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Hepatitis C virus (HCV) induces microtubule aggregates in infected hepatocytes. To determine if cytoskeletal
elements are important for HCV RNA synthesis, we examined the effect of cytoskeleton inhibitors on HCV
replicon transcription in Huh7 cells. The data demonstrate that HCV replication complex-mediated RNA
synthesis requires microtubule and actin polymerization.

Hepatitis C virus (HCV) infection is the leading cause of
liver transplantation in the United States, with sequelae includ-
ing liver fibrosis, cirrhosis, and hepatocellular carcinoma (re-
viewed in reference 19). Identified in 1989 as a plus-strand
RNA virus (4), HCV causes an infection that was originally
distinguished by its characteristic induction of microtubule
(MT) aggregates in infected hepatocytes, implicating MTs in
HCV-associated disease (2, 11, 23, 28, 29, 32, 36). Studies with
a related flavivirus (Kunjin virus) have demonstrated that MT
aggregates similar to those induced by HCV are also important
for Kunjin RNA synthesis (15, 22). Moreover, MT paracrystals
have recently been detected in cultured cells transfected with
an HCV subgenomic replicon (21). Taken together, these stud-
ies suggest that cytoskeletal elements may be required for
HCYV replication. Yet, despite the historical emphasis on MTs
and HCV from a clinical perspective, the role of MTs in the
HCYV life cycle at a molecular level remains poorly understood.

To determine if HCV RNA synthesis requires functional
actin or MT networks, we examined the effects of cytoskeleton
inhibitors on the efficiency of HCV RNA synthesis in the HCV
replicon cell system (Fig. 1) (18). In this system, Huh7 cells
stably transfected with an HCV replicon RNA are used to
mimic the RNA synthesis that occurs in an ongoing, persistent
infection with HCV. Because the replicon construct encodes a
neomycin resistance gene for G418 (Geneticin) selection,
HCV RNA synthesis in the replicon cells can be detected by
quantitative PCR using a primer-probe set specific for the
neomycin sequence. We have validated this approach by dem-
onstrating a dose-dependent decrease in replicon RNA levels
upon alpha interferon treatment (data not shown), using alpha
interferon concentrations similar to those cited previously by
other laboratories (1, 10, 18). In addition, we have confirmed
that transcription of the replicon in our HCV replicon cells is
resistant to actinomycin D, as originally demonstrated by Loh-
mann et al. (18), verifying that transcription of replicon RNA
is specific to the RNA-dependent RNA polymerase activity of
the HCV replication complex. A single HCV replicon cell
line—a serially passaged line originally generated by stable
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transfection of Huh7 cells with a replicon with a sequence
identical to that used by Lohmann et al. (18) (Fig. 1)—was
used for all experiments.

Because vinblastine sulfate (VS) is a well-characterized in-
hibitor of MT polymerization and has been shown to alter
Kunjin virus replication (15, 22), we first determined the effect
of VS on HCV replicon RNA synthesis. One day prior to
addition of the inhibitor, HCV replicon cells were plated at
12,000 cells per well in a 96-well plate in Dulbecco’s modified
Eagle medium (DMEM) containing 10% fetal bovine serum
(FBS) and 0.5 mg of G418 per ml. The following day, the
growth medium was replaced with DMEM containing 10%
FBS and either 11 nM, 1 nM, or 0.5 nM VS in the absence of
G418. Quadruplicate wells were incubated with each concen-
tration of the inhibitor for 16 or 24 h. As a control for potential
effects of the solvent on HCV RNA synthesis, four additional
wells for each time point were incubated in DMEM-10% fetal
bovine serum containing a volume of solvent (methanol)
equivalent to the 11 nM VS concentration. At 16 and 24 h after
inhibitor addition, the cells were photographed using a 10X
Nikon objective. Cells were then immediately lysed in ABI lysis
buffer as indicated by the manufacturer. Total RNA for each
sample was isolated by use of an ABI Prism 6700 automated
nucleic acid workstation. Equivalent RNA volumes were sub-
sequently analyzed on an ABI Prism 7900HT sequence detec-
tion system for quantitative PCR, with one primer-probe set
specific for the neomycin (neo) sequence and a second set
specific for 18S rRNA (18S) to monitor cell number. To cal-
culate the percentage of HCV replicon RNA remaining in the
presence of each concentration of inhibitor in a standardized
number of cells (% replicon RNA remaining), the mean neo
RNA levels for the quadruplicate wells of each sample type
were standardized to the mean 18S RNA level of the solvent-
only control wells for the relevant time point. The % replicon
RNA remaining was then calculated using the previously de-
scribed comparative threshold cycle (C;) method (ABI Prism
7700 Sequence Detection System bulletin no. 2, PE Applied
Biosystems, Foster City, Calif.).

