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Treatment of hepatitis C patients with direct-acting antiviral drugs involves the combination of multiple small-molecule inhibi-
tors of distinctive mechanisms of action. ACH-806 (or GS-9132) is a novel, small-molecule inhibitor specific for hepatitis C virus
(HCV). It inhibits viral RNA replication in HCV replicon cells and was active in genotype 1 HCV-infected patients in a proof-of-
concept clinical trial (1). Here, we describe a potential mechanism of action (MoA) wherein ACH-806 alters viral replication
complex (RC) composition and function. We found that ACH-806 did not affect HCV polyprotein translation and processing,
the early events of the formation of HCV RC. Instead, ACH-806 triggered the formation of a homodimeric form of NS4A with a
size of 14 kDa (p14) both in replicon cells and in Huh-7 cells where NS4A was expressed alone. p14 production was negatively regu-
lated by NS3, and its appearance in turn was associated with reductions in NS3 and, especially, NS4A content in RCs due to their accel-
erated degradation. A previously described resistance substitution near the N terminus of NS3, where NS3 interacts with NS4A, attenu-
ated the reduction of NS3 and NS4A conferred by ACH-806 treatment. Taken together, we show that the compositional changes in
viral RCs are associated with the antiviral activity of ACH-806. Small molecules, including ACH-806, with this novel MoA hold prom-
ise for further development and provide unique tools for clarifying the functions of NS4A in HCV replication.

Chronic hepatitis C virus (HCV) infection is a major cause of
liver diseases worldwide. It is estimated that 170 million indi-

viduals are infected with HCV (1–4). A significant portion of these
infected people will develop liver diseases, including hepatitis, cir-
rhosis, and hepatocellular carcinoma (5). Treatment with pegy-
lated alpha interferon (IFN-�) and ribavirin has a sustained viro-
logic response or cure rate of �45% in genotype 1 HCV-infected
patients (6, 7), and the addition of boceprevir or telaprevir, HCV
NS3 protease inhibitors newly approved by the U.S. Food and
Drug Administration, increases the cure rate to �70% (8). The
new standard care of the triple combination, however, also leads
to more toxic effects (9). Hence, development of new treatment
regimens with higher efficacy, as well as better tolerability is ur-
gently needed (10).

HCV, a member of the Flaviviridae family, is an enveloped
virus with a positive-stranded RNA genome of 9.6 kb. The viral
genome encodes a large polyprotein that is cleaved co- and/or
posttranslationally into at least 10 mature viral proteins: structural
proteins, including C, E1, E2, and p7, and nonstructural (NS)
proteins, including NS2, NS3, NS4A, NS4B, NS5A, and NS5B. The
functions of these viral proteins in the HCV life cycle have been
extensively studied and mostly clarified (11). For example, NS5B
has an RNA-dependent RNA polymerase activity, NS3 possesses a
serine protease activity in its N-terminal domain and a helicase
activity in the C-terminal domain, and NS4A is a cofactor of NS3
and activates NS3 protease function by forming a heterodimer
(12–14). Several HCV nonstructural proteins such as NS3 pro-
tease, NS5B polymerase, and NS5A have been the prime targets for
developing HCV direct-acting antiviral agents. Given the lack of a
proofreading mechanism for HCV NS5B RNA-dependent RNA
polymerase and the high-replication rate of HCV in patients, the
emergence of resistant HCV variants is inevitable (15, 16) and has
been observed in clinical trials of NS3 protease inhibitors, NS5A
replication complex inhibitors, and NS5B polymerase inhibitors
(17, 18). Therefore, combination therapies of antiviral agents that

act via distinct mechanisms of action and lack cross-resistance will
be necessary for sustained suppression of HCV replication.

ACH-806 (or GS-9132) is the result of discovery efforts aimed
at the identification and characterization of small molecules that
inhibit HCV replication via novel mechanisms. It was discovered
through compound library screening, hit/lead identification, and
lead optimization using HCV subgenomic replicon-containing
cells (hereafter HCV replicon cells). ACH-806 has exhibited po-
tent activity against genotype 1 HCV replication in vitro (19) and
also showed antiviral activity in genotype 1 HCV-infected patients
in a proof-of-concept clinical trial (1). Resistance substitutions
that emerged under ACH-806 selection in replicon cells were
mapped to the N-terminal region of NS3 and were not cross-
resistant with NS3 protease inhibitors and NS5B polymerase in-
hibitors (19).

In HCV replicon cells, the mature nonstructural proteins, NS3,
NS4A, NS4B, NS5A, and NS5B assemble on specialized intracel-
lular membranes into replication complexes (RCs), where prog-
eny viral RNA molecules are synthesized (11). NS4A is 54 amino
acids (aa) in length and is the smallest nonstructural protein of
HCV. It plays key roles in HCV replication by participating in RC
assembly and regulating NS3 protease and helicase activities and
NS5A phosphorylation (20–30). The central region of NS4A, aa 23
to 31, forms a complex with NS3 through extensive interactions
with hydrophobic side chains on the two N-terminal �-strands of
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the NS3 protease domain (31–33). As a result, the positions of the
catalytic triad of NS3 protease—His57, Ser139, and Asp81—are
optimized for protease activity. Formation of the NS3-NS4A com-
plex also enhances NS3 helicase activity, probably through inter-
actions between the RNA helicase domain and the protease do-
main of NS3 protein. The N-terminal hydrophobic region of
NS4A anchors the NS3-NS4A complex to host membranes as a
component of RCs. The C-terminal acidic region of NS4A partic-
ipates in the regulation of NS5A hyperphosphorylation and HCV
replication.

In this study, we show that ACH-806 promotes the formation
of a characteristic NS4A-containing product, p14, in HCV repli-
con cells, as well as in NS4A transfected cells. Further study dem-
onstrated that p14 is a dimeric form of NS4A, and its production
is negatively regulated by NS3. Associated with the formation of
p14, ACH-806 causes reductions of NS3 and, especially, NS4A
levels in RCs due to the accelerated degradation of both proteins.
A previously described resistance substitution near the N termi-
nus of NS3 attenuated both the decrease of NS3 and NS4A and the
induction of p14, while conferring resistance to anti-HCV activity
of ACH-806. Taken together, this study shows that the action of
ACH-806 as an NS4A antagonist results in a series of viral RC
compositional changes that probably contribute to impaired HCV
RNA synthesis in treated replicon cells.

