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Hepatitis C Virus Non-structural Protein NS4B Can Modulate
an Unfolded Protein Response
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Viral infection causes stress to the endoplasmic reticulum (ER). The response to endoplasmic reticulum
stress, known as the unfolded protein response (UPR), is designed to eliminate misfolded proteins and
allow the cell to recover. The role of hepatitis C virus (HCV) non-structural protein NS4B, a component
of the HCYV replicons that induce UPR, is incompletely understood. We demonstrate that HCYV NS4B
could induce activating transcription factor (ATF6) and inositol-requiring enzyme 1 (IRE1), to favor
the HCV subreplicon and HCYV viral replication. HCV NS4B activated the IRE1 pathway, as indicated
by splicing of X box-binding protein (Xbp-1) mRNA. However, transcriptional activation of the XBP-
1 target gene, EDEM (ER degradation-enhancing c-mannosidase-like protein, a protein degradation
factor), was inhibited. These results imply that NS4B might induce UPR through ATF6 and IRE1-
XBP1 pathways, but might also modify the outcome to benefit HCV or HCV subreplicon replication.

Keywords: hepatitis C virus (HCV), non-structural protein NS4B, unfolded protein response (UPR)

The hepatitis C virus (HCV) is a major health problem
worldwide. HCV causes acute and chronic hepatitis,
which can lead to chronic active hepatitis, liver cirrhosis,
and hepatocellular carcinoma (HCC) (Farci et al., 2000).
The HCV viral genome consists of positive-strand RNA,
9.6 kb in length, encoding a 3,000 amino acid polyprotein
which is cleaved into at least three structural proteins
(core, E1, and E2) and six non-structural proteins (NS2 to
NS5A/B). Many of the nonstructural protein products are
required for productive viral replication (Bartenschlager
and Lohmann, 2000; Rosenberg, 2001). The function of
NS4B, one of the nonstructural proteins of HCV, is
incompletely understood. NS4B localizes in membrane-
associated manner (Hugle et al., 2001; Lundin et al.,
2003). The precise topology of NS4B with respect to the
membrane in which it resides is not clear. However, it is
predicted to harbor at least four transmembrane domains
(Hugle et al., 2001; Lundin et al., 2003), which are
believed to be responsible for conferring the membrane
association of the protein. Apparent activities in transla-
tion inhibition (Florese et al., 2002; Kato et al., 2002),
modulation of NS5B enzymatic function (Piccininni et
al., 2002), transformation (Park e al., 2000), and inter-
action with CREB-RP/ATF6 (Tong et al., 2002) have
been reported for NS4B. NS4B has also recently been
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implicated in the perturbation of intracellular membranes
and in the formation of the membranous web structures
(Egger et al., 2002) postulated to harbor the HCV repli-
cation complex (Gosert et al., 2003). Recently, Elazer et
al. reported that NS4B mediates membrane association,
correct localization of replication complex proteins, and
HCV RNA replication (Elazar et al., 2004).

