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Abstract Although HCV is an enveloped virus, naked
nucleocapsids have been reported in the serum of infected
patients. The HCV core particle serves as a protective
capsid shell for the viral genome and recombinant in vitro
assembled HCV core particles induce strong specific
immunity. We investigated the post-binding mechanism of
recombinant core particle uptake and its intracellular fate.
In hepatic cells, these particles are internalized, most likely
in a clathrin-dependent pathway, reaching early to late
endosomes and finally lysosomes. The endocytic acidic
milieu is implicated in trafficking process. Using specific
phosphoantibodies, signaling pathway inhibitors and
chemical agents, ERK,,, was found to be activated in a
sustained way after endocytosis, followed by downstream
immediate early genes (c-fos and egr-I) modulation.
We propose that the intriguing properties of cellular
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internalization of HCV non-enveloped particles can induce
specific ERK;,,—-MAPKs events that could be important in
HCV life cycle and pathogenesis of HCV infection.
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Introduction

Hepatitis C virus (HCV) is a major cause of chronic
hepatitis worldwide and often leads to chronic liver dis-
ease and hepatocellular carcinoma [1]. The virus is
classified as a member of the Flaviviridae family and
produces a precursor polyprotein that is processed by
proteases in order to yield structural and non-structural
proteins. Core protein forms the capsid, which is sur-
rounded by a lipid bilayer containing the glycoproteins,
El and E2. However, different forms of HCV particles
may exist in the circulation of infected individuals, one
form being naked capsids [2]. HCV nucleocapsid devoid
of enveloped proteins in the bloodstream of HCV-infec-
ted patients is a good indicator of the circulating viral
load [3]. The overproduction and release of non-envel-
oped HCV nucleocapsids into the bloodstream and
accumulation of the core protein (or core particles) in
liver cells during an early phase of infection may be
unconventional means by which HCV circumvents the
host immune response and ensures its survival in the
infected host [4]. Moreover non-enveloped core protein
has been found in the serum of most HCV chronic car-
riers with active liver disease and in almost half of those
with inactive disease [5], and it has been detected in
cryoprecipitable immune complexes suggesting a role in
the pathogenesis of cryoglobulin-related damage [6].
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Furthermore, novel HCV subgenomes with in-frame
deletions of both envelope proteins (E1 and E2), were
identified in the liver, as well as in the serum of HCV-
infected individuals [7-9].

When expressed in various heterologous systems, HCV
core efficiently self-assembles into capsid-like core parti-
cles indistinguishable from native non-enveloped capsid
shells [10, 11]. Baumert et al. [12] reported that some of
the virus-like particles produced in insect cells reacted with
anti-core antibodies and stimulated anti-core antibody
responses. We previously reported not only the generation
of recombinant non-enveloped HCV core particles in the
absence of other HCV proteins but also, more importantly,
demonstrated that these naked capsids can be uptaken by
cells and induce cell-signaling phenomena [13, 14].

Recent studies have revealed a surprising variety of
endocytic routes for enveloped as well as non-enveloped
viral capsids [15, 16]. Entry via some of these pathways
proceeds through endosomes, and the decreasing pH of
these vesicular compartments often assists further viral
trafficking [17]. This is also the case for HCV enveloped
particles. For entry, cell surface molecules are required
(CD81, SR-B1, Claudin-1, occludin, and glycosaminogly-
cans), reviewed in [18, 19], and are internalized in a
clathrin-mediated pathway into endosomes, where pH
triggers fusion between viral envelope and endosomal
membrane [20-23]. The early endosome marker, Rab5, a
small GTPase which is a key regulator of early endosomal
function including internalization and signaling, is
involved in this process [23]. The endocytosis pathway and
endosomal pH modifications are also used by certain non-
enveloped virus families, like Picornaviridae [24, 25],
Adenoviridae [26], and Parvoviridae [27]. This critical
process is highly regulated and/or coordinated by a number
of cellular and viral factors [28-30]. It occurs either after
binding to a surface receptor or from endocytic vesicles.

In this study, we attempt to elucidate the post-binding
entry mechanism of recombinant HCV non-enveloped
capsid-like core particles (designated HCVne particles) and
their relationship to different events. We provide evidence
that following entry in cells of hepatic origin, HCVne are
processed through early to late endosomes and finally
lysosomes via the clathrin-dependent pathway. The acidic
milieu of endosomes and different host phosphorylated
proteins are essential for this process. We also demonstrate
that HCVne particles modulate the mitogen-activated
protein kinase (MAPK) cascade during their entry and,
more specifically, activate the extracellular signal-regu-
lated kinase (ERK;,;) pathway. A sustained activation was
observed that leads to ERK,,, nuclear translocation and
induction of c-fos and egr-1 immediate early genes.

Materials and methods
Cells, plasmids, antibodies and reagents

HepG2 (human hepatocellular liver carcinoma cell line)
and Spodoptera frugiperda Sf9 cells were purchased from
ATCC. Huh-7 (human hepatoma) cells were kindly pro-
vided by Dr. R. Bartenshlager (University of Heidelberg,
Germany). Plasmids mRFP-Rab5 and m-RFP-Rab7 [31]
(plasmids 14437 and 14436, respectively) as well as plas-
mid pFos WT-GL3 [32] (plasmid 11983) were all obtained
from Addgene. GFP-RabSWT, GFP-Rab5534N, and GFP-
Rab5Q79L were a gift from Dr. Juan S. Bonifacino [33].
pEgrl.2-luc plasmid was kindly provided by Dr. Gerald
Thiel [34].

