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The precise mechanisms regulating hepatitis C virus (HCV) entry into hepatic cells remain unknown.
However, several cell surface proteins have been identified as entry factors for this virus. Of these molecules,
claudin-1, a tight junction (TJ) component, is considered a coreceptor required for HCV entry. Recently, we
have demonstrated that HCV envelope glycoproteins (HCVgp) promote structural and functional TJ alter-
ations. Additionally, we have shown that the intracellular interaction between viral E2 glycoprotein and
occludin, another TJ-associated protein, could be the cause of the mislocalization of TJ proteins. Herein we
demonstrated, by using cell culture-derived HCV particles (HCVcc), that interference of occludin expression
markedly reduced HCV infection. Furthermore, our results with HCV pseudotyped particles indicated that
occludin, but not other TJ-associated proteins, such as junctional adhesion molecule A or zonula occludens
protein 1, was required for HCV entry. Using HCVcc, we demonstrated that occludin did not play an essential
role in the initial attachment of HCV to target cells. Surface protein labeling experiments showed that both
expression levels and cell surface localization of HCV (co)receptors CD81, scavenger receptor class B type I,
and claudin-1 were not affected upon occludin knockdown. In addition, immunofluorescence confocal analysis
showed that occludin interference did not affect subcellular distribution of the HCV (co)receptors analyzed.
However, HCVgp fusion-associated events were altered after occludin silencing. In summary, we propose that
occludin plays an essential role in HCV infection and probably affects late entry events. This observation may

provide new insights into HCV infection and related pathogenesis.

Hepatitis C virus (HCV) is a small enveloped positive-strand
RNA virus that belongs to the Flaviviridae family (20). More
than 80% of acute infections become chronic, which eventually
progress to cirrhosis and hepatocellular carcinoma (28). HCV
infects mainly hepatocytes, but the precise mechanisms of in-
fection are largely unknown (11). The HCV particle consists of
a nucleocapsid surrounded by a lipid bilayer in which the two
envelope glycoproteins (HCVgp), E1 and E2, are anchored as
a heterodimer and play a major role in HCV entry (20). The
development of an infectious cell culture model based on the
production of infective HCV particles (cell culture-derived
HCV particles [HCVcc]) (34) and the generation of HCV
pseudotyped retroviral particles (HCVpp) (4) have provided
powerful tools to study the HCV cycle. HCV entry is a complex
multistep process that requires the presence of several factors.
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There are multiple pieces of evidence for the involvement of
host cell proteins in HCV entry, including glycosaminoglycans,
the low-density lipoprotein receptor, scavenger receptor class
B type I (SR-BI), and the tetraspanin CD81 (11). Recently,
claudin-1, a tight junction (TJ) component, has been identified
as a coreceptor required for a late step in HCV entry (13).
TJs are major components of cell-cell adhesion complexes
and are composed of integral membrane proteins, including
occludin and claudins, which associate with actin cytoskeleton-
interacting proteins, such as zonula occludens protein 1
(ZO-1) (2). These structures maintain cell polarity, separating
apical from basolateral membrane domains, and form a para-
cellular barrier that allows the selective passage of certain
solutes (2). In hepatocytes, TJs seal the bile canaliculi and form
the intercellular barrier between bile and blood (12). Recently,
we have shown that TJ-associated proteins occludin and clau-
din-1 disappeared from their normal localization in both HCV-
infected and genomic HCV replicon-containing Huh7 cells.
Furthermore, TJ function was also altered in these cells (5). In
this matter, we have reported an intracellular interaction be-



VoL. 83, 2009

tween E2 and occludin (5). Moreover, it has been reported that
claudin-1 and several TJ-associated proteins, such as coxsack-
ievirus and adenovirus receptor (35) and junctional adhesion
molecule (JAM) (3), act as virus (co)receptors. Since coxsack-
ievirus entry across epithelial TJs requires occludin (10), we
have explored the role of occludin in HCV infection.

MATERIALS AND METHODS

Cell culture, generation of HCV replicon-containing clones, and HCVcc in-
fection. Huh7, PLC/PRF/5, and 293T cells and their derivatives were grown at
37°C in a 5% CO, atmosphere in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum, 2 mM L-glutamine, 50 pg/ml gentamicin, 100
U/ml penicillin, and 100 pg/ml streptomycin. Huh7 cells expressing full-length or
subgenomic genotype 1b (Conl; EMBL database accession number AJ238799)
HCYV replicons were established as previously described (5). For HCVcc infec-
tion assays, cells were grown on 96-well plates (3 X 10* cells/cm?) for 24 h, spin
infected with HCV isolate JFH1 (multiplicity of infection of 0.1) (34) at 1,200 X
g for 2 h (36) and processed 4 days postinfection for real-time reverse transcrip-
tion-PCR (RT-PCR) or immunofluorescence (see below).

