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Nonstructural protein 5A (NS5A) of hepatitis C virus (HCV) is an indispensable component of the HCV replication and assem-
bly machineries. Although its precise mechanism of action is not yet clear, current evidence indicates that its structure and func-
tion are regulated by the cellular peptidylprolyl isomerase cyclophilin A (CyPA). CyPA binds to proline residues in the C-termi-
nal half of NS5A, in a distributed fashion, and modulates the structure of the disordered domains II and III. Cyclophilin
inhibitors (CPIs), including cyclosporine (CsA) and its nonimmunosuppressive derivatives, inhibit HCV infection of diverse
genotypes, both in vitro and in vivo. Here we report a mechanism by which CPIs inhibit HCV infection and demonstrate that
CPIs can suppress HCV assembly in addition to their well-documented inhibitory effect on RNA replication. Although the inter-
action between NS5A and other viral proteins is not affected by CPIs, RNA binding by NS5A in cell culture-based HCV (HCVcc)-
infected cells is significantly inhibited by CPI treatment, and sensitivity of RNA binding is correlated with previously character-
ized CyPA dependence or CsA sensitivity of HCV mutants. Furthermore, the difference in CyPA dependence between a
subgenomic and a full-length replicon of JFH-1 was due, at least in part, to an additional role that CyPA plays in HCV assembly,
a conclusion that is supported by experiments with the clinical CPI alisporivir. The host-directed nature and the ability to inter-
fere with more than one step in the HCV life cycle may result in a higher genetic barrier to resistance for this class of HCV
inhibitors.

Hepatitis C virus (HCV) is a positive-strand RNA virus encod-
ing a polyprotein that is cleaved into 10 proteins, including

three structural proteins (core, E1, and E2), a putative ion channel
(p7), and six nonstructural proteins (NS2, NS3, NS4A, NS4B,
NS5A, and NS5B) (42). Propelled by the development of both
subgenomic replicons (8, 31) and a cell culture-based infection
system (HCVcc) (9, 29, 49, 54), research has garnered a wealth of
information on the role of each of these proteins in the life cycle of
the virus. The structural proteins and p7 are needed for virion
assembly but not RNA replication, whereas the nonstructural pro-
teins are probably involved in both replication and infectious vi-
rus production. In addition to the requisite protease and polymer-
ase activities, HCV also encodes proteins that perform specialized
functions, such as deforming the membranes (to generate a mi-
croenvironment for RNA replication) or scaffolding (to bring the
appropriate proteins together for virion assembly) (14, 24, 37, 41).

HCV infects �3% of the world’s population and is a major risk
factor for liver cirrhosis and hepatocellular carcinoma (5, 47).
Current treatment comprises pegylated interferon (IFN), the nu-
cleoside analog ribavirin, and recently approved direct-acting an-
tivirals (DAAs) that inhibit the HCV NS3 protease. Despite the
success of this triple therapy, drug resistance against the DAAs
develops quickly (38), presumably because of both the error-
prone nature of the viral polymerase (NS5B) and the high repli-
cation rate in vivo. Host-targeting agents (HTAs) represent an
alternative to DAAs, with an expected high genetic barrier to re-
sistance because of the uncoupling of the selection pressure (on
the virus) and the direct drug target (from the host). The leading
HTAs that have progressed into clinical trials for HCV treatment
are nonimmunosuppressive derivatives of cyclosporine (CsA),
such as alisporivir (ALV; also known as DEB-025) (17), SCY-635
(23), and NIM-811 (27). These compounds inhibit the host pro-
teins cyclophilins, primarily cyclophilin A (CyPA) (52), to block
HCV replication and are collectively called cyclophilin inhibitors

(CPIs). Several viral proteins (NS2, NS5A, and NS5B) have been
implicated in the action of CyPA as a cellular cofactor for HCV
(12, 16, 50), but NS5A is likely the direct binding partner of CyPA
(15, 21, 22). NS5A is an essential factor in the HCV life cycle which
participates in both viral replication and assembly (3, 4, 45). It
interacts with several viral proteins involved in both stages of the
HCV life cycle, as well as with myriad host factors (1, 7, 11, 13, 53).
The interaction between NS5A and CyPA depends on both the
proline residues in NS5A domain II (21, 22) and the peptidyl-
prolyl isomerase (PPIase) active site of CyPA (51). Accordingly,
mutations of amino acid residues in the active site of CyPA abolish
its ability to facilitate HCV replication (10, 26, 30).

