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Like most positive-strand RNA viruses, hepatitis C virus (HCV) is believed to replicate its genome on the
surface of rearranged membranes. We have shown previously that HCV NS4AB, but not the product NS4B,
inhibits endoplasmic reticulum (ER)-to-Golgi protein traffic (K. V. Konan, T. H. Giddings, Jr., M. Ikeda, K.
Li, S. M. Lemon, and K. Kirkegaard, J. Virol. 77:7843–7855). However, both NS4AB and NS4B can induce
“membranous web” formation, first reported by Egger et al. (D. B Egger, R. Gosert, L. Bianchi, H. E. Blum,
D. Moradpour, and K. Bienz, J. Virol. 76:5974–5984), which is also observed in HCV-infected cells (Y. Rouille,
F. Helle, D. Delgrange, P. Roingeard, C. Voisset, E. Blanchard, S. Belouzard, J. McKeating, A. H. Patel, G.
Maertens, T. Wakita, C. Wychowski, and J. Dubuisson, J. Virol. 80:2832–2841) and cells that bear a sub-
genomic NS5A-green fluorescent protein (GFP) replicon (D. Moradpour, M. J. Evans, R. Gosert, Z. Yuan, H. E.
Blum, S. P. Goff, B. D. Lindenbach, and C. M. Rice, J. Virol. 78:7400–7409). To determine the intracellular
origin of the web, we examined NS4B colocalization with endogenous cellular markers in the context of the
full-length or subgenomic replicon. We found that, in addition to ER markers, early endosome (EE) proteins,
including Rab5, were associated with web-inducing protein NS4B. Furthermore, an immunoisolated fraction
containing NS4B was found to contain both ER and EE proteins. Using fluorescence microscopy, we showed
that wild-type and constitutively active Rab5 proteins were associated with NS4B. Interestingly, expression of
dominant-negative Rab5 resulted in significant loss of GFP fluorescence in NS5A-GFP replicon cells. We also
found that a small reduction in Rab5 protein expression decreased HCV RNA synthesis significantly. Fur-
thermore, transfection of labeled Rab5 small interfering RNAs into NS5A-GFP replicon cells resulted in a
significant decrease in GFP fluorescence. Finally, Rab5 protein was found to coimmunoprecipitate with HCV
NS4B. These studies suggest that EE proteins, including Rab5, may play a role in HCV genome replication or
web formation.

Hepatitis C virus (HCV) belongs to the family Flaviviridae
(31, 49), which includes flaviviruses, like Kunjin virus, dengue
virus, and West Nile virus, and pestiviruses, such as bovine viral
diarrhea virus (BVDV). Like those of most positive-strand
RNA viruses, the genomes of these viruses are translated,
replicated, and packaged in the cytoplasm of infected cells.
Formation of the RNA replication complexes of most of these
viruses results in dramatic rearrangement of the secretory
pathway of the host cell. For example, mammalian cells in-
fected with Kunjin virus display various membrane morpholo-
gies termed “convoluted membranes” and “vesicle packets”
(44, 70), whereas Vero cells infected with dengue virus contain
novel membranes called “large cytoplasmic vacuoles” (44).
Cells infected with BVDV display rearranged membranes
called tubules and spherical vesicles that are 100 to 200 nm in
diameter (24). Finally, liver biopsy specimens from HCV-in-
fected chimpanzee or Huh7.5 cells infected with HCV display
rearranged intracellular membranes termed “membranous
webs” (18, 59).

To identify the putative protein(s) responsible for the induc-

tion of membrane rearrangement, proteins from positive-
strand RNA viruses have been expressed singly or in combi-
nation in a variety of cells. For HCV, expression of the viral
nonstructural (NS) protein NS4B (18) induces formation of
the membranous webs (referred to as the web in this report).
NS4B is a hydrophobic protein of approximately 27 kDa; it is
an endoplasmic reticulum (ER)-associated integral membrane
protein with four proposed transmembrane domains (42).
NS4B has been associated in various ways with the other NS
proteins (NS3, NS4A, NS5A, and NS5B), all of which are
thought to be involved in HCV RNA replication (1, 2, 18, 19,
23, 30); this has led to the suggestion that NS4B associates with
HCV NS proteins to form the core RNA replication complex.
In this context, BVDV NS4B has been reported to interact
with NS3 and NS5A, two proteins involved in BVDV genome
replication (56). Taken together, these observations suggest
that NS4B plays a critical role in the genome replication of the
Flaviviridae family of viruses.

NS4AB is an HCV precursor protein whose function is not
well understood. Like NS4B, NS4AB induces the formation of
the web (33), and it is expected to be an integral membrane
protein with possible association with other NS proteins in-
volved in viral RNA replication. In addition to inducing intra-
cellular-membrane rearrangement, NS4AB inhibits cellular
protein traffic (33). These features make NS4AB a protein that
may play a role both in HCV RNA replication and in the
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ability of the virus to temporarily evade the host immune
response, because inhibiting host protein secretion should re-
duce the release of induced antiviral cytokines.

The intracellular membranes induced by positive-strand
RNA viruses have diverse origins. For example, “convoluted
membranes” and “vesicle packets” induced by Kunjin virus-
infected cells contain markers from the intermediate compart-
ment and the trans-Golgi network, respectively (32, 70). Polio-
virus-infected cells accumulate membranous vesicles derived
from COPII vesicles (7, 8, 60), some with characteristics sim-
ilar to those of cellular autophagic vacuoles (16, 61, 67).
BVDV-infected cells contain tubules and spherical vesicles
that are 100 to 200 nm in diameter and are believed to origi-
nate from the rough ER (24). Several reports have shown that
HCV NS4B, the mature protein responsible for web formation,
colocalizes with ER markers (28, 42), suggesting that the web
is derived in part from the ER compartment.

