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An estimated 3% of the global population are infected with hepatitis
C virus (HCV), and the majority of these individuals will develop
chronic liver disease. As with other chronic viruses, establishment of
persistent infection requires that HCV-infected cells must be refrac-
tory to a range of pro-apoptotic stimuli. In response to oxidative
stress, amplification of an outward K� current mediated by the Kv2.1
channel, precedes the onset of apoptosis. We show here that in
human hepatoma cells either infected with HCV or harboring an HCV
subgenomic replicon, oxidative stress failed to initiate apoptosis via
Kv2.1. The HCV NS5A protein mediated this effect by inhibiting
oxidative stress-induced p38 MAPK phosphorylation of Kv2.1. The
inhibition of a host cell K� channel by a viral protein is a hitherto
undescribed viral anti-apoptotic mechanism and represents a poten-
tial target for antiviral therapy.

apoptosis � Kv2.1 � NS5A � oxidative stress

Hepatitis C virus (HCV) is a major human pathogen, infecting
�3% of the global population (123 million individuals) (1).

The virus has a positive sense RNA genome of only 9.5 kb with a
single ORF translated into a polyprotein that is subsequently
processed to yield only 10 mature protein products (2). Despite this
simplicity, HCV establishes a persistent infection leading to chronic
liver disease in 85% of infected individuals. In common with other
chronic viruses, maintenance of the viability of HCV-infected cells
is vital for viral persistence and pathogenesis, yet the molecular
mechanisms of this remain largely uncharacterized. In this context,
the five nonstructural proteins NS3–5B comprising the C-terminal
two-thirds of the polyprotein (2) in addition to replicating the viral
genome, modulate host cell physiology to provide an optimal
environment for viral replication and persistence.

Ion channels play a key role in the regulation of cell physiology
in both excitable and nonexcitable cells. Given the importance of
these channels, it is surprising that there is a paucity of published
data pertaining to their dysregulation by virus infection. Here, we
demonstrate that HCV inhibits the function of a specific K�

channel; Kv2.1. In response to oxidative stress, p38 MAPK is
activated and phosphorylates Kv2.1. The latter is then trafficked to
the plasma membrane where it mediates an outward K� current
resulting in the induction of apoptosis (Fig. S1) (3). Here, we
combine biochemical and electrophysiological approaches to dem-
onstrate that in cells infected with HCV or harboring a subgenomic
HCV replicon, oxidant treatment does not induce p38 MAPK
activation, Kv2.1 channel phosphorylation, or apoptosis. The HCV
nonstructural NS5A protein was necessary and sufficient for this
effect as, not only was suppression of Kv2.1 activity abrogated by a
mutation within an SH3-binding polyproline motif in NS5A (4), but
also NS5A expressed in the absence of the other viral proteins was
able to mediate Kv2.1 inhibition. This study demonstrates that a
viral protein can specifically target a host cell K� channel and
establishes host cell ion channel function as a potential target for the
development of much needed chemotherapeutics.

Results
Expression of the HCV Nonstructural Proteins Suppresses an Outward
K� Current. We used whole-cell patch clamp recordings to charac-
terize ionic currents in the human hepatoma cell line, Huh-7, as this

is the only cell line that supports robust HCV replication. In these
experiments, we compared the current profile in parental Huh-7
cells with those stably harboring an autonomously replicating HCV
subgenomic replicon RNA expressing the viral nonstructural pro-
teins NS3-NS5B of genotype 1b (5). Recordings revealed a voltage-
gated K� current present in parental Huh-7 cells (Fig. 1A) that was
absent in replicon-expressing cells (Fig. 1B). In addition, cells from
which the replicon had been eradicated by prolonged treatment
with IFN-� (termed ‘‘cured’’ cells) (Fig. 1C) showed similar K�

currents to parental Huh-7 cells demonstrating that the presence of
the HCV subgenomic replicon inhibited host cell K� channel
activity.

