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Fig. 2. Production of infectious virus-like particles from 3D-HuS-E/2 cells infected with different HCV strains. (A) The culture medium of
3D-HuS-E/2 cells infected with HCV-RC3 or HCV-RC6 was collected from days 5 to 7 p.i. and for HCV-RC12 from days 23 to 25 p.i. The culture
medium of 2D-HuS-E/2 cells infected with HCV-RC6 was also collected from days 5 to 7 p.i., and used to treat naive 3D-HuS-E/2 cells. The quantity
of HCV genomic RNA in 1 ug of total cellular RNA was determined as in Fig. 1. (B) The concentrated culture medium of 3D-HuS-E/2 cells infected
with HCV-RC3 was collected from days 5 to 7 p.i., and fractionated by ultracentrifugation with a 20%-50% sucrose density gradient. HCV-core protein
and the RNase A-resistant HCV-RNA in the different fractions were quantitatively analyzed using an HCV-core ELISA kit and real-time RT-PCR,
respectively. Data represent the mean + SD of three independent experiments. (C) Photomicrograph showing negatively stained virus-like particles
from the culture medium of HCV-RC3-infected 3D-HuS-E/2 cells (arrowheads, panels 1 and 2). The arrows indicate the spike-like structures found

on the surface of the virus-like particles (panel 2).

RC3, RCG6, and RC12 were used for infection, it was
undetectable when RC2, P17, P27, and P33 sera were
used, similar to 2D-HuS-E/2 cells infected with HCV-
RC6 (Fig. 1C).

Production of Infectious Particles from 3D-HuS-
E/2 Cells Infected with bbHCV. The culture media
from 2D or 3D-HuS/E2 cells infected with RC6 serum
(Fig. 1A) were collected from days 5 to 7 postinfection
(p.i.), concentrated, and inoculated into naive 3D-HuS-
E/2 cell culture media. HCV-RNA’s proliferation in the
infected cells was only detected when using the culture
medium from 3D-HuS-E/2 cells and not 2D-HuS-E/2
cells (Fig. 2A). Media collected from HCV-RC3 at days 5
to 7 and from HCV-RCI12 from days 23 to 25 p.i. were
also able to infect naive cells (Fig. 2A). These data sug-
gested the production and secretion of infectious virus-
like particles. To investigate this further, biophysical
analysis was performed. The culture medium of HCV-
RC3 infected 3D-HuS-E/2 cells at day 7 p.i. was fraction-
ated using a sucrose density gradient after RNase A
treatment. HCV core was detected in the 1.11 to 1.14
g/mL fractions; similarly, the nuclease-resistant HCV
RNA peaked in the 1.12 g/mL fraction (Fig. 2B). Fur-

thermore, only the 1.12 g/mL fraction was able to infect
naive cells as examined above (data not shown). This frac-
tion was pelleted by ultracentrifugation and examined by
electron microscopy with negative staining. We observed
33-nm to 45-nm diameter spherical particles (Fig. 2C,
panel 1) with spike-like structures from 7-9 nm in length
on the surface (Fig. 2C, panel 2), consistent with HCV
morphology reported previously in HCV patients.!8
These were detected in the sample collected from HCV-
RC3-treated but not mock-treated 3D-HuS-E/2 cells.
These data suggest that production of infectious virus-like
particles occurs in 3D-HuS-E/2 cells infected with some
bbHCYV strains. It is therefore likely that 3D-HuS-E/2
cells can be used to reproduce nearly all steps in the HCV
life cycle. ‘

Prolonged Culture of HCV-Infected Cells in the 3D
Hollow Fiber System. For HCV-RCG-infected cells
(Fig. 3A), the amount of HCV-RNA in the cells Auctu-
ated during the 30-day culture period. The levels of both
HCV-RNA and HCV-core in the medium showed a sim-
ilar pattern of fluctuations that peaked on days 5 and
20 p.i. Unlike RC6, the pattern of HCV-RNA levels in
the medium of RC12-infected cells showed a negative
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correlation with that detected in the cells. This was clearly
seen on day 10 p.i., when a sharp increase and decrease of
HCV-RNA in the medium and the cells, respectively, was
observed (Fig. 3B). Similarly, the amount of HCV-core
detected in the medium throughout the culture was not
correlated with RNA levels in the medium. Instead, core
levels were very low in the first 10 days, at which time
levels increased, reaching a peak on day 20 p.i. (Fig. 3B).
Culture media from cells infected with HCV-RCG6 from
days 5 to 7 and 20 to 30 p.i. (Fig. 3A) and that from
HCV-RC12 from days 20 to 25 p.i. showed passage of
infectivity (Fig. 3B). All culture media showing infectivity
appeared to have a high amount of HCV-core protein.
Clonal Changes in HCV During Prolonged Cul-
ture. In order to perform a populational analysis to un-
derstand the fluctuating pattern seen during HCV
proliferation, two sera with limited HCV variants, HCV-
RC6 (two major strains) and -RCI12 (single major strain)
from immunosuppressed liver transplantation patients
with recurrent HCV were used in the previous prolonged
infection experiment. The variants’ composition was an-
alyzed by single-strand confirmation polymorphism anal-
ysis for HCV-HVRI (Supporting Fig. 4). RC6 serum
(Fig. 4A) showed two different major sequences, HCV-

Days after infection

RC6-1 and -2 strains, which constituted 60% and 40%,
respectively, and shared 85% homology. In cells infected
with HCV-RC6 the nucleotide sequence of HVRI on
day 5 showed 97% homology to HCV-RC6-1, and on
day 20 p.i. it showed 97% homology to HCV-RC6-2.
These data suggest selection of the dominant HCV strain
in the cells over time. For RC12 (Fig. 4B), the nucleotide
sequence on day 5 p.i. had only one nucleotide difference
from that of the HCV from the original serum. The se-
quence from day 20 p.i. was four nucleotides different
from that from the serum, and five different from the cells
onday 5 p.i. These data indicated that each peak of HCV-
RNA that appeared in the cells infected with RC12 serum
included primarily a single HCV strain with a slightly differ-
ent genomic sequence. This suggests that the periodic ap-
pearance of HCV-RNA peaks in the cells infected with a
particular HCV strain is a result of selection and/or mutation
of HCV strains during the prolonged culture period.
Cellular Response Induced by bbHCV Infection. At
day 10 p.i., HCV-RNA levels in the culture medium rose
and RNA levels in 3D-HuS-E/2 cells infected with HCV-
RC12 dropped (Figs. 1B, 3B). To determine if this was
caused by a cytotoxic effect of HCV infection, LDH levels
were measured in the culture medium of HCV-RCG6- and
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HCV-RC12-infected 3D-HuS-E/2 cells. LDH activity
showed a strong correlation with HCV-RNA levels in the
medium on day 10 p.i. in HCV-R12-infected cells (Fig.
3B), suggesting a cytotoxic effect of HCV-RC12 that was
not observed in the case of HCV-RC6 (Fig. 3A,C). To
determine if this HCV infection-mediated cytoroxicity is
due to apoptosis, as with other viruses belonging to the
Flaviviridae family,!? the involvement of caspase was ex-
amined using the caspase inhibitor z-VAD-fmk. A signif-
icant dose-dependent reduction in HCV-RNA levels in
the medium and LDH activity (Fig. 5A,B) was found,
whereas no significant effect was observed on the viability
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Fig. 5. Cellular response of 3D-
HUS-E/2 cells infected with bbHCV.
3D-HuS-E/2 cells infected with HCV-
RC12 and mock-treated cells were
cultured for 10 days in the presence of
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cells on days 5 and 20 after infection of HCV-RC6 (A) or
HCV-RC12 (B). Nucleotide numbering was based on
HCV-J1 sequence (GenBank Access. No. D10749). Three
additional nucleotides were found at the 5'-terminal end
of the E2 regions of all RC6 sequences. The major se-
quence present in the serum used for infection is shown in
the upper row in each panel. Dots represent the identical
nucleotides.

of noninfected cells (Fig. 5B) or intracellular HCV-RNA
levels (Fig. 5A). This suggested that the cytotoxic effect of
HCYV infection is mediated by apoptosis. It is noteworthy
that HCV-induced cytopathicity was also found when
HCV-P17 and HCV-P33 samples were used for infection
(both are HCV-2a genotype) and was not reproduced in
any of the HCV-1b genotype samples used in this work
(Fig. 5C).

After infection with HCV-RC6, no cytotoxicity was
detected that might have inhibited HCV-RC6-1 prolifer-
ation in the cells. However, HCV-RC6-2 RNA replaced
HCV-RC6-1 RNA during prolonged culture. To assess a
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possible role of the innate-immune response in this phe-
nomenon, the production of IFN-a in the medium was
measured during the first 11 days p.i. IFN-a production
was detected as early as day 1 p.i., reached a peak at day
7 p.i., and was then rapidly lost (Fig. 5D). These data
suggest that HCV-RCG-1 infection induced the innate-
immune response of the cells, possibly leading to suppres-
sion of its proliferation. In contrast to HCV-RC6-1,
HCV-RC3 did not show any stimulation of IFN-a pro-
duction upon infection in the first 10 days, showing a
possible strain-dependent evasion from the host defense
within the same genotype.

Discussion

In this study we report the development of a novel
system that reproduces bbHCV infection, proliferation,
and production of infectious virus. The most recent mod-
els used in the study of the life cycle of HCV infection are
based on subclones of HuH-7 cells infected with JFH1
recombinant virus or its derivatives.* HuH-7 cells and its
subclones, however, do not support the entire life cycle of
the bbHCVs present in patients’ blood.> Moreover, HCV
has considerable diversity and variability. It is generally
classified into six major genotypes and more than 100
subtypes.?? This huge pool of natural HCV variants
causes a wide variety of diseases, including chronic hepa-
titis, cirrhosis, and hepatocellular carcinoma.?! JFHI,
however, is a single isolate of HCV genotype 2a that was
originally derived from a patient with rare fulminant hep-
atitis.* We suggest that our newly established system has
an important advantage because it supports the entire life
cycle of a variety of HCV strains and genotypes.