(This study was presented in part at the14th International
Symposium on Hepatitis C Virus and Related Viruses, Glasgow,
Scotland, United Kingdom, 2007.)

MATERIALS AND METHODS
Compounds. ACH-806 (Fig. 1A), NS3 protease inhibitor telaprevir,
nucleoside NS5B polymerase inhibitor (2=-C-methyladenosine), and
non-nucleoside NS5B polymerase inhibitor 3-(1,1-dioxido-4H-benzo
[e][1,2,4]thiadiazin-3-yl)-4-hydroxy-1-isopentylquinolin-2(1H)-one were
synthesized by standard methods in organic chemistry and fully characterized
by 1H-NMR high-pressure liquid chromatography and mass spectroscopy. A
photo-affinity and tritium-labeled analog of ACH-806 (3H-ACH-119; spe-
cific activity, 103 Ci/mmol; see Fig. 8A) was synthesized at Amersham (now
GE Healthcare UK).

Cells, plasmids, antibodies, and proteins. Huh-7 cells, Huh-9-13
cells (genotype 1b replicon cells), and Huh-luc/neo cells (containing ge-
notype 1b replicon with a firefly luciferase reporter gene) were licensed
from ReBLikon (Schriesheim, Germany) (34). Plasmids expressing NS3,
NS4A, NS4A-HA, NS4B-Flag, NS5A, and NS5B were constructed by clon-
ing a PCR fragment amplified from pI377/NS3-3= (a genotype 1b repli-
con-encoding plasmid) (34) into the pCL-neo mammalian expression
vector (Promega, Madison, WI). Each PCR fragment was amplified with
primers containing unique restriction enzyme sites and encoded one
HCV nonstructural protein. A segment of sequence encoding the hemag-
glutinin (HA) or Flag tag was also included in the 3= primer for NS4A-HA
and the 5= primer for NS4B-Flag, respectively. The PCR products were
digested with the corresponding restriction enzymes and cloned into
pCL-neo downstream of the cytomegalovirus immediate-early enhancer/
promoter region. Full-length NS4A was synthesized at Synthetic Biomol-
ecules, San Diego, CA. Full-length NS3 fused at the N terminus with
cofactor NS4A was kindly provided by Gilead Sciences. Rabbit anti-NS3
(used for immunoprecipitation), rabbit anti-NS4B, rabbit anti-NS5A,
and rabbit anti-NS5B antibodies were generous gifts from Ralf Barten-
schlager and Volker Lohmann (Heidelberg, Germany). Mouse anti-NS3
(used for Western blotting) and mouse anti-NS4A antibodies were pur-
chased from Virostat (Portland, ME) and Biodesign (Saco, ME), respec-
tively. Anti-Flag antibody and secondary antibodies (goat anti-rabbit and
goat anti-mouse) were purchased from Santa Cruz Biotechnology (San
Diego, CA).

Measurement of anti-HCV activity and cytotoxicity of compounds
in replicon cells. Huh-luc/neo cells were seeded in 96-well plates at a
density of 8,000 cells per well in a final volume of 200 �l of Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum. One day after seeding, compounds were serially diluted in 100%
dimethyl sulfoxide (DMSO) and added to cells at a 1:200 dilution, achiev-
ing a final concentration of 0.5% DMSO in a total volume of 200 �l. Cells
were further incubated for 3 days (96 h post-seeding), and the inhibition
of HCV replicon replication was quantified by measurement of luciferase
activity using a commercial kit (Bright-Glo luciferase assay system; Pro-
mega, Madison, WI). Anti-HCV activity was expressed as the concentra-
tion that caused a reduction of luciferase activity (measured in relative
luminescence units) by 50% (EC50) compared to the untreated controls.
EC50s were calculated with a Microsoft Excel-based program. To measure
each compound’s cytotoxicity, the culture medium in each well was re-
placed by 100 �l of phenol red-free DMEM containing 10 �l of MTS
(Promega, Madison, WI). After 2 to 4 h of incubation at 37°C, absorbance
(i.e., the optical density at 490 nm) was measured, and concentrations that
resulted in a 50% reduction of absorbance (CC50) compared to the un-
treated controls were calculated with a Microsoft Excel-based program.

FIG 1 ACH-806 activity in HCV replicon cells. (A) ACH-806 structure. EC50

and CC50 values were determined in Huh-luc/neo cells (genotype 1b) using
luciferase and MTS as endpoints after 3 days-exposure to the inhibitor. The
mean values and standard deviations were derived from nine independent
experiments. (B) Effect on the activity of RCs. RCs were prepared from Huh-
9-13 cells that were treated with ACH-806 for 16 h at concentrations of 1.2,
0.24, 0.048, and 0.0096 �M before RC preparation. Isolated RCs were exam-
ined for their activity to synthesize nascent viral RNA in vitro in the absence of
the inhibitor. The position of the major species of nascent viral RNA products
is indicated on the right. (C) Effect on HCV polyprotein processing. Cells were
subjected to simultaneous ACH-806 treatment and 35S metabolic labeling for
16 h, followed by anti-NS5A immunoprecipitation analysis. Molecular masses
are indicated on the right in kilodaltons.
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Transient transfection. Transient transfection of plasmids expressing
NS3, NS4A, NS4A-HA, Flag-NS4B, NS5A, and NS5B was performed us-
ing the FuGENE 6 transfection reagent (Roche, Indianapolis, IN) accord-
ing to the manufacturer’s instructions. Briefly, Huh-7 cells were seeded in
a six-well plate at a density of 3 � 105 cells per well. On the following day,
ca. 1 to 2 �g of the plasmid was used for each transfection. At 4 h post-
transfection, compounds were added, and the plates were further incu-
bated for �16 h. Cells either were directly lysed in sample buffer (Laemmli
sample buffer supplemented with 5% �-mercaptoethanol) before sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or were
lysed in NBP lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1%
sodium deoxycholate, and 0.1% SDS, supplemented with protease inhib-
itors [Complete, Mini, EDTA-free; Roche]) before immunoprecipitation
as described below.