As indicated in Fig. 2A, VS decreased HCV RNA levels in
the replicon cells in a dose-dependent manner. The observed
cell rounding (Fig. 2B) was consistent with previously pub-
lished reports of VS-induced MT depolymerization at similar
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FIG. 1. Schematic of the HCV subgenomic replicon. Translation of the neomycin resistance sequence (neomycin) is initiated at the HCV IRES,
whereas expression of the polyprotein containing the HCV nonstructural proteins 3 (protease and helicase), 4A, 4B, 5A, and 5B (RNA-dependent
RNA polymerase) is initiated at the EMCV IRES. An amino-terminal 17-amino-acid portion of the HCV core coding sequence (HCV core) is
included immediately downstream of the HCV IRES. Processing of the viral polyprotein by the viral proteinase results in formation of the
membrane-associated HCV replication complex. The complex mediates transcription of the replicon RNA from the authentic HCV 3’ and 5’

untranslated regions (bold lines) (19).

concentrations in other cell types. Notably, since the data were
standardized to the 18S RNA level of solvent-treated cells, the
calculated % replicon RNA remaining corresponded to the
level of HCV replicon RNA in a uniform number of cells.
Hence, decreases in replicon RNA levels could not be attrib-
uted to cell loss.

The effect of VS also could not be explained by loss of the
replicon from the cells upon removal of G418 selection, since
the solvent- and VS-treated cells were identically maintained
in the absence of G418 during the 16- or 24-h window of the
experiment. Nevertheless, because the appearance of an inhib-
itory effect of VS on HCV RNA synthesis would be exagger-
ated in cells in which a significant amount of replicon RNA was
lost upon removal of G418 selection, we examined the total
amount of replicon RNA in parallel wells of cells in the pres-
ence or absence of G418. During this experiment, the variation
in replicon RNA levels attributable to removal of G418 was
within acceptable parameters (13% * 8% at 16 h and 24% =
2% at 24 h). The data therefore suggested that MT inhibition
blocked the formation and/or RNA synthesis ability of the
HCV replication complex. However, it remained possible that
the decrease in replicon RNA was a result of the inhibition of
translation mediated by the encephalomyocarditis virus
(EMCYV) internal ribosomal entry site (IRES). In this case, the
decreased replicon RNA levels would merely represent de-
creased translation of the HCV nonstructural proteins. To
confirm that the decrease in HCV replicon levels was due to
the lack of a functional HCV replication complex rather than
the lack of nonstructural protein expression, we determined
the effect of 24 h of VS exposure on EMCV IRES translation
in HCV replicon cells transfected with an EMCV IRES-green
fluorescent protein (GFP) reporter construct whose transcrip-
tion was driven by a cytomegalovirus (CMV) promoter. Eight
hours after Lipofectamine PLUS-mediated transfection (In-
vitrogen), the transfection medium was replaced with phenol
red-free DMEM containing 10% FBS and either 11 nM VS,
VS solvent equivalent to that in the 11 nM VS, or 4 or 2 pM
actinomycin D (to inhibit DNA-dependent RNA polymerase
activity). At 24 h after the addition of the inhibitor (32 h
posttransfection), whole-cell lysates were harvested in buffer
containing 150 mM NaCl, 10 mM Tris (pH 7.4), 2 mM EDTA,
1% NP-40, 0.1% sodium dodecyl sulfate, and 1X protease

