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ABSTRACT Annexins (ANXs) comprise a family of calcium- and phospholipid-bind-
ing proteins and are implicated in the hepatitis C virus (HCV) life cycle. Here, we
demonstrate a novel role of ANX5 in the HCV life cycle. Comparative analysis by
quantitative PCR in human hepatoma cells revealed that ANX2, ANX4, and ANX5
were highly expressed among the ANX family proteins. Knockdown of ANX5 mRNA
resulted in marked enhancement of HCV RNA replication but had no effect on either
HCV translation or assembly. Using the HCV pseudoparticle (HCVpp) system, we
observed enhancement of HCVpp infectivity in ANX5 knockdown Huh-70K1 cells,
suggesting that ANX5 is involved in suppression of HCV entry. Additionally, we
observed that subcellular localizations of tight-junction proteins, such as claudin 1
(CLDNT1) and occludin (OCLN), were disrupted in the ANX5 knockdown cells. It was
reported that HCV infection was facilitated by disruption of OCLN distribution and
that proper distribution of OCLN was regulated by its phosphorylation. Knockdown
of ANX5 resulted in a decrease of OCLN phosphorylation, thereby disrupting OCLN
distribution and HCV infection. Further analysis revealed that protein kinase C
(PKC) isoforms, including PKCa and PKCm, play important roles in the regulation of
ANX5-mediated phosphorylation and distribution of OCLN and in the restriction of
HCV infection. HCV infection reduced OCLN phosphorylation through the downreg-
ulation of PKCa and PKCn expression. Taken together, these results suggest that
ANX5, PKCa, and PKC% contribute to restriction of HCV infection by regulating
OCLN integrity. We propose a model that HCV disrupts ANX5-mediated OCLN in-
tegrity through downregulation of PKCa and PKCn expression, thereby promot-
ing HCV propagation.
IMPORTANCE Host cells have evolved host defense machinery to restrict viral infection.
However, viruses have evolved counteracting strategies to achieve their infection. In
the present study, we obtained results suggesting that ANX5 and PKC isoforms, includ- = T e Lvies @ Ui e Soudiai
ing PKCa and PKCm, contribute to suppression of HCV infection by regulating the in- California
tegrity of OCLN. The disruption of OCLN integrity increased HCV infection. We also Copyright © 2023 American Society for
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epatitis C virus (HCV) infection is a leading cause of chronic hepatitis, liver cirrho-

sis, and hepatocellular carcinoma and represents a major public health burden
worldwide. HCV is an enveloped, single-stranded positive-sense RNA virus classified into
the Hepacivirus genus of the Flaviviridae family. The HCV genome consists of 9.6-kb RNA
encoding a single polyprotein which is processed by viral proteases and cellular signal-
ases to produce three structural proteins (core, E1, and E2) and seven nonstructural (NS)
proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (1). Replication of the viral RNA
occurs on the endoplasmic reticulum (ER)-derived double-membrane vesicles (termed
the membranous web) and requires the participation of NS2 to NS5B together with cel-
lular host factors (2-4).

Accumulating evidence suggests that a large number of host factors associate with HCV
proteins at the membranous web to permit efficient viral replication (4, 5). Quantitative pro-
teomics analysis for viral replication complexes purified from HCV replicon cells has
revealed that annexins (ANXs), a family of calcium-dependent, phospholipid-binding pro-
teins, consist of the host factors required for HCV infection (6, 7). ANX2, one of the ANXs
highly associated with the HCV life cycle, is specifically recruited by NS5A protein at the
membranous web to promote the viral assembly process (6). ANX2 functions as a scaffold
protein to stabilize the structural organization of the membranous web, which consists of
the lipid raft microdomain, thereby promoting HCV replication (7). Solbak and colleagues
(8) reported that ANX2 directly binds to NS5B protein and results in a decrease of the affin-
ity for the allosteric inhibitor filibuvir, suggesting that ANX2 affects the treatment of HCV
infection. The membranous web and the cytosolic lipid droplets (LDs) provide the sites of
HCV assembly. It has been reported that ANX3 is recruited to a lipid droplet compartment
in the HCV-infected cells to promote viral particle production through the association of vi-
ral envelope E2 with apolipoprotein E (ApoE) (9). Despite these research contributions, the
mechanistic details of the ANX proteins in the HCV life cycle remain to be elucidated.

ANX5 has been suggested to mediate signal transduction, cell cycle regulation,
membrane fusion, and membrane organization (10). In addition, the binding of ANX5
to phosphatidylserine (PS) accounts for detection of apoptotic cells (11). In this study,
we investigated a role of ANX5 in the assembly of tight junctions (TJs) and regulation
of HCV propagation. The TJs form the cell-cell junctions that are impermeable to the
majority of soluble molecules (e.g., ions and water) between the two sides of the epi-
thelium. Recently, various novel aspects of TJs have been reported, including their
involvement in signal transduction and innate immunity (12). Protein kinase C (PKC)-
mediated occludin (OCLN) phosphorylation plays a crucial role in the regulation of TJ
assembly (13-15). HCV infectivity was facilitated by disruption of OCLN distribution
(16). The physiological role of ANX5 in the regulation of TJ assembly to combat HCV
infection is still ill defined.

Here, we demonstrate that ANX5 and PKC isoforms, including PKC« and PKC, con-
tribute to suppression of HCV infection by regulating the integrity of OCLN. We further
demonstrate that HCV disrupts ANX5-mediated OCLN integrity through the downregu-
lation of PKCa and PKCn expression, thereby promoting viral propagation.

RESULTS

ANX5 negatively regulates HCV RNA replication. To determine the possible
involvement of novel ANXs in the HCV life cycle, we analyzed expression profiles of
ANXs in Huh-7.5 cells. Quantitative PCR (qPCR) analysis revealed high levels of mRNA
expression of ANX4 and ANX5 as well as ANX2 in Huh-7.5 cells (Fig. 1A).

To investigate whether these ANXs are involved in HCV RNA replication, we per-
formed small interfering RNA (siRNA)-mediated knockdown of ANXs in HCV subgenomic
replicon (SGR) cells (1b, Con1, 9-13 clone). The knockdown efficiency was confirmed by
immunoblotting and qPCR, demonstrating that each of the ANXs (Fig. 1B and C) were
sufficiently knocked down (by approximately 80%). Interestingly, the knockdown of
ANX5 resulted in marked enhancement of the expression of both NS5A proteins and
HCV RNA levels in the HCV SGR cells compared to those in the cells transfected with

June 2023 Volume 97 Issue 6 10.1128/jvi.00655-23 2


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00655-23

HCV Disrupts ANX5-Mediated Occludin Integrity Journal of Virology

Annexin (ANX) mRNA siRNA- NC ANX2 ANX4 ANX5 c 7 -
14 (kDa)) 8= 6
IB: NS5A ®
12 L] [ — 8%
a4
= . )
S (ratioto NC) 1 192 1.07 3.96 €D 3
[7] )
173 >0 2
O 08 . o=
s IB: B-actin — — ——— T
x 354 (1]
o o® SGR-luc
Y -
-% 04 IB: ANX2 35| oo - cnsSe— RNA T GND WT GND
E 02 35 Huh7OK1sh- NC ANX5
i N.D N.D IB: ANX4 gy em—— - —
1 2 3 4 5 6 7 9 10 11 13 .
. 35
IB: ANX5 e il oo Huh7OK1 sh- NC ANX5
ANXs No. (KDa)
lane: 1 2 3 4
IB: ANX5 %
HCV RNA ANX2 mRNA ANX4 mRNA ANX5 mRNA IB : GAPDH
3 14 14 12 35‘
*
1.2 1.2
5 2% ! lane: 1 2
[7] 1 1
% 2 0.8
s 08 08
‘%- 1.5 0.6
o 0.6 0.6
2 1 04 04
E 0.4 K
2 os 02 02 02
0 0 0 0
siRNA-NC 2 4 5 NC 2 4 5 NC 2 4 5 NC 2 4 5
—_—— | _— —_——
ANXs No. ANXs No. ANXs No. ANXs No.