The structural and functional consequences of CyPA-NS5A
binding are not yet clear. CyPA binding to, and presumably
isomerization of, NS5A domain II has been proposed to change
the local conformation of the CyPA-binding site (51), which in
turn can “activate” NS5A to maintain the integrity of the viral
replication complex (30). In addition, Anderson et al. (2) reported
a distinct change of localization and trafficking of lipid molecules
upon CPI treatment. Because NS5A localizes to lipid droplets
(LDs), possibly to influence viral assembly, CPIs might affect
NS5A trafficking and HCV assembly as well (12, 26). The effect on
NS5A subcellular localization may not be specific to CPIs, how-
ever, as another NS5A inhibitor, BMS-790052, whose target is a
different domain of NS5A (domain I), also induces major changes
in NS5A localization in treated cells (28, 43). NS5A is an RNA-
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binding protein (23a, 23b) and the crystal structures of domain I
hint at an RNA-binding property for NS5A at this domain (32,
46), whereas studies using recombinant proteins indicate that all
three domains of NS5A contribute to RNA binding (18). These
results, along with a recent report that recombinant CyPA can
influence RNA binding by NS5A domain II (19), have been ob-
tained outside infected cells by use of a reconstituted system. The
significance of RNA binding by NS5A remains unknown, as does
its potential regulation by CyPA in infected cells. In the study
reported here, we demonstrated that RNA binding by NS5A in
HCVcc-infected cells is sensitive to CPI treatment and that sensi-
tivity of RNA binding is correlated with previously characterized
CyPA dependence or CsA sensitivity of HCV mutants. We also
revealed that part of the difference in CPI sensitivity between a
subgenomic and a full-length replicon of strain JFH-1 resulted
from an additional role of CyPA in HCV assembly, which was
further validated with ALV treatment.

MATERIALS AND METHODS
Compounds, cell lines, and antibodies. CsA was purchased from Alexis
Corporation (San Diego, CA), and ALV was provided by the Novartis
Institutes for Biomedical Research (Cambridge, MA). Huh-7.5 cells were
provided by Charles Rice (Rockefeller University) and Apath LLC (St.
Louis, MO). The CyPA-KD cell line (sh-A161) has been described previ-
ously (52). Anti-FLAG (rabbit and mouse) antibodies (Sigma) were used
for Western blotting and immunofluorescence assay of FLAG-tagged
NS5A. Commercial antibodies included anti-NS3 and anti-NS5A (Bio-
Front Technologies), rabbit anti-green fluorescent protein (anti-GFP)
(Invitrogen), anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) (Santa Cruz Biotechnology), rabbit anti-CyPA (Enzo Life Sci-
ences), and mouse anti-J2 (English and Scientific Consulting Bt., Hun-
gary).

Plasmids and cloning. JFH-FLAG was generated by insertion of a
FLAG tag, which replaced the amino acid sequence QPPPQGGGVAPG in
domain III by introduction of NdeI and AvrII sites at the ends of the
sequence. Replicon constructs pSGR2a and pFGR2a were provided by
Takaji Wakita and have been described previously (25).

Cell lysate preparation. Huh-7.5 cells infected with HCVcc at 90 to
95% infection were washed and collected. Cell pellets were resuspended in
the lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride
[PMSF], 1� protease inhibitor cocktail), to a concentration of 107 cells/
ml. After incubation on ice for 15 min, cells were passed eight times
through a 22G needle attached to a 1-ml syringe. Cell lysates were sub-
jected to centrifugation at 8,000 � g for 2 min, and supernatants were
collected for immunoprecipitation.

RNA and protein immunoprecipitation. FLAG immunoprecipita-
tion (FLAG-IP) was conducted with a 20-�l suspension of anti-FLAG M2
beads (Sigma). Anti-NS5A and anti-GFP pulldown assays were per-
formed with protein G-plus-A agarose (Calbiochem/Fisher) beads that
were incubated with 5 �g of the respective antibody. Beads were washed
and mixed with 150 �l of the lysate and 100 �l of NET-2 buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% NP-40) in the presence of 5 �g
bovine serum albumin (BSA), single-stranded DNA (ssDNA), and 80 U
RNasin (Promega) for 3 h at 4°C. Afterward, beads were washed seven
times with 500 �l of NET-2 buffer and divided into two sets for RNA and
protein extractions. Protein samples were treated with SDS sample load-
ing buffer at 95°C before being loaded for Western blotting. RNA samples
were treated with DNase I, and then RNA was extracted with TRIzol
(Invitrogen) according to the manufacturer’s protocol. RNA pellets were
resuspended in 20 �l of water and used for quantitative reverse transcrip-
tion-PCR (qRT-PCR) analysis.

Strand-specific RT-PCR. Total RNA was subjected to strand-specific
cDNA synthesis with the following HCV-specific primers: 5=-GGGTCCA

GGCTGAAGTCGAC-3= (recognizing the positive strand) and 5=-GCTG
TGCCCCAGACCTATCAG-3= (recognizing the negative strand). The re-
sulting cDNAs were then amplified with the following PCR primers
directed at the NS3 region: 5=-CTACCTCCATTCTCGGCATCGG-3=
(forward) and 5=-CGGGATGGGGGGTTGTCACTG-3= (reverse).