We reasoned that the NS5A protein was a likely candidate for a
specific viral protein responsible for inhibition of the K� current, as
NS5A has been shown to interact with a range of cellular signaling
proteins with potential to modulate host cell physiology (6). In
particular, NS5A contains a C-terminal polyproline motif (PxxPxR)
that binds to the SH3 domains of a number of cellular proteins
including Src-family kinases, Grb2, and amphiphysin II (4, 7, 8) and
regulates signaling via the Ras-Erk MAPK pathway (9). This motif
is absolutely conserved throughout all HCV genotypes, yet is
dispensable for viral replication in cell culture (8, 10). The conser-
vation of this motif implies a potential importance in the HCV
lifecycle. which is most likely only manifest in vivo, for example in
the context of HCV persistence. Consistent with this hypothesis,
Huh-7 cells harboring a subgenomic replicon in which the proline
motif had been disrupted by alanine substitution (repliconPA2) (10)
displayed K� current densities that were similar to the parental
Huh-7 cells (Fig. 1D). To further prove that NS5A was both
necessary and sufficient for K� current inhibition, we transfected
Huh-7 cells with a NS5A-GFP fusion protein expression vector,
selected GFP positive cells by FACS, and subjected the resulting
population of cells to patch-clamp analysis. Compared with control
cells (expressing GFP alone), K� current densities were reduced in
the NS5A-GFP-expressing cells (Fig. 1E). These observations are
consistent with the notion that the inhibition of K� channel activity
by HCV is mediated by NS5A and required the interaction with one
or more host cellular SH3 domain-containing proteins.

Since subgenomic HCV replicons only express the HCV non-
structural proteins NS3-NS5B, it was important to determine
whether the effect on K� efflux was also observed in the context of
virus-infected cells. For electrophysiological studies, necessarily
conducted outside a category 3 containment facility, we used a
construct derived from the genotype 2a cell culture infectious clone,
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JFH-1, which lacked the E1 and E2 envelope glycoproteins (JFH-
1�E1/E2). This construct expresses core, p7 and NS2 in addition to
NS3–5B, but does not produce infectious viral particles (11). The
outward K� current was almost abrogated in cells transfected with
in vitro-transcribed JFH-1�E1/E2 RNA compared with control cells
(Fig. 1F), confirming that the blockade to K� channel activity by
NS5A is conserved in a complete infectious HCV system and in
addition is not restricted to genotype 1b HCV.

HCV Nonstructural Protein NS5A Inhibits Kv2.1 Function. Previous
studies have indicated the presence of several distinct ionic con-
ductances within hepatocytes (12, 13), although their molecular
nature remains unresolved. Therefore, we sought to determine
which ion channel(s) contributed to the outward current in Huh-7
cells by intracellular dialysis with antibodies to specific channel
subunits (14). Inclusion of an anti-Kv2.1 antibody in the patch pipet
led to a time-dependent reduction of the outward K� current as has
previously been reported in neuronal cells (15) (Fig. 2A). In
contrast to this, intracellular dialysis of an antibody targeted to
another Kv channel (Kv4.2) had no significant effect on the
amplitude of the outward current (Fig. 2A). These observations
suggested that Kv2.1 is the major functional Kv channel in Huh-7
cells and was therefore a likely target of NS5A inhibition. In support
of this, expression of Kv2.1 in Huh-7 was confirmed by both
Western blot (Fig. 3B) and immunofluorescence (Fig. S2C)—these
data showed that levels of Kv2.1 expression were unaffected by the
presence of the HCV subgenomic replicon.

To further confirm that Kv2.1 was the target of NS5A, we asked
whether our observations could be recapitulated in a heterologous
system. To this end, we used a baculovirus delivery system (16) to
introduce a genotype 1b NS3–5B replicon into HEK293 cells that

stably expressed Kv2.1 (17). Cells were transduced with two bac-
ulovirus vectors, one expressing a tTA tetracycline transactivator
protein (BACtTA) and a second containing the HCV subgenomic
replicon under the control of a tet-off promoter. In these cells, a
reduction in the Kv2.1 current was observed compared with cells
transduced with BactTA alone, confirming that the HCV replicon
was able to inhibit Kv2.1 activity and that this effect was not
restricted to Huh-7 cells (Fig. 2B). The presence of the replicon had
no effect on the expression levels of Kv2.1 in either HEK293 (Fig.
S2A) or Huh-7 cells (Fig. 3B and Fig. S2C). Importantly, the
genotype 1b subgenomic replicon is not able to undergo RNA
replication in 293 cells, indicating that inhibition of Kv2.1 was not
dependent on active RNA replication.