The following antibodies were used: mouse anti-EE
autoantigen 1 (EEA1) (BD Biosciences), mouse anti-
Lysosome associated membrane protein 2 (Lamp2)
(Santa Cruz), mouse anti-actin (Chemicon), rabbit anti-
phospho-p44/42, rabbit anti-phospho p38, mouse anti-
p38, rabbit anti-c-fos (all from Cell Signaling), rabbit
anti-ERK1 (K-23) (Santa Cruz) which detects both ERK1
and ERK2, mouse anti-a-tubulin (Molecular Probes), and
rabbit anti-core [13]. As secondary antibodies for
immunostaining, we used rabbit and mouse Alexa-488,
-546, and -647 (Molecular Probes). MEK inhibitors
UO126 and PD98059 were from Cell Signaling, recom-
binant human EGF from R&D, Alexa fluor 546-
conjugated transferrin was from Molecular Probes, and
Alexa Fluor 546-phalloidin from Invitrogen. All other
reagents were from Sigma.

Cell culture, transient transfection and western blotting

Cells were grown in low glucose DMEM supplemented
with 10% (v/v) FCS 100 U/ml penicillin and 100 pg/ml
streptomycin 2.5 x 10°. HepG2 cells were transiently
transfected with JetPEI reagent (PolyPlus) according to the
manufacturer’s protocol.

For western blotting analysis, cells were lysed in ice-
cold lysis buffer [1% (v/v) Triton X-100, 50 mM KCI,
10 mM Tris pH 7.5, 1 mM DTT, 2 mM MgCl,, complete-
mini protease inhibitor cocktail tablets (Roche), 1 mM
PMSF, 2 mM sodium orthovanadate], electrophoretically
separated on 8-10% (w/v) SDS-gels, transferred onto
nitrocellulose membranes, incubated with appropriate
antibodies, and detected by enhanced chemiluminescence
(Pierce). Preparation of nuclear and cytoplasmic extracts
has been described elsewhere [35]. Software Quantity One
4.4.1 (Bio-Rad) was used for densitometric analysis of
gels.
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Production of HCV-non enveloped capsid-like particles

The capsid-like particles were isolated from cell lysates, as
described in [13]. Fractions (650 pl each) were collected
from the top of the gradient, the density was determined by
refractometry, and HCV antigen was analyzed both with
the Ortho HCV core antigen ELISA test system (dilution
1:1,000 in PBS), and by SDS-PAGE followed by
immunoblotting.

Immunofluorescence staining

Following addition of HCVne, corresponding to 10 ng of
core protein, at the indicated times, cells grown on cover-
slips were washed three times with phosphate-buffered
saline (PBS), fixed with 4% (w/v) paraformaldehyde in
PBS (30 min), and the remaining reactive groups were
blocked with 100 mM glycine. Cells were permeabilized
with 0.02% (v/v) Triton X-100, and incubated with the
appropriate primary and secondary antibodies, respec-
tively, for 45 min. Slides were examined using a Leica
TCS-SPS confocal microscope. Sequential scanning
between channels was used to separate fluorescence
emission from different fluorochromes and to completely
eliminate bleed-through between channels. Typically, 9—15
confocal sections from three to five independent experi-
ments, were quantified with Image-Pro Plus software
(Media Cybernetics).

HCV non-enveloped particles tracking

For live microscopy, mRFP-Rab5- and mRFP-Rab7-
transfected cells were grown in 35-mm glass-bottomed
culture dishes (MatTek, Ashland, MA, USA). Internaliza-
tion of HCVne into the host cells and cytoplasmic transport
at 37°C were monitored at the indicated times by time-
lapse live imaging microscope. An inverted time-lapse
Olumpus X181 Cell-R microscope equipped with a
Hamamatsu CCD ORCA/AG camera and x60 or x100
objective lenses. Cells were maintained at 37°C. Proces-
sion of movies was made with the Cell-R software
(Olympus).

Luciferase assay

HepG2 cells (2.5 x 10°) were transfected as already
described. Twenty-four hours after transfection, cells were
starved by incubation with DMEM without serum for 12 h
and HCVne, as well as controls, were added for 18 h. Cell
extracts were prepared and luciferase assays were per-
formed using the Luciferase Assay System (Promega). In
brief, 20 pl of the room temperature cell extract was mixed
with 100 pl of room temperature luciferase assay reagent

containing the substrate. The reaction was performed and
measured in a Luminometer GloMax  20/20 (Promega).
Protein concentration was determined using a protein assay
kit (Bio-Rad) and was used for normalization of the
luciferase assays. All experiments were repeated at least
five times in duplicate wells.

mRNA expression analysis

Total cellular RNA was extracted from HepG2 cells using
TRIzol reagent (Invitrogen) according to the manufac-
turer’s instructions. The purity and integrity of RNA
samples were assessed by Nanodrop spectrophotometer
measurement and gel analysis. Next, 1 pg of RNA was
reversely transcribed using MMLV reverse transcriptase
(Promega) and the resulting cDNA was subjected to semi-
quantitative PCR analysis. Primers used were for: c-fos
[36], egr-1 [37], 28S rRNA (same for human and mouse) as
internal control in the PCR reaction [38]. All PCR condi-
tions were in the exponential phase of amplification and,
therefore, provided a direct correlation between the amount
of products and RNA template abundance in the samples.
The PCR products were analyzed on a 2% (w/v) agarose
gel and the Quantity-One software (BioRad) was employed
for densitometric analysis of the gels.

Statistical analysis

Statistical analysis of significance between control and
treated samples from the confocal microscopy quantifica-
tions was performed by ANOVA and Student’s ¢ test.
Transfection assays results were analyzed with an unpaired
Student’s ¢ test. The levels of significance were set as
P <0.05, P <0.01, and P < 0.001.