inhibitor (Roche). A 50-pg aliquot of each cell lysate was then
subjected to anti-GFP Western blotting. Equivalent protein
loading was confirmed by Ponceau staining (Sigma; data not
shown). The GFP signal from each of the samples on the
Western blot was subsequently quantified using NIH Image
software. For each sample, the mean density of the GFP band
and the standard deviation of the band’s density were deter-
mined. The amount of GFP remaining in cells treated with the
inhibitor was calculated as the percentage of GFP in the sol-
vent-treated cells. As demonstrated in Fig. 2C, VS did not alter
EMCYV IRES translation, even at the highest dose of this MT
inhibitor. In contrast, actinomycin D abolished GFP expres-
sion, as expected for CMV promoter-driven transcription (Fig.
2C). We also confirmed that no GFP was detectable by fluo-
rescence microscopy at the time of inhibitor addition, indicat-
ing that the level of GFP detected after the 24-h VS treatment
was from ongoing GFP expression and not from long-term
stability of GFP protein expressed prior to addition of the MT
inhibitor (data not shown). Thus, the decrease in HCV repli-
con levels in the VS-treated cells was not due to inhibition of
EMCYV IRES-mediated translation by VS but rather was sug-
gestive of inhibition of the HCV replication complex.

To confirm the dependency of HCV RNA synthesis on MTs,
we also determined the effect of the MT depolymerizing agents
colchicine and nocodazole. Two concentrations of each drug
were chosen based on accepted dose ranges (7, 13, 22). By use
of methods identical to those used for the VS experiment
(including standardization of the data to 18S RNA of the
solvent-treated cells to account for differences in cell number),
colchicine and nocodazole were shown to decrease HCV rep-
licon levels in a dose-dependent manner by 16 h of treatment
(Fig. 3A). Additionally, replicon levels were generally further
decreased by 24 h. As for the VS-treated cells, the addition of
colchicine or nocodazole induced cell rounding indicative of
MT inhibition (Fig. 3B). The extensive cell rounding at 24 h in
the presence of 13.3 wM nocodazole revealed that this con-
centration was functionally equivalent to the higher concentra-
tion of the drug (19.9 wM), consistent with the very similar
percentages of replicon RNA inhibition at the 24-h time point
(Fig. 3A). Neither colchicine nor nocodazole inhibited EMCV
IRES-mediated translation as determined with the CMV pro-
moter-driven GFP reporter construct (Fig. 3C). The data are
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FIG. 2. Inhibition of HCV RNA synthesis by the MT inhibitor VS. (A) Dose-dependent decrease in HCV replicon RNA levels at 16 and 24 h
of incubation with VS (11, 1, or 0.5 nM) compared to incubation with methanol equivalent to 11 nM VS (solvent). (B) Morphology of the HCV
replicon cells in the presence of VS or solvent. (C) Quantification of GFP in HCV replicon cells transfected with the pPCMV-EMCV IRES-GFP
reporter DNA in the presence of actinomycin D (ActD), ethanol equivalent to 4 uM actinomycin D (ActD solvent), VS, or methanol equivalent
to 11 nM VS (VS solvent). The mean density as well as the standard deviation of the density (St. Dev.) of the GFP band from the anti-GFP Western
blot is shown for each sample. The percentage of GFP in the inhibitor-treated cells (% GFP remaining) is also indicated, with the quantity of GFP
in the relevant solvent only-treated cells set at 100%. The % GFP remaining for the inhibitor-treated cells thus indicates the quantity of GFP in

the inhibitor-treated cells compared to that in the solvent-treated cells.

therefore consistent with an important role for MTs in HCV
RNA synthesis. Furthermore, because MTs mediate intracel-
lular membrane trafficking between the endoplasmic reticulum
(ER) and the Golgi (5, 12, 26, 33), and also because HCV
replication complexes are known to be anchored in ER or
ER-like membranes (3, 8, 9, 16, 17, 20, 21, 24, 25, 27, 30, 31,
35), our data suggest that HCV RNA synthesis may be depen-
dent on MT-mediated delivery of membranes required to es-
tablish the functional HCV replication complex.

