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interaction of RIG-I with ZNF598 or RNF135 in HEK293FT
cells by immunoprecipitation (data not shown). RNF135 was
previously annotated by the genome project and was recently
found to be a cause of a genetic disease, neurofibromatosis,
although its protein function was unknown. We renamed the
protein Riplet (RING finger protein leading to RIG-1 activation)
based on the following functional analyses. Riplet was most
similar to TRIM25 (60.8% sequence homology), in particular
between their RING finger domains PRY or SPRY (Fig. 1B).
Phylogenetic analysis also supported the notion that Riplet was
similar to TRIM25 (Fig. 1C). Thus, we hypothesized that, like
TRIM25, Riplet is a ubiquitin ligase.

Expression of Riplet—RIG-I mRNA is induced by type I IFN
or poly(I-C) stimulation in mammalian cells. Unlike RIG-I,
however, Riplet mRNA was basally expressed in HeLa and pri-
mary-cultured MRC-5 cells irrespective of stimulation (Fig. 1D
and data not shown). On the other hand, when we treated bone
marrow-derived dendritic cells with poly(I-C), the basal level of
Riplet mRNA was increased by the stimulation (Fig. 1D), sug-
gesting that the regulatory mechanism of Riplet expression
somewhat differs among cell types, and that Riplet is expressed
before virus infection in some cell types. Next we performed
Northern blotting of human tissue RNA. Riplet mRNA was
detected as a single band of 2.4 kbp, which is slightly longer than
the RNF135 cDNA sequence deposited in GenBank™ (acces-
sion number AB470605). Human RIPLET is expressed in
human skeletal muscle, spleen, kidney, placenta, prostate,
stomach, thyroid, and tongue and also weakly expressed in
heart thymus, liver, and lung (Fig. 1E).

Riplet Enhances RIG-I-mediated IFN-B Induction—At first
we characterized the role of Riplet in RIG-I-mediated IFN
inducing signaling by reporter gene analyses. When RIG-I was
expressed in HEK293 cells, reporter auto-activation was
observed even in the absence of exogenous stimulation (Fig.
2A) as reported previously (25, 26). Stimulation with poly(I-C)
further enhanced the promoter. Co-expression of Riplet with
RIG-1 potentiated activation of the IFN-B promoter, whereas
expression of Riplet alone resulted in only marginal activation
(Fig. 24). Detection of endogenous IFN-8 mRNA confirmed
that Riplet enhanced RIG-I-mediated activation of IFN- tran-
scription (supplemental Fig. S1). The enhancing role of Riplet
in IFN-B promoter activation was also supported by activation
of IRE-3 and NF-«B by Riplet (Fig. 2, B and C}. In contrast,
expression of a Riplet partial fragment (Riplet-DN) (70—-432
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amino acids) that lacked the N-terminal RING finger domain
reduced promoter activation (Fig. 2E). The Riplet-1249fs
mutant protein, which was isolated from neurofibromatosis
patients (27), did not increase the RIG-I-mediated promoter
activation (Fig. 2D). These data indicate that Riplet augments
RIG-I-mediated IFN-B promoter activation, and that both the
RING finger domain and the C-terminal region encoding the
SPRY and PRY motifs are important for its function. Riplet
(residues 70— 432) acted as a dominant-negative form (hereaf-
ter called Riplet-DN) (Fig. 2, Eand F, left panel). This functional
feature of Riplet-DN was confirmed in Fig. 2, B and C, and was
later confirmed through RIG-I co-precipitation and ubiquitina-
tion analyses (see Fig. 5C and supplemental Fig. S4C). Expres-
sion of Riplet-DN did not reduce TLR3 or MDAGS signaling (Fig.
2E), suggesting that Riplet-DN is specific for RIG-I signaling.
Interestingly, the Riplet-DN only partially suppressed the func-
tion of the C-terminal deleted RIG-I (dRD), which is a consti-
tutively active form (Fig. 2F, right panel), and RIG-1 CARD-like
region (dRIG-I)-mediated signaling in high or low dose trans-
fection of dRIG-I was barely inhibited by overexpression of Rip-
let-DN (Fig. 2F, center panel). These data suggest that Riplet
requires the RIG-I C-terminal domain (RD) and partial helicase
region to activate RIG-I signaling.

Endogenous Riplet Promotes the RIG-I Signaling—We per-
formed Riplet knockdown by siRNA Riplet using Lipo-
fectamine 2000 reagents, instead of FuGENE HD, to reveal the
function of endogenous Riplet. Two siRNAs (Riplet siRNA and
Riplet si-1) that target different sites of the Riplet mRNA and
two control siRNAs were used for knockdown analyses. The
two siRNA or control siRNA were co-transfected with HA-
tagged Riplet expression vector into HEK293 cells, and after
48 h, cell lysate was prepared and analyzed by Western blotting
with anti-HA antibody detecting Riplet. The two siRNAs tar-
geting Riplet abolished exogenously expressed Ripelt-HA, but
control siRNA did not (supplemental Fig. $3). Likewise, both
Riplet siRNA and Riplet si-1 specifically down-regulate the
level of endogenous Riplet mRNA (Fig. 3, A and B).

Using the siRNA, we examined whether Riplet knockdown
reduces RIG-I signaling. As expected, RIG-I-mediated IFN-
promoter activation was reduced by Riplet siRNA or Riplet si-1
compared with control siRNA (Fig. 3, A and B), indicating that
Riplet is required for full activation of the RIG-I signaling.
Vesicular stomatitis virus (VSV} is a negative-stranded RNA
virus that induces IEN-B production via RIG-1 (3). Although the

FIGURE 2. Riplet enhances IFN-B signaling mediated by RIG-1. A, Riplet enhances the promoter activation by RIG-I. HEK293 cells were transfected with
plasmids encoding empty vector, RIG-1 (0.1 ug) and Riplet (0.025, 0.05, or 0.1 ng) together with p125-luc (IFN-B promoter) reporter plasmid in 24-well plates.
54 h after transfection, the cells were treated with mock or poly(I-C) (50 pg/ml) for 4 h as described under “Experimental Procedures,” and then luciferase
activities of cell lysates were measured. Closed or open boxes represent poly(I-C) or mock stimulation, respectively. 8, to examine the activation of IRF-3, RIG-1{0.1
19), Riplet (0.1 g), and/or Riplet-DN {0.1 pg),expressing vectors were transfected into HEK293 cells with reporter plasmids, GAL4 fused IRF-3 (0.05 pg), and the

p55 UASG-luc reporter gene (0.05 pg), in which luciferase reporter gene is

fused downstream of GAL4 protein-binding site, and therefore activated IRF-3

promotes the transcription of luciferase reporter gene. The celis were stimulated with poly(l-C) as described above (34). The total amount of transfected DNA
(0.5 pg/well) was kept constant by adding empty vector (pEF-BOS). C, HEK293 cells were transfected with RIG-1 (0.1 1g), Riplet (0.1 pg), and/or Riplet-DN (0.1
g) expressing vectors together with the NF-kB reporter plasmid (0.1 pg), and 24 hlater, the luciferase activities of cell lysates were measured. D, Riplet-1.248fs,
which lacks the C-terminal region, did not enhance the activation at all. HEK293 cells were transfected with the plasmids expressing wild-type Riplet (0.1 ug)
or Riplet-L248fs (0.1 j1g) together with RIG-l expressing vector (0.1 1£a) and p125-lucreporter (0.1 ug). 24 h after transfection, cellwere stimulated with poly(l-C),
and the luciferase activities of cell lysates were determined as described above. £, RIG-1 (0.1 1.9), MDAS (0.1 pg), or TLR3 (0.1 1g) expressing vectors were
transfected into HEK293 cells with the plasmid encoding the Riplet-DN fragment (0.1,0.2, 0r 0.3 ug) in 24-well plates. After 24 h, the cells were stimulated with
50 pg of poly(l-C) for4 h,and relative luciferase activities were determined. F, Riplet-DN (100 ng) was co-transfected with full-length RIG-1{0, 50, 100, or 200 ng),
RIG-| CARD-like region (dRIG-1) (0, 50, 100, or 200 ng), or C-terminal deleted RIG-1 {RIG-1 dRD} (0, 50, 100, or 200 ng) into HEK293 cells in 24-well plate, and reporter

gene assays were carried out.
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FIGURE 3. Knockdown analyses of Riplet. A, p125 luc reporter plasmid (0.1 ug), RIG-l expressing vector (0.1
19), and Riplet siRNA or control siRNA (10 pmol), which were purchased from Funakoshi Co. Ltd., were trans-
fected into HEK293 cells in a 24-well plate with Lipofectamine 2000, and 48 h after transfection, the cells were
stimulated with poly(1-C) for 6 h, and the cell lysate was prepared, and luciferase activities were measured.
RT-PCR was carried out using total RNA extracted from cells 48 h after transfection. B, p125 luc reporter plasmid
(0.1 1), RIG-l expressing vector (0.1 ug), and siRNA, Riplet si-1, or control si-1 (10 pmol), which were purchased
from Applied Biosystems, were transfected into HEK293 cells with Lipofectamine 2000. 48 h after transfection,
the cells were stimulated with poly(i-C) for 6 h. The cell lysate was prepared, and luciferase activities were
measured. RT-PCR was carried out using total RNA extracted from cells 48 h after transfection. C, HEK293 cells
were transfected with the plasmids expressing RIG-1 (0.1 ng) and/or Riplet (0.1 pg) with p125 luc reporter
plasmid (0.1 p1g) in 24-well plates. After 24 h, the cells were infected with VSV (m.o.i. = 1) for 12 h. The luciferase
activities of the cell lysates were measured. Expression of Riplet strongly enhanced IFN-8 promoter activation
by VSV through RIG-1. D-F, siRNA {control si- or Riplet si-1) were transfected into HEK293 cells, and after 48 h,
the cells were infected with VSV at m.o.i. = 1. RNA was extracted at the indicated hours, and the quantitative
PCR were carried out to detect the expression of IFN-B (D), IFIT-1 (E), or Mx1 (F) mRNA. *, p < 0.05. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

Hours after VBV infechon (MO = 1

IFN-B promoter was only minimally activated by RIG-I in

Riplet was silenced by siRNA and
then VSV infected the cells. VSV-
derived up-regulation of IFN-8
mRNA was started around 6 h post-
infection, and Riplet siRNA signifi-
cantly suppressed the increase of
IFN-B mRNA at 6 h (Fig. 3D).
Because VSV infection is mainly
sensed by RIG-I, this is consistent
with the notion that Riplet pro-
motes the RIG-I signaling. Other
IFN-inducible genes, IFITI and
MX1, were expressed >8 h post-in-
fection, and their expressions were
also suppressed by Riplet siRNA
(Fig. 3, Eand F).