HCV NS5A Blocks p38 MAPK-Induced Kv2.1 Current Upsurge. We next
addressed the mechanism by which NS5A mediated inhibition of
Kv2.1 activity. In previous studies, Kv2.1 currents have been shown
to be induced by oxidative stress via a mechanism that involves
activation of p38 MAPK (3, 18). Phosphorylation of Kv2.1 by p38
MAPK at a serine residue in the cytoplasmic C terminus (S800)
results in the insertion of additional channels into the plasma
membrane, subsequently resulting in increased Kv2.1-mediated K�

efflux (3). We therefore asked if HCV might suppress Kv2.1 activity
by inhibiting p38 MAPK-dependent phosphorylation of Kv2.1
following induction of oxidative stress. Following treatment with
2,2�-dithiodipyridine (DTDP), a sulfhydryl oxidizing agent that
induces intracellular zinc release resulting in p38 activation, oxida-
tive stress, and apoptosis (19), a robust K� current surge in parental
Huh-7 cells was observed that was absent in repliconWT cells (Fig.
2C) and was reduced by the application of a Kv2.1 antibody (Fig.
2D). We then confirmed that Kv2.1 activity was regulated by p38
MAPK in Huh-7 cells by treatment with a highly specific p38
MAPK inhibitor (SB203580)—as anticipated this prevented the
stimulation of Kv2.1 activity by DTDP treatment (Fig. 2E). To
further confirm that the activation of Kv2.1 by DTDP was because
of oxidative stress, we preincubated either parental Huh-7 or
repliconPA2 harboring cells with an antioxidant mixture (B27) (19)
before DTDP treatment. Under these conditions, DTDP was
unable to effect an increase in Kv2.1 activity (Fig. 2F). Interestingly,
the basal level of Kv2.1 activity was unaffected by antioxidant
treatment, suggesting that this was not a response to constitutive low
levels of oxidative stress in Huh-7 cells.

We then performed a biochemical analysis of the p38 MAPK
pathway following DTDP treatment. Western blot analysis of
Huh-7 cells revealed an increase in phosphorylation of both p38
MAPK and MAPKAP-2 (a p38 MAPK substrate) following
DTDP treatment (Fig. 3A), confirming that p38 MAPK was
activated by oxidative stress in these cells. Phosphorylation of both
kinases was markedly reduced in repliconWT cells but not in
repliconPA2 cells following DTDP treatment (Fig. 3A), demonstrat-
ing that not only was p38 MAPK phosphorylation reduced, but its
activity was also abrogated. Using an antibody specific for S800-
phosphorylated Kv2.1 (3), we observed a significant increase in the
level of channel phosphorylation in both parental Huh-7 and
repliconPA2 cells following DTDP treatment (Fig. 3B). In the
repliconWT cells, however, Kv2.1 S800 phosphorylation was not
stimulated by DTDP treatment, consistent with the inhibition of
p38 MAPK induction (Fig. 3B). These data support the notion that
NS5A inhibits activation of p38 MAPK by oxidative stress, one
consequence of which is to block Kv2.1 phosphorylation and
thereby prevent the elevation of Kv2.1 channel activity.

We also determined whether phosphorylation of Kv2.1 by p38
MAPK was perturbed in the context of virus-infected cells. Huh-7
cells were transfected with in vitro-transcribed full-length RNA of
the cell culture infectious genotype 2a JFH-1 isolate (11) or a
mutant in which the conserved PxxPxR motif in NS5A described in
the context of the replicon (Figs. 1D and 2D) had been disrupted
by alanine substitution (JFH-1PA2). In wild-type JFH-1 transfected

Fig. 1. HCV NS5A suppresses an outwardly rectifying K� current. I/V rela-
tionships for: Parental Huh-7 (A), repliconWT (B), IFN-cured replicon (C), and
repliconPA2 (D) cells (n � 6–8 cells). Insets show representative traces of
outward K� currents evoked by step depolarizations. (E) I/V relationship for
cells transfected with either pEGFP (Œ) or pNS5A-GFP (■), compared with mock
transfected Huh-7 cells (�). (F) I/V relationship for JFH-1�E1/E2 transfected cells
(‚) compared with mock transfected Huh-7 cells (■).
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cells, DTDP stimulated Kv2.1 S800 phosphorylation was abrogated
(Fig. 3C), whereas levels of phosphorylation were unaffected by the
JFH-1PA2 mutant. To confirm that Kv2.1 S800 phosphorylation was
directly responsive to oxidative stress, we preincubated parental
Huh-7 cells with the antioxidant mixture, B27. This analysis showed
that the DTDP-induced elevation of both p38 MAPK and Kv2.1
phosphorylation was abrogated by antioxidant treatment (Fig. 3D).