FIG 1 ANX5 negatively regulates HCV RNA replication. (A) Total RNA was extracted from Huh-7.5 cells, and mRNA levels of annexins (ANXs)
were measured by real-time PCR. N.D, not detected. (B) HCV subgenomic replicon (SGR) cells carrying genotype 1b (Con1, 9-13 clone) were
transfected with 50 nM synthetic siRNA targeted to negative control (NC), ANX2, ANX4, or ANX5 and cultured for 72 h. The cell lysates were
subjected to immunoblotting (IB) with the indicated antibodies. The band intensities of NS5A were determined by using ImageQuant TL
software (version 7). (C) HCV SGR cells were transfected with siRNA targeted to NC, ANX2, ANX4, or ANX5. Real-time gPCR was performed
with the indicated specific primers. Results are the mean values of triplicates = SDs. Data from the real-time PCR were normalized to the
amount of GAPDH mRNA. (D) Huh-70K1-sh-NC and Huh-70K1-sh-ANX5 cells were electroporated with either HCV SGR RNA derived from
the Con1 wild type (WT) or a replication-defective mutant (GND), which possess a firefly luciferase gene (SGR-Luc RNA). At 72 h after
electroporation of HCV SGR RNA, the cells were lysed and subjected to a luciferase assay. The luciferase activity measured 4 h after
electroporation was used to normalize the input RNA. Results are shown as mean values of triplicates = SDs of normalized relative light
units (RLUs) at 72 h after electroporation (n = 3 biological replicates). *, P < 0.05 versus the results for cells transduced with Huh-70K1-sh-
NC cells. The expression levels of endogenous ANX5 and GAPDH were determined by IB (bottom). The Western blots are representative of
three independent experiments.

negative-control (NC) siRNA (Fig. 1B, top, compare lane 1 with lane 4; Fig. 1C, first graph).
The knockdown of ANX4 had no effect on HCV RNA replication (Fig. 1C, first graph). The
knockdown of ANX2 resulted in an increase of both NS5A proteins and HCV RNA expres-
sion (Fig. 1B, top, compare lane 1 with lane 2; Fig. 1C, first graph). These results suggest
that ANX2 and ANX5 are involved in the suppression of HCV RNA replication. Because
the knockdown of ANX5 had a greater impact on HCV RNA replication than the knock-
down of ANX2 (Fig. 1C), we focused on ANX5 in the following study.

To further clarify the role of ANX5 in HCV RNA replication, we established cells stably
expressing short hairpin RNA (shRNA) targeted to ANX5 (sh-ANX5) on the basis of a
human hepatoma cell line with high permissiveness for HCV infection (Huh-70K1). We
then electroporated HCV reporter SGR RNA (SGR-Luc RNA) into the cells to evaluate the
viral replication by measuring the luciferase activity. Immunoblot analysis confirmed that
ANX5 expression was undetectable in the sh-ANX5 cells (Fig. 1D, bottom, lane 2). The re-
porter activity of HCV-SGR-Luc RNA in the sh-ANX5 cells was significantly enhanced com-
pared to that in the sh-NC cells (Fig. 1D, top). These results suggest that ANX5 negatively
regulates HCV RNA replication.

ANX5 negatively regulates HCV propagation. To further examine the role of
ANXS5 in HCV propagation, we infected sh-NC Huh-70K1 cells and sh-ANX5 Huh-70K1
cells with cell culture-adapted HCV (HCVcc) J6/JFHT and measured intracellular viral
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FIG 2 ANX5 negatively regulates HCV propagation. (A) Huh-70K1-sh-NC and Huh-70K1-sh-ANX5 cells were infected with HCVcc J6/JFH1 at
a multiplicity of infection (MOI) of 1, 0.1, or 0.01. At 5 days postinoculation, the expression levels of intracellular HCV RNA were determined
by real-time PCR. Results are the mean values of triplicates *= SDs (n = 3 biological replicates). *, P < 0.05 versus the results for the cells the
HCVcc-infected Huh-70K1-sh-NC cells. Data from the real-time PCR were normalized to the amount of GAPDH mRNA. (B to D) Huh-70K1-sh-
NC and Huh-70K1-sh-ANX5 cells were infected with HCVcc J6/JFH1 at an MOI of 1, 0.1, or 0.01. At 5 days postinoculation, the cell lysates
were harvested and subjected to immunoblotting with the indicated antibodies (B). (C and D) Huh-70K1-sh-NC and Huh-70K1-sh-ANX5 cells
were infected with HCVcc J6/JFH1 at an MOI of 0.1. The extracellular HCV infectivity titers were measured (C). The levels of extracellular core
proteins at 5 days postinoculation were quantified by core ELISA (D). Results are the mean values of triplicates = SDs (n = 3 biological
replicates). **, P < 0.01 versus the results for the HCVcc-infected Huh-70K1-sh-NC cells. The Western blots are representative of three
independent experiments. (E) Huh-70K1-sh-NC and Huh-70K1-sh-ANX5 cells were infected with HCVcc J6/JFH1 at an MOI of 0.1. At 2 days
postinoculation, the cells were transfected with pEF1-ANX5(WT)-myc-His, or pEF1-ANX5(sh-R)-myc-His,. Cells were harvested at 72 h after
transfection and subjected to immunoblot analysis with the indicated antibodies. The upper and lower arrows indicate an exogenous
(ANX5-Myc-Hisy) and endogenous ANXS5, respectively. The Western blots are representative of three independent experiments. (F) Either
Huh-70K1-sh-NC cells or Huh-70K1-sh-ANX5 cells were infected with HCVcc J6/JFHT at an MOI of 0.1. At 48 h postinoculation, the cells
were transfected with either pEF1-myc-His, or pEF1-ANX5(sh-R)-myc-His,. Real-time RT-PCR analysis was performed to measure the
expression levels of intracellular HCV RNA and ANX5 mRNA at 72 h after transfection. Results are the mean values of triplicates * SDs
(n = 3 biological replicates). *, P < 0.05 versus the results for the HCVcc-infected Huh-70K1-sh-NC cells. Data from the real-time RT-PCR
were normalized to the amount of GAPDH mRNA.