Riplet Exerts Protective Activity
against Viral Infection—Next we
examined the role of Riplet during
viral infection. Riplet and/or RIG-I
were transiently expressed in the
human cells by FuGENE HD
reagents, and then the cells were
infected with VSV or poliovirus (a
positive-stranded RNA virus). The
viral titer of the supernatant was
determined 24 h post-infection.
Under our conditions, expression of
RIG-I weakly inhibited VSV propa-
gation. Co-expression of Riplet with
RIG-I significantly suppressed VSV
replication especially at low m.o.i.,
whereas Riplet alone did not sup-
press VSV (Fig. 4, A and B, upper
panel). Therefore, a sufficient
amount of RIG-I protein is required
for Riplet to exert antivirus activity.
This requirement of RIG-I is also
observed in reporter gene analyses
(Fig. 2). Under a similar setting, the
antiviral effect of Riplet was margin-
ally observed against poliovirus,
which induces IFN-8 largely via
MDAS5 (Fig. 4B, lower panel). To
assess the importance of endoge-
nous Riplet for antivirus effect of
human cells, Riplet knockdown cells
were infected with viruses. In Riplet
knockdown cells, the VSV titer was
consistently increased compared
with the control (p < 0.05) (Fig. 4C,
left panel). In addition, infection of
Riplet knockdown cells with polio-
virus resulted in only a slight
increase in the poliovirus titer com-

pared with the control (p > 0.05) (Fig. 4C, right panel). Because polio-

response to VSV (m.o.i. = 1) during the early phase of infection  virus is mainly recognized by MDAS5 but not RIG-1, this marginal

(<12h), the activity was increased by RIG-I and Riplet (Fig. 3C).
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effect of Riplet on poliovirus infection was within expectation (3, 28).
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FIGURE 4. Suppression of RNA viruses by Riplet. A, HEK293 cells were
transfected with RIG-I (0.1 ng) and/or Riplet (0.1 ng) expressing vectors.
The total amount of transfected DNA (0.5 pg/well) in each well was kept
constant by adding empty vector (pEF-BOS). 24 h after transfection, the
cells were infected with VSV at m.o.i. = 0.1, and after 0, 18, or 24 h, CPEwas
observed by microscope. B, RIG-1 (0.1 ug) and/or Riplet (0.1 ng) expressing
plasmids were transfected to HEK293 celis in 24-well plates and incubated
for 24 h. The total amount of transfected DNA (0.5 pg/well) in each well
was kept constant by adding empty vector (pEF-BOS). The cells were
infected with VSV (upper panel) or poliovirus (PV) {lower panel) at the indi-
cated m.o.i. The viral titers in the cuiture media were measured 24 h after
infection by plaque assay. Error bars represent standard deviation (n = 3).
* p < 0.05.C, control or Riplet knockdown HEK293 cells were infected with
VSV {left panel) or poliovirus (right panel) at m.o.i. = 0.1. The viral titers in
the culture media were measured 26 h after infection by plaque assays.
Knockdown of Riplet induced higher VSV titers compared with control
{p < 0.05), but the increase observed in poliovirus-infected Riplet knock-
down cells was not significant (p > 0.05).
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Riplet and Riplet-DN Bind the Helicase and RD Regions of
RIG-I—Yeast two-hybrid analysis showed that a C-terminal
region of Riplet bound to the C-terminal region of RIG-1. This
cytoplasmic interaction between Riplet and RIG-I was con-
firmed by confocal microscopy in HeLa cells (supplemental Fig.
$2). To further confirm the physical binding of Riplet to RIG-1
in human cells, we carried out immunoprecipitation analyses.
Full-length Riplet was co-immunoprecipitated with RIG-I (Fig.
5B), indicating that Riplet binds directly to RIG-I in human
cells.

To determine the region responsible for the RIG-I-Riplet
interaction, we constructed a RIG-1 and Riplet deletion series as
shown in Fig. 5A. Riplet-DN also bound to RIG-I (Fig. 5, B and
(), indicating that the RING finger domain is dispensable for
the RIG-I-Riplet interaction. This is consistent with the notion
that the RING finger domain in ubiquitin ligase proteins is
required for their interactions with ubiquitin-conjugating
enzymes (29). Unlike TRIM25, Riplet and Riplet-DN failed to
co-precipitate the two CARD domains of RIG-I (dRIG-1) (Fig.
5D). However, co-precipitation of the RIG-1C or RIG-RD frag-
ments was observed (Fig, 5, E and F). RD-deleted RIG-I (RIG-1
dRD) weakly associated with Riplet (Fig. 5G). Taken together,
Riplet preferentially binds the RD and also weakly associates
with the helicase region of RIG-I with its C terminus. Reporter
gene analyses show that Riplet-DN only weakly suppresses
RIG-I signaling and barely suppresses dRIG-1, which contains
neither helicase nor RD region. Therefore, the physical interac-
tion is correlated with the results of reporter activity.

Riplet Promotes Ubiquitination of RIG-I—Because Riplet
shares 60% sequence similarity with TRIM25, we hypothesized
that Riplet ubiquitinates RIG-1 and that this modification leads
to activation of RIG-I signaling. To test this hypothesis, we
examined RIG-I ubiquitination. As expected, ubiquitination of
RIG-1 was increased by co-expression of Riplet under two dif-
ferent conditions (Fig. 6, A and B). The quantity of RIG-1 ubiq-
uitination was significantly high in the presence of Riplet (Fig.
6C). RIG-I ubiquitination was suppressed if Riplet was replaced
with Riplet-DN (Fig. 6D and supplemental Fig. $4C). However,
unlike TRIM25, Riplet binds to the C-terminal region of RIG-1.
Therefore, we examined whether Riplet ubiquitinates the
C-terminal region. We found that ubiquitination of RIG-1C was
enhanced by Riplet expression (Fig. 6E). Both RIG-I dRD and
RIG-1 RD were also ubiquitinated by expression of Riplet (Fig.
6F; supplemental Fig. S44 and S5), suggesting that Riplet pro-
motes ubiquitination of the helicase and RD domains of RIG-1
in a manner distinct from TRIM25.

Ubiquitin is polymerized through its lysine residue. Lys-63-
linked polyubiquitination is frequently observed in signal trans-
duction pathways (30). In contrast, Lys-48-linked polyubiquiti-
nation usually leads to the degradation of protein through the
proteasome. Indeed, TRIM25-mediated Lys-63-linked poly-
ubiquitination activates the CARD-like region of RIG-1, and
RNF125-mediated Lys-48-linked polyubiquitination leads to
the degradation of RIG-I (23, 25). We used K48R or K63R
mutated ubiquitin and found that K48R was incorporated nor-
mally into RIG-IC, whereas polyubiquitination was decreased
by K63R (supplemental Fig. $4B). K63R mutation abolished
RIG-1 RD polyubiquitination by Riplet (Fig. 6F). These data
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FIGURE 5. Physical interaction of Riplet with RIG-1. 4, schematic representation of RIG- or Riplet fragments used
for immunoprecipitation analyses. B, HA-tagged Riplet (0.4 ug) or Riplet-DN (0.4 pug) were transfected into
HEK293FT cells in a 6-well plate with FLAG-tagged RIG-1 (0.4 u.g). HA-tagged Riplet or Riplet-DN were immunopre-
cipitated (/P) with anti-HA antibodies, and samples were analyzed by Western blotting (WB8) using an anti-FLAG or
anti-HA antibody. The total amount of transfected DNA (2 ng/well) was kept constant by adding empty vector
(pEF-BOS). C, HA-tagged Riplet-DN (0.4 nug) and FLAG-tagged RIG-1 (0.4 ng) were transfected into HEK293FT cells in
a 6-well plate. RIG- was immunoprecipitated with anti-FLAG antibody, and samples were analyzed by Western
biotting using an anti-FLAG or -HA antibody. The total amount of transfected DNA (2 ug/well) was kept constant by
adding empty vector (pEF-BOS). D-F, interaction of HA-tagged Riplet or Riplet-DN with FLAG-tagged dRIG-| (D),
RIG-IC (E), or RIG-I RD (F) was examined using immunoprecipitation assays. The proteins were expressed in
HEK293FT cells, and HA-tagged Riplet was immunoprecipitated with anti-HA antibody, and samples were analyzed
by Western blotting using an anti-FLAG or -HA antibody. G, FLAG-tagged RIG-1RD (0.4 ug) or RIG- dRD {0.4 j.g) was
transfected with HA-tagged Riplet (0.4 g} into HEK293 FT cells in a 6-well plate, and 24 h after transfection, immu-
noprecipitation was performed with anti-FLAG antibody and analyzed by Western blotting. The total amount of
transfected DNA (2 pg/well) was kept constant by adding empty vector (pEF-BOS). WCE, whole cell extract.
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indicates that Riplet mediates Lys-
63-linked polyubiquitination of the
RIG-I C-terminal helicase and RD
region. Because Riplet-DN reduced
the RIG-I-mediated signaling, we
examined whether Riplet-DN
reduced the RIG-I ubiquitination.
As expected, Riplet-DN reduced
RIG-I ubiquitination (Fig. 6D and
supplemental Fig. S4C). These ubiq-
uitination assay data are consistent
with the notion that Riplet-medi-
ated Lys-63-linked polyubiquitina-
tion of RIG-1 is required for full acti-
vation of RIG-I signaling.

