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Abstract

Invention of subgenomic HCV replicon a few years ago and recent success of in vitro production of infectious HCV have improved
our knowledge of the HCV life cycle, replication, pathogenesis, and screening of anti-HCV therapeutics. However, the highly genotype-
dependent nature of the in vitro HCV production system has limited its potential for HCV research. In this study, we constructed a
recombinant DNA-based HCV system that contained EF-1o promoter-driven HCV genotype 1b with HCV E1/E2 deleted and replaced
by GFP. We co-transfected this recombinant cDNA with HCV E1/E2 or VSV-G expression plasmid into 293T cells, and we showed
HCV protein expression and processing and demonstrated production of HCV-like particles in culture supernatant of co-transfected
cells. These results support potential use of this system for studies on expression and processing of the HCV polyprotein and assembly

and release of HCV-like particles.
© 2007 Elsevier Inc. All rights reserved.
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Hepatitis C virus (HCV) belongs to the flaviviridae fam-
ily and the hepacivirus genus. HCV often induces lifelong
persistent infection that frequently evolves to develop
severe chronic liver diseases including cirrhosis and hepato-
cellular carcinoma [3]. There are more than 170 million
people infected worldwide [23]. The virus is enveloped
and has a 9.6-kb single-stranded genomic RNA of positive
polarity. It contains a 5’ untranslated region (UTR) and a
3’'UTR, a single open reading frame (ORF) encoding a
polyprotein of approximately 3011 aa, which is processed
co- and post-translationally by host and viral proteases
into structural (core, El, and E2) and nonstructural (p7,
NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins [20].
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Most insights into the cellular and viral requirements
for HCV replication are based on the in vitro genotype
1b subgenomic replicon [14]. Recently, new in vitro
systems capable of producing infectious HCV particles
have been described for genotype 2a [22,27] and la
[25]. Undoubtedly, these systems will advance our under-
standing of HCYV life cycle and facilitate development of
anti-HCV therapeutics. Nevertheless, they also have
limitations. Some evidences such as the poor responsiveness
of some genotypes to IFN-o/ribavirin therapies [15]
and the high frequency of association of genotype 1 with
cirrhosis and liver cancer [26] point to biological
differences among genotypes. Thus, alternative in vitro
propagation systems are needed for HCV genotype 1b
as well as other genotypes. In this study, we constructed
a recombinant cDNA HCYV system and took advantage
of the highly transfectable nature of non-hepatocyte
293T cells to characterize expression of HCV proteins
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and RNA as well as HCV-like particle production in
these cells.

Materials and methods

Plasmids. VSV-G expression plasmid was described elsewhere [8] and
HCV ConlEI1/E2 construct was provided by Dr. J. McKeating. pEF.HCV
was constructed by cloning the full-length HCV 1b cDNA (Accession No.
D89815) from plasmid pBR322T703X (gift from Dr. T. Miyamura) into
the pEF6/V5-His-TOPO/LacZ-derived backbone (Invitrogen, Carlsbad,
CA) using standard molecular cloning techniques. pEF.HCV .E-.GFP was
made in the context of pEF.HCV plasmid, in which E1/E2 genes were
replaced by GFP gene and thus encodes HCV core, GFP, p7, and all HCV
nonstructural proteins. pEF.HCV.E-GFP.SBA10 was derived from
pEF.HCV.E-.GFP by deleting 10 amino acids that are required for HCV
5B polymerase activity using QuickChange II XL site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). pEF.Core.GFP was constructed in a
similar fashion and only encodes core and GFP proteins. The GFP gene
was derived from pEGFP-C1 (Clontech, Mountain View, CA). The HCV
coding sequences in these constructs are under the control of the human
translational elongation factor 1-a (EF-1a) promoter. The constructs were
verified by DNA sequencing.

Cell cultures and transfection. 293T cells were obtained from ATCC
and propagated in DMEM supplemented with 10% FBS, 1 mM sodium
pyruvate, 1% penicillin/streptomycin, and 1% r-glutamine at 37 °C in 5%
CO,. The cells were seeded at a density of 2 x 10° cells per 10-cm plate, and
the transfections were carried out by the calcium phosphate precipitation
method.