Isolation of RCs from replicon cells. RCs were prepared as membrane
fractions as described previously with modifications (35). Huh-9-13 cells
were seeded in a 35-mm dish and cultured to ca. 90% confluence, fol-
lowed by incubation overnight in the medium containing various concen-
trations of compound. After treatment, the cells were washed once with
phosphate-buffered saline (PBS) and frozen at �80°C overnight. The fro-
zen plates were thawed on ice. The cells were lysed in 1 ml of hypotonic
buffer (10 mM Tris-HCl [pH 7.8], 10 mM NaCl) and passed through a
21-gauge needle 30 times. Nuclei were removed by centrifugation in a
microcentrifuge at 900 � g at 4°C for 6 min. RCs were collected from the
supernatant by centrifugation in a microcentrifuge at �20,000 � g at 4°C
for 20 min. The pellets were either resuspended in 6 �l of storage buffer
(hypotonic buffer plus 15% glycerol) for activity evaluation or solubilized
in sample buffer before SDS-PAGE as described below.

Measurement of the activity of RCs isolated from replicon cells. The
assay for HCV RNA biosynthesis by isolated RCs was performed accord-
ing to the protocol described previously (35, 36).

Pulse-chase and continuous metabolic labeling. Cells were seeded in
six-well plates at a density of 3 � 105 cells per well. For pulse-chase label-
ing (see Fig. 7A), the medium was replaced on the second day with me-
thionine- and cysteine-free medium to starve the cells for 2 h, and then the
medium was replaced with 1 ml per well of fresh methionine- and cys-
teine-free medium containing 150 �Ci of 35S-Express protein labeling
mix (35S-labeled methionine and cysteine; Perkin-Elmer, Boston, MA) for
2.5 h. After the pulse-labeling, the cells were washed with complete me-
dium to remove 35S-containing medium. After a 0.5-h culture in the com-
plete medium, test compounds, including ACH-806, were added to the
corresponding wells, and the cells were treated overnight before harvest-
ing for immunoprecipitation analysis as described below. For continuous
labeling (Fig. 1C), the 35S-Express protein labeling mix and test com-
pound were added to wells simultaneously after a 2-h starvation of cells in
methionine- and cysteine-free medium. The treatment and labeling lasted
for 16 h before harvesting and immunoprecipitation analysis.

Photo-affinity labeling. For in vitro photo-affinity labeling, certain
amounts of protein were incubated in PBS with 40 nM 3H-ACH-119 at
30°C for 1 h. The solution was then irradiated from above with UV (� �
254 nm) at a distance of 5 cm at room temperature for 7 min. Protein
samples were subjected to SDS-PAGE as described below. To photo-af-
finity label protein in a cell culture, cells were seeded in six-well plates at a
density of 3 � 105 cells per well. On the second day, the cells were incu-
bated in the complete medium containing 40 nM or other concentrations
of 3H-ACH-119 mentioned specifically in the text for 16 h. After the
medium was removed, the confluent cell monolayer was irradiated simi-
larly as described above for in vitro labeling. Cells were then harvested by
addition of 0.6 ml of NBP lysis buffer per well, followed by immunopre-
cipitation, SDS-PAGE, and fluorography as described below.

Immunoprecipitation, SDS-PAGE, fluorography, and Western blot
analyses. For immunoprecipitation, cell lysates in the lysis buffer were
incubated with protein A-beads that were prebound with an HCV anti-
body. After rotating on a rotator at 4°C overnight, the beads were washed
to remove unbound proteins. The bound proteins were eluted in Laemmli

sample buffer, boiled, and separated by SDS-PAGE. For direct visualiza-
tion of labeled proteins, gels were treated with Enhancer (Amersham,
Piscataway, NJ), dried, and exposed to X-ray film. For Western blot anal-
ysis, the proteins in the gel were transferred to a polyvinylidene difluoride
(PVDF) membrane (Immun-Blot PVDF/Filter Paper Sandwich; Bio-Rad,
Hercules, CA). Membranes were blocked and probed with a primary an-
tibody specifically against an HCV nonstructural protein and then with a
corresponding horseradish peroxide-conjugated secondary antibody.
Lastly, the bound antibody was detected by chemiluminescence using an
ECL Plus kit (Amersham). Membranes were then stripped and reprobed
with different antibodies for sequential Western blot analysis of multiple
HCV nonstructural proteins, where indicated.

RESULTS
ACH-806 does not inhibit HCV NS5B RNA polymerase and
HCV polyprotein processing. ACH-806 exhibits potent anti-
HCV activities in both genotype 1a and 1b replicon-containing
cells with EC50s between 0.01 and 0.05 �M, depending on the
replicon cells and the endpoints (19). To study whether ACH-806
blocks de novo initiation of HCV RNA synthesis, RCs were pre-
pared as membrane fractions from genotype 1b replicon cells and
then treated with ACH-806 in vitro. Unlike some HCV NS5B non-
nucleoside inhibitors that inhibit de novo HCV RNA synthesis in
isolated RCs, ACH-806 failed to show any inhibitory effect at con-
centrations as high as 50 �M (data not shown), suggesting that
allosteric sites on NS5B are probably not the target of ACH-806.
On the other hand, in contrast to the result for ACH-806-treated
RCs in vitro, RCs prepared from ACH-806-treated replicon cells
showed a compound-dose-dependent reduction in HCV RNA
synthesis with a 50% activity loss of RCs at a concentration as low
as 50 nM (Fig. 1B). Therefore, although not directly inhibiting
replication activity by the NS5B polymerase, ACH-806 treatment
of replicon cells likely results in qualitative and/or quantitative
changes in RC composition or function.

To address whether ACH-806 affects HCV polyprotein pro-
cessing, HCV replicon cells were metabolically labeled with
[35S]methionine and [35S]cysteine in the presence of ACH-806 or
a protease inhibitor (PI [NS3 protease inhibitor]). Immunopre-
cipitation analysis with anti-NS5A antibody demonstrated that
ACH-806 treatment at concentrations as high as 500-fold over its
EC50 did not result in accumulation of NS5A-containing precur-
sors in replicon cells (Fig. 1C). In contrast, a clear accumulation of
NS5A-containing precursors was observed in the lysates of cells
treated with PI at a concentration 20-fold above its EC50 (Fig. 1C).
These results and other experiments described here support the
claim that ACH-806 does not inhibit HCV polyprotein processing
in replicon cells at concentrations where it displays its anti-HCV
activity.