Induction of Apoptosis by Oxidative Stress Is Perturbed by HCV NS5A.
Recently, S800 phosphorylation of Kv2.1 was shown to be required
for induction of apoptosis in oxidant-treated CHO cells transiently
overexpressing the channel (3). This was assessed by the increased
viability of cells expressing a nonphosphorylatable mutant of Kv2.1
(S800A) following DTDP treatment. Activation of Kv2.1 by oxi-
dative stress also induces K� efflux and apoptosis in neuronal cells
(20) (Fig. S1). Having identified Kv2.1 as a target for HCV NS5A,
we therefore investigated the physiological consequences of such
channel inhibition. It has been well documented that HCV induces
oxidative stress (21, 22), and it is implicit that to persist, the virus
would need to possess a mechanism to avoid the apoptotic conse-
quences of this induction. To test this, we therefore measured the
levels of apoptosis in Huh-7 cells transfected with full-length JFH-1
RNA—either wild-type, PA2 mutant, or GND (a mutation in the
NS5B polymerase that abrogates viral genome replication). Sev-
enty-two hours posttransfection, we quantified cells exhibiting
nuclear fragmentation as a late marker of apoptosis (for example,
see images Fig. S2D). In the cells transfected with the PA2 mutant
RNA, 42% of cells were apoptotic compared with 22% of those
transfected with either the GND mutant or wild-type JFH-1 RNA
(Fig. 4A). We conclude that JFH-1 infection induces apoptosis and
that this can be blocked by NS5A, via the PP2 motif, presumably by
inhibiting p38 MAPK activation of Kv2.1.

We also asked whether the blockade of Kv2.1 activity in replicon
cells observed previously (Fig. 1) would also manifest in an anti-

apoptotic phenotype. Contrary to the situation in JFH-1 infected
cells, we observed no significant difference in the numbers of
apoptotic cells in populations of parental Huh-7, IFN-cured Huh-7,
repliconWT, or repliconPA2 lines (Fig. 4B). This was expected as the
replicon-harboring cells had been selected over a long period
(months) and stably maintained the replicon. This process would
presumably have resulted in the selection of a subpopulation of cells
with resistance to the oxidative, and other, stresses induced by
replicon replication. It could also reflect the fact that the replicon
does not express the structural proteins that are likely to accumulate
in the ER, inducing both ER and additional oxidative stress.
However, when we provided an exogenous oxidative stress chal-
lenge to the cells by treatment with DTDP, parental Huh-7 cells
exhibited elevated levels of apoptosis, as measured by nuclear
fragmentation (Fig. 4B and Fig. S2D), absolute numbers of viable
cells (Fig. 4C), and a specific biochemical marker of the early stages
of intrinsic apoptosis—caspase 9 activity (Fig. 4D). This elevation
was suppressed in repliconWT cells, while both cured and repli-
conPA2 cells exhibited apoptotic responses to DTDP treatment that
were equivalent to parental Huh-7 cells (Fig. 4 B–D). Collectively,
these data support the hypothesis that blockade of Kv2.1 activation
by NS5A mediates resistance to the induction of apoptosis and
thereby facilitates HCV persistence.