The endoplasmic reticulum (ER) is an extensive mem-
branous network that provides a unique environment for
the synthesis, folding, and modification of secretory and
cell proteins. To ensure the completion of these processes
in the ER, a quality control mechanism exists to select
proteins that have been improperly folded or modified.
Accumulation of unfolded or misfolded proteins in the
ER (i.e. ER stress) triggers the UPR, which acts to release
cells from stress conditions. ER stress and the UPR are
induced by physiological conditions known to cause pro-
tein misfolding, expression of mutant proteins, and viral
infection. The UPR can also be induced using drugs such
as tunicamycin (Tu), which inhibits N-linked glycosyla-
tion, and dithiothreitol (DTT), a strong reducing agent
which prevents the formation of disulfide bonds. Three
transmembrane proteins located in the ER have been iden-
tified as sensors of ER stress: activating transcription fac-
tor-6 (ATF6), inositol requiring enzyme-1 (IRE-1), and
PER-like ER kinase (PERK). Under normal conditions,
the ER chaperone immunoglobulin heavy-chain-binding
protein (Bip), also referred to as glucose-regulated pro-
tein-78 (GRP78), is bound to the ER Iuminal domain of
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each sensor. However, when misfolded proteins accumu-
late in the ER, Bip is pulled away from these sensors to
bind to misfolded proteins. Upon sensing ER stress, the
transcription of genes downstream of ATF6 is upregulated
by the translocation of the cytoplasmic domain of ATF6
to the nucleus. ATF6 has also been shown to increase the
amount of Xbp-1 mRNA, providing a link between the
ATF6 and IRE-1 pathways. IRE-1-dependent transcrip-
tion is upregulated when the endoribonuclease domain of
the activated IRE-1 molecules catalyzes the removal of a
small (26-nucleotide) intron from the mRNA of the gene
X-box-binding protein (XBP1). The splicing of the
mRNA produces an active transcription factor which
induces the expression of a subset of genes which encode
chaperones, as well as the expression of genes which
encode protein degradation enzymes (e.g., EDEM).
PERK activation leads to the phosphorylation of the a
subunit of the elF2 translation initiation factor, which
inhibits the assembly of the 80S ribosome and results in
general inhibition of protein synthesis. Insufficient adap-
tive responses to UPR result in the initiation of apoptosis,
leading to the activation of JNK, caspase-7, and caspase-
12 (Rutkowski and Kaufman, 2004). HCV replicons
induce ER stress, which results from a decline in protein
glycosylation and prevents the assembly of MHC class 1
molecules (Tardif et al., 2002); HCV subreplicons could
also induce IRE1-XBP1 expression, but represss XBP1
transactivation activity (Tardif ef al., 2004). Hence, it may
be advantageous for HCV to modulate the UPR, inhibit-
ing the effects that would be detrimental to the infection,
while maintaining those that may be beneficial. It remains
unknown which protein is associated with IRE1-XBP1
signal pathway in the context of the subreplicon. In the
current report, we focus on the relationship between
NS4B and the UPR.

Materials and Methods

Plasmid construction

The expression plasmid, pcDNA3.1 (-) NS4B, was con-
structed by inserting the PCR products of the HCV-NS4B
region of HCV-k isolate (genotypelb) into the mamma-
lian expression vector, pcDNA3.1 (-) (Invitrogen), which
contains human cytomegalovirus (CMV) immediate-early
promoter. The following primers were synthesized to
amplify the HCV-NS4B gene: sense primer, 5’-GGA-
TCCTCTAGAACCATGGCTCAGCACTTACCGTAC-3’
(Xbal digestion site underlined); antisense primer, 5’-GA-
ATTCAAGCTTTTAGCATGGAGTGGTACAC-3’ (HindIll
digestion site underlined). The PCR products of HCV-NS4B
were digested with Xbal and Hindlll and inserted into
pcDNA3.1 (-) vector by T4 DNA ligase; the recombinant
was confirmed by sequencing. The pEGFP-NS4B plas-
mid was constructed using a method similar to that
described above, except that the primers were changed.
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Cell culture and transfection

HeLa and Huh-7 (human hepatoma cell line) cells were
cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM), pH 7.4, supplemented to contain 25 mM
NaHCO,, 10 ug/ml streptomycin sulfate, 100 ug/ml pen-
icillin G, and 10%(V/V) fetal bovine serum. Cells were
maintained at 37°C in a 5% CO,, 95% air incubator. HeLa
and Huh-7 cells were seeded in DMEM containing 10%
fetal calf serum at a density of 3x10° cells per 35-mm
plate. After incubation for 12 h, the cells were transfected
with 0.5 pg of pcDNA3.1 (-), which served as the control,
or with pcDNA3.1 (-) NS4B using the Lipofectamine™
2000 (Life Technologies, USA). For the Hela cell line
that stably expressed NS4B, the cells were cultured at
24 h post-transfection in 1mg/ml G418 until drug-resistant
colonies appeared.