Our current hypothesis states that HCV NS4B oligomeriza-
tion (46, 72) brings ER-derived vesicles together to initiate web
formation. The web may be derived primarily from the ER
compartment or in part from the ER compartment through
selective retention of factor(s) from other intracellular mem-
branes. Finally, the web may be a unique pooled compartment
including the ER and other intracellular compartments. In the
present study, we used immunofluorescence (IF) and subcel-
lular fractionation coupled with immunoisolation to investigate
the intracellular origin of the web further; we confirmed that
the web is derived in part from the ER compartment. In ad-
dition, we showed that the web contains early endosome (EE)
proteins, including Rab5, whose expression appears to play a
functional role in HCV genome replication or web formation.
The significance of this unexpected result for both the origin
and other potential roles for the web in the HCV life cycle will
be discussed.

MATERIALS AND METHODS

Cells. Full-length replicon cells, C5B, have been described by Ikeda et al. (29).
Cells expressing a subgenomic NS5A-green fluorescent protein (GFP) replicon
were derived from a human hepatoma cell line, Huh7.5 (9); they contain a
replicating, dicistronic, selectable RNA (I/5A-GFP-6) derived from genotype 1b,
as described by Moradpour et al. (50). Human kidney (293T), human hepatoma
(Huh7 and Huh7.5), and replicon cell lines were grown as monolayers in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal bovine serum,
nonessential amino acids, 100 units/ml penicillin, and 100 �g/ml of streptomycin
at 37°C in a 5% CO2 incubator. In addition, the media for replicon cell lines
contained 500 �g/ml G418 (Geneticin). All reagents were purchased from Life
Technologies/GIBCO-BRL (Rockville, MD).

Construction of plasmids. To construct plasmids that carry the DsRed-Rab5
fusion proteins, the DsRed gene was amplified by PCR from pDsRed-N1 (Clon-
tech, Mountain View, CA). Primers were designed to introduce an NheI site at
the 5� end, a BglII site at the 3� end, and an AUG start codon immediately
upstream of the DsRed coding region. A recombinant pCR 2.1 plasmid with
DsRed was cut with NheI and BglII, and the purified DsRed fragment was
subcloned into NheI- and BglII-cleaved wild-type (WT) GFP-Rab5 (kindly pro-
vided by Brian Knoll, Baylor College of Medicine, Houston, TX), constitutively
active (CA) GFP-Rab5, or dominant-negative (DN) GFP-Rab5 vector. To con-
struct the bicistronic vector carrying HCV NS4B-His in the first cistron and the
Rab5A gene in the second cistron, NS4B-His was amplified by PCR from NS4B-
His-pIRES plasmid (33). NS4B-His primers were designed to introduce an NheI
site, a SalI site, and an AUG start codon immediately upstream of the coding
region and an epitope six-His tag, the stop codons UGAUAA, and an MluI site
immediately downstream of the coding region. Recombinant pCR 2.1 plasmid
with NS4B-His was cut with NheI and MluI, and the purified fragment was
subcloned into NheI- and MluI-digested pIRES vector. To obtain the final vector

containing NS4BHis-Rab5A, pIRES-Rab5A was digested with XbaI and NotI;
the purified Rab5A fragment was cloned into an XbaI- and NotI-cleaved
NS4BHis-pIRES vector.

Antibodies. Rabbit polyclonal antibody to HCV NS4B was obtained from
Covance (Denver, PA). Mouse monoclonal antibody to HCV NS4B was ob-
tained from Abcam (Cambridge, MA). HCV NS5A and NS5B antibodies were
kindly provided by Craig Cameron (Pennsylvania State University, University
Park, PA). Mouse monoclonal antibody to the C-terminal His tag (Penta His)
was obtained from QIAGEN (Valencia, CA) and Affinity BioReagents (Golden,
CO). Antibodies to EE autoantigen 1 (EEA1) and GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) were obtained from Upstate (Lake Placid, NY) and
Fitzgerald (Concord, MA), respectively. Antibodies to Rab5 isoforms and Rab4
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to
calnexin and syntaxin 13 were obtained from Stressgen (Victoria, Canada).
Secondary antibodies used for indirect IF were obtained from Molecular Probes
(Eugene, OR). For immunoblotting, alkaline phosphatase-conjugated secondary
antibodies (used in chemifluorescence) or horseradish peroxidase-conjugated
secondary antibodies (used in chemiluminescence) were obtained from Vector
Laboratories (Burlingame, CA).

DNA transfection. For each experiment, human kidney 293T cells, the replicon
cells (Huh7 C5B) (29), or GFP-Rep 7-2 were trypsinized and grown overnight in
100-mm tissue culture dishes to obtain 50 to 80% confluent monolayer cells.
Before transfection, the cells were washed with phosphate-buffered saline (PBS)
and fed with 3.5 ml OptiMEM (Invitrogen, Carlsbad, CA) for 2 h. 293T or
replicon cells were transfected according to the Lipofectamine protocol as pre-
viously reported (33). In all cases, the cells were incubated for 48 h before being
processed for Western blotting, IF, or immunoprecipitation.

In vitro HCV RNA transcription, small interfering RNA (siRNA) transfection,
and labeling. Full-length HCV-N plasmid DNA (29) was linearized with XbaI,
phenol-chloroform extracted using Phase-Lock Gel tubes (Eppendorf, Westbury,
NY), and ethanol precipitated. RNA was synthesized using the T7 RiboMAX
Express Large Scale RNA Production Systems kit (Promega, Madison, WI)
according to the manufacturer’s instructions.