Discussion
The current study provides evidence for a previously undocu-
mented physiological interplay between a virus and host cell ion
channel activity. Specifically, the voltage-gated outwardly rectifying
K� channel Kv2.1 is blocked in cells harboring an HCV subgenomic
replicon or infected with cell culture infectious HCV, by the NS5A
protein, leading to an inhibition of proapoptotic K� efflux. This is
mediated by preventing the p38 MAPK-mediated phosphorylation
of S800 in the C-terminal cytoplasmic domain of Kv2.1 that is
required for Kv2.1 membrane insertion, current upsurge, and

A B

C D E F

Fig. 2. Identification of Kv2.1 as the target of NS5A. (A) Intracellular dialysis of an anti-Kv2.1 antibody reduces the whole cell K� current (evoked at �50 mV
step) in a Huh-7 cell over a 10-min time course. Also shown are example currents evoked at t � 0 min and t � 10 min. Inset shows difference current. (B) Transient
replicon expression from a baculovirus vector reduces the Kv2.1 current (evoked at �50 mV step) in HEK293 Kv2.1 expressing cells (n � 7). Where error bars are
shown, results are expressed as mean and SEM. All scale bars, 100 pA (vertical), 50 ms (horizontal). *, P � 0.05. (C) Pooled data (n � 8) showing the K� current
density at �50 mV in Huh-7 (Left) and repliconWT cells (Right), without or with DTDP treatment. (D) Intracellular dialysis of an anti-Kv2.1 antibody significantly
decreased the DTDP-induced upsurge in K� current density at �50 mV. (E) Pooled data showing the effect of p38 inhibition on K� current density increase after
DTDP treatment in Huh-7 cells at �50 mV (n � 7). Results are expressed as mean and SEM. (F) I/V relationships for parental Huh-7 (Œ, ■), or repliconPA2 cells (F,
�), either treated with DTDP alone, or preincubated with the antioxidant mixture B27 before DTDP treatment (n � 6–8 cells).

Mankouri et al. PNAS � September 15, 2009 � vol. 106 � no. 37 � 15905

M
IC

RO
BI

O
LO

G
Y

http://www.pnas.org/cgi/data/0906798106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0906798106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0906798106/DCSupplemental/Supplemental_PDF#nameddest=SF2


induction of cellular apoptosis (3). Our data also reveal a role for
a highly conserved proline motif (PxxPxR) within NS5A in this
modulation of Kv2.1 function.

A key question raised by this study is: What is the role of Kv2.1
inhibition in the HCV infection process? Clinically, chronic HCV
infection is associated with elevated levels of reactive oxygen species
(ROS) leading to oxidative stress within the liver of patients (23).
Additionally, although the literature is somewhat controversial, it is
generally accepted that expression of Core, NS3, or NS5A induces
oxidative stress in established cell lines via interactions with ER
and/or mitochondrial membranes (22, 23). Viral persistence would
necessitate a parallel strategy by which HCV could circumvent the
ROS-mediated induction of apoptosis. Our data demonstrate that
one facet of this strategy may be to inhibit both oxidative stress-
induced activation of p38 MAPK and consequent Kv2.1-mediated
apoptosis.

Our data have demonstrated that Kv2.1 activity in Huh-7 or
HEK293 cells is modulated by NS5A. A critical question that attests
to the physiological validity of these data are whether Kv2.1 is
expressed in primary, untransformed human hepatocytes? We have
demonstrated Kv2.1 expression in primary human hepatocytes
using both immunofluorescence and Western blot (Fig. S3 A and
B). In addition, whole cell patch clamp recordings demonstrated
that they exhibited an outward K� current, which was strongly
enhanced by DTDP (Fig. S3C) and was sensitive to the K� channel
blocker tetraethylammonium (TEA) (Fig. S3D). Although we have
not been able to confirm the effects of HCV on Kv2.1 activity in this
system, because of technical difficulties with transfection, we be-
lieve that the activity of Kv2.1 in these cells strongly supports the
physiological validity and relevance of our findings.

Somewhat surprisingly, given the critical importance of ion
channels for cell function, there are few examples of viral modu-