ACH-806 treatment results in compositional changes of
HCV replication complexes. To dissect the mechanism by which
ACH-806 treatment of replicon cells compromises the function of
RCs, we used Western blot analysis to examine the levels of each of
the five HCV nonstructural proteins within RCs following ACH-
806 treatment (Fig. 2A). No significant changes in the amounts of
NS4B, NS5A, and NS5B were detected (Fig. 2A, third, fourth, and
fifth panels). In contrast, dose-dependent reductions in the
amounts of NS3 and, especially, NS4A were observed (Fig. 2A,
first and second panels). Similar results about NS3 and NS4A in
compound-treated replicon cells were shown in Fig. 7B. Besides
reductions of NS3 and NS4A, a dose-dependent appearance of a
new protein species was detected with anti-NS4A antibody
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(Fig. 2A, second panel). Significantly, therefore, ACH-806 treat-
ment altered the composition of HCV RCs in replicon cells.

The new protein species detected by anti-NS4A antibody mi-
grated at �14 kDa and hence was designated as p14. The p14
species was not detected in RCs isolated from the untreated sam-
ple (Fig. 2A, lane 1, in the second panel). However, since the
amount of viral protein loaded onto the gel was limited by large
amounts of host proteins present in RC preparations, we could
not exclude the possibility that p14 might be present at a low level
in the control sample. To enrich p14, total cell lysates prepared
from those replicon cells were subjected to an immunoprecipita-
tion with anti-NS4A antibody before Western blot analysis (Fig.
2B). Indeed, p14 was present in the untreated sample (Fig. 2B, lane
3), and its level was unaffected by treatments with nucleoside and
non-nucleoside NS5B polymerase inhibitors (lanes 1 and 5).
Treatment with NS3 protease inhibitor, however, decreased the
amount of p14 (lane 2). Consistent with Fig. 2A, treatment with
ACH-806 greatly increased the amount of p14 (lane 4).

Other HCV nonstructural proteins are not required for the
formation of p14. Since all HCV nonstructural proteins expressed
in the replicon cells used in the present study were derived from
the processing of the single polyprotein, we wondered whether
other HCV nonstructural proteins play a role in the formation of
NS4A-related p14 in the presence of ACH-806. To address this
question, we constructed five plasmids to express each of the HCV
nonstructural proteins individually in Huh-7 cells. After individ-
ual transfections and subsequent ACH-806 or mock treatment,
each nonstructural protein was examined in whole-cell lysates by
Western blotting (Fig. 3). No significant changes in individual
HCV protein expression were detected after ACH-806 treatment,
except in NS4A-transfected cells, where a significant increase of
p14 was observed with no associated change in the level of NS4A
itself (Fig. 3, second panel). Recapitulation of the unique change
of p14 accumulation in the compound-treated cells that expressed
NS4A alone suggests that ACH-806 could trigger or accelerate p14
formation from NS4A protein and that the presence of other HCV
nonstructural proteins and the assembly of HCV RCs are not re-
quired for the formation of p14.

p14 is a dimer of NS4A. Next, we conducted experiments to
characterize the nature of p14. p14 was not affected by heating
(95°C, 5 min) in 1� Laemmli sample buffer. Including a reducing
agent �-mercaptoethanol in sample buffer could slightly reduce
the level of p14 but the majority of p14 failed to be dissolved,
suggesting disulfide bonds might not play a major role in the for-
mation of p14. Urea treatment (8 M), however, completely disso-
ciated p14 (Fig. 4A) no matter whether it was derived from NS4A-
transfected cells (Fig. 4A, top panel) or replicon cells (Fig. 4A,
bottom panel). These results provide evidence that p14 might be
an aggregate in which NS4A is noncovalently linked to something,
including NS4A itself (homodimer).

FIG 2 Alterations of viral protein composition of RCs in ACH-806-treated replicon cells. (A) Effect on each nonstructural protein. RCs were isolated from cells
(Huh-9-13 or Huh-7) after exposure to ACH-806 (0.2, 1, and 5 �M for lanes 2, 3, and 4, respectively) overnight and were subjected to SDS-PAGE. After the
transfer of proteins to a PVDF membrane, the membrane was probed sequentially with the indicated antibodies. Molecular masses are indicated on the right in
kilodaltons. (B) Detection of p14. Cell lysates from Huh-9-13 cells, after exposure to ACH-806 (1 �M), NS3 protease inhibitor (Protease inh, 20 �M), NS5B
nucleoside inhibitor (Nuc inh, 20 �M), and NS5B non-nucleoside inhibitor (Non-nuc inh, 20 �M) for 8 h, were subjected to immunoprecipitation, followed by
a Western blot analysis with anti-NS4A antibody. The bottom panel is a longer exposure of the upper panel. Molecular masses are indicated on the right in
kilodaltons.

FIG 3 p14 formation in the absence of other HCV nonstructural proteins.
Huh-7 cells were transfected with either a mock plasmid or plasmids encoding
(from top to bottom) NS3, NS4A, NS4B with an N-terminal Flag, NS5A, and
NS5B, respectively. Transfected cells were exposed overnight to ACH-806 (2
�M). Whole lysates were subjected to SDS-PAGE and Western blots with
anti-NS3, anti-NS4A, anti-Flag, anti-NS5A, and anti-NS5B antibody (from
top to bottom), respectively. Molecular masses are indicated on the right in
kilodaltons.
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To test whether p14 is an NS4A homodimer, we cotransfected
Huh-7 cells with plasmids encoding two forms of NS4A separable
by size: native NS4A and NS4A with an HA epitope tag (NS4A-
HA) (Fig. 4B, top). NS4A-HA is slightly larger than NS4A due to
the presence of HA tag. Expression of NS4A alone (Fig. 4B, lanes 1
and 2) yielded p14 (labeled “a”), while expression of NS4A-HA
alone (Fig. 4B, lanes 5 and 6) produced a species larger than p14
(labeled “c”). As expected, ACH-806 treatment significantly en-
hanced the levels of both p14 and the p14-like species (compare
lane 1 to lane 2 and lane 5 to lane 6 in Fig. 4B). Notably, the
coexpression of NS4A and NS4A-HA (Fig. 4B, lanes 3 and 4) re-
sulted in an intermediately sized species, b, in addition to species a
and c. Species a, b, and c all showed similar responses to ACH-806
treatment. Since species b was likely formed as a heterodimer of

NS4A with NS4A-HA and species a and c therefore as ho-
modimers, respectively, of NS4A and NS4A-HA, these results in-
dicate that p14 is likely induced by ACH-806 treatment as a simple
NS4A homodimer.