Results
HCVne particles colocalize with early endosomes

Internalization of HCVne particles in Huh7 cells was tested
by studying their colocalization with EEA1, a specific
marker for early endosomes. Fluorescence confocal
microscopy visualisation revealed extensive colocalization
at 15 min post-incubation at 37°C which decreased after
30 min (Fig. 1A, D). Specificity of immunostaining was
verified with the use of secondary antibodies Alexa 488
(green) and Alexa 647 (blue), sequentially scanned to avoid
any overlaps in the emission spectra (data not shown).
Similar results concerning early endosomal localization of
particles were obtained in live microscopy, using green
fluorescent protein (GFP)-tagged non-enveloped particles
(described in [14]) together with transiently expressed red
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Fig. 1 HCVne particles enter early endosomes. A Confocal micros-
copy of immunolabeled Huh7 cells incubated with HCVne particles
using anti-core (green) or anti-EEA1 (red) antibodies at 5 (a), 15 (b),
or 30 (¢) min. Colocalization is shown in yellow in the merged images
and inset. Bars a,b 20 pm, ¢ 8 pm. B Selected images obtained from
time lapse videos (Movie S1), representing time trajectories of
movement of GFP fluorescent HCVne particles [14] to early
endosomes in mRFP-Rab5 transfected cells. Arrows indicate traffic
of fluorescent spot (min:s). C Huh7 transfected cells with GFP-
Rab5WT, GFP-Rab5S34N, or GFP-Rab5Q79L plasmids treated with
HCVne particles for 15 min. Immunofluorescence staining with anti-
core (red) antibody. Bars a 20 pm, b,c 16 pm. D,E Image-Pro Plus
quantification of colocalization for HCVne with EEA1 from (A) and
with GFP-Rab5 WT and mutants from (C) (the colocalization level
measured in GFP-Rab5 WT was used as the basis of comparison).
*P < 0.05, **P < 0.01

fold of colocalization

fluorescent protein (mRFP)-tagged Rab5 protein. Observed
colocalization started approximately 9 min after HCVne
particles were added (Fig. 1B; Electronic supplementary
material, ESM, Movie 1).

To test the possible involvement of Rab5 in the HCVne
particle uptake and trafficking, different Rab5 mutants
were used. Rab5S34N is a dominant negative GDP-binding
mutant shown to reduce endocytosis of different ligands,
and Rab5Q79L is a GTPase-deficient, constitutively active
mutant which increases ligand endocytosis [39]. Expres-
sion of WT (wild-type) Rab5 did not affect HCVne
particles endocytosis, as colocalization with HCVne could
be observed. As expected, an increased colocalization rate
in cells transfected with Rab5Q79L was observed, in
addition to the morphology alterations of the early endo-
somes previously reported [39]. In contrast, Rab5534N
produced a drop of the colocalization signal (Fig. 1C, E).
Levels of expression of WT and mutated Rab5 proteins
after transfection were similar. Additional confirmation of
this result was obtained by using EEA1 antibody (data not
shown). Overall, these results suggested that between 9 and
15 min of incubation at 37°C, HCVne particles were
transported to early endosomes, and that Rab5 was
involved in this transport.

HCVne particles ‘travel’ from endosomes to lysosomes
in a microtubule-dependent way

A punctuate perinuclear localisation of HCVne particles
has been repeatedly observed [13, 14]; therefore, an
eventual colocalization with late endosomes and lysosomes
was investigated. As shown in Fig. 2A, D, within 1 h of
incubation at 37°C, 62.5% of HCVne particles were pres-
ent in compartments positive for Rab7, a late endosomal
marker, and this percentage decreased over time. This was
further confirmed by live microscopy using mRFP-Rab7
plasmid (Fig. 2C; ESM, Movie 2), where time-lapse series
displayed a Rab7-HCVne colocalization starting at 53 min
after particle binding. At 4 h post-incubation at 37°C, 66%
of HCVne particles showed colocalization with a well-
known lysosomal marker, Lamp2 (Fig. 2B, E). Similar
results were observed with HepG2, another hepatic derived
cell line (ESM, Figure S1).

The host cytoskeleton, namely the actin filaments and
microtubules, has been involved in the trafficking of
endocytic compartments. Actin filaments are required for
the initial uptake whereas microtubules are involved in
maintaining the endosomal traffic between peripheral early
and late endosomes [40, 41]. Our labeling results were in
agreement with an actin filament and microtubules-medi-
ated transport of particles inside endosomes (Figure S2).
Nocodazole disrupts microtubules dynamics and, thus,
transport from the early endosomes to lysosomes [42].
Increasing concentration of nocodazole increased the
colocalization of HCVne particles with early endosomes
and decreased their colocalization with lysosomes
(Fig. 2F). Taken together, these results provided evidence
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Fig. 2 Presence of HCVne particles in late endosomes and lyso-
somes. A Confocal microscopy using anti-core (green) antibody and
mRFP-Rab7 plasmid (red) for 30 min (a), 1 (b), and 3 (c) h of HCVne
particles incubation. Colocalization is observed in yellow in the
merged images and inset. Bars a 8 pm, b 16 pm, ¢ 20 pm.
B Following HCVne particles addition, Huh7 cells, were co-labelled
with anti-core (green) and anti-Lamp2 (red) antibodies at 1 (a), 2.5
(b), or 4 (¢) h of incubation at 37°C. Insets show high magnification
regions of the merged images. Bars 16 pm. C Selected images

that HCVne particles reached late endosomes after
approximately 1 h of incubation and arrived at lysosomes
3 h later, in a microtubule-dependent way.