lation of host cell ion channel activity. Of note, the HIV-1 Nef
protein, which like NS5A also possesses polyproline motifs known
to interact with cellular SH3 domains (24), has been demonstrated
to affect cellular K� levels (25, 26) and inactivate an undefined
large-conductance K� channel in U251 glioma cells (27), although
these effects have not been shown to have any role in the virus
lifecycle. It is pertinent to note that Nef has been demonstrated to
bind to and inhibit an upstream p38 MAPK kinase, apoptosis
signal-regulating kinase-1 (ASK-1) (28), which has also been shown
to play a role in the apoptotic function of Kv2.1 (29). It is thus
tempting to speculate that HIV and other viruses, through pertur-
bation of cell signaling pathways, may use similar control of ion
channel homeostasis to promote viral persistence. We propose that
HCV NS5A is thus a viral protein that has been described to target
a defined host ion channel to inhibit apoptosis. Intriguingly, the
SARS coronavirus 3a protein has recently been shown to function
as a K� channel, and this activity was required for its proapoptotic
function (30). Viruses such as SARS, which cause acute infection,
frequently induce apoptosis late in the infectious cycle to facilitate
virus particle release without inducing necrosis and an inflamma-
tory response. Contrary to the situation with HCV, SARS has
therefore exploited the link between K� efflux and apoptosis to
induce cell death, rather than promote cell viability.

In addition to a role in pathogenesis and persistence, viral
perturbation of ion channel function would be expected to alter
normal cellular channels and responses to intracellular stimuli in
infected cells. Interestingly, HCV infection is often associated with
cognitive dysfunction, depression, insulin resistance, and cardiac
myopathies; disorders associated with aberrant cellular ion channel
function in a diverse range of central and peripheral tissues. The
ability of HCV to display tropism beyond the liver has recently been
demonstrated by detection in brain microglia/macrophages and, to
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Fig. 3. Kv2.1 suppression is mediated by perturbation of p38 MAPK signaling. (A and B) Naive Huh-7 cells or replicon-harboring cells were either untreated,
or treated with DTDP (100 �M for 10 min), and lysed. (C) Cells transfected with full length HCV JFH-1 RNA or a PA2 mutant derivative were treated with DTDP
48 h after transfection and lysed. (D) Parental Huh-7 cells were treated with DTDP, with or without prior incubation with the antioxidant mixture B27, and lysed.
Lysates (50 �g total protein) were resolved by SDS-PAGE and probed with antibodies specific to the indicated proteins.
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a lesser extent, astrocytes (31). Modulation of channel function in
these cells could contribute to the basis of neurocognitive abnor-
malities in HCV infection.

In conclusion, these studies reveal a mechanism by which HCV
NS5A can inhibit apoptosis in infected cells by inhibiting oxidative
stress-induced p38 MAPK activation and subsequent K� efflux. At
the present time, a number of candidate anti-NS5A compounds are
in clinical trials. Although these compounds were initially selected
based on activity directed against subgenomic replicon replication,
it will be intriguing to determine if additional effects on functions
of NS5A, such as perturbation of p38 MAPK activation, may
contribute to the reported potency of these compounds. This would
be reminiscent of the HCV NS3 protease inhibitors, which also
block the cleavage of the innate immune proteins, TRIF and
MAVS, by NS3 (32, 33). Targeting of viral proteins that modulate
host cell ion channel activity may therefore offer potential prospects
for future antiviral drug development.

Materials and Methods
Cell Culture. Huh-7 (human hepatoma cells) and primary human hepatocytes
were cultured in Dulbecco’s MEM (DMEM) supplemented with 10% FCS, 1%
nonessential amino acids, 2 mM L-glutamine, 100 IU/mL penicillin, and 100 �g/mL
streptomycin. Primary human hepatocytes were obtained from UK Human Tissue
Bank (UKHTB) and were originally obtained from nontransplantable sources
under appropriate ethical approval. Replicon-harboring cell lines were gener-
ated as previously described (10) and maintained as a polyclonal cell population
in medium supplemented with 250 �g/mL G418. The subgenomic replicon was
the FK5.1 genotype 1b culture-adapted replicon that contains seven coding
mutations compared with the parental Con1 replicon sequence (E1202G and
T1280I in NS3, L1757I in NS4B, and N2109D, S2197P, P2327S, and K2350E in NS5A)

that enhance RNA replication (5). The PA2 mutant derivative of FK5.1 has no
effect on RNA replication and was described in ref. 10. HEK293 Kv2.1 cells (18)
were maintained in DMEM supplemented with 10% FCS, 1% nonessential amino
acids, 2 mM L-glutamine, 100 IU/mL penicillin, and 100 �g/mL streptomycin
supplemented with glutamax and 250 �g/mL G418. All cells were incubated at
37 °C in a humidified 5% CO2 incubator.