We tried to determine the ubiq-
uitination sites of RIG-I using Lys-
to-Ala (KA)-converting mutants.
RIG-I has 25 Lys residues in its
C-terminal region. These Lys resi-
dues of RIG-I were in turn mutated
to Ala, and the degree of ubiquitina-
tion and IFN-B-inducing activity
were determined with each mutant.
RIG-I-mediated IFN-B8 promoter
activation was normally augmented
by co-expression of Riplet and 3KA
RIG-I Co-expression of Riplet and
5KA, however, and the ubiquitina-
tion level of RIG-I and IFN-B-in-
ducing activity were simultaneously
decreased (Fig. 7, A and C). Riplet-
dependent augmentation of IFN-3
promoter activation was largely
suppressed when RIG-I was replaced
with 5KA RIG-I (Fig. 7B). Therefore,
Lys-849 and Lys-851 of RIG-I were
crucial for RIG-1 ubiquitination by
Riplet. The results confirmed the
importance of ubiquitination of spe-
cific Lys residues in the C-terminal
region of RIG-I and for RIG-I-medi-
ated IFN-8 induction.

DISCUSSION

RIG-I plays a central role in the
recognition of cytoplasmic viral
RNA and is regulated by modifica-
tion by small modifier ubiquitin
or ubiquitin-like protein, ISG15,
TRIM25 mediates Lys-63-linked
polyubiquitination, which is essen-
tial for RIG-I activation (23), and
RNF125 mediates Lys-48-linked
polyubiquitination (25). RIG-I also
harbors ISG15 modification, al-
though the role of ISG15 modifica-
tion in vivo remains to be deter-
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FIGURE 6. Ubiquitination of RIG-I by Riplet. A and 8, FLAG-tagged RIG-1 (0.4 png), Riplet (0.4 pg), and
HA-tagged ubiquitin (0.4 j.g) expressing vectors were transfected into HEK293FT cells in 6-well plates. The
total amount of transfected DNA (2 g/well) was kept constant by adding empty vector (pEF-BOS). FLAG-
tagged RIG-1 was immunoprecipitated (IP) using an anti-FLAG antibody, and washed with the buffer
containing 150 mm NaCl (A) or 1 M NaCl (B). The immunoprecipitates were separated with 8% acrylamide
gel and analyzed by Western blotting (WB) using antibodies against HA tag (ubiquitin) or FLAG (RIG-1).
Riplet was co-immunoprecipitated with FLAG-tagged RIG-1in A but could not co-immunoprecipitate in 8
because of high salt condition. Expression of Riplet enhanced the ubiquitination of RIG-1. Different gel
conditions were employed in A and B. , ubiquitinated RIG-I was quantitated with NIH image software. *%,
p < 0.01. D, FLAG-tagged RIG- (0.4 pg) was transfected into HEK293 FT cells in a 6-well plate with
HA-tagged Riplet (0.4 11g) or Riplet-DN (0.4 pg) and HA-tagged ubiquitin, and immunoprecipitation was
carried out with anti-FLAG antibody. The total amount of transfected DNA (2 pg/well) was kept constant
by adding empty vector (pEF-BOS). The samples were analyzed with 10% acrylamide gel to clearly sepa-
rate Riplet from Riplet-DN and stained by Western blotting. £, ubiquitination of RIG-IC was also promoted
by Riplet expression. HEK293FT cells were transfected with the plasmids encoding RIG-IC (0.4 ug), Riplet
(0.4 1g), and/or HA-tagged ubiquitin (0.4 pg)ina 6-well plate, and 24 h after transfection, cell lysates were
prepared. The total amount of transfected DNA (2 ug/well) was kept constant by adding empty vector
{pEF-BOS). FLAG-tagged RIG-ICs were immunoprecipitated with anti-FLAG antibodies, and the proteins
were analyzed by Western blotting. F, Ub-K63R are HA-tagged ubiquitin in which the lysine 3 residues
were substituted with arginine, The HA-tagged Ub-K63 expressing vectors (1.2 19), FLAG-tagged RIG-IC
(0.4 pg), and/or Riplet (0.4 pg} were transfected into HEK293FT cells in 6-well plates and analyzed as
shown in A-D. The total amount of transfected DNA (2 ng/well) was kept constant by adding empty vector
{pEF-BOS). Ub-K63R was not incorporated into polyubiquitin chain of RIG-| RD. WCE, whole cell extract.
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mined (21, 22, 31). Although Riplet
and TRIM25 share 60% sequence
similarity, the ubiquitination of
RIG-I by Riplet is distinct from that
by TRIM25; Riplet ubiquitinates the
C-terminal region of RIG-1, whereas
TRIM25 ubiquitinates its CARD-
like region. These findings are also
supported by the fact that neither
Riplet nor Riplet-DN promoted or
inhibited the activation of the IFN-f3
promoter by expression of the RIG-I
CARD-like region {data not shown).
It has been reported that ubiquitina-
tion of the CARD-like region of
RIG-1by TRIM25 is critical for RIG-
I-IPS-1 signaling (23). However,
how this CARD ubiquitination is
essential for activation of IPS-1 by
RIG-I remains undetermined. Here
we emphasize the importance of
RIG-I C-terminal ubiquitination for
IFN-B induction and the antiviral
response. Because the C-terminal
RD region inhibits the IFN inducing
activity of the CARD-like region of
RIG-], it is reasonable that RIG-I
C-terminal ubiquitination by Riplet
inhibits the conversion from the
active to inactive form of RIG-1 pro-
tein after binding to viral RNA. This
initial stabilization of RIG-I via
ubiquitination by Riplet would pro-
vide a sufficient structure for RIG-1
to maintain the accessibility to
TRIM?25 and facilitate TRIM25-me-
diated ubiquitination of the CARD-
like region of RIG-1, which may lead
to potential activation of IPS-1.
RIG-I is an IFN-inducible RNA
helicase that is expressed at ex-
tremely low levels in resting cells (6).
Initial penetration of viruses allows
generation of 5'-triphosphate RNA
and/or double strand RNA followed
by induction of IFN-B production.
This early response to viral infec-
tions triggers up-regulation of RIG-
I/MDA5 and TLR3, leading to
robust IEN- production (3, 32, 33).
We favor the interpretation of our
present findings that during the
early stages of viral infection with
trace amounts of RIG-I and viral
RNAs, Riplet helps host cells rear-
range RIG-I conformation to acti-
vate IPS-1. This issue will need fur-
ther proof because it is difficult to
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FIGURE 7. The C-terminal two lysine residues of RIG-1 are important for ubiquitination by Riplet. A, RIG-|
C-terminal lysine residues were substituted with alanine. RIG-| 3KA mutant protein harbors the triple muta-
tions, K888A, K907A, and K909A. The five lysine residues, Lys-849, Lys-851, Lys-888, Lys-907, and Lys-909, were
replaced with alanine in RIG-I 5KA mutant. The plasmid carrying wild-type (100 ng/well), RIG-I 3KA (100
ng/well), RIG-l 5KA (100 ng), or Riplet (100 ng) were transfected into HEK293 cells in a 24-well plate together
with p125 luc reporter plasmid (100 ng/well). The amount of transfected DNA was kept constant by adding
empty vector. After 24 h, the luciferase activities were measured. B, wild-type RIG-1 (100 ng), RIG-1 5KA mutant
(100 ng), or empty vector (100 ng) was transfected into HEK293 cells in a 24-well plate together with p125 luc
reporter plasmids and HCV 3'-untranslated region poly(U/UC) RNA (25 ng), which is synthesized in in vitro
transcription by T7 RNA polymerase. The amount of transfected DNA was kept constant by adding empty
vector. 24 h after transfection, luciferase activities were measured. RIG-| 5KA mutant hardly responded to
poly(U/UC) RNA. C, to observe the ubiquitinated RIG-1 more clearly, we used 800 ng/well of Riplet and HA-Ub
expression vector for the following transfection. HEK293FT cells in a 6-well plate were transfected with the
plasmids encoding RIG- (400 ng/well), RIG-1 5KA (400 ng/well), Riplet (800 ng/well), and/or HA-Ub (800
ng/well). The total amount of DNA was kept constant by adding the empty vector. 24 h after the transfection,
the cell lysates were prepared, and the immunoprecipitation was carried out using anti-FLAG antibodies. The
immunoprecipitates were analyzed by Western blotting with anti-HA or FLAG antibodies.

organs tested. Ubiquitination of
RIG-I induced by poly(I-C) or
viruses was accelerated in cells
pre-transfected with Riplet. Hence,
Riplet works case-sensitive to up-
regulate RIG-I antiviral activity pre-
dominantly in some organs. The
physiological meaning of this re-
sponse will be clarified by knock-
out study.