HCVne particles entry is pH dependent

Many viruses that traffic through the endocytic vesicles
require the acidic pH of these compartments for proper
transport or to otherwise facilitate function or infection
[16, 17, 20-27, 43]. We investigated the importance of
acidic pH during HCVne particles entry by treating cells
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obtained from time lapse videos (ESM, Movie 2), representing time
trajectories of movement of GFP fluorescent HCVne particles [14] to
late endosomes in mRFP-Rab7 expressing cells. Arrows indicate
traffic of fluorescent HCVne particles (min:s). D,E Colocalization’s
quantification for HCVne particles with Rab7 and Lamp-2, respec-
tively. F Disruption of microtubules with increasing concentrations of
nocodazole. Cells were pretreated for 2 h, HCVne were added for
20 min, and cells were fixed 4 h later. EEA1-HCVne colocalization is
shown in light grey bars and Lamp2-HCVne in dark grey bars

with three inhibitors of endosomal acidification, the
lysosomotropic agents ammonium chloride (NH4CI) and
chloroquine, as well as bafilomycin A1, which inhibits the
vacuolar HY-ATPase [44, 45]. After an adequate pre-
treatment of the cells with the inhibitors (30 min for
bafilomycin Al and chloroquine and 15 min for NH,CI)
particles were added in the medium for 20 min. Unbound
capsids were washed away, and incubation was extended
for additional 40 min (Fig. 3A). EEAl co-staining dem-
onstrated that the particles remained in early endosomes
even at 1 h post-incubation in the drug-treated samples,
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Fig. 3 HCVne particles require Pre-treat with

low pH for internalization. inhibitors +/- HCVne Remove HCVne Fixation
A Schematic diagram } 4 4 ]
representation of the 0 min 20 min

experiment. B Huh7 cells
untreated (a) or incubated with
5 mM NH,CI (b), 20 uM
chloroquine (c), or 50 nM
bafilomycin (d) were added with
particles as described in (A) and
immunolabeled with anti-core
(green) and anti-EEA1 (red)
antibodies. Inset images show a
higher magnification of the
boxed section of the merged
pictures. Bars a,b,d 16 pm,

¢ 20 pm. C Image-Pro
quantification of colocalization.
The control was arbitrarily set at
100% and all other values are a
percentage of this.

D Quantification of
colocalization from cells treated
with E64 (50 pum, 2.5 h) and
pepstatin A (50 pm, 2.5 h).
Cells were pretreated with the

inhibitors as described in (A). " -
#xxP < (0.001 Bafllomyc:ln

Chloroquine

*

% of colocalization

whereas in the untreated control they moved onto the late
endosomes as expected (Fig. 3B, C). Differences in the
percentage of colocalization were probably due to the
efficacy or mechanism of action of each agent. Minimal
cell toxicity was observed in drug-treated cells through
the spectra of concentration used in this experiment.

i
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*
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Cathepsins B and L are E64-sensitive cysteine proteases
that are the most abundant proteases present in endosomes
and lysosomes and are active at acidic pHs in a broad range
of mammalian cells [46]. Incubation of cells with E64 or
the aspartic protease inhibitor pepstatin A prior to HCVne
addition (Fig. 3D) was followed by an increase in the
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EEA1 colocalization even 80 min after HCVne addition
only with E64, thus providing support that cysteine but not
aspartic proteases are implicated. Taken together, these
results suggested for a strong involvement of acidic pH in
HCVne trafficking.

Clathrin-mediated endocytosis is required for HCVne
particles entry

Clathrin-mediated endocytosis constitutes the most
exploited low pH-dependent internalization pathway used
by viruses. However, other pathways including caveolae,
macropinocytosis, and non-caveolin; non-clathrin endocy-
tosis can be used as well [15]. Transferrin is generally
accepted as a ligand exclusively internalized via the
clathrin-coated-pit pathway [47]. Therefore, we internal-
ized Alexa 546-transferrin together with HCVne particles
for 15 min at 37°C and, as shown in Fig. 4A, a triple
colocalization (EEA1, transferrin, HCVne) was observed,
thereby indicating that this pathway could be used for
particle entry. To further investigate, we used sucrose.
Indeed, sucrose is a chemical inhibitor of clathrin-mediated
endocytosis. Its inhibition involves the dispersion of
clathrin lattices on the plasma membrane [48]. In Fig. 4B,
C, colocalization of either particles or Alexa 546-trans-
ferrin with EEA1, was significantly decreased in a dose-
dependent way. These results strongly argue towards the

a-core

clathrin-mediated entry of the HCVne particles uptake in
Huh7 cells. However, the lack of complete Alexa 546-
transferrin/HCVne colocalization makes an alternative
entry pathway plausible.

Endocytosis of HCVne particles mediates activation
of MAPK-ERK1/2

Endocytosis is a sophisticated process which can regulate
different signaling pathways [28-30, 49]. The MAPK-
ERK1/2 pathway is involved in the control of many
fundamental cellular processes and is targeted by different
viruses [29, 30]. Moreover, earlier studies from our
laboratory showed an HCVne particles dependent delo-
calization of ERF, a downstream target of ERK;, [13,
14]. In the light of this, we tested ERK;,, phosphorylation
in HepG2 cells challenged with HCVne particles. As
shown in Fig. 5A, an approximately twofold activation of
ERKI1 and a 3.5-fold activation of ERK2 were observed
30 min post-incubation at 37°C. Epidermal growth factor
(EGF 50 nM), a well-known stimulator of the pathway,
was added for 10 min as a positive control. ERK-activa-
tion by HCVne particles was found to be dose-dependent,
since a rising signal was detected with increasing particle
concentrations (Fig. 5B). Similar results where obtained
in Huh7 cells (data not shown). As controls, we used
either a fraction with the same sucrose density expressing
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Fig. 4 HCVne particles are internalised via a clathrin-dependent
pathway. A HCVne particles and Alexa 546-transferrin (red) in Huh7
cells, processed for immunofluorescence with anti-core (green) and
anti-EEA1 (blue) antibodies. Arrows show individual endosomes
positive for the two markers (insets). Bar 16 um. B Schematic
diagram representation of the experiment. C Quantification of