Western blot analysis

Cell lysates were prepared as previously reported. In brief,
cells were lysed with cell lysis buffer [0.3% NP40, 1 mM
EDTA, 50 mM Tris-CL (pH 7.4), 2 mM EGTA, 1% Triton
X-100, 150 mM NaCl, 25mM NaF, 1 mM Na,VO,,
10 pg/ml PMSF] for 30 min on ice, and the lysates were
classified after centrifugation at 12,000xg for 15 min at
4°C. Protein samples were separated by SDS-PAGE and
transferred onto Immobilon membranes (Millipore, USA).
HCV NS4B and XBP1 proteins were identified using
anti-NS4B monoclonal antibody (kindly provided by
Prof. Luo, Kentucky University, USA) and anti-XBP1
primary antibodies (Santa Cruz Biotechnology, USA),
respectively.

Indirect immunofluorescence assay

Cells were grown on coverslips and transfected according
to the method described above. For detection of NS4B,
cells were fixed and permeabilized with methanol-acetone
(V/V, 1:1) for 3 min. Immunostaining with the primary
antibody from the mixed sera of several patients was done
at room temperature for 1 h, after which the cells were
washed three times with PBS, each wash lasted for 5 min.
Secondary antibody incubation was performed at room
temperature for 30 min to 45 min, after which the cells
were washed as described above. All antibodies were
diluted in 3% bovine serum albumin (BSA), and cells
were subsequently mounted in Mowiol (Calbiochem, USA).
Immunostained samples were analyzed by fluorescence
microscopy (Nikon Eclipse E800, Japan).

RT-PCR for XBP1

Total RNA was extracted from HeLa cells using an RNA
extraction kit. Aliquots of 20 pg of total RNA were
treated with M-MLV reverse transcriptase (Invitrogen,
USA), and were then amplified with Ex-Taq polymerase
(TaKaRa, Japan) using a pair of primers which corre-
sponded to nucleotides: sense primer, 5’-CCTTGTAGTI-
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TAGAACC-AGG-3’; anti-sense primer, 5’-GGGGCTT-
GGTATATATGTGG-3’.

Real-time Quantitative RT-PCR for ATF6, Grp78, caspase-
12, and EDEM

Total RNA was extracted using Trizol reagent (Invitrogen,
USA) from HeLa cells stably transfected and Huh-7 cells
transiently transfected by pcDNA3.1(-) NS4B and
PcDNA3.1(-). We carried out real-time quantitative PCR
to quantify the mRNA levels and the copy numbers of
ATF6 and Grp78. The primers were: for ATF6, ATF6-F,
5’-TCCGTGACTAAACCTGTCCT-3’; ATF6-R, 5’-AC-
CATCTGATGTGTCCTG-3’; for Grp78, Grp78-F, 5°-
TGGATGCACCATGAAGCTC-3’; Grp78-R, 5’-ACTC-
GAGCTACAACTCATCTTT-3’; for caspase-12, caspase-
12-F, 5’-GTCATTCTGTGTGTGTATTAATTGC-3’; caspase-
12-R, 5’-CCTATAATATCATACATCTTGCTC-3’. For
EDEM, EDEM-F, 5-TACATGGCTCACGCCTTCCC-3%;
EDEM-R, 5’-GAGGCTTCCCAGGACCCTT-3’. GADPH
was used as an internal control for an equal amount of RNA
used. GADPH primers were: Sense, 5’-ATCACTGCCAC-
CCAGAAGAC-3’; Anti-sense, 5~ ATGAGGTCCACCAC-
CCTGIT-3". To quantify the mRNA levels, we prepared
single-strand cDNA. We checked the RT-PCR products on
1.5% agarose gel and verified that each product had a sin-
gle band. We carried out an identical reaction without
reverse transcriptase in order to verify the absence of
genomic DNA. The relative ratio was calculated for each
sample in quadruplicate.

