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Figure 2 Core-dependent recruitment of active HCV replication complexes
to the LD. (a) Huh-7 cells transfected with JFH152"t RNA were analysed
by in situ hybridization with strand-specific probes (plus or minus).

The cells were labelled to simultaneously visualize lipid droplets (LDs),
NSS5A and Core (lower panels). Higher-magnification images of area 1
and area 2 are shown in the upper and middle right panels 1 and 2,
respectively. Scale bars: 2 pym (panels 1, 2); 10 pm (lower right panel).
(b) The percentages of JFH1E2F\- JFH19¢3- and JFH1PPA-expressing
cells positive for overlapping signals for LDs and plus- or minus-strand
hepatitis C virus (HCV) RNA (n > 200). (c) Intact or digitonin and
nuclease-treated (dig/nuc) JFH1%7L replicon-bearing cells were analysed

located in the perinuclear region (see Supplementary Information,
Fig. S4a). More importantly, in about 20% of these cells, plus- and
minus-strand RNAs accumulated around LDs (Fig. 2a, upper and mid-
dle panels; 2b) and colocalized with HCV proteins such as Core and
NS5A (Fig. 2a, lower panels). No association between HCV RNA and
LDs was detected in JEH1¢®- or JEH1*P/A4_replicating cells (Fig. 2b).
Northern blot analysis revealed that 4.8% and 5.4% of total plus- and
minus-strand HCV RNA, respectively, were detected in purified LD
fractions of JFHEL-replicating cells (data not shown). Induction of
LD formation with oleic acid did not affect HCV RNA accumulation
around LDs (data not shown). These results provide strong evidence
that Core recruits HCV RNA as well as NS proteins to LDs.
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by in situ hybridization. The percentages of cells with overlapping
signals for LD and plus- or minus-strand HCV RNA are shown (n > 200).
(d) RNA-synthesizing activity in the LD fractions purified from cells
transfected with JFH1€27 JFH192 or JFH1PP* RNA (top panel). Asa
control, HCV RNA synthesis activity in digitonin-permeabilized cells was
analysed (second panel from the top). HCV protein levels represented by
NSS5A are shown, together with the levei of tubulin (bottom two panels).
(e) Localization of plus-strand HCV RNA and Core in JFH19 replicon-
bearing cells transfected with pcDNA3-Core™ (Scale bar, 10 pm).
Uncropped images of gels are shown in Supplementary Information Fig.
S6. All error bars are derived from s.d.

The HCV replication complex is compartmentalized by lipid bilayer
membranes'®-!, Therefore, HCV RNA in the complex is resistant to
nuclease treatment in digitonin-permeabilized cells'” (Supplementary
Information, Fig. S$4b-d). In situ hybridization analysis did not reveal a
significant difference in the number of cells containing LD-associated
HCV RNA before and after nuclease treatment (Fig. 2¢), indicating that
HCV RNA around LDs is part of the replication complex. An RNA syn-
thesis assay showed that the purified LD fraction from JFH1E#-, but not
JFH14%- or JFH1PPA-replicating cells, possessed HCV RNA synthesis
activity, even though the expression levels of viral proteins and RNA-syn-
thesizing activities in total cell lysates were similar (Fig. 2d). Moreover,
the addition of Core™ rescued the localization of plus- and minus-strand
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Figure 3 Spatial distribution of Core and NS5A relative to the LD.

(a, b) The localizations of Core, NS5A and ADRP around the lipid
droplets (LDs) in JFH1E%! replicon-bearing cells were analysed using
immunofluorescence microscopy. Scale bars, 1 ym. (c) Typical images
of the localization of LDs, Core, NS5A and merged images are shown
with the relative scale of each image. (d, e) Transmission electron
micrographs of LDs in naive Huh-7 cells and JFH1E%-expressing cells.
Arrows and arrowheads indicate LD-associated membranes and rough
ER membranes, respectively. (f) Frequency of LDs with close appositions

HCV RNA around LDs in JFH*®-replicating cells (Fig. 2e and data not
shown). Both plus- and minus-strand RNA associated with LDs were
nuclease resistant (data not shown). These results demonstrate that Core
recruits biologically active replication complexes to LDs.

The LD is surrounded by a phospholipid monolayer'®, whereas HCV
replication complexes are likely to be surrounded by lipid bilayer mem-
branes's"”. Therefore, the replication complexes might not be directly

of membrane cisternae. About 100 Huh-7 cells or JFH1®%"l.expressing
cells, respectively, were chosen randomly. LDs with apposed membrane
cisternae, as exemplified in panel e, were counted as positive. The LDs
judged as positive were divided by the total number of LDs.

(g-j) Immunoelectron micrographs of LDs labelled with antibodies
against Core (g), NS5A (h, i) or both (j) are shown. Panel i is a higher
magnification of area 1 in panel h. In panel j, Core and NS5A are labelled
with 15 nm and 10 nm gold particles, respectively. Scale bars, 200 nm.
All error bars are derived from s.d.

associated with the membranes of LDs. To characterize the colocalization of
LDs, viral proteins and replication complexes more precisely, we analysed
thelocalization of NS5A with high-resolution immunofluorescence micro-
scopy. Core was completely colocalized with ADRP, residing on the surface
of LDs* (Fig. 3a), thus indicating that Core also directly associates with the
surface of LDs. More importantly, NS5A mainlylocalized around the Core-
positive area, resulting in a doughnut-shaped signal with a diameter slightly
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Figure 4 LD associations of Core and NS proteins are necessary for the
production of infectious HCV particles. (a) The culture medium from JFH1E2F.-
JFH1S- or JFH1PP A replicating cells was collected at the indicated time points
and the titre of hepatitis C virus (HCV) RNA was measured by real-time RT-PCR
(upper panel, n = 3). The culture medium was added to naive Huh7.5 cells and,
24 h after inoculation, and cells were labelled with anti-HCV antibodies (lower
panels, red). (b) JFH19® replicon-bearing cells were transfected with pcDNA3
(EV), pcDNA3-Core™(Core*) or pcDNA3~Core™™* (CoreP™ ™), The level of HCV
RNA and the infectivity of the culture medium were examined as described
above (n = 3}. {c) Subcellular localization of NS5A and Core in cells expressing
JFH1A99_ The insets are high magnifications of the area of the corresponding
panel. Scale bar, 2 pm. (d) Percentages of cells in which the signals for given
HCV proteins, and plus- and minus-strand HCV RNA, overlapped with those

for LDs (n > 200). (e} Different amounts of JFH1E2ft (E2FL), JFH1A%° (99) or
JFH1MA192 (102) RNAS, respectively, were transfected into the same number of

Buoyant density (g mi~)

Huh-7 cells. HCV RNA synthesis activity in purified LD fractions (LLD) and whole-
cell lysates (whole cell) was analysed (HCV RNA synthesis). 28S rRNA was used
as a control. Western biot analysis of NS5A, NS5B and tubulin in celis is also
shown. All the RNA samples in the top panel were run on the same gel.

(f) Analysis of HCV released from cells expressing JFH1E¥t, JFH1A499 or
JFH1MA102_ HCV RNA titres (black bars) and amounts of Core (white bars) -
accumulated in the culture medium at 5 d after RNA transfection were
measured (upper panel, n = 3). Infectivity of the culture medium for naive
Huh-7.5 cells was analysed as described above (lower panels). (g} Concentrated
culture medium from JFH127- and JFH1*%-replicating cells was fractionated
using 20-50% sucrose density-gradient centrifugation at 100,000 gfor 16 h.
For each fraction, the amounts of Core (black line), HCV RNA (blue line) and
infectivity (represented by infected cell numbers in a well; red line) are plotted
against the buoyant density (x-axis) (n = 3). Uncropped images of gels are shown
in Supplementary Information Fig. S6. All error bars are derived from s.d.
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Figure 5 Virus-assembly takes place around the LDs. (a) immunoelectron
microscopic detection of E2 and Core in JFH152-replicating cells. E2 and
Core are labelled with 15 nm and 10 nm gold particles, respectively.

(b) Western blot analysis of the lipid droplet (LD) fraction from JFH1E2"

and JFH193 replicon-bearing cells with anti-E2 and anti-ADRP antibodies.