Due to the lack of some in vivo factors, including host
immune response, iz vitro systems may not completely
reproduce the i# vivo situation. However, in vitro experi-
mental systems seem to be important to simplify particu-
lar events from the complex situation 77 vive. From that
standpoint, our cell culture system is likely reproducing
the early event of HCV infection in the absence of host-
immune responses and supporting whole life cycle of the
blood-borne HCV. Several in vitre hepatocyte culture
systems have been reported to be useful for studying the
infection and replication of bbHCV.5-8:22 Only the radial-
flow bioreactor (RFB) 3D culture system demonstrated
production of infectious viruses.?? In our studies we ob-
served not only the enhancement of HCV replication, but
also the production of infectious HCV particles in the
medium using the 3D/HF system. These data suggest that
some structure of the cell mass formed by the 3D culture
system, most likely the polar character, is essential for the
life cycle of bbHCV. The RFB system is composed of a
dedicated device containing 1 X 10° FLC4 cells with a
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culture area of 2.7 m2.22 It can only be used to study HCV
particle production in the medium and not the cellular
events that accompany the HCV life cycle. In contrast,
because cells grown in our 3D/HF system are cultured in
12-well plates at a density of 3 X 10%/fiber, it is much
simpler to study both viral and cellular events.

The production of infectious particles was not detected
with infection by different HCV strains, despite detecting
equivalent levels of HCV-RNA in the cells (Fig. 1B,C).
Delayed production of infectious particles was also ob-
served in cells infected with HCV-RC12 after prolonged
culture. A similar delay was also observed in the RFB
system.2? Considering the relative stability of HuS-E/2
cells® and the relatively high frequency of the change in
HCYV population in the cells,'¢ it is likely that mutation of
the HCV genome and/or selection of clones during pro-
longed culture improved the productivity of infectious
particles. A marked improvement of infectious particle
production by substitution of the structural proteins of
the genome was also reported in the recombinant HCV
production system.2? The lack of production of infectious
particles soon after infection may serve to avoid an early
strong response from the host immune system, and dem-
onstrates a novel mechanism of latent infection by HCV.
Although they may not be associated with plasma com-
ponents as those present in vivo, HCV virus-like particles
produced by this system showed a close resemblance to
those isolated from infected HCV patients because they
showed the same size!® and were within the fraction
range.?* They may help in the study of viral and cellular
factors required for particle production and the possible
receptors utilized for infection with different HCV
strains.

Fluctuation in HCV proliferation was observed during
the prolonged culture of 3D-HuS-E/2 cells infected with
bbHCV (Fig. 3A,B), consistent with previous reports in
other culture systems.®22 This fluctuation was associated
with a change in viral quasispecies, suggesting that an
HCV strain having a growth advantage proliferates selec-
tively and dominantly in these culture conditions. Be-
cause the progressive emergence of each dominant strain
was only temporary, it is highly likely that the infection
and proliferation of such an HCV strain is suppressed by
cellular mechanism(s). Our results suggest that there are
actually two cellular mechanisms functioning to do this.
The first is the involvement of the innate immune system,
as evidenced by the secretion of IFN-« during the first
week of infection (Fig. 5D). This is the first report of
secretion of IFN-& from cultured cells infected with
bbHCV. Although recent reports suggest that stimulation
of the IFN pathway by HCV infection could be impaired
by HCV NS3-4a proteinase-mediated cleavage of IPS-
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1,%5 our results suggest that not all bbHCV:s possess a host
cell suppressive function. The second mechanism is
HCV-induced cell death (Fig. 3C). Almost all the studies
reporting HCV-induced apoptosis used hepatocellular
carcinoma cell lines.?®?7 Because it has been established
that the inability to undergo apoptosis is essential for the
development of cancer,?#3° our use of immortalized, non-
cancerous HuS-E/2 hepatocytes may make it possible to
reproduce the physiological response of the cells to
bbHCYV infection more closely. Although HCV-induced
apoptosis was not found when HCV-1b was used for
infection, it was found in all cases where HCV-2a was
used, suggesting a higher cytopathic tendency of the
HCV-2a genotype. HCV proliferation was continuously
found even after the suppression of the first peak of RNA
production during prolonged culture. How HCV sur-
vives under those conditions is still unknown. Further
studies to clarify the molecular mechanisms involving the
HCV-cell interaction can be done using this novel 3D
culture system that reproduces the infection of a variety of
bbHCVs.

In conclusion, we have established a new in vitro cul-
ture system that can support the entire life cycle of a
variety of HCV isolates and genotypes. Although this i
vitro model system may not completely reproduce the i
vivo situation, we believe it is the first in vitro system
showing HCV strain-dependent virus/cell interaction in-
cluding induction of cellular apoptosis and/or evasion
from cellular innate immune response, which may make it
a good tool for analysis of virus/host interaction together
with the development of new anti-HCV strategies for the
different bbHCV strains.
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Due to the high polymorphism of natural hepatitis C virus (HCV) variants, existing recombinant HCV
replication models have failed to be effective in developing effective anti-HCV agents. In the current
study, we describe an in vitro system that supports the infection and replication of natural HCV from
patient blood using an immortalized primary human hepatocyte cell line cultured in a three-dimensional
(3D) culture system, Comparison of the gene expression profile of cells cultured in the 3D system to those

Keyw"_“#-’ . cultured in the existing 2D system demonstrated an up-regulation of several genes activated by peroxi-
mgs:i‘;‘; Cvirus some proliferator-activated receptor alpha (PPARot) signaling. Furthermore, using PPARo agonists and
Replication antagonists, we also analyzed the effect of PPARo. signaling on the modulation of HCV replication using
3D culture this system. The 3D in vitro system described in this study provides significant insight into the search for
PPAR novel anti-HCV strategies that are specific to various strains of HCV.

Immortalized hepatocytes
Blood-borne HCV

© 2008 Elsevier Inc. All rights reserved.

Infection with Hepatitis C virus (HCV) is a serious health prob-
lem worldwide and leads to high rates of liver cirrhosis and hepa-
tocellular carcinoma [1]. Given that the standard HCV therapy
remains insufficient for the successful treatment of many patients
[2], the development of more effective and less toxic anti-HCV
agents is required. In vitro systems like the HCV replicon-bearing
cells and the infectious particle-producing JFH1 system, has con-
tributed to the discovery of new targets for anti-HCV therapy.
However, these recombinant HCV genomes only proliferate in sub-
lines of HuH-7 cells, which do not permit infection or proliferation
of blood-borne HCV. Due to the high polymorphism of natural HCV,
data from recombinant HCV systems could be evaluated by study-
ing the therapeutic response of a variety of naturally occurring
HCVs. However, the current systems available for such study
remain insufficient due to the low infection and replication effi-
ciency of the natural HCV strains.

More recently, production and secretion of infectious HCV par-
ticles has been reported in two independent three-dimensional
(3D) cell culture systems, termed the radial-flow bioreactor (3D/
REB) and the thermoreversible gelatin polymer (3D/TGP) systems.
These results were not observed in monolayer cuitures [3],
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suggesting that hepatocytes cultured in 3D more closely resemble
liver cells in vivo [4] and thus support HCV proliferation. In
addition, analysis of gene expression levels in 3D cultured cells re-
vealed that the newly established immortalized human hepatocyte
(HuS-E/2 cells) gene profile was altered to more closely resemble
that of human liver tissue when the cells were cultured in 3D/
TGP [5].

In the current study, we cultured HuS-E/2 cells in 3D/TGP
and demonstrated efficient proliferation of natural HCV. Fur-
thermore, gene expression analysis of these cells demonstrated
the activation of the peroxisome proliferators-activated receptor
o (PPARa) signaling pathway, suggesting an important role for

_ this pathway in the replication of natural HCV. Thus, the

in vitro system described appears to be a useful tool for the
study of HCV infection and proliferation as well as for the
development of effective anti-viral agents against various natu-
ral HCVs.

Materials and methods

Cell culture. Immortalized human hepatocytes (HuS-E/2) and
LucNeo#2 replicon cells {6] were cultured as previously described
{5,7]. For the 3D-TGP culture system, 1 x 10° HuS-E/2 cells were
cultured in 1 ml Mebiol gel (Mebiol Inc., Kanagawa, Japan)/well
in 12-well plates. Five hundred microliters of fresh medium was
overlaid on the solidified gel, and was changed every 2 days. Cell
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extraction from the gel was done at the designated time points
according to the manufacturer’s protocol.

RNA extraction, reverse transcriptase polymerase chain reaction
(RT-PCR) and real-time RT-PCR (Q-PCR). At the designated time
points, total cellular RNA was extracted and 1 pg of total RNA
was used as a template for RT-PCR and for the quantitative detec-
tion of HCV-RNA using real-time RT-PCR (Q-PCR) as previously
described {10].

HCV infection experiment. HCV infection experiments were car-
ried out using sera from patients infected with HCV. Infection in
2D culture was undertaken as previously described [5]. For 3D/
TGP cultured cells, the gel was solidified, and 50 pul HCV-contain-
ing patient serum with a titer of 1 x 10° HCV-RNA/ml was added
to the culture and mixed. The culture was continued until the
cells were extracted. Following extraction from 3D-TGP, cells
were centrifuged and washed three times thoroughly with PBS.
RNA was then extracted from the cells as described above.
HCV infection into HuS-E/2 cells was also examined in the pres-
ence of anti-E2 mouse monoclonal antibody (917) as outlined
previously [8].