Immunostaining. Cells were plated on slides and treated with
compounds before being fixed with 4% paraformaldehyde. Anti-mouse–
fluorescein isothiocyanate (FITC) (1:500), anti-rabbit–tetramethyl rho-
damine isocyanate (TRITC) (1:200), anti-rabbit–FITC (1:200), anti-
mouse–Cy3b (1:200), and anti-mouse–TRITC (1:40) were purchased
from Sigma. Boron-dipyrromethene (BODIPY [493/503]) was purchased
from Invitrogen and was used according to the manufacturer’s protocol.
Colocalizations were analyzed from confocal images taken with a Leica
TCS SP2 AOBS microscope. Images were processed with LCS AF Lite
software.

Colocalization coefficient. The colocalization coefficient was ana-
lyzed with the JACop plug-in in the Image J program, using Costes’s
randomization. Pearson’s (r) and Mander’s (M1 and M2) coefficients
were calculated from two separate fields, each containing multiple cells.

Colony formation assays. In vitro transcription and colony formation
assays for both subgenomic and full-length replicons in CyPA-KD cells
were performed as described previously (52). To obtain colonies with viral
particles produced from FGR2a cells, the supernatant collected from the
FGR cells was filtered and used to infect naïve Huh-7.5 cells for 6 h, and
cells were then washed and incubated in G418-containing medium for 3
weeks until the colonies were visible.

Treatment of infected cells. Infection of Huh-7.5 cells with Gaussia
luciferase (GLuc)-expressing virus was allowed to proceed until HCV NS3
antigen could be detected in �80% of cells. The cells were then treated
with various concentrations of ALV for 9 h, after which the medium was
removed and cells were washed with phosphate-buffered saline (PBS)
three times before being placed in fresh medium. The treated cells were
then allowed to “recover” for 8 h, after which virus-containing medium
was collected as the “recovery 1” group. Cells were again allowed to “re-
cover,” for an additional 8 h, and the “recovery 2” medium group was
collected.

Lipid droplet purification. Confluent T-175 flasks of JFH-FLAG-in-
fected Huh-7.5 cells were treated with 4 �g/ml of CsA for 16 h before
being harvested for purification of LDs by use of the buffers and proce-
dures described by Sato et al. (39).

NS3 and core ELISAs. For HCV NS3 enzyme-linked immunosorbent
assay (ELISA) (BioFront Technologies), cell lysates of infected or replicon
cells were prepared according to the manufacturer’s instructions. Briefly,
�1 � 106 cells were resuspended in 0.5 ml of lysis buffer and mixed by
rotation for 30 min at 4°C. The samples were then centrifuged at 18,000 �
g for 5 min, and 200 �l of the clarified lysate was used for ELISA. Analysis
of core levels in cell culture supernatant was performed with an HCV
antigen ELISA kit (Ortho-Clinical Diagnostics, Japan) according to the
manufacturer’s instructions.

RESULTS
Detection of NS5A-RNA interaction in HCVcc-infected cells.
One of the proposed functions of NS5A is RNA binding during
either replication, virion encapsulation, or both. To study the po-
tential effect of CPIs on the RNA-binding properties of NS5A in a
cell culture system, we engineered a FLAG-tagged HCVcc and
developed a coupled IP and RT-PCR method to detect and quan-
tify RNA binding by NS5A in HCVcc-infected cells. A FLAG
epitope tag was inserted into a region at the C terminus of NS5A
(Fig. 1A, top panel) that has been shown to tolerate insertions
without affecting HCVcc replication or infectivity (6). The FLAG-
tagged virus (JFH-FLAG) was fully infectious, and immunostain-
ing with an anti-FLAG antibody clearly identified HCVcc-infected
cells (Fig. 1A, bottom panel). Furthermore, immunoprecipitation
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with anti-FLAG antibody-conjugated beads but not control IgG
beads efficiently pulled down NS5A. CyPA was detected in the
FLAG-IP complex, but only when the cells were not treated with
CsA (Fig. 1B). These results suggest that the FLAG-IP procedure
was able to purify NS5A complexes from infected cells that were
relevant for CyPA’s action. We then determined if HCV RNA
could be detected specifically in the FLAG-IP complex. As shown
in Fig. 1C, A strong HCV RNA signal was detected in the FLAG-IP
complex only for cells infected with JFH-FLAG virus, not for cells
infected with untagged JFH-1 virus, despite similar levels of HCV
RNA and protein in the input samples. Quantitative RT-PCR
analysis confirmed that less than 0.02% of the input HCV RNA
could be detected in the FLAG-IP complex from the JFH-1-in-
fected cell lysate, whereas 2.7% of the total HCV RNA was de-
tected in the FLAG-IP complex from the JFH-FLAG-infected
cells. In addition, in either cell type, the percentage of a cellular
mRNA (GAPDH) present in the FLAG-IP complex was very low
(0.15% and 0.21%) (Fig. 1D), providing further support for the
specificity of the co-IP–RT-PCR procedure.