Luciferase reporter gene assay

For promoter reporter constructs, DNA fragments of
respective genes were isolated by genomic PCR and sub-
sequently subcloned into pGL3-basic vector (Promega,
Madison, WI). The primers for XBP1 and Grp78 were:
for XBP1, 5’-TTCCACGCGTCGACAGAAGCAGAAC-
TTTAG-3’; 5>-TTCCAGATCTCCTGAGGTAATTCTC-
TGITAG-3’; for Grp78, 5’-TTCCACGCGTCGACAGAA-
GCAGAACTTTAG-3’; 5>-TTCCAGATCTCGAGATAG-
ACAGCTGCTGAACCA-3’; For transfection, 1X10* HeLa
and Huh-7 cells were seeded into 96-well tissue culture
plates and transfected with Lipofectamine™ 2000 according
to the instructions of the manufacturer; seeding was per-
formed in triplicate. For each well, we added 60ng of
reporter construct or pGL3 basic empty vectors together
with 3 ng of Renilla luciferase control vector pRL-CMV
(Progema, USA). The total amount of transfected DNA in
each well was kept constant by the addition of the empty
vector pCMV plasmid. To correct for variation in transfec-
tion efficiency, reporter firefly luciferase activity was nor-
malized to Renilla luciferase activity, which was measured
using the DLR (Dual-Luciferase Reporter Assay System)
kit (Promega, USA) according to the instructions of the
manufacturer. Relative activity was defined as the ratio of
firefly luciferase activity to Renilla luciferase activity.
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Chromatin immunoprecipitation (ChIP) assays

ChIP assays with HeLa cells expressing HCV NS4B and
tunimycin (Tu)-treated (Sigma, USA) were carried out as
previously described (Weinmann et al., 2001; Wells and
Farnham, 2002). In brief, cells were crosslinked with 1%
formaldehyde for 10 min at room temperature. Formalde-
hyde was inactivated by the addition of 125 mM Glycine;
chromatin extracts containing DNA fragments were
immunoprecipitated using XBP1 polyclonal antibody
(Santa Cruz Biotechnology, USA). For all ChIP experi-
ments, quantitative PCR analyses were performed in real-
time using Rotor-Gene 3000 and SYBR Green Master
Mix. The XBP1 and Grp78 primers were noted in the
Luciferase reporter gene assay section. Relative occu-
pancy values were calculated by determining the apparent
immunoprepitation efficiency (ratios of the amount of
immunoprecipitated DNA over that of the input sample);
these values were normalized to the level observed at a
control, which was defined as 1.0.

Results

Characterization of NS4B

As a first step in the characterization of NS4B, its cellular
localization was determined with a recombinant NS4B
with EGFP fused to the C-terminal. Both the original
EGFP plasmid and the NS4B-EGFP construct were trans-
fected into the HeLa cell line. When EGFP was expressed
alone, it was distributed throughout the entire cell, in both
the cytoplasm and the nucleus. However, when fused to
NS4B, the pattern of EGFP localization changed. The
NS4B-EGFP fusion protein was localized in the cytoplasm
(Fig. 1). NS4B Western blot analysis showed that HCV
NS4B was expressed in Huh-7 cells and in the stable HelLa
cell line (Fig. 2). A HeLa cell line stably expressing HCV
NS4B had, therefore, been established.

Detection of XBP1
One role of IRE-1 in the UPR is to convert unspliced

(A) (B)