Unexpectedly, the siRNA experi-
ments were not robust with regard
to VSV replication. Possible expla-
nations for this are as follows: 1) the
degree of gene silencing is not so
profound that the proteins remain
in the cells; 2) there are a number of
virus-mediated IFN-inducing path-
ways capable of compensating each
other, so that disruption of one fac-
tor does not cause a profound effect
on VSV replication. Furthermore,
in VSV-infected Riplet-knockdown
cells, IFN-B levels were reduced
even at m.oi. = 1 (Fig. 3D), and
accordingly, virus susceptibility was
increased at m.o.i. = 0.1 (Fig. 4C),
whereas in Riplet-overexpressing
cells, antiviral activity was observed
only at low m.o.i. (Fig. 4B). We used
different transfection reagents and
cell conditions in the knockdown
and overexpression experiments to
obtain high transfection efficiency
in each. These conditional differ-
ences in knockdown and overex-
pression analyses might cause part
of the discrepancy between the two
results on Riplet antiviral activity.
Another possibility to explain the
apparent inconsistencies between
overexpression and knockdown
analyses is that high amounts of
Riplet efficiently activate the RIG-I
signaling, but low amounts are
insufficient for RIG-1 activation in
high m.o.i.-infecting human cells.

visualize RNRs and viral RNAs in the early infection stage and
to understand the mechanisms that allow viruses to uncoat into
naked viral RNA and to replicate.

We have provided several lines of evidence indicating that
Riplet complements RIG-I-mediated IFN-B induction upon
viral infection by both Riplet siRNA and overexpression analy-
ses. The C-terminal lysines (849 and 851) of RIG-I are critical
for Riplet-mediated RIG-I ubiquitination. However, our data
indicate that Riplet alone was unable to induce IFN-B produc-
tion and essentially required RIG-I to confer [FN-8 induction.
Furthermore, Riplet is not ubiquitously distributed over the
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High amounts of Riplet with overexpressed RIG-I would confer
the ability on cells to respond to very low amounts of VSV as
observed in the low m.o.i. experiments. Again, riplet knock-out
mice would reveal whether it is absolutely required for potential
RIG-I activation.

How viral RNAs select RIG-I rather than dicers or the trans-
lation machinery is also unknown. During natural infection it is
likely that the number of the initial invading virions would be at
most several copies/cell. Uncoated viral RNA may assemble a
complex consisting of viral and host molecules required for
replication. We assume that cells are equipped with various
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molecular arms to sensitively detect viral RNA. The molecular
complexes sensing viral RNA may not be so simple that we will
be able to identify more molecules than Riplet as enhancers for
integral RNA recognition. In either case, yeast screening will be
a good strategy to pick up such proteins in other RNA recogni-
tion systems. A molecular switch selecting IFN induction by
virus RNA will then be clarified.

We show that the ubiquitination sites targeted by Riplet are
the helicase and RD domains of RIG-I but not its CARD-like
domains in contrast to TRIM25. Riplet may be a complement
factor of the reported TRIM25 function for RIG-I activation
(23). A previous report (25) failed to polyubiquitinate the RIG-1
protein by TRIM25 alone. If Riplet were added to TRIM25 for
RIG-I ubiquitination in the previous study, Riplet would have
enabled TRIM25 to polyubiquitinate the RIG-I CARD-like
region. Further studies using TRIM25 and Riplet will be
required to clarify this point.

Based on our results, we propose that RIG-I-like receptors
form a molecular complex that efficiently recognizes low copy
numbers of viral RNA. Riplet is implicated in the RIG-I com-
plex to enhance viral RNA response in some organs. In this
context, MDAS5-associated molecules might also exist in the
cytoplasm to augment IFN output. Although MDAS possesses
the RD domain, it fails to recruit Riplet (data not shown) or
augment IFN-B-induction in conjunction with Riplet (Fig. 2E).
Because RLR-associated molecules naturally reside in cells and
facilitate inhibition of low dose viral infection until RLRs
become expressed, they may be useful therapeutic targets for an
early phase antiviral immunotherapy.
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Oncostatin M (OSM), a member of the interleukin-6 family, possesses various functions, including
hepatocyte differentiation and suppression of melanoma cell growth. Here, we report anti-hepatitis
C virus (HCV) activity of OSM as a new function of this cytokine. OSM possessed marked anti-HCV
activity (50% effective concentration: 0.71 ng/ml) in an HCV RNA replication cell culture system.
The most striking finding is that OSM exhibited synergistic inhibitory activity on interferon (IFN)-
o even at a low concentration with weak anti-HCV activity, such as 25 pg/ml. OSM is a candidate
anti-HCV reagent and may improve the current IEN therapy for patients with chronic hepatitis C.

© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Currently the combination therapy of pegylated-interferon-o
(PEG-IFN-a) with ribavirin (RBV) is available for patients with
chronic hepatitis C (CH C). However, the sustained virological re-
sponse (SVR) rate is still approximately 55% [1]. There is thus an
urgent need for novel partners for IFN.

Oncostatin M (OSM) belongs to the interleukin (IL)-6 family,
which also includes IL-6, IL-11, IL-27, ciliary neurotrophic factor,
cardiotrophin-like cytokine, cardiotrophin-1, neuropoietin and
leukemia-inhibitory factor (LIF) [2,3]. OSM was first reported as a
cytokine produced from U-937 lymphoma cells, when it was found
to inhibit the growth of melanoma cells [4]. The IL-6 family mem-
bers share glycoprotein 130 (gp130) for signal transduction, and
the OSM receptor consists of gp130 and its unique OSMR [5].
Recently it was reported that the IL-31 receptor also contains
OSMR and forms a heterodimer with IL31RA [6]. OSMR and
gp130 are highly expressed in liver, and OSM plays a significant
role in the differentiation and regeneration of liver [7,8]. Therefore,

Abbreviations: SVR, sustained virological response; CH C, chronic hepatitis C;
ECsp, 50% effective concentration; EMCV, encephalomyocarditis virus; gp130,
glycoprotein 130; HCV, hepatitis C virus; PEG-IFN, pegylated-interferon; IL,
interleukin; IRES, internal ribosomal entry site; LIF, leukemia-inhibitory factor;
NS, non-structural; OSM, oncostatin M; RBV, ribavirin; RL, Renilla luciferase; RT-
PCR, reverse transcription-polymerase chain reaction; STAT, signal transducer and
activator of transcription

* Corresponding author. Fax: +81 86 235 7392.
E-mail address: maikeda®md.okayama-u.ac.jp (M. lkeda).

OSM was used as a reagent for the differentiation of hepatocytes
in vitro.

Here, we have found that OSM's anti-hepatitis C virus (HCV)
activity is a new function of this cytokine. OSM synergistically
inhibited HCV RNA replication in combination with IFN-o even at
a low concentration with weak anti-HCV activity (20% inhibition).
OSM may improve the current PEG-IFN-o and RBV therapy for pa-
tients with CH C and provide a clue toward understanding the di-
verse sensitivity to IFN therapy.

2. Materials and methods
2.1. Compounds and antibodies

IFN-o was purchased from Sigma (St. Louis, MO). OSM and IL-31
were purchased from R&D Systems (Minneapolis, MN). IL-6 was
purchased from Acris Antibodies (Herford, Germany). LIF was pur-
chased from Chemicon International (Temecula, CA). Anti-HCV
core antibody (CP11) was purchased from the Institute of Immu-
nology (Tokyo, Japan), and anti-HCV non-structural 5A (NS5A)
antibody was the generous gift of Dr. A. Takamizawa (Research
Foundation for Microbial Diseases, Osaka University). Anti-B-actin
antibody was purchased from Sigma. Anti-signal transducer and
activator of transcription (STAT) 1 and anti-STAT3 antibodies were
purchased from BD Bioscience (San Jose, CA). Anti-phospho-STAT1
(Y701) and anti-phospho-STAT3 (Y705) were purchased from Cell
Signaling Technology (Danvers, MA).

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.2. Cell culture

The ORS6 cell line is cloned from ORN/C-5B/KE (strain O of geno-
type 1b) RNA replicating HuH-7 cells, as described previously [9].
OR6c cells are cured OR6 cells from which HCV RNA was
eliminated by IFN-a treatment, as previously described [10].
HCV-O/RLGE (strain O) is the authentic HCV RNA containing adap-
tive mutations of Q1112R, P1115L, E1202G, and K1609E in the NS3
region and replicates efficiently in OR6¢ cells {11]. Li23 and PH5CH
cells were cultured as previously described [12].

2.3. ORG6 reporter assay

For the Renilla luciferase (RL) assay, 1.5 x 10* OR6 cells were
plated onto 24-well plates in triplicate and pre-cultured for 24 h.
The cells were treated with OSM and/or IFN-a for 72 h. After the
treatment, the cells were harvested with Renilla lysis reagent (Pro-
mega, Madison, WI) and subjected to RL assay according to the
manufacturer's protocol.

2.4, Cell growth assay

To examine OSM’s activity in OR6 cell growth, 6.0 x 10* OR6
cells were plated onto 6-well plates in triplicate and were pre-cul-
tured for 24 h. The cells were treated with OSM for 72 h, and then
the number of viable cells was counted after trypan blue dye treat-
ment, as previously described {13].

2.5. Reverse transcription and polymerase chain reaction (RT-PCR)
RT-PCR for gp130, OSMR, LIFR, IL6R, IL31RA and glyceraldehyde-
3-phosphate dehydrogenase was performed by a method described

previously [14]. Briefly, using cellular total RNAs (2 pg), cDNA was
synthesized using M-MLV reverse transcriptase with oligo dT pri-
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mer. One-tenth of the synthesized cDNA was subjected to PCR with
the specific primer pairs (Supplementary materials).

2.6. Western blot analysis

For Western blot analysis to detect the expression of core and
NS5A, 4 x 10 OR6c cells harboring HCV-O/RLGE RNA were plated
onto 6-well plates and cultured for 24 h, and then were treated
with [FN-o andfor OSM for 72 h. To detect the STATs and phos-
phorylated STATSs, 5 x 10° OR6 cells were plated onto 6-well plates
and cultured for 24 h, and then were treated with IFN-o and/or
OSM. Preparation of the cell lysates, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and immunoblotting were then
performed as previously described [15].