Rab5 and control siRNAs were labeled with the Silencer siRNA labeling
kit-Cy3 (Ambion, Austin, TX). siRNA labeling was done according to the man-
ufacturer’s instructions. The same concentration of labeled and unlabeled
siRNAs was used to transfect full-length (C5B) and NS5A-GFP subgenomic
replicon cells. The cells were transfected with a combination of 25 nM, 50 nM,
and 25 nM siGENOME SMARTpool siRNA (Dharmacon, Lafayette, CO) spe-
cific to RAB5A, -B, and -C, respectively, using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). One hundred nanomolar functional, siCONTROL nontargeting
siRNA pool (Dharmacon, Lafayette, CO) was used as a control. Transfected
cells were incubated for 24 h in 10 ml of OptiMEM containing 10% fetal bovine
serum and nonessential amino acids. The cells were washed, fed with Dulbecco’s
modified Eagle’s medium containing 0.5 mg/ml of G418 (Invitrogen, Carlsbad,
CA), and incubated for 24 h. The cells were then processed for immunoblotting,
Northern blotting/real-time PCR, or fluorescence microscopy.

Northern blotting for HCV RNA. Total cellular RNA was isolated using the
RNeasy miniprep kit (QIAGEN, Valencia, CA) and quantified by spectropho-
tometry at 260 nm. Twenty micrograms of total RNA was separated by formal-
dehyde denaturing gel electrophoresis, transferred to a Hybond N� nylon
membrane (Amersham Biosciences, Piscataway, NJ), and hybridized with a
digoxigenin-labeled (Roche, Indianapolis, IN) NS4B antisense riboprobe. The
hybridized targets were detected by an anti-digoxigenin-alkaline phosphatase
and visualized by chemiluminescence using the DIG Northern Starter Kit
(Roche, Indianapolis, IN).

Quantitative real-time PCR. Total cellular RNA was prepared from siRNA-
transfected cells by using the RNeasy Mini Kit (QIAGEN) and was treated with
RNase-free DNase (QIAGEN, Valencia, CA). First-strand cDNA was synthe-
sized from the DNA-free RNA using random primers and the High Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA). Triplicate samples of
cDNA were mixed with a Taqman probe and a set of forward and reverse
primers specific for either NS4B or GAPDH, and the mixture was subjected to
real-time quantitative PCR using the ABI 7300 Sequence Detection System
(Applied Biosystems, Foster City, CA).

Immunoisolation of a subcellular fraction containing HCV NS4B protein. To
immunoisolate a subcellular fraction containing NS4B and associated cellular
factors, parental and subgenomic NS5A-GFP replicon cells were resuspended in
PBS solution containing 0.25 M sucrose and protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride and 1� leupeptin), and the cells were lysed with seven
passages in a ball bearing homogenizer (3). The cell lysates were spun at 2,500 �
g for 10 min at 4°C to pellet the cellular debris. Purified NS4B antibody (Co-
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vance, Denver, PA) was added to equal amounts of supernatants from parental
and replicon cells, and the mixture was incubated overnight at 4°C with constant
rotation. The resulting lysates were overlaid on a discontinuous Optiprep gradi-
ent (4 to 35%), and the gradient was centrifuged at 120,000 � g for 2 h at 4°C in
an SW50.1 rotor. A total of 12 fractions were collected from top to bottom.
Typically, fractions 6 to 10 contained mostly ER proteins and some Rab5; in the
replicon lysate, these fractions also contained viral replicase proteins, including
NS4B, NS5A, and NS5B. Fractions 1 to 5 contained Golgi and EE proteins in
both the control and replicon lysates. Secondary-antibody-coated magnetic
Dynabeads (M-280; Invitrogen, Carlsbad, CA) were added to the combined
fractions with viral replicase proteins (6–10). After incubation at 4°C for 4 h with
constant rotation, the mixture was placed in a magnetic rack (Invitrogen) for 1
min. The resulting supernatant was labeled “unbound.” NS4B-bound beads were
labeled “bound.” After two washes, the “bound’ fraction was resuspended in 4�
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer (240 mM Tris, pH 6.8, 4% SDS, 40% glycerol, 4% �-mercaptoethanol,
0.01% bromophenol blue). The “unbound” fraction was spun at 100,000 � g for
30 min at 4°C, and the resulting pellet was resuspended in 4� SDS-PAGE
loading buffer. “Unbound” and “bound” fractions were separated on SDS-
PAGE and examined for the presence of cellular and viral proteins.

Immunoprecipitation and immunoblot analyses. Cells were lysed in RIPA
buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 1 mM EDTA, 1% NP-40, 0.1% SDS,
1 mM phenylmethylsulfonyl fluoride, and 2 �g/ml leupeptin), and protein con-
centrations were determined by Bio-Rad protein assay. For coimmunoprecipi-
tation (co-IP) assays, equal amounts of protein from cells expressing control and