Fig. 1. NS4B exhibits different kinds of patterns when expressed in
cells. HeLa and Huh-7 cells were transfected with pEGFP (A) or
pEGFP-NS4B (B). It is shown that NS4B localizes to the cytoplasm.
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Fig. 2. Expression of NS4B protein was examined by Western blot
analysis. Cell lysates from cells transfected by pcDNA3.1(-) NS4B
(lanes 1 and 3: Hel.a cells and Huh-7 cells, respectively) and Hel.a
cells transfected by pcDNA3.1(-) (lane 2). It is shown that NS4B can
be expressed in HelLa cells and Huh-7 cells.
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XBP1 mRNA to a spliced form which is capable of
encoding an active XBP1 product. Therefore, to evaluate
IRE-1-mediated XBP1 activation, the splicing of XBP1
mRNA was examined by RT-PCR analysis. The total RT-
PCR product matched a 3’ common region of unspliced
and spliced XBP1 transcripts (Fig. 3A). RT-PCR using
primers encompassing the spliced region could specifi-
cally detect unspliced (442 bp; referred to as u) and
spliced (416 bp; referred to as s) transcripts. In HeLa cells
containing pcDNA3.1 (-), only XBP1-u was detected,
whereas in HeLa cells stably expressing HCV NS4B pro-
tein, unspliced and spliced XBP1 could be detected, sim-
ilar to that of the marked contrast, Tu- and DTT-treated
HeLa cells. These findings demonstrated that IRE-1 was
activated in response to the cells treated by NS4B, DTT,
and Tu (Fig. 3B). We then used Western blot analysis to
analyze the expression of XBP1 in the HeLa cell lines.
Our results showed that XBP1-s could be expressed in
HeLa cells expressing HCV NS4B protein and treated

ORF1
] [}
' Intron (26 bp) |
5 w— —1 . . 3': XBP1 mRNA
' i
[ ]
ORF2
| [Basic] zIP | |261aa  ZBP1(V)
ER stress
EECTEDE o
2 3
66 KDa
54 KDa
——— -
45 KDa XBP1-s
35 KDa
GADPH — 30 KDa M | XBP1-u
25 KDa

(B)

(C)

Fig. 3. (A) Schematic illustration of the unspliced and spliced forms of human XBP1 mRNA and protein. The protein products from the two open
reading frames and the 26-bp intron from XBP1 mRNA are shown. (B) RT-PCR products from unspliced and spliced XBP1 mRNA are shown. Lane
1, treated with Tu (Hel.a cells were treated with 2 pg/ml Tu for 8 hrs); Lane 2, treated with DTT; Lane 3, transfected by pcDNA 3.1(-); Lane 4,
transfected by pcDNA3.1(-) NS4B. (C) XBP-1u and XBP1-s proteins in lysates of transfected HeLa cells were analyzed by Western blot using anti-
XBP1 antibody. Lane 1, HeLa cells transfected by pcDNA3.1(-); Lane 2, HeLa cells transfected by pcDNA3.1(-) and treated with Tu (HeLa cells
were treated with 2 pg/ml Tu); Lane 3, HeLa cells transfected by pcDNA3.1 (-) NS4B. Hela cells of lane 1 and 3 were treated with 10 pM MG-

132 (a proteasome inhibitor) for 6 hrs.
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with Tu, but only XBP1-u was detected in the cells trans-
fected by pcDNA3.1 (-) (Fig. 3C). These results indicated
that NS4B activated the IRE-1 pathway which leads to the
splicing of Xbp-1 RNA.

Detection of the mRNA levels of ATF6, Grp78, caspase-12,
and EDEM

The transcripts of ATF6 and Grp78 in Hela cells stably
expressing HCV NS4B were increased at least 1.4-fold
higher than those of HeLa cells transfected by pcDNA3.1
(-); this was also verified in Huh-7 cells transfected by
pcDNA3.1 (-) NS4B for 36 h (Fig. 4). The transcripts of
caspase-12 did not change significantly in HeL.a or Huh-
7 cells compared with the controls. Since the spliced form
of Xbp-1 encodes a transcription factor, we asked whether
XBP-1 target genes were transcriptionally activated in
cells containing NS4B. Unlike transcription of GRP7S,
which can be activated by either ATF6 or XBP-1, tran-
scription of EDEM is entirely dependent on XBP-1. Thus,

O Negative control
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1% m NS4B-transf ected groups

o 30
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x 20r

E 15t

[S)
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c 05

0.0 1 1 1
caspase-12 ATF6 Grp78 Edem
(A)
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the level of EDEM mRNA in cells with NS4B was mea-
sured using real-time RT-PCR. In contrast to treatment
with tunicamycin, which resulted in a 2.3-fold increase in
the level of EDEM mRNA by 6 h post-treatment, no sig-
nificant increase in the level of EDEM mRNA was
detected in either HeLa cells stably expressing NS4B or
Huh-7 cells post-transfected for 36 h. Thus, the transcrip-
tional activity of XBP-1, as indicated by the level of
EDEM mRNA, is inhibited in cells with NS4B.

