibody neutralization
than the parental J6/JFH1 without genotype
specificity. The N534H mutation, and another
one at position 416 (T416A) near the first N-
glycosylation motif to a lesser extent, were
shown to be responsible for the enhanced
sensitivity to antibody neutralization. The pres-
ent results suggest that the residues 534,
and 416 to a lesser extent, of the E2 glycopro-
tein are critically involved in the HCV infectivity
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and antibody neutralization. J. Med. Virol.
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INTRODUCTION

Hepatitis C virus (HCV), a member of the family
Flaviviridae, the genus Hepacivirus, is an enveloped,
positive-stranded RNA virus that infects an estimated
170 million people worldwide. The virus evades the
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host immune system to establish chronic infection,
which often leads to serious liver diseases, such as
cirrhosis and hepatocellular carcinoma. Even with a
current standard treatment with pegylated interferon
plus ribavirin, sustained viral clearance is obtained
for only approximately 50% of patients infected with
HCV genotype 1b (HCV-1b). Neither antibody-based
prophylaxis nor an effective vaccine is currently
available.

A Dbetter understanding of the interplay between
viral and host factors that determine HCV clearance
or persistence is needed for the design of effective pas-
sive immunotherapy and effective vaccines. A growing
body of evidence from studies in humans and chim-
panzees suggests that HCV-gpecific T-cell immunity
plays an important role in the viral clearance [Bowen
and Walker, 2005]. Also, several studies have indicat-
ed a role for humoral immunity in HCV infection
[Bartosch et al., 2003; Logvinoff et al., 2004; Lavillette
et al., 2005; Netski et al., 2005; Pestka et al., 2007,
Dowd et al., 2009]. However, this aspect remains
poorly characterized.

The E2 glycoprotein of HCV plays an important role
in viral attachment and, therefore, becomes a major
target of anti-HCV neutralizing antibodies. Identifica-
tion of protective epitopes in E2 conserved among dif-
ferent HCV strains is a major challenge in vaccine
design [Tarr et al.,, 2006; Helle et al., 2007; Gal-
Tanamy et al., 2008; Keck et al., 2008]. The develop-
ment of infectious retroviral pseudoparticles (HCVpp)
bearing HCV envelope glycoproteins helps us study
interactions between E2 epitopes and the virus
receptor CD81 or neutralizing antibodies [Bartosch
et al., 2003; Logvinoff et al., 2004; Lavillette et al.,
2005; Pestka et al., 2007; Dowd et al., 2009]. More
significantly, authentic HCV particles produced by
the HCV cell culture system (HCVcc) are currently
available for this purpose [Lindenbach et al., 2005;
Wakita et al.,, 2005; Zhong et al., 2005; Fournier
et al., 2007].

Recently, it was demonstrated using HCVce that a
mutation at position 534 from Asn to His (N534H) in
the E2 glycoprotein of the HCV J6/JFH1 strain con-
fers an advantage to the mutant viruses at the entry
level probably through more efficient access to CD81
[Bungyoku et al., 2009]. The Asn-534 is located in the
sixth of 11 N-linked glycosylation sites and the
N534H mutation is predicted to remove this glycosyla-
tion. The present study has shown that the N534H
mutation in the E2 glycoprotein of HCV J6/JFH1
markedly enhances the sensitivity of the virus to neu-
tralization by specific neutralizing antibodies in sera
of patients infected with HCV.

MATERIALS AND METHODS
Cells and Viruses

Huh-7.5 cells [Blight et al., 2002] and pFL-J6/JFH1
[Lindenbach et al.,, 2005] were kindly provided by

J. Med. Virol. DOI 10.1002jmv
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Dr. C. M. Rice (Rockefeller University, New York, NY,
USA). Huh-7.5 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Wako, Osaka, Japan)
supplemented with 10% fetal bovine serum (Biowest,
Nuaille, France), 0.1 mM non-essential amino acids
(Invitrogen, Carlsbad, CA), penicillin (100 IU/ml), and
streptomycin (100 pg/ml) (Invitrogen) at 37°C in a
CO; incubator. Propagation of HCV J6/JFHI, its cell
culture-adapted mutant P-47 and recombinant viruses
possessing each of the adaptive mutations was de-
scribed previously [Deng et al., 2008; Bungyoku et al.,
2009].