CPIs interfere with RNA binding by NS5A. We then mea-
sured the effect of CsA treatment on NS5A’s RNA-binding activity
by using the co-IP–RT-PCR method. Dosage (1 �g/ml or 0.83
�M) and treatment times (8 h) were carefully optimized so that
CsA would not significantly reduce the viral RNA level at the time
of cell collection (Fig. 2A). A clear inhibition of RNA binding by
the NS5A complex was observed in CsA-treated cells (Fig. 2B). In

contrast, alpha interferon (IFN-�) or BMS-790052, a highly po-
tent NS5A inhibitor (20), did not show the same inhibitory effect
on RNA binding by NS5A (Fig. 2B). The inhibition by CsA was
dosage dependent (Fig. 2C, left panel) and was not due to reduced
levels of NS5A in the treated cells (Fig. 2C, right panel). These
results suggest that CyPA modulates RNA binding by NS5A in
HCV-infected cells. We next asked whether the CPI sensitivity of
RNA binding could be modulated by the DEYN mutations that
confer CPI resistance on HCVcc (51). FLAG-IP was carried out
with the lysate of Huh-7.5 cells infected with a JFH-1 virus carry-
ing both the DEYN mutations and the FLAG insertion (JFH-
FLAG-DEYN), and NS5A-associated HCV RNA was quantified.
In contrast to the results with wild-type JFH-FLAG, an increasing
dosage of CsA did not produce any consistent inhibition of RNA
binding by DEYN NS5A (Fig. 2D), even at concentrations as high
as 4 �M. These results are consistent with those for CsA resistance
levels in HCVcc infection (51).

NS5A associates with both positive- and negative-strand
RNAs in a CyPA-dependent manner. The ability to coprecipitate
HCV RNA from infected cells presented us with an opportunity to
determine whether NS5A associates with positive-strand genomic

FIG 1 An in vivo binding assay detects NS5A-HCV RNA interaction in in-
fected cells. (A) (Top) Schematic representation of JFH-FLAG genome. A
FLAG tag (italicized) was inserted into domain III of NS5A in the JFH-1 back-
ground. (Bottom) JFH-1- and JFH-FLAG-infected cells were immunostained
with an anti-NS3 (BioFront Technologies) or rabbit anti-FLAG (Sigma) anti-
body. (B) CyPA coprecipitates with FLAG-NS5A from infected cell lysates in a
CsA-sensitive manner. CsA treatment of JFH-FLAG-infected cells was done
for 18 h at a concentration of 1 �g/ml. We also included 0.1% formaldehyde in
the IP mixture to stabilize the CyPA-NS5A interaction. (C) Specificity of HCV
RNA pulldown from infected cell lysate by use of anti-FLAG beads. HCV RNA
was detected by RT-PCR analysis of RNA immunoprecipitated from cells in-
fected by JFH-1 or JFH-FLAG. A background band of lesser intensity that
migrated slightly faster than the NS3 band was also detected in the JFH-1
sample after FLAG-IP; the identity and cause of this band are unknown. (D)
Quantitative RT-PCR analysis of HCV RNA and a cellular mRNA (GAPDH)
present in the FLAG-IP complex. Percentages of precipitated RNA versus in-
put RNA were plotted.

FIG 2 CPIs interfere with HCV RNA association with the NS5A complex. (A)
Input HCV RNA levels from JFH-FLAG-infected cells exposed to various
treatments for 8 h. CsA was used at 1,000 ng/ml, IFN was used at 10 U/ml and
40 U/ml, and BMS-790052 was used at 10 pM. The HCV RNA was normalized
to the amount of GAPDH mRNA present in each lysate, and the untreated
sample value was set to 1. (B) CsA treatment significantly reduces NS5A-
associated HCV RNA. Each lysate was subjected to FLAG-IP followed by RNA
recovery from IP samples and analysis by qRT-PCR. The untreated sample
value was set to 1. (C) Dose-dependent inhibition of RNA binding of NS5A
complex by CsA. (Left) HCV RNA detected in FLAG-IP complexes isolated
from JFH-FLAG-infected cells treated with CsA at the indicated concentra-
tions for 8 h. Percentages of precipitated RNA versus input RNA were calcu-
lated, and the untreated sample value was set to 1. (Right) Western blot anal-
ysis of NS5A levels in treated cell lysates. (D) Analysis of RNA binding by NS5A
of the JFH-FLAG-DEYN virus. The RNA and NS5A protein were analyzed as
described for panel C.