Transgene and short hairpin RNA (shRNA) retroviral transfer. Full-length
human claudin-1 cDNA (GenBank accession number NM_021101) was cloned
into the Swal site of the pRV-IRES-Neo retroviral expression vector (Genetrix
S. L., Madrid, Spain). This construct was employed to generate the 293T-clau-
din-1 cell line.

c¢DNA oligonucleotides containing the sequence corresponding to nucleotides
1412 to 1430 of human occludin cDNA (GenBank accession NM_002538) were
annealed and inserted between the BglII and HindIII sites of pSUPER.retro-
.puro and pSUPER.retro.neo+GFP (GFP stands for green fluorescent protein)
(Oligoengine, Seattle, WA) according to the manufacturer’s instructions. This
sequence is identical to nucleotides 1480 to 1498 of canine occludin, which has
been reported to be an efficient target for occludin knockdown in MDCK cells
(37). Generation of the control shRNA retroviral vector, production of retroviral
particles, infection, and puromycin selection of target cells were performed as
previously described (5). Occludin silencing in HCV replicon-containing clones
was performed by transient transfection with the pSUPER .retro.neo+GFP ver-
sions of control and occludin shRNA due to the fact that HCV replication was
reduced two- to fourfold after retroviral infection and puromycin selection (our
unpublished observations). For this purpose, transfections were performed with
2 pg of the indicated plasmids employing Lipofectin (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. After 24 h of culture, GFP-express-
ing cells were purified by flow cytometry with a FACSAria cell sorter (BD
Biosciences, Franklin Lakes, NJ), and 24 h later, RNA was extracted for real-
time RT-PCR analysis (see below).

siRNAs and transfections. Cells were transfected using the Dharmafect 4
protocol with a mix of two On-Targetplus small interfering RNAs (siRNAs) (100
nM each) directed against human occludin (5'-GAAGAAAGAUGGACAGGU
A-3" and 5'-GUACUGGGGUUCAUGAUUA-3"), JAM-A (5'-GGAUAGUG
AUGCCUACGAA-3" and 5'-CGAGUAAGAAGGUGAUUUA-3"), ZO-1 (5'-
GAGAAGAAGUGACCAUAUU-3" and 5'-CUACACUGAUCAAGAACUA-
3"), or a nonspecific control siRNA (Dharmacon, Lafayette, CO). After 48 h,
cells were reseeded (3 X 10* cells/cm?) and 24 h later infected with luciferase-
based pseudoparticles or lysed to check knockdown efficiency by Western blot-
ting (see below).

HCVce binding assays. Cells were grown on 24-well plates (3 X 10* cells/cm?)
for 24 h. After the cells were washed with cold culture medium, they were
incubated with HCVcc (multiplicity of infection of 0.1) supplemented with 20
mM HEPES for 1 h at 4°C with gentle rocking. Where indicated, heparin (250
ng/ml) was added. Cells were washed three times with ice-cold phosphate-
buffered saline (PBS) and processed for RT-PCR (see below).

RT-PCR. RNA extraction, RT, and quantitative PCR were performed as
previously described (5). Occludin-specific primers used were 5'-TGCATGTTC
GACCAATGC-3' and 5'-AAGCCACTTCCTCCATAAGG-3' (1).

Western blots. Cells were grown on six-well plates (3 X 10* cells/cm?) for 24 h,
lysed on the plate with 100 wl of Laemmli buffer, and boiled for 5 min. Western
blotting was carried out as previously described (5) with the following antibodies:
polyclonal antibodies antioccludin, anti-claudin-1, anti-ZO-1, anti-JAM-A
(Zymed, San Francisco, CA) and anti-SR-BI (Novus Biologicals, Inc., Littleton,
CO) and monoclonal antibodies anti-CD81 (clone 5A6) and anti-p53 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA).

Plasmid constructs. The MLV-GFP, CMV-Gag-Pol, and phCMV-RD (en-
coding the feline endogenous virus RD114 glycoproteins) vectors and the plas-
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mids coding for HCV EI1E2 glycoproteins (genotypes la and 1b) have been
previously described (4). The pVSV-G construct (encoding the vesicular stoma-
titis virus [VSV] G protein) was purchased from Clontech Laboratories Inc.,
Mountain View, CA. The pNL4-3.Luc.R-E- plasmid was obtained through the
NIH AIDS Research and Reference Reagent Program (Division of AIDS,
NIAID, NIH) from Nathaniel Landau (8, 15). The pXPILTRwt construct (hu-
man immunodeficiency virus type 1 [HIV-1] long terminal repeat [LTR]-lucif-
erase reporter plasmid) has been previously described (14). The pRL-null re-
porter plasmid was purchased from Promega, Madison, WI.