3. Results
3.1. OSM inhibited HCV RNA replication in hepatoma cell line

We have tried to develop differentiated hepatocytes from
mesenchymal stem cells using OSM as the differentiation reagent
to establish the cell culture system for HCV RNA replication. We
tested the reagents needed for differentiation, including OSM, to
rule out negative activity for HCV RNA replication. In the course
of this procedure, we happened to find that OSM possessed
marked anti-HCV activity by using our developed full-length
HCV RNA replication reporter system (OR6 assay system) [9].
This system enabled the prompt and precise evaluation of HCV
RNA replication levels (Fig. 1A). OSM exhibited marked anti-
HCV activity at a low concentration (50% effective concentration
(ECso): 0.71 ng/ml) (Fig. 1B) without cytotoxicity (Fig. 1C). OSM'’s
anti-HCV activity was maintained at least until 96 h after a single
administration of the reagent (Fig. 1D). These results indicate
that OSM possesses anti-HCV activity at a concentration that

C
120
£ 100
0
T 80
1%
5 60
'3
£ w0
3
E 20
z 9
0 258 5 10
OSM {ngimi)

24h 48h 72h 36h
O%M (ng/mi)
21
1
10

gnea

Fig. 1. Anti-HCV activity of OSM in HCV RNA replicating OR6 cells. (A) Schematic gene organization of the genome-length HCV RNA replicating in OR6 cells. The position of an
adaptive mutation, K1609E, is indicated by a black triangle. (B) OR6 cells were treated with OSM for 72 h and subjected to RL assay. Relative luciferase unit (RLU) was
calculated when the RL activity of the control was assigned as 100%. (C) OR6 cells were treated with OSM for 72 h and subjected to a cell viability assay with trypan blue
staining. (D) OR6 cells were treated with OSM and harvested at 24, 48, 72, and 96 h and subjected to RL assay.
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Fig. 2. The activities of LIF, IL-6 and IL-31 on HCV RNA replication. OR6 cells were treated with LIF (A), IL-6 (B) and IL-31 (C) for 72 h and subjected to RL assay. (D) RNAs from
hepatocytes (HuH-7, Li23 and PH5CH) were subjected to RT-PCR with specific primer pairs to gp130, OSMR, LIFR, IL6R, IL31RA and GAPDH.

does not affect cell growth and is a new class of antiviral
cytokine,

3.2, Anti-HCV activity of OSM is a unique feature in the IL-6 family

OSM belongs to the IL-6 family, whose members share the com-
mon gp130 molecule in each receptor [5]. Therefore, we next
examined the activities of other representative IL-6 family mem-
bers (LIF, IL-6) using the OR6 assay system. As shown in Fig. 2A,
LIF had no effect on HCV RNA replication. IL-6 exhibited only a
weak anti-HCV activity at the concentration of 10 ng/ml (approxi-
mately 20% inhibition) (Fig. 2B).

The OSM receptor consists of gp130 and OSMR [5]. IL31RA is an-
other partner of OSMR and that the heterodimer of these molecules
forms a receptor of IL-31 [6]. Therefore, we tried to determine
whether or not IL-31 possesses anti-HCV activity in OR6 cells.
The result revealed that IL-31 exhibited no anti-HCV activity. Next
we examined the expression levels of the receptors in HuH-7, Li23
(a human hepatoma cell line) and PH5CH (an immortalized pri-
mary human hepatocyte line). All of these cell lines expressed
gp130, OSMR, LIFR and IL6R but not IL31RA (Fig. 2D). The lack of
1L31RA expression resulted in IL-31 possessing no anti-HCV activ-
ity. These results suggest that OSM'’s anti-HCV activity seems to be
a unique feature among IL-6 family members.

3.3. OSM synergistically enhanced anti-HCV activity of IFN-a

As HCV RNA contains three exogenous genes (RL, Neo and
encephalomyocarditis virus (EMCV)-internal ribosomal entry site
(IRES)) (Fig. 1A), we tried to determine whether OSM inhibits
authentic HCV RNA replication in order to rule out the possibility
that OSM's anti-HCV activity is not due to the inhibition of these
exogenous genes. OSM inhibited core and NS5A expression in a
dose-dependent manner (Fig. 3A, lanes 1-3). We next examined
OSM’s anti-HCV activity in combination with [FN-o using authentic

HCV-O/RLGE RNA-replicating cells. OSM (1 and 10 ng/ml) drasti-
cally inhibited core and NS5A expression in combination with
IFN-a (2.5, 5, and 10 IU/ml) (Fig. 3A, lanes 4-12).

OSM exhibited anti-HCV activity even at low concentrations,
such as 62 pg/ml, and enhanced the anti-HCV activity of IFN-o
(Fig. 3B). We also examined anti-HCV activity of CsA (0, 0.25, 0.5,
and 1.0 pg/ml) alone or in combination with OSM (10 ng/ml) (Sup-
plementary Fig. 1). OSM enhanced CsA’s anti-HCV activity. Anti-
HCV activity of OSM at 10 ng/ml was almost equal to that of CsA
at 0.5 pg/ml. Then, we performed isobole plot analysis for ECsg of
OSM and IFN-a. In Fig. 3C, dotted line means that the interaction
of two reagents is evaluated as additive effect (or zero interaction).
Points below this line correspond to synergistic interaction (or po-
sitive interaction) and points above this line indicate antagonism
(or negative interaction) [16]. Therefore, isobole plot analysis of
ECyo for OSM and IFN-o revealed that the combination of OSM
and IFN-o exhibited striking synergistic inhibition of HCV RNA rep-
lication (Fig. 3C). Then we investigated whether or not OSM en-
hanced the IFN signaling pathway, since OSM activates STATs
[17]. A kinetic study regarding the phosphorylation of STAT1 and
STAT3 revealed that STAT1 (Y701) was markedly phosphorylated
in the early phase within 60 min but that the phosphorylation level
was reduced at 120 min (Fig. 3D). On the other hand, the phos-
phorylation of STAT1 by IFN-o remained consistent until 120 min
after treatment (Fig. 3D). The phosphorylation kinetics of STAT3
(Y705) by OSM were consistent until 120 min (Fig. 3D). These re-
sults suggest that early-phase activation of STAT1 by OSM may
trigger the synergistic activity in HCV RNA replication in combina-
tion with IFN-o.

3.4. OSM enhanced anti-HCV activity of IFN-« at even the low effective
concentration by itself

As OSM exhibited marked synergistic anti-HCV activity with
IFN-a, we tried to determine whether a low concentration of
OSM could synergistically enhance the anti-HCV activity of IFN-
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Fig. 3. Anti-HCV activity of OSM in combination with IFN-a. (A) HCV-O/RLGE-replicating OR6c cells were treated with OSM in combination with IFN-o for 96 h and subjected
to Western blot analysis using anti-core, anti-NS5A and anti-B-actin antibodies. (B} OR6 cells were treated with OSM in combination with IFN-a for 72 h and subjected to RL
assay. (C) Isobole plot analysis (ECzo) for OSM and IFN-o in OR6 cells after treatment for 72 h. (D) ORS6 cells were treated with OSM and IFN-a for 30, 60 and 120 min and
subjected to Western blot analysis using anti-STAT1, anti-phospho-STAT1 (Y701), anti-STAT3, anti-phospho-STAT3 (Y705) and anti-B-actin antibodies.

o. For this purpose, we treated OR6 cells with OSM at 25 pg/ml or ity (Fig. 4A). However, OSM at these concentrations enhanced the
50 pg/ml in combination with IFN-a (0, 1, 2, 4, and 8 IU/ml). OSM anti-HCV activity of IFN-o up to 60% inhibition, when IFN-o at
alone at 25 pg/ml or 50 pg/ml exhibited only 20% inhibitory activ- 8 [U/m! was treated with OSM at 25 pg/ml (Fig. 4B). These results
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Fig. 4. OR6 cells were treated with OSM and IFN-o for 72 h and subjected to RL assay (A). Relative RL activity was adjusted when the RL activities of the cells treated with only
IFN-o. were assigned as 100% (B).
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indicate that OSM is not only an anti-HCV reagent by itself but also
a strong adjuvant for IFN-o's anti-HCV activity.,

4. Discussion

In the present study, we found that OSM possesses anti-HCV
activity, which constitutes a new function of this multi-func-
tional cytokine. OSM is involved in liver regeneration and differ-
entiation [7,8]. In the liver, OSM was produced by Kupffer cells
[18], and the OSM signal was transmitted via its receptor, which
consisted of gp130 and OMSR [5]. The IL-6 family members share
gp130 in their receptors; it forms the heterodimer with a unique
partner; for example IL6R in IL-6 and LIFR in LIF [2]. We tested
the activity of LIF and IL-6 on HCV RNA replication. However,
LIF did not exhibit anti-HCV activity, and IL-6 showed only weak
anti-HCV activity compared to the OSM. These results suggest
that OSM’s anti-HCV activity is achieved via OSMR or the
combination of gp130 and OSMR rather than via gp130. Recently,
it was reported that IL31RA was another partner of OSMR in the
IL-31 receptor [6]. If IL-31 could exhibit anti-HCV activity, OSMR
seems to be significant in the signal transduction of anti-HCV
activity. However, hepatocytes didn't seem to be a natural
target of IL-31, because hepatocytes didn't express IL31RA.
Further study is needed to clarify OSMR’s role in anti-HCV
activity.