RNA and viral proteins. We assayed for extracellular viral infectivity titer and extracellu-
lar core proteins in the supernatant of the infected cells at 5 days postinoculation. We
observed significant enhancement in the intracellular HCV RNA levels (Fig. 2A) and
HCV core protein and NS3 protein (Fig. 2B, first and second blots, compare lane 3 with
lane 4), the extracellular viral infectivity titers (Fig. 2C), and the extracellular core pro-
teins (Fig. 2D) in the sh-ANX5 cells compared to those in the sh-NC cells. Moreover, to
exclude possible off-target effects, we performed rescue experiments. We infected the
sh-ANX5 cells with HCVcc J6/JFH1. At 48 h postinoculation, we transfected the cells
with a plasmid carrying a C-terminal Myc-Hiss-tagged ANX5 wobble mutant [pEF1-
ANX5-(shR)-myc-Hisg], which is resistant to sh-ANX5 (Fig. 2E). In accordance with the
rescue of ANX5 expression, intracellular HCV RNA levels were decreased in the sh-
ANX5 cells transfected with pEF1-ANX5-(shR)-myc-His, compared to the sh-ANX5 cells
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FIG 3 ANX5 negatively regulates HCV entry. (A) The cell surface expression of CD81 on Huh-70K1-sh-NC and Huh-70K1-sh-ANX5 cells was
determined by flow cytometry. The filled histograms colored purple and green indicate results for unstained negative-control (NC) cells and
stained (CD81) cells, respectively. Blue lines indicate results for the isotype control IgG. (B) Cell lysates were prepared from Huh-70K1-sh-NC
and Huh-70K1-sh-ANX5 cells and subjected to IB with the indicated antibodies. The Western blots are representative of three independent
experiments. NS, nonspecific bands. The relative levels of CLDN1 and OCLN expression were quantified by ImageQuant TL software (version
7.0) and are indicated on the right side of the blots. *, P < 0.05 versus the results for the Huh-70K1-sh-NC cells. (C) Huh-70K1-sh-NC and
Huh-70K1-sh-ANX5 cells were inoculated with HCVpp genotypes (1a [H77c], 1b [Con1], and 2a [JFH1]) or VSVpps. At 3 days postinoculation,
the cells were lysed, and the NL activity was measured. Results are the mean values of triplicates = SDs (n = 3 biological replicates). *,
P < 0.05 versus the results for the cells inoculated with Huh-70K1-sh-NC cells. (D) Huh-70K1-sh-NC and Huh-70K1-sh-ANX5 cells were
pretreated with antibodies against CD81 mouse MAb or isotype control IgG. At 1 h posttreatment, the cells were inoculated with HCVpps
from genotype 2a, and the NL activity was measured at 3 days postinoculation. Results are the mean values of triplicates = SDs (n = 3
biological replicates). **, P < 0.01 versus the results for the cells treated with isotype control IgG.

transfected with an empty plasmid (Fig. 2F). These results suggest that ANX5 nega-
tively regulates viral propagation in HCV-infected cells.

ANXS5 negatively regulates HCV entry via CD81. Next, to determine whether the
other steps of the HCV life cycle are negatively regulated by ANX5, we used an HCV
pseudoparticle (HCVpp) system carrying the nanoluciferase (NL) reporter gene to analyze
the entry step of HCV infection. Comparative analysis by flow cytometry and immuno-
blotting revealed that the level of CD81 protein expression in the sh-ANX5 Huh-70K1
cells was comparable to that in the sh-NC Huh-70K1 cells (Fig. 3A and B). However, we
observed a slight decrease in claudin 1 (CLDN1) and OCLN expression in the sh-ANX5
cells (Fig. 3B, second and third blots, lane 2). These results suggest that aggregation of
OCLN and CLDNT1 was due to the distribution change rather than the decreased expres-
sion. Inoculation of HCVpps derived from genotypes 1a (H77¢), 1b (Con1), and 2a (JFH1)
resulted in a significant enhancement of NL activity in the sh-ANX5 cells compared to
that in sh-NC cells (Fig. 3C), while the NL activity from vesicular stomatitis virus pseudo-
particle (VSVpp) inoculation was not significantly different between these two cell lines
(Fig. 3C). Moreover, the enhanced NL activity in the sh-ANX5 cells inoculated with
HCVpps (2a, JFH1) was significantly decreased by treatment with anti-CD81 monoclonal
antibody (MADb) (Fig. 3D). These results suggest that ANX5 negatively regulates HCV
entry via CD81.
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FIG 4 Effect of ANX5 on cell proliferation and different steps of the HCV life cycle. (A) Huh-70K1-sh-NC and Huh-70K1-sh-ANXA5 cells were
seeded on a 96-well plate at 3 x 10° cells/well and cultured for the indicated durations. The degree of cell proliferation was determined by
luminescent cell viability assay. Results are shown as the mean values of triplicates = SDs (n = 3 biological replicates). (B) Huh-70K1-sh-NC
and Huh-70K1-sh-ANXAS5 cells were transfected with a bicistronic luciferase expression construct (HCV-IRES-Fluc/Cap-Rluc-polyA). At 24 h
posttransfection, luciferase activity was determined by dual-luciferase assay. The results are shown as the ratio of IRES-dependent Fluc to
the cap-dependent Rluc value. Results are shown as the mean values of triplicates = SDs (n = 3 biological replicates). (C) The plasmid

encoding core-NS2 and the plasmid encoding the bicistronic subgenomic luciferase reporter replicon

sequence were cotransfected into the

Huh-7.5 cells treated with siRNA-NC or siRNA-ANX5. At 5 days posttransfection, the supernatants, including HCVtcp (2a) from the transfected
cells, were collected and inoculated into Huh-7.5 cells to evaluate viral particle formation by measuring the luciferase activity (top). Results
are shown as the mean values of triplicates = SDs (n = 3 biological replicates). The expression levels of endogenous ANX5 and GAPDH
were determined at 5 days postinoculation by IB (bottom). The Western blots are representative of three independent experiments.

Depletion of ANX5 does not affect cell proliferation. In general, the kinetics of vi-
ral spreading is dependent on cell proliferation. Therefore, we tested whether knock-
down of ANX5 affects cell proliferation by performing a luminescent cell viability assay.
The results showed that there was no significant difference in cell proliferation between
the sh-NC and sh-ANX5 cells (Fig. 4A), suggesting that ANX5 is specifically involved in the
negative regulation of HCV propagation.

ANX5 is not involved in HCV IRES-mediated translation. To investigate whether
ANXS5 is involved in HCV internal ribosome entry site (IRES)-mediated translation, we
used a bicistronic reporter plasmid containing HCV IRESs derived from 1b (Con1) and
2a (JFHT) to monitor the activity of HCV IRES-mediated translation. Plasmids possessing
the IRES sequence derived from poliovirus (PV) and encephalomyocarditis virus (EMCV)
were used as controls. We observed no significant difference in any of the IRES-medi-
ated reporter activities between sh-NC and sh-ANX5 cells (Fig. 4B), suggesting that
ANXS5 had no influence on HCV IRES-mediated translation.