NS3 negatively regulates the formation of p14. We noted a
higher fraction of NS4A incorporated into p14 in cells expressing
NS4A alone (compare lane 2 in the top panel with the bottom
panel in Fig. 4A). Since NS4A interacts with NS3 in replicon cells
to form an NS3-NS4A complex, we speculated that NS3 might
play a negative role in the formation of p14. To answer this ques-
tion, we coexpressed NS4A in Huh-7 cells with various amounts of
NS3 and examined the amount of each protein with Western blot
analysis after overnight ACH-806 treatment (Fig. 5A). The exper-
iment revealed several interesting phenomena. First, NS4A levels

FIG 4 Nature of p14. (A) Effect of 8 M urea on p14. Huh-7 cells, transfected with either a mock plasmid or a plasmid encoding NS4A, or Huh-9-13 replicon cells
were treated with ACH-806 (2 �M) overnight. Transfected Huh-7 cells (top panel) were lysed with sample buffer or sample buffer plus 8 M urea. For replicon
cells (bottom panel), RCs were isolated and solubilized with sample buffer or sample buffer plus 8 M urea. All samples were subjected to Western blot analyses
with anti-NS4A antibody. Molecular masses are indicated on the right in kilodaltons. (B) Dimeric form of NS4A. Two plasmids, one encoding NS4A and the
other encoding NS4A-HA, were transfected alone or together in 1:1 ratio to Huh-7 cells. After overnight treatment with ACH-806 (2 �M), cells were lysed, and
lysates were subjected to immunoprecipitation with anti-NS4A antibody, followed by a Western blot analysis with anti-NS4A antibody. The diagram above the
Western blot illustrates the three expected dimer species if NS4A and NS4A-HA can form dimers. NS4A, open box; NS4A-HA, open box with a shaded box at its
C terminus representing the HA tag; species a, NS4A homo-dimer; species b, NS4A and NS4A-HA heterodimer; species c, NS4A-HA homodimer. The asterisk
on the Western blot indicates species b in the cotransfected cells. Molecular masses are indicated on the right in kilodaltons.

FIG 5 Impact of NS3 on p14 and NS4A. (A) Impact of NS3 on p14. Huh-7 cells were cotransfected with NS4A-expressing and NS3-expresssing plasmids in the
indicated amounts (the total amount of plasmid used in each transfection was 2 �g, and an unrelated mock plasmid was used to make up any shortages in each
transfection). After overnight treatment with ACH-806 (3 �M), the cells were lysed with sample buffer, and lysates were subjected to sequential Western blot
analyses with anti-NS4A antibody and then anti-NS3 antibody. Molecular masses are indicated on the right in kilodaltons. (B) Impact of NS3 and other
nonstructural proteins on NS4A. Huh-7 cells were cotransfected with NS4A and one of NS3-, NS4B-, NS5A-, and NS5B-expressing plasmids. Two days later,
transfected cells were harvested, and cellular lysates were subjected to SDS-PAGE, followed by a Western blot analysis with NS4A antibody. Molecular masses are
indicated on the right in kilodaltons.
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were greatly increased when NS3 plasmid was included in a trans-
fection. NS4A level achieved a plateau when 0.2 �g of NS3 plasmid
was used. The enhanced detection of NS4A in a cotransfection was
NS3-specific since coexpression with other HCV nonstructural
proteins did not display this effect on NS4A (Fig. 5B). In an inde-
pendent experiment (data not shown), coexpression of NS4A in-
creased NS3 level similarly. These results are consistent with the
previous findings that the formation of NS3-NS4A complexes in
cells where NS3 and NS4A were coexpressed increased the stabil-
ities of both proteins (14, 37). Second, as more NS3 protein was
produced, the level of p14 was gradually decreased, although other
conditions were kept the same. The result suggested that NS3 pro-
tein or NS3-NS4A complexes played a negative role in p14 forma-
tion. Third, ACH-806 treatment resulted in significant reductions
of both NS3 and NS4A in the transfected cells. This finding was
reminiscent of ACH-806-treated replicon cells in which the
amounts of NS3 and NS4A were also both decreased (Fig. 2A).
Together, these results indicate that ACH-806 might impair the
interaction between NS3 and NS4A and thereby destabilize both
proteins, while simultaneously increasing the incorporation of
NS4A into p14.

ACH-806 impairs NS3-NS4A interaction. Subsequently, we
conducted a study to quantify the interaction between NS3 and
NS4A in replicon cells to determine whether it was impaired by
ACH-806 treatment (Fig. 6). After ACH-806 treatment, the cells
were lysed. One-third of the lysates was directly used in a Western
blot analysis by anti-NS3 antibody to compare the total NS3 levels
in the compound-treated and untreated replicon cells. Based on
the densities of NS3 in lanes 1 and 2 in Fig. 6, the total amount of
NS3 in the ACH-806-treated sample was reduced by �6-fold
(100/16). The remaining lysates (2/3) were subjected to coimmu-
noprecipitation with NS4A antibody, followed by a Western blot
analysis with anti-NS3 antibody to measure the amount of NS3 in
NS3-NS4A complex. Based on the densities of NS3 in lanes 3 and
4 in Fig. 6, ACH-806 treatment caused a reduction of NS4A-
bound NS3 �29-fold (261/9). The more reduction of NS4A-
bound-NS3 after ACH-806 treatment might be due to one or two

of the following scenarios: ACH-806 caused more NS4A reduc-
tion, as shown in Fig. 2A, and therefore less NS3 was pulled down
with anti-NS4A antibody. Here, a certain portion of NS3 in
treated cells was free from the NS3-NS4A complex. Second, the
binding between NS3 and NS4A became weaker in the presence of
ACH-806. As a result, NS4A antibody failed to pull down all of the
NS3 in the complex. Either the presence of “free” NS3 or the
presence of loose NS3-NS4A complexes suggests impaired NS3-
NS4A interaction.