Nag et al.

12618 jvi.asm.org Journal of Virology

http://jvi.asm.org


RNA, the replication-intermediate negative-strand RNA, or both.
We performed FLAG-IP and then used strand-specific primers in
RT-PCR experiments to distinguish positive and negative strands
of HCV RNA. Both positive and negative strands of RNA could
readily be detected in the FLAG-IP complexes, but only when the
FLAG tag was present in the virus used (Fig. 3A). Although the
amount of negative-strand RNA in the infected cells was signifi-
cantly lower than that of the positive-strand RNA, the association
between NS5A and both strands of RNA was sensitive to CsA
treatment and inhibited to similar extents (�70%) (Fig. 3B).
These results demonstrate that NS5A is associated with both pos-
itive- and negative-strand RNAs, in a CyPA-dependent manner.
We also determined whether NS5A colocalized with double-
stranded RNA (dsRNA), an intermediate product of RNA repli-
cation, in HCVcc-infected cells. A monoclonal antibody (J2) that
specifically recognizes dsRNA in virus-infected cells (40) was used
to visualize dsRNA in Huh-7.5 cells infected with JFH-FLAG.
Strong, punctate staining of dsRNA could be detected in HCVcc-
infected cells but not in uninfected cells. Partial overlapping be-
tween dsRNA and FLAG-NS5A was detected in untreated cells but
was lost from the infected cells treated with a CPI (Fig. 3C). Co-
localization coefficient analysis revealed a gradual loss of dsRNA-
NS5A colocalization from 8 h to 16 h posttreatment (Fig. 3D).

Correlation between CyPA dependence of RNA binding and
replication capacity. The effect of CsA on the association between
NS5A and the replication intermediates prompted us to deter-
mine whether NS5A binding in subgenomic replicons is also in-
hibited by CsA. Subgenomic replicons of both genotype 1b
(GT1b) (SGR1b) (35) and GT2a (SGR2a) (25) were used for the
study. A striking difference was observed between the CsA sensi-
tivities of RNA binding by NS5A proteins from the two replicons.
CsA effectively inhibited RNA binding in the genotype 1b system
while having no effect on the 2a replicon; the BMS-790052 com-
pound, on the other hand, did not inhibit RNA binding of either
genotype (Fig. 4A). The insensitivity of NS5A RNA binding to CPI

treatment in the SGR2a replicon suggested a reduced dependence
of this particular replicon on CyPA for replication, which was
confirmed in a colony formation assay. SGR1b was highly sensi-
tive to CyPA knockdown and produced far fewer colonies in the
knockdown cell line (sh-A161) than in the control cells (sh-Luc)
(Fig. 4B, top panel), as previously reported by our group for this
and an H77 (GT1a)-based subgenomic replicon (52). In contrast,
the JFH-1-based SGR2a was fairly insensitive to CyPA knockdown
and formed many colonies in both cell lines (Fig. 4B, bottom
panel).

Suppression of CyPA expression in vitro negatively regulates
the production of infectious HCV particles. Because productive
infection by particles produced from the full-length JFH-1 ge-
nome could be inhibited significantly in sh-A161 cells (51, 52), the
SGR2a result shown in Fig. 4B suggested to us that CyPA may be
required for an additional step in the HCV life cycle. To address
this question, we used a full-length JFH-1 replicon (FGR2a) that
can both be selected by antibiotics (similar to the subgenomic
replicons) and produce infectious particles (similar to the wild-
type full-length genome). We reasoned that if we could obtain
replicon colonies by selection in sh-A161 cells, we could normal-
ize RNA replication by expanding the selected stable cells and then
measure the effect of CyPA knockdown on the assembly of infec-
tious virions. The FGR2a RNA formed fewer colonies in the sh-
A161 cells than in the control cells, as expected, due to both the
presence of NS2 (12) and the additional contribution of reinfec-
tion to colony formation. After expansion, however, the expanded
FGR2a/sh-A161 replicon cells expressed HCV proteins at levels
similar to those in the FGR2a/sh-Luc cells (Fig. 4C), and they
maintained CyPA knockdown (Fig. 4D). Sequencing results con-
firmed that no CsA resistance mutations had arisen in the FGR2a/
sh-A161 replicon (data not shown).