test vectors were used. Cell lysates were precleared by incubating them for 1 h at
4°C with protein A/G agarose beads (Santa Cruz Biotechnology, Santa Cruz,
CA). The beads were pelleted by centrifugation at 3,000 rpm for 10 min at 4°C.
The supernatants were recovered, mixed with primary antibody (5 �g/ml of
Penta-His antibody; QIAGEN, Valencia, CA), incubated for 2 to 12 h at 4°C,
mixed with protein A/G agarose, and incubated for 2 h at 4°C. Protein A/G
agarose-bound immune complexes were collected by centrifugation at 13,000
rpm for 10 min and washed once with RIPA buffer, once with RIPA buffer-500
mM NaCl, and once more in RIPA buffer. For immunoblotting with crude lysate,
100 to 160 �g of protein was used. To examine the immunoprecipitates or crude
lysate by SDS-PAGE, the samples were resuspended in loading buffer (34),
heated at 95°C for 6 min, and centrifuged at 13,000 rpm for 2 min, and the
supernatants were analyzed by 10 to 12% SDS-PAGE, followed by transfer onto
an Immobilon-P membrane (polyvinylidene difluoride; Millipore, Billerica, MA).
Antibody-bound proteins were detected by enhanced chemifluorescence (Am-
ersham Pharmacia Biotech, Piscataway, NJ), visualized, and quantitated on a
PhosphorImager (Typhoon 8600; Amersham Pharmacia Biotechnology Inc.-Mo-
lecular Dynamics, Piscataway, NJ). In some cases, the proteins were visualized by
the enhanced chemiluminescence detection method (ECL or ECL Plus; Amer-
sham Pharmacia Biotech, Piscataway, NJ).

Indirect IF. Cells on coverslips were washed in PBS, fixed in 4% formaldehyde
in PBS for 15 min, and permeabilized with Triton X-100 (0.05% for subgenomic
NS5A-GFP replicon or Huh7.5 cells) for 5 min at room temperature. The cells
were washed three times with PBS and incubated in 3% bovine serum albumin
for 30 min. Primary antibodies were diluted in 3% bovine serum albumin and

FIG. 1. Calnexin, an ER marker, is indirectly associated with NS4B in the context of subgenomic NS5A-GFP replicon-expressing cells.
Subgenomic NS5A-GFP replicon cells were grown for 48 h before being processed for IF. The cells were fixed and labeled as described in Materials
and Methods. To visualize NS4B (A) or calnexin (B), labeled proteins were detected using Alexa Fluor 594-conjugated secondary antibody.
Samples were observed at �630 magnification; 0.2-�m digital sections were deconvolved with Axiovision software from Zeiss. Colocalization of
green (GFP) and red (Cy3) signals produced yellow. Notice the indirect colocalization of NS4B with calnexin in the context of the replicon (B).
Bars � 10 �m.
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incubated with the cells for 1 h at room temperature. After three washes, Alexa
Fluor 350 (1:1,000)-, Alexa Fluor 488 (1:1,000)-, or Alexa Fluor 594 (1:1,000)-
conjugated secondary antibodies (Molecular Probes, Eugene, OR) were added
to the cells for 1 h at room temperature. After being stained, the cells were
washed three times in PBS, and the coverslips were mounted in Vectashield

(Vector Laboratories, Inc., Burlingame, CA). Immunostained samples were an-
alyzed by fluorescence microscopy (Zeiss Axiovert 200 M) at �630 magnifica-
tion, and digital images were taken with an Axiocam MRm charge-coupled
device camera. Optical sections were deconvolved using Axiovision software to
exclude out-of-focus information. All images were saved as TIFF files and im-

FIG. 2. Rab5, a marker for EE, is associated with HCV NS4B. Subgenomic NS5A-GFP replicon cells (B) and full-length replicon (C5B) cells
(D) were grown and processed for fluorescence as described in Materials and Methods. Endogenous Rab5B was detected using Alexa Fluor 594-
conjugated secondary antibody. Notice the colocalization of NS5A-GFP (B) and NS4B (D) with endogenous Rab5B; a control GFP vector (A) shows
the specificity of NS5A-GFP colocalization with Rab5. Also, notice the redistribution of Rab5B in cells with the replicon. Bars � 10 �m.
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ported to and processed in Adobe Photoshop. Colocalization of green (fluores-
cein isothiocyanate) and red (Cy3) signals produced yellow.

RESULTS

The EE protein Rab5 is associated with HCV NS4B protein.
Several reports have shown that the web-inducing protein
NS4B is mostly associated with ER proteins (19, 23, 28, 42),
suggesting that the web is derived in part from the ER com-
partment. By analogy to several positive-strand RNA viruses,
including poliovirus (60, 61, 67) and Kunjin virus (43, 45), we
hypothesized that the HCV-induced web is derived from more
than one intracellular-membrane compartment. To examine
the complex intracellular origin of the web, we took advantage
of two replicon-expressing cell lines: subgenomic NS5A-GFP
replicon (50) and full-length C5B replicon (29) cells. As pre-
viously reported (23, 28, 42, 50), HCV NS4B displays punctate
or dot-like structures in fluorescence microscopy; these dot-
like structures appear as the web in electron microscopy. In
this study, therefore, we used punctate fluorescence of NS5A-
GFP (in subgenomic NS5A-GFP replicon cells) and NS4B (in
full-length replicon cells, C5B) as an indirect assay for web
detection. For cells expressing subgenomic NS5A-GFP repli-
con, the cells were first incubated at 37°C for 48 h, and the
punctate NS5A-GFP pattern was examined using fluorescence
microscopy (Fig. 1A). These cells were then stained with NS4B
antibody to detect NS4B protein and to confirm its colocaliza-
tion with NS5A-GFP (Fig. 1A). Colocalization of NS5A-GFP
with any cellular marker was therefore used in this and subse-
quent studies to show colocalization of NS4B with the respec-
tive cellular marker in the context of the viral subgenomic
NS5A-GFP replicon. Using this approach, we showed that
NS5A-GFP and calnexin fluorescences overlapped (Fig. 1B).
These results suggested that NS4B and NS5A were associated
with the ER marker, calnexin, in the context of the viral ge-
nome; they are consistent with the interpretation that the ER
compartment participates in web formation.