(c) Transmission electron micrographs of JFH1E#L-replicating cells. Arrows
indicate virus-like particles. (d) immunoelectron micrographs of LDs labelled
with antibodies against Core (10 nm) and E2 (15 nm) are shown. Arrows show
Core in electron-dense granules. Scale bar: a and upper pane! of ¢: 100 nm;

larger than that of Core (Fig. 3b). The LD-proximal NS5A signal partially
overlapped with the Core signal (Fig. 3b, c, grey). This concentric stain-
ing pattern was also observed with the other NS proteins (Supplementary
Information, Fig. S5a), indicating that NS proteins associate with Core on
the surface of LDs. Electron microscopic analysis only rarely revealed a
cdose association of LDs with other organelles in naive Huh-7 cells (Fig. 3d,
f). However, in the case of JFH1¥.-replicating cells, about 30% of the LDs
were in close proximity to membrane cisternae (Fig. 3e, arrows; 3f), argu-
ing for a HCV-induced membrane rearrangement around LDs. Core was
mainly located on the periphery of LDs, and occasionally signals were

in d and lower panels of ¢: 50 nm. (e) A model for the production of infectious
hepatitis C virus (HCV). Core mainly localizes on the monolayer membrane that
surrounds the LD. HCV induces the apposition of the LD to the endoplasmic
reticulum (ER)-derived bilayer membranes (LD-associated membrane). Core
recruits NS proteins, as well as replication complexes, to the LD-associated
membrane. NS proteins around the LD can then participate in infectious virus
production. E2 alse localizes around the LD. Through these associations, virion
assembly proceeds in this local environment. Uncropped images of gels are
shown in Supplementary Information Fig. S6.

observed in more distal areas of the LDs (Fig. 3g, arrowheads and arrows,
respectively). Although some NS5A signals were observed on the surface
of the LD, the majority of NS5A signals were detected more distal of LDs
(Fig. 3h, i). Furthermore, we often observed membrane cisternae as white
lines in the same area as NS5A signals (Fig. 3i, arrows). When the same
section was labelled with anti-Core and anti-NS5A antibodies, Core was
detected on the surface of the LDs, whereas NS5A was mainly observed in
the peripheral area of the LDs (Fig. 3j, arrowheads and arrows, respectively).
In summary, these results show that Core recruits NS proteins, as well as
HCV replication complexes, to the LD-associated membranes.
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The above results prompted us to ask whether Core-LD colocali-
zation is important for the production of infectious virus particles.
JEH1®"replicating cells released virions into the culture medium and
these viruses were highly infectious for naive Huh-7.5 cells''?, although
culture medium from JFH1"4%. or JFH14®-replicating cells did not
contain significant levels of HCV RNA and infectious virus (Fig. 4a).
However, following trans-complementation with Core*", a high titre of
HCV RNA and infectious virus could be rescued from JFH14®-replicat-
ing cells (Fig. 4b; and see Supplementary Information, Fig. S5b, c). In
contrast, the production of infectious viruses was not rescued by trans-
complementation ‘with Core’”** (Fig. 4b). RNA-binding properties
and oligomerization of Core™ and Core®™A4, which are both necessary
for virus assembly, were similar (Supplementary Information, Fig. S5d;
ref. 22), arguing that the primary defect of this mutant in preventing
infectious virus production is the inability to associate with LDs.

To investigate the contribution of NS proteins around LDs to infec-
tious virus production, we used variants of NS5A, which were not
recruited to LDs even in the presence of Core. We assumed that NS5A
was crucial for recruiting other NS proteins to LDs, because the level
of NS5A recruited to LDs via Core was higher than the levels of the
other recruited NS proteins (Fig. 1c, JFH1%#). Using alanine-scanning

mutagenesis within the NSSA coding region of JFHI1®%, we gener-

ated two mutants, JFH1444% and JFH144412 in which the amino-acid
sequence APK (aa 99-101 of NS5A) or PPT (aa 102-104 of NS5A) was
replaced by AAA (Supplementary Information, Fig. S$1). In JFH14AA%.
and JFH144A% replicating cells, NS5A was rarely detected around LDs,
whereas Core was still localized to LDs (Fig. 4¢, d). Importantly, these
mutations impaired not only the NS5A association with LDs, but also
the recruitment of other NS proteins and viral RNAs to LDs (Fig. 4d).
These results indicate that NS5A is a key protein that recruits replica-
tion complexes to LDs. Importantly, HCV RNA synthesis activity in the
LD fractions from these mutant JFH1-replicating cells was also severely
impaired (Fig. 4e), corroborating the lack of association of HCV replica-
tion complexes with LDs.

To investigate the infectious virus production of these NS5A
mutants, we prepared cells expressing similar levels of HCV proteins
and RNA by adjusting the amount of transfected HCV RNA (Fig. 4e).
This was necessary, because replication activities of these mutants were
lower compared with JFH18". Under these conditions, the amounts
of Core and HCV RNA that were released into the culture medium
from cells transfected with the mutants were comparable to JFH &L
(Fig. 4f, upper graph). However, infectivity titres of the mutants were
severely reduced (Fig. 4f, lower panels). In sucrose density-gradient
centrifugation of culture medium from JFH18-bearing cells, two
types of HCV particles were detected: low-density particles (about
1.12 g ml"") with high infectivity (Fig. 4g, green area of JFH1%'), and
high-density particles (about 1.15 g ml*!) without infectivity (yellow
area). This result indicates that only a minor portion of released HCV
particles is infectious, whereas the majority of released particles lack
infectivity. In contrast, cells bearing the JFH1444% mutant almost exclu-
sively released non-infectious particles of around 1.15 g ml-!, whereas
infectious particles were barely detectable (Fig. 4g, JFH1444%), Taken
together, these results provide convincing evidence that the association
of NS proteins and replication complexes around LDs is critical for
producing infectious viruses, whereas production of non-infectious
viruses seems to follow a different pathway.

LETTERS

The results described so far imply that some step(s) of HCV assem-
bly take place around LDs. To explore this possibility, we analysed the
distribution of the major envelope protein E2 around the LD. Electron
microscopic analysis revealed that, in about 90% of JFH15F.-replicat-
ing cells, E2 was localized in the peripheral area of the LDs (Fig. 5a,
large grains). This labelling pattern was similar to the one observed for
NS5A (Fig. 3j), indicating that E2 also localizes on the LD-associated
membranes. Western blot analysis of the LD fraction supported this
conclusion, because the LD fraction that was purified from JFH18-
replicating cells, but not from JFH14%-replicating cells, contained E2
(Fig. 5b). Furthermore, spherical virus-like particles with an average
diameter of about 50 nm were observed around LDs in JFH152F.-repli-
cating cells (Fig. 5¢, upper panel). These particles were never observed
in naive Huh-7 cells. A more refined analysis indicates that these par-
ticles are closely associated with membranes in close proximity to
LDs (Fig. 5¢, lower panels, arrows). Finally, these particles around the
LDs reacted with Core- and E2-specific antibodies, arguing that the
particles represent true HCV virions (Fig. 5d). These results suggest
that infectious HCV particles are generated from the LD-associated
membranous environment.

In this study, we have demonstrated that Core recruits NS proteins,
HCV RNAs and the replication complex to LD-associated membranes.
Mutations of Core and NS5A (Fig. 4), which failed to associate with
LDs, impaired the production of infectious virus. We note that the
mutant Core retains the ability to interact with RNA (Supplementary
Information, Fig. $5b) and to assemble into nucleocapside?. Similarly,
the NS5A mutant still supports viral genome replication and the for-
mation of capsids or virus-like particles, arguing that the introduced
mutations in Core and NS5A do not affect overall protein folding,
stability or function (Fig. 4). Taken together, the data show that the
association of HCV proteins with LDs is important for the production
of infectious viral particles (Fig. 5e).

Our results also indicate that NS proteins around the LDs participate
in the assembly of infectious virus particles. In one scenario, NS pro-
teins may indirectly contribute to the different steps of virus produc-
tion — for example, by establishing the microenvironment around the
LDs that is required for infectious virus production. Alternatively, NS
proteins around the LDs may directly participate in virus production
— for example, as components of the replication complex that provide
the RNA genome to the assembling nucleocapsid.

In support of the role of LDs in virus formation, we observed that
colocalization of HCV protein with LDs was low in cases of the chimera
Jel, supporting up to 1,000-fold higher infectivity titres compared with
JEH1 (ref. 13). In a Jc1-infected cell, only about 20% of LDs demon-
strated detectable colocalization with Core, but this value increased to
80% in the case of a Jc1 mutant lacking most of the envelope glycopro-
tein genes and thus being unable to produce infectious virus particles
(data not shown). This inverse correlation between the efficiency of
virus production and Core protein accumulation on LDs indicates that
rapid assembly and virus release results in the rapid liberation of HCV
proteins from the LDs.

Steatosis and abnormal lipid metabolism caused by chronic HCV infec-
tion may be linked to enhanced LD formation'. In fact, the overproduc-
tion of LDs is induced by Core (Supplementary Information, Fig. $3) and
HCYV also induces membrane rearrangements around LDs (Fig. 3d-f).
Our findings suggest that excessive Core-dependent formation of LDs
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and membrane rearrangements are required to supply the necessary
microenvironment for virus production. NS proteins and HCV RNA
seem to be translocated from the ER to the LD-associated membranes.
Interestingly, the LD-associated membranes were occasionally found in
continuity with ribosome-studded rough ER (Fig. 3¢, arrowheads). Thus,
at least parts of the LD-associated membranes are likely to be derived
from ER membranes. ER marker proteins, however, were not detected
in the LD fraction, suggesting that the LD-associated membrane is char-
acteristically distinct from that of ER membranes.