colocalization of HCVne particles and transferrin with EEA1. Huh7
cells pre-treated with increasing concentrations of sucrose. Following
addition of HCVne particles or transferrin, cells were fixed and
immunostained either with anti-core/anti-EEA1 or anti-EEAI.
**P < 0.01, #**P < 0.001
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Fig. 5 HCVne particles activate MEK,,—ERK;,, pathway. A Time
course of ERK;, phosphorylation from lysates of HepG2 cells
maintained in serum-free conditions incubated with HCVne particles
(5 ng) for 10, 20, 30, 40, and 60 min at 37°C. EGF (50 nM) was used
as positive control. Western blot with phospho-ERK;/, (a), ERK;,,
(b), and quantification of the optical densities of phospho-ERK
immunoreactive bands normalized to the optical densities of total
ERK; in the same samples (c) are presented. ERK1 is represented in
light grey bars and ERK2 in dark grey bars. B HepG2 cells,
maintained in serum-free conditions, were incubated for 30 min with
increasing concentrations of HCVne particles (expressed in ng of core
protein). C HepG2 cells treated with a fraction of equivalent sucrose

GFP protein instead of core (described in [14]), or the
same fraction but heat denaturated (1 h at 100°C). In both
cases, no ERK,, activation was observed (Fig. 5C, D). In

* o-pERK, ,
]
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density from Sf9 cell lysates infected with a control (GFP only
producing) baculovirus or D with the HCVne fraction heat denatured
(1 h at 100°C). E,F HepG2 cells were pre-treated with MEK
inhibitors UO126 or PD98059 at increasing concentrations before
being treated with HCVne particles for 30 min. G HepG?2 cells treated
with soluble bacterial core protein added at increasing concentrations
for 30 min. H HepG2 cells were incubated at either 4°C or 37°C
followed by 30 min of HCVne particles or 10 min of EGF addition.
LJ NH,4Cl (5 mM, 15 min) or nocodazole (4 uM, 2 h) treated cells
with HCVne for 30 min. All lysates were analyzed by immunoblot-
ting as described in A

addition, UO126 and PD98059, specific MEK inhibitors
[50], were shown to block ERK activation induced by
HCVne particles (Fig. SE, F). Purified bacterial soluble
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core protein was also tested, and even at high concen- Pre-treat with . fat
trations, no ERK;, phosphorylation was observed A In:h loftors S _ne L'y t,'on
(Fig. 5G) Omin 15min
g0 . o 5
To investigate if the observed ERK;, signaling g
occurred during HCVne binding or post-binding pro- g
cessing, endocytosis was inhibited by incubation at 4°C. LE

Binding and inhibition of HCVne particles entry at 4°C
has already been demonstrated [14]. As shown in Fig. 5H,
no ERK,,, phosphorylation was observed for HCVne or
for the control EGF at 4°C, indicating that the activation
was endocytosis-dependent. Next, the previously demon-
strated ability of NH4CI to increase the endosomal pH
therefore blocking particles in the endosomes was used.
Treatment of HepG2 cells with this chemical agent
decreased ERK,,, phosphorylation produced by HCVne
particles (Fig. 5I), granting endosomes an important role
in the pathway activation. Additional proof was also
provided by the use of nocodazole. It is well known
that cytoskeleton stability and signaling are correlated.
Nocodazole treatment produces not only a peripheral
localization of endosomes but also a sustained ERK;,
activation [51]. This was also observed in Fig. 5J, indi-
cating the possibility of a link between ERK,,, signaling
and endosomes. Taken together, these results suggested
that HCVne particles were capable of activating the
MEK,,,-ERK,,, pathway in a dose-dependent way, and
that the particulate form and not the protein itself pro-
duced this phenomenon.

Host cell proteins influence uptake and trafficking
of HCVne particles

Signal transduction and endocytosis are inseparably linked
cell functions. We tested the effects of broad-spectrum
phospho-inhibitors in HCVne particles uptake or cellular
trafficking by measuring their colocalization with the
EEAT1 endosomal marker. Cells were pre-treated with the
drugs for an adequate time at 37°C, and remained present
during incubation time.

We first tested the influence of these inhibitors in the
post-binding entry, by testing the EEA1-HCVne colocal-
ization 15 min post-incubation at 37°C (Fig. 6A). Sodium
orthovanadate (5 mM), an inhibitor of tyrosine/alkaline
phosphatases and of a number of ATPases, and SB202190
(20 uM), a selective p38-MAPK inhibitor, significantly
reduced the transport of HCVne particles to early endo-
somes by 30 and 35%, respectively (Fig. 6B). Such an
effect was not observed in the case of okadaic acid
(0.5 uM), a general inhibitor of serine/threonine phospha-
tases or UO126 (1 puM) and PD98059 (5 uM), well-known
MEK inhibitors. To confirm these results, the involvement
of MAPK-p38 in the entry process of HCVne particles was
tested further with specific phospho-antibodies, where a
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Fig. 6 Implication of host cell proteins in HCVne trafficking.
A,D Schematic representation of the experiment. HepG2 cells were
pre-treated with sodium orthovanadate (5 mM, 30 min), okadaic acid
(0.5 uM, 30 min), UO126 (1 puM, 1.5 h), PD98059 (5 mM, 1.5 h),
and SB202190 (20 uM, 1.5 h). Particles were added for either 15 min
(B) or for 20 min, removed and incubated until 80 min (E). Cells
were fixed, immunostained with anti-core (green) and anti-EEA1
(red) and observed with confocal microscopy. Then, 9—15 confocal
sections from three to five different experiments were selected and
quantified with Image-Pro Plus software. C HCVne particles were
added in HepG2 cells for indicated times. EGF (50 nM) and
anisomycin labeled (A, 10 pM) were used as positive controls.
Lysates were analysed by western blotting with anti-phospho-p38 (a)
or anti-p38 (b) antibodies. Densitometric analysis is expressed in
arbitrary units (¢). *P < 0.05, **P < 0.01, ***P < 0.001

twofold activation was observed 20 min after the addition
of HCVne particles (Fig. 6C).