Cell lysates, subcellular fractionation, and Western blotting. For HCV
protein expression analysis, transfected cells were washed twice with cold
PBS, harvested and suspended in RIPA buffer plus 1| mM PMSF and
incubated on ice for 20 min. The lysates were obtained by centrifugation at
14,000 rpm for 15 min at 4 °C. For subcellular fractionation, transfected
cells were washed as above, recovered by centrifugation at 500g for 5 min,
suspended in 1 ml hypotonic buffer (10 mM Tris—-HCI pH 7.8, 10 mM
NaCl) plus 1 mM PMSF and 1% protease inhibitor cocktail (Roche,
Indianapolis, IN), incubated on ice for 20 min, and homogenized by
passing 20 times through a 27-gauge needle. The nuclei were recovered by
centrifugation at 1500g for 10 min at 4 °C. The membranes were pelleted
from the post-nuclear supernatant by ultracentrifugation through 6%
(w/v) sucrose cushion in Beckman SWS55Ti rotor at 150,000g for 1h at
4 °C. The proteins in the cytosolic fraction (supernatant) were precipitated
with 20% trichloroacetic acid and washed with 80% acetone. The protein
concentration was determined by Bio-Rad protein assay kit (Bio-Rad,
Hercules, CA). The proteins were resolved on 12% SDS-PAGE, trans-
ferred to membranes, and probed with 1:20 dilution of HCV mAbs for
core, NS5A, and NS3 (ViroStat, Portland, ME), or with human HCV
patient sera, followed by incubation with appropriate peroxidase-conju-
gated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA).
Protein bands were revealed by ECL Plus kit (Amersham Biosciences).

RNase protection assay (RPA). To generate sense (+) and anti-sense
(—) HCV-specific RNA probes, the HCV 5UTR was amplified from
pEF.HCV.E-.GFP by PCR with primers containing Smal sites and cloned
into Smal digested-pGEM-3Z (+) vector (Promega, Madison, WI) to
obtain the plasmid pGEM-3Z-5"UTR. The probes were synthesized with
Maxiscript RNA transcription kit (Ambion, Austin, TX) using linearized
pGEM-3Z-5'UTR as template and T7 RNA polymerase (for sense probe)
and SP6 RNA polymerase (for anti-sense probe) following the manufac-
turer’s instructions. Total RNA was extracted from the cells using TRIzol
total RNA kit (Invitrogen), treated with DNase I at 37 °C for 45 min, and
purified by phenol/chloroform extraction. The RPA was performed with
BD RiboQuant™ RPA kit (BD Biosciences, San Jose, CA) according to
the manufacturer’s protocol. Briefly, 40 ug total RNA was hybridized with
8 x 10* cpm each probe. The RNA hybrids were treated with RNase A/T1
followed by proteinase K and purified as above. The protected probes
were analyzed by electrophoresis on 6% polyacrylamide-7.5 M urea gel
and visualized by autoradiography.

Virus preparation and viral protein and RNA detection. 293T cells were
transfected with pEF.HCV.E-.GFP in combination with HCV E1/E2 or
VSV-G expression plasmid. Forty-eight hours post-transfection, the
supernatant was collected and clarified by centrifugation at 3000 rpm for 1 h
at 4 °C. Virus was concentrated by addition of one-fourth volume of sterile
40% polyethylene glycol/0.4 M NaCl in TNE buffer and incubation at 4 °C
overnight. The virus precipitates were collected by centrifugation at
20,000 rpm for 3 h at 4 °C in SW48 rotor (Beckman—Coulter, Fullerton,
CA). The pellet was suspended in SDS sample buffer, resolved on 12% SDS~
PAGE and analyzed for HCV core by Western blotting. Alternatively, RNA
was extracted from the pellet with TRIzol kit (Invitrogen) and viral RNA
was detected by RPA with HCV 5'UTR anti-sense probe. For sucrose
density gradient analysis of HCV virus-like particles, supernatant from
transfected cells was clarified and concentrated as above, the pellets were
suspended in 2 ml TNE buffer plus 1 mM PMSF and overlaid onto 10-60%
sucrose gradient in TNE buffer. The mixture was then ultracentrifuged at
178,000g for 20 h at 4 °C in SW41 rotor (Beckman-Coulter). Fractions of
1 ml were collected from top to bottom of the gradient and analyzed for
VSV-G by Western blotting and for HCV RNA by RT-PCR.