To test whether the web has a more complex origin, we
examined colocalization of NS5A-GFP or NS4B with endoge-
nous markers from other intracellular membranes, including
the Golgi (golgin 97), lysosome (LAMP1), mitochondria
(HSP70), and EE (Rab5). We found that NS5A-GFP or NS4B
was not associated with markers from the Golgi, lysosome, and
mitochondria (data not shown). However, we observed that
Rab5, an EE protein, was associated with NS5A-GFP or NS4B
in the context of the viral subgenomic replicon. As shown in
Fig. 2B, the distribution of NS5A-GFP fluorescence in sub-
genomic NS5A-GFP replicon cells showed a significant overlap
with endogenous Rab5B stain. Similarly, NS4B fluorescence in
full-length (C5B) replicon cells showed a significant overlap
with endogenous Rab5B stain (Fig. 2D). No overlap of GFP
alone with Rab5B was observed when control GFP-expressing
cells were examined (Fig. 2A), nor did we observe any NS4B
stain in control Huh7 cells (Fig. 2C). These results suggest that
endogenous Rab5B may be associated with the web induced in
the context of the viral genome.

HCV NS4B interacts with Rab5 protein. The findings that
the ER-derived web also contains EE protein, Rab5 (11, 21,
36, 52), prompted us to determine how this marker might be
recruited into the web. We hypothesized that Rab5 is recruited

into the web through its interaction with NS4B, since NS4B
colocalizes with endogenous Rab5 when expressed alone (data
not shown). To determine whether NS4B and Rab5A interact,
we performed a co-IP assay. Human 293T cells were trans-
fected with a bicistronic construct to ensure that each cell
expressing NS4B protein (with a C-terminal six-His tag) also
expressed Rab5A, in addition to endogenous Rab5 protein.
Controls for this experiment included the vector expressing
Rab5A alone. At 48 h posttransfection, the cells were lysed and
the homogenate was immunoprecipitated with Penta His an-
tibody, followed by immunoblotting with anti-NS4B and anti-
Rab5A antibodies. As shown in Fig. 3, immunoprecipitation of
NS4B resulted in co-IP of Rab5A in the bicistronic vector
containing both NS4B and Rab5A, but not in the control
vector with Rab5A alone. These results suggest that HCV
NS4B interacts with Rab5A protein.

Other EE proteins are associated with the web. The previous
findings suggested that the web might include the ER and at
least one EE marker, Rab5. To determine whether additional
EE proteins are associated with the web, we examined the
colocalization of other EE proteins with NS4B in the context of
a full-length genomic replicon, C5B. These EE proteins in-
cluded two Rab5 effectors, EEA1 (63, 64, 66), rabaptin 5 (15,
27, 41), and Rab4 (6, 17, 48), a protein found in both the EE
and the recycling endosome. Full-length replicon cells were
seeded on coverslips and incubated at 37°C for 48 h; the cells
were stained with antibody specific to EEA1, rabaptin 5, or
Rab4 protein. As shown in Fig. 4B, D, and F, NS4B fluores-
cence from the full-length replicon overlapped with the fluo-
rescence from EEA1, rabaptin 5, or Rab4, respectively. These
results suggest that several EE proteins may be associated with
the NS4B-induced web.

The colocalization of ER and several EE proteins with the
web-inducing protein NS4B led us to hypothesize that a
subcellular fraction containing NS4B would also include the
ER and EE proteins. To test this hypothesis, we used rabbit
NS4B antibody coupled with subcellular fractionation and
magnetic-bead-conjugated secondary anti-rabbit antibody to
immunoisolate the intracellular fraction containing NS4B

FIG. 3. HCV NS4B interacts with Rab5. 293T cells were trans-
fected with a bicistronic vector expressing NS4B-His and Rab5A, and
the cells were collected at 48 h posttransfection. Cell lysates were
immunoprecipitated with Penta His monoclonal antibody. Immuno-
precipitates were separated on 13% SDS-PAGE and subjected to
immunoblotting with anti-NS4B and anti-Rab5A antibodies. Notice
that immunoprecipitation (IP) of NS4B results in co-IP of Rab5A.
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FIG. 4. Three EE markers, EEA1 (A and B), rabaptin 5 (C and D), and Rab4 (E and F), are associated with HCV NS4B. Full-length (C5B)
replicon cells were grown for 48 h and processed for endogenous EEA1, rabaptin 5, or Rab4 fluorescence as described in Materials and Methods.
EEA1, rabaptin 5, and Rab4 were stained with their respective antibodies and detected with Alexa Fluor 594-conjugated secondary antibody to
EEA1, rabaptin 5, and Rab4. Notice the direct colocalization of NS4B with EEA1 (B), rabaptin-5 (D), or Rab4 (F), as well as the redistribution
of these markers in cells with the replicon. Bars � 10 �m.
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from parental and NS5A-GFP replicon cell homogenates, as
described in Materials and Methods. Using this protocol, we
were successful in isolating a fraction containing not only
NS4B, but also several replicase complex proteins, including
NS5A and NS5B (Fig. 5A). NS4B, NS5A, and NS5B were
mostly found in the bound fraction from replicon lysate,
which is the fraction containing the magnetic-bead-conju-
gated secondary antibody to NS4B antibody. No band equal
in size to HCV NS4B, NS5A, or NS5B was found in the
bound fraction from parental cells (Fig. 5A), indicating
specificity of the antibodies used in the current studies.
When calnexin, an ER protein, was examined, it was found