ACH-806 treatment leads to reduced stabilities of NS3 and
NS4A. To confirm that the reductions of both NS3 and NS4A in
ACH-806-treated replicon cells were due to accelerated degrada-
tion, a pulse-chase experiment was executed to trace the decrease
of labeled HCV proteins in replicon cells. Methionine- and cys-
teine-starved cells were pulse-labeled with 35S-labeled methionine
and cysteine for 2.5 h. After washing with fresh culture medium,
cultured cells were treated with HCV inhibitors, including ACH-
806, for 16 h. As shown in Fig. 7A, the levels of labeled NS3 and
NS4A immunoprecipitated by anti-NS3 antibody were apparently
reduced after the treatment of ACH-806 and its two derivatives,
ACH-192 and ACH-119. In contrast, HCV protease inhibitor, nu-
cleoside inhibitor, and non-nucleoside inhibitor did not cause any
reductions of pulse-labeled NS3 and its associated NS4A. The ef-
fect of ACH-806 was specific for NS3 and its bound NS4A because
immunoprecipitated NS5A did not show a detectable change after
these treatments. Since no inhibitor was present during labeling,
reduction of a labeled protein, most likely, was due to its acceler-
ated degradation.

To reinforce the studies described above and correlate the ef-
fects of ACH-806 on HCV NS3 and NS4A with its anti-HCV ac-
tivities in replicon cells, a previously described ACH-806-resistant
replicon cell line was utilized for a side-by-side comparison of the
effects of ACH-806 on the amounts of p14, NS3, and NS4A be-
tween the ACH-806-resistant cell line and its parental cell line
Huh-9-13. This ACH-806-resistant cell line harbors a replicon
carrying a C16S substitution in the N-terminal region of NS3,
where NS3 interacts with NS4A, and displays �10-fold less sus-
ceptibility to ACH-806 (19). As shown in Fig. 7B, ACH-806 in-
duced significant decreases of NS3 and NS4A and promoted p14
formation in the parental replicon cells but not in the ACH-806-
resistant replicon cells. This result linked together the following
key facts of ACH-806: anti-HCV activity in a cell-based assay, the
effects on the key viral proteins NS3 and NS4A, as well as on p14,
and the corresponding substitution that conferred the resistant
phenotype of replicons to this compound. Moreover, the location
of the resistance substitution reinforces the importance of the
NS3-NS4A interaction in the mechanism of ACH-806 action.

An ACH-806 derivative compound selectively binds to
NS4A. Although the evidence presented above demonstrated that
ACH-806 acts on NS4A, it was uncertain whether there is a direct
interaction between ACH-806 and NS4A. In order to investigate
this, we synthesized a photo-affinity and tritium-labeled analog of
ACH-806 (3H-ACH-119, Fig. 8A) and examined its binding to
NS4A. First, we used a synthetic full-length NS4A and recombi-
nant full-length NS3 fused at N terminus with cofactor domain of
NS4A (aa 23 to 31) as potential binding targets. After a short
incubation with 40 nM 3H-ACH-119 (30°C for 1 h), the protein
solutions were irradiated with UV radiation and subjected to SDS-
PAGE. The binding signal was detected through fluorography
(Fig. 8B). Although the molar concentrations of NA4A and NS3-

FIG 6 Impaired NS3-NS4A interaction in ACH-806-treated replicon cells.
Cell lysates from Huh-9-13 replicon cells or Huh-7 cells after exposure to
ACH-806 (5 �M) overnight were divided into two portions. The smaller por-
tion was subjected directly to SDS-PAGE, followed by Western blotting with
anti-NS3 antibody (lanes 1, 2, and 5); the larger portion was subjected to
immunoprecipitation with anti-NS4A antibody, followed by SDS-PAGE and
Western blotting with anti-NS3 antibody (lanes 3, 4, and 6). Molecular masses
are indicated on the right in kilodaltons. The densities of NS3 in each lane were
obtained by densitometry scanning. NS3 signal in lane 1 (untreated input) was
given an arbitrary number 100, and the signals of the other lanes were normal-
ized to lane 1. The numbers are shown at the bottom of each lane.

ACH-806 Inhibits HCV Replication

July 2013 Volume 57 Number 7 aac.asm.org 3173

http://aac.asm.org


NS4A proteins used in this experiment were the same (0.5 �M), a
much stronger signal was observed in NS4A (Fig. 8B). Moreover,
this binding was competed for by both cold ACH-119 and ACH-
806 in a dose-dependent manner but not by an anti-HCV inactive
compound, ACH-281 (Fig. 8C).

To study compound binding in replicon cells, parental Huh-7
and replicon Huh-9-13 cells were treated with 3H-ACH-119, ex-
posed to UV light to induce cross-linking, and then lysed with
NBP buffer. As a control, another set of cell culture plates was
metabolically labeled with [35S]methionine-cysteine and treated

with unlabeled ACH-119 and lysed similarly. Cell lysates from
both sets of cells were subjected to immunoprecipitation with
anti-NS3 antibody (top three panels of Fig. 8D) and anti-4A anti-
body (bottom three panels of Fig. 8D), respectively. 3H-ACH-119-
bound proteins, metabolic labeled proteins, and viral NS3 and
NS4A in those immunoprecipitants were detected by fluorogra-
phy (left and middle panels) and Western blotting (right panels),
respectively. Although these antibodies precipitated many cellular
proteins in addition to NS3 and NS4A, as shown by multiple
bands in the sample labeled with [35S]methionine-cysteine, the
dominant band was NS4A in the sample labeled with 3H-ACH-
119. NS5A pulled down by anti-NS5A antibody, on the other
hand, did not show any 3H-ACH-119 binding (data not shown).
These data suggest that ACH-119 binds selectively to NS4A. We
further compared the compound binding between Huh-9-13 cells
and an ACH-806-resistant cell line. These cells were treated with
3H-ACH-119 alone or together with 1 �M cold ACH-119 for 16 h,
followed by UV irradiation. Equivalent amounts of cell lysates
were subjected to anti-NS4A immunoprecipitation and SDS-
PAGE, followed by fluorography and Western blot analysis. As
shown in Fig. 8E, although nearly equal levels of NS4A were de-
tected in Western blots in two cell lines after treatment, more
3H-ACH-119-NS4A binding was present in Huh-9-13 cells, and
this binding was attenuated by cold ACH-119. 3H-ACH-119-
NS4A binding in ACH-806-resistant cells, however, was relatively
weak and less affected by the presence of cold ACH-119. These
data suggest that resistant substitution in NS3 (C16S), even not at
NS4A, might play a negative role on ACH-119 binding through,
probably, an altered NS3-NS4A interaction.