Isobole plot analysis revealed that OSM exhibited a striking
synergistic effect in the anti-HCV activity of IFN-a [19]. This syn-
ergistic activity of OSM may be caused by early strong activation
of STAT1 by OSM. Furthermore, OSM enhanced the activity of 2/~
5’ oligoadenylate synthetase promoter in combination with [FN-o
(data not shown). These results suggest that STAT1 may be the
key player in the synergy between OSM and IFN-o.

In this study, we found OSM's synergistic activity in the anti-
HCV activity of IFN-o, when OSM was used at a low concentra-
tion (25 pg/ml) with only 20% inhibitory activity against HCV
RNA replication. Surprisingly, OSM at 25 pg/ml enhanced the
anti-HCV activity of IFN-a by up to 60%. RBV is the only adjuvant
to the current PEG-IFN-a therapy for patients with CH C, and the
combination therapy of PEG-IFN-o/RBV  achieved only
approximately 55% of the SVR rate. Therefore, OSM will become
a strong partner to the current IFN therapy. As OSM strongly af-
fected the anti-HCV activity of IFN-o, the serum concentration of
0OSM will affect the SVR in IEN therapy. The future study regard-
ing the relationship between the serum concentration of OSM
and SVR may provide a clue toward understanding the
resistance to IFN therapy, and the development of OSM as a clin-
ical reagent will serve as a breakthrough in therapy for patients
with CH C.

In conclusion, we found OSM's anti-HCV activity a newly iden-
tified function of this multifunctional cytokine. The highlight of
this study is that OSM exhibited a synergistic effect on the anti-
HCV activity of IFN-a even at a low concentration with weak
anti-HCV activity by itself.
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VIRAL HEPATITIS

Oxidative Stress Induces Anti-Hepatitis C Virus Status
via the Activation of Extracellular Signal-Regulated Kinase

Masahiko Yano, > Masanori Ikeda,! Ken-ichi Abe,! Yoshinari Kawai,"* Misao Kuroki," Kyoko Mori, 1
Hiromichi Dansako,! Yasuo Ariumi,! Shougo Ohkoshi,? Yutaka Aoyagi,’ and Nobuyuki Kato'

Recently, we reported that B-carotene, vitamin D,, and linoleic acid inhibited hepatitis Cvirus (HCV)
RNA replication in hepatoma cells. Interestingly, in the course of the study, we found that the
antioxidant vitamin E negated the anti-HCV activities of these nutrients. These results suggest that the
oxidative stress caused by the three nutrients is involved in their anti-HCV activities. However, the
molecular mechanism by which oxidative stress induces anti-HCV status remains unknown. Oxida-
tive stress is also known to activate extracellular signal-regulated kinase (ERK). Therefore, we hypoth-
esized that oxidative stress induces anti-HCV status via the mitogen activated protein kinase (MAPK)/
ERK kinase (MEK)-ERK1/2 signaling pathway. In this study, we found that the MEK1/2-specific
inhibitor U0126 abolished the anti-HCYV activities of the three nutrients in a dose-dependent manner.
Moreover, U0126 significantly attenuated the anti-HCV activities of polyunsaturated fatty acids,
interferon-y, and cyclosporine A, but not statins. We further demonstrated that, with the exception of
the statins, all of these anti-HCV nutrients and reagents actually induced activation of the MEK—
ERK1/2 signaling pathway, which was inhibited or reduced by treatment not only with U0126 but
also with vitamin E. We also demonstrated that phosphorylation of ERK1/2 by cyclosporine A was
attenuated with N-acetylcysteine treatment and led to the negation of inhibition of HCV RNA repli-
cation. We propose that a cellular process that follows ERK1/2 phosphorylation and is specific to
oxidative stimulation might lead to down-regulation of HCV RNA replication. Conclusion: Our
results demonstrate the involvement of the MEK-ERK1/2 signaling pathway in the anti-HCV status
induced by oxidative stress in a broad range of anti-HCV reagents. This intracellular modulation is

expected to be a therapeutic target for the suppression of HCV RNA replication. (HePATOLOGY 2009;50:
678-688.)

epatitis C virus (HCV), which belongs to the
family Flaviviridae, is a single-stranded positive-
sense RNA virus of approximately 9.6 kb.!?
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signal-regulated kinase; FBS, fetal bovine serum; FLV, fluvastatin; HCV, hepatitis
C virus; IFN, interferon; LA, linoleic acid: MAPK, mitogen-activated protein
kinase; MEK, MAPK/ERK kinase; NSS4, nonstructural 54; PTV, pitavastatis;
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678

Persistent infection with HCV causes chronic hepatitis,
which often leads to liver cirthosis and hepatocellular car-
cinoma.? Therefore, HCV infection is a major health
problem wotldwide. Interferon (IFN)-based therapies,
including the combination of pegylated IFN with ribavi-
rin, are the current standard strategies for chronic hepati-
tis, but their sustained virological response rates are
unsatisfactory.®> There is thus an urgent need for novel
partners with IFN or more effective reagents that may
improve the sustained virological response rate.
Following the development in 1999 of a cell culture
system to support efficient HCV RNA replication,® nu-
merous studies have identified reagents that inhibit HCV
RNA replication and enhance the effect of IFN treat-
ment.”? Some of these reagents are already available for
clinical use. Previously, we also developed a genome-
length HCV RNA (strain O of genotype 1b) replication
system (ORG) with Renilla luciferase (RL) as a reporter in
hepatoma cell lines.!® Using this ORG6 assay system, we
found that mizoribine,!! as an immunosuppressant, and
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fluvastatin (FLV) and pitavastatin (PTV),%!2 as the re-
agents for hypercholesterolemia, suppressed genome-
length HCV RNA replication. Furthermore, in a recent
study'? in which we comprehensively analyzed the activ-
ities of ordinary nutrients on HCV RNA replication,
three nutrients, B-carotene (BC), vitamin D, (VD2), and
linoleic acid (LA), were found to suppress HCV RNA
replication and enhance the antiviral activity of [FN-« or
cyclosporine A (CsA) in an additive or a synergistic man-
ner. Because the anti-HCV activities of these three nutri-
ents, as well as CsA, were canceled by treatment with
antioxidants such as vitamin E (VE) or selenium, we sug-
gested that oxidative stress might be involved in the anti-
HCV activities of these three nutrients and CsA.
However, the detailed molecular mechanism via which
the oxidative effects of these three nutrients and CsA sup-
press HCV RNA replication has not been explored.

The production of reactive oxygen species (ROS) plays
a pivotal role in various cellular processes, including cell
proliferation, differentiation, and apoptosis.'4 Whereas
high-level production of ROS resulting from external
stimuli is recognized as an important component of the
pathogenesis of inflammatory and cancerous diseases, en-
dogenously produced ROS at low concentrations are
shown to function as signaling mediators of cellular re-
sponses.!>!6 Emerging evidence indicates that these
ROS-triggered responses are mediated primarily via cel-
lular signaling cascades, including a signaling pathway of
extracellular signal-regulated kinase (ERK)1/2, namely
p44/42 mitogen-activated protein kinase (MAPK), which
belongs to the MAPK family.!7-18

Several studies have revealed that certain viral proteins
initiate activation of the MAPK/ERK kinase (MEK)-
ERK1/2 signaling pathway, which may facilitate the viral
replication and infectivity in the infected cells.!920 The
HCYV core protein®! and the envelope protein?2 have also
been reported to up-regulate this signaling pathway.
However, another study reported that the HCV non-
structural SA (NS5A) protein suppressed activating pro-
tein-1 activation by inhibiting the phosphorylation of

KIS09E

31

ERK1/2 in replicon cells.22 Moreover, recent studies us-
ing an inhibitor specific to the MEK-ERK1/2 signaling
pathway reported that the direct anti-HCV activities of
IFN-y?4 and acetylsalicylic acid?s are mediated in part
through the induction of this cascade.

We demonstrate that the activation of MEK-ERK1/2
signaling plays a significant role in the anti-HCV activity
caused by oxidative stress in a broad range of anti-HCV
reagents.

Materials and Methods

Reagents and Antibodies. Dimethyl sulfoxide
(DMSO), BC, VD2, VE, LA, arachidonic acid (AA), ei-
cosapentaenoic acid (EPA), docosahexaenoic acid
(DHA), and IFN-y were purchased from Sigma Aldrich
(St. Louis, MO), and CsA, ELV, U0126, PD98059,
SB203580, and c-Jun N-terminal kinase inhibitor II were
obtained from Calbiochem (San Diego, CA). Epidermal
growth factor (EGF) was purchased from Toyobo
(Osaka, Japan). PTV was purchased from Kowa Com-
pany, Lid. (Tokyo, Japan). Anti-HCV core antibody
(CP11) was purchased from the Institute of Immunology
(Tokyo, Japan), and anti-HCV NS5A antibody was the
generous gift of Dr. A. Takamizawa (Research Founda-
tion for Microbial Diseases, Osaka University). Antibod-
ies specific to ERK1/2 (p44/42 MAPK), MEK1/2, and
phosphorylated (§217/221) MEK1/2 were purchased
from Cell Signaling Technology (Beverly, MA), and anti-
phosphorylated (T202/Y204) ERK1/2 antibody was ob-
tained from BD Biosciences (San Jose, CA). Anti—B-actin
antibody was purchased from Sigma Aldrich.

Cell Cultures. The cell lines ORG6 and sO were cloned
from ORN/C-5B/KE RNA and subgenomic replicon
RNA (ON/3-5B)-replicating cells, respectively (Fig. 1).
These cells were derived from the hepatoma cell line
HuH-7, cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS), peni-
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cillin, streptomycin, and 300 ug/mL of G418 (Geneticin;
Invitrogen, Carlsbad, CA), and passaged twice a week ata
5:1 split ratio. ORN/C-SB/KE and ON/3-5B were de-
rived from HCV-O (strain O of genotype 1b).1°

ORG Reporter Assay. For the RL assay, 1.0-1.5 X 10
ORG cells were plated onto 24-well plates in triplicate and
precultured for 24 hours. The cells were pretreated with
DMSO or a specific inhibitor for 1 hour and then were
treated with each anti-HCV nutrient or compound in either
the absence (DMSO) or presence of a specific inhibitor for
72 hours. After the treatment, the cells were harvested with
Renilla lysis reagent (Promega, Madison, W1) and subjected
to RL assay according to the manufacturer’s protocol.