ANXS5 is not involved in HCV assembly. To investigate whether ANX5 is involved
in HCV assembly, we used the trans-complemented HCV particle (HCVtcp) system,
which produces an infectious HCV for single-round infection. A plasmid encoding core-
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FIG 5 ANX5 is involved in regulation of the proper subcellular distribution of CLDN1 and OCLN.
(A and B) Huh-70K1-sh-NC and Huh-70K1-sh-ANX5 cells were fixed with ice-cold acetone-methanol
(1:1) solution for 20 min at —20°C and blocked with phosphate-buffered saline (PBS) containing 2%
FBS for 1 h at room temperature. Endogenous CLDN1 (A) and endogenous OCLN (B) were stained
with the specific mouse MAb together with ANX5 rabbit pAb, followed by staining with Alexa Fluor
594-conjugated goat anti-mouse IgG (red) and Alexa Fluor 488-conjugated goat anti-rabbit IgG
(green), respectively. Nuclei were stained with Hoechst 33342. Scale bars, 10 um. (C) Endogenous ZO-
1 was stained with the specific mouse MADb, followed by staining with Alexa Fluor 594-conjugated
goat anti-mouse IgG (red). Nuclei were stained with Hoechst 33342. Scale bars, 10 um.

NS2 and a plasmid encoding a bicistronic subgenomic luciferase reporter replicon
sequence were cotransfected into Huh-7.5 cells treated with siRNA-NC and siRNA-
ANX5, respectively. At 5 days posttransfection, supernatants from the transfected cells
were collected and inoculated into Huh-7.5 cells to evaluate viral particle formation by
measuring the reporter activities. The results revealed that there was no significant dif-
ference in reporter activities between the siRNA-NC and siRNA-ANX5 cells (Fig. 4Q),
suggesting that ANX5 is not involved in HCV assembly. These results suggest that
ANXS5 participates in the negative regulation of the HCV life cycle, including viral repli-
cation and entry but not viral translation and assembly.

ANXS5 is involved in regulation of cellular distribution of CLDN1 and OCLN. We
observed that the expression levels of CLDN1 and OCLN were decreased in the ANX5
knockdown cells (Fig. 3B). Therefore, we hypothesized that ANX5 is involved in the regu-
lation of cellular distribution of CLDN1 and OCLN. To test this hypothesis, we examined
the intracellular localization of CLDN1 and OCLN by confocal microscopy. In sh-NC Huh-
70K1 cells, both CLDN1 and OCLN were distributed in a typical linear pattern along the
layer of cell-to-cell contact (Fig. 5A and B, upper rows). Interestingly, cellular localization
of CLDN1 and OCLN was severely disrupted and exhibited a fragmented and clumpy
pattern in the sh-ANX5 Huh-70K1 cells (Fig. 5A and B, lower rows). These results suggest
that ANXS5 is required for proper subcellular distribution of CLDN1 and OCLN. Similarly,
Z0-1 protein, a scaffold protein of OCLN, was abnormally localized in the sh-ANX5 cells
(Fig. 5C, lower image). These results suggest that ANX5 is involved in the regulation of
subcellular distribution of CLDN1 and OCLN to maintain TJ assembly.

PKCy and PKCa are involved in both ANX5-mediated OCLN phosphorylation
and OCLN assembly. To determine whether ANX5 is involved in PKC-mediated OCLN
phosphorylation, we performed immunoblot analysis. The immunoblot analysis revealed
that OCLN phosphorylation was markedly decreased in the sh-ANX5 cells compared
with the sh-NC cells (Fig. 6A, first blot, compare lane 4 with lane 3). When we treated the
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FIG 6 ANX5 regulates OCLN phosphorylation via induction of PKCn and PKCa expression. (A) Huh-70K1-sh-NC and Huh-70K1-sh-
ANXS5 cells were treated with dimethyl sulfoxide (DMSO) or 5 wg/mL of phorbol 12-myristate 13-acetate (PMA). At 3 h posttreatment,
the cells were lysed and subjected to IB with the indicated antibodies. The asterisk indicates phosphorylated OCLN (p-OCLN). (B)
Huh-70K1 cells were treated with DMSO or 5 ug/mL of PMA. At 3 h posttreatment, the cells were lysed and treated with lambda PP
for 30 min at 30°C. The samples were subjected to IB with the indicated antibodies. The asterisk indicates p-OCLN. (C and D) Huh-
70K1 cells were transfected with 50 nM synthetic siRNA targeted to NC, PKCn, or PKCa. At 3 days postincubation, the cells were
treated with DMSO or 5 ug/mL of PMA for 3 h and subjected to IB with the indicated antibodies. The asterisk indicates p-OCLN. The
Western blots are representative of three independent experiments. The relative levels of p-OCLN were quantified by ImageQuant TL

software (version 7.0) and are indicated below the respective lanes.

cells with a PKC activator, phorbol 12-myristate 13-acetate (PMA), treatment with PMA
clearly induced phosphorylation of OCLN protein (Fig. 6A, first blot, lane 3, asterisk).
However, we could not detect clear phosphorylation of CLDN1 under the treatment with
PMA (data not shown). Moreover, using antibodies to specific PKC isoforms, we observed
marked decreases in the expression of PKCn and PKCa in the sh-ANX5 cells (Fig. 6A, sec-
ond blot, lane 4, and third blot, lane 4), whereas phosphorylated PKD/PKCu (Fig. 6A,
fourth blot, lane 4) and other isoforms, including PKCS, PKCZ, PKC6, and PKCA (data not
shown), were not changed. These results suggest that ANX5 positively regulates OCLN
phosphorylation via PKCn and PKCa expression. On the other hand, total PKD/PKCu
and phosphorylated PKD/PKCu levels were comparable between the sh-NC and sh-
ANX5 cells treated with PMA (Fig. 6A, lanes 3 and 4, fourth and fifth blots). We noticed
that total PKD/PKCu was moderately upregulated in the sh-ANX5 cells compared to sh-
NC cells for undetermined reasons (Fig. 6A, fifth blot, compare lane 1 with lane 2).

To verify that the slowly migrating form of OCLN was due to phosphorylation, we
performed experiments using lambda protein phosphatase (PP). When we treated the
cells with lambda PP, the slowly migrating form of OCLN phosphorylation disappeared
(Fig. 6B, top blot, compare lane 3 with lane 4, asterisks). The immunoblot analysis
revealed that the phosphorylated PKD/PKCu was also markedly decreased by the treat-
ment of the cells with lambda PP (Fig. 6B, middle blot, compare lane 3 with lane 4).
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FIG 7 PKCn and PKCa are involved in the negative regulation of HCV propagation. (A and B) Huh-70K1 cells were transfected with 50 nM synthetic siRNA
targeted to the NC, PKCn, PKCa, or PKCn and PKCa. At 2 days posttransfection, the cells were infected with HCVcc J6/JFH1 at an MOI of 1. At 4 days
postinoculation, cells were harvested. Total RNA was quantified by real-time PCR (A) with the indicated specific primers. The cell extracts were subjected to
IB with the indicated antibodies (B). Results are the mean values of triplicates * SDs. Data from the real-time PCR were normalized to the amount of
GAPDH mRNA (n = 3 biological replicates). *, P < 0.05 versus the results for the HCVcc-infected Huh-70K1 cells treated with siRNA-NC. (C) Huh-70K1 cells
were transfected with 50 nM synthetic siRNA targeted to NC, PKCn, or PKCa. At 3 days posttransfection, the cells were inoculated with HCVpps from
genotype 1a (H77c), and the NL activity was measured at 3 days postinoculation. Results are the mean values of triplicates = SDs (n = 3 biological
replicates). *, P < 0.05 versus the results for the cells treated with siRNA-NC. (D) Huh-70K1 cells were transfected with 50 nM synthetic siRNA targeted to
NC, PKCn, or PKCa. At 3 days posttransfection, the cells were fixed with ice-cold acetone-methanol (1:1) solution for 20 min at —20°C and blocked with
PBS containing 2% FBS for 1 h at room temperature. Endogenous OCLN was stained with the specific mouse MAb, followed by staining with Alexa Fluor

594-conjugated goat anti-mouse IgG (red). Nuclei were stained with Hoechst 33342. Scale bars, 10 um.