Electron microscopic analysis of HCV-like particles. The cell culture
supernatant from transfected 293T cells was clarified by centrifugation at
3000 rpm for 1 h at 4 °C. The cell-free preparation was fixed with 2.5%
glutaraldehyde for 30 min on ice, loaded onto 30% sucrose cushion in
TNC buffer (50 mM Tris—HCI, pH 7.4, 150 mM NacCl, and 1 mM CaCl,)
containing 1 mM PMSF, and ultracentrifuged at 178,000g for 20 h at 4 °C
in a SW 41Ti rotor. The virus pellet was suspended in 100 pul TNC buffer
and 5 pl of the sample was adsorbed to a carbon coated grid that had been
made hydrophilic by a 30 s exposure to a glow discharge in an Edwards
Auto 306 vacuum evaporator. Excess liquid was removed with filter paper
and the samples were stained with 1% uranyl acetate for 1 min. The grids
were examined using a JEOL 1200EX transmission electron microscope
and digital Images were taken with DITABIS imaging plates.

Results and discussion
Construction of a recombinant DN A-based HCV clone

Recent success of HCV virus production in cell cultures
offers the opportunity to look into the virus life cycle but
has the limitation that it appears to be highly dependent
on the JFH-1 genotype 2a strain. Thus, in this study we
attempted to develop a surrogate model and constructed
a recombinant HCV cDNA under the control of EF-la
promoter (Fig. 1). The cDNA derived from HCV genotype
1b isolate NIHJ1, which was shown to be infectious for
humans and chimpanzees [1]. This system allows conve-
nient delivery of HCV genome into the cells in the form
of DNA by transfection. We removed the envelope genes
to allow pseudotyping of progeny HCV-like virions with
different viral envelopes by in trans co-expression. Besides
the preferency of HCV to infect and replicate in liver cell
lines, studies have demonstrated the replication in non-
hepatocyte cell lines [2,12]. As 293T cells are highly suscep-
tible to the calcium phosphate precipitation-mediated
DNA transfection, we chose these cells as a platform to
characterize this recombinant HCV cDNA.

HCYV protein expression and localization in 293T cells

Next, we transfected the new recombinant HCV ¢cDNA
clone into 293T cells and determined the HCV protein
expression. Western blot analysis showed that HCV core
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Fig. 1. HCV genomic organization and recombinant HCV construct. (A) HCV genome consists of a 5"UTR containing an IRES within the stem loops II,
111, and 1V, a single ORF encoding a polypeptide, which is processed into core (C), glycoproteins E1/E2, nonstructural proteins p7, NS2, NS3, NS4A/B,
NS5A/B, and a 3'UTR organized into variable region (VR), polyuridine/polypyrimidine tract (U/PP), and conserved region (CR). (B) The recombinant
HCV DNA construct pEF.HCV.E-.GFP developed in this study. GFP gene was inserted in place of E1/E2, and part of the N-term of E1 and C-term of E2
were retained to ensure proper processing of the polyprotein. Closed diamond: cleavage sites of cellular signal peptidase; open diamond: cleavage sites of
HCV NS2-NS3/NS3 proteases.