Western Blot Analysis. For analysis of the effect of a
specific inhibitor on the anti-HCV activity, 6.0-6.5 X 104
ORG cells were plated onto 6-well plates and precultured for
24 hours. The pretreatment with DMSO or a specific inhib-
itor for 1 hour and subsequent treatment for 72 hours was
performed in the same manner as for the ORG reporter assay.
For analysis of the activities of each ant-HCV nutrient or
reagent on the MEK-ERK1/2 signaling pathway, 1.0 X 10°
ORG o sO cells were plated onto 6-well plates and precul-
tured in 10% FBS-containing medium for 24 hours. After
the preculture, the culture medium was changed to FBS-free
medium and the cells were cultured for 48 hours prior to
treatment with each nutrient or reagent. When the effect of
a specific inhibitor or VE on ERK1/2 phosphorylation was
analyzed, the cells were pretreated with the specific inhibitor
or VE for 1 hour prior to each treatment. Preparation of the
cell lysates, sodium dodecyl sulfate~polyacrylamide gel elec-
trophoresis, and immunoblotting were then performed as

described.?

Measurement of ROS. ORG cells in 24-well plates
were left untreated or were treated with hydrogen perox-
ide (1 mM), LA (200 uM), and CsA (15 pg/mL) for 30
minutes and then incubated with dihydrodichlorocar-
boxyfluorescein diacetate (Invitrogen) (5 uM) for 15
minutes. Fluorescence was measured with a FLUOROS-
KAN ASCENT fluorescence plate reader (Thermo Fisher
Scientific, Waltham, MA) at an excitation wavelength of
485 nm and emission wavelength of 535 nm.

Cell Growth Assay. To examine the activity of EGF
on ORG cell growth, 6.0-6.5 X 10 ORG cells were plated
onto G-well plates in triplicate and were pre-cultured for
24 hours. The cells were treated with or without EGF for
72 hours, and the number of viable cells was counted after
trypan blue dye treatment as described.!!

Statistical Analysis. Statistical comparison of the lu-
ciferase activities between the various treatment groups
was performed using the Student # test. P values of less
than 0.05 were considered statistically significant.
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Results

Effects of MEK1/2-Specific Inbibitors on the Anti-
HCYV Activities of BC, VD2, and LA in ORG Cells.
Our recent study suggested the involvement of oxidative
stress in the suppressive mechanism of three anti-HCV
nutrients: BC, VD2, and LA.'? Because there have been
reports of negative regulation of HCV RNA replication
via the MEK-ERK1/2 signaling pathway,?42> which is
one of the oxidative stress-induced cellular signaling path-
ways, we hypothesized that the suppression of HCV RNA
replication by these three nutrients might be mediated via
this cascade (Supporting Fig. 1). To test this hypothesis,
we first used an ORG assay system to examine the effects of
U0126 and PD98059, inhibitors specific to MEK1/2, on
the three anti-HCV nutrients at 60% inhibitory concen-
tration. As shown in Fig. 2A, treatment with either 5 uM
of U0126 or 10 uM of PD98059 slightly enhanced HCV
RNA replication in comparison with the control. How-
ever, U0126 attenuated the anti-HCV activities of the
three nutrients more clearly than PD98059 (Fig. 2A,B).
U0126 prevented the anti-HCV activities of the three
nutrients in a significant and dose-dependent manner and
exerted complete inhibition against the anti-HCV activi-
ties of BC and LA (Fig. 2C,D), while the inhibitory effect
of PD98059 was more mild (Fig. 2E,F). As shown in Fig.
2G, we also found that U0126 treatment restored the
expressions of HCV proteins, core, and NS5A in a dose-
dependent manner. We further demonstrated that
knockdown of MEK1 or MEK2 by small interfering
RNA negated the anti-HCV activity of LA (Supporting
Fig. 2A-C). These inhibitions by U0126 against the anti-
HCYV activities of the three nutrients were not due to the
enhancement of encephalomyocarditis virus/internal ri-
bosomal entry site~driven RL activity, because this activ-
ity was not increased by U0126 (data not shown).
Moreover, treatment with neither SB203580 (an inhibi-
tor specific to p38 MAPK) nor c-Jun N-terminal kinase
inhibitor, both of which belong to the same cascade fam-
ily as MEK-ERK1/2, significantly affected the anti-HCV
activities of the three nutrients (data not shown). These
results imply that the activation of the MEK-ERK1/2
signaling pathway might be required for the suppression
of genome-length HCV RNA replication by the three
nutrients in cell culture.

Effect of U0126 on the Suppressive Effects of Poly-
unsaturated Fatty Acids and Anti-HCV Reagents in
ORG Cells. Previous studies using a cell culture system
have shown that polyunsaturated fatty acids (PUFAs),
including LA, act as anti-HCV nutrients.?”-?% A recent
study reported that lipid peroxidation of PUFAs was cor-
related with their anti-HCV activities, which were pre-
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Fig. 2. U0126 strongly inhibited the anti-HCV activities of the anti-HCV nutrients BC, VD2, and LA in OR6 cells. (A,B) Effects of MEK-specific
inhibitors on the three nutrients at the 60% inhibitory concentration. OR6 cells were pretreated with DMSO, 5 uM U01286, or 10 uM PDI8059 for
1 hour. The cells were then treated with control medium, 10 uM BC, 5 uM VD2, or 50 uM LA in either the absence (DMSQ) or presence of each
specific inhibitor for 72 hours. After treatment, RL assay was performed as described in Materials and Methods. Shown here is the relative luciferase
activity (%) calculated when the RL activity of the control was assigned as 100%. Data are expressed as the mean + standard deviation of triplicate
samples from at least three independent experiments. Asterisks indicate significant difference from treatment with DMSO (*P < 0.05; *P < 0.01)
(A). The ratio of the RL activity in the presence of the MEK-specific inhibitor to the RL activity in the absence of the inhibitor was then calculated
(B). (C-F) OR6 reporter assays of the dose effects of MEK1/2-specific inhibitors on the three nutrients. OR6 cells were pretreated with DMSO, U0126
(C), or PD980O5Y (E) at the indicated concentrations for 1 hour. Treatment of the cells with control medium or each of the three nutrients in either
the absence (DMSO} or presence of each specific inhibitor and the RL assay of harvested OR6 cell samples were performed as described in panels
A and B. Asterisks indicate significant difference from treatment with DMSO (*P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant). Next,
we calculated the ratio of RL activity in the presence of the MEK-specific inhibitor, U0126 (D), or PD98059 (F), to the RL activity in the absence
of the inhibitor. (G) Western blot analysis of the dose effects of U0126 on three nutrients. OR6 cells were pretreated and then treated as in panel
C. The production of HCV core and NS5A in the cells was analyzed by way of immunoblotting using antibodies specific to HCV core (top row) and
NS5A (middle row). B-actin was used as a control for the amount of protein loaded per lane (bottom row).
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vented by treatment with VE.2? This result coincides with
our previous observations on the effects of LA.1> We pro-
posed that the MEK-ERK1/2 signaling pathway might
be involved in the anti-HCV activity of PUFAs, including
LA, because lipid peroxidation is known to be a ROS-
triggered cellular modification.'® As expected, treatment
with U0126 attenuated the anti-HCV activities of four
representative PUFAs in a significant and dose-dependent
manner (Fig. 3A,B).

Moreover, because the anti-HCV activities of BC,
VD2, LA, and CsA, but not FLV, were found to be ne-
gated by VE, 12 we werealso interested in the potent role of
the MEK-ERK1/2 signaling pathway in the anti-HCV
mechanism of CsA. Furthermore, the previous study us-
ing a subgenomic replicon system had already shown the
partial involvement of this cascade in the antiviral activity
of IFN-.24 Therefore, we examined the effects of U0126
on various anti-HCV reagents: IFN-vy, CsA, and statins
(FLV and PTV). We confirmed that also in genome-
length HCV RNA replication cells, U0126 significantly
inhibited the anti-HCV activity of IFN-vy (Fig. 3C,D).
Interestingly, consistent with the effects of treatment with
VE,!? the anti-HCV activity of CsA was completely ab-
rogated by U0126 in a significant and dose-dependent
manner, whereas statins were unaffected (Fig. 3C,D).

U0126 restored the reduced expression of HCV pro-
teins by PUFAs, IFN-y, and CsA in a dose-dependent
manner, whereas statins were unaffected (Fig. 3E,F).
These results were supported by additional real-time re-
verse-transcription polymerase chain reaction and immu-
nofluorescence analyses (Supporting Fig. 3A-C). We also
observed that knockdown of MEK1 or MEK2 by small
interfering RNA did not affect the anti-HCV activity of
PTV (Supporting Fig. 2A-C). Collectively, these findings
suggest that the MEK-ERK1/2 signaling pathway may
play a critical role in the negative regulation of HCV RNA
replication by the anti-HCV nutrients BC and VD2, PU-
EAs, and the anti-HCV reagents IEN-y and CsA, but not
statins.