Human Sera and Anti-HCV Neutralization Test

Sera were collected from 89 patients infected chron-
ically with HCV-1b or HCV-2a, who were treated with
pegylated interferon «-2b and ribavirin, as described
previously [El-Shamy et al., 2007, 2008]. Sera were
also collected from 11 patients with acute HCV-1b
infection, either severe acute hepatitis or mild self-
resolving hepatitis. The study protocol was approved
by the Ethic Committees in Kobe University and
Yamagata University and informed written consent
provided by patients and volunteers. Sera collected
from healthy volunteers who were negative for anti-
HCV antibodies served as a control. The sera were
inactivated at 56°C for 30 min before being used for
the virus neutralization test.

An HCV neutralization test was performed as de-
scribed previously [Sasayama et al.,, 2010]. In brief,
serially diluted serum samples were mixed with the
same amount of HCV solution containing 1 x 10% cell-
infecting units. After incubation at 37°C for 1 hr, the
mixtures were inoculated to Huh-7.5 cells (2 x 10°
cells per well in 24-well plates) and incubated in a 5%
CO,, incubator. After 3 hr, the inocula were removed
and fresh complete DMEM were added to the cells. At
24 hr postinfection, cells were fixed with ice-cold
methanol, blocked with 5% goat serum in phosphate-
buffered saline and subjected to immunofluorescence
analysis using mouse monoclonal antibody against
HCV core antigen (2H9) [Wakita et al., 2005] and
Alexa Fluor 488-conjugated goat anti-mouse IgG
(H + L) (Molecular Probes, Eugene, OR). The immu-
nostained cells were counterstained with Hoechst
33342 (Molecular Probes) at room temperature for
5 min and observed under a fluorescence microscope
(BZ-9000; Keyence, Osaka, Japan). The number of
HCV-infected cells in each well was counted by using
a software BZ-H1C (Keyence). The serum dilutions
that neutralized 50% of the virus infectivity was cal-
culated by curvilinear regression analysis [Abe et al,,
2003]. Titers were expressed as 50% neutralization
titers (NT50).

Statistical Analysis

Student’s ¢-test was used to compare the data
between different groups. A P-value of <0.05 was con-
sidered to be significant.

- 989 -



HCV E2 Mutation and Virus Neutralization

RESULTS

Anti-HCV Neutralizing Antibodies in Sera of
Patients Infected With HCV

Sera were obtained from patients chronically
infected with HCV-1b or -2a, and tested for anti-HCV
neutralizing activities. Representative results of neu-
tralization curves using the parental J6/JFH1 and the
P-47 mutant as challenge viruses are shown in
Figure 1. When measured against J6/JFH1, NTy,
titers of sera of patients infected with HCV-1b ranged
from 1:10 to 1:700, with the mean NTjsq titer being
1:197, whereas those of patients infected with HCV-2a
ranged from 1:100 to 1:1,500, with the mean value be-
ing 1:670 (Table I). The difference in NT5¢ between
patients infected with HCV-1b and -2a was statisti-
cally significant (P < 0.00001). When measured
against P-47, on the other hand, unexpectedly high
NTj, titers were obtained ranging from 1:4,000 to
1:182,000, with the mean values being 1:40,500 and
1:32,900 for patients infected with HCV-1b and -2a,
respectively. These results suggest the possibility that
an adaptive mutation(s) of P-47, most probably pres-
ent in the envelope glycoproteins, confers higher sen-
sitivity to neutralization by anti-HCV antibodies.

Unlike the case with J6/JFH1, when P-47 was used
as a challenge virus, no significant difference in NTgq
titers was observed between patients infected with
HCV-1b and -2a (Table I). This result suggests the
possible presence of a genotype-dominant neutraliza-
tion epitope(s) on the envelope glycoproteins of J6/
JFH1 although anti-HCV neutralizing antibodies in
patients’ sera are reactive to both HCV-1b and -2a.
The broad reactivity of the neutralizing antibodies in
patients’ sera across different HCV genotypes is con-
sistent with previous observations by other research-
ers [Logvinoff et al., 2004; Meunier et al.,, 2005;
Fournier et al., 2007; Pestka et al., 2007; Scheel et al.,
2008].