and NS5A proteins were expressed at expected molecular
weights (Fig. 2A). Previous study has identified two forms
of core protein (p23 and p21): core precursor (191 aa) and
matured core (174 aa) protein [24]. Likewise, we detected

these two forms of core protein. In addition, we also
detected two forms of NS5A using an anti-NS5A antibody,
which probably represented the basal phosphorylated (p56)
and the hyperphosphorylated (p58) forms of NS5A, as
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Fig. 2. Expression, subcellular localization of HCV proteins, and HCV RNA expression. (A) 293T cells were transfected with pEF.HCV.E-.GFP,
pEF.Core.GFP, or pEF empty vector control. Transfected cells were lysed in RIPA buffer, and analyzed by Western blotting using anti-core and anti-
NS5A mAbs, or HCV-positive patient sera. (B) Transfected cells were subjected to subcellular fractionation and proteins in the cytosolic (C), membrane
(M), and nuclear fractions (N) were analyzed by Western blotting. (C) 293T cells were transfected with pEF.HCV .E-.GFP, pEF.HCV.E-.GFP-5BA10, or
pEF empty vector control; total RNA was isolated and HCV negative and positive RNAs were determined by RPA using strand-specific probes.
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expected [11]. These findings clearly show that HCV pro-
teins in this newly engineered system were efficiently
expressed and more importantly, correctly processed and
post-translationally modified. Considering the requirement
of viral proteases NS2-NS3/NS3 for processing of HCV
polyprotein, expression of core and NSS5A indicate that
other HCV proteins encoded by the recombinant clone
were expressed and biologically active.

We then determined subcellular localization of core,
NS3, and NS5A proteins in 293T cells. Western blot anal-
ysis of nuclear, membrane, and cytosolic fractions showed
that these proteins were all present in membrane and
nuclear but not the cytosolic fractions (Fig. 2B). The asso-
ciation of these proteins with the intracellular membrane is
consistent with other studies [5,7]. Their presence in the
nuclear compartment may be attributable to an incomplete
fractionation. However, there is a possibility that some of
them are indeed present in the nucleus, as there is a nuclear
localization signal in HCV core [6] and NS5A [9]. Besides,
these proteins have been shown to be involved in transcrip-
tion regulation [4,19]. Moreover, HCV NS3 was also found
to associate with a nuclear protein [10]. Collectively, these
results suggest that this recombinant cDNA clone was able
to express HCV polyprotein in 293T cells and that these
cells offered a cellular environment in which proper pro-
cessing, intracellular targeting, and post-translational mod-
ifications of HCV proteins can take place.

Expression of HCV RNA transcripts in 293T cells

HCV replication involves expression of HCV proteins
and synthesis of negative-strand HCV RNA intermediate
from positive-strand HCV RNA genome [13]. Thus, we
next determined expression of the positive and negative-
strand HCV RNAs in 293T cells by RPA using strand-spe-
cific HCV RNA probes. Using in vitro transcribed sense
and anti-sense non-labeled 5UTR RNAs, we first con-
firmed that this assay was highly strand-specific with a
detection limit of lower than 10 ng target RNA (data not
shown). We then transfected 293T cells with this recombi-
nant cDNA or a replication defective mutant (NS5BA10)
and harvested cells for total RNA isolation. Using the
RPA, we found that hybridization of isolated RNA with
anti-sense 5’UTR probe gave rise to a protected RNA sig-
nal of expected size of 341 nt, indicating expression of the
HCYV positive-strand RNA in these cells (Fig. 2C). How-
ever, hybridization with sense 5'UTR probe failed to detect
any RNA signal of negative polarity, suggesting that no
expression of negative-stranded HCV RNA or no HCV
replication took place in these cells, or HCV replication
in these cells was beyond the detection limit of the assay.