Reporter assay of XBPI and Grp78 promoter

In order to analyze the cis-acting elements responsible for
the constitutive activation of Grp78 and XBP1 in HelLa
and Huh-7 cell lines, promoter constructs fused to the
luciferase reporter gene were transiently transfected in the
HeLa and Huh-7 cell lines. As shown in Fig. 5, the Grp78
and XBP1 promoters showed high activity in the HelLa
and Huh-7 cells treated with Tu, and enhanced the
reporter expression by approximately 8- to 10-fold. Luc

35 - O Negative control

K%) O Tu-treated groups
% 3.0 = NS4B-transf ected groups T
2 25| il
<Z( T
x 20r
E 15}
o
2 s
© L
0.0 1 1 1
caspase-12 ATF6 Grp78 Edem
(B)

Fig. 4. Effects on mRNA levels of ATF6, Grp78, caspase-12, and EDEM in Hel.a and Huh-7 cells transfected by pcDNA3.1 (-) NS4B or pcDNA3.1
(-). The mRNA levels were normalized to that of GADPH, and the ratio of the levels is shown (values include the standard errors of the means).

(A) HelLa cells (stable cell lines). (B) Huh-7 cells.

0.7
06
05
04 +
03

02

Relative Activity

0.1

0.0

luc-XBP1
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Fig. 5. Luciferase activity detection of luc-XBP1 and luc-Grp78. Hel.a and Huh-7 cells were cotransfected with XBP1 and Grp78 luciferase reporter
constructs with either pcDNA3.1 (-) or pcDNA3.1 (-) NS4B. Tu-treated cells were considered to be the positive control and untreated-cells were
considered to be the negative control for the assay. After 24 hrs, cells were lysed and luciferase activity was measured as a relative value of measured
luminescence from firefly luciferase and Renilla luciferase from cotransfected pRL-CMV. Values represents the mean and variation of a typical
experiment performed in triplicate. The results showed relatively higher luciferase activity in luc-XBP1 and luc-Grp78 promoter in cells with NS4B

expression and treated with Tu.
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M 1 2 3 4

Grp78 promoter

grp78

XBP1

Fig. 6. XBP1 binds directly to XBP1 and Grp78 promoters. (A) The results of PCR in ChIP assay. Lane 1, HeLa cells stably expressing NS4B; lane
2, HeL.a cells treated with Tu (2 pg/ml for 8 hrs); lane 3, HeLa cells transfected by pcDNA3.1 (-); lane 4, input sample without XBP1 antibody. (B)
Ratios of the amount of immunoprecipitated DNA over that of the input sample, as determined by real-time PCR. HeLa cells stably expressing NS4B
and Hel.a cells treated with Tu (2 pg/ml for 8 hrs) were harvested. ChIP was performed using XBP1 antibody. Levels of XBP1 binding at XBP1

and Grp78 promoters were determined by ChIP assays.

activity in HeLLa and Huh-7 cells expressing HCV NS4B
was 5- to 8-fold higher than that of cells without NS4B
expression.

ChIP analysis of XBP1 and Grp78 promoter

We then examined whether XBP1 binds directly to the
Grp78 promoter. We used XBP1 antibody to immunopre-
cipitate chromatin from HeLa cells stably expressing
HCV NS4B and treated with Tu. The ChIP assays showed
that XBP1 could bind the promoter from XBP1, as well
as Grp78 in HelLa cells stably expressing NS4B and Hela
cells treated with Tu, but without NS4B expression (Fig.
6). This suggests that XBP1 could bind the promoters of
Grp78 and XBPI.