- #10 (JEAFHT)

-~ #23 (JBIIFHT)
—&- #42 (JBLJFHT)
~o- #10 {P-47)
c 100g -0 $23 (P-47)
9_ 80 4 —te H42 {P«‘i?}
5 .
E 60
= 40
&
< 20
=
0 : 2 :
107 102 10° 104 105

Serum dilution

Fig. 1. Neutralization curves (NT5o assay) of sera obtained from
HCV-infected patients against HCV J6/JFH1 and its adaptive mu-
tant P-47. J6/JFH1 or P-47 was incubated with serial dilutions of
HCV-infected patients (nos. 10, 23, and 42; all infected with HCV-
1b) and tested for neutralization activities. The neutralization rates
at each dilution were plotted. Filled and open symbols indicate data
obtained with J6/JFHI1 and P-47, respectively.
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Sera obtained from patients with acute hepatitis C
contained much lower titers of anti-HCV neutralizing
antibodies compared to those in sera from chronic
hepatitis patients, with the average NTj, titers
against J6/JFH1 and the adaptive mutant P-47 being
1:15 and 1:126, respectively (Table I). Two patients
with severe acute hepatitis C with elevated serum al-
anine aminotransferase levels of >1,000 IU/ml [Saito
et al., 2004; unpublished], possessed relatively high
NTjq titers against P-47 (1:150 and 1:1,100) compared
to the remaining nine patients who experienced mild
self-resolving hepatitis (<1:10 to 1:50).

A Single-Point Mutation (N534H or T416A) of the
HCV E2 Glycoprotein Increases Sensitivity to
Neutralization by Anti-HCV Antibodies

Neutralization of virus infectivity by antibodies
usually involves their interaction with viral envelope
glycoproteins. It has been reported that the cell cul-
ture-adapted mutant P-47 possesses 10 amino acid
mutations, including four mutations in E2, compared
to the parental J6/JFH1 [Bungyoku et al., 2009]. To
examine which mutation(s) in E2 is responsible for
the increased sensitivity of P-47 to neutralization by
antibodies in patients’ sera, recombinant viruses pos-
sessing each one of the four mutations in E2 were
used (Fig. 2A). The result obtained revealed that a re-
combinant virus possessing a single-point mutation at
position 534 from Asn to His (N534H) and another
one possessing four mutations (E2) were as sensitive
as P-47 to neutralization by sera of chronic hepatitis
patients (Fig. 2B) and the two patients with acute
hepatitis C (data not shown). The T416A and T396A
mutants were also significantly more sensitive than
J6/JFH]1, but less sensitive than P-47, N534H, and E2
mutants, to neutralization by antibodies in patients’
sera. In this connection, it was recently reported that
a JFH1 virus-based T416A mutant showed increased
sensitivity to antibody neutralization [Dhillon et al.,
20101

DISCUSSION

The present results revealed that sera of patients
infected with HCV-1b possessed cross-genotypic neu-
tralizing antibodies against the J6/JFH1 strain of
HCV-2a, albeit with significantly lower titers (ca. one-
third) compared to the homotypic neutralization titers
observed for patients infected with HCV-2a (Table I).
When measured against the adaptive mutant P-47 de-
rived from J6/JFHI1, neutralizing antibody titers of
the patients sera increased markedly to the level 50-
to 200-times higher than that measured against J6/
JFHL. Also, the partial genotype-specificity observed
with J6/JFH1 was no longer evident when measured
against P-47. The marked increase in the sensitivity
of P-47 to antibody neutralization was assigned to a
mutation at position 534 (N534H), and another one at
position 416 (T416A) to a lesser extent, of the E2 gly-
coprotein (Fig. 2).

J. Med. Virol. DOI 10.1002/jmv
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TABLE 1. NTj Titers in Sera of HCV-Infected Patients With Chronic or Acute Hepatitis C
NTsq titer® measured against
CH/AH Genotype J6/JFH1 P-47
CH HCV-1b (n = 69) 197 + 164 (1) 40,500 + 31,800 (206)
CH HCV-2a (n = 20) 670 & 652° (3.4) 32,900 + 26,500° (167)
AH HCV-1b (n = 11) 15 + 28 (0.08) 126 + 326 (0.6)

(<10-100) (<10-1,100)

CH, chronic hepatitis; AH, acute hepatitis.

“Mean + SD. The number in the parenthesis means the ratio when compared to the mean titer that was obtained with sera of

HCV-1b-infected CH patients against J6/JFH1.

PP < 0.00001, compared to the mean titer obtained with sera of HCV-1b-infected patients against J6/JFH1 (Student’s #-test).
°P = 0.33, compared to the mean titer obtained with sera of HCV-1b-infected patients against P-47 (Student’s ¢-test).