Analysis of the production of HCV virus-like particles in cell
culture supernatant

One of our goals was to produce and characterize HCV-
like viruses in human non-hepatocyte cells in vitro. Success-

ful expression of HCV genomic RNA as well as proteins
from the recombinant cDNA clone raised the possibility
of producing HCV virus-like particles in the culture super-
natant. Thus, we next tested this possibility by co-express-
ing this cDNA clone with HCV E1/E2 or VSV-G envelope
expression plasmid. The virus-like particles were purified
from cell-free supernatant by sucrose centrifugation and
analyzed for HCV core protein by Western blotting and
HCV RNA by RPA. Core protein and VSV-G (Fig. 3A),
HCYV envelope protein (data not shown) as well as posi-
tive-strand HCV RNA (Fig. 3B) were detected in the virus
pellets of co-transfected cells. To ensure production of
virus-like particles, we further purified the viruses using
the sucrose band ultracentrifugation and performed elec-
tron microscopic analysis. Both HCV E1/E2 and VSV-G
co-transfected cells produced virus-like particles that were
morphologically homogeneous with a diameter of approx-
imately 30 nm (Fig. 4A). Although HCV or HCV-like par-
ticles produced in other in vitro systems were larger in size
i.e., approximately 50 nm in diameter [16,22], HCV parti-
cles isolated from HCV-infected patients are quite hetero-
geneous in sizes ranging from 20 to 60 nm [17,21]. Thus,
the discrepancy of the particle size may likely attribute to
different sources of producing cells in which their mem-
brane biochemical composition such as lipid and lipopro-
teins are different.

To further characterize the virus-like particles, we per-
formed the equilibrium density ultracentrifugation of
HCV/VSV-G like-viruses in 10-60% sucrose gradient

Cells  Viruses
A EF.HCV.E-.GFP

B P
405nt
341nt + RNA
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Fig. 3. Production of HCV viral-like particles. 293T cells were transfected
with pEF empty vector, pEF.HCV.E--GFP alone (no env), or
pEF.HCV.E-.GFP with HCV ConE1/E2 (E1E2) or VSV-G plasmid.
Supernatant was collected, cleared of cell debris, centrifuged to pellet the
viruses, and viral protein lysates and RNA were prepared. Both cell and
virus lysates were analyzed by Western blotting for VSV-G and HCV core
proteins (A) or by RPA for HCV + RNA using anti-sense probe (B).
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Fig. 4. Electron microscopy of virus-like particles and sucrose density
analysis of virus preparation. The virus pellets were subjected to
purification by passing through a 30% sucrose cushion at 178,000g for
20h at 4°C. Purified viruses were fixed in 2% formaldehyde/2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 and then
visualized by negative staining electron microscopy (A). Scale bar: 50 nm.
For virus-like particle fractionation, viral pellets were overlaid over 10—
60% sucrose gradient and ultracentrifuged as above. Fractions of 1 ml
were collected from top to bottom and analyzed for VSV-G by Western
blotting and for HCV RNA by RT-PCR (B).

followed by fractionation and analysis for VSV-G protein
and HCV RNA. HCV RNA was found to co-fractionate
with VSV-G in most fractions with both higher abundance
in the third fraction (Fig. 4B), suggesting a physical associ-
ation of HCV RNA and VSV-G protein. Nevertheless,
HCV RNA containing-fractions without VSV-G were also
detected, which is consistent with the notion that different
types of HCV RNA complexes were released from the
transfected cells. In fact, HCV RNA which is not associ-
ated to viral glycoproteins has been described in hepatoma
cell lines [18,25]. The “‘naked” RNA may represent either
nonspecific release of HCV RNA or it may indeed be asso-
ciated to membranous complexes or cellular components.
The co-fractionation of viral RNA with VSV-G on sucrose
gradient along with the electron microscopic analysis
clearly demonstrated that viral-like particles were assem-
bled and released into the culture medium. Similar results
were obtained with HCV cognate envelope proteins (data
not shown).

In summary, in this study we established and charac-
terized a recombinant HCV c¢DNA that allowed HCV
protein and RNA expression as well as HCV-like parti-
cles production in a non-hepatocyte human cell line.
The finding that the viral-like particles produced in this
system were smaller compared to those obtained in other
in vitro systems suggests that virion morphogenesis and
egress are different between liver and non-liver cells.
Thus, this system may also offer an opportunity to study

the processes of HCV assembly and release in non-hepa-
tocyte cells.
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