Production of pseudoparticles and infection assays. GFP-coding pseudopar-
ticles were generated as previously described (4). Production of luciferase-based
pseudoparticles was performed by transfection of 293T cells with equal amounts
(10 pg) of pNL4-3.Luc.R-E- and either HCV E1E2, phCMV-RD, pVSV-G, or
empty vector by the calcium phosphate method. The medium was replaced 16 h
after transfection. Supernatants containing the pseudoparticles were harvested
24 h later, filtered through 0.45-pm-pore-size membranes, and used in infection
assays. Target cells were grown on 96-well plates (3 X 10* cells/cm?) for 24 h and
infected as previously described (4). 293T-derived cells were seeded on plates
coated with poly-L-lysine (Sigma, St. Louis, MO). For GFP-based pseudopar-
ticles, infection was enhanced by spinoculation (centrifugal inoculation) (see
above), and the percentage of GFP-positive cells was determined using a
FACSCalibur flow cytometer (BD Biosciences). Luciferase activity was mea-
sured with the luciferase assay system (Promega) according to the manufactur-
er’s instructions and determined in a Sirius single tube luminometer (Berthold
Detection Systems GmbH, Pforzheim, Germany).

Immunofluorescence analysis and confocal microscopy. Cells were grown on
coverslips (3 X 10* cells/cm?) for 24 h and processed for immunofluorescence as
previously described (5). 293T-derived cells were seeded on coverslips coated
with poly-L-lysine. The antibodies used were the same as for Western blots (see
above), monoclonal anti-HCV core (clone C7-50; Affinity BioReagents, Goleen,
CO) and polyclonal anti-ZO-1 (Zymed). A monoclonal antioccludin antibody
(Zymed) was used for double-label immunofluorescence when needed.

Cell surface protein biotinylation. A previously described protocol for cell
surface protein biotinylation (26) was followed with minor modifications. After
24 h of culture (3 X 10* cells/cm?), cells were washed three times with ice-cold
calcium- and magnesium-supplemented phosphate-buffered saline (PBS-CM)
(MidiMed, Boussens, France) and incubated with 0.5 mg/ml Sulfo-NHS-SS-
Biotin [sulfosuccinimidyl 2-(biotinamido)-ethyl-1, 3-dithiopropionate] (Pierce,
Rockford, IL) in PBS-CM for 45 min at 4°C. Cells were washed three times with
ice-cold Tris-buffered saline and lysed in buffer containing 150 mM NaCl, 50 mM
Tris-HCI (pH 7.4), 1% NP-40, and EDTA-free Halt protease inhibitor cocktail
(Pierce) for 30 min on ice. After sonication for 1 min in a Soniprep 150 (MSE
Ltd., Crawley, United Kingdom), lysates were cleared by centrifugation
(23,440 X g) for 15 min at 4°C, and the protein concentration was measured with
the Bio-Rad protein assay (Bio-Rad, Hercules, CA). Cleared lysates (1 mg) were
incubated with 100 wl of 50% immobilized NeutrAvidin protein (Pierce) over-
night at 4°C with mixing. Samples were centrifuged (1 min, 500 X g), and
precipitates were washed three times with ice-cold lysis buffer, resuspended in
Laemmli buffer, and boiled for 10 min. Bound proteins were separated on a
sodium dodecyl sulfate-polyacrylamide gel and analyzed by Western blotting
using the indicated antibodies.