Next, we tested whether cellular phospho-proteins were
involved in trafficking of HCVne particles from early to
late endosomes. Therefore, following pre-treatment of
cells, particles were added for 20 min, washed off, and
incubated further for a total of 80 min (Fig. 6D). Little
EEA1-particles colocalization was measured in the con-
trol (no inhibitors added) however, a significant
colocalization was observed in the presence of sodium
orthovanadate, okadaic acid, UO126, PD98059 and
SB202190 (Fig. 6E). These results suggested that tyrosine
phospho-proteins and p38 protein, but not ERK,,,, seem
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to be important for the transport of particles into early
endosomes. In contrast, for the processing of the particles
from early to late endosomes and lysosomes, ERK;,, and
p38 phosphorylation, as well as serine/threonine and
tyrosine phosphatases, were necessary. It is important to
comment that the unexpected high colocalization
observed with sodium orthovanadate and SB202190
inhibitors was probably due to a possible previous
(Fig. 6B) obstruction of HCVne particles in early
endosomes.
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HCVne particles confer induction of immediate early
gene (IEG) transcription via ERK1/2 nuclear
translocation

Upon activation, ERK,, proteins can either phosphorylate
other proteins in the cytoplasm or translocate to the nucleus
and activate different genes [52]. To investigate which
possibility is plausible, confocal sections of 100 cells were
observed for ERK,, localization. As shown in Fig. 7A, B,
cells starved or treated with the GFP-expressing and heat-
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Fig. 7 Endocytosis-dependent ERK;, nuclear translocation, sus-
tained activation and IEG upregulation. A Untreated starved Huh7
cells or treated with EGF (50nM, 10 min), HCVne particles (30 min),
heat denaturated fraction (1 h at 100°C, 30 min), and a fraction of
equivalent sucrose density from Sf9 cell lysates infected with a
control (GFP producing) baculovirus (30 min) were fixed and
immunostained with anti-ERK;,,. Then, 100 cells were counted for
nuclear and cytoplasmic ERK localisation. B Representative confocal
sections are presented. C-F HepG?2 cells were transfected with pFos
WT-GL3 (c-fos), Egrl.2-luc (egr-1), and/or GFP-Rab5WT, GFP-
Rab5S34N plasmids for 24 h, then serum starved for 8 h, and treated
or not with HCVne particles or with controls (same fraction heat
denatured) for 18 h. Relative light units were measured and values

were normalized to the total protein amount. E,G Total mRNAs from
HepG?2 cells transfected or not with GFP-Rab5WT, GFPRab5S34N
were isolated at indicated time points and cells incubated with
HCVne. RT-PCR was performed with specific primers for c-fos (a),
egr-1 (b), 28S (c). Densitometric results were normalized against 28S
are in arbitrary units (c¢) (representative experiment of triplicates). H
Nuclear extract of HepG2 cells treated for 6 h with HCVne particles
and immunostained with c-fos antibody. I Incubation of cells with
HCVne particles at various times, immunostained with anti-phospho
ERK; (a), ERK;; (b), and densitometric analysis of phospho-ERK1
and ERK?2 after normalisation against total ERKs is also presented
in (¢). *P < 0.05
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denatured control fractions exhibited almost completely
cytoplasmic localisation of ERK ;. In contrast, there was a
46 and 50% nuclear translocation of ERK,, in the EGF or
HCVne particle-treated cells, respectively.

The induction of IEG represents the first major tran-
scriptional response following exposure to extracellular
stimuli [53]. Specifically, the MEK,,,—ERK;,, signaling
pathway plays a crucial role in IEG induction by directly
activating IEG promoter-bound transcription factors [54,
55]. Thus, we sought to investigate whether the HCVne
particles could affect the transcription of two important [IEG
genes, c-fos and egr-1, through ERK,, activation. For this
purpose, hepatic cells were transfected with luciferase
reporter plasmids containing c-fos or egr-I promoter
sequences. An important upregulation of luciferase activity
was observed with c-fos plasmid following incubation of
the transfected cells with HCVne particles (Fig. 7C) com-
pared to the heat-denatured ones. The response was utterly
abolished by the use of MEK inhibitor UO126, therefore
showing that it was ERK,»,-mediated. A significant upreg-
ulation, although lower, was also observed in the case of
egr-1-luc plasmid as compared to the heat-denatured con-
trol (Fig. 7D). In contrast, the use of UO126 incompletely
abolished the HCVne particles conferred induction, thereby
indicating that there are additional factors regulating egr-1/
promoter activity [56]. Furthermore, endogenous mRNA
levels of these genes were tested and normalized against
28S (Fig. 7E). Upregulation of both genes was observed by
30 min post-incubation with HCVne particles and was
evident throughout the 24 h time-course. Moreover, an
important activation was observed in late time-points. As
before, the levels of activation of c-fos were higher than
egr-1, probably due to the different promoter’s elements.
In addition, when HepG2 cells were transfected with
GFP-Rab5S34N plasmid, an important downregulation was
observed compared to the GFP-Rab5SWT transfected cells
(Fig. 7F), a phenomenon which was confirmed by endog-
enous mRNA levels (Fig. 7G), indicating that c-fos and egr-
1 activation is related to endocytosis.

Magnitude and duration of ERK,,, phosphorylation is
important for IEG promoter activity as well as the stability
of the produced proteins [52, 55]. Because we observed
high mRNA levels at late hours, especially for c-fos, ERKj ),
activation was studied. After a peak at 30 min, a stable
signal was observed for 12 h (Fig. 7I). To further support
this observation, stability of c-Fos protein was investigated.
It has been established that c-fos is transcriptionally
induced upon stimulation and degraded within 45 min
unless phosphorylated by ERK;,, [57]. High steady-state
levels of c-Fos protein in HepG2 nuclear extracts, 6 h
post-incubation with HCVne particles, indicated high
protein stability, thus implying sustained ERK, activation
(Fig. 7TH).