To our knowledge, this is the first report showing that LDs are required
for the formation of infectious virus particles. The fact that capsid pro-
tein of the hepatitis G virus also localizes to LDs'" indicates that LDs
might be important for the production of other viruses as well. Our
findings demonstrate a novel function of LDs, provide an important
step towards elucidating the mechanism of HCV virion production and
open new avenues for novel antiviral intervention. (|

METHODS

Antibodies. The antibodies used for immunoblotting and immunolabelling
were specific for Core (#32-1 and RR8); E2 (AP-33 (ref. 23); 3/11, CBH5 and
Flag M2 (Sigma-Aldrich, St Louis, MO); NS3 (R212)"7; NS4A and 4B (PR12);
NS5A (NS5ACL1); NS5B (NS5B-6 and JFH1-1)%; ADRP (Progen Biotechnik,
Heidelberg, Germany); tubulin (Oncogene Research Products, MA, USA);
Grp78 (StressGen, Victoria, Canada); PDI (StressGen); and Calnexin-NT
(StressGen). Antibodies specific for Core (#32-1 and RR8), NS3 (R212} and
NS4AB (PR12) were gifts from Dr Kohara (The Tokyo Metropolitan Institute
of Medical Science, Japan). Anti-E2 antibody (AP-33) was provided by Dr Patel
(MRC Virology Unit, UK). Anti-NS5B (NS5B-6) antibody was kindly provided
by Dr Fukuya (Osaka University, Japan). Rabbit polyclonal antibodies specific
for NS5A were raised against a bacterially expressed GST-NS5A (1-406 aa)
fusion protein. In the case of the HCV chimeras Con1/C3 and H77/C3, immun-
ofluorescence analyses were performed by using the following antibodies: Core
(C7/50)%, a JFH1 NS3-specific rabbit polyclonal antiserum; NS4B (#86)*; and
NS5A (Austral Biologicals, San Ramon, CA).

Indirect immunofluorescence analysis. Indirect immunofluorescence analysis
was performed essentially as described previously”’, with slight modifications.
Cells transfected with JFH1 RNA were seeded onto a collagen-coated Labtech
11 8-well chamber (Nunc, NY, USA). The coating with collagen was performed
using rat-tail collagen type I (BD Bioscience, Palo Alto, CA) according to manu-
facturer’s instructions. Three days after seeding, the cells were washed twice with
phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,
and 1.4 mM KH,PO,) and fixed with fixation solution (4% paraformaldehyde
and 0.15 M sodium cacodylate at pH 7.4) for 15 min at room temperature. After
washing with PBS, the cells were permeabilized with 0.05% Triton X-100 in PBS
for 15 min at room temperature. For the precise localization of the proteins, the
cells were permeabilized with 50 pg ml-! of digitonin in PBS for 5 min at room
temperature?. After incubating the cells with blocking solution (10% fetal bovine
serum and 5% bovine serum albumin (BSA) in PBS) for 30 min, the cells were
incubated with the primary antibodies. The fluorescent secondary antibodies
were Alexa 568- or Alexa 647-conjugated anti-mouse or anti-rabbit IgG antibodies
(Invitrogen, Carlsbad, CA). Nuclei were labelled with 4;6-diamidino-2-phenylin-
dole (DAPI). LDs were visualized with BODIPY 493/503 (Invitrogen). Analyses
of JFH1 were performed on a Leica SP2 confocal microscope (Leica, Heidelberg,
Germany). Analysis of the Con1/C3 and the H77/C3 chimeras was performed
in the same way, except that imaging was performed on a Nikon C1 confocal
microscope (Nikon, Tokyo, Japan).

Electron microscopy. For conventional electron microscopy, cells cultured in
plastic Petri dishes were processed in situ. The cells were fixed in 2.5% glutar-
aldehyde and 0.1 M sodium phosphate (pH 7.4), and then in OsO, and 0.1 M
sodium phosphate (pH 7.4). The cells were then dehydrated in a graded ethanol
series and embedded in an epoxy resin. Ultrathin sections were cut perpendicular
to the base of the dish. For immuno-electron microscopy, cells were detached

from the dish with a cell scraper after fixation in 4% paraformaldehyde, 0.1%
glutaraldehyde and 0.1 M sodium phosphate (pH 7.4) for 24 h, and washed in
0.1 M lysine, 0.1 M sodium phosphate (pH 7.4) and 0.15 M sodium chloride.
After dehydrating the cells in a graded series of cold ethanol, they were embed-
ded in Lowicryl K4M at -20 °C. Ultrathin sections were labelled with primary
antibodies and colloidal gold particles (15 nm) conjugated to anti-mouse IgG or
anti-rabbit IgG antibodies. For double labelling, colloidal gold particles with dif-
ferent diameters (10 nm and 15 nm) conjugated to anti-mouse IgG or anti-rabbit
antibodies were used. Samples were observed after staining with uranyl acetate
and lead citrate with a JEM 1010 electron microscope at the accelerating voltage
of 80 kV. Anti-Core (#32-1 and RR88), anti-NS5A (NS5ACL1) and anti-E2 (Flag
M2) antibodies were used.

Preparation of the lipid droplets. Cells at a confluency of ~80% on a dish
with a diameter of 14 cm were scraped in PBS. The cells were pelleted by cen-
trifugation at 1,500 rpm. The pellet was resuspended in 500 pl of hypotonic
buffer (50 mM HEPES, 1 mM EDTA and 2 mM MgCl, at pH 7.4) supplemented
with protease inhibitors (Roche Diagnostics, Basel, Switzerland) and was incu-
bated for 10 min at 4 °C. The suspension was homogenized with 30 strokes of
a glass Dounce homogenizer using a tight-fitting pestle. Then, 50  of 10x
sucrose buffer (0.2 M HEPES, 1.2 M KoAc, 40 mM Mg(oAc), and 50 mM DTT
at pH 7.4) was added to the homogenate. The nuclei were removed by cen-
trifugation at 2,000 rpm for 10 min at 4 °C. The supernatant was collected and
centrifuged at 16,000 g for 10 min at 4 °C. The supernatant (S16) was mixed
with an equal volume of 1.04 M sucrose in isotonic buffer (50 mM HEPES,
100 mM KCIl, 2 mM MgCl, and protease inhibitors). The solution was set at
the bottom of 2.2-ml ultracentrifuge tube (Hitachi Koki, Tokyo, Japan). One
milliliter of isotonic buffer wasloaded onto the sucrose mixture. The tube was
centrifuged at 100,000 g in an $558 rotor (Hitachi Koki) for 30 min at 4 °C.
After the centrifugation, the LD fraction on the top of the gradient solution was
recovered in isotonic buffer. The suspension was mixed with 1.04 M sucrose
and centrifuged again at 100,000 g, as described above, to eliminate possible
contamination with other organelles. The collected LD fraction was used for
western blotting or the HCV RNA synthesis assay.

HCV RNA synthesis assay. An assay of HCV RNA synthesis using digitonin-
permeabilized cells was performed as described previously'’. For RNA synthe-
sis assays using the LD fraction, the LD fraction collected by sucrose-gradient
sedimentation was suspended in buffer B, which contained 2 mM manganese
(1) chloride, 1 mg ml™ acetylated BSA (Nacalai Tesque, Kyoto, Japan), 5 mM
phosphocreatine (Sigma), 20 units/ml creatine phosphokinase (Sigma), 50 pg ml™
actinomycin D, 500 uM ATP, 500 uM CTP, 500 uM GTP (Roche Diagnostics) and
1.85 MBq of [a-*2P] UTP (GE Healthcare, Little Chalfont, UK), and incubated
at 27 °C for 4 h. The reaction products were analysed by gel electrophoresis fol-
lowed by autoradiography.

Note: Supplementary Information is available on the Nature Cell Biology website:
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Anti-hepatitis C Virus Activity of Tamoxifen Reveals the
Functional Association of Estrogen Receptor with Viral RNA
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3

. Hepatitis C virus (HCV) is a major causative agent of hepato-
cellular carcinoma. HCV genome replication occurs in the rep-
lication complex (RC}) around the endoplasmic reticulum mem-
brane. However, the mechanisms regulating the HCV RC
remain widely unknown. Here, we used a chemical biology
approach to show that estrogen receptor (ESR) is functionally
associated with HCV replication. We found that tamoxifen sup-
pressed HCV genome replication. Part of ESRa resided on the
endoplasmic reticulum membranes and interacted with HCV
RNA polymerase NS5B. RNA interference-mediated knock-
down of endogenous ESRa reduced HCV replication. Mecha-
nistic analysis suggested that ESR« promoted NS5B association
with the RC and that tamoxifen abrogated NS5B-RC associa-
tion. Thus, ESRa regulated the presence of NS5B in the RC and

stimulated HCV replication. Moreover, the ability of ESRa to

regulate NS5B was suggested to serve as a potential novel target
for anti-HCV therapeutics.

Estrogen receptor (ESR)? belongs to the steroid hormone
receptor family of the nuclear receptor superfamily (1). ESR
consists of two subtypes, ESRa and ESRB. As a primary physi-
ological function, ESR is involved in the transcription for down-
stream genes in response to stimulation by the ligand, estradiol.
In the normal state, ESR is mainly located in the cytoplasm and
nucleus. Upon binding of the ligand, ESR dimerizes and trans-
locates into the nucleus, where it binds to the ESR-responsive
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elements (ERE) in the DNA promoter of downstream genes and
drives transcription. In addition to this classical genomic
action, a portion of ESR is located on the membrane, such as the
plasma membrane, and involved in the nongenomic function of
triggering signal transduction pathways, such as mitogen-acti-
vated protein kinase, phosphatidylinositol 3-kinase, and pro-
tein kinase C (2- 4). Although the molecular basis of ESR mem-
brane retention is not fully understood, one mechanism
involves a membrane protein, caveolin (CAV); ESRa interacted
with CAV, and this interaction facilitated ESRa localization to
the membrane (5, 6). It was also reported that ESRa localizes to
the lipid rafts on the plasma membrane (7). The lipid rafts are
microdomains of the membrane that form platforms enriched
in cholesterol and glycosphingolipids. However, the character-
istics and relevance of membrane-associated ESR have not been
fully disclosed. Here, we report the novel role of ESRa in the
regulation of viral replication.