These results indicate that the slowly migrating form of OCLN was indeed the phos-
phorylated form of OCLN.

To further elucidate roles of PKC% and PKCa in ANX5-mediated OCLN phosphoryla-
tion, we performed siRNA-mediated knockdown experiments in the Huh-70K1 cells.
Immunoblot analysis revealed that PMA-induced OCLN phosphorylation was dramati-
cally decreased by the knockdown of PKC# and PKCe« (Fig. 6C and D, top blots, com-
pare lane 3 with lane 4, asterisks). These results suggest that PKCn and PKCa are
involved in ANX5-mediated OCLN phosphorylation.

PKCn and PKCa are involved in negative regulation of HCV propagation. To
examine the role of PKC% and PKCa in HCV propagation, we evaluated the effects of
siRNA-mediated knockdown of PKC% and PKCa on the HCV propagation. The knockdown
efficiency for PKCn mRNA and PKCa mRNA was approximately 60% as estimated by qPCR
(Fig. 7A, middle and right graphs). The gPCR analysis showed that PKCx»p mRNA was
decreased by transfection of siPKC% but not transfection of siPKCa (Fig. 7A). In addition,
PKCa was decreased by transfection of siPKCa but not transfection of siPKC%. These
results validated the specificity of siPKCa and siPKC7. We observed significant enhance-
ment of intracellular HCV RNA expression and intracellular HCV core protein and NS3 pro-
tein levels in both the PKCn knockdown and PKCa knockdown Huh-70K1 cells to the
same extent (Fig. 7A, left graph, and Fig. 7B, lanes 2 and 3). These results suggest that
PKC% and PKCa are involved in negative regulation of HCV propagation. On the other
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FIG 8 HCV infection disrupts OCLN integrity via downregulation of PKCa and PKCn expression, thereby promoting HCV propagation. (A)
Huh-70K1 cells were infected with HCVcc J6/JFHT at an MOI of 1. At 3 days postinoculation, the cells were treated with 5 wg/mL of PMA for
3 h, harvested, and subjected to IB with the indicated antibodies. The asterisk indicates p-OCLN (left). The band intensities of
phosphorylated OCLN, PKC%, and PKCa were determined by using ImageQuant TL software (version 7) (right). The Western blots are
representative of three independent experiments. Results are the mean values of triplicates += SDs (n = 3 biological replicates). *, P < 0.05
versus the results for the mock cells treated with PMA. (B) Huh-70K1 cells were infected with HCVcc J6/JFH1 at an MOI of 1. At 3 days
postinoculation, cells were treated with DMSO or 5 ug/mL of PMA for 3 h, and total RNA was quantified by real-time PCR with the primers
for PKCn and PKCa. Results are the mean values of triplicates = SDs. Data from the real-time PCR were normalized to the amount of
GAPDH mRNA. (C) Huh-70K1 cells were infected with HCVcc J6/JFH1 at an MOI of 1. At 4 days postinoculation, the cells were fixed and
stained with anti-OCLN mouse MAb together with anti-NS5A rabbit pAb, followed by staining with Alexa Fluor 594-conjugated goat anti-
mouse IgG (red) and Alexa Fluor 488-conjugated goat anti-rabbit IgG (green). Nuclei were stained with Hoechst 33342. Scale bars, 10 um.

hand, the double knockdown of PKCa and PKC% showed neither an additive nor a syner-
gistic effect on HCV propagation, suggesting that there is redundancy between PKCa and
PKCn involving HCV infection (Fig. 7A, left graph, and Fig. 7B, lane 4).

Additionally, we observed that the infectivity of HCVpps was significantly enhanced
in PKC7n knockdown Huh-70K1 cells, PKCa knockdown cells, and PKCa/PKC» double-
knockdown cells (Fig. 7C). These results suggest that PKCn and PKCa are involved in
negative regulation of HCV propagation at the HCV entry step.

To analyze the subcellular localization of OCLN in PKC» knockdown and PKCa knock-
down Huh-70K1 cells, we examined these cells under confocal microscopy. Confocal micros-
copy observation revealed that the knockdown of PKCa and PKCn disrupted subcellular
localization of OCLN (Fig. 7D). These results suggest that PKCa and PKCn regulate OCLN
localization and that PKCa and PKC7 are involved in ANX5-mediated OCLN assembly.

HCV infection disrupts ANX5-mediated OCLN integrity via downregulation of
PKCa and PKCy expression, thereby promoting HCV propagation. To further exam-
ine whether HCV disrupts ANX5-mediated OCLN integrity to promote viral infection, we
assessed the effects of OCLN phosphorylation in HCVcc-infected cells. Immunoblot anal-
ysis revealed that HCV infection moderately decreased OCLN phosphorylation and PKC«
protein levels in the cells (Fig. 8A, first and third blots, compare lane 1 with lane 2). We
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FIG 9 A proposed model: HCV infection disrupts ANX5-mediated OCLN integrity mainly through downregulation of
PKCa and PKCn expression, thereby promoting viral propagation. (A) Intracellular ANX5 regulates OCLN integrity via
recruitment of PKCn and PKCa expression. PKC% and PKCa activation may be involved in OCLN phosphorylation at
its C-terminal domain and contributes to the proper cellular distribution of OCLN. (B) HCV infects the cell via CD81
together with other viral entry factors, including CLDN1 and OCLN. Subsequently, HCV may reduce OCLN
phosphorylation via downregulation of PKCa and PKCn expression, thereby promoting viral propagation via
the disruption of OCLN integrity. HCV may promote degradation of PKC% by an undetermined mechanism.

also observed that HCV infection significantly decreased OCLN phosphorylation in cells
treated with PMA (Fig. 8A, first blot, compare lane 3 with lane 4, asterisks). Intriguingly,
PKCa protein level was reduced by HCV infection (Fig. 8A, third blot, compare lane 1
with lane 2), whereas the PMA-induced PKC% protein level was markedly reduced by
HCV infection (Fig. 8A, second blot, compare lane 3 with lane 4), suggesting that HCV
infection reduces OCLN phosphorylation via downregulation of PKCa and PKCn expres-
sion. The levels of phosphorylated PKD/PKCu were not altered between mock-infected
cells and HCV-infected cells (Fig. 8A, fourth blot, compare lane 3 with lane 4). On the
other hand, the mRNA levels of PKCa and PKC»n were not decreased in HCV-infected
cells (Fig. 8B), suggesting that HCV downregulates PKCa and PKCn expression at the
posttranslational level.