Treatment of cells with PPARo signaling agonists and antago-
nists. Fenofibrate or MK886 (Sigma-Aldrich, USA) were added
to the culture medium of HuS-E/2 (2D-HuS-E/[2) cells from day
0 of HCV infection; or the culture medium of LucNeo#2 replicon
harboring cells. The cells were then cultured to the designated
time point.

Microarray analysis. Gene expression profiles of 3D/TGP cultured
HuS-E/2 cells were obtained by microarray analysis (3D-Genes
Human 25, Toray, Tokyo, Japan) and compared to those of cells cul-
tured in 2D.
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Results
3D/TGP cultures enhance HCV proliferation in HuS-E/2 cells

Infection and proliferation of the HCV genotype 1b (HCV-RC5)
derived from the serum of patient RC5 in HuS-E/2 cells cultured
in 3D/TGP (3D/TGP-HuS-E/2 cells) was investigated and com-
pared with that of HuS-E[2 cells cultured in 2D (2D-Hus-E/2).
As outlined in Fig. 1A, the HCV-RNA levels in the 3D/TGP-HuS-
E[2 cells were significantly higher at all of the time points exam-
ined following infection than in the 2D-HuS/E2 cells, suggesting
that the 3D/TGP system greatly enhances the proliferation of
naturally occurring HCV in HuS-E/2 cells. Similar results were
also obtained for sera from additional patients (data not shown).
To examine whether the infection is viral envelope-receptor
mediated, the infection experiments using serum treated with
anti-HCV-E2 antibody (a-E2) or with anti-tubulin {negative con-
trol) was also performed. Pre-incubation of the serum with a-E2
significantly reduced the total amount of HCV-RNA in the cells
upon infection (Fig. 1B). This result suggested that the infection
of natural HCV into 3D/TGP-HuS-E/2 cells was HCV-E2-
dependent.

Inhibition of natural HCV replication in HuS-E/2 cells by Interferon

In order to test the effects of anti-viral agents on natural HCV
replication in 3D/TGP HuS-E/2 cells, 50-100 U/ml of IFNa was
added to the medium overlaying the HCV-RC5 infected 3D/TGP-
HuS-E/2 cells. The two treatment concentrations resulted in the
inhibition of HCV-RNA replication in 3D-HuS-E/2 cells by
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Fig. 1. HCV infection into 3D/TGP-HuS-E/2 cells. (A) 3D/TGP significantly enhanced HCV proliferation in HuS-E/2 cells. HCV patient serum was used to infect a similar number
of HuS-E/2 cells cultured in 2D (hashed line) or 3D/TGP (solid line) cuiture for 24 h. Cells were then harvested and lysed at the indicated time points (3-7 days). The quantity
of genomic HCV-RNA per 1 pg total RNA was determined by Q-PCR analysis. (B) Anti-E2 antibodies blocked HCV infection. HCV infection was performed as described in panel
A in the presence of Anti-E2 specific or anti-tubulin (control) antibodies. (C) IFNa inhibits HCV replication in 3D/TGP-HuS-E/2 cells. HuS-E/2 cells were infected with HCV and
fresh medium supplemented with or without (Mock), 50 U/mi, or 100 U/m! IFNa overlaid on the gel containing the cells and HCV proliferation measured as described above.
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Fig. 2. RT-PCR analysis of the expression of genes identified by microarray. The
PPARo. regulated genes were increased in 3D/TGP-HuS-E/2 cells (3D-TGP) and their
expression levels measured by RT-PCR. 2D represents RNA samples from 2D-HuS
-E/2 cells. Twenty cycles of amplification were undertaken for the RT-PCR analysis.
GAPDH expression served as an internal control. Abbreviations: FABP3, fatty acid
binding proteins 3; FABP4, fatty acid binding proteins 4; ACOX2, acyl-coenzyme A
oxidase 2; APOD, apolipoprotein D; AQP7, aquaporin 7; FADS2, fatty acid desaturase
2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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approximately 50-60% and almost completely, respectively, when
compared to the replication in cells receiving mock treatment
(Fig. 1C). These results demonstrate that the IFNa treatment was
effective on HCV derived from RC5 and that 3D/TGP-HuS-E/2 cells
may be useful for the screening of anti-HCV drugs for the treat-
ment of natural HCV.

Increased activation of the PPAR« signaling pathway in 3D cultured
HuS-E/2 cells

Given that 3D/TGP-HuS-E/2 cells demonstrated enhanced pro-
liferation of natural HCV, the gene expression profiles of these
cells was compared with that of cells cultured under normal
2D conditions using microarray analysis in order to identify
the factors required for the enhanced proliferation. Among the
24,268 genes compared in this analysis, 212 genes demon-
strated a greater than four folds index increase in expression
in 3D/TGP than standard cultured cells. Cell signaling pathway
analysis of these 212 genes showed that six genes, including
fatty acid binding proteins 4 and 3 (FABP4 and 3), apolipoprotein
D (APOD), aquaporin 7 (AQP7), acyl-coenzyme A oxidase 2
(ACOX2), and fatty acid desaturase 2 (FADS2), were targets of
PPARa signaling [9-12]). The increased expression of these genes
in the 3D/TGP-HuS-E/2 cells was further confirmed by RT-PCR
analysis (Fig. 2). Given that PPARa is an essential factor for nor-
mal hepatocyte function [13], these results indicate that 3D/TGP
culture enhances the hepatocyte-specific characteristics of HuS-
E/2 cells.
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Fig. 3. The effects of PPARa agonists and antagonists on natural HCV proliferation. (A) HuS-E/2 cells were infected with HCV and fresh medium supplemented with or without
(Mock) 2, 10, or 30 puM of fenofibrate overlaid on the cells. (B) Medium supplemented with or without (Mock), 2, 5, or 10 uM of MK886 was overlaid on 2D-HuS-E/2 cells
infected with HCV. HCV proliferation following treatment was measured by Q-PCR. (C) Medium supplemented with or without (Mock), 10 pM of MK886 was overlaid on 3D/
TGP-HuS-E/2 cells infected with HCV. HCV proliferation following treatment was measured by Q-PCR.
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PPARo. signaling affects HCV replication

We next examined the potential role of PPARa signaling on HCV
proliferation by monitoring HCV replication in 2D-HuS-E/2 cells
that had been infected with HCV-RC5 and subsequently treated
with the PPARa agonist fenofibrate [14] or the PPARo antagonist
MK886 [14] (Fig. 3B). As outlined in Fig. 3A, a dose-dependent in-
crease in HCV replication was observed in fenofibrate-treated cells.
In contrast, a dose-dependent decrease in HCV proliferation
was observed in the presence of MK886. Similarly, treatment with
MK886 reduced HCV proliferation in 3D/TGP-HuS-E/2 cells (Fig. 3C).
The response of HCV proliferation in response to fenofibrate and
MKB886 treatment was also analyzed in LucNeo#2 cells that con-
tained HCV replicon RNA (LNMH14) derived from the HCV-1b gen-
ome (Fig. 4A). Luciferase expression in these cells represented
replication of the HCV replicon [6] and, as shown in Fig. 4A, lucif-
erase activity in the cells treated with fenofibrate or MK886 also
showed either enhancement or suppression of replicon prolifera-
tion, respectively. In addition, the increased HCV replication fol-
lowing fenofibrate treatment was completely abolished when
treated with MK886 simultaneously. As MK886 is known to induce
apoptosis when administered in high doses [15], the cell viability
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Fig. 4. The effects of PPARa agonists and antagonists on the replication of HCV
subgenomic replicons. (A) LucNeo#2 cells containing a HCV subgenomic replicon
termed LNMH14, were mock treated or treated with fenofibrate, MK886, or a
combination of both fenofibrate and MK886 at the indicated concentrations for
2 days. Luciferase activity derived from the replicon was then measured as an
indicator of HCV replication [7]. (B) Following treatment with fenofibrate and
MKk886, LucNeo#2 cells were cultured for 2 days and cell viability measured using
the XTT assay (Roche, Mannheim, Germany).

was examined using the XTT assay. There were no significant ef-
fects on cell viability after treatment with fenofibrate. Although
MK886 resulted in a minor reduction in XTT values when high
doses (10-15 pM) were administered, this reduction was not sta-
tistically significant when compared to its effect on HCV replica-
tion (Fig. 4B). This result suggests that PPARa signaling is
required for HCV replication and that suppression of PPARa signal-
ing has an anti-HCV effect.

Discussion

In the current study, we demonstrated that immortalized hepa-
tocyte HuS-E/2 celis cultured in 3D/TGP support the infection and
replication of natural HCV derived from patient sera. Unlike recom-
binant HCVs, which have been required to adapt to sublines of
HuH-7 cells [16], the population of the natural HCV is fairly poly-
morphic, demonstrating different responses to a variety of anti-vir-
al agents [17,18]. The 3D/TGP-HuS-E/2 cells have the advantage of
being a small-scale 3D cultured cells, which are cultured in 12-well
plates at a density of 1 x 10°/well, that allow the study of both vir-
al and cellular events. In the current study, it demonstrated a 2 log
increase in susceptibility to natural HCV infection and replication
when compared to conventional 2D culture systems. Thus it offers
an important advantage in the study of natural HCV infection and
replication, and the response of natural HCV to anti-HCV drugs.

As the ability of HuS-E/2 cells to support infection and replica-
tion of natural HCV was greatly altered by the culture conditions, it
is likely that the culture system described in our study will provide
important information in regards to the cellular factors that sup-
port the HCV life cycle. The microarray study showed that the
expression of some genes related to the PPARa signaling pathway
were upregulated in the 3D cultured HuS-E/2 cells. Using both
PPARa signaling agonists and antagonists, PPARa signaling was
shown to affect infection and proliferation of natural HCV.
PPARa. is a ligand-activated transcription factor that is primarily
expressed in tissues with high lipid metabolism including the liver,
where it functions as one of three major nuclear receptors and is
essential for its normal function [19]. Similar to a part of our data,
a negative effect on HCV replication was previously observed in the
replicon-bearing cells treated with siRNA for PPAR«, with only 50%
reduction of HCV-RNA [20]. In this study, even a large dose of
PPARa agonist enhanced natural HCV replication in the 2D-HuS-
E/2 cells for three times, despite the 2 logs enhancement of HCV
proliferation in 3D/TGP culture. This implies that additional factors
activated in 3D/TGP-HuS-E/2 cells may be required for the efficient
HCV proliferation. Further analysis of the microarray data may pro-
vide us with further information on factors that may prove useful
in the development of anti-HCV drugs.