Cell-cell fusion assays. Cell-cell fusion experiments were performed essen-
tially as previously described (19). 293T cells were transduced with occludin
shRNA-coding retroviral particles and selected with puromycin (see above).
293T-occludin shRNA “donor” cells (5 X 10° cells/well seeded into the wells of
six-well plates [wells coated with poly-L-lysine 24 h prior to transfection]) were
cotransfected using Lipofectamine (Invitrogen) with 100 ng of pXPI1LTRwt
plasmid and either 2 ug of empty vector, 2 pg of phCMV-H77, or 0.4 pg of
pVSV-G plus 1.6 pg of empty vector. After 24 h, transfected cells were reseeded
(2 X 10* cells/well) in 24-well plates. Huh7-Tat indicator cells (19) were trans-
fected with control or occludin siRNAs (see above); after 48 h, cells were
detached and added (8 X 10* cells/well) to the transfected 293T-occludin sShRNA
“donor” cells. After 24 h of cocultivation, cells were washed with PBS, incubated
for 5 min in citric acid buffer (15 mM citric acid, 150 mM NaCl) at pH 5, and
washed three times with medium. The luciferase activity was measured 24 h later
as described above. In order to test whether occludin knockdown affected Tat-
associated transcriptional activity, control and occludin siRNA-transfected
Huh7-Tat cells were seeded in the wells of 24-well plates (6 X 10* cells/well) 24 h
after siRNA transfection, cultured overnight, and transiently cotransfected with
20 ng of pXP1LTRwt, 4 ng of pRL-null, and 200 ng of carrier plasmid. Parental
Huh7 cells (not expressing Tat) were transfected in parallel and used as a control
for Tat-dependent HIV-1 LTR induction. After 48 h, luciferase activity was
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FIG. 1. HCVcc infection is impaired by occludin knockdown. (A) Occludin was silenced using shRNA technology on Huh7, PLC/PRF/5 (PLC),
and 293T-Claudin-1 cells. Occludin knockdown was confirmed by Western blotting using antioccludin and anti-p53 (loading control) antibodies.
The positions of molecular mass markers (in kilodaltons) are indicated to the right of the blots. Results are representative of two independent
experiments. (B) Cells were infected with HCVcc, and 1-pug RNA samples were analyzed by real-time RT-PCR using specific primers to determine
HCV RNA levels. Histone H3 mRNA levels were used for sample normalization. Data are expressed as HCV RNA levels relative to control
shRNA-transduced cells. Data are represented as the mean values plus standard deviations (SD) (error bars) from three experiments. (C) HCVcc-
infected Huh7 cells were processed for immunostaining using an antibody directed specifically against HCV core protein (green). The merged
image with the nuclei stained with 4’,6'-diamidino-2-phenylindole (DAPI) (blue) is shown. Results are representative of two separate experiments.
Bars, 250 pm. (D) Occludin was silenced using sShRNA technology on Huh7 clones harboring the genomic replicon 1389/Core-3'/5.1 (HCV-G1)
or the subgenomic replicon 1377/NS3-3" (HCV-NSA). Occludin and HCV RNA levels were determined by real-time RT-PCR as described in
Materials and Methods. Data are expressed as the mean values plus SD (error bars) of the results obtained with both clones.

measured with the dual-luciferase reporter assay system (Promega) according to
the manufacturer’s instructions.

RESULTS

The TJ-associated protein occludin is relevant to HCV in-
fection. Recently, it has been suggested that claudin-1 is im-
plicated in HCV infection (13). To evaluate the contribution of
the TJ-associated protein occludin to HCV infection, we used
a retroviral knockdown approach with control or occludin-
specific shRNAs in both Huh7 and PLC/PRF/5 human hepa-
tocyte-derived cell lines. Furthermore, we included 293T-clau-
din-1 cells, derived from a nonhepatic cell line in which
ectopically expressed claudin-1 renders 293T cells susceptible
to HCVpp infection (13). Western blot analysis showed that
occludin shRNA caused a marked downregulation of occludin
expression in all cell lines tested (Fig. 1A). Then, we per-
formed infection assays using HCVcc and evaluated produc-
tive infection by real-time RT-PCR. Occludin knockdown
sharply reduced the susceptibility of Huh7 and PLC/PRF/5
cells to HCVce infection compared to cells expressing control
shRNA (Fig. 1B). The effect of occludin downregulation on
HCVcc infection of 293T-claudin-1 cells could not be evalu-
ated because no detectable levels of viral RNA were found

after JFH-1 HCVcc infection (data not shown). This observa-
tion is consistent with a previous report and probably reflects
the low permissiveness for initiation of HCV replication in
293T cells (32). These data were further confirmed by immu-
nofluorescence analysis of viral protein core accumulation in
control or occludin shRNA Huh7 cells (Fig. 1C).

In order to test whether occludin downregulation affects
viral replication, we analyzed HCV RNA levels in Huh7 cells
harboring genomic (HCV-G1) or subgenomic (HCV-NSA)
replicons (5) after occludin knockdown. No differences in
HCV RNA levels were found between control and occludin
shRNA-expressing replicon-containing cells (Fig. 1D), indicat-
ing that HCV replication was not affected by occludin silenc-
ing. All together, these findings suggest that occludin expres-
sion is essential for HCV infection without affecting HCV
replication.