To investigate whether HCV infection disrupts OCLN distribution, we assessed the
subcellular localization of OCLN in HCV-infected cells. Confocal microscopy analysis
revealed that the proper subcellular distribution of OCLN was disrupted in HCV-
infected cells (Fig. 8C).

Taken together, our findings lead us to propose a model that HCV infection disrupts
ANX5-mediated OCLN assembly via downregulation of PKCa and PKC% expression to
promote viral propagation (Fig. 9).

DISCUSSION

In this study, we demonstrated that ANX5 contributes to the suppression of HCV
infection at the stages of viral entry and replication. We obtained evidence suggesting
that ANX5 is involved in the regulation of OCLN distribution. Further mechanistic
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analysis revealed that PKC isoforms, including PKCa and PKCr, are involved in ANX5-
mediated OCLN integrity to restrict HCV infection. Furthermore, we found that HCV
infection disrupts ANX5-mediated OCLN integrity through downregulation of PKC«
and PKC% expression to promote viral infection. To our knowledge, the present study
is the first to show a regulatory role of ANX5 in OCLN integrity to negatively control
HCV infection.

Two independent studies using different purification analyses demonstrated that a
set of three ANXs, i.e, ANX2, ANX4, and ANX5, were present in the HCV replication
complex and may be associated with some HCV NS proteins (6, 7). In agreement with
these observations, we demonstrated high expression of these three ANXs in Huh-7.5
cells (Fig. 1A). This result suggests the possibility that not only ANX2 but also ANX4
and ANX5 are involved in the HCV life cycle. On the other hand, Rdsch and colleagues
(9) reported that ANX3, which is enriched in lipid droplets (LDs), participates in HCV as-
sembly, while ANX2, ANX4, and ANX5 did not show any impact on HCV infection. Our
present findings demonstrated that knockdown of ANX5 also results in the enhance-
ment of HCV RNA replication, although the molecular mechanism remains to be eluci-
dated. We hypothesize that ANX5 may associate with the HCV replication complexes
like ANX2 and ANX3 and negatively regulates HCV RNA replication. In light of these
inconsistent reports, further investigation is needed to clarify the exact role of intracel-
lular ANXs in the HCV life cycle.

Like other ANXs, ANX5 is highly associated with infections by several virus (e.g., cyto-
megalovirus [CMV], HIV-1, herpes simplex virus 1 [HSV-1], influenza A virus, vaccinia virus,
and porcine reproductive and respiratory syndrome virus) (17-22). ANX5 is incorporated
in the virion components and plays important roles in viral release. In the present study,
we identified ANX5 as a host factor that negatively regulates the HCV life cycle at the
stages of viral entry and replication. Knockdown of ANX5 exhibited neither cellular mor-
phological changes nor alternation of cell growth (Fig. 4A), suggesting that ANX5-medi-
ated HCV suppression is not due to the effects on host cell growth and cell arrest. Our
present findings suggest that ANX5 is involved in the regulation of cellular distribution
of CLDN1 and OCLN. A previous report by Mee and colleagues (16) indicated that HCV
infectivity was facilitated by a disruption of CLDN1 and OCLN assembly. We thus propose
a model that knockdown of ANX5 results in the enhancement of HCV infection through
the disruption of CLDN1 and OCLN assembly (Fig. 9). Further investigation of the physio-
logical association between ANX5 and TJ proteins, such as OCLN and CLDNT1, is required
to understand the mechanism underlying ANX5-mediated TJ assembly.

The association between the integrity of TJ proteins and ANX5 has not been
reported. Our confocal microscopy analysis indicated that ANX5 was localized at peri-
nuclear region near the sites of the HCV replication complex, while OCLN and CLDN1
were distributed at the cell-to-cell contact sites (Fig. 5A and B). These results suggest
that ANX5 is involved the regulation of cellular distribution of CLDN1 and OCLN. In
general, phosphorylation of OCLN and CLDN1 by several cellular kinases is associated
with TJ assembly (15). Our results suggest that ANX5 is involved in the control of
expression of specific PKC isoforms, such as PKCa and PKCn (Fig. 6A). Consistently, we
observed the disruption of phosphorylation and subcellular distribution of OCLN in
PKCa and PKCn knockdown cells (Fig. 6C and D and Fig. 7D). These results suggest
that PKCa and PKCn function in both ANX5-mediated phosphorylation and assembly
of OCLN and that ANXS5 is involved in TJ assembly through the recruitment of PKCa
and PKCn (Fig. 9A). On the other hand, it was reported that CLDN1 phosphorylation
may be regulated by protein kinase A (PKA) (13), implicating the involvement of ANX5-
mediated phosphorylation and distribution of CLDN1 via PKA activation.

Recently, Sekhar and colleagues (23) reported TACSTD2, a cell surface-expressed
calcium-signaling receptor, as a host factor that associates with CLDN1 and OCLN and
positively regulates their proper subcellular localization. Intriguingly, TACSTD2 knock-
down disrupted TJ assembly and suppressed HCV infection. These results are inconsis-
tent with our observation that disruption of CLDN1 and OCLN distribution promotes
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HCV infection. Thus, it will be interesting to investigate the relationship between TACSTD2
and ANX5 and their roles in the regulation of TJ assembly.

We demonstrated that HCV disrupted ANX5-mediated OCLN assembly to promote
viral infection, although HCV utilizes OCLN for the viral entry via cell-free or cell-to-cell
infection. We also demonstrated that PKC»n and PKCa are involved in ANX5-mediated
OCLN phosphorylation and assembly (Fig. 6C and D and Fig. 7D). Intriguingly, HCV
infection was associated with a moderate reduction of PKCa and a marked reduction
of PMA-induced PKCn expression at the posttranslational level but not the transcrip-
tional level (Fig. 8A and B). This result suggests that HCV manipulates OCLN assembly
through downregulation of PKCa and PKCn to promote viral propagation (Fig. 9).
However, further experiments are required to clarify how PKCa and PKCn expression
is downregulated by HCV infection. Liu and colleagues (24) reported that HCV infection
induces the downregulation of CLDN1 and OCLN expression to prevent superinfection,
which suggests that cell-to-cell transmission rather than cell-free infection is involved
in the persistent HCV infection. We demonstrated that HCV disrupts OCLN integrity via
downregulation of PKCa and PKC% in HCV-infected cells. Thus, it will be interesting to
determine whether cell-to-cell transmission is involved in the enhanced HCV propaga-
tion in cells with disrupted TJ assembly. Further investigation using the ex vivo organo-
typic three-dimensional (3D) culture model (25) is required to understand the role of
ANX5-mediated TJ integrity and negative regulation of HCV infection in the liver.

In summary, we propose that HCV infection disrupts ANX5-mediated OCLN integrity
through downregulation of PKCa and PKCr expression to promote viral propagation.
Targeting the machinery of TJ disassembly by HCV infection may lead to the develop-
ment of novel therapeutics for the treatment of HCV-related liver diseases.