We then determined if the assembly of infectious virions was
affected by CyPA knockdown. We collected supernatants from
equal numbers of FGR2a/sh-Luc and FGR2a/sh-A161 cells and

FIG 3 NS5A associates with both positive and negative strands of HCV RNA, in a CsA-dependent manner. (A) Both positive and negative strands of HCV RNA
associate with the NS5A complex. Either JFH-1- or JFH-FLAG-infected cell lysate was used for FLAG-IP followed by RT-PCR using strand-specific primers for
cDNA formation. (B) CsA sensitivity of NS5A binding to positive and negative strands of HCV RNA. Both the input (top) and precipitated (bottom) RNAs are
shown. The untreated sample value for positive-strand RNA was set to 1. (C) Colocalization of NS5A and dsRNA is decreased by ALV treatment (300 ng/ml). (D)
Colocalization coefficients of NS5A and dsRNA, with and without ALV treatment. Pearson’s (r) and Mander’s (M1 and M2) coefficients were calculated from two
separate fields, each containing multiple cells.
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used them to infect naïve Huh-7.5 cells. At day 12 postinfection,
intracellular HCV RNA levels were measured by qRT-PCR and
showed a �70% reduction in infectivity of the virus collected
from the FGR2a/sh-A161 cells (Fig. 4E). Colony formation of the
infected cells confirmed the difference in infectivity between vi-
ruses collected from these two cell lines (Fig. 4F). Together, these
results indicate that CyPA plays a role in modulating the assembly
of HCV particles produced in cell culture.

The CPI ALV inhibits production of infectious HCV parti-
cles in addition to blocking RNA replication. We then deter-
mined if the clinical CPI ALV could inhibit HCVcc assembly.
HCVcc-infected Huh-7.5 cells were treated with various amounts
of ALV for 9 h and then washed thoroughly to remove the drug.
Supernatants from both treated and untreated cells were collected
at 8 and 16 h post-drug removal for use in the test of infectivity
(Fig. 5A). Because the HCVcc used in this experiment was tagged
with GLuc, whose expression and secretion have been demon-
strated to reflect the intracellular RNA replication level (36), we
were able to measure the effect of ALV on RNA replication with
the same supernatants as those used for infection. ALV treatment
did not significantly affect the GLuc readings in the supernatant
collected after the shorter recovery period. The higher doses (400
and 1,200 ng/ml) of ALV, however, reduced GLuc readings after
the longer recovery period (Fig. 5B), manifesting the well-docu-
mented inhibitory effect of CPIs on RNA replication. We used the
supernatants with comparable GLuc readings for further analysis
of core secretion and virion infectivity. CPI treatments that did
not inhibit RNA replication still interfered with core secretion
from these cells (Fig. 5C), suggesting a suppression of viral assem-
bly. Furthermore, when these supernatants were used to infect
naïve Huh-7.5 cells, a correlation between samples with reduced
core secretion and those with reduced infection efficiency was
observed (Fig. 5D and E). Finally, quantification of both extracel-
lular and intracellular levels of infectivity for the same cells re-

vealed similar reductions of viral titers in both compartments
(Fig. 5F), ruling out an inhibitory effect on virion release. To ex-
clude the possibility that the infectivity inhibition observed was
due to the carryover of residual ALV in the supernatants, we ap-
plied the same supernatants to a Con1-based replicon (GS5) that
is highly sensitive to CsA (35). Incubating the GS5 cells with the
treated supernatants did not inhibit expression of GFP (not
shown) or NS3 (Fig. 5G) in these cells at any of the concentrations
used originally. These results confirm that interfering with CyPA
function through chemical means can specifically suppress the
assembly of infectious particles of HCVcc in vitro.

CPIs perturb the intracellular localization of NS5A and core
proteins. We next determined if CPIs such as ALV and CsA dis-
rupt the subcellular localization of HCV proteins, especially the
direct binding partner of CyPA, the NS5A protein, and the main
viral assembly protein, HCV core. We biochemically isolated LD
fractions and observed an inhibitory effect of CsA on the associa-
tion between NS5A and LDs. The association between core and
LDs was not suppressed (Fig. 6A). Immunofluorescence staining
with a polyclonal anti-FLAG antibody of Huh-7.5 cells infected
with JFH-FLAG virus showed the expected punctate staining of
NS5A. Both NS5A and core proteins colocalized with staining by
BODIPY (Fig. 6B and C, panels a to c), a lipid dye that specifically
stains LDs, consistent with the expected roles of these proteins in
HCV virion assembly (4, 44), which occurs at or around these
organelles (34). Treatment with CsA specifically removed NS5A
from LDs without affecting the colocalization of core and LDs
(Fig. 6B and C, panels d to f). In addition, the colocalization be-
tween core and NS5A around the LDs in the infected cells was also
reduced by CsA treatment (Fig. 6D). In contrast, treating the cells
with the same concentration of CsA did not affect the colocaliza-
tion of NS5A and NS3 (Fig. 6E). The colocalization between NS5A
and LDs in cells infected with the DEYN virus was resistant to CsA
treatment (Fig. 6F). Disruption of NS5A’s colocalization with core