The N534H and T416A mutations are located at the
sixth, and in close proximity to the first, respectively,
of the conserved 11 N-linked glycosylation sites of the
HCV E2 glycoprotein [Helle et al., 2007; Bungyoku
et al., 2009]. It was recently reported that the posi-
tions 416 and 534 are conformationally located in the
former and the latter halves of the central domain 1
(DIa and DIb), respectively, of E2 and that the two
parts of DI domain interact to form the CD81-binding
region [Helle et al., 2010; Krey et al., 2010; Albecka
et al., 2011]. This region is, therefore, considered as
the possible target for neutralizing antibodies that in-
hibit E2-CD81 interactions [Helle and Dubuisson,

A
A5
J1 4§ sa

| 58 ey j67IFH1

ey
Sl C {E4] E2 {1 2 | 3

3 P-47
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4 b i
10° 102 10? 104 10%

Serum dilution

Fig. 2. Effects of amino acid mutations at positions 396, 416, 534,
and 712 of the HCV E2 glycoprotein on neutralization by anti-HCV
antibodies in patients’ sera. A: A schematic diagram of the muta-
tions seen in the adaptive mutant P-47 and recombinant viruses
carrying each (T396A, T416A, N534H, and A712V) and all (E2) of
the four mutations in E2. Filled circles indicate the positions of the
mutations. B: A representative result of virus neutralization by
anti-HCV antibodies in an HCV-infected patient (no. 10; HCV-1b).

J. Med. Virol. DOI 10.1002/jmv

2008; Law et al., 2008; Owsianka et al., 2008; Perotti
et al., 2008].

The N534H mutation removes glycans at this posi-
tion as it disrupts the consensus sequence for N-
linked glycosylation. The removal of glycans at posi-
tions 417, 532, and 645 (the first, sixth, and eleventh
glycosylation site, respectively) of the H77 isolate
(HCV-1a) was shown to increase the sensitivity of
HCVpp to neutralizing antibodies and to enhance the
access of CD81 to its binding site on E2 [Falkowska
et al., 2007; Helle et al., 2007]. It should be noted,
however, that the HCVpp system relies on retroviral
pseudoparticles bearing HCV envelope glycoproteins
that assemble at the plasma membrane or in multive-
sicular bodies whereas HCV virions assemble on the
endoplasmic reticulum membranes that are closely as-
sociated with lipid droplet [Miyanari et al., 2007,
Helle and Dubuisson, 2008]. Therefore, the virus
neutralization data obtained with HCVpp should be
verified using the HCVecc system in which virion
assembly and maturation take place through the
authentic process.

By using the HCVece system, it was shown that a
variant virus possessing the N534K mutation spread
faster than the parental JFH1 virus [Delgrange et al.,
2007], with the result suggesting the possibility that
removal of glycans on residue 534 resulted in more
efficient access of E2 to CD81. It is also possible that
removal of glycans on this residue might allow more
efficient access of neutralizing antibodies to the
CD81-binding region of E2, resulting in increased sen-
sitivity to antibody neutralization. In fact, Helle et al.
[2010] recently reported that removal of glycans at
five (the first, second, fourth, sixth, and eleventh) N-
linked glycosylation sites in E2 markedly increased
the sensitivity of JFH1 virus to antibody neutraliza-
tion, suggesting that the glycans interfere with the
access of neutralizing antibodies to a determinant cru-
cial for virus infectivity. It was also reported that
mutations at positions 415 (N415D) and 416 (T416A)
near the first glycosylation site of JFH1 virus
increased the sensitivity to neutralizing antibodies in
patients’ sera [Dhillon et al., 2010]. Also, a mutation
at position 451 (G451R), which is located in the do-
main 2 (DII) but still in close proximity to DI [Helle
et al., 2010; Krey et al., 2010; Albecka et al., 2011],
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increased the sensitivity of JFH1 virus to antibody
neutralization [Grove et al., 2008].

In conclusion, the present study using J6/JFH1
virus, another HCVee strain, has demonstrated that
the N534H mutation within the sixth N-glycosylation
site of the E2 glycoprotein, and the T416A mutation
near the first N-glycosylation site to a lesser extent,
markedly enhances sensitivity to neutralization by
antibodies in sera of HCV-infected patients. These
results suggest that glycans on Asn-534 of the HCV
E2 glycoprotein plays an important role in protecting
the virus from humoral immune mechanisms of the
host.
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