Occludin knockdown impairs HCV entry. HCVpp carrying
envelope proteins from different HCV genotypes have been
validated for the study of HCV entry (4). HCVpp consist of
full-length HCV envelope glycoproteins assembled onto retro-
viral core particles containing a retrovirus-derived genome
harboring different reporter genes such as those encoding GFP
or luciferase (4). To evaluate the contribution of occludin to
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FIG. 2. Occludin knockdown alters HCV entry. (A) Infectivity of murine leukemia virus-derived GFP-coding pseudoparticles. Control or
occludin shRNA-transduced cells were infected with HCVpp (genotypes 1a and 1b), VSVpp, or RD114pp. Data are expressed as percentages of
GFP-positive cells relative to control shRNA-transduced cells. The percentage of GFP-positive cells observed with pseudoparticles bearing no
envelope proteins (background reading) was subtracted from the values obtained with HCVpp, RD114pp, and VSVpp. Data are represented as
the mean values plus standard deviations (SD) (error bars) of the results of three experiments performed in duplicate. (B) Infectivity of
HIV-derived luciferase-coding pseudoparticles. Data are expressed relative to control shRNA-transduced cells. Background readings were always
less than 2% of the values obtained with pseudoparticles containing envelope proteins. Data are represented as the mean values plus SD of the
results of at least four experiments performed in triplicate. RLUs, relative luciferase units. (C) Effects of occludin-, JAM-A-, and ZO-1-specific
siRNAs on pseudoparticle infectivity. PLC/PRF/5 cells were transiently transfected with control or specific siRNAs against occludin, ZO-1, and
JAM-A. After 48 h, cells were reseeded (3 X 10* cells/cm?), and 24 h later, the cells were infected with luciferase-based pseudoparticles or lysed
to check knockdown efficiency by Western blotting using antioccludin, anti-JAM-A, anti-ZO-1, and anti-p53 (loading control) antibodies.
Expression levels of claudin-1, SR-BI and CD81 were also monitored. The positions of molecular mass markers (in kilodaltons) are indicated to
the right of the blots. Data are expressed relative to control siRNA-transfected cells and represented as the mean values plus SD of the results
of two independent experiments performed in triplicate.

HCV entry, control or occludin shRNA-transduced cells were transfected with occludin-, ZO-1-, and JAM-A-specific

challenged with GFP-coding HCVpp. Data showed that occlu-
din knockdown resulted in a reduction of infectivity of both
genotype la- and 1b-derived HCVpp without affecting VSV
pseudotyped particles (VSVpp) or RD114 pseudotyped parti-
cles (RD114pp) infection levels (Fig. 2A). These data were
further confirmed using luciferase-coding HCVpp (Fig. 2B).
The TJ multiprotein complex is composed by integral mem-
brane proteins, such as JAM-A, which serves as a receptor for
mammalian reovirus, and occludin, which associates with actin
cytoskeleton-interacting proteins like ZO-1 (2). To evaluate
the contributions of different TJ-associated proteins to HCV
infection, Huh7 and PLC/PRF/5 cell lines were transiently

siRNAs. As expected, occludin knockdown after sSiRNA trans-
fection resulted in a reduction of infectivity of HCVpp without
affecting VSVpp infection levels on PLC/PRF/5 cells (Fig. 2C)
or Huh?7 cells (data not shown). In contrast, reduction of ZO-1
or JAM-A expression did not affect HCVpp infectivity (Fig.
2C). All together these findings suggest that occludin, but not
other TJ-associated proteins, such as JAM-A or ZO-1, is es-
sential for HCV entry.

Occludin knockdown does not affect initial HCV attachment
or expression levels and subcellular localization of its (co)re-
ceptors. The HCV cell entry process starts with the binding of
the viral particles to the surface of target cells via interactions
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FIG. 3. Occludin knockdown does not affect HCV initial attach-
ment to target cells. Control or occludin shRNA-transduced Huh7 or
PLC/PREF/5 cells were washed with cold culture medium and incubated
with HCVcc for 1 h at 4°C in the presence (+) or absence (—) of
heparin (250 pg/ml). Unbound viral particles were removed, and total
RNA was extracted. Samples (1 pg) of RNA were analyzed by real-
time RT-PCR using specific primers to determine HCV RNA levels.
Histone H3 mRNA levels were used for sample normalization. Data
are expressed as HCV RNA levels relative to control shRNA-trans-
duced cells in the absence of heparin. Data are represented as the
mean values plus standard deviations (error bars) of the results of two
independent experiments performed at least in duplicate.

between HCVgp and specific cell surface receptors (11). We
carried out HCVcce binding assays in order to examine whether
occludin plays a role in initial cell binding events. Total RNA
was extracted after incubating HCVcc with cells for 1 hour at
4°C. As shown in Fig. 3, we found no differences in HCVce
attachment between control and occludin shRNA-transduced
cells (Huh7 and PLC/PRF/5 cells). Similar results were ob-
tained by transient transfection of Huh7 cells with control or
occludin siRNAs (data not shown). The specificity of HCVcc
binding to cells was demonstrated by competition with heparin,
a homolog of highly sulfated heparan sulfate, as a control to
reduce HCV attachment to the cell surface (Fig. 3). These data
suggest that occludin is not involved in the initial attachment of
virions to target cells.