only in the unbound fraction in the parental cells. However,
we found calnexin in both bound and unbound fractions
from NS5A-GFP replicon cells, indicating that the immu-
noisolated fraction with replicase complex proteins also con-
tained ER membrane-bound protein (Fig. 5A). We also
tested for the presence of several EE proteins, including
Rab5 (11, 21, 36, 52), syntaxin 13 (25, 47, 53), and Rab4 (6,
17), in the immunoisolated fraction. These EE proteins were
predominantly found in the unbound fraction from parental
cells (Fig. 5A and B). Interestingly, we found Rab5 (Fig.
5A), syntaxin 13, and Rab4 (Fig. 5B) in both bound and
unbound fractions from NS5A-GFP replicon cells. However,
most of these proteins were enriched in the bound fraction
from replicon cells, consistent with the interpretation that
EE proteins are indirectly associated with the web-inducing
protein NS4B (Fig. 5A and B). As expected, we did not find
golgin 97 (35), a trans-Golgi protein, in immunoisolated
fractions from either the parental or replicon cells (Fig. 5A),
suggesting specificity for cellular proteins coimmunoisolated
with HCV NS4B protein.

Rab5A, -B, and -C siRNAs or DN Rab5 expression results in
reduced web fluorescence. The findings that Rab5, a well-
characterized EE marker, is associated with web-inducing
NS4B, led us to hypothesize that Rab5 silencing could reduce
web formation in replicon cells. To test this hypothesis, we
transfected labeled siCONTROL or pooled Rab5A, -B, and -C
siRNAs into subgenomic NS5A-GFP replicon-expressing cells
and examined web formation, defined as the punctate GFP
fluorescence from the replicon. As shown in Fig. 6, Cy3-labeled
siCONTROL did not appear to affect Rab5B or GFP replicon
fluorescence. However, the presence of Cy3-labeled Rab5A,
-B, and -C siRNAs in the replicon cells affected Rab5B and
GFP fluorescence. Cells with more Rab5 siRNAs appeared to
show a drastic decrease in Rab5B fluorescence; in most cases,
it was below detection levels in comparison to siCONTROL-
transfected cells. We also observed that cells with substantial
Rab5 siRNA presence appeared to show reduced and some-
what diffuse GFP fluorescence, whereas cells with fewer Rab5
siRNAs had GFP fluorescence sometimes comparable to that
of siCONTROL-transfected cells. These results suggest that
Rab5 may play a role in web formation.

We also examined the effects of different mutant forms of Rab5
on web formation in the subgenomic NS5A-GFP replicon-ex-
pressing cells. WT Rab5 cycles between the active, GTP-bound,
membrane-associated form and the inactive, GDP-bound, cyto-
plasmic form (11, 26). CA Rab5 (GTP bound), a GTPase-defec-
tive mutant (40), and DN Rab5, locked in the GDP conformation
(36), were used in these studies, along with WT Rab5. CA Rab5
is membrane associated, whereas DN Rab5 is mostly cytoplasmic
(55). DsRed-fused WT, CA, and DN Rab5 vectors were ex-
pressed in the subgenomic NS5A-GFP replicon-expressing cells.
If the different forms of DsRed-Rab5A are associated with the
web, we anticipated that the merged DsRed and GFP fluores-
cence would result in yellow fluorescence in each case. As shown
in Fig. 7A and B, WT Rab5A or CA Rab5A fluorescence over-
lapped with GFP fluorescence from the NS5A-GFP replicon,
resulting in yellow fluorescence. In addition, expression of WT
Rab5 and CA Rab5A did not significantly affect the subgenomic
GFP fluorescence intensity. However, the results from DN
Rab5A expression (Fig. 7C) in the subgenomic NS5A-GFP rep-

FIG. 5. Identification of viral and cellular proteins in the purified
subcellular fraction. Huh7.5 (control) and NS5A-GFP replicon cells
(1.5 � 106 cells/100-mm dish) were grown for 48 h. The cells were then
harvested, lysed with a ball bearing homogenizer, and incubated over-
night with NS4B antibody. The homogenate was layered onto an Op-
tiprep gradient and fractionated as described in Materials and Meth-
ods. Secondary-antibody-coated magnetic Dynabeads were added to
the pooled fraction and subjected to magnetic immunoisolation as
described in Materials and Methods. The bound and unbound frac-
tions were separated on SDS-PAGE, followed by immunoblotting with
the respective antibody. Crude lysate was used as a control. Proteins
were visualized using chemifluorescence (A) or chemiluminescence
(B) substrate, as described in Materials and Methods.

VOL. 81, 2007 Rab5 IN HCB RNA REPLICATION MACHINERY 4557



licon-expressing cells were strikingly different. As expected, we
found DN Rab5A fluorescence to be cytoplasmic, consistent with
Rab5-GDP cytoplasmic localization in the cell (13, 21). More-
over, the punctate GFP fluorescence from the subgenomic NS5A-

GFP replicon was greatly reduced in cells expressing DN Rab5A
in comparison to cells with WT or CA Rab5A (compare Fig. 7C
to A and B). These results suggest that Rab5 might play a role in
web formation.