Since MTs and actin often have parallel or cooperative func-
tions in orchestrating membrane trafficking (reviewed in ref-
erence 6), we next sought to determine if actin polymerization
was important for HCV RNA synthesis. When replicon cells
were treated with increasing concentrations of the actin inhib-
itor cytochalasin D, HCV replicon RNA levels were decreased
accordingly (Fig. 4A). Actin inhibition was verified by the ex-
pected cellular morphology (Fig. 4B). Furthermore, the effect

on HCV RNA was not accounted for by inhibition of EMCV
IRES-mediated translation (Fig. 4C). These combined data
indicated that HCV’s RNA-dependent RNA polymerase ac-
tivity could be blocked by inhibiting either the actin or the MT
network.

As described above, the GFP reporter data demonstrated
that the actin and MT inhibitors did not block EMCV IRES-
mediated translation in the HCV replicon. By extension, we
reasoned that actin- and MT-mediated membrane trafficking
would not likely be required for HCV IRES translation. Thus,
in the context of an actual HCV infection, cytoskeleton-depen-
dent membrane transport would be expected to be required
not for providing access of the viral genome to translation
factors but rather for construction, maintenance, and/or func-
tioning of the HCV replication complex following genome
translation. To determine if HCV IRES translation was de-
pendent on actin and/or MT polymerization, we transfected
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FIG. 3. Inhibition of HCV RNA synthesis by the MT inhibitors colchicine and nocodazole. Effects of colchicine (colc) and nocodazole (nocod)
are shown on the left and right panels of the figure, respectively. (A) Decreased HCV replicon RNA in cells treated with colchicine (1 or 0.3 pM)
compared to those treated with ethanol equivalent to 1 wM colchicine (solvent) or in cells treated with nocodazole (19.9 or 13.3 uM) compared
to those treated with DMSO equivalent to 19.9 wM nocodazole (solvent). (B) Morphology of the HCV replicon cells corresponding to those
harvested for RNA detection for panel A. (C) Quantification of GFP in HCV replicon cells transfected with the pCMV-EMCV IRES-GFP
reporter DNA in the presence of colchicine or nocodazole or the respective solvent control described for panel A. The figure design is identical

to that described for Fig. 2C.

the HCV replicon cells with a dual luciferase reporter encod-
ing a Renilla luciferase gene to be expressed by cap-dependent
translation as well as a firefly luciferase gene to be expressed
from the same transcript by HCV IRES-dependent translation
(Fig. 5A) (14). The dual system allowed us to examine poten-
tial differences in cytoskeletal requirements for HCV IRES-

mediated translation versus the control cap-mediated transla-
tion. The HCV replicon cells were plated in 96-well plates in
G418-containing medium with 10% FBS the day before trans-
fection. Cells were then identically transfected with the dual
luciferase reporter DNA according to the Lipofectamine
PLUS manufacturer’s protocol (Invitrogen). Seven hours after
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FIG. 4. Inhibition of HCV RNA synthesis by the actin inhibitor cytochalasin D (cytD). (A) Effect of cytochalasin D (9.9, 2.0, or 0.1 wM) on
HCYV replicon RNA levels compared to the effect of DMSO equivalent to 9.9 wM cytochalasin D (solvent). (B) Dose-dependent cell rounding
induced by actin inhibition in replicon cells treated with cytochalasin D. (C) Quantification of GFP in HCV replicon cells transfected with the
pCMV-EMCV IRES-GFP reporter DNA in the presence of 9.9 wM cytochalasin D or DMSO equivalent to 9.9 wM cytochalasin D (solvent). See

the legend for Fig. 2C for further description of the figure design.

transfection, the medium was changed to G418-free DMEM
containing 10% FBS and either the inhibitors or corresponding
solvents at the concentrations indicated in Fig. 5B. Each sam-
ple condition was performed in triplicate wells. After a 21-h
incubation at 37°C, the cells were prepared for luciferase de-
tection using the Promega Dual-Luciferase reporter assay sys-
tem. The mean of the triplicate luciferase values for each
solvent-treated sample was calculated and designated 100%
luciferase remaining, indicating the quantity of luciferase re-
maining after the 21-h incubation in the presence of the sol-
vent-containing medium. The mean of the triplicate luciferase
values for each corresponding inhibitor-treated sample was
then calculated, and the % luciferase remaining in the pres-
ence of the inhibitor after the 21-h incubation was calculated as
a percentage of the relevant solvent control. As expected, both
cap- and HCV IRES-dependent translation were inhibited by
actinomycin D and cycloheximide, verifying that the luciferase
signal was specific to the transcription and translation, respec-

tively, of the reporter construct (Fig. 5B). In contrast, expres-
sion of either Renilla or firefly luciferase was not significantly
altered by VS, colchicine, nocodazole, or cytochalasin D (Fig.
5B). Thus, actin and MT polymerization were not required for
efficient HCV IRES translation.