It has been suggested that the precise localization of HCV
(co)receptors and their coordinate interactions with different
proteins are required for productive HCV infection (11). In
this context, we investigated whether occludin silencing af-
fected expression levels and/or cell surface localization of HCV
(co)receptors. When Huh7 cells were subjected to biotinyla-
tion of cell surface proteins, occludin was efficiently biotinyl-
ated and isolated by NeutrAvidin beads, and no occludin was
detected when the biotinylation step was omitted (Fig. 4A). As
expected, p53 was not detected in the NeutrAvidin precipi-
tates, indicating no intracellular biotinylation (Fig. 4A). West-
ern blot analysis of both total lysates and cell surface biotinyl-
ated extracts showed similar levels of HCV (co)receptors
SR-BI, CD81, and claudin-1 between control and occludin
shRNA-transduced cell lines (Fig. 4B). It is noteworthy that
transient transfection of cells with occludin siRNA did not
alter expression levels of HCV (co)receptors either (Fig. 2C).

Next we examined by confocal microscopy-based immuno-
fluorescence analysis whether occludin silencing could alter the
localization of the different HCV (co)receptors on cell surface,
such as CD81 and SR-BI, and TJ-associated proteins clau-
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FIG. 4. Expression levels and cell surface localization of HCV
(co)receptors are not altered after occludin knockdown. (A) After
Huh?7 cells were subjected to biotinylation (+), total lysates and Neu-
trAvidin-bound proteins obtained from mock-treated or biotin-treated
cells were analyzed by Western blotting using antioccludin and anti-
p53 antibodies. (B) Control or occludin shRNA-transduced cells were
cell surface biotinylated. Western blot analysis of both total lysates and
NeutrAvidin-bound proteins was performed using antioccludin, anti-
claudin-1, anti-SR-BI, anti-CD81, and anti-p53 antibodies. Data shown
are representative of at least two independent experiments. The posi-
tions of molecular mass markers (in kilodaltons) are indicated to the
right of the blots.
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din-1, occludin, and ZO-1 (Fig. 5). Given that the level of
occludin silencing was not the same among all cells, we focused
on fields where occludin expression was undetectable. We ob-
served that in both control and occludin shRNA-transduced
PLC/PREF/5 cells, claudin-1 and ZO-1 localized at the apical
poles of lateral cell membranes, the typical distribution of
these proteins in TJ-forming cells. Furthermore, CD81 and
SR-BI appeared diffusely distributed across the plasma mem-
brane independently of occludin silencing (Fig. 5). Similar
results were obtained with Huh7 and 293T-claudin-1 cells
(data not shown). In summary, these data indicate that occlu-
din knockdown did not affect expression levels, cell surface
localization, and spatial distribution of the HCV (co)receptors
analyzed.

Occludin is implicated in HCV late entry events. Binding of
HCV to target cells is followed by internalization of the viral
particle by clathrin-mediated endocytosis (6). It has been es-
tablished that VSV entry also relies on clathrin-mediated en-
docytosis (31). Since we observed that occludin shRNA did not
induce any changes on VSVpp entry (Fig. 2), it is conceivable
that occludin silencing did not affect clathrin-mediated endo-
cytosis. However, in order to further confirm this issue, we
examined whether transferrin uptake, which is a clathrin-de-
pendent process (16), was altered after occludin knockdown.
Experiments showed that transferrin internalization was not
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FIG. 5. Subcellular localization of HCV (co)receptors and TJ-associated protein ZO-1 is not affected by occludin silencing. Control or occludin
shRNA-transduced PLC/PREF/S cells were processed for immunofluorescence with antibodies against occludin, ZO-1, claudin-1, CD81, and SR-BI.
Localization of occludin (red) and HCV (co)receptors or ZO-1 (green) was analyzed by immunofluorescence confocal analysis (the merged
projection of confocal stacks is shown by the large labeled panel at the top, and the x-z section is shown by the thin panel at the bottom). Nuclei
were stained with DAPI (blue). z sections were compiled by taking 0.5-wm steps through each x-y section. In order to clearly show the obtained
results, due to the fact that occludin knockdown was not homogeneous among the occludin shRNA-transduced polyclonal cell population, cells
with undetectable levels of occludin are shown. Images are representative of two independent experiments. The black arrows indicate the planes

corresponding to the x-z sections shown. Bar, 50 pm.

affected in occludin shRNA-transduced Huh7 and 293T-clau-
din-1 cells (data not shown).