Discussion

It was reported in earlier studies that the HCV NS4B
protein tends to localize to the ER, with a small fraction
possibly localizing to the Golgi complex when expressed
in eukaryotic cells (Hugle et al., 2001; Lundin et al.,
2003). Using immunofluorescence, our results confirmed

these findings in cells expressing NS4B. The transcrip-
tional activation function of XBP-1 is critical to the UPR
since it stimulates the expression of proteins involved in
ER stress-induced protein degradation, such as EDEM, as
well as chaperones controlled by ATF6 (Lee et al., 2003).
Our data demonstrated that NS4B is able to modulate
XbpImRNA splicing to produce XBP1(s), a transcrip-
tional factor, and target its downstream genes, such as
Grp78, and itself, but not caspase-12. However, transcrip-
tional activation of the XBP-1 protein target gene, EDEM,
was not detected in cells expressing NS4B. This sug-
gested that either the levels of spliced Xbp-1 mRNA in
cells expressing NS4B were too low to produce sufficient
XBP-1 protein or the transcriptional activity of XBP-1
was inhibited by NS4B. At this point either or both pos-
sibilities could contribute to the inhibition of XBP-1 tran-
scriptional activation by NS4B. In cells containing HCV
replicons, the transcriptional activity of XBP-1 was inhib-
ited despite the presence of significant levels of spliced
XBP-1 (Tardif et al., 2004). The resulting inhibition of the
expression of genes such as EDEM may be beneficial to
viral infection, since this would inhibit ER stress-induced
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protein degradation, which may otherwise hinder the
accumulation of necessary viral proteins. Additionally,
XBP-1 splicing may be induced by activated-ATF6 in
cells with NS4B. The expression of GRP78 was induced
by either spliced XBP-1 or ATF6, which up-regulated
Grp78, to benefit viral replication by ensuring the proper
folding of viral proteins. Thus, HCV NS4B induces the
UPR, through the ATF6 or IRE1-XBP1 pathway, and
plays some part in regard to the HCV subreplicons that
induce the UPR. However, we did not rule out the other
individual or combined roles of proteins in the UPR of
HCV subreplicon induction, although NS2 and NS5B
expression alone did not induce the UPR (data not
shown). The cells containing NS4B are believed to trigger
chronic ER stress, since the transcripts of caspase-12 did
not increase in cells expressing NS4B. Viruses such as
HCV and HBV, which use the ER as an integral part of
their replication strategy, must contend with the ER stress
response and downstream consequences of ER stress sig-
naling. Noncytopathic viruses, like HCV, which induce
ER stress signaling at sublethal levels, are likely to cause
alterations in cell physiology which may eventually lead
to cellular transformation (Maio et al., 2003). It was
reported that IRE1”- and XBP1”" mice show an embryonic
lethal phenotype, and that XBP1 is essential for both the
development of hepatocytes and the terminal differentia-
tion of B cells to plasma cells (Reimold et al., 2000;
2001). Additionally, the endoplasmic reticulum stress
pathway mediated by ATF6 and by the IRE1-XBP1 sys-
tem seems essential for the transformation-associated
expression of the Grp78 gene in HCCs (Shuda et al.,
2003). It was reported that NS4B protein suppresses trans-
lation in vivo (Kato et al., 2002). It remains unknown
whether NS4B has an effect on the PERK pathway.

NS4B reportedly transforms NIH3T3 cells in coopera-
tion with the H-ras oncogene (Park et al., 2000). It is
intriguing to speculate that ATF6 and XBP1 induction
may be essential for hepatocyte growth under HCV rep-
licon-induced ER stress. ATF6 and XBP1 induction also
maintains cell survival under UPR conditions; these intra-
cellular events suggest a potential function of NS4B in
inducing chronic liver disease, including its HCV infec-
tion-associated progression to hepatocellular carcinoma.
Further study is needed to clarify this issue.
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