FIG 4 Suppression of CyPA expression inhibits the production of infectious particles in vitro. (A) Genotypic difference in CsA sensitivity of RNA binding by
NS5A. Both GT1b (SGR1b) and GT2a (SGR2a) replicon cells were treated with 1,000 ng/ml CsA for 8 h, followed by isolation of NS5A-RNA complexes. In
addition, SGR1b- and JFH-1-infected cells were also treated with BMS-790052. The GT1b replicon (GS5) contains a GFP gene inserted into the NS5A region (35),
and an anti-GFP antibody was used for IP. GT2a NS5A was precipitated with an anti-NS5A monoclonal antibody (4B8). (B) Genotypic difference in CyPA
dependence of replication. Colony formation assays were performed using GT1 and GT2a replicons and CyPA knockdown cells. (C and D) Equivalent expression
of intracellular HCV antigens in FGR2a cells with and without CyPA knockdown. (E) Reduced infectivity of the supernatant collected from FGR2a/sh-A161 cells,
measured by qRT-PCR analysis of HCV RNA in the infected cells. (F) Infectivity analysis with a colony formation assay.
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and LDs in the infected cells could contribute to the reduced in-
fectivity of HCVcc particles produced from CPI-treated cells.
Consistent with this, NS5A localization in relation to the LDs in a
subgenomic replicon where no structural proteins or viral parti-
cles were present was distinct. Instead of fully surrounding the
LDs, the NS5A protein localized to discrete spots on the outer edge
of the LDs (Fig. 6F).

DISCUSSION

The ability of NS5A to bind viral RNA is suggested by structural
information and supported by in vitro binding experiments with
synthetic RNAs. Herein we show that the NS5A complex binds to
HCV RNA in HCVcc-infected cells and that this binding is sensi-
tive to CPIs. Treatment with CsA or ALV significantly reduces the
association between HCV RNA and NS5A, in a dosage-dependent

manner. Although our assay cannot differentiate direct from in-
direct binding due to the need to analyze authentic, replicating
HCV RNA in the infected cells, the correlation between the CPI
sensitivity of RNA binding and HCV infection provides the first
line of functional evidence that RNA binding by NS5A is impor-
tant for the HCV infection cycle.

The relative contributions of the three domains of NS5A to-
ward RNA replication and virion assembly are distinct. While do-
mains I and II are likely to be required for replication, domain III
is essential for efficient production of infectious particles but dis-
pensable for genome replication (4, 44). These observations sug-
gest that domains I and II are sufficient to mediate RNA binding
without domain III’s contributions, at least for the RNA-binding
function that is involved in replication. How domains I and II
coordinate with each other to achieve RNA binding is not clear,

FIG 5 The CPI ALV inhibits the production of infectious particles in addition to blocking RNA replication. (A) Outline of treatment and recovery conditions
for measuring the effect of ALV on HCV assembly. The treatment time was carefully optimized to minimize inhibition of RNA replication. (B) Secreted luciferase
activities (GLuc) in the supernatants of treated cells. Samples 1 through 6 showed no reduction with ALV treatment and were used in further analyses of
infectivity. (C) Extracellular core levels in the supernatants of treated cells. The untreated sample levels were set to 100%. (D) HCV infectivity in the supernatants
of treated cells. The infections were allowed to proceed for 48, 72, or 120 h before infected cell lysates were analyzed for luciferase activity. (E) Intracellular NS3
levels further support the reduction of infectivity in supernatants of treated cells. (F) Similar reductions of HCVcc infectivity intracellularly and in the culture
medium upon CPI treatment. Both cell lysate and culture medium of the ALV-treated cells (D and E) were used to infect naïve Huh-7.5 cells, and GLuc activity
of the infected cells was determined 5 days later. (G) Lack of carryover ALV in the supernatant. GS5 cells were treated with the same supernatants as in panel E
for 120 h, and intracellular NS3 expression is shown.
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but because the major CyPA-binding sites lie outside domain I
(21), our current study suggests that perturbation of domain II’s
structure can significantly affect the overall RNA binding by the
full-length NS5A protein in infected cells. On the other hand, the
highly potent HCV inhibitor BMS-790052, which most likely tar-
gets domain I of NS5A, had no significant effect on RNA binding.
The lack of effect on RNA binding of BMS-790052 treatment
could be due to the relative insensitivity of JFH-1 to this com-
pound, although the RNA binding of a more sensitive (�10 times
more sensitive) 1b replicon was not inhibited by BMS-790052
either. Thus, it is possible that domain II itself comprises the major
RNA-binding activity in infected cells and that CPIs directly abol-
ish RNA binding by domain II. Perhaps the intrinsically disor-
dered domain II can somehow adopt a conformation capable of
binding nucleic acids upon interaction with CyPA. Alternatively,
CyPA binding to domain II can result in conformational changes
in domain I that are necessary for the latter to physically interact
with HCV RNA, presumably via the RNA-binding groove re-
vealed by crystal structures. We attempted to address whether
domain I or II individually could bind HCV RNA in cells by use of
a vaccinia virus-expressing system where the HCV RNA and pro-
teins are expressed in the absence of RNA replication. We did not
detect any specific NS5A-RNA interaction with the replication-
deficient constructs expressed by vaccinia virus, using the same