After HCV internalization, fusion has been proposed to
occur within early endosomes (25), where the acidic pH trig-
gers the fusion process, probably by inducing conformational
changes in the envelope proteins (6, 17, 18, 33). To determine
whether occludin is required for HCVgp-mediated membrane
fusion, we carried out cell-cell fusion assays. In these experi-
ments, either untransfected Huh7 cells or occludin and control
siRNA-transfected Huh7-Tat “indicator” cells (19) were cocul-
tured with 293T-occludin shRNA “donor” cells cotransfected
with a HIV-1 LTR-luciferase reporter construct and plasmids
coding for either HCV or VSV envelope proteins. Fusion
between “donor” and “indicator” cells results in a Tat-medi-
ated transactivation of the HIV-1 LTR measured as luciferase
expression. Occludin knockdown in the “donor” cells was per-
formed to avoid cis-interactions with HCVgp and trans-inter-
actions with occludin expressed in the “indicator” cells. For
similar reasons, we decided not to express claudin-1 in 293T
“donor” cells. As expected, coculture of HCVgp-expressing

“donor” cells with control siRNA-transfected Huh7-Tat cells
produced almost 100-fold-more luciferase activity than paren-
tal Huh7 cells did (Fig. 6A), demonstrating effective cell-cell
fusion and Tat-mediated transactivation of the HIV-1 LTR,
thus validating the experimental setup. Interestingly, when
HCVgp-expressing “donor” cells were used, occludin knock-
down of Huh7-Tat cells resulted in a decrease of luciferase
activity, indicating an impairment of HCVgp-dependent cell
fusion (Fig. 6A). The specificity of occludin effects on HCVgp-
mediated fusion was demonstrated by the fact that occludin
knockdown of Huh7-Tat cells did not alter the fusion with
“donor” cells expressing the VSV envelope protein (Fig. 6A).
Occludin knockdown in Huh7-Tat cells was confirmed by
Western blotting 48, 72, and 96 h after siRNA transfection,
time points corresponding to the beginning of the coculture,
the acid wash, and the measurement of luciferase activity,
respectively (data not shown and Fig. 6B). Additionally, in
order to rule out the possibility that occludin silencing affected
Tat-associated transcriptional activity, control and occludin
siRNA-transfected Huh7-Tat cells were transiently transfected
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FIG. 6. Occludin knockdown affects HCVgp-mediated cell fusion. (A) 293T occludin-shRNA “donor” cells cotransfected with either empty
vector, HCVgp, or VSVgp and a HIV-1 LTR-luciferase reporter construct were cocultured with control or occludin siRNA-transfected Huh7-Tat
“indicator” cells. Parental Huh7 cells (not expressing Tat) were used as a control for Tat-dependent HIV-1 LTR induction. After 24 h, cells were
treated at pH 5 for 5 min, and the luciferase activity induced by the fusion between “donor” and “indicator” cells was measured 24 h later.
Unspecific fusion, measured as the luciferase activity obtained when using “donor” cells expressing no envelope proteins, was less than 15% of the
values obtained with HCVgp (data not shown). The level of occludin knockdown in 293T-occludin shRNA “donor” cells was similar to that shown
in Fig. 1 for shRNA-transduced 293T-claudin-1 cells (data not shown). Data are expressed relative to control siRNA-transfected Huh7-Tat cells
and represented as the mean values plus standard deviations (SD) (error bars) of an experiment performed in triplicate. Results are representative
of three independent experiments. RLUs, relative luciferase units. (B) Forty-eight hours after transfection of Huh7-Tat cells with control or
occludin siRNA, cells were cotransfected with the HIV-1 LTR-luciferase reporter construct and the reporter plasmid pRL-null, which bears a
promoterless Renilla luciferase gene and serves as control for transfection efficiency. Parental Huh7 cells were also included in the experiment.
After 48 h of further culture, knockdown efficiency was checked by Western blotting and luciferase activity was measured. The positions of
molecular mass markers (in kilodaltons) are shown to the right of the blots. Renilla-normalized data are expressed relative to control siRNA-
transfected Huh7-Tat cells and represented as the mean values plus SD of an experiment performed in triplicate. Results are representative of

three independent experiments.

with the HIV-1 LTR reporter plasmid, showing similar lucif-
erase activities (Fig. 6B). All together, these results indicate
that occludin is required for HCVgp-dependent cell fusion.