Having demonstrated that actin and/or MT inhibition re-
duced levels of HCV replicon RNA, we next sought to distin-
guish between two possible mechanisms of inhibition: (i) in-
hibitor-induced enhancement of replicon RNA degradation
(thereby blocking HCV RNA synthesis at the level of destroy-
ing the RNA template) or (ii) inhibition of HCV RNA syn-
thesis without altering RNA stability, such as by preventing
replication complex formation or inhibiting the replication
complex’s RNA synthesis abilities. To determine if HCV RNA
degradation was induced by the addition of VS, colchicine,
nocodazole, cytochalasin D, and/or their respective solvents
(methanol, ethanol, dimethyl sulfoxide [DMSO], DMSO), a
pulse-chase RNA labeling experiment was performed. HCV
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FIG. 5. Dual luciferase reporter assay. (A) Schematic of the dual luciferase reporter (15). (B) Effect of actinomycin D (ActD), cycloheximide
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ethanol, DMSO, and DMSO, respectively) on cap-dependent translation (Renilla luciferase) and HCV IRES translation (firefly luciferase) in cells

transfected with the dual luciferase reporter.

replicon cells were plated at a density of 5 X 10° cells per
60-mm-diameter dish and incubated at 37°C for 24 h prior to a
2-h incubation in DMEM containing 4 pg of actinomycin D
per ml. Cells were then washed in phosphate-free DMEM
(Invitrogen), followed by a 16-h incubation at 37°C in phos-
phate-free medium containing 4 pg of actinomycin D per ml
and 200 pCi of **P radionuclide (NEN). To optimize the
length of the chase period for maximum replicon RNA detect-
ability and maximum time postlabeling, parallel plates of cells
were incubated in labeling medium without inhibitor or solvent
and were harvested at time zero postlabeling (immediately
after the 16-h labeling period) as well as at 8 and 24 h postla-

beling (8 or 24 h after replacing the labeling medium with fresh
DMEM). The last time points were selected based on esti-
mates of HCV RNA stability or to correspond to the 24-h time
point of the inhibitor studies shown in previous figures, respec-
tively. Total RNA was isolated from each plate by adding 600
wl of RNeasy reagent (Qiagen). Equivalent volumes of the
eluted RNA were then heated at 65°C for 15 min, loaded on a
formaldehyde-1% agarose gel, dried, and subjected to phos-
phorimager analysis.

HCV replicon RNA was readily detectable at zero time
postlabeling, confirming good *?P incorporation during the
16-h labeling period (Fig. 6). As expected, migration of the



VoL. 77, 2003

Hours

post label: (l}.l 8h Zih

= -

e w= E 2 8
§ 56 2 2 S
R S S5 3 2
2 8% 298858338
o owvn w c &0 )
z2 255382230032

HCV

replicon . s

RNA

‘,;&m' m
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toskeleton inhibitors or with solvent alone. The time of cell harvest
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medium. The incubation conditions during the chase period are noted
above each well. The bands representing the HCV replicon RNA are
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11 nM VS; Colc solvent, ethanol equivalent to 1 pM colchicine; Colc,
1 wM colchicine; Nocod solvent, DMSO equivalent to 19.9 uM no-
codazole; Nocod, 19.9 uM nocodazole; Cyt D solvent, DMSO equiv-
alent to 9.9 wM cytochalasin D; Cyt D, 9.9 uM cytochalasin D.