Hepatitis C virus (HCV), a causative agent of chronic hepa-
titis, liver cirrhosis, and hepatocellular carcinoma, constitutes a
serious health problem worldwide (8). HCV has a positive
strand RNA genome that produces at least 10 functional viral
proteins: core, envelope 1, envelope 2, p7, nonstructural pro-
tein 2 (NS2), NS3, NS4A, NS4B, NS5A, and NS5B (9, 10). NS5B
is an RNA-dependent RNA polymerase, which plays a central
role in viral genome replication (11, 12). HCV genome replica-
tion can be evaluated using a HCV subgenomic replicon sys-
tem, which Lohmann et al. (13) first established. In this system,
cells carry an HCV subgenome RNA encoding NS3 to NS5B.
Using this system, it has been proposed that HCV genome rep-
lication occurs in the replication complex (RC), which contains
the viral genome RNA and HCV NS proteins. The RC forms on
the surface of the intracellular membranes, including the endo-
plasmic reticulum (ER) membrane, and is surrounded by a
membrane structure (14-17). It also has been reported that
HCYV genome replication associates with the lipid rafts on these
intracellular membranes, such as the ER membrane (14, 18).
These lipid rafts accumulate CAV2, and HCV proteins involved
in viral genome replication cofractionate with CAV2 (18).
However, it is largely unknown how the RC is formed and under
what mechanism the HCV proteins participate in the RC.

A chemical biology approach is a useful method to analyze
the molecular mechanism of viral life cycles as well as cellular
physiological processes (19). We employed forward chemical
genetics in which we analyzed HCV replication activity as a
phenotypic indicator of a cell-based assay to screen chemical
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compounds that inhibited HCV replication. Using this system,
we previously identified an immunosuppressant, cyclosporin
A, as an anti-HCV compound (20). We also reported that cyclo-
philin B regulated the RNA binding activity of NS5B (21). In the
current study, this chemical screening approach linked ESRa to
HCV replication. We showed that tamoxifen (TAM) sup-
pressed HCV genome replication. Using TAM as a bioprobe,
we found that ESR« interacted with NS5B and regulated the
participation of NS5B in the RC.

 EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Huh-7 and cured MH-14
cells (21) were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum, mini-
mal essential medium nonessential amino acid (Invitrogen),
and kanamycin (Meiji). MH-14 cells, carrying HCV sub-
genomic replicon (16), and LucNeo#2 cells, carrying luciferase-
containing subgenomic replicon (22), were cultured in the same
medium supplemented with 300 pg/ml G418 (Invitrogen).
Hus-E7/DN24 cells, a human hepatocyte cell line established by
immortalization with HPV E6E7 and hTERT from human pri-
mary-hepatocytes and introduction with a dominant negative
form of interferon regulatory factor-7 (23), were cultured with
Dulbecco’s modified Eagle’s medium with 20 mm Hepes
(Invitrogen), 15 g/ml L-proline, 0.25 g/ml insulin (Sigma), 50 nm
dexamethasone (Sigma), 44 mm NaHCO,, 10 mMm nicotina-
mide, 5 ng/ml epidermal growth factor, 0.1 mm Asc-2P, 100
IU/ml penicillin G (Invitrogen), ioo pg/ml streptomycin
(Invitrogen), 5% fetal bovine serum, 1% Dulbecco’s modified
Eagle’s medium, and 2 UG/ml Fungizone (Invitrogen) (24).
Plasmid transfection was performed with FuGENE 6 transfec-
tion reagent (Roche Applied Science), as described previously
(25). RNA transfection was achieved using DMrie-C transfec-
tion reagent (Invitrogen), as described previously (21). siRNA
was transfected by using siLentFect (Bio-Rad) (21).

Plasmid Construction—pCMV-FL-ESRa, encoding the
whole open reading frame of ESRa fused with a FLAG tag, was
generated by inserting the PCR product using 5'-GTTGAAT-
TCATGACCATGACCCTCCAC-3’ and 5'-GTTGATCTCG-
AGTCAGACTGTGGCAGGGAAAC-3' as primer set and
human lymphocyte cDNA library (Clontech) as a template into
the EcoRI-Xhol site of pCMV-FLAG vector (21). pCAG-HA-
NS5B, encoding the NS5B protein fused with a hemagglutinin
tag, was made by subcloning the PCR product with 5'-GTTG-
CGGCCGCTATGTCAATGTCCTACTCA-3' and 5'-GTTC-
TCGAGTCACCGGTTGGGGAGCAGGTA-3’ asprimersand
pMH14 as a template into Notl-Xhol digestion of PCAG-HA
vector, (21). Expression plasmids for HCV NS3, NS4B, NS5A,
and NS5B (pcDNA-NS3, pcDNA-NS4B, pcDNA-NS5A, and
pcDNA-NS5B, respectively) were described in Ref. 21. pGEX-
ESRa A/B, C, D, and E/F, expressing the fusion protein of the
domain A/B, C, D, and E/F of ESRa with GST, were prepared by
the insertion of the PCR product with pCMV-FL-ESRa as a
template and appropriate primers into the EcoRI-Xhol site of
pGEX-6P1 vector (Clontech). The expression plasmids for the
point mutants of ESRa, ESRa(L540Q), ESRa(255M), and
ESRa(258M), of which Leu at aa 540, IRK at aa 255-257, and
DRR at aa 258 —260 were replaced by Gln, TGT, and ANT, respec-
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tively, was generated by oligonucleotide-directed mutagenesis.
pCMV-FL-CAV2, encoding FLAG-tagged CAV2, was prepared
by inserting the PCR product amplified with 5'-GTTGTCGACT-
ATGGGGCTGGAGAC-3' and 5'-GTTAAGCTTTCAATCCT-
GGCTC-3' as primers and human liver cDNA library (Clontech)
as a template into the Sall-HindIII site of pCMV-FLAG vector
(21). The mammalian expression vector for the C domain of ESRa
was generated by replacing the EcoRI-Xhol digestion of
pCMV-FLAG vector (21) by that of pGEX-ESRa C. pLMH14
was described previously (26). pGL3-EREX3-TATA-Luc,
pcDNA3-ERa, pcDNA3-hERP were kindly provided by Dr.
Kato (Institute of Molecular and Cellular Biosciences, Uni-
versity of Tokyo). JFH1 expression plasmid was provided by
Dr. Wakita (National Institute of Infectious Diseases).

Luciferase Assay— A luciferase assay monitoring HCV repli-
cation activity was performed as described previously (22, 26).
In Fig. 1, A and F, we used LucNeo#2 cells, stably carrying lucif-
erase-containing subgenomic replicon (22). In Figs. 2 (Dand E),
4C, and 64, we transiently transduced luciferase-containing
replicon LMH14 RNA together with each expression plasmid
into cured MH-14 cells (26). A luciferase assay detecting the
transcriptional activity driven from the ERE was performed as
described previously (25).

Real Time RT-PCR Analysis—Real time RT-PCR analysis
was performed as previously described (20).

Immunoblot Analysis—Immunoblot analysis was performed
as previously described (25). The antibodies used in this study
are anti-NS5A (kindly provided by Dr. Takamizawa (Osaka
University)), anti-NS5B (anti-NS5B#14; a generous gift from
Dr. Kohara (Tokyo Metropolitan Institute of Medical Science)),
anti-NS5B (NS5B#6; a kind gift from Dr. Fukuya (Osaka
University)), anti-tubulin (Oncogene), anti-FLAG (Sigma),
anti-IkBa (Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
anti-calnexin (StressGen), and anti-caveolin-2 antibodies (BD
Biosciences Pharmingen).

Indirect Immunofluorescence Analysis—Indirect immuno-
fluorescence analysis was performed as described previously
(25). The antibodies used were anti-NS5A and anti-protein-
disulfide isomerase antibodies (StressGen).

siRNA—siRNA duplexes (5'-GUGUGCAAUGACUAUGC-
UUCA-3’ for si-ESRa and 5'-CGCAUCGGGAUAUCACUA-
UGG-3’ for si-ESRB) were synthesized (Proligo). A randomized
siRNA, si-control, was purchased from Dharmacon (nonspe-

-cific control duplex IX).

Enzyme-linked Immunosorbent Assay—HCV core was quanti- -
fied in the culture medium of the cells transfected with JFH1 RNA
(29) with an enzyme-linked immunosorbent assay according to
the manufacturer’s protocol (HCV antigen enzyme-linked immu-
nosorbent assay test; Ortho-Clinical Diagnostics).

RT-PCR Analysis—RT-PCR analysis was performed as
described (20) by using the following primer sets: 5'-CCTACTA-
CCTGGAGAACG-3' and 5 -GCTGGACACATATAGTCG-3'
for the detection of ESRa and 5'-AGCCATGACATTCTAT-
AGC-3' and 5'-CCACTTCGTAACACTTCC-3' for ESRB.

GST Pull-down Assay—The GST pull-down assay was con-
ducted as described previously (25).