DISCUSSION

The most striking finding of this study is that the TJ-associ-
ated protein occludin is essential for HCV infection of several
cell lines using both HCVcc and HCVpp. These data, along
with the fact that occludin knockdown did not affect HCV
replication, strongly suggest that occludin plays an essential
role in HCV entry.

HCV entry is initiated by the binding of the particle to an
attachment factor, which helps to concentrate viruses on the
cell surface. After the initial attachment to the target cell, the
virus binds to specific entry factors which are responsible for
initiating a series of events that eventually lead to viral entry
(11). Our data suggest that occludin is not involved in the
initial attachment of virions to target cells, an infection step
which probably depends on other virus (co)receptors, such as
glycosaminoglycans and lipoprotein receptors.

Currently, it seems that HCV entry requires an unexpectedly
large group of cellular (co)receptors, including SR-BI, CD8]1,
and claudin-1 implicated at the postbinding stage (11). Our
experiments suggest that the impairment of HCV entry after
occludin knockdown was not due to a reduction of cell surface
expression or spatial redistribution of the HCV (co)receptors
analyzed. Furthermore, since occludin shRNA did not induce
any changes in VSVpp infection and transferrin uptake, our
data suggested that occludin knockdown did not affect clath-

rin-mediated endocytosis. Taken together, these findings sug-
gest a rather direct and specific role of occludin in HCV entry.
HCV internalization is followed by membrane fusion, which
likely occurs in early endosomes (25). HCVgp are resistant to
inactivation by low pH (33), suggesting that HCVgp pH sen-
sitivity occurs during cell entry probably mediated by cell sur-
face molecules which could trigger conformational rearrange-
ments and/or promote acid pH sensitivity of HCVgp. Occludin
knockdown promoted a significant reduction of HCVgp-de-
pendent cell-cell fusion, indicating its possible role in the fu-
sion process or at an earlier step required to render the virus
competent for low-pH-triggered entry. Interestingly, it has
been shown that claudin-1 is required for HCVgp-dependent
cell fusion (13), suggesting that the entry steps mediated by
occludin and claudin-1 might involve similar mechanisms
which could take place at the TJ. However, the relevance of
TJs on HCV infection is still controversial and a matter of
debate. After TJ disruption by calcium depletion, a signifi-
cantly increased viral entry in Caco-2 cells (24) and an im-
paired HCV infection in Huh7 cells (7) have been observed.
Our experiments showed that localization of TJ-associated
proteins ZO-1 and claudin-1 was not significantly affected by
occludin silencing. Furthermore, HCVpp infectivity was not
altered by ZO-1 and JAM-A knockdown, suggesting that TJ
function itself may not be required for HCV cell entry. How-
ever, further functional experiments will be required to deter-
mine whether TJs are necessary for HCV infection and
whether occludin knockdown alters hepatocyte TJ function.
A number of studies suggest that viruses move laterally on
the plasma membrane before being internalized (22). These
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movements take place until the viruses have engaged sufficient
receptors to initiate signaling events required for internaliza-
tion. In the case of HCV, it has been suggested that the virus
exploits CD81-mediated lateral migration to move to the TJs
where the (co)receptor claudin-1 specifically localizes (7). A
similar event has been demonstrated for the human coxsack-
ievirus, whose binding on the apical surface of polarized cells
triggers intracellular signals that permit virus to move to the TJ
where it interacts with its primary receptor, coxsackievirus and
adenovirus receptor, to enter target cells (9). Emerging evi-
dence indicates that TJs are not an absolute and static barrier
but rather a very dynamic cellular structure (29). In particular,
occludin is recycled continuously even in epithelial cells with
intact cell-cell contacts (30). Interestingly, the basolateral
membrane is an obligatory intermediate in the transport of
occludin to TJs (23). After HCV attachment, which presum-
ably takes place on the basolateral membrane of hepatocytes in
contact with the sinusoidal blood, occludin could be implicated
in viral movement to the site where internalization occurs. Our
previous recent results demonstrated an intracellular interac-
tion between E2 and occludin (5). Thereby, it is plausible that
the E2/occludin association could also take place extracellu-
larly during a postbinding step probably to promote the sub-
sequent viral internalization. Further studies are necessary to
confirm this hypothesis.

It is important to point out that Liu and colleagues have also
recently demonstrated that occludin participates in HCV in-
fection (21). Furthermore, it has recently been shown that
human occludin is an essential HCV cell entry factor, provid-
ing an important advance toward developing mouse models for
HCYV infection (27). Our data contribute important mechanis-
tic details of the role of occludin in late steps of HCV entry. All
together, these observations may provide new insights into
HCV tropism, infection, and spreading that could help in un-
derstanding HCV-related pathogenesis.
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