primary RNA species on the gel was similar to that of in
vitro-transcribed HCV replicon RNA, as expected (data not
shown). The HCV replicon RNA from the cells remained
detectable after an 8-h chase period but was largely degraded
by 24 h postlabeling (Fig. 6). A 16-h labeling period and an 8-h
chase were therefore chosen for determining the effect of the
actin and MT inhibitors on HCV RNA degradation in the
replicon cells. To this end, replicon cells were plated and la-
beled as described above. Following the 16-h labeling period,
cells were washed with DMEM and were incubated at 37°C for
8 hin DMEM containing 11 nM VS, 1 uM colchicine, 19.9 uM
nocodazole, 9.9 uM cytochalasin D, or equivalent concentra-
tions of the relevant solvents. At the end of the 8-h chase
period, total RNA was harvested. To ensure collection of all
RNA, floating cells were gathered from the growth superna-
tant by centrifugation, and each plate of cells was scraped after
the addition of the RNeasy reagent. Equivalent volumes of
extracted RNA were then subjected to agarose gel analysis as
described above. Replicon RNA levels at 8 h postlabeling were
not diminished in the cells treated with solvent only compared
to cells incubated in media lacking solvent for 8 h (Fig. 6). VS
treatment of cells resulted in only a minimal reduction of HCV
replicon RNA at 8 h postlabeling compared to solvent only-
treated cells and was not indicative of substantial VS-induced
RNA degradation (Fig. 6). In addition, HCV replicon RNA
levels in cells treated with either colchicine, nocodazole, or
cytochalasin D were consistent with the levels in cells treated
with the relevant solvent alone (Fig. 6). The data therefore
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indicate that neither the solvents nor the cytoskeleton inhibi-
tors induce significant HCV RNA degradation in the replicon
cells. Thus, the reduction of HCV RNA levels in cells treated
with the inhibitors (Fig. 2, 3, and 4) is not due to rapid degra-
dation of template replicon RNAs but rather to inhibition of
the processes required for RNA synthesis from existing tem-
plate RNAs.

Together, the data in this report demonstrate a cytoskeletal
requirement for HCV RNA synthesis. Although the precise
mechanism for this requirement remains to be determined,
several possibilities exist. For example, it is not yet clear
whether HCV RNA synthesis occurs in a stationary complex
whose formation requires MTs and actin or whether the mi-
gration of the replication complex between cellular organelles
(which may be altered by the replication process itself) is
necessary for generating nascent RNAs. The role of the ER
stress response in this process also remains undetermined.
Among the options for mechanisms, we favor a model of actin-
and MT-mediated formation and/or maintenance of the vesi-
cles which serve as the membrane anchoring sites for the HCV
replication complex. This model is especially attractive in light
of recent electron micrographs of HCV replicon cells demon-
strating the proximity of ER membrane-associated HCV non-
structural proteins with paracrystalline structures reminiscent
of the MT aggregates detected in HCV-infected chimpanzee
hepatocytes or near sites of viral RNA synthesis in Kunjin
virus-infected cells (21, 28, 29, 34). Notably, the model allows
for but does not require alterations in MT or ER structure. For
example, a requirement for MT-mediated vesicular mainte-
nance during early stages of HCV RNA synthesis would nei-
ther require nor preclude the subsequent alteration of MT
morphology (such as the development of paracrystalline ar-
rays). In addition, since an intact MT network could presum-
ably serve equally well as a “railroad” for vesicles during nor-
mal ER-related trafficking or during ER rearrangement, a
cytoskeletal requirement for HCV RNA synthesis would not
be contingent on a particular ER structure. Thus, a role for
cytoskeletal elements in HCV RNA synthesis is consistent with
the development of paracrystalline structures and rough ER
fragmentation in some HCV replicon-containing cells (21) but
not in others (24). The development of a stable tissue culture
system capable of producing infectious HCV particles will be
important for determining if such cytoskeletal alterations,
which may be initiated by early steps in HCV replication, are
enhanced during the late stages of the HCV life cycle. An
infectious HCV tissue culture system will also enable experi-
ments to determine if MT and actin polymerization are impor-
tant for HCV assembly and maturation, as our data indicate
for HCV RNA synthesis.

We gratefully acknowledge the technical expertise of Angel Lai and
Xiaolan Lu, the statistical analysis of Mark Farmen, and the review of
the manuscript by Joseph Colacino.
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