FIG. 6. Silencing of human Rab5 expression results in a decrease in GFP fluorescence from the subgenomic NS5A-GFP replicon. NS5A-GFP
replicon cells were transfected with labeled siCONTROL (red) or Rab5A, -B, and -C siRNAs (red) as described in Materials and Methods. At
48 h posttransfection, endogenous Rab5B protein (blue) was stained with rabbit polyclonal antibody and detected with Alexa Fluor 355-conjugated
secondary antibody. Rab5B fluorescence was reduced overall in cells with Cy3-labeled Rab5 siRNAs (red). Notice the overall decrease in GFP
fluorescence from the NS5A-GFP replicon in cells with substantial Rab5 siRNA presence. Cy3-labeled siCONTROL (red) does not affect Rab5B
or GFP fluorescence from the replicon. Bars � 10 �m.
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Rab5 protein plays a functional role in HCV RNA synthesis.
The presence of an EE marker, Rab5, in the web has raised the
possibility that this protein plays a role in the replication of
the viral genome. To test this hypothesis, siRNA was used to
silence Rab5A, -B, and -C isoforms in the genome-length rep-
licon-expressing C5B cells. The results shown below are rep-
resentative of three separate transfection experiments. Transfec-
tion of C5B cells with Rab5A, -B, and -C siRNAs resulted in a 25
to 32% decrease in Rab5A and -B expression in comparison to

siCONTROL-transfected cells (Fig. 8A and B). Rab5C silencing
results were not included in this report because the endogenous
levels of Rab5C were barely detectable in the siCONTROL-
transfected cells or in mock-transfected cells. To determine
whether the reduced accumulation of cellular Rab5 had any
effect on HCV RNA synthesis, total RNA was collected from
the same transfection experiments, and viral RNA levels were
detected using both Northern blot analysis and real-time PCR.
As shown in Fig. 8C, partial silencing of Rab5 resulted in a

FIG. 7. DN Rab5 expression affects web formation in subgenomic NS5A-GFP replicon cells. NS5A-GFP replicon cells were transfected with
DsRed-fused WT, CA, or DN Rab5. The cells were processed at 48 h posttransfection for fluorescence microscopy. Notice that DN Rab5
expression drastically reduces GFP fluorescence from the replicon, whereas WT or CA Rab5 has little or no effect on GFP fluorescence.
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significant reduction of replicon RNA accumulation in com-
parison to siCONTROL-transfected cells. Indeed, real-time
PCR experiments performed on these RNA samples indicated
that replicon cells with Rab5 siRNAs had an approximately
60% decrease in HCV RNA levels in comparison to mock- or
siCONTROL-transfected cells (Fig. 8D). These results suggest
that Rab5 activity might play a functional role in HCV genome
replication.

DISCUSSION

Like most positive-strand RNA viruses, HCV is expected to
replicate its genome on the surface of rearranged intracellular
membranes. Ultrastructural evidence for such membranes has
been reported in liver biopsy specimens from chimpanzees
infected with HCV (18), in HCV-infected Huh7.5 cells (59),
and in cells expressing either the subgenomic replicon (23, 50),

FIG. 8. Silencing of human Rab5 expression results in a significant decrease in HCV RNA synthesis. Full-length replicon cells (C5B) were
transfected with siCONTROL or Rab5A, -B, and -C siRNAs. Immunoblot analyses were performed using anti-Rab5A (A) or anti-Rab5B
(B) antibodies. GAPDH was used as an internal control. (C) Northern blot analysis of HCV RNA in extracts from mock-, siCONTROL-, or
siRNA-transfected cells. The negative-sense RNA riboprobe is complementary to the NS4B sequence of the HCV-N strain. (D) Total cellular
RNAs used in Northern blot analysis were also used to determine the level of HCV RNA by quantitative real-time PCR. Values from three
independent transfection experiments are presented as percentages of the mock-transfected replicon cells. The results were normalized to
GAPDH. The error bars indicate standard deviations.
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the entire HCV polyprotein (18), NS4AB (33), or NS4B pro-
tein alone (18, 33). Recently, the role of the web in viral-RNA
replication has been further strengthened by the localization of
nascent RNA on this novel membrane (23).

Very little is known about the mechanism of web formation
following HCV infection. Using IF, various reports have shown
that most of the HCV NS proteins involved in viral RNA
replication are associated with the ER membrane (19, 28, 42,
71), suggesting that the web is derived in part from the ER
compartment. In this report, we used IF coupled with immu-
noisolation of a subcellular fraction containing HCV NS4B to
examine the possible contributions of other intracellular com-
partments in forming the web (18, 33). We have confirmed that
ER markers, including calnexin (42) (Fig. 1B and 5A), are
associated with the web-inducing protein NS4B. These obser-
vations, together with previous reports (19, 28, 42, 71), clearly
suggest that the web is derived in part from the ER compart-
ment.

It is not clear whether the web is derived from a single
intracellular compartment, from a single compartment incor-
porating markers from other intracellular membranes, or from
a unique pooled compartment. For instance, the poliovirus-
induced double membrane vesicles have been reported to de-
rive from the ER by a mechanism that selectively excludes
ER-resident proteins (67); interestingly, these membrane ves-
icles also appear to contain markers specific for the Golgi and
the lysosomal compartments (61). Kunjin virus, a flavivirus
closely related to HCV, induces membranes derived in part
from the ER and the trans-Golgi network (70). We did not find
that the web contains markers associated with the Golgi, lyso-
somal, or mitochondrial membranes (data not shown), nor was
Golgi-associated protein, golgin 97 (35), immunoisolated with
HCV NS4B protein (Fig. 5A). These results suggest that the
web is not derived in part from these compartments, but we
cannot rule out the possibility that a marker from one of these
membranes is selectively incorporated into the web.