FLAG-IP methodology as that used here (data not shown). Poten-
tial technical issues (e.g., interference from vaccinia virus infec-
tion) notwithstanding, these results are consistent with the hy-
pothesis that RNA binding by NS5A is dependent upon active
RNA replication. Note that we found that both the positive and
negative strands of HCV RNA bound to the NS5A complex and
were equally affected by CPI treatment.

The CPI sensitivity of RNA binding by NS5A correlated well
with that of viral replication. For example, JFH-1-based SGR2a
cells were largely insensitive to CyPA knockdown (Fig. 4B) and
only modestly sensitive to CsA treatment (12). In contrast, the
GT1b SGR was highly sensitive to CsA treatment or CyPA knock-
down. These replication phenotypes were directly correlated with
the CsA sensitivity of RNA binding by the NS5A complex in each
system. Consistent with a previous report (12), we observed that
higher concentrations of CsA (e.g., 4 �M) and longer treatment
durations (e.g., 40 h) could inhibit SGR2a replication. Neverthe-
less, the treatment used in this study (0.83 �M for 8 h) (Fig. 4A)
clearly differentiates SGR1b from SGR2a, as well as SGR2a from
full-length JFH-1 virus. Furthermore, a CsA-resistant JFH-1 mu-
tant containing the DEYN mutations in domain II of NS5A (51)
showed no sensitivity to CsA for RNA binding, even at a concen-
tration of 4 �M and in the full-length background (Fig. 2). These

FIG 6 CsA perturbs intracellular localization of NS5A around LDs. (A) Inhibition of NS5A’s association with LDs upon CsA treatment. The effect of CsA (4
�g/ml for 16 h) on colocalization in JFH-FLAG-infected cells is shown for NS5A with LDs (B), core with LDs (C), NS5A with core (D), and NS5A with NS3 (E).
(F) DEYN mutations restore the LD association of NS5A in the presence of CsA treatment. (G) Distinct localization of NS5A in a subgenomic replicon (GS5) that
is not affected by CsA treatment. Confocal images were taken on a Leica TCS SP2 AOBS microscope and were processed using LCS AF Lite software (Leica).
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results support the notion that disruption of NS5A’s RNA-bind-
ing activity is an integral part of a CPI’s mechanism of action.

In addition to being part of the replication complex and asso-
ciating with other members of the replication complex, including
NS5B, NS3, and HCV RNA, NS5A also interacts with the core
protein and assists in viral assembly (33). The drastic difference in
CyPA dependence between the JFH-1 SGR and the full-length
virus raised the possibility that CyPA plays a role in NS5A’s func-
tion in viral assembly. Experiments with RNA interference and
CPI treatment both confirmed this prediction and pointed to a
role of CyPA in the production of infectious virions. In the full-
length FGR system, where the replication levels were normalized,
a reduction of infectious virus secreted into the medium was de-
tected in the CyPA knockdown cells, and treating preinfected
Huh-7.5 cells with ALV led to suppression of core secretion and
infectivity under conditions that did not inhibit RNA replication.
Although the perturbation of RNA binding is also compatible
with assembly inhibition (e.g., CPIs may interfere with the transi-
tion of RNA from replication to packaging, a process proposed to
be assisted by NS5A), a more direct mechanism may be at play.
Both NS5A and core were extensively colocalized with LDs in
HCVcc-infected cells. Upon CPI treatment, core remained asso-
ciated with LDs, while the majority of NS5A no longer colocalized
with core protein or the LDs. The disruption of NS5A and core
colocalization and the previously reported perturbation of LDs
(2) by CPI treatment can all contribute to an inhibition of assem-
bly efficiency. Given the role of CyPA in RNA replication, a more
detailed dissection of its function in HCV assembly can potentially
benefit from an in vitro system where replication and assembly are
uncoupled, such as the one recently described by Triyatni et al.
(48).

Overall, our results suggest that CyPA modulates several as-
pects of NS5A function, including RNA binding and LD associa-
tion. CPIs interfere with these essential functions of NS5A to sup-
press both replication and assembly of HCV. Because the CPIs
directly target the host cell as opposed to the virus, and because
they can inhibit more than one step of the viral life cycle, these
compounds may present a higher genetic barrier to the develop-
ment of drug resistance.
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