MATERIALS AND METHODS

Cell culture and viruses. Huh-7.5 cells (kindly provided by C. M. Rice, The Rockefeller University, NY)
and Huh-70K1 cells (26) are highly permissive to the cell culture-adapted HCV (HCVcc) of genotype 2a
strain JFH1. Huh-7.5 and Huh-70K1 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (high glucose) with L-glutamine (Fujifilm Wako Pure Chemical Industries, Osaka, Japan) supple-
mented with 50 IU/mL of penicillin, 50 wg/mL of streptomycin (Gibco, Grand Island, NY), and 10% heat-
inactivated fetal bovine serum (FBS; Biowest, Nuaillé, France) at 37°C in a 5% CO, incubator. The 9-13
cell line is an Huh-7 cell clone harboring the HCV SGR (1b, Con1) (27).

Cells were transfected with plasmid DNA using FuGene 6 transfection reagents (Promega, Madison,
WI). The pFL-J6/JFH1 plasmid, which includes the entire viral genome of JFH1, a chimeric strain of HCV-
2a (28), was kindly provided by C. M. Rice. The HCV genome RNA was synthesized in vitro using pFL-J6/
JFH1 as a template and was transfected into Huh-70K1 cells by electroporation. The virus produced in
the culture supernatant was used for the infection experiments (29, 30).

Plasmids. The cDNA fragments including the IRES of the HCV strains derived from genotype 1b
(Con1) or 2a (JFH1) were inserted between the Renilla and firefly luciferase genes, and the resulting plas-
mids were designated pRL-CMV-HCV/Con1 and pRL-CMV-HCV/JFH1, respectively (31). The IRES region of
HCV was replaced with that of poliovirus (PV) or encephalomyocarditis virus (EMCV) and the resulting
plasmids were designated pRL-CMV-PV and pRL-CMV-EMCV, respectively (31). The construction of an
HCV reporter SGR plasmid including the firefly luciferase gene (pSGR-Luc) was kindly provided by R.
Bartenschlager (Heidelberg University, Germany). The cDNA fragment encoding human ANX5 was ampli-
fied by reverse transcription-PCR (RT-PCR) from total RNA of Huh-7.5 cells and cloned into pEF1-Myc-Hisg
using the In-Fusion HD cloning kit (Clontech, Mountain View, CA). The C-terminal Myc-His,-tagged ANX5
wobble mutant (ANX5-shR) was generated by the mutagenesis PCR method using pEF1-ANX5-Myc-His, as
a template. The sequences of the inserts were extensively confirmed by sequencing (Eurofins Genomics,
Tokyo, Japan).

Antibodies and reagents. The mouse monoclonal antibodies (MAbs) used in this study were anti-core
MADb (2H9 clone), anti-NS5A (MAB8694; Millipore, Billerica, MA), anti-NS3 (MAB8691; Millipore), anti-glyceral-
dehyde-3-phosphate dehydrogenase (anti-GAPDH) MAb (MAB374; Millipore), anti-ANX2 MAb (C-10; Santa
Cruz Biotechnology, Santa Cruz, CA), anti-ANX4 MADb (D-2; Santa Cruz Biotechnology), anti-CLDN1 MAb (XX7;
Santa Cruz Biotechnology), anti-OCLN MAb (E-5; Santa Cruz Biotechnology), anti-CLDN1 MAb (2H10D10;
Thermo Scientific Inc., Waltham, MA), anti-CD81 MAb (BD Biosciences, San Jose, CA), and anti-3-actin MAb
(Sigma-Aldrich, St. Louis, MO).

The rabbit polyclonal antibodies (pAbs) used in this study were anti-NS5A pAb (2914-1) (32), phospho-
PKC antibody sampler pAb (number 9921; Cell Signaling Technology, Danvers, MA), anti-ANX5 pAb
(14196; Abcam, Cambridge, UK), and anti-PKCn pAb (179524; Abcam). Horseradish peroxidase (HRP)-con-
jugated goat anti-mouse IgG and goat anti-rabbit IgG antibody (Molecular Probes, Eugene, OR) were used
as secondary antibodies. Phorbol 12-myristate 13-acetate (PMA) was purchased from Sigma-Aldrich.
Lambda protein phosphatase (lambda PP) was purchased from New England Biolabs, Inc. (Tokyo).
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Immunoblot analysis. Cells were harvested and suspended in 0.5 mL of radioimmunoprecipitation
assay (RIPA) buffer containing 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS),
1% NP-40, 0.5% deoxycholate (DOC), protease inhibitor cocktail tablets (Roche Molecular Biochemicals,
Mannheim, Germany), and phosphatase inhibitor cocktail (Nacalai, Kyoto, Japan). Cell lysates were incu-
bated at 4°C for 2 h and centrifuged at 20,400 x g for 30 min at 4°C (centrifuge MX-307 and rotor rack
AR015-SC24; TOMY, Tokyo, Japan).

After being lysed, the samples were boiled in 15 uL of SDS sample buffer, then subjected to 8% or
10% SDS polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore). The membranes were blocked with Tris-buffered saline containing 20 mM
Tris-HCl (pH 7.6), 135 mM NaCl, and 0.05% Tween 20 (TBST) plus 5% bovine serum albumin (BSA) at room
temperature for 2 h and incubated with primary antibodies for immunoblotting. The membranes were
then incubated with HRP-conjugated secondary antibody at room temperature for 2 h. The cell lysates
were visualized with ECL Western blotting detection reagents (GE Healthcare, Buckinghamshire, UK) and
detected by an LAS-4000 image analyzer system (GE Healthcare). The band intensities were quantified
using ImageQuant TL software (version 7.0).

RNA interference. The siRNAs targeted to the human ANX2 (s1383), ANX4 (s1390), and ANX5 (s1392)
were purchased from among Silencer select validated siRNAs (Thermo Scientific Inc.). HCV SGR (1b, Con1) cells
were transfected with 50 nM siRNA using RNAiMax transfection reagent (Life Technologies, Carlsbad, CA)
according to the manufacturer’s instructions. At 72 h posttransfection, the cells were harvested and subjected
to immunoblot analysis. The short hairpin RNA (shRNA) sequences of the sense strands targeted to human
ANX5 (5'-GUACAUGACUAUAUCAGGA-3') was inserted into the pSilencer 2.1 U6 puro vector (Ambion, Austin,
TX). To establish the stable ANX5 knockdown cell clones, Huh-7OK1 cells were transfected with the plasmids,
and drug-resistant clones were selected by treatment with puromycin (Sigma-Aldrich) at a final concentration
of 1 wg/mL. The siRNAs targeted to the human PKCn (sense, 5'-GACAAGGACUUCAGUGUAATAT-3'; sense,
5'-GAACGAAGAUGACCUCUUUTAT-3’; and sense, 5'-CCAUGGCACUAGAAAUAGUTAT-3") and PKCa (sense,
5'-AAAGGCUGAGGUUGCUGAUTAT-3") were purchased from Santa Cruz Biotechnology.

Real-time PCR. Total RNA was prepared from the cells using an RNeasy minikit (Qiagen, Valencia,
CA). First-strand cDNA was synthesized using a GoScript reverse transcription system (Promega). Real-
time PCR was performed using SYBR Premix Ex Taq Il (Tli RNase H plus) (TaKaRa Bio, Shiga, Japan) accord-
ing to the manufacturer’s protocol. Fluorescent signals were analyzed by using a StepOne Plus real-time
PCR system (Applied Biosystems Inc., Foster City, CA).