DNA Constructs. NS5A was amplified from the J4 genotype 1b infectious clone
(34) (primers available upon request) and cloned into pEGFP-N1 to generate a
construct expressing a fusion protein in which GFP was fused to the C terminus of
NS5A. Plasmid DNA was transfected using polyethyleneimine (PEI) as described in
ref. 35.

Infection of Huh-7 Cells with Cell Culture-Derived HCV (JFH-1). Huh-7 cells were
electroporated with in vitro transcribed JFH-1 genomic RNA, as described in ref.
36,andseededontoglass coverslips in six-wellplatesataconcentrationof2�105

per well. Electrophysiological recordings were performed on JFH-1�E1/E2 infected
cells 48 h after electroporation.

Baculovirus-Mediated Replicon Delivery. HEK293Kv2.1cellswereseededat2.5�
104 cm�2 in six-well plates, and 24 h later were transduced either with BACtTA or
with BACtTA and BACrepFK5.1 (16) for 4 h (final concentration of 1 � 107

plaque-forming U/mL). Expression was confirmed by immunofluorescence label-
ing for the NS5A protein.

Electrophysiology. Fragments of coverslip with attached cells were transferred
to a continuously perfused (3–5 mL/min) recording chamber mounted on the
stage of an Olympus CK40 inverted microscope. Patch pipets had resistances
4–6 M	, and tight seals were obtained before proceeding to whole cell
configuration. Series resistance was monitored after breaking into the whole
cell configuration throughout the duration of experiments. If a significant
increase occurred (
20%), the experiment was terminated. To examine K�

currents, two protocols were adopted: First, a series of depolarizing steps from
�100 to �80 mV in 10-mV increments for 500 ms, and second, a single step to
�50 mV from �70 mV for 100 ms. For some experiments, anti-Kv2.1 antibody
(NeuroMab) or an anti-Kv4.2 antibody (Sigma) was added to the intracellular
solution to a final concentration of 0.5 �g/mL. Signals were sampled at 10 kHz
and low pass filtered at 2 kHz. Voltage-clamp recordings were performed with
the use of an Axopatch 200A amplifier/Digidata 1200 interface controlled by
Clampex 9.0 software (Molecular Devices). Offline analysis was performed
using the data analysis package Clampfit 9.0 (Molecular Devices). Results are
presented as means � SEM, and statistical analysis was performed using
unpaired Student’s t tests, where P � 0.05 was considered statistically signif-
icant. Whole cell patch clamp recordings were performed using a patch pipet
solution containing 140 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 mM CaCl2, 10 mM
HEPES-KOH, pH 7.2, 10 mM glucose. The standard perfusate contained 140
mM NaCl, 5 mM KCl, 2 mM MgCl2, 10 mM HEPES-NaOH, pH 7.2, 2 mM CaCl2,
10 mM glucose.

Western Blot Analysis. To analyze protein expression, cells were lysed in GLB
buffer (10 mM Pipes-KOH, pH 7.2, 120 mM KCl, 30 mM NaCl, 5 mM MgCl2, 1%
Triton X-100, 10% glycerol) plus protease inhibitors (Complete; Roche) and
phosphatase inhibitors (2 mM Na3VO4, 5 mM NaF, 5 mM Na4P2O7). Cell lysates
(50 �g protein) were normalized by BCA assay and resolved by SDS-PAGE,
transferred to a PVDF membrane (Millipore) using a Bio-Rad Laboratories
semidry transfer apparatus, and probed with the indicated antibodies. All
Western blots were visualized using an in-house ECL system.

Antibodies. A polyclonal sheep anti-NS5A serum was used for detection of
NS5A expression as previously described (9). p38 MAPK-phosphorylated Kv2.1
was probed using an S800 phosphospecific Kv2.1 antibody as previously
described (3), while total Kv2.1 was probed with a commercial antibody that
was not targeted to the p38 site (NeuroMab). Antibodies to phosphorylated
p38 MAPK and MAPKAP2, a phosphorylation status-independent p38 anti-
body (all from Cell Signaling Technologies) and GAPDH (Abcam) were used
according to manufacturers’ instructions.