DISCUSSION

HCV RNA replication occurs on viral replication complexes
(RCs) that locate in a specialized cytoplasmic vesicular structure
designated as the membranous web (38, 39) or lipid rafts (40).
One of the RC components is the NS3-NS4A heterodimer in
which the N-terminal transmembrane �-helix of NS4A and an
amphipathic helix �0 helix at N terminus of NS3 coordinate for
the attachment of the heterodimer to the membrane structure
(41). Here, we have described mechanism of action studies con-
ducted on a novel HCV inhibitor, ACH-806. We have shown that
the RNA replication activity of RCs was lost upon treatment of
replicon cells with ACH-806. In isolated RCs there were altera-
tions in the composition of viral proteins (decreased amounts of
NS3 and NS4A and an increased amount of a novel NS4A ho-
modimer designated here as p14), as well as in the interactions
among viral proteins (diminished interaction between NS3 and
NS4A). Combined with the locations of resistance substitutions
(in the N-terminal portion of NS3 where NS4A interacts with
NS3) (19), we think that these alterations in RCs might contribute
to the presence of defective RCs and diminished HCV RNA syn-
thesis in ACH-806-treated replicon cells.

The most characteristic effect of ACH-806 on replicon cells was
the induction of p14, a dimer form of NS4A. Although p14 was
not reported previously, we found that it presents at very low
levels in untreated replicon cells (Fig. 2B). We believe that, due to
a tight association between NS3 and NS4A after NS3-NS4A trans-
lation and cleavage, most, if not all, NS4A is present as a form of
NS3-NS4A complex in RCs. NS3, acting as a chaperone through
forming a complex with NS4A, might preclude NS4A from
dimerization or oligomerization. In the absence of NS3, on the

FIG 7 Effects of ACH-806 on NS3 and NS4A stability and on the amounts of
p14, NS3, and NS4A in naive and resistant replicon cells. (A) Effect of ACH-
806 on NS3 and NS4A stability. Huh-9-13 replicon cells were pulse-labeled
with [35S]methionine-cysteine for 2.5 h, followed by a short chase (0.5 h) with
complete medium. ACH-806 (4 �M), the two ACH-806 derivatives ACH-192
(20 �M) and ACH-119 (10 �M), NS5B nucleoside inhibitor (Nuc inh, 20
�M), NS5B non-nucleoside inhibitor (Non-nuc Inh, 10 �M), and protease
inhibitor (20 �M) were added, and cells were further incubated overnight
before the cells were lysed. Lysates were divided into two equal parts: each was
subjected to immunoprecipitation with anti-NS5A (right panel) or anti-NS3
antibody (left panel), respectively, and followed by SDS-PAGE and fluorogra-
phy. The lower left panel is a longer exposure of NS4A. Since the inhibitors
were added after the pulse-labeling and chase periods, any differences in the
amounts of pulse-labeled NS3, NS4A, and NS5A must represent differences in
their degradation rates in response to inhibitor treatment. Molecular masses
are shown on the left in kilodaltons. The positions of viral proteins are indi-
cated on the right of each panel. (B) Effects of ACH-806 on the amount of p14,
NS3, and NS4A in resistant cells. An ACH-806-resistant cell line that harbors a
replicon carrying a C16S substitution in the N-terminal region of NS3 was
chosen to compare the effects of ACH-806 on the amounts of p14, NS3, and
NS4A to its parent (naive) replicon cell line Huh-9-13. After 16 h of treatment
with ACH-806, cell lysates were subjected to SDS-PAGE and Western blotting
with anti-NS3 and NS4A antibodies, respectively. The positions of viral pro-
teins are indicated on the left. Molecular masses are indicated on the right in
kilodaltons.
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other hand, the small hydrophobic NS4A may tend to fold incor-
rectly. Subsequently, the misfolded NS4A may be degraded and/or
form dimeric aggregates, i.e., p14. This hypothesis is supported by
the observations that NS4A was not stable when expressed alone
and the formation of p14 in those NS4A-alone transfected cells
was more marked compared to replicon cells (Fig. 5A). Coex-
pressing NS3 with NS4A, however, not only improved NS4A sta-
bility but also inhibited p14 production in a dose-dependent man-
ner (Fig. 5A).

Another interesting observation about p14 is the nature of
NS4A-NS4A interaction which, presumably, is strong because
only urea at a concentration of 8 M separates it (Fig. 4A). Since p14
was efficiently generated in Huh-7 cells where NS4A was ex-
pressed, we think this might be a suitable starting point to study
the nature of p14. Through systematic mutagenesis, for example,
it could be possible to locate a key region(s) or amino acids in
NS4A that is(are) critical or responsible for the NS4A-NS4A
dimerization. This information will help us to understand how

FIG 8 Selective binding of an ACH-806 derivative to NS4A. (A) Compound structure. Tritiation sites for 3H-ACH-119 are indicated by asterisks (*). EC50, CC50,
and SD values were determined in Huh-luc/neo cells using luciferase and MTS as endpoints after 3 days exposure to the inhibitor and were derived from three
independent experiments. (B) In vitro 3H-ACH-119 binding. Concentrations (0.5 �M) of synthetic NS4A and recombinant full-length NS3 fused at the N
terminus with NS4A (aa 23 to 31) were incubated with 40 nM 3H-ACH-119 in PBS at 30°C for 1 h. After UV irradiation, the proteins were subjected to a 4 to 20%
SDS-PAGE, followed by fluorography and Coomassie blue staining. The positions of NS3 and NS4A are indicated. Molecular mass (MM) markers are indicated
on the left in kilodaltons. (C) 3H-ACH-119 binds to synthetic NS4A in the presence of different concentrations of cold ACH-119, ACH-806, and ACH-281. (D)
3H-ACH-119 binding in cells. Huh-7 or Huh-9-13 cells were treated with 40 nM 3H-ACH-119 overnight, followed by photolysis and cell lysis (lanes 1 and 2). As
controls, cells were treated with 40 nM ACH-119 (cold) and were metabolically labeled simultaneously with [35S]methionine-cysteine overnight, followed by cell
lysis (lanes 3 and 4). All cell lysates were subjected to immunoprecipitation with anti-NS3 antibody (top three panels) and anti-NS4A antibody (bottom three
panels), followed by SDS-PAGE and fluorography (lanes 3 and 4) or Western blot analysis (lanes 5 and 6). Positions of NS3 and NS4A are indicated on the left.
Molecular mass (MM) markers are indicated on the right in kilodaltons. (E) Huh-9-13 and ACH-806 resistant cells were treated with 80 nM 3H-ACH-119 alone
or together with 1 �M ACH-119 for 16 h. After UV irradiation, cell lysates were immunoprecipitated with anti-NS4A antibody. Equal amounts of immunopre-
cipitants were separated by 4 to 20% SDS-PAGE, followed by either fluorography or Western blot analysis. The positions of NS3 and NS4A are indicated on the
left. Molecular masses are indicated on the right in kilodaltons.