Immunoprecipitation Analysis—Immunoprecipitation anal-
ysis was performed as described previously (25). The antibodies
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FIGURE 1. TAM suppressed the replication of the HCV genome. A, luciferase activities were measured using
the LucNeo#2 cells, which carried a luciferase-containing replicon RNA, upon treatment with TAM at the
indicated doses for 7 days. Relative luciferase activities are plotted against the concentrations of TAM. The data
show the means of three independent experiments. The error bars are indicated. B, HCV RNA was quantified by
real time RT-PCR analysis using the lysates from MH-14 cells, harboring the HCV subgenomic replicon, treated
with the indicated doses of TAM for 7 days. Relative amounts of HCV RNA are shown. C, HCV NS5A and NS58
proteins as well as tubulin as an internal control were detected by immunoblot analysis in the lysates from
MH-14 cells (replicon) treated without (control) or with 500 nm TAM or 100 IU/ml interferon-a as a positive
control for 7 days and Huh-7 cells. D, HCV NSSA and protein-disulfide isomerase (PD/) as an internal control
were detected by indirect immunofluorescence analysis in the cells treated without {control) or with 500 nm
TAM for 7 days. 4',6-Diamidino-2-phenylindole (DAP/) shows a nuclear staining. E, cell number was counted
after 5 days upon treatment with various concentrations of TAM. Relative cell numbers are shown. F, luciferase
activities with LucNeo#2 cells treated with various concentrations of ICI182780 were measured as described in
A. G, cell number was counted under treatment with IC1182780 at the indicated concentrations. H, core in the

cell viability using Cell Prolifera-
tion kit II, XTT (Roche Applied
Science) according to the manu-
facturer’s protocol.

RESULTS

Tamoxifen Suppressed HCV Ge-
nome Replication—We screened
for agents that suppressed HCV
genome replication using a HCV
subgenomic replicon system (13,
16). Among the compounds tested,
we observed that TAM inhibited
HCV genome replication. HCV rep-
lication activity, monitored by lucif-
erase activity (22), and the amount
of HCV RNA were decreased with
TAM treatment in a dose-depend-
ent manner (Fig. 1, A and B). The
expression of HCV proteins, NS5A
and NS5B, detected by immunoblot
(Fig. 1C) and indirect immuofluo-
rescence analyses (Fig. 1D), also
drastically decreased by treatment
with TAM. A high concentration of
TAM decreased cell proliferation
(Fig. 1E). However, TAM sup-
pressed HCV replication without
any cytotoxicity in another cell line,
HuS-E7/DN24 cells (Fig. 6, C and
D). In addition, a pure anti-estrogen
compound [CI182780, which had
little cytotoxic effect, reduced HCV
RNA (Fig. 1, F and G). Moreover,

culture medium of JFH1 RNA-transfected cells upon treatment with TAM was quantified as described under

“Experimental Procedures.”

used in this study were mouse normal IgG as a negative control
(Zymed Laboratories), anti-NS5B (anti-NS5B#10; a generous
gift from Dr. Kohara at the Tokyo Metropolitan Institute of
Medical Science), anti-FLAG, and anti-caveolin-2 antibodies.

Fractionation of Cell Extracts—MH-14 cells transfected with
the expression plasmid for FLAG-tagged ESRa were fraction-
ated essentially as described previously (25).

HCYV Replication Complex Assay—Isolation of HCV RC was
done as described previously (16, 21).

In Vitro HCV Infection Experiment—In vitro HCV infection
was conducted essentially as described (23). Briefly, HCV-in-
fected serum (~2 X 10° copies) was inoculated into HuS-E7/
DN24 cells (5 X 10* cells) for 24 h. After washes, cells were
cultured in the medium supplemented with 10 um PD98059 to
stimulate HCV translation (27) (scheme in Fig. 6B). To observe
HCV amplification, HCV RNA in the cells was quantified, since
HCV RNA was hardly detected significantly in the culture
medium (23). .

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide Assay—The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay was performed to examine the

NOVEMBER 9, 2007 - VOLUME 282 -NUMBER 45 ASBIVIEB,

TAM inhibited the production of
core in the culture medium of HCV
JEH1-transfected cells, in a recently
developed system of the production of infectious HCV particles
(Fig. 1H) (28-30). The above data indicate that TAM sup-
presses HCV genome replication.

ESR Was Involved in HCV Genome Replication—Next, we
investigated which cellular protein TAM targets to suppress
HCV replication. It has been reported that TAM targets 1) ESR
(31), 2) P-glycoprotein (32, 33), 3) calmodulin (34), 4) protein
kinase C (35, 36), etc. Although other compounds targeting
P-glycoprotein, calmodulin, and protein kinase C did not affect
HCV replication in our screening (data not shown), ESR was
suggested to play a role in HCV replication as shown below.

RNAi-mediated specific knockdown of endogenous ESRa
and ESRp (Fig. 24) reduced HCV RNA in replicon-containing
cells to ~20-40% and 60-70%, respectively (Fig. 2B). Tran-
sient transfection with ESRa and ESR expression plasmids,
which activated ERE-driven transcription 4 -5-fold (Fig. 2C),
showed that ectopically expressed ESRa augmented HCV rep-
lication activity in a dose-dependent manner, whereas ESRB
did not (Fig. 2D). ESRa-induced augmentation of the replica-
tion was reversed upon TAM treatment (Fig. 2D). These results
suggested a significant role of ESR, especially ESRe, in HCV
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FIGURE 2. ESR was involved in HCV genome replication. A, specific knock-
down of endogenous ESRa and ESRB. RT-PCR analysis was performed to
detect the expression of ESRa, ESRB, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as an internal control in the cells transfected with siRNA
recognizing ESRa (si-ESRa, si-ESRa2), ESRB (si-ESRB, si-ESRB2), or randomized
siRNA (si-control, si-control2). 8, HCV RNA was quantified as shown in Fig. 18,
using the cells transfected with si-control, si-control2, si-ESRa, si-ESRa2, si-
ESRB, and si-ESRB2 for 5 days. C, the ERE-mediated transcriptional activities
were measured by a luciferase assay using the lysates from the cells trans-
fected with pGL3-EREX3-TATA-Luc reporter plasmid together with
pcDNA3-ERa (ESRa), pcDNA3-hERB (ESRB), pcDNA-ESRa(L540Q), or the
empty vector (control) {feft) or varying amounts (ng) of pcDNA3-ERa (ESRa) or
pcDNA-ESRa(L540Q) (right) and treated with 100 nmestradiol for 36 h. Dand
E, HCV replication activities were examined by quantifying the luciferase
activities using cured MH-14 cells transfected with the indicated doses (ng) of
ESRa or ESRB (D) or 30 ng of ESRa, ERa(L540Q), or the empty vector (control)
(F) together with 0.125 g of LMH14 RNA without or with 1 um TAMfor 4 days.

genome replication. ESRa(L540Q), carrying a leucine to gluta-
mine point mutation at aa 540 within the LXXLL motif (aa
536 -540) of ESRa (37), had much lower transactivation activity
driven from ERE (Fig. 2C). However, ESRa(L540Q) stimulated
HCV replication activity ~5-fold, although the stimulation was
less than that by wild-type ESRa (Fig. 2E). Thus, ESRa having
lower transactivating capacity could still facilitate HCV
replication.

ESRa Interacted with HCV NS5B—Thus, the chemical biol-
ogy approach revealed the involvement of ESR in HCV genome
replication. Then we investigated the molecular mechanism of
ESR-induced HCV replication. A binding assay between ESRa
and HCV proteins expressed in the HCV subgenomic replicon
showed that the C domain of ESRa coprecipitated with NS5B
but not NS3, NS4B, and NS5A (Fig. 34). Other ESRa domains,
A/B, D, and E/F, did not bind to any HCV proteins. A coimmu-
noprecipitation assay also indicated the presence of ESRa in the
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FIGURE 3. ESRa interacted with HCV NS5B. A, top, schematic representation
of the primary structure of ESRa. ESRa consists of domains A-F. The amino
acid numbers are also shown. Bottom, GST pull-down assays were performed
using the recombinant proteins of the A/B, C, D, and E/F domain of ESRa fused .
with GST and in vitro translated HCV NS3, NS48, NSSA, and NS5B protein.
Input, the one-fifth amount of protein used for the pull-down assay. The Coo-
massie Brilliant Blue staining pattern of the precipitated fraction is also shown
in the bottom panel. B-D, the lysates from the cells ectopically expressing
NS58 (8 and C) or the whole open reading frame of the HCV JFH1 strain (D)
and/or FLAG-tagged ESRa were immunoprecipitated (/P) with anti-NS58 (5;
NS5B), anti-FLAG antibody (C and D; FL), or mouse normal IgG as a negative
control followed by the detection of ESRa and NS5B by immuncoblot analysis
(/B). E, deletion mutants of NS5B were subjected to a GST pull-down assay
with GST-fused C domain of ESRa as described in A. The left panel shows a
schematic representation of the full-length and truncated mutants of NS5B.
The numbers indicate the amino acid numbers in NSSB.

immunoprecipitate by anti-NS5B antibody (Fig. 3, B and D),
and vice versa (Fig. 3C). Thus, ESRa specifically interacted with
NS5B. Deletion analysis indicated that the region of 71-591 and
1-520 but not 521-591 of NS5B coprecipitated with the
recombinant C domain of ESRa (Fig. 3E). This binding profile is
different from that between cyclophilin B and NS5B, which we
previously reported (21). :