The following primer pairs were used to amplify the genes: for HCV, 5'-GAGTGTCGTGCAGCCTCCA (HCV-S)-
3" and 5'-CACTCGCAAGCACCCTATCA (HCV-AS)-3’; for ANX1, 5'-CGAAGTTGTGGATAGCTTCTGGTG (ANX1-S)-3’
and 5'-ACCGATCTGAGGACTTTGGTGTG (ANX1-AS)-3'; for ANX2, 5'-ACTTTGATGCTGAGCGGGATG (ANX2-S)-3'
and 5'-CGAAGGCAATATCCTGTCTCTGTG (ANX2-A)-3'; for ANX3, 5'-GAGTCACTAGGGCCACCATGAGA (ANX3-S)-
3’ and 5'-GCGGCAGCTGATTGTTAAGGA (ANX3-AS)-3’; for ANX4, 5'-GAAGTGTGCCCGGATATCCAAC (ANX4-S)-3'
and 5'-GGTAGCTTTGAAGATGCTCTGCTG (ANX4-AS)-3'; for ANX5, 5'-GGTCTCTGCAAGGTAGGCAGGTA (ANX5-
S)-3" and 5'-AAACCATTGACCGCGAGACTTC (ANX5-AS)-3’; for ANX6, 5'-GCATCTGCGTCAGGGTTGAA (ANX6-S)-
3’ and 5'-TCAGATGTGGGAACTTAGTGCAGTG (ANX6-AS)-3'; for ANX7, 5'-GGGTAGCCACTACTTGGCACTT
(ANX7-S)-3" and 5'-CCCAACAGGCTACCCACCTT (ANX7-AS)-3'; for ANX9, 5'-GACAAGGATGCGCAGAGGCTA
(ANX9-5)-3" and 5'-GCTCCTGGAAGTTTCGTGAGATG (ANX9-AS)-3’; for ANX10, 5'-ATGATCCTGTGCAACAAGAGC
TACC (ANX10-5)-3" and 5'-CCAGCAGCTCCTGAAAGTATCCA (ANX10-AS)-3’; for ANX11, 5'-GCCTGATTGAGATC
CTCGCTTC (ANX11-S)-3" and 5'-AGTGCCCTGATGTGTCGCTTC (ANX11-AS)-3'; for ANX13, 5'-TTGAAATCTTAT
CGGGCAGGACA (ANX13-S)-3" and 5'-TCGAAGTTTCCACTCAGCTCACTC (ANX13-AS)-3’; for PKCm, 5'-
CATTTCGGCTCTCATGTTCCTCC (PKCn-S)-3" and 5'-GCACATTCCGAAGTCTGCCAGT (PKCn-AS)-3'; for PKCaq, 5'-
GCCTATGGCGTCCTGTTGTATG (PKCa-S)-3" and 5'-GAAACAGCCTCCTTGGACAAGG (PKCa-AS)-3'; and for
GAPDH, 5'-GCCATCAATGACCCCTTCATT-3" and 5'-TCTCGCTCCTGGAAGATGG-3'. The expression level of each
gene was determined by the threshold cycle (AAC;) method using GAPDH as an internal control.

Quantification of the extracellular core protein. HCV core protein in the culture supernatant was
quantified by a highly sensitive enzyme immunoassay, the Ortho HCV core antigen enzyme-linked im-
munosorbent assay (ELISA; Ortho-Clinical Diagnostics, Raritan, NJ).

Flow cytometry. Cell surface expression of CD81 on Huh-70K1-sh-NC and Huh-70K1-sh-ANX5 cells
was analyzed by flow cytometry (Becton, Dickinson, Mountain View, CA). Cells were incubated with mouse
monoclonal antibody to CD81 (BD Biosciences) and then stained with the phycoerythrin (PE)-conjugated
anti-mouse IgG monoclonal antibody (BD Biosciences). Mouse IgG1 was used as an isotype control.

HCV infectivity assay. Briefly, culture supernatants were serially diluted 10-fold and used to infect
duplicate 24-well cultures of Huh-7.5 cells. At 24 h postinoculation, the cultures were overlaid with com-
plete DMEM containing a final concentration of 0.25% methylcellulose (Sigma-Aldrich). At 72 h of incu-
bation, the cells were fixed in 4% paraformaldehyde (PFA) and immunohistochemically stained using
anti-core MAb (2H9 clone). The infectious HCV titers were determined based on the focus-forming units
(FFU) per milliliter (29).

HCVpp infectivity assay. HCVpps were generated by cotransfection with a gag-pol packaging plas-
mid, a retroviral transfer vector carrying the nanoluciferase (NL) reporter gene, and a plasmid encoding
viral envelope glycoprotein derived from HCV genotypes (1a, H77¢; 1b, Con1; and 2a, JFH1) or VSV-G in
HEK293T cells (33). The supernatants from the transfected cells were collected and inoculated into Huh-
70K1 cells to analyze the HCV infectivity.

HCVtcp assay. HCVtcps were generated as described previously (34). In brief, the plasmids encoding
core-NS2 (pCAGC-NS2) and the plasmid encoding a bicistronic subgenomic luciferase reporter replicon
sequence (SGR-Luc) were cotransfected into Huh-7.5 cells treated with SiRNA-NC or siRNA-ANXS5, respectively.
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At 5 days posttransfection, supernatants from the transfected cells were collected and inoculated into Huh-
7.5 cells to evaluate viral particle formation by measuring the luciferase reporter activity.
In vitro transcription of HCV RNA, electroporation into cells, and reporter analysis. The HCV rep-
licon plasmid pSGR (1b, Con1)-Luc was digested with Scal and transcribed in vitro by using a MEGAscript
T7 kit (Ambion). Then 10 ng of in vitro-transcribed HCV RNA was electroporated at 270 V and 960 uF by
a GenePulser Xcells pulse generator (Bio-Rad, Hercules, CA) into 4 x 10° cells treated with BTXpress
buffer (BTX, Holliston, MA). The electroporated cells were seeded into 24-well plates and harvested at
the indicated time points. The luciferase activity was determined in triplicate using a GloMax 96 micro-
plate luminometer (Promega). The luciferase activity at 4 h after electroporation was used for normaliza-
tion for the transfection efficiency of HCV RNA.
Confocal microscopy. Cells seeded on glass coverslips in 24-well plates were infected or not with
HCVcc J6/JFH1. At 5 days postinoculation, cells were fixed with ice-cold acetone-methanol (1:1) solution
for 20 min at —20°C, stained with the appropriate antibodies, and then stained with Alexa Fluor 488- or
Alexa Fluor 594-conjugated goat anti-mouse IgG (green) and Alexa Fluor 488- or Alexa Fluor 594-conju-
gated goat anti-rabbit 1gG (red). Nuclei were stained with Hoechst 33342. The cells were mounted on
glass slides and observed under a confocal laser scanning microscope (LSM700; Carl Zeiss, Oberkochen,
Germany).
Statistics. Results are expressed as means * standard deviations. Statistical significance was deter-
mined by Student’s t test for results shown in Fig. 1D, Fig. 2A, C, and D, and Fig. 3B, C, and D and by one-
way analysis of variance (ANOVA) for the results shown in Fig. 1C, Fig. 7A and C, and Fig. 8A. P values of
<0.05 and <0.01 were considered significant.
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