Activation of the MEK~ERK1/2 Signaling Pathway
by Anti-HCV Nutrients and Reagents. To further en-
sure the involvement of the MEK-ERKI1/2 signaling
pathway in the suppressive mechanisms of anti-HCV nu-
trients and reagents, we next examined whether these nu-
wrients and reagents could actually initiate the activation
of this signaling pathway. After treating the HCV RNA
replicating cells with each of the nutrients and reagents,
we performed immunoblotting specific to the phosphor-
ylation of ERK1/2 and MEK1/2. In the same way as
EGEF, a potent activator of these kinases, the three anti-
HCV nutrients (BC, VD2, and LA) enhanced the phos-
phorylation of ERK1/2 and MEK1/2 in both genome-
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length and subgenomic HCV RNA replication cells (Fig.
4A,B). IFN-y, CsA, and all of the PUFAs also up-regu-
Jated this cascade in ORG cells (Fig. 4C,D). The increase
in phosphorylation of ERK1/2 was not observed after
either statin treatment (Fig. 4D). The activation of
MEK-ERK1/2 by the three anti-HCV nutrients was ap-
parent until 1 hour after their application and subse-
quently attenuated, although EGF exhibited persistent
enhancement of MEK-ERK1/2 phosphorylation (Fig.
4E). Because the experiments regarding ERK1/2 phos-
phorylation were performed in FBS-free conditions, we
checked the anti-HCV activity of PTV, CsA, and LA in
FBS-free medium. The results revealed that these anti-
HCV reagents and nutrients also inhibited HCV RNA
replication in FBS-free conditions (Supporting Fig. 4).
Taken together, these findings indicate that the anti-
HCV nutrients and reagents activated the MEK-ERK1/2
signaling pathway in HCV RNA replicating cells, provid-
ing further confirmation that this signaling cascade might
be involved in their anti-HCV activities.

MEKI1/2-Specific Inhibitors Attenuated the In-
creased Phosphorylation of ERK1/2 by Anti-HCV Nu-
trients/Reagents and EGF. We next tested whether
MEK1/2-specific inhibitors could prevent not only the
suppression of HCV RNA replication but also the activa-
tion of ERK1/2 by the anti-HCV nutrients BC, VD2,
and PUFAs and the anti-HCV reagents IFN-y and CsA.
Consistent with the inhibitory effects on their anti-HCV
activities, U0126 more markedly abrogated the increase
in ERK1/2 phosphorylation by anti-HCV nutrients, re-
agents, and EGF than did PD98059 (Fig. 5A,B). As
shown in Fig. 5C, the enhanced ERK1/2 phosphoryla-
tion by the three nutrients and EGF was reduced by
U0126 in a dose-dependent manner.

VE Attenuated the Increased Phosphorylation of
ERK1/2 by Anti-HCV Nutrients/Reagents and EGF.
Because the suppression of HCV RNA replication by
BC, VD2, LA, and CsA were completely negated by the
treatment with VE in our recent study,!? we investi-
gated whether VE could also inhibit ERK1/2 activa-
tion by anti-HCV nutrients and reagents. As expected,
VE also attenuated the enhanced phosphorylation of
ERK1/2 by not only anti-HCV nutrients and CsA but
also IFN-y and EGF (Fig. 6A,B). We also demon-
strated that phosphorylation of ERK1/2 by CsA was
attenuated with N-acetylcysteine treatment and led to
the negation of inhibition of HCV RNA replication
(Supporting Fig. SA-C). The anti-HCV nutrients and
reagents, whose activities were negated by U0126, were
also inhibited by VE. In contrast, the anti-HCV activ-
ities of statins were not negated by U0126 or VE. We
also demonstrated that LA and CsA induce ROS (Fig.

—282-



HEPATOLOGY, Vol. 50, No. 3, 2009 YANO ET AL. 683

¥ 250 o ustzE O
.:': - a S S
2z 200 . 10 34 ® 9 Gontrol
7 = o
8 - 2 i
§ 150 © = O
- ] = A
3 100 s
£ 50 A =
3 e
¢ 0 Control  AA30 EPA4S (}(A 5 LA 0 G =
A - W0I26 5 V0126 10 L
§ 150 SR VIEC R Y °
3 : ‘i%:; :;: a fientral
] — a ih-,
i 100 < o (nA !
g £ .y
£ g " pry
£ 50 A ~
2 =
z i P
& g 4L i P ] L g
Control N~y CsA Yy PV w126 5 M V0126 10 1
E Cont rot AA £PA DHA LA

40128 {pli) - 5 w0 - 5 10 - 5 1w - 5 18 - 5 18
Core (21kha) —> | T . A A A s SN e D

NS5A (56kDa) —

practin (12k0a) — | e—-

F

usI26 (pa)

Core (21kDa) — |

NS5A (56kDa) —

practin (420a) — (s

Fig. 3. UG126 dose-dependently attenuated the anti-HCV activities of PUFAs, IFN-v, and CsA, but not the statins. (A-D) OR6 repotter assays of
the dose effects of U0126 on the PUFAs and anti-HCV reagents at the 60% inhibitory concentration. OR6 cells were pretreated with DMSO or U0126
as in Fig. 2C and then treated with control medium, 30 uM AA, 45 uM EPA, 45 uM DHA, or 50 uM LA (A) and control medium, 0.4 IU/mL IFN-,
0.2 pg/mL CsA, 3 uM FLV, or 1 uM PTV (C), respectively, in either the absence (DMSO) or presence of U0126 for 72 hours. After the treatment,
the RL assay of harvested ORG6 cell samples was performed as described in Fig. 2A and 2B. Asterisks indicate significant difference from treatment
with DMSO (*P < 0.05; **P < 0.01; NS, not significant). The ratio of the RL activity in the presence of U0126 to the RL activity in the absence
of U0126 was then calculated (B, D). (E, F) Western blot analysis of the dose effects of U0126 on the PUFAs and anti-HCV reagents. The production
of HCV core (top row) and NS5A (middle row) in the cells treated as in panel A (E) and panel C (F) was analyzed as described in Fig. 2G. B-actin
was used as a control for the amount of protein loaded per lane (bottom row).
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VD2, and LA—increased the phosphorylation of MEK-ERK1/2 in both full-length and subgenomic HCV RNA replication cells. OR6 cells (A) or sO celis
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phosphorylated MEK1/2, and MEK1/2. The appropriate expression of HCV core and NS5A was determined by way of immunoblotting with their
respective antibodies. (C, D) IFN-vy, CsA, and the PUFAs, but not the statins, increased the phosphorylation of MEK-ERK1/2 in OR6 celis. OR6 cells
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of the increase of MEK-ERK1/2 phosphorylation by the three anti-HCV nutrients and EGF. Samples for analysis were harvested prior to treatment with
the control medium, 20 uM BC, 10 uM VD2, 100 uM LA, or 50 ng/mL EGF (O time point) and at 15, 60, and 120 minutes posttreatment. After
all of the treatments (C-E), cell lysates were subjected to western blot analysis of the activation of the MEK-ERK1/2 signaling pathway as described
in panels A and B. B-actin was used as a control for the amount of protein loaded per lane in all analyses.
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Fig. 5. U0126 strongly abolished ERK1/2 phosphorylation by the anti-HCV nutrients, anti-HCV reagents, and EGF. (A,B) Effects of the
MEK1/2-specific inhibitors on ERK1/2 phosphorylation by anti-HCV nutrients and reagents. OR6 cells were precultured as described in Figs. 4A and
B, and then pretreated with DMSO (—), 10 uM U0126: (U), or 20 . M PD98059: (P) for 1 hour. Subsequently, the cells were treated with control
medium, 20 uM BC, 10 uM VD2, or 100 uM LA (A) and control medium, 100 uM AA, 2 {U/mL IFN-y, 2 pg/mL CsA, or 50 ng/mL EGF (B),
respectively, in either the absence (DMSO) (—) or presence of U0126 (U) or PD98059 (P) for 15 minutes. (C) Dose effects of U0126 on ERK1/2
phosphorylation by the three anti-HCV nutrients and EGF. ORG cells were precultured as described in Figs. 4A and 4B, then pretreated with DMSO
(—)or5or 10 uM U0126 for 1 hour. The cells were then treated with control medium, 20 uM BC, 10 uM VD2, 100 uM LA, or 50 ng/mL EGF
in either the absence (—) or presence of U0126 for 15 minutes. After all treatments (A-C), cell lysates were subjected to western blot analysis using
antibodies specific to phosphorylated ERK1/2 (top row) and ERK1/2 (middle row). B-actin was used as a control for the amount of protein loaded

per lane (bottom row).

7). Collectively, these results suggest that these nutri-
ents and reagents induce ROS as an oxidant in HCV
RNA replicating cells, leading to activation of the
MEK-ERK1/2 signaling pathway and suppression of
HCV RNA replication.

The Effects of EGF on HCV RNA Replication were
Different than Those of the Anti-HCV Nutrients/Re-
agents. Because the study by Huang et al.2¢ showed that
EGF time-dependently suppressed the expressions of
HCYV nonstructural proteins in subgenomic replicon-har-
boring cells, we wondered whether EGF could suppress
genome-length HCV RNA replication. EGF inhibited
HCV RNA replication by approximately 25% at a con-
centration of 100 ng/mL. This anti-HCV activity was
weaker than that of the anti-HCV nutrients and reagents

tested in this study. However, as shown in the cell growth
assay, EGF promoted ORG cell proliferation in a dose-
dependent manner (Supporting Fig. 6). These cell growth
effects of EGF may have caused us to underestimate the
actual anti-HCV activity of EGF. The other reagents and
nutrients did not affect cell proliferation compared with

EGF (Supporting Fig. 7).

Discussion

The previous studies using the MEK1/2-specific inhib-
itor and subgenomic replicon system showed that induc-
tion of the MEK-ERK1/2 signaling pathway might be
required for the suppression of HCV RNA replication by

some reagents.?+2% In agreement with the study by Huang
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