Taken together, these results suggest that HCVne
endocytosis induced ERK;,, phosphorylation followed by
its translocation to the nucleus and subsequent transcrip-
tional activation of the c-fos and egr-1 genes. Their
expression exhibited the same classic ‘immediate early
genes’ pattern and was entirely (c-fos) or partially (egr-1)
dependent by the ERK,, activation and duration.

Discussion

The presence of non-enveloped nucleocapsids for the
hepatitis C virus has been previously described [2]; how-
ever, their role in HCV infection remains unclear. Clathrin-
mediated endocytosis is a commonly exploited entry
pathway for members of the Flaviviridae family such as
west-nile virus [58], dengue virus [59], bovine viral diar-
rhea virus [60], and HCV enveloped particles [20, 21, 23].
However, non-enveloped viruses including polyomavirus
JC [61], human rhinovirus serotype 2 [24, 62], and HBV
core particles [63], also use this pathway. Data presented
here suggested that HCVne particles penetrated into
hepatic cells via pH-dependent clathrin-mediated endocy-
tosis during which different MAPK pathways were
activated. A variety of experimental approaches was uti-
lized to study the detailed entry pathway taken by HCVne
particles.

The entry process started with the attachment of HCVne
particles at the cell surface which was followed by a
clathrin-mediated internalization, and localization of par-
ticles to early endosomes. Transferrin, a well-known ligand
of clarthin-mediated endocytosis, partially colocalized with
HCVne particles strongly implying that this pathway was
used for HCVne entry. This result was supported by the
observation that, when using sucrose to inhibit clathrin-
mediated endocytosis, colocalization of HCVne with early
endosomes was decreased. Furthermore, okadaic acid, a
general inhibitor of serine/threonine phosphatases that has
been reported to increase caveolar internalization [64], did
not have a significant effect in the entry process, making
caveolin-dependent endocytosis a less plausible entry
pathway. Internalization occured relatively fast, with the
majority of entering viral particles internalized in early
endosomes between 9 and 15 min which correlated with
the average time of endosomal dengue virus, foot-and-
mouth disease virus, and semliki forest virus particles’
localization [31, 60, 65].

Endocytosis via clathrin is related to low endosomal pH;
therefore, we have tested HCVne particles entry in the
presence of ammonium chloride, chloroquine, and bafilo-
mycin Al, agents that block endosomal acidification.
Particles were obstructed in early endosomes even at late
time points, indicating that the acidic milieu of this
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compartment is important in their trafficking. These results
were in agreement with the known impact of the intra-
endosomal neutralization which has been shown to block
the transport from early to late endosomes [66]. Hepatitis B
virus capsid-like core particles follow a similar pathway
[63]. On the other hand, non-enveloped viruses use pH to
provoke either detachment from a receptor or to undergo
conformational changes [16, 24, 67]. Thus, the role of
cathepsins B and L was investigated. Results suggested for
a putative effect of these acid-dependent proteases in the
HCVne particle stability/disassembly. This finding is also
supported by the notion that chloroquine could inhibit
cathepsins B and L reversibly [68]. It is also important to
note that these proteases are abundant in the liver [69], and
that other hepatitis viruses as well as non-enveloped viru-
ses require their endocytic presence [46, 63, 67]. Further
clarification is needed to determine the exact role of these
proteases in HCVne traffic as previous data concerning
HCYV enveloped virions dependency for cathepsins B and L
showed no such requirement for entry and infectivity [22].

Early endosomes are characterized by well-defined and
peculiar lipid and protein composition, which typically
include the small GTPase Rab5 and EEA1. Rab5 contrib-
utes to the compartmental specificity, robustness, and
dynamic properties of the early endosome [39, 70] and is
shown to be involved in the transport of HCVne particles
from the cellular surface to early endosomes, as different
mutants provoke changes in the entry rate. This is also
established for HBV core particles and adenovirus [63, 71].
It is interesting to note that Rab5-GTP activity is impli-
cated in HCV genome replication [72].

SB202190, a specific p38 pathway inhibitor caused a
significant reduction of the HCVne—early endosome colo-
calization. Activation of p38 increases endocytic rates
allowing more efficient internalization of cell surface
components [73]. We also observed a very early activation
of p38 after cell incubation with HCVne particles; this
event may be important for endocytosis and should be
further investigated. Tyrosine phospho-proteins are also
involved in HCVne transport to early endosomes as is the
case for SV40 virus [64]. A large number of receptors are
related to tyrosine kinases (RTK) [74]; therefore, it would
be tempting to speculate a possible involvement of recep-
tor-mediated endocytosis in the entry of HCVne particles.

After entering early endosomes, HCVne particles moved
along from endosomal to lysosomal compartments, with
the assistance of the microtubules network. Presented data
showed a colocalization of HCVne with late endosomes at
1 h post-incubation reaching maximum colocalization with
lysosomes at 4 h. This phenomenon was further investi-
gated with the use of nocodazole, which suppresses the
association and dissociation rates of tubulin, thus stabiliz-
ing the microtubules dynamics [75]. Our results clearly

showed that colocalization with lysosomes, diminished
impressively in a dose-dependent manner, and HCVne
particles where blocked in early endosomes. Various
phosphorylated proteins were showed to be essential during
early endosome—lysosome transport, such as serine/threo-
nine and tyrosine phosphoproteins, as well as phospho-
ERKj,, and possibly phospho-p38.

Previous data [13, 14] concerning specific ERF trans-
location from the nucleus to the cytoplasm after HCVne
particles uptake were further investigated and endocytosis-
dependent ERK,,, pathway activation was demonstrated.
Maximum activation was observed 30 min after internali-
zation while no effect was observed when using different
controls or soluble core protein indicating that the partic-
ulate form induces pathway activation.