In conclusion, the novel in vitro culture system combining TGP
and immortalized hepatocytes described in this study demon-
strated efficient support of natural HCV infection and replication.
This system may be used in future virological studies to define
new anti-HCV strategies. It may also prove useful for the specific
design of effective individual therapy according to patient-specific
strains.
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TORC2, a Coactivator of cAMP-response Element-binding
Protein, Promotes Epstein-Barr Virus Reactivation from
Latency through Interaction with Viral BZLF1 Protein™
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Reactivation of the Epstein-Barr virus from latency is de-
pendent on expression of the viral BZLF1 protein. The BZLF1
promoter (Zp) normally exhibits only low basal activity butis
activated in response to chemical inducers such as 12-O-tet-
radecanoylphorbol-13-acetate and calcium ionophore. We
found here that Transducer of Regulated cAMP-response
Element-binding Protein (CREB) (TORC) 2 enhances Zp
activity 10-fold and more than 100-fold with co-expression of
the BZLF1 protein. Mutational analysis of Zp revealed that
the activation by TORC is dependent on ZII and ZIII cis ele-
ments, binding sites for CREB family transcriptional factors
and the BZLF1 protein, respectively. Immunoprecipitation,
chromatin immunoprecipitation, and reporter assay using
Gald-luc and Gal4BD-BZLF1 fusion protein indicate that
TORC2 interacts with BZLF1, and that the complex is effi-
ciently recruited onto Zp. These observations clearly indicate
that TORC2 activates the promoter through interaction with
the BZLF1 protein as well as CREB family transcriptional fac-
tors. Induction of the lytic replication resulted in the trans-
location of TORC2 from cytoplasm to viral replication com-
partments in nuclei, and furthermore, activation of Zp by
TORC2 was augmented by calcium-regulated phosphatase,
calcineurin. Silencing of endogenous TORC2 gene expres-
sion by RNA interference decreased the levels of the BZLF1
protein in response to 12-O-tetradecanoylphorbol-13-ace-
tate/ionophore. Based on these results, we conclude that
Epstein-Barr virus exploits the calcineurin-TORC signaling
pathway through interactions between TORC and the BZLF1
protein in reactivation from latency.
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Epstein-Barr virus (EBV)? is a human y-herpesvirus that pre-
dominantly establishes latent infection in B lymphocytes. Only
a small percentage of infected cells switch from the latent stage
into the lytic cycle and produce progeny viruses. Although the
mechanism of EBV reactivation in vivo is not fully understood,
it is known to be elicited by treatment of latently infected B cells
with some chemical or biological reagents, such as 12-O-tetra-
decanoylphorbol-13-acetate  (TPA), calcium ionophore,
sodium butyrate, or immunoglobulin (Ig). Stimulation of the
EBV lytic cascade by any of those reagents leads to the expres-
sion of two presumed viral immediate-early genes, BZLF1 and
BRLF1. The BZLF1 protein is a transcriptional activator that
shares structural similarities to the basic leucine zipper (b-Zip)
family transcriptional factors, and BZLF1 expression alone can
trigger the entire reactivation cascade (1-3).

Expression of the BZLF1 gene is tightly controlled at the
transcriptional level. The BZLF1 promoter (Zp) normally
exhibits low basal activity usually and is activated in response to
TPA or the other reagents described above. The minimal
sequence of Zp necessary for the activation by the inducers is
233 bp in length (4). The region harbors at least three types of
cis regulatory elements, referred to as ZI, ZII, and ZIII. Four
copies of the ZI element (ZIA-D) are distributed within the
minimal Zp. The myocyte enhancer factor 2D binds to ZIA,
Z1B, and ZID (5), whereas Sp1 or Sp3 can bind to ZIA, ZIC, and
ZID (6). A single ZII element is located near TATA, sharing
homology with binding sites for the cyclic AMP-response ele-
ment-binding protein (CREB) or the AP-1 family transcrip-
tional factor (7, 8). Two copies of the ZII1 element (ZI1IA, B) are
bound by the BZLF1 protein. Previous studies have demon-
strated that both ZI and ZII elements are necessary for the
initial activation of the promoter by TPA/ionophore or IgG(2).
Then, the expressed BZLF1 protein joins to further activate Zp
by binding to the ZIIIA and B elements (9).

3The abbreviations used are: EBV, Epstein-Barr virus; Zp, BZLF1 promoter;
CREB, cyclic AMP-response element (CRE)-binding protein; TORC, Trans-
ducer of Regulated CREB; TPA, 12-O-tetradecanoylphorbol-13-acetate;
b-Zip, basic leucine zipper; CBP, CREB-binding protein; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; IP, immunoprecipitation; 1B, immuno-
blotting; ChIP, chromatin immunoprecipitation; siRNA, small interfering
RNA; RT, reverse transcription; CMV, cytomegalovirus.
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TORC2 Promotes EBV Reactivation

Transducer of Regulated CREB (TORC) 1, 2, and 3 were
identified from a lymphocyte cDNA library as a family of CREB
co-activators that bind to CREB and enhance CRE-mediated
transcription in an Ser-133 phosphorylation-independent
manner (10, 11). It was reported recently that TORCs are acti-
vated by the calcium-regulated phosphatase, calcineurin (12,
13). Dephosphorylation of TORC by the phosphatase triggers
release from 14-3-3 proteins and translocation from cytoplasm
to nucleus. Interestingly, the activation of EBV Zp is blocked by
calcineurin inhibitors, such as cyclosporin A or FK506 (14).
Based on these studies, we hypothesized that TORCs might be
involved in the transcriptional activation of Zp, leading to a
switch from latent state to the lytic replication.

In the present study we show that TORC], -2, and -3 can all
enhance Zp, especially with co-expression of BZLF1. TORCs
activate the promoter through interaction not only with CREB
but also the BZLF1 protein. We also provide evidence that the
activation of the promoter by TORC2 is up-regulated by calci-
um-regulated phosphatase, calcineurin. These results indicate
involvement of TORCs in EBV reactivation from latency.

EXPERIMENTAL PROCEDURES

Cell Culture and Antibodies—HEK293T, EBV-Bac-293, and
GTC-4 cells were maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 10% fetal bovine
serum. EBV-293 cells were prepared by transfection with EBV-
Bac DNA (15) into HEK293 cells subcloned in our laboratory
(16) followed by hygromycin selection. GTC-4 is a cell line
established from an EBV-positive gastric cancer by Dr. M.
Tajima (Teikyo University) (17). Akata, B95-8, and Tet-BZLF1/
B95-8 cells were maintained in RPMI1640 as described previ-
ously (18, 19). To induce lytic EBV replication in Tet-BZLF1/
B95-8 cells, a tetracycline derivative, doxycycline, was added to
the culture medium at a final concentration of 2 ug/ml. The
mouse anti-FLAG, hemagglutinin, -BZLF1, and -GAPDH anti-
bodies were from Sigma, Roche Applied Science, Dako A/S, and
Ambion, respectively. Rabbit anti-PCNA and -TORC2 anti-
bodies were from Oncogene and Calbiochem, respectively, and
rabbit anti-BMRF1 and -BALF5 antibodies have been reported
previously (20). The anti-tubulin antibody was purchased from
Cell Signaling. Horseradish peroxidase-linked goat antibodies
to mouse or rabbit IgG were from Amersham Biosciences.
Horseradish peroxidase (HRP)-linked goat antibody to rat IgG
was obtained from Jackson ImmunoResearch, and TrueBlot
HRP anti-mouse and rabbit IgG were from eBioscience.

Plasmid Construction—The pZp-luc reporter plasmid was
constructed by inserting the minimal sequence of Zp (from
—221 to +12) prepared by PCR into Xhol and HindIII sites of
pGL4.10 (Promega). Primer sequences for the PCR were
5'-TAGCCTCGAGGCCATGCATATTTCAACTGG-3' (for-
ward), 5'-GCCAAGCTTCAAGGTGCAATGTTTAGTGAG-3'
(reverse). Point mutations in the minimal Zp were introduced
by PCR using following primers: mZII, 5'-TCACAGAGGAG-
GCTGGTGCC-3' (forward), 5'-TGAATTCGTTTGGGACG-
TGC-3’ (reverse); mZIIl, 5'-GCACCGCTAATGTACCTCA-
TAG-3' (forward), 5'-CTGTGAATTCTGCATAGTTTC-3’
(reverse). Expression plasmids for TORC3 and CREB1A have
been reported elsewhere (21~23). TORC1 and TORC2 genes
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were amplified and cloned into EcoRI and Xhol sites of pcHA
(22, 24) using the following primers: TORC1, 5’ -AAAGAATT-
CATGGCGACTTCGAACAATCCGCGG-3' (forward), 5'-
AAACTCGAGTCACAGGCGGTCCATCCGGAAGGT-3'
(reverse), TORC2, 5’ -AAAGAATTCATGGCGACGTCGGG-
GGCGAACGGG-3' (forward), 5'-AAACTCGAGTCATTGG-
AGCCGGTCACTGCGGAA-3’ (reverse). The pCRE-Luc and
pRL-TK reporter plasmids were obtained commercially (Strat-
agene). For the pcDNABZLF1 expression plasmid, the BZLF1
gene was cloned into pcDNA3 at BamHI and Xhol sites. The
sequence in the b-Zip domain (amino acids 200-227) was
deleted to generate pcDNAABZLF1. To prepare the expression
vector for Gal4-BZLF1fusion protein, the BZLF1 sequence was
recloned into EcoRI and Xbal sites of the pM vector (Clontech)
after PCR using the primers 5'-CCGGAATTCATGATGGAC-
CCAAACTCGAC-3’ (forward) and 5'-CTTATCTAGATTA-
GAAATTTAAGAGATCCTCG-3' (reverse). The pGald-luc
reporter plasmid has been reported previously (21).