The ESRa-NS5B Interaction Was Important for the Regula-
tion of HCV Genome Replication—To examine whether the
interaction between ESRa and NS5B was essential for the
ESRa-mediated regulation of HCV replication or not, we
searched for a point mutant of ESRa that could not bind to
NS5B by alanine-scanning mutation analysis. ESRa mutants,
ESRa(255M) and ESRa(258M), in which IRK at aa 255-257 and
DRR at aa 258-260 was replaced by TGT and AQT, respec-
tively, had little affinity with NS5B (Fig. 44) but still possessed
the ERE-mediated transactivation capacity (Fig. 4B). However,
both ESRa(255M) and ESRa(258M) caused only weak activa-
tions of HCV replication, compared with wild type ESRe (Fig.
4C). The data suggest that the interaction of ESRa with NS5B is
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In the experiment investigating the
role of ESRa in NS5B-CAV2 associ-

ation, the coprecipitation of NS5B
1 with CAV2 was decreased upon the
knocking down of ESRe (Fig. 5B).
Treatment with TAM abrogated the
association of NS5B with CAV2
(Fig. 5C), although the total amount
of NS5B in the cells is similar in the
presence and absence of TAM for
24 h in this experiment (data not
shown). Thus, ESRa was suggested
to promote the association between
NS5B and CAV2. Since a part of
CAV?2 resided on the lipid raft on
the ER (18), ESRa-mediated bind-
ing between NS5B and CAV2 was
possible to affect the localization of
NS5B to the HCV RC. To see the
consequential relevance of ESRa on
NS5B function, we analyzed the
HCV RC by treatment with digito-
nin/protease as described previ-
ously (16). HCV proteins involved

FIGURE 4. The interaction of NS5B mediated the regulation of HCV genome replication by ESRa. A, GST
pull-down assays were performed as described in Fig. 3A using the wild type ESRa or point mutant of ESRa,
ESRa(255M), and ESRa(258M). B, the mutation within ESRa(255M) and ESRa(258M) did not reduce the activa-
tion capacity of ERE-mediated transcription. Huh-7 cells were transfected with the expression plasmids for
ESRa, ESRa(255M), or ESRa(258M) at doses of 10, 30, and 100 ng each together with pGL3-EREX3-TATA-Luc
reporter plasmid and treated without (white bar) or with 100 nm estradiol (black bar) to quantify the luciferase
activity. C, HCV replication activities were examined by quantifying the luciferase activities as described in the
legend to Fig. 2D in the cells upon transfection with the expression plasmids for wild type ESRq, ESRa(255M),
or ESRa(258M). D, the cells were fractionated into the nucleus (N), MM, and cytoplasm (C). Each fraction was
detected for FLAG-tagged ESRa, SC-35, calnexin, and |xBa, respectively, by immunoblot analysis. Calnexin, an
ER marker protein, was detected in the nucleus as well as MM, probably because of the existence of the nuclear
membrane in the nuclear fraction. £, the MM fraction obtained in D was subjected to a coimmunoprecipitation
assay using anti-NS5B or IgG followed by immunoblot analysis for the detection for ESRa.

in the RC and surrounded by the
membrane structure are resistant to
the treatment with digitonin fol-
lowed by protease, whereas those
unrelated to the replication outside
the RC are digested by the treat-
ment. By using this technique meas-
uring- the sensitivity to protease,
HCV RC can be distinguished from

critical for ESRa-mediated regulation of HCV genome
replication. ‘

Thus, ESRa interaction with NS5B regulates HCV replica-
tion. NS5B is mainly located on the cytoplasmic surface of the
ER membrane (21, 38). On the other hand, ESR« as a nuclear
hormone receptor is normally distributed in the cytoplasm and
translocates into the nucleus upon ligand stimulation. In addi-
tion, a part of ESRa localizes on the membrane fraction. In our
experiment, NS5B was mainly located around the ER, colocal-
ized with the ER marker, protein-disulfide isomerase (data not
shown) (21). Ectopically expressed ESRa showed diffuse distri-
bution in the cells (data not shown). We fractionated cell homo-
genates and observed that a part of the ESRa resided in the
microsomal membrane (MM) fraction (Fig. 4D). Moreover,
ESRe in the MM fraction was coprecipitated with NS5B (Fig.
4F). It suggests the possibility that the interaction between
NS5B and ESRe, at least in part of them, occurs on the ER
membrane.

ESRa Promoted the Participation of NS5B in the HCV Repli-
cation Complex—It was reported that HCV proteins involved
in the replication machinery was associated with the lipid raft
on the ER and cofractionated with CAV2. A coimmunoprecipi-
tation assay showed that NS5B associated with CAV2 (Fig. 54).

NOVEMBER 9, 2007+ VOLUME 282+ NUMBER 45 4SBIVIB;

the ER that is not related to the rep-
lication, although the RC and the
nucleus cannot be separated. The experimental condition for
fractionation was confirmed with the detection with IxBa and
calnexin; a cytosolic protein IkBa was washed out following the
treatment with digotinin (Fig. 5D, lanes 1 and 2), and ER protein
calnexin, which did not accumulate in the RC, was digested by
treatment with digotinin/protease (Fig. 5D, lanes 2~4). An ER
lipid raft component, CAV2, was still detected under the digi-
tonin/protease treatment (the RC-containing fraction) (Fig.
5D, lanes 3 and 4). Under this condition, a part of NS5B was
detected in the digitonin/protease-resistant fraction, as
described previously (16) (Fig. 5D, lanes 3 and 4). However,
NS5B in this fraction was decreased upon treatment with TAM
(Fig. 5D, lanes 3, 4, 7, and 8). On the other hand, the amount of
NS5A was not significantly changed by TAM treatment.
Knocking down of ESRa also disrupted the association of NS5B
with the RC-containing fraction (Fig. 5E). From the above
results, it was suggested that ESRa promoted the participation
of NS5B in the RC (also see “Discussion”). .
ESRa Could Serve as a Molecular Target of Anti-HCV Agents—
Finally, we assessed the possibility that the association of
ESRa with NS5B could serve as a target of anti-HCV agents. By
introducing a decoy peptide against ESRa-NS5B interaction,
consisting of the C domain of ESRa into replicon-bearing cells,
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FIGURE 5. ESRa promoted the participation of NS5B in HCV RC. A-C, a coimmu-
noprecipitation assay (IP) was performed with anti-FLAG (4),anti-CAV2 (Band O) anti-
body, or mouse normal IgG from the lysates of the cells transfected without or with
FLAG-tagged CAV2 (A), transfected with si-control or si-ESRa(B), or treated without or
with 1 um TAM (Q). NS5B (top) and CAV2 (bottorn) were detected by immunobiot
analysis. D, detection of the amount of NS5B in the digitonin/protease-resistant frac-
tion. MH-14 cells were treated without (lanes 7-4) or with 1 um TAM (lanes 5-8) for
24 h. Cells were then treated without {lanes 7 and 5) or with digitonin (lanes 2- 4 and
6-8),followed by digestion with proteinase K (0 pug/mifor lanes 2 and 6,0.3 ug/mifor
lanes 3 and 7, and 1 ug/ml for lanes 4 and 8). NS5B, NS5A, IxBa, calnexin, and CAV2
were detected by immunoblot analysis. £, HCV RC was isolated as described in D
using the cells transfected with si-controt or si-ESRa, and NS5B was detected. A similar
result was obtained by using si-ESRa2.
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HCV replication activity was reduced in a dose-dependent
manner (Fig. 64). To further observe the significance of ESRa
in a physiological condition, we performed an in vitro infection
experiment using serum from an HCV-infected patient as a
nascent virus inoculum and nonneoplastic human hepatocytes
as highly infection-permissive cells (Fig. 6B). Treatment with 1
uM TAM did not show a cytotoxic effect on these cells in any
time course examined (Fig. 6C). However, treatment with TAM
as well as cyclosporin A as a positive control inhibited the mul-
tiplication of viral genome RNA in the cells along with the time
course (Fig. 6D). Thus, ESRa could serve as a potent molecular
target of anti-HCV agents.

DISCUSSION

In general, viruses take advantage of host cell factors for their
replication. So far, some factors have been shown to relevantly
regulate HCV replication, including hVAP33 (39, 40), FBL2
(41), and cyclophilin B (21). Among these, FBL2 and cyclophilin
B were identified by a chemical biological approach; FBL2 from
the observation of an anti-HCV activity of lovastatin and an
inhibitor of geranylgeranyl transferase (41-43); cyclophilin B
from the inhibitory effect of cyclosporin A on HCV replication
(20, 21). In this study, we found a suppressive capacity of TAM
to HCV genome replication. Through further examination
using TAM, we revealed ESRa as a host cell factor regulating
HCYV replication and suggested its regulation mechanism.