The endosomal system serves as an intracellular site for
the initiation and regulation of signal transduction. The
endosome population acts as a platform for the assembly of
different signaling effectors [28, 49, 76, 77]. One of them,
Rab5, has been involved in ERK,, signal transduction
[78, 79]. When HCVne particles were blocked into early
endosomes, after NH4Cl treatment, ERK,,, activation
decreased. An analogous effect of further upregulation of
the sustained ERK activation produced by nocodazole
treatment was observed due to HCVne obstruction in
endosomes. In addition, the use of MEK inhibitors UO126
and PD98059 blocked HCVne particles specific transport
from early to late endosomes, but not from the surface to
the early endosomes, thereby associating ERK,, and early
endosomes. These results, together with the fact that no
ERK,,, activation was observed when endocytosis was
blocked at 4°C, put forward the possibility of an early
endosome involvement in signaling. However, ERK,,
activation can also occur from a surface receptor or late
endosomes [76, 80]. Further investigation with specific
mutants are in progress.

The importance of the ERK;,, pathway in the viral life
cycle is well established since it has been reported to
influence viral protein expression and replication, as well
as host cell modifications [81-83]. Endocytosis has been
proposed to produce a sustained ERK;, activation and
nuclear accumulation [84]. Both phenomena were observed
during HCVne endocytosis. Previous studies reported a
sustained ERK;,, activation in EGF-stimulated core-
expressing cells that, together with higher basal ERK,,,
levels, have been suggested to correlate with hepatocellular
carcinoma development and progression [85]. Furthermore,
activated MEK;,, and ERK;/, are frequently observed in
different type of tumors [86, 87].

ERK,,; activation and nuclear localization leads to
modulation of IEGs like c-fos and egr-1 [55, 57]. c-fos is a
member of the fos family which dimerizes with members
of the Jun family to create AP-1 transcription factors that
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Fig. 8 Hypothetical model for
HCVne particle entry HCVne
particles enter the cells most
likely by the clathrin-dependent
pathway, even though an
alternative entry pathway is not
excluded, and reach early
endosomes. p38 as well as
tyrosine phosphatases are
involved in this process. At 1 h
of incubation, particles are
progressing to late endosomes
in a ERK,, and serine/threonine
phosphatases-dependent
manner. Finally, particles reach
the lysosomes (4 h). During this
progression, the MEK ,—ERKj »
pathway is activated in a
sustainable manner. When
phosphorylated, ERKSs proteins
translocate to the nucleus and v
activate immediate early genes

c-fos and egr-1
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bind to AP-1 binding sites of gene promoters and initiate
gene transcription [88]. The c-Fos protein is considered as
a ‘sensor’ of the duration of ERK,,, activity. Sustained
activation allows efficient phosphorylation of the C-ter-
minus of newly synthesized c-Fos, stabilizing it for several
hours, thus dictating the number and type of genes whose
transcriptional regulation is AP-1-mediated [55]. Our
experimental data showed that ERK,, sustained activation
after HCVne endocytosis regulated promoter, mRNA, and
protein levels of c-fos. This is an interesting observation as
c-fos has been found to be overexpressed with high fre-
quency in aggressive and invasive hepatocarcinomas [89].
In addition, a similar phenomenon was previously observed
with latent membrane protein 1 (LMP-1) of Epstein-Barr
virus, and has been suggested to contribute in viral
tumorigenicity [90].

Another IEG, egr-1, was found to be upregulated
during HCVne endocytosis in a partly ERK;,,-dependent
manner. Even though to a lower extent, a sustained
transcriptional activation was observed. Egr-I upregula-
tion has been described in murine hepatitis virus entry
and infection, and correlates with the establishment of
viral persistence [91]. It has also been involved in human
polyoma JC, rabies, and borna disease viruses life cycles
[92, 93]. Additionally, Lee et al. [94] observed that HCV
core protein stimulated egr-I phosphorylation, which
indirectly increased insulin-like growth factor II (IGF-II)
gene transcription [95]. IGF-II has been implicated in
tumor progression of several tumor cell types including
prostate, hepatoma, pancreatoma, and breast cancer [96].
It is noteworthy that, in prostate cancer, significantly
increased egr-1 levels were recorded in tumors with

15 — p38
Tyr- phospho-proteins

ERK,
Ser/Thr-

phospho-proteins

Lysosome

aggressive morphology [97], making egr-I an important
target protein for antiviral therapy.

In conclusion, HCV nucleocapsids can be found in
significant quantities in serum. HCV propagation, although
progressed, is restricted to certain genotypes, and additio-
naly HCV production of different forms of viral particles in
cell culture is still largely limited, begging the question of
whether naturally occurring HCVne particles can indeed be
infectious. Another interesting question raised by this study
was whether HCVne particles, possessing a highly con-
served YXXL and distal di-leucine motifs that represent
primary endocytosis signals [98], had the potential to be
endocytosed and to activate the ERK,, pathway as pro-
posed in Fig. 8. Similar endocytic processing was reported
for recombinant HBV capsid-like particles [63].

Cellular environment modifications produced by sig-
naling events similar to those exerted by the endocytotic
properties of HCVne particles could potentially be of major
importance for HCV life cycle and severity of the disease
during natural HCV infection. Furthermore, virus-like
particles (VLPs) are attractive as a recombinant protein
vaccine because they have proved to be efficient in gen-
erating powerful immune responses [99]. Recent data [100]
offered support, for HCV core protein, towards this pos-
sibility. Thus, particle uptake and processing during HCV
natural infection can possibly be involved in the intricate
processes of immune activation and immune evasion by the
virus. Data presented in this study can provide evidence for
additional important features of particulate HCV core
protein, raising new questions concerning its role as regu-
lator of cellular functions leading to HCV disease
progression.
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