ACH-806 Inhibits HCV Replication

July 2013 Volume 57 Number 7 aac.asm.org 3175

http://aac.asm.org


ACH-806 triggers p14 formation, as well as benefit clarification of
the relationship between p14 formation and impaired NS3-NS4A
interaction.

After ACH-806 treatment, the reduction of NS3 and, espe-
cially, NS4A in replicon cells (Fig. 2A) is the most significant
change besides the reduced level of HCV RNA. We believe this
phenomenon is most probably caused by accelerated degradation
of these HCV nonstructural proteins since in in vitro and in cells
we failed to find any evidence that ACH-806 inhibits protein
translation. For example, there is no reduction of NS5A, a part of
polyprotein downstream to NS3 and NS4A, in metabolically la-
beled replicon cells (Fig. 1C) in the presence of ACH-806. Al-
though p14 and NS3-NS4A reduction are clearly shown in treated
replicon cells, we, however, do not know the sequence/relations of
these two events. Initially, two scenarios could be raised to inter-
pret these data. First, ACH-806 might trigger a conformational
change of NS4A, resulting in p14 aggregates and NS4A degrada-
tion. Without NS4A, NS3 is not stable in RCs. Second, ACH-806
leads an abnormal NS3-NS4A interaction that is followed by ac-
celerated degradation of both NS3 and NS4A. p14 is formed dur-
ing the process of degradation as a casual by-product. The follow-
ing analysis of the effects of ACH-806 might argue against the
second scenario. As shown extensively, NS3-NS4A interaction is
required for NS4A-dependent cleavages of HCV polyprotein.
Throughout the present study, we failed to find an apparent in-
hibitory effect of ACH-806 on those major cleavage events no
matter whether the corresponding experiments were executed in
an in vitro system (data not shown) or in replicon cells (Fig. 1C).
This fact challenges the idea that ACH-806 impairs NS3-NS4A
interaction in a universal manner. Rather, impaired NS3-NS4A
interaction in the presence of ACH-806 is the result of some pre-
ceding effect(s) of this compound.

To summarize the discussions above, we propose a model to
unify the effects of ACH-806 treatment on HCV RCs (Fig. 9).
ACH-806 does not affect apparently polyprotein translation and
processing, the early events of RCs formation. After individual
nonstructural proteins are released from HCV polyprotein, they
interact with each other and might adapt to serial conformational
changes for the formation of RCs. ACH-806 initiates its action
during or after RC assembly. First, ACH-806 could cause a con-
formational change of its primary target, NS4A. As a result, several
events might happen simultaneously or sequentially: NS4A-NS4A

dimerization between misfolded NS4A to form p14, impaired
NS3-NS4A interaction due to the misfolding of NS4A, and
NS4A degradation. Associated with NS4A reduction in RCs, NS3-
NS4A interaction is further damaged. Finally, in the absence of
its NS4A partner, NS3 degradation occurs. Due to the composi-
tional change and abnormal nonstructural protein interactions in
RCs, HCV RNA synthesis is causatively dysfunctional in replicon
cells.

Although NS4A is the smallest nonstructural protein of HCV,
evidence suggests that NS4A plays multiple roles in HCV life cycle
and pathogenesis. Besides acting as a cofactor of NS3, NS4A forms
a complex with other HCV proteins (20, 21, 26, 30), which sug-
gests a role in assisting the formation of RCs. Together with NS3 or
NS4B, or by itself, NS4A modulates NS5A phosphorylation (20,
24, 27, 29). Overexpression of NS4A inhibits host and viral protein
translation (22, 23) and causes mitochondrial damage (28). Se-
lected substitutions in the NS4A C-terminal region reduce HCV
replication fitness (27). Hence, considering the diverse functions
of NS4A, ACH-806 can impact multiple aspects of HCV life cycle
by targeting NS4A. Indeed, in addition to the discoveries de-
scribed here, we noted other sporadic effects of ACH-806 on
NS4A. For example, we detected in replicon cells that NS4B inter-
acts with the residual NS4A with an enhanced affinity. Since it is
not clear how to relate these effects of ACH-806 with its inhibitory
effect on HCV RNA replication, we would like to leave these re-
sults for further studies. On the other hand, these results and data
presented above suggest that ACH-806 and its derivatives are use-
ful tools in investigating the role of NS4A in HCV replication.

Finally, subsequent to the completion of preclinical pharma-
cology and drug safety studies, a phase I trial was conducted in
patients chronically infected with genotype 1 HCV to investigate
the safety, tolerability, and antiviral efficacy of ACH-806. In the
present study, after orally administering 300 mg of ACH-806
twice daily, a mean decrease in plasma HCV RNA of 0.91 log10 was
observed after 5 days of monotherapy versus an increase of 0.05
log10 for placebo-treated patients (1). Further development of
ACH-806 was discontinued due to reversible nephrotoxicity.
However, the antiviral activity of ACH-806 demonstrated in this
proof-of-concept clinical trial and the novel mechanism of ACH-
806 revealed in this study warrant continued discovery and devel-
opment efforts for this novel class of inhibitors in the treatment of
HCV patients.

FIG 9 Model of mechanism of action of ACH-806. (A) In HCV replicon cells, RCs are formed on specialized cellular membrane (sandwiched brown color lines)
for HCV RNA synthesis. NS4A (shown as a thick curved line in red) interacts with the protease domain of NS3 (shown as a small blue ball). The bigger
whitish-blue ball represents the helicase domain of NS3 protein. The rest of the RC is shown as an intact, membrane-bound structure in mint-green color. (B)
ACH-806 triggers a local conformational change(s) on NS4A (represented as a thick green line with a hypothetic position) that results in the formation of p14
(a dimer of NS4A) and degradation of NS4A shown in panel C. Without NS4A, NS3 in RCs (a “free form” shown in panel C) is not stable. The degradation of
NS3 and NS4A leads to the rest RCs (shown in panel D) defective for HCV RNA replication.
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