Currently, it is proposed that HCV RC that replicates the
HCYV genome is formed on the intracellular membrane, includ-
ing the ER membrane (14-17). It
was also reported that HCV genome
replication was associated with the
lipid raft on the intracellular mem-
brane (18). Most HCV proteins are
notrelated to the RC, whereas only a

minor portion of HCV proteins take
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FIGURE 6. ESRa could serve as a molecular target for anti-HCV agents. A, HCV replication activity was measured
by quantifying the luciferase activity as described in the legend to Fig. 2Din the cells overexpressing a decoy peptide
consisting of the C domain of ESRa. B, experimental scheme of in vitro HCV infection experiment. After seeding the
HuS-E7/DN24 cells, HCV-positive serum was inoculated for 24 h. After extensive washes, the cells were cultured with
the medium supplemented without (control) or with 1 um TAM or 3 ug/mi cyclosporin A. HCV genome RNA was
quantified along with the time course (days 1, 3,and 5 postinoculation) by real time RT-PCR analysis. C, the treatment
with 1 um TAM did not show any cytotoxic effect on HuS-E7/DN24 cells. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assays were performed as described under “Experimental Procedures” to examine the
viability of the cells at days 2, 3, and 5 postinoculation. D, HCV genome RNA was quantified as described in 8 and

plotted against the time course.
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ESRa and NS5B in the ER fraction,
although we did not show the exist-
ence of ESRa in the RC, since the RC
and the nucleus cannot be separated
in the digitonin/protease treatment
experiment. ESRa promoted the
interaction of NS5B with CAV2.
Previous papers reported that ESRa
bound to CAV1 and CAV2 (6).
From these observations, ESR« is

2 3 4 5
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likely to function as a bridging factor that connects NS5B to
CAV?2, although we cannot fully neglect the possibility that
ESRa augments NS5B-CAV2 binding via another function,
such as transcriptional activity. Because CAV2 resided on
the lipid raft of the intracellular membrane (18), this action
of ESRa may recruit NS5B to the lipid raft and the HCV RC.
In fact, ESRa promoted the participation of NS5B in the
HCV RC. Thus, ESRa is suggested to escort NS5B to the
HCV RC, although it is also possible that ESRa augments
the number of the RC itself. However, ESRa at least aug-
ments the amount of NS5B involved in HCV replication
machinery to stimulate the replication. It was reported that
the membrane-associated ESRa served as a platform where
signalsomes, including receptor tyrosine kinase, nonrecep-
tor tyrosine kinase Src, and G proteins, assembled and acti-
vated downstream signaling pathways (44 -46). HCV may
also take advantage of such platform characteristics of ESRa
to form the RC for their efficient replication. Although the
mechanisms of the nuclear receptor function of ESRa have
been extensively elucidated, the functions of membrane-as-
sociated ESRa have not been widely characterized so far.
This study suggested a novel physiological relevance of
membrane-associated ESRa as a regulator of the viral
replication.

Until now, there are no clinical studies that report a direct
interaction of TAM treatment with HCV replication in
patients infected with HCV. Given our results, examinations
on the effect of TAM or other anti-estrogen drugs may be
one of the useful approaches to develop a new anti-HCV
strategy. On the other hand, we disclosed the mechanism of
ESR-mediated regulation of HCV genome replication.
Screening for compounds that inhibit this mechanism
expectedly led to novel types of anti-HCV agents. Further
analyses on ESR are needed to develop anti-HCV therapeu-
tics as well as reveal the regulation mechanism of HCV
replication.
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Background/Aims: RNA interference has considerable therapeutic potential, particularly for anti-viral therapy. We pre-
viously reported that hepatitis C virus (HCV)-directed small interfering RNA (siRNA; siE) efficiently inhibits HCV rep-
lication, using HCV replicon cells. To employ the siRNA as a therapeutic strategy, we attempted in vivo silencing of
intrahepatic HCV gene expression by siE using a novel cationic liposome.

Methods: The liposomes consisted of conjugated lactose residues, based on the speculation that lactose residues would effectively
deliver siRNA to the liver via a liver specific receptor. The lactosylated cationic liposome 5 (CL-LAS) that contained the most
lactose residues introduced the most siRNA into a human hepatoma cell line, which then inhibited replication of HCV replicons.

Results: In mice, the siRNA/CL-LAS complexes accumulated primarily in the liver and were widespread throughout the
hepatic parenchymal cells. Moreover, siE/CL-LAS specifically and dose-dependently suppressed intrahepatic HCV expres-

sion'in transgenic mice without an interferon response.

Conclusions: The present results indicate that the CL-LAS we developed is a good vehicle to lead siRNA to the liver.
Hence, CL-LAS will be helpful for siRNA therapy targeting liver diseases, especially hepatitis C.
© 2007 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Hepatitis C virus (HCV) is a major etiological agent
that causes chronic hepatitis, liver cirrhosis, and hepato-
cellular carcinoma [1]. Although combination therapy
with pegylated interferon-a and ribavirin has markedly
improved the clinical outcome, less than half of the
patients with chronic hepatitis C can be expected to
respond favourably to currently available agents [2].
Therefore, developing a specific reagent against HCV
is a major public health objective.

RNA interference (RNAI) is one type of post-tran-
scriptional gene silencing [3,4]. The effector of RNAI is
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short interfering RNA (siRNA) duplexes (~21-23 nt),
which play a key role in the specific degradation of tar-
get mRNA. Currently, RNAI technology is widely used
as a tool for gene function analysis. In addition, it is
expected to be a powerful therapeutic agent to silence
pathogenic gene products associated with disease,
including cancer, viral infections and autoimmune disor-
ders [5-10]. Previously, we and others reported that syn-
thetic siRNA efficiently and specifically inhibits HCV
replication in vitro [11-20] and suggested the potential
for siRNA as a novel HCV agent.

In fact, the RNAi machinery has been shown to work
in vivo by injection of siRNA [21]. However, safety and
delivery remain the main obstacles to achieving in vivo
gene silencing by RNAI technology. Currently, viral vec-
tors [22], hydrodynamic injection [23] and cationic lipo-
somes [24] have been the main methods of introducing
siRNA in vivo. However, the mechanism of action of viral
vectors has not been clarified and may result in severe side
effects. Furthermore, hydrodynamic injection cannot be
used for human therapy. On the other hand, since the
physical properties of cationic liposomes are well under-
stood, the use of these liposomes holds the best promise
. for clinical application. In addition, cationic liposomes
do not elicit an immune response, which is a great advan-
tage for drug targeting in that multiple administrations of
siRNA are possible, which is crucial for an siRNA thera-
peutic effect. Moreover, cationic liposomes are easily
modified and improved.

In HCV therapy, it is important that reagents are spe-
cifically led to the liver. Thus, to specifically and effectively
transfer siRNA into hepatocytes, we designed lactosylat-
ed cationic liposomes, as Ohishi et al. reported that lac-
tosylated polyion complex micelles enhanced the
delivery of oligonucleotides into hepatoma cells [25].
Based on their observations we expected that siRNA
complexed with lactosylated cationic liposomes would
be superficially trapped in the liver by lactose-specific
receptors and therefore effectively introduced into hepatic
parenchymal cells in vivo.

Here, we report that siRNAs with cationic liposomes
containing lactose residues were largely transfected into
hepatocytes in vitro and in vivo, where they efficiently sup-
pressed intrahepatic HCV expression in transgenic mice.
Furthermore, this system did not activate the interferon
(IFN) system. Our results strongly suggest that lactosylat-
ed cationic liposomes have an appropriate mechanism by
which to deliver siRNA as a therapy for liver disease.

2. Materials and methods

2.1. SiRNAs

The design of HCV-directed siRNA has been described previously
[11]. Briefly, we designed nine siRNAs that target the 5-UTR and 3’-

"UTR of the HCV genome and examined the efficiency of their inhibition

of HCV replication in vitro. Among the nine siRNAs, the most effective
siE was used in the present study and was directed toward nucleotides
325-344 of the HCV genome. Thé target sequence was 5-GUCUC
GUAGACCGUGCAUCAUU-3'. The p53m siRNA (sip53m) [11]
and GL3-M1 siRNA (siGL3-M1) were used as the negative controls.
The sense sequence of siGL3-M1, which is sequence-specific for firefly
luciferase mRNA, was 5'-GCUAUGAAACGAUAUGGGCUU-3'.

2.2. Preparation of cationic liposomes and siRN Alcationic
liposome complexes

The cationic liposomes were composed of three lipids: a cationic
lipid, phosphatidylcholine (PC), and lactosylated phosphatidylethanol-
amine (LA-PE). The preparation of the cationic liposomes [24] and the
synthesis of the LA-PE [26] have been described previously. The ratio -
of the two neutral lipids, PC and LA-PE in the liposomes was as fol-
lows: CL-LAO, 5:0; CL-LAI, 4:1; CL-LA2, 3:2; CL-LA3, 2:3; CL-
LA4, 1:4; and CL-LAS, 0:5. Each siRNA was mixed with 16 times
the amount of cationic liposome, resulting in siRNA/CL-LA. The size
of every siRNA/CL-LA was controlled as an average 150 nm.

2.3. Inhibition assay of HCV replication in replicon cells

We used two kinds of HCV replicon cells {27}, FLR3-1 (genotype
1b, Con-1; Fig. la) [28] and R6FLR-N (genotype 1b, strain N) [11].
siRNA/CL-LA was added to the medium of the HCV replicon cells,
FLR3-1 or R6FLR-N, at a final concentration of 30 nM. For positive
control [11}, HCV replicon cells were transfected with siRNA using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After 72 h incubation,
we performed luciferase assays using the Bright-Glo luciferase assay
system (Promega, Madison, WI).

2.4. Immunoblotting

Cells were harvested using.lysis buffer [11]). Then 5 pg of protein
was separated by 10% SDS-PAGE, and electro-blotted onto a PVDF
membrane (Immobilon-P; Millipore, Billerica, MA). Rabbit poly-
clonal anti-HCV nonstructural protein 3 (NS3) antibody (R212) pre-
pared in our laboratory and mouse monoclonal anti-B-actin
antibody (Sigma, St. Louis, MO) were used as the primary antibodies.