Immunofluorescence. Huh-7 cells were stained as previously described (35).
Briefly, cells grown on glass coverslips were fixed with 3% PFA for 10 min,
permeabilized in ice-cold methanol/acetone for 10 min, and blocked in
PBS/1% BSA for 30 min. Cells were then labeled with a polyclonal sheep
anti-NS5A serum before staining with Alexa Fluor 488 nm conjugated anti-
sheep secondary antibody (Invitrogen-Molecular Probes) in PBS/1% BSA. En-
dogenous Kv2.1 was probed using a commercial mouse anti-Kv2.1 antibody
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Fig. 4. Induction of apoptosis by viral replication or exogenously applied
oxidative stress is blocked by HCV NS5A. (A and B) Cells were assessed for
nuclear fragmentation by staining untreated (A) or DTDP-treated cells (B) with
DAPI and an anti-NS5A serum. Wide field images (40�) were taken from each
population, and the number of apoptotic cells from each wide field image was
then counted and expressed as a percentage of the total cell number (n � 5).
The cells in B are Huh-7 (black), repliconWT (gray), repliconPA2 (white), and
cured replicon (stripes). (C) Cell viability following DTDP treatment was as-
sessed using the MTT CellTiter96 assay (Promega). Values are the mean
normalized absorbance at 590 nm (n � 12). Huh-7 (�), repliconWT (E), repli-
conPA2 (‚), and cured replicon cells (f). (D) Caspase 9 activity was measured in
cells following DTDP treatment using a commercial kit (Promega). For all
experiments, where error bars are shown, results are expressed as mean and
SEM. *, P � 0.05.
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and stained using Alexa Fluor 594 nm conjugated anti-mouse secondary
antibody. Cells were washed and mounted onto microscope slides using
Citifluor (Agar Scientific). Labeled cells were viewed on a Zeiss 510-META
laser-scanning confocal microscope under an oil-immersion 63� objective lens
(NA � 1.40). Alexa Fluor 488 nm (494 nm excitation, 519 nm emission) was
excited using an argon laser fitted with 488-nm filters, and Alexa Fluor 594 nm
(550 nm excitation, 570 nm emission) was excited using a helium/neon laser
fitted with 543-nm filters. Images displayed are representative and displayed
as single optical sections of 50 �M thickness.

Drug Treatment. The stress stimulus for all experiments consisted of a 10-min
treatment with 100 �M DTDP at 37 °C, 5% CO2. The DTDP-containing solution
was then removed and replaced with fresh medium. Where indicated, cells were
preincubatedwith10�MSB203580for20min,orB27mediasupplement (GIBCO)
(19) for 30 min, before DTDP treatment. For electrophysiological recording, the
caspase inhibitor Boc-D-FMK (10 �M) was included in the media to maintain
viability of cells for electrophysiological recordings as the naive Huh-7 cells were
susceptible to DTDP-induced apoptosis. Electrophysiological recordings were
performed 1–3 h and apoptosis assays 6 h after induction of oxidative stress.

Apoptosis Assays. The number of cells undergoing nuclear fragmentation was
quantified after staining with DAPI (Molecular Probes). Briefly, cells were
seeded into 12-well plates containing glass coverslips and allowed to settle for

24 h. To induce apoptosis, cells were treated with DTDP, fixed in 3% parafor-
maldehyde, and permeabilized in methanol/acetone before staining with
DAPI and sheep NS5A antibody. Randomly chosen fields were observed under
fluorescence microscopy for cells with fragmented nuclei, which were consid-
ered to be apoptotic. Data were expressed as a percentage of apoptotic cells.
Huh-7 cell viability was evaluated using the 3-(4,5-dimethylthylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) assay. Cells were seeded into 96-well
plates (103 cells/well) and allowed 24 h to settle following cellular stress with
DTDP. Cells were then subjected to MTT assays. Caspase 9 activity was deter-
mined using the Caspase-Glo 9 luminescent assay (Promega). Briefly, Huh-7
cells grown in a 96-well plate were stimulated with DTDP and incubated with
a single Caspase-Glo 9 reagent resulting in cell lysis, caspase cleavage of the
substrate, and generation of a luminescent signal. The signal generated is
proportional to the amount of caspase activity present and was normalized to
the untreated control samples. Samples were read using a FLUOstar OPTIMA
microplate reader (BMG LABTECH).
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