Transfection and Luciferase Assay—Plasmid DNA was trans-
fected into HEK293T or EBV-293 cells using Lipofectamine
2000 reagent (Invitrogen). The total amounts of plasmid DNAs
were standardized by the addition of an empty vector, pcDNA3.
Proteins were extracted from cells with the lysis buffer supplied
in a Dual Luciferase Reporter Assay System (Promega) kit, and
luciferase activities were measured using the kit. The counts for
firefly luciferase were normalized to those for renilla luciferase.
GTC-4 and Akata cells were electronically transfected using a
Microporator (Digital Bio).

Immunoprecipitation (IP) and Immunoblotting (IB)—For IP,
cells were lysed in 0.2% Nonidet P-40 buffer (10 mm Tris-HC],

. pH 7.8, 100 mm NaCl, 1 mm EDTA, 0.1% Nonidet P-40, and

protease and phosphatase inhibitor mixture). After centrifuga-
tion, lysates were precleared with protein G-Sepharose (Amer-
sham Biosciences), mixed with antibody, and then incubated
for 1 h. Immunocomplexes were recovered by incubating with
G-Sepharose for 1 h, and the resin was washed 5 times with the
same buffer. Samples were subjected to SDS-PAGE followed by
IB with the indicated antibodies as described previously (24).
Chromatin IP (ChIP) Assay—ChIP assays were performed
essentially as described (Upstate Biotechnology, Inc.) with
formaldehyde cross-linked chromatin from 1 X 10° cells for
each reaction. Cells were lysed, and chromatin was sonicated to
obtain DNA fragments with an average length of 300 bp. After

- centrifugation, the chromatin was diluted 10-fold with ChIP

dilution buffer and precleared with protein A-agarose beads
containing salmon sperm DNA (Upstate). Anti-FLAG IgG or
normal rabbit IgG were added to the sample and incubated
overnight with rotation. The immune complexes were col-
lected by the addition of the protein A-agarose beads, and DNA

. was purified using a QILAquick PCR purification kit (Qiagen)

after uncoupling of the cross-linking and proteinase K diges-
tion. The recovered DNA was amplified by PCR using primers
specific for Zp, 5-TAGCCTCGAGGCCATGCATATT-
TCAACTGG-3' and 5'-GCCAAGCTTCAAGGTGCAAT-
GTTTAGTGAG-3', and for the EBNA-1 open reading frame,
5'-GTCATCATCATCCGGGTCTC-3' and 5'-TTCGGGTT-

- GGAACCTCCTTG-3'. The PCR products were then analyzed
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described (25). Briefly, cells were
washed with phosphate-buffered
saline and lysed in ice-cold 0.5%
Triton X-100-mCSK buffer (10
mu PIPES (pH 6.8), 100 mm NaCl,
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300 mm sucrose, 1 mm MgCl,, 1 mm
EDTA, 1 mm dithiothreitol, 0.5%
Triton X-100, and protease inhibi-
tors) and fixed with 70% ethanol. The
cells were blocked and then incubated
overnight with primary antibodies.
The samples were then incubated for
2 h with the secondary goat anti-
mouse and rabbit IgG antibodies con-
jugated with Alexa Fluor 488 and 594,
respectively. After immunostaining,
cells were then mounted and stained
with 4/,6-diamidino-2-phenylindole
(DAPI) using ProLong Gold antifade
reagent with DAPI (Invitrogen).
Image acquisition was performed
with a Bio-Rad Radiance 2000 confo-
cal laser-scanning  microscope
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equipped with a PlainApo 100 X 1.4-
numerical-aperture oil immersion
objective lens.

Small Interfering RNA (siRNA)
and RT-PCR—Duplexes of 21-nu-
cleotide (siRNA) specific to TORC2
mRNA4, including two nucleotides
of deoxythymidine at the 3’ end,
were synthesized and annealed
(Sigma Genosys). The sense and
antisense sequences of the duplex
were 5-CUGCGACUGGCAUA-
CACAAdTdT-3' and 5'-UUGU-

-123-123-123

+Z +dZ +Z

+dZ +Z +dZ +Z

+dZ GUAUGCCAGUCGCAGATAT-3/,

pZp-luc pZpmZll-luc pZpmZill-luc

FIGURE 1. TORCs activate transcription from Zp. A, TORCs enhance CRE-dependent transcription. HEK293T

cells were transfected with 10 ng of pCRE-luc or pRL-TK reporter plasmid and 5

TORC1, -2, or-3. Luciferase assays were carried out as described under “Experimental Procedures.” The lucifer-
ase activity is shown as —fold activation of that without TORC for each reporter. B, effects of TORC proteins on
Zp. HEK293 cells were transfected with 10 ng of reporter plasmid, pZp-luc, or its derivatives and 50 ng of

expression plasmids for TORC1, -2, or -3 with 10 ng pcDNABZLF1 (+2) or pcD

domain. The pZp-luc reporter contains the minimal Zp for the EBV B95-8 strain. For derivatives, specific muta-
tions were introduced for mZIl or/and mZlll as indicated. Luciferase assays were carried out as described under

“Experimental Procedures.” The luciferase activity is shown as -fold activation
TORC for pZp-luc (leftmost bar). Each bar represents the mean and S.D. of three

wild type. C, the expression levels of TORC and BZLF1 proteins in B were measured by immunoblotting.

by agarose gel electrophoresis and visualized with ethidium
bromide staining.

Immunofluorescence Assay—For HEK293 cells, cells were
fixed with 1% formaldehyde and permeabilized with 0.1%
Nonidet P-40 in phosphate-buffered saline. The cells were
washed and blocked in 1% bovine serum albumin in phos-
phate-buffered saline and then incubated with anti-FLAG
antibody. Samples were then incubated with the secondary
goat anti-mouse IgG antibody conjugated with Alexa Fluor
488. For Tet-BZLF1/B95-8, staining was carried out as
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respectively. GTC-4 or Akata cells
(1 X 10°) were transfected with 50
pmol of the duplex RNA per well of
a 24-well plate using a Microporator
(Digital Bio). Twenty-four hours
after transfection, TPA and A23187
or IgG were added and then incu-
bated for another 24 h. Cells were
then harvested for RT-PCR and IB.
Primers used for the RT-PCR were
as follows: for TORC2 mRNA, 5'-
AAAGAATTCTACACAAGGAGCTCTCATTATG-3' and
5'-GCTTGTCCTGTTAAGTGCAG-3'; for GAPDH mRNA,

pZpmZil+li-luc

0 ng of expression plasmids for

NAJBZLF1 (+dZ2) lacking b-Zip

of that with neither BZLF1 nor
independent transfections. wt,

5'-GGGAAGGTGAAGGTCGGAGT-3' and 5'-AAGACG-

CCAGTGGACTCCAC-3'.

RESULTS

TORC Activates Transcription from EBV Zp—To confirm
that TORC proteins activate CRE-dependent transcription,
luciferase assays using pCRE-luc and pRL-TK reporter vectors
were performed (Fig. 14). Expression of TORC1, -2, or -3
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enhanced the CRE-mediated transcription by 147-,79-, or 121-
fold, respectively, whereas no obvious transcriptional stimula-
tion from the herpes simplex virus thymidine kinase promoter
was observed, demonstrating the specificity of TORCs for CRE-
dependent transcription.

To test the effect of TORC proteins on Zp, a pZp-luc reporter
plasmid containing the minimal sequence (4) sufficient for
transcriptional activation by TPA/ionophore or IgG was used
for the assay. It was found that TORCI, -2, and -3 alone
enhanced transcription from Zp by 18-, 12-, and 26-fold,
respectively (Fig. 1B). Expression of the BZLF1 protein elevated
the transcription in the absence of TORC up to 3.9-fold. Co-
expression of the BZLF1 protein and TORC], -2, and -3 further
enhanced pZp-luc activity, reaching 23-, 108-, and 58-fold,
respectively.

Levels of BZLF1 as well as TORC proteins were checked in
Fig. 1C because we used the CMV promoter for BZLF1 expres-
sion, and TORC proteins might enhance the CMV promoter
activity. Despite the fact that the CMV promoter has a CREB
binding motif (26), levels of BZLF1 were comparable (Fig. 1C).
A reporter assay also indicated that the CMV promoter was
only marginally affected by TORC proteins (only 1.5-2.5-fold
increase), at least under this condition, by TORC proteins (data
not shown).

Analogous experiments were carried out in a B cell line as
well (data not shown). In B cells, a single TORC2 expression
caused a 9.9-fold enhancement, and with wild-type BZLF1, the
activity reached to 48-fold (data not shown).

Taken together, although TORC alone can enhance tran-
scription from the Zp, the BZLF1 protein is somehow able to
further increase the transcription levels synergistically. Inter-
estingly, although the activation of Zp by TORC2 alone was less
potent than that by TORC1 or -3, co-expression of the BZLF1
protein dramatically enhanced the TORC2-mediated tran-
scriptional activation. We also tested the effect of the BZLF1
deletion mutant dZ, which lacks the b-Zip domain, on the
reporter gene as negative controls. The levels of luciferase activ-
ity were almost equal to those without the wild-type BZLF1
protein.

To further analyze the synergistic enforcement of Zp by
TORCsS, a pZpmZIl-luc plasmid was made, the ZII element
being mutated as shown in Fig. 1B. This mutation disrupts the
CRE/activation transcription factor motif and abrogates the
induction from the promoter by TPA/ionophore or IgG (4).
The basal luciferase activity from this reporter plasmid became
very low (only 25% of wt pZp-luc), and the activity did not
appreciably increase even with TORC proteins (Fig. 1B), show-
ing that the Zp activation by TORCs in the absence of the
BZLF1 protein is caused through the ZII domain containing the
CRE/activation transcription factor motif. However, this
reporter still responded to the BZLF1 expression, reaching the
same levels of transcriptional activity as with wt pZp-luc
because it still contained ZI1I, the BZLF1 protein binding sites.
When TORCI1, -2, or -3 were co-expressed with the BZLF1
protein, pZpmZII-luc exhibited significant enhancement of the
transcriptional activity to around 20 ~50-fold. Because TORCs
could not enhance this mutant promoter activity without
expression of the BZLF1 protein, this activation might be due to
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co-operation between TORC and the BZLF1 protein. It is also
noteworthy that TORC2, with the BZLF1 protein, was the most
efficient, suggesting again that TORC2 is particularly compat-
ible with the BZLF1 protein regarding synergism of the tran-
scription activation of Zp.

To extend this analysis, we constructed pZpmZIIiI-luc, in
which ZIIIA and ZIIIB sites are mutated. This mutation almost
completely disrupts the BZLF1 protein binding (27), thereby
abolishing the response to the BZLF1 protein. As pZpmZIlI-luc
still bears the ZII element, the reaction to TORCs was almost
comparable with wt pZp-luc in the absence of the BZLF1 pro-
tein. However, even in the presence of the BZLF1 and TORC
proteins, the activity remained low.

Last, when both the ZII and ZIII elements were mutated, we
could not observe any enhancement of the transcription, even
with or without TORCs and/or the BZLF1 protein. Overall,
these results imply that activation of transcription from Zp by
TORC:s is mainly mediated by ZII and ZIII elements but not via
ZI or other elements.

TORCs Interact with the BZLF1 Protein and Function as
Coactivators for the BZLFI-mediated Transcriptional
Activation—Because the above results strongly suggest that
TORC proteins co-operate with the BZLF1 protein to enhance
the Zp promoter activity, we next analyzed protein-protein
interactions by co-IP experiments. HEK293T cells were
co-transfected with expression plasmids encoding the BZLF1
protein (+Z) and FLAG-tagged TORC], -2, or -3. Complexes
immunoprecipitated with anti-FLAG antibody were resolved
by SDS-PAGE and analyzed by IB using anti-BZLFlantibody.
As shown in Fig. 24, a 36-kDa band corresponding to the
expected size of the BZLF1 protein was immunoprecipitated
and identified as the BZLF1 protein (Fig. 24). When we used
the mutant BZLF1 protein lacking b-Zip sequence (+dZ), the
interaction became less clear (Fig. 24). Furthermore, because
the N-terminal region of TORC proteins possesses a coiled-coil
domain, a motif that has been implicated in protein-protein
interactions (11), we tested if the region is involved in the inter-
action with the BZLF1 protein using the N-terminal deletion
mutants of the TORC proteins (d1, d2, and d3). We found little
or no association of the TORC mutants with the BZLF1 protein

_ in the absence of the coiled-coil domain (Fig. 24).

To examine whether TORC proteins have effects on BZLF1
protein-dependent transcriptional activity, we prepared an
expression plasmid encoding a Gal4 DNA binding domain-
BZLF1 fusion protein (Gal4-Z) and pGal4-luc, which contains
five Gal4 binding sites and an S$V40 minimal promoter. Expres-
sion of Gal4-BZLF1 fusion protein alone was able to activate
pGald-luc 3.6-fold (Fig. 2B). Because binding between the
polypeptide of Gal4 DNA binding domain and the Gal4 binding
sites in the promoter of the reporter construct is highly specific
and exclusive, only the Gal4-BZLF1 fusion protein can be
recruited onto the promoter, indicating that the increase
reflects the net transcriptional activity of the BZLF1 protein but
not of any other factors. Co-expression of Gal4-BZLF1 and
TORC1, -2, and -3 proteins resulted in an 14-, 8.0-, and 9.9-fold
increase, respectively, in the transcriptional activity as com-
pared with Gal4-BZLF1 alone, whereas deletion mutants of the
TORC proteins (d1, d2, and d3) failed to increase the levels
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FIGURE 2. TORCs associate with the BZLF1 protein to enhance transcription from Zp. A, TORCs coimmu-
noprecipitated with the BZLF1 protein. FLAG-tagged TORC1, 2-, -3 or FLAG-tagged TORC with deletion at the
coiled-coil domain of the protein (d1, d2, d3) expression vectors were co-transfected with wt BZLF1 (+2) or
BZLF1 without the b-Zip (+d2) expression vector. IP was carrled out using anti-FLAG antibody and immuno-
blotted with anti-BZLF1 antibody (top), then stripped and reprobed with anti-FLAG antibody (bottom). As a
control, whole cell extracts (WCE) from the samples were also stained with anti-BZLF1 antibody (middle).
B, BZLF1protein-dependent transcription is enhanced by TORCs. HEK293T cells were transfected with 25 ng of
Gal4-luciferase reporter plasmid and 25 ng of the plasmid expressing the Gal4 DNA binding domain-BZLF1
fusion protein (+Gal4-2) together with 100 ng of plasmids expressing TORC1, 2-, -3 or the deletion mutant at
the coiled-coil domain (d1, d2, d3). Luciferase assays were carried out as described under “Experimental Pro-
cedures.” The luciferase activity is shown as -fold activation of that with neither Gal4-Z nor TORC. Each bar
represents the mean and S.D. of three independent transfections. Expression levels of FLAG-tagged TORC
proteins and BZLF1 were also analyzed. C, ChIP assays were performed to evaluate the association of TORC2
with Zp. EBV-293cells were transfected with a FLAG-tagged TORC2 expression plasmid with or without the
BZLF1 expression plasmid. After fixation and sonication, protein-DNA complexes were immunoprecipitated
with anti-FLAG (upper panels) or anti-BZLF1 (lower panels) antibody or normal IgG followed by uncoupling of
the cross-linking and PCR reactions using primers for Zp or the coding region of EBNA-1. ORF, open reading
frame; ppt, precipitate. D, ChIP assays were carried out to show that both CREB and TORC2 were recruited to the
Zp even without BZLF1. EBV-293cells transfected with FLAG-tagged CREB and hemagglutinin-tagged TORC2
expression vectors were subjected to ChIP assay with normal IgG, anti-hemagglutinin (HA), or -FLAG antibody
followed by PCR. E, ChlP assays showing the importance of b-Zip of BZLF1 and coiled-coil domain of TORC2 for
their recruitment to the promoter. Wild-type or deletion mutant of BZLF1 and FLAG-tagged TORC2 were
transfected in pairs as noted. Precipitations were done using the anti-BZLF1 or -FLAG antibody followed by
detection.

(3.5-, 2.5-, and 4.7-fold, respectively). This induction of the
luciferase activity means that TORC functions through the
BZLF1 protein but not through any other factors, as the only
protein on the promoter is Gal4-BZLF1.

To further analyze the behavior of TORC on the Zp pro-
moter, we checked whether TORC was recruited onto the Zp in
vivo by ChIP assays (Fig. 2C). We used TORC2 because it has
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been studied most extensively and
was demonstrated to be the most
crucial factor, at least in vivo (28—
31) (also see Figs. 1, 4, and 5). EBV-
293 cells harboring EBV Bac DNA
were transfected with the expres-
sion plasmid of FLAG-tagged
TORC2 with or without the BZLF1
expression vector, and then ChIP
assays were performed using the
anti-FLAG antibody and normal
IgG as a negative control. With
expression of the BZLF1 protein,
FLAG-tagged TORC2 was recruited
to the Zp of the EBV genome in cells
(Fig. 2C, top panel, right). In con-
trast, TORC2 was hardly detected
without BZLF1 on the promoter
(Fig. 2C, top panel, left) unless the
PCR cycle was increased (Fig. 2C,
second panel). A primer set for the
EBNA-1 coding region was in-
cluded (Fig. 2C, third panel) as a
negative control to prove that the
signal for the Zp was specific. We
also confirmed that the BZLF1 pro-
tein was also recruited to the Zp
when both the BZLF1 protein and
FLAG-tagged TORC2 were ex-
pressed (Fig. 2C, fourth panel).

In the second panel in Fig. 2C,
TORC2 was shown to be recruited
onto Zp without BZLF1. Speculat-
ing that TORC?2 is on the promoter
through the interaction with CREB,
the association of CREB protein
with the promoter was also tested in
Fig. 2D. As expected, both CREB
and TORC2 came onto Zp even
without BZLF1 protein.

To further confirm the impor-
tance of the interaction between
BZLF1 and TORC2, we also tested
dBZLF1, which lacks the b-Zip
motif, and dTORC2, which is
devoid of coiled-coil motif (Fig. 2E).
When wild-type BZLF1 and wild-
type TORC2 were present, both
were detected bound to Zp (Fig. 2E,
right). Deletion of the coiled-coil
domain in TORC2 caused signifi-

cant loss of its binding (Fig. 2E, middle), and truncation of
BZLF1 b-Zip also harmed its association with Zp (Fig. 2E, left).

Activation of TORC2 by Dephosphorylation and Nuclear
Transport—It has been demonstrated that the phosphorylation
state of TORC2 regulates its activity (12, 13). Under normal
conditions, TORC?2 is sequestered by cytoplasmic 14-3-3 pro-
teins, which recognize phosphorylated proteins. In the pres-
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FIGURE 3. Dephosphorylation of TORC2 at Ser171 promotes nuclear localization and transcriptional
activation for Zp. A, immunocytochemical analysis showing the effects of ionophore (A23187) or the S171A
mutation of TORC2 on its subcellular localization. Cells were stained with anti-FLAG antibody (green) and
4' 6-diamidino-2-phenylindole (DAP/; blue). wt, wild type. B, transient reporter assay results for the CRE-medi-
ated promoter (left) and Zp (right). HEK293T cells were transfected with pCRE-luc or pZp-luc together with
expression vectors for the wild-type or the 5171A mutant of TORC2. For pZp-luc, plasmids with wt BZLF1 (+2)
oramutant BZLF1 lacking the b-Zip domain (+dZ) were also transfected. Luciferase assays were carried out as
described under “Experimental Procedures.” The luciferase activity is shown as -fold activation of that without
TORC2 for pCRE-luc (left part) and that with neither BZLF1 nor TORC2 for pZp-luc (right). Each bar represents the
mean and S.D. of three independent transfections. C, dephosphorylated TORC2 interacts with BZLF1. Protein
lysates from B95-8 cells treated with TPA and A23187 for 24 h were subjected to IP using normal IgG or
anti-BZLF1 antibody followed by SDS-PAGE and IB with anti-TORC2 (upper panel) and -BZLF1 (lower panel)
antibodies. WCE, whole cell extracts. D, phosphorylation of TORC2. Proteins from B95-8 cells treated with TPA
and A23187 were lysed in calf intestine alkaline phosphatase buffer and incubated with or without calf intes-
tine alkaline phosphatase for 1h followed by SDS-PAGE and IB with anti-TORC2 antibody. E, localization of
endogenous TORC2 (red) and BZLF1 protein (green) in Tet-BZLF1/B95-8 cells. Cells were mock-treated (middle
panels) or treated with doxycycline and A23187 (top and bottom panels) and analyzed by immunofluorescence
assay using confocal microscopy. 4’,6-Diamidino-2-phenylindole (blue) staining was also carried out. As a
negative control, treatment with first antibodies was omitted for the bottom panels.

without 1st ab
Dox/A23187

ence of calcium signaling, TORC?2 is dephosphorylated by cal-
cineurin at phosphoserine 171, triggering disruption of the
interaction with 14-3-3 and import into the nucleus where it

AU
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can activate CRE-mediated tran-
scription. We could confirm that
the addition of A23187, a calcium
ionophore, enhanced the transloca-
tion of FLAG-tagged TORC2 to
nuclei as well as an alanine-substi-
tuted TORC2 mutant at Ser-171
(S171A) (Fig. 34).

Using the construct, we exam-
ined the effect of the S171A muta-
tion of TORC2 on the Zp of EBV
(Fig. 3B). Wild-type TORC2
induced CRE-dependent reporter
gene expression 59-fold and its
S171A mutant 272-fold when com-
pared with the luciferase activity
without TORC. The result was quite
similar to a previous report (12)
indicating the reliability of this sys-
tem. When both wt BZLF1 protein
(+Z) and wild-type TORC2 were
expressed, Zp was activated
150-fold as compared with the
activity with neither wt BZLF1 pro-
tein nor TORC2. Co-expression of
wt BZLF1 protein (+Z) and the
S171A TORC2 exhibited 433-fold
activation, whereas co-expression
of the mutant BZLF1 protein lack-
ing b-Zip sequence (+dZ) and the
S171A TORC2 were without effect.

In Fig. 3C, coimmunoprecipita-
tion assay not only confirmed the
interaction between endogenous
TORC2 and BZLF1 but also
revealed that BZLF1 protein prefer-
entially associates with faster-mi-
grating species of TORC2, which
are dephosphorylated forms of the
protein (Fig. 3D) (12, 31).

In the EBV lytic replication, it was
previously demonstrated that the
BZLF1 protein localizes to replica-
tion compartments, the sites of viral
genome replication and transcrip-
tion, in the nuclei (3, 32). Immuno-
fluorescence analysis showed that
upon induction, TORC2 was
recruited to the replication com-
partments and colocalized with
BZLF1 protein in the nucleus in the
lytic phase, whereas the protein was
localized in the cytoplasm in the
latent phase (Fig. 3E).

In addition, we confirmed that

cyclosporin A, an inhibitor of calcineurin signaling pathway,
clearly blocks the BZLF1 expression in B95-8 cells treated with
TPA and calcium ionophore (supplemental Fig. S1). These results
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cells, in which EBV is latently

A vector nggz B vector TSIS%Q infected, were transfected with the
TORC?2 expression vector and incu-
TPA/A23187 + + IgG F + bated with or without TPA/A23187
Pre— & (Fig. 4A4). The cells expressed the
IB;BZLF1 - 1B;BZLF1 -~ C 8 BZLF1, BMRF1, and BALF5 pro-
< B(© teins in response to TPA/A23187

il =
IB:BMRF1 - 1B;BMRF1 VS s 8 treatment, and further exogenous
> o expression of TORC2 increased the
levels of the proteins. A similar result
IB;BALF5 —_ o IB;BALFS - — IB;BZLF1 — was obtained in Akata cells (Fig. 4B).

Expression of S171A mutant of

IB:Flag IB;Flag e e IB:Flag - TORC?2 appears to impact on BZLF1
' 5 5 levels significantly (data not shown).
We also tested EBV-293 cells, in

IB;GAPDH = IB:GAPDH s sy IB;:GAPDH o

FIGURE 4. Increased expression of the BZLF1 protein on exogenous expression of TORC2.A and 8, GTC-4

which levels of exogenous gene
expression are very efficient (Fig. 4C).

(A) cells or Akata (B) cells were transfected with the TORC2 expression vector, and 24 h thereafter, TPA(20 Even in the absence of TPA/A23187,
ng/ml)and A23187 (0.5 M) or igG was added tothe culture followed by incubation foranother 24 hand IBwith  overexpression of TORC2 Clearly

anti-BZLF1, -BMRF1, -BALFS, -FLAG, and -GAPDH antibodies. C, EBV-293 cells transfected with the TORC2
expression vector were incubated for 24 h followed by 1B with anti-BZLF1, -FLAG, and -GAPDH antibodies.

N
= & C
A S
S 2
5 5 SIRNA SiRNA
IBTORC2 w Cont TORC2
IBGAPDH WSS  1pa/A23187 + +

RTPCR:TORC2 - R e | 4o
RTPCR:GAPDH =

B IB:BMRF1
30 P I
giorl. IB:BALF5
[ =
[}
= 20}
> IB:GAPDH s
E’ 15 ,
3 w0} IB:.TORC2 "
w
S b
N N
(&} (6]
T CEC
R38R RTPCR:GAPDH-
7 I )
+Z

RTPCR;TORC2

RTPCR;GAPDH

enhanced BZLF1 protein levels.

To examine the function of
TORC?2 under physiological condi-
D tions, we employed siRNA technol-

ogy using a synthetic oligonucleo-

siRNA siRNA  tide that forms a duplex RNA

Cont TORC2  encoding partial nucleotides from

TORC2. As shown in Fig. 54, treat-

IgG + + ment with siRNA against TORC2
reduced the level of TORC2 mRNA

IB;BZLF1 - in HEK293T cells, whereas the level

of GAPDH remained unchanged.
TORC2 siRNA treatment also
resulted in a decrease in the BZLF1-
IB:BALFS '3 mediated transcription (Fig. 5B;
+Z, si-TORC2) when compared
with control siRNA treatment (+Z,
si-Cont).

In addition, the effect of siRNA
against TORC2 was also examined
in GTC-4 and Akata cells, as shown
in Fig. 5, C and D, respectively.
Treatment with TORC2 siRNA
suppressed the mRNA expression
of TORC2, whereas the GAPDH
gene was unaffected. The treatment

IB:BMRF1

FIGURE 5. BZLF1-mediated transcription depends on endogenous TORC2 expression. A and B, HEK293T also reduced the levels of viral lytic
cells were transfected with duplexes of 21-nucleotide siRNA against TORC2 (si-TORC2) or control (si-Cont) siRNA  proteins including BZLF1.

togetherwith 10 ng of pZp-luc with or without 10 ng pcDNABZLF1 (+2). 1B and RT-PCRassays (A) and luciferase

assays (B) were carried out as described under “Experimental Procedures.” T

he luciferase activity is shown as To eliminate the possibility that

“fold activation of that with control SiRNA without BZLF1. Each bar represents the mean and SD. of three ~ the siRNA against TORC2 might
independent transfections. C and D, knock-down of TORC2 mRNA in GTC-4 (C) and Akata (D) cells. Cells trans-  eljcit interferon signaling path-
fected with siRNA against TORC2 (siRNA TORC2) or the Control (sIRNA Cont) were cultured with TPA (20 ng/ml)

and A23187 (0.5 um) or IgG for 24 h. Protein or mRNA levels of BZLF1, BMRF1,
examined by IB or RT-PCR.

suggest a cooperative influence of the BZLF1 protein and dephos-
phorylated TORC2 in the presence of calcineurin signaling
activation.

Role of TORC2 in EBV Reactivation from Latency—To exam-
ine the role of TORC2 in EBV reactivation from latency, GTC-4

MARCH 20, 2009-VOLUME 284-NUMBER 12 XBBDIE\

BALF5, TORC2,and GAPDHwere WY, Wwe analyzed interferon-3
expression by RT-PCR (33)

because activation of the signaling
pathway provoked by double-stranded RNA causes the pro-
moter activation. Treatment with TORC2 siRNA did not
induce the levels of interferon-fB (supplemental Fig. S2),
indicating that interferon signaling is not activated by si-
TORC2.
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FIGURE 6. Proposed model for EBV Zp activation. TORC2, as well as myo-
cyte enhancer factor 20 (MEF2D), is activated by calcineurin, a phosphatase
that can be inhibited by CsA or FK506. TORC2 is able to associate with CREB or
the BZLF1 protein and enhances Zp activity through binding to Zll and ZIll ¢is
elements. PLC, phospholipase C; PKC, protein kinase C; DAG, diacylglycerol;
CaM, calmodulin; BCR, B-cell receptor.
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To deny the possibility that the TORC2 siRNA used in Fig. 5
might act through unknown off-target effects, we tested
another TORC2 siRNA in supplemental Fig. S3. It also sup-
pressed the expression level of the BZLF1 protein.

To test if not only TORC2 but also other TORCs might be
involved in this process, all the members of TORC proteins
were silenced simultaneously. In that case, however, reduction
of the BZLF1 level was no stronger than that by si-TORC2 only
(Fig. supplemental S4), suggesting the dominant role of TORC2
in this transcriptional activation. These results strongly suggest
the importance of TORC2 in BZLF1 production and EBV reac-
tivation from latency.

DISCUSSION

In this report we document evidence that TORC is able to
enhance transcription from Zp and, more interestingly, that
TORC interacts with the BZLF1 protein to activate the pro-
moter very strongly. Fig. 6 shows our working model for Zp
induction. Previous studies have demonstrated that both ZI
and ZII elements are necessary for the initial activation (2, 34).
It has been reported that myocyte enhancer factor 2D plays a
crucial role in virus reactivation from latency (5), being dephos-
phorylated by calcineurin and enhancing its binding to ZI
CREB family transcription factors bind to ZII when phospho-
rylated by protein kinase C, calmodulin kinase, or possibly
mitogen-activated protein kinases. In addition to the activation
by phosphorylation, our reporter assays indicated that CREB is
activated by TORC in a CREB phosphorylation-independent
manner. Furthermore, our study strongly suggests that TORC

8040 JOURNAL OF BIOLOGICAL CHEMISTRY

also potentiates the promoter activity by binding to the ZIII
element through the BZLF1 protein. Calcineurin, a serine/thre-
onine-phosphatase sensitive to cyclosporin A is responsible for
the dephosphorylation and the activation of TORC. In turn,
cyclosporin A and FK506 are very effective for suppressing
EBV.

A number of cellular proteins have been reported to interact
with the BZLF1 protein, including p53 (35, 36), C/EBP« (37),
NF-«B (38), basic transcriptional machinery TFII components
(39), and CREB-binding protein (CBP) (40, 41). Among these,
CBP has histone acetyltransferase activity and cooperates with
the BZLF1 protein to transactivate BZLF1-dependent tran-
scription, inducing the viral lytic cycle. Mutation analysis
revealed that at least the homodimerization domain (b-Zip) of
the BZLF1 protein is required for its interaction with CBP, but
other parts of the protein also must be involved in the associa-
tion (40, 41). The BZLF1 protein also interacts with TFII com-
ponents mainly through the transactivation domain and stabi-
lizes the association of initiation complexes on DNA. Stable
assembly of general transcriptional machinery might promote
transcription from BZLF1-responsive promoters. Interestingly,
TORC enhances the interaction of CREB with the TAF,130
component of TFIID (11), and at least TORC2 mediates target
gene activation by associating with CBP/p300 and increasing its
recruitment to CREB-responsive promoters (31). From these
studies and our own results, the BZLF1 protein may not only
directly recruit CBP/p300 and basic transcriptional machinery
but also be able to recruit them through TORC2.

Besides EBV, transcription from human T-cell leukemia
virus type 1 long terminal repeats is also affected by TORC
proteins (21, 42). TORC activates long terminal repeats
through interaction with the viral transcriptional factor Tax as
well as CREB. So this mode of the action is quite parallel to the
situation with EBV, Because both human T-cell leukemia virus
type 1 and EBV are lymphotropic viruses, there is a possibility
that other lymphotropic viruses such as the human immunod-
eficiency virus might also be controlled by TORC proteins.

Curiously, although CMV immediate-early promoter has a
CREB binding motif (26), we here observe that transcription
from the promoter is less affected by TORC proteins (Fig. 1C)
when compared with the BZLF1 promoter, an EBV immediate-
early gene. Others also have used expression vectors driven by
the CMV immediate-early promoter and shown that the pro-
moter activity is relatively unaffected (22, 42). It is speculated
that this might be because the activation by TORC is dependent
on the promoter context (11, 43). Because immediate-early
genes of herpesviruses are crucial for lytic infection, distinct
dependence of the promoters on TORC proteins may reflect
differences in the characters of those herpesviruses.

Although TORC proteins could enhance Zp 100-fold in
reporter assays, overexpression or ablation of TORC2 had only
a relatively small impact on BZLF1 production under physio-
logical conditions. It is likely that transcriptional suppressors of
the promoter such as YY1 (44) might inhibit transcription.
Another intriguing possibility is that there might be epigenetic
regulation such as DNA methylation or histone deacetylation.
Interestingly, Gruffat et al (45) reported that myocyte

enhancer factor 2 family protein, a crucial transactivator for the
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Zp, recruits class II histone deacetylases to suppress transcrip-
tion from Zp. They argued that the switch from latency to the
productive cycle is dependent at least in part on the post-trans-
lational modification of myocyte enhancer factor 2 and local
acetylation state of histones around the Zp. Likewise, the tran-
scriptional co-activator TORC can associate with BCL-3, which
recruits histone deacetylases to inhibit transcription (22).
These results and the cited reports suggest that the molecular
mechanism regulating EBV reactivation from latency is not
quite as simple as expected, and further clarification of the
mechanism of BZLF1-mediated transcription is necessary. Elu-
cidation of associating factors and chromosomal environment
of the Zp proximity may contribute to the development of anti-
EBV compounds.
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Replication and infectivity of hepatitis C virus (HCV) with a defective genome is ambiguous. We molecularly
cloned 38 HCV isolates with defective genomes from 18 patient sera. The structural regions were widely deleted,
with the 5’ untranslated, core, and NS3-NS5B regions preserved. All of the deletions were in frame, indicating
that they are translatable to the authentic terminus. Phylogenetic analyses showed self-replication of the
defective genomes independent of full genomes. We generated a defective genome of chimeric HCV to mimic the
defective isolate in the serum, By using this, we demonstrated for the first time that the defective genome, as
it is circulating in the blood, can be encapsidated as an infectious particle by frans complementation of the

structural proteins.

Viruses with a deletion mutation in their genome have been
identified as defective interfering (DI) particles for many virus
species (1, 3, 9, 16). Part of the DI virus genome is deleted, but
regions indispensable for replication and packaging are pre-
served. Most DI viruses occur spontaneously in the course of
cell culture infected with a high titer of wild-type viruses. Hep-
atitis C virus (HCV) with a defective genome has been found
in liver and serum specimens of some HCV patients (4, 8, 15).
HCV has a plus-strand RNA genome that encodes the viral
core, E1, E2, and p7 structural proteins and NS2, NS3, NS4A,
NS4B, NS5A, and NS5B nonstructural proteins (10). Accord-
ing to the reports, the deletions have been found mainly in the
structural region and most of the deletions are in frame, but
some deletions are out of frame (4), raising questions about
whether the defective HCV genome is merely a by-product of
a full genome or a self-replicating genome and whether it can
be encapsidated into an infectious virus particle.

In the present study, we molecularly cloned 38 HCV isolates
with defective genomes from HCV patient sera to address
these questions by genetic analyses and infection experiments.
As long as we explored, all of the deletions were in frame,
indicating the potential to support translation from the authen-
tic initiation codon to the termination codon, although the
structural region was widely deleted, as reported previously.
Phylogenetic analyses evidenced self-replication of the defec-
tive genomes independent of full genomes. We demonstrated
for the first time, by rans complementation experiments, that
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the defective genome, as it is circulating in the blood, can be
encapsidated as an infectious particle, designated HCV p.
First, to amplify HCV cDNAs in 21 serum specimens from
18 HCV patients (genotype 1b), we performed three sets of
long-distance reverse transcription (RT)-PCRs flanking (i) the
5’ untranslated region (UTR) to the 5' part of the NS3 region,
(ii) the remaining part of the NS3 region to the end of NS5B,
and (iii) the 5 UTR to the end of the NS5B region (Fig. 1A).
The specimens were collected with informed consent. cDNA
was synthesized with RNase H-deficient reverse transcriptase
Superscript IIT (Invitrogen, Carlsbad, CA) at a higher temper-
ature (55°C) to reduce template switching and mispriming.
PCRs were performed in a (hemi)nested manner with high-
fidelity polymerase KOD plus or KOD FX (Toyobo, Osaka,
Japan) as described previously (5). For some target nucleotide
positions, a mixture of two or three primers was used to reduce
mismatches due to sequence heterogeneity (Table 1). Of the
21 specimens examined, representative results are shown in
Fig. 1. An amplicon of the 5’ UTR-NS3 region of the predicted
size (ca. 3.7 kb) was detected in all specimens (18/18), and
representative results are shown in Fig. 1B. In addition, a
shorter amplicon suggestive of a defective HCV genome was
simultaneously present in four specimens from 1 (R4) of 12
cases of clinically mild hepatitis and from 3 (T5, K3, and
K4-pre) of 6 cases of active hepatitis (clinical data not shown).
Defective genomes were found in the patients with relatively
higher copy numbers of HCV RNA (>8.1 X 10° copies/ml in
the 5' UTR, Table 2), suggesting that the coexistence of a
defective genome is related to hepatitis severity. The authen-
tic-size amplicon was poorly detected when coexisting with a
defective HCV genome shorter than 2 kb (T5 and K3), pre-
sumably because of preferential amplification of the shorter
amplicon. A shorter amplicon was not detected for the NS3-

—320—

010z '2 Aenuep uo Ajisiaaiun 0joAy) Je 6o wse Inl woy papeojumog