2.5. Transfection efficiency of siRNA by CL-LA in vitro

 The transfection efficiencies of Cy3-labeled siRNA (Cy3-siRNA) by
CL-LA were determined using confocal laser microscopy (Zeiss, Jena,
Germany). HCV replicon cells were seeded in the Lab-Tek II Chamber
Slide-System (Nalge Nunc International, Rochester, NY) at 2.0 x 10*
cells per well. The siRNA was labeled with Cy3 using a Silencer siRNA
Labeled Kit (Ambion, Austin, TX). After incubation for 24 h, the cells
were fixed in 4% buffered formalin and the nuclei stained using DAPI.

2.6. Animals

Male BALB/c mice at 8 weeks of age were purchased from Japan
SLC (Hamamatsu, Japan). BALB/c mice and CN2-29 transgenic mice
received human care according to guidelines of the National Institutes
of Health. Animal experiment protocols performed in accordance with
The Tokyo Metropolitan Institute of Medical Science Animal Experi-
ment Committee.

2.7. 5siRNA delivery by CL-LA in vivo

Alexa-546 or Alexa-568 labeled siE/CL-LA was intravenously
injected into BALB/c mice. After 5 and 30 min, the liver, lung, spleen,
and kidney were extirpated from the mouse. Sections of these tissues
were then stained with DAPT and slides examined using confocal laser
microscopy (Zeiss).
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Fig. 1. Effect of siRNA/CL-LA in HCV replicon cells. (a) Schematic
representation of HCV replicon RNA and siE position. UTR, untrans-
lated region; AC, truncated HCV core region (nucleotides 342-377);
Luc, firefly luciferase gene; 2A, 2A genes of foot-and-mouth disease
virus; Neo, neomycin resistant gene; EMCYV, encephalomyocarditis virus;
IRES, internal ribosomal entry site; NS, HCV nonstructural protein;
siE, HCV-directed siRNA. (b) FLR3-1 replicon cells were treated with
30 nM siRNA/CL-LA. Luciferase activity was measured after 72 h.
Data represent means £ SD compared with mock-transfected cells
(n=5). The average lciferase activities were analyzed by Dennett’s
test. *"P < 0.01 vs. CL-LAO and ***P < 0.001 vs. CL-LAJ. sip53m was
used as the negative control. Commercial transfection agent Lipofect-
amine 2000 was used as the relative positive control. (c) Cell viability was
determined after 72 h. Data represent means £ SD (n=5) of WST
conversion compared with mock-transfected cells. (d) Immunoblot
analysis of HCV-NS3 and p-actin. NT, non treatment.

2.8. Gene silencing of HCV genome expression in vivo by

SIRNA

We used 8- to 10-week-old, 20 g CN2-29 transgenic mice, which
contain conditional HCV ¢cDNA, the expression of which is regulated
by the ije/loxP-system (Fig. 4a) [29]. Expression of HCV core protein

is regulated by Cre DNA recombinase in the liver, which can be
expressed by administration of adenovirus encoded Cre DNA recom-
bmase (AxCANCre). AxCANCre was intravenously administered at
2 x 10° pfu per body 1 h prior to siRNA (2.5, 5 or 10 mg/kg) injection.
After 48 h, expression levels of HCV core protein in the liver were
detected using the Ortho HCV core protein ELISA kit (Eiken Chem-
ical, Tokyo, Japan).

2.9. Detection of interferon-f§ induction by administration
of SiIRNAI/CL-LAS5 complex

Poly(I):poly(C) was purchased from Yamasa-shoyu (Chiba,
Japan). siRNA/CL-LAS5 or poly(I):poly(C)/CL-LAS (200 ug) was
intravenously injected into the CN2-29 mice. After 6 h, the livers were
extirpated and total RNA was extracted by the acid guanidinium-phe-
nol—chloroform method. cDNA was synthesized from 1 pg of the total
RNA using TagMan reverse transcription reagents (ABI, Foster City,
CA). Expression levels of IFN-B mRNA were determined using a Taq-
Man gene expression assay kit (ABI) according to the manufacturer’s
instructions [30,31].

2.10. Statistical analysis

The data are expressed as means + SD. Statistical analysis was
conducted using the analysis of variance with the Dennett’s test for
multiple comparisons. Statistical significance was established at
P <0.05.

3. Results

3.1. Optimization of amount of lactosylated
phosphatidylethanolamine (LA-PE) included in the
cationic liposomes

To optimize the amount.of LA-PE in lactosylated
cationic liposomes (CL-LA}), we initially prepared six
kinds of cationic liposomes containing various amounts
of lactose residues, and investigated the inhibitory
effects of siE/CL-LA against HCV replication in
FLR3-1 replicon cells. The CL-LA strengthened the
inhibitory efficiency of siE by increasing the amount
of LA-PE. The siE/CL-LAS5, which contained LA-PE
but not PC, had the strongest inhibitory effect. On
the other hand, none of the sip53m/CL-LA affected
luciferase activity reflecting the HCV replication
(Fig. 1b). To access cytotoxicity of a complex of siR-
NA and CL-LA, cell viability was measured by the
WST-8 assay [11]. None of siE/CL-LA or sip53m/
CL-LA showed any cytotoxicity (Fig. 1c). A luciferase
assay in another replicon cell line, R6FLR-N replicon
{11], showed similar results for HCV-specific silencing
(data not shown). Immunoblot analysis showed that
the levels of HCV NS3 protein that were translated
from the HCV replicon were decreased by siE/CL-
LAS, but not by sipS3m/CL-LAS (Fig. 1d). These
results indicated that siE/CL-LAS5 inhibited HCV repli-
cation the most effectively in vitro and that this inhibi-
tion was not due to nonspecific reduction caused by the
complex of siRNA and CL-LA.
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3.2. Transfection efficiency of siRNA by CL-LAS into
HCYV replicon cells

To investigate whether lactose residue enhances the _

transfection of siRNA, we observed ﬁuorescent-labeled
siE introduced into RLR3-1 replicon cells. After a 24 h

incubation with siE/CL-LAO or siE/CL-LAS5, the cells .

were observed by fluorescence microscopy (Fig. 2).
The lactosylated cationic liposome CL-LAS transfected
siE into replicon cells more effectively than the non-lac-
tosylated cationic liposome CL-LAO. Moreover, fluores-
cence of siE transfected by CL-LAS5 was observed
mainly in the cytoplasm, and was more effective than
that with the commercial agent Lipofectamine 2000.
These results demonstrated that the lactose residue very
strongly enhanced the transfection efficiency of siRNA
into replicon cells, particularly in the cytoplasm.

3.3. Delivery of siRNA by CL-LAS in mice

Next, we investigated the delivery of siRNA by CL-
LAS5 in BALB/c mice, which were intravenously injected
with fluorescent-labeled siE/CL-LAO or siE/CL-LAS
(Fig. 3). At 5 and 30 min after injection via the orbital
vein, the livers of the mice were extirpated and observed
by fluorescence microscopy. The fluorescencé intensity
- of siE/CL-LAS5 at 5min was clearly stronger than
that of siE/CL-LAO. At 30 min after injection, fluores-
cence of siE/CL-LAS5 was equally spread throughout
the hepatic parenchymal cells, although that of siE/
CL-LAO could be patchily detected in parts (Fig. 3a).
These results demonstrated that CL-LAS5 could more
easily take siRNA into the cytoplasm of parenchymal
liver cells. Furthermore, we also examined the tissue dis-
tribution of siRNA delivered by CL-LAS5 (Fig. 3b). At

CL-LAD

Lipofectamine2000

30 min after injection, the liver, spleen, kidney and lung
of another mouse were excised and the intensity of fluo-
rescence of labeled-siE in these tissues calculated.
Although the relative fluorescence of siE/CL-LAO accu-
mulated in the liver and spleen, that of siE/CL-LAS5
accumulated primarily in the liver alone, and the resid-
ual fluorescence of siE was equally diffused in other
tissues. Taken together, these results indicated that
CL-LAS was able to trap siRNA primarily in the mouse
liver, where it could be efficiently taken up into the
hepatocytes.

3.4. Down-regulation of HCV protein expression by siE/
CL-LAS5 in transgenic mouse liver

To extend our findings of the in vitro silencing effect
by siE/CL-LAS and in vivo siRNA delivery by CL-
LAS, we performed an additional study in an HCV
transgenic mouse model [29]. We administered siE/CL-
LAS5 to CN2-29 mice after inducing HCV protein
expression by AXCANCre (Fig. 4b). The mice were sac-
rificed on the second day after injection, and expression
of HCV core protein in the liver measured by ELISA.
The siE/CL-LAS decreased the amount of core protein
in a dose-dependent manner. The maximal dose of
HCYV unrelated siGL3-M1/CL-LAS5 did not inhibit the
expression of HCV core protein. These results demon-
strated that siE/CL-LAS specifically inhibited HCV pro-
tein expression in mouse liver.

3.5. IFN response by siRNA/CL-LAS in vivo

It has been reported that siRNA can activate the cel-
lular interferon (IFN) pathway, especially when deliv-
ered by cationic liposome transfection reagents [32,33].

~ CL-LAS NT -

Fig. 2. Transfection efficiency of fluorescent-labeled siRNA into HCV replicon cells. FLR3-1 replicon cells were treated with CL-LA0, CL-LAS, or
Lipofectamine 2000 complexed with Cy3-labeled siE (100 nM). After incubation for 48 h, the cells were observed by fluorescence microscopy. The nuclel

were stained with DAPI. NT, non treatment.