Using IF and immunoisolation approaches, we found that
Rab5, an EE protein, is associated with the web-inducing pro-
tein NS4B (Fig. 2B and D and 5A). To determine the extent of
involvement of the EE membrane in web formation, we exam-
ined colocalization between NS4B and Rab5 effectors, includ-
ing EEA1 (63, 64, 66) and rabaptin 5 (27). Syntaxin 13 (10, 25,
47), an EE integral membrane protein, and Rab4 (39, 65, 69),
a protein transiently associated with the EE, were also exam-
ined for their association with NS4B. All these markers, espe-
cially those tested (EEA1 and Rab4), were found to costain
with endogenous Rab5B protein under IF conditions (data not
shown). Interestingly, as reported by Lundin et al. (42), we
have also found that NS4B does not always colocalize with
EEA1 when expressed alone (data not shown). However,
EEA1, rabaptin 5, and Rab4 were found to be associated with
NS4B in the context of the full-length and subgenomic NS5A-
GFP replicons. Furthermore, like Rab5, most of these EE
proteins were immunoisolated, along with NS4B (Fig. 5A and
B). These results are consistent with our current hypothesis
stating that the web is formed in part from the ER compart-
ment through selective retention of a factor(s) from other
intracellular membranes or from a unique pooled compart-
ment including the ER and other intracellular compartments.
However, it is also possible that the web actually consists of a

heterogeneous population of membranes. The current results
do not allow us to distinguish between these possibilities. Fur-
ther biochemical characterization of the immunoisolated frac-
tion, coupled with IF and electron microscopy, will help to
determine the origin of the web.

It is intriguing that Rab5 or any other EE marker is an
intrinsic component of the web. Rab5 belongs to the Ras
superfamily of small GTPases; it is involved in the regulation of
membrane fusion in the early endocytic pathway (11, 12, 52).
Rab5 has three isoforms, Rab5A, -B, and -C (11, 14, 22). These
isoforms localize to the EE, regulate endocytosis (11), and
share close to 85% amino acid sequence identity. Rab5 activity
has been linked to the H-Ras signal transduction pathway, and
expression of oncogenic H-Ras is known to stimulate endocy-
tosis (5). Activation of the H-Ras signal transduction pathway,
including phosphatidylinositol 3-kinase (PI3K) and protein ki-
nase B/Akt, appears to be directly linked to Rab5 activation
and endocytosis, since DN Rab5 blocks endocytosis by the
H-Ras pathway (4, 37, 38). Interestingly, activation of the
N-Ras-PI3K-Akt pathway has been reported in Huh7 cells
expressing HCV replicon (46). These findings, coupled with
the report that PI3K interacts directly with both Ras and Rab5
(58, 62), suggest that HCV might target the signal transduction
pathway between Ras and Rab5 activation of endocytosis.
Several pathogens are known to target Rab5 function. For
example, phagosomes containing Mycobacterium tuberculosis
are reported to bind tightly to Rab5, leading to delayed
phagolysosome maturation (54). The SpoE protein of Salmo-
nella acts as a Rab5-specific nucleotide exchange factor; it
recruits nonprenylated Rab5 on Salmonella-containing phago-
somes to promote fusion with EE and prevents phagolysosome
maturation (51). Aside from the role of Rab5 in adenovirus
cell entry (57), there is no known report of direct involvement
of Rab5 in viral-genome replication. Rotavirus VP4 spike pro-
tein, for example, has been reported to interact with Rab5
protein (20), but the role of Rab5 in the virus life cycle has not
been elucidated yet. Replication of the coronavirus mouse
hepatitis virus has been reported to occur on late endosomal
membranes (68), but not on the EE. Thus, HCV appears to be
the first reported virus whose replication may require EE-
derived membranes.

We tested the hypothesis that Rab5 plays a role in the
formation of the web and perhaps in HCV genome replication
by using siRNAs specific to Rab5 isoforms. We found that
endogenous Rab5 can be partially silenced without any notice-
able effect on cell viability (data not shown); this silencing
resulted in a decrease in viral RNA synthesis. Using labeled
Rab5 siRNAs, we examined the relationship between viral-
RNA synthesis and web formation. The presence of labeled
Rab5 siRNAs resulted in a substantial decrease in Rab5B and
GFP fluorescence from the subgenomic NS5A-GFP replicon.
In addition, using a WT, CA, or DN form of Rab5A, we have
found that DN Rab5A expression results in a drastic decrease
in GFP fluorescence from the subgenomic NS5A-GFP repli-
con. These results suggest that Rab5 may play a direct role in
web formation. However, we cannot rule out the possibility
that a decrease in GFP fluorescence is the result of a decrease
in HCV RNA synthesis, nor can we rule out the possibility that
the effect of Rab5 silencing and DN Rab5A on HCV synthe-
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sis could be indirect, due to interference with the formation
of EEs.

In an attempt to determine how EE proteins are retained in
the web, we examined possible interaction between Rab5 (the
first EE protein shown to colocalize with NS4B) and HCV
NS4B protein. Using a co-IP assay, we have shown that Rab5A
interacts with HCV NS4B when expressed alone (Fig. 3), but
not in the context of the full-length replicon (data not shown).
We did not observe interaction between NS4B and Rab4 or
NS4B and EEA1 (data not shown). However, by combining
subcellular fractionation with NS4B immunoisolation, we have
shown that a purified fraction containing HCV replicase pro-
teins, including NS4B, also contains the EE proteins Rab5,
syntaxin 13, and Rab4. Taken together, these results suggest
that Rab5 is retained in the web through its direct interaction
with NS4B or indirectly through its association with the EE.
Studies are under way to examine in more detail the signifi-
cance of Rab5 presence in the web and in